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Chapter 1: Introduction and aims

Chapter 1:
Introduction and aims.

External radiation represents a major contribution to the population doses from radioactive

fallout. After the Chernobyl accident the dose from external radiation was the dominant

contribution to the effective dose equivalent commitment in all but the countries in the

southern latitudal region ( < 40°). In the northern latitudal region (> 55 °) 60 % of the total

dose was estimated as coming from external irradiation (UNSCEAR,1988).

In chapters 2 and 3 of the present report, physical, technical and social factors influencing

the external dose levels from radioactive fallout in general and radiocaesium in particular are

discussed. In chapter 4 measurements techniques for assessing individual doses from

penetrating and non-penetrating radiation are presented. In chapters 6 and 7 the results from

this particular dosimetry project are discussed.

As presented in chapter 5, the aim of the present work was twofold.

Design, manufacture and calibrate suitable integrating dosemeters that can be worn by

people in order to measure individual external doses from radioactive fallout.

Apply the dosemeters in areas contaminated with radioactive fallout from the

Chernobyl accident, in order to assess external doses; to the population. Analyze the

results in the light of additional existing information concerning radioactive deposition,

social habits, decontamination measures and other influencing technical and physical

factors.

The report deals with radioactive fallout in general, but experience and results from the

Chernobyl accident will play a central role in the presentation. In this accident radiocesium

very soon became the dominating nuclides. 137Cs is estimated to account for 85 % of the total

external dose after the accident, while 134Cs contributed about 8 %. The rest was due to short

lived radionuclides causing exposure only within the first year of the accident

(UNSCEAR, 1988). Much of the assembled scientific data on external dose levels from fallout

thus concern radiocaesium, which will play a dominating part in the discussion to follow.

In this context the term "fallout" is synonymous with ground deposition. External doses from

passing cloud or activity in air are not discussed, neither is contact exposure from radioactive
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material deposited on the body surface or clothes. Alpha radiation does not contribute to

external irradiation, and are as such omitted from this discussion.
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Chapter 2:
Physical parameters influencing external dose levels.

2.1 Introduction.

External dose levels are in general influenced by a number of physical parameters, like fallout

levels, isotopic composition, activity depth distribution in the ground etc. The total amount

of ground deposition is determined by the source term and by meteorological conditions, and

is as such outside the scope of this report.

The discussion in this chapter concerning migration of activity into the ground, mainly refers
to rural environments. Some of the particular characteristics of urban environments are
discussed in chapter 3.

2.2 Nuclide composition from different accidents.

The isotopic composition of the fallout is a major factor for the formation of external doses.

Large amount of radioactive material released into the environment will most likely be

associated with accidents in nuclear reactors, nuclear fuel reprocessing plants or nuclear

weapon detonation. The radioactive material released may be classified in three groups:

- Fission products

- Activation products

- Uranium and transuranic elements.

In general, fissions induced in ^ U and 239Pu give rise to the main activity component from

these sources. Fission products of nuclear weapons origin consist of more than 300 nuclides

distributed over about 40 elements. The most important activation products are ^Mn and

isotopes of Co and Fe. The relative contribution to the total fallout from each of the groups,

and the relative importance of the different elements within each group will depend on the

type of accident and other characteristics of the source term. In table 2.1 the isotopic

composition of different well known nuclear accidents are shown, together with estimates of

the global radioactive fallout from atmospheric bomb tests. Noble gases from the Chernobyl

accident are not included, neither are 3H, 14C or activation products from the bomb tests.

Published data concerning amounts of radionuclides released in the different accidents differ
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considerably (typically a factor of 2) between various sources of information. For the short-

lived nuclides this may be due to different times of reference, i.e. decay-corrections. The

listed data are collected from Balonov,1990; Buzulukov et al,1993; Robinson, 1990 and

UNSCEAR,1993.

Tab le 2 . 1 . Estimates of radionuclide activities in PBq released during some important

nuclear accidents and from global fallout after the atmospheric nuclear weapons test (1 PBq

= 1&5 Bq).

Radio-

nuclide

I34Cs

137Cs

13.J

*5r
9 5Zr

103Ru

106Ru

I41Ce

144Ce

^ N p

2 3 9 ^

"OPU

M1Pu

2.1 y

30 y

8 d

28 y

65 d

40 d

1.0 y

32 d

285 d

78 h

2.3 d

24100y

6560 y

14.4 y

Chernobyl
1986

44

85

1665

8

166

170

30

196

137

407

1665

0.30

0.04

5.2

Windscale
1957

0.001

0.04

0.7

0.0002

-

-

0.01

-

-

0.44

Kystyhm
1957

-

0.03

-

2

9

-

1.4

-

24

Nuclear

weapons

-

912

650000

604

143000

238000

11800

254000

30000

6.5

4.4

142

As seen from the table the nuclide composition varies considerably between the different

accidents. Due to the large differences in radiological decay rates, the relative importance of

the different nuclides with respect to the external dose level will change dramatically with
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time after the accident. In fig.2.1 the relative contribution of gamma radiation from the

individual radionuclides to the absorbed dose rate in air during the first months after the

Chernobyl accident is shown (Golikov et al.,1993). As seen from this figure radiocaesium

very soon became the dominating element. In Kystyhm the radiation field after the accident

was dominated by short-lived gamma emitters. Immediately after the accident 80 % of the

gamma dose rate was due to radiation from 95Zr and 95Nb (Balonov,1990). With time the

gamma radiation of the mixture decreased markedly, and today beta radiation alone, almost

exclusively from ""Sr and "Y, is the significant factor of the contamination (Romanov et

al.,1990).

Fig.2.1 Relative contribution to the absorbed dose to atr of gamma radiation from the

individual radionuclides released in the Chernobyl accident (Golikov et al.,1993).

o

eoO

50 100

t (days)
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Also the different nuclides relative contribution of the total fallout varies with the distance to

the source, depending on various characteristics of the source term. In the Chernobyl

accident, the radioactive releases from the destroyed reactor consisted of two primary
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components (Buzulukov et al, 1993):

radionuclides being part of the matrix of the dispersed fuel and released in the form

of radioactive dust particles

Volatile radionuclides in the form of gases or aerosols evaporated from the fuel.

Plutonium were transported mainly on fuel particles and primarily deposited in the near zone,

i.e. within 100 km of the reactor. Cs and the highly volatile I reached the higher levels of the

atmosphere and were transported over much greater distances, while the Sr deposition relative

to Cs deposition decreased with increasing distance from the source.

2.3 Activity depth distribution

Radioactive fallout will initially be deposited on the ground surface. Depending on the

chemical, physical and biological properties of the soil, the activity will move downwards in

soil. A major chemical characteristic of soils is the ability to adsorb and retain ions in a

relative immobile form. The cations may be adsorbed on the surface of clay particles or

otherwise be bound by soil, or it may precipitate out of the solution as the oxide or hydroxide

(Schultz, 1965). The migration of activity through soil will depend upon a number of physical

and chemical characteristics of the actual radionuclide, in addition to the properties of the

soil. These mechanisms are as such outside the scope of this report, but the resulting activity

depth distribution can very often be described by an exponential function of the kind

(Beck, 1966):

C(x) = Co exp(-ax), where

C(x) radionuclide concentration at depth x (cm) in terms of Bq/kg or Bq/cm3

Co activity concentration at the surface.

a characteristic coefficient of the distribution (cm '')

The discussion of activity depth distributions is in general a discussion of the value and time

dependence of a. Distributions are sometimes given in terms of density thickness px (g/cm2),

and sometimes described by the reciprocal of a (= l / a ) called the relaxation length ( cm).
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Field and experimental studies show that caesium remains in the upper layer of undisturbed

soil for many years after the deposition, and both organic aid inorganic components of soil

show an affinity for caesium, and thereby limit downward migration (Miller et al.,1990,

Anderson and Roed,1994; Velasco et al.,1993; Thieri and Myttenare,1993). Vertical

transport has been shown to occur more slowly in forest soil than in general grassland

(Velasco et al.,1993, Miller et al.,1990). In forest soil, nost of the deposited caesium is

found in the superficial organic layers. The leaching process from these layers to the mineral

horizons is quite small, and the caesium mobility is mainly associated with the decomposition

processes of the litter. Thus in forest, the first superficial layers represent a transitory storage

of deposited caesium. Another possible explanation for this phenomenon is that the forest

litter act as a buffer by absorbing water from precipitation thus slowing the movement of

trace constituents into and through the mineral soil layers (Miller et al.,1990).

Migration of activity with time will generally result in a decreasing a value, and several

models have been proposed in order to describe the time dependence of a. Most of the

available data in the scientific literature refer to 137Cs, either from the Chernobyl accident or

from nuclear weapons testing in the atmosphere in the 50s md 60s. It has been pointed out

that radiocaesium from the Chernobyl accident behaves differently from bomb test caesium,

in the sense that in the former the proportion of fixed caesium is higher, and therefore the

relative quantity of exchangeable and mobile forms thus is significantly lower (Petryaev et

al.,1990). Other authors have however pointed out that C lernobyl radiocaesium seems to

have higher mobility than bomb test caesium (Anderson anc; Roed,1994; Bunzl et al.,1994).

By assuming that the radionuclide migration takes place as the result of diffusion and

convective processes, a could be expressed as (Golikov et al.,1993):

«(t) = 1/(V + VD)-t, where

V rate of convective transport (active transport due to precipitation) in
cm/y.

VD corresponding rate of transport by d ffusion (transport as a result of
concentration gradients).

By analyzing the distribution of Chernobyl B7Cs in the soi in Brjansk in the years 1989 to
1991, the average value for the total migration rates (V + \ D) was found to be 0.61 cm/year
(Golikov et al.,1993).
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Other authors (Velasco et al., 1993) have proposed a model described by:

a(t) = a0 exp(-ajt) + a2

where a0, a, and a2 are physical constants, and a, (y1) describes the rate of change of the

vertical depth distribution. By analyzing the vertical soil distribution of l37Cs due to the

Chernobyl accident in forest and in grassland according to this model, initial migration

velocities of approx. 1 cm y"1 were found, decreasing to zero after 12 years for grass land and

20 years for forest.

Other investigations of migration of 137Cs and *°Sr fallout from the nuclear bomb tests gave

migrations rates from 0.11 to 9.6 cm/year for I37Cs, depending on the type of soil and the

depth in soil (type of horizon) (Bachuber et al.,1982). The lower migration rates were

observed in the upper soil layers. 20 years after the fallout period, the bulk of the i37Cs

activity was still found in the upper soil layer (<20cm), while the ^Sr had migrated to

greater depths (>70cm). In general, the migration of radiocaesium is reported to increase

with depth in soil and decrease with time, and more complex models have been applied in

order to adequately describe experimental observations (Konshin,1992).

In another study the migration rate for Chernobyl l37Cs ranged from 0 . 7 - 5 cm/year,

increasing with increasing depth (Bunzl et al.,1994). It has been pointed out that the simple

exponential model may be inadequate, as the depth of maximum activity moves downwards

with time and the uppermost layers become more and more depleted. (Golikov et al.,1993;

Zomborietal.,1992).

The activity distribution of 137Cs is often given in terms of relaxation length I/a (the depth

at which the activity concentration has decreased to 37 %). From nuclear weapons test

fallout, measurements performed in 1960-64 gave a relaxation length of 3 cm (Beck, 1966),

while measurements performed much later in undisturbed soil showed values ranging from

3.4 to 8.3 cm (Baeza et al.,1993).

For fallout from the Chernobyl accident, UNSCEAR has proposed using a relaxation depth

of 0.1 cm for the first month, then 1.0 cm through the first year and finally 3.0 cm thereafter

(UNSCEAR, 1988). Based on 600 soil samples from the Brjansk region of Russia during 5

years (Golikov et al.,1993), the median relaxation length increased from 0.90 cm in 1987 to

3.6 cm in 1991.
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In cultivated soil ploughing will cause a much more homogenous activity distribution with

depth (Baeza et al.,1993), and radionuclides deposited on agricultural soils are often assumed

to be uniformly mixed in the upper 15 cm of soil (Kocher ;ind Sjoreen,1985).

Data for migration of other nuclides than Cs is sparse. Investigations performed shortly (1-3

years) after the Chernobyl accident indicate that the migration capacity of '•'Sr, 134Cs and 10*Ru

did not differ significantly, and that they all seem to migrate very slowly (Petryaev et

al.,1990). However, studies performed many years after de|)osition conclude that '"Sr has a

much larger rate of migration, 1 to 30 cm/year (Bachuber el al.,1982). Correspondingly the

"Sr distribution from nuclear weapons testing in non-cultivated soil was found to have a

relaxation length of 14.2 cm (Baeza et al.,1993). Measurements performed 4 years after the

Chernobyl accident showed that 106Ru seem to be less strongly bound than caesium, and thus

to penetrate a little deeper (Anderson and Roed,1994). In another study 106Ru was found to

have a migration rate at 0.3 cm/year, as compared to 0.2 :m/year for 134Cs (Bonazzola et

al.,1993).

2.4 Conversion factors from ground deposition to dose rate.

Photons

Conversion factors from ground deposition to air kerma or effective dose equivalent in terms

of pGyh 1 (or pSvh"1) per Bq-m'2 for photons have been published by numerous authors,

generally based on Monte Carlo calculations or applying build-up factor methods. The results

are generally given as air-kerma values or effective dose equivalent (See paragraph 4.4) at

1 m height above ground relative to the level of contamination. Both air kerma rate and flux

decrease with height, depending on the photon energy. However, the decrease is very slow,

and the field may be considered essentially constant over the first few meters above the

ground (Beck, 1972). The actual source geometry may be given as uniform surface

contamination (plane sources on the ground), infinite plane sources situated at particular

depths in the ground or for particular depth distributions. Results are either given for

particular photon energies or for specific nuclides. In table 2.2 some published conversion

factors for air kerma (pGy) or effective dose equivalent (pSv) (see paragraph 4.4) for m Cs,
134Cs and some particular photon energies are presented. The air kerma values are given as

standardized values at 1 m height above uniform sources on the ground. This may not be a

realistic situation, but serves as a reference geometry.
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Tab le 2 . 2 Conversion factors from ground deposition to air kerma or effective dose
equivalent values for infinite plane surface photon sources (zero depth).

Reference

Jacob e t a l . , 1986

«

NCRP,1976

Kocher &Sjor. ,1985

If

Chen,1991

t i

Source

mCs

137Cs

)37Cs

0.6 MeV

0.8 "

0.6 "

0.8 "

Conversion factor

5.5 pSv/h per Bq/m2

2.0

2.5 pGy/h per Bq/m2

2.9

3.8

2.7

3.3

As discussed in paragraph 4.4. , conversion factors from air kenna to effective dose equivalent
is typically 0.7 - 0.8 Sv/Gy. When studying table 2.2, one should bear in mind that the data
for particular source energies do no refer to any specific nuclide. Thus no correction for
gamma yield are applied, i.e. the gamma yield is always set equal to unity. The gamma yield
for the 662 keV line of I57Cs is 0.85, and for 134Cs it is 2.22. Conversion factors for
particular source energies are sometimes expressed as air kenna rate per unit source photon
density.

For source geometries other than plane surface sources reduction factors may be applied. In
table 2.3 reduction factors for different source geometries, relative to the same amount of
fallout distributed as a plane surface source are presented. As seen from the table, plane
sources at a particular depth will in general represent lower dose rates than an exponential
distribution with the same relaxation length. The effect of surface roughness may be
represented by a certain thickness of soil. Paved areas or lawn have been represented with
a soil thickness of 0.1 cm, while a gravelled area with a thickness of 0.3 cm (Jacob et
al.,1986).

Data from Kocher and Sjoreen (Kocher and Sjoreen,1985), given as dose rates from plane
sources at various depths, are often used for calculations of dose rates for a specific measured
activity depth distribution. For the specific activity distribution found in forests and in
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grassland 4 years after the Chernobyl accident, conversion factors of 1.3 and 0.9 pGy/h per

Bq/m2 of 137Cs respectively were calculated (Velasco et al., 1993). Likewise was a conversion

Table 2.3 Dose rate reduction factors for different activity depth distributions relative to a

plane surface source. The data refer to mCs or 0.6 MeV source photons.

Ref.

Jacob etal.,1986

137Cs

NCRP.1976

137Cs

Kocher and

Sjoreen, 1985

0.6 MeV

Geometry

Plane, depth 0.1 cm

0.3 cm

1.0 cm

Expon., I/a = 1.0 cm

I/a = 3.0 cm

I/a = 10 cm

Plane, depth 0.5 cm

1.0 cm

3.0 cm

10 cm

Homogenous distr.

0 - 15 cm depth

Red. factor

0.80

0.67

0.48

0.58

0.40

0.22

0.66

0.54

0.34

0.12

0.22

factor of 1.03 pGy/h per Bq/m2 found for the particular depth distribution of 137Cs from

nuclear weapons tests in non-cultivated soil (Baeza et al., 1993). Based on data from Jacob and

Paretzke, calculations of external dose rates from naturally occurring gamma emitters and

from radiocaesium in soil have been performed for the actu;d activity distribution measured.

The resulting total air kerma rate agreed well with measured values (Felsman and

Denk,1989).

Beta radiation

In general the range in tissue of P radiation from fission products is below 1 cm, and skin

and the lens of the eye will be the organs of interest. Dose data for p-emitters are relatively
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sparse. For "SiV^Y a conversion factor of 0.032 nGy/h pr. Bq/m2 (activity referring to the

mother nuclide) referring to the skin dose at a depth of 7 mg/cm2 in 1 m height above the

ground has been reported (Osanov et al.,1993). This figure refers to a flat surface source at

zero depth. Other authors have reported a value of 0.039 for the same situation (Kocker and

Eckerman,1981). Skin doses from P-radiation relative to corresponding y-doses at a height

of 1 m for a number of actual fission products from the Chernobyl accident have also been

presented (Osanov et al.,1993). This factor ranged from approx. 200 for 144Ce/144Pr and for
106Ru/106Rh, down to zero. The values for m Cs was 0.03, and for l37Cs/137Ba 0.21. Integrated

over the actual fission products mixture released in the initial phase of the accident, an overall

p/y-ratio of approx. 10 was found. These figures refer to 1 m height above ground. Closer

to the ground the relative contribution from p-radiation increased significantly as shown in

fig.2.2. These figures all refer to a flat surface source (i.e. no absorption in the surface

layer), and are as such relevant only for the time period immediately after the activity has

been deposited.

Fig.2.2 Estimated skin dose (7 mg/cm2) from 0-radiation relative to the corresponding y-

dosefor the Chernobyl fission products (flat thin surface source) at 1 day and 60 days after

the accident. (Osanov et al. ,1993)
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2.5 Moisture, snow cover and deposition mechanisms.

Moisture and snowcover

Addition of water will in general make the soil more dense, which in effect buries the source

deeper on a mass basis. For a uniform source distribution, he effect is like that of a source

term dilution, i.e. a reduction in the specific activity in terms of Bq/kg. Although the

attenuation and scattering properties of water are slightly different from those of soil, as a

reasonable approximation one can simply reduce the above ground air kerma rate by the same

percentage as the density of the soil increases (Miller et al. ,1990). A 25 % increase in soil

density due to water would thus result in a 25 % decrease in air kerma rate. However, the

effect of water will depend upon the activity depth distribution, and the closer the activity is

to the soil surface, the less the effect. In a particular study relative air kerma values were

found to be 12 % lower for wet depth profiles compared to dry (Miller et al., 1990). Changes

in the natural gamma radiation field due to seasonal variations in soil moisture are of the

order of 10 %, and larger decreases are possible for periods up to several days after a heavy

rainfall (NCRP,1976).

Depending on the thickness and density, snow cover will in general represent a shielding

layer, and have a substantial effect on the external dose rates. Typical reduction factors of 2

to 3 for a 50 cm thick cover of medium density snow (0.1- 0.25 g/cm2) have been reported

for natural background radiation (NCRP,1987). For betas a 50 cm snowcover will represent

total absorption.

Deposition mechanisms.

The mechanisms of deposition from a plume are very complex, but are generally divided into

two broad classes, dry and wet. Dry deposition is usually characterised by assuming that the

ground deposit is directly proportional to the time-integrated air concentration above the area

in question. The constant of proportionality is called the dejxwition velocity, and depends on

the chemical form of the radionuclide and the nature of the surface. For inert gases the

deposition velocity is in effect zero. As a rough guide in the acute phase of an accident, the

following deposition velocities have been recommended (White, 1986):

Most nuclides in particulate form: 10'3 m/s

Reactive gases (inorganic iodine): 10"2 "

Gaseous organic form of iodine: 10"5 "



14 Chapter 2: Physical parameters

The deposition velocity also varies with the size of the aerosol (aerodynamic diameter) for

particle bound activity (Maqua et al.,1987). On house surfaces (plastered walls) a deposition

velocity of 10s m/s have been reported, while a value 5 - 1 0 times higher for road surfaces

were found. For rough surfaces as roof and grass an additional increase of a factor 3-5 was

observed (Roed,1987).

Precipitation (wet deposition) will influence the ground deposition in many ways. First of all

precipitation will increase the downward transport of radioactivity in air. Inhomogeneous

rainfall during the passage of airborne radioactivity may thus cause large ground deposition

gradients. Levels of 137Cs contamination from the Chernobyl accident on undisturbed soil in

highly contaminated villages in southern Russia were very uneven, with a factor of 3-10

between the lowest and the highest contamination level in each village (Paper III). Secondly,

run off water (excess of deposited rainfall that is not retained in the area receiving the

rainfall) can carry away part of the ground deposition and thereby reduce the activity levels.

The total run-off consists of surface run-off and infiltration, i.e. the flow of water through

the surface material. Surface run-off and infiltration heavily depend upon the type of surface.

Hard surfaces like asphalt will hardly have any penetration at all, while soil may have a

pronounced infiltration, depending on the type. The extent to which surface run-off will

reduce the deposition level heavily depends upon the roughness and porosity of the surface.

This effect is further discussed in chapter 3. Infiltration will in general increase the migration

rate, thus shifting the activity depth distribution towards greater depths.

2.6 Conclusion

Compared to a reference situation of plane uniform sources on the ground, different activity

depth distributions may reduce the photon dose rate up to a factor of 5. Snow cover may

easily constitute a factor of 2.

Precipitation may increase the deposition rate considerably, but also reduce activity levels by

run off. Uneven rainfall and different dry deposition velocities may result in large spatial

variations in the total ground deposition. Differences of a factor 3 - 1 0 between the highest

and the lowest contamination values within the same village have been reported.

For Chernobyl fission products, skin doses from ground deposited beta emitters in the acute

phase of the accident have been reported to exceed the corresponding gamma dose by a factor

of 10 at 1 m height, and a factor of 50 in 10 cm height.
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Chapter 3:
Technical and social factors influencing external dose
levels.

3.1 Introduction

Technical factors, i.e. factors due to human actions, also influence external dose levels.

Technical factors may consist of actions with the deliberate aim of reducing activity or dose

levels (decontamination), or existing factors influencing the external dose levels in general,

like buildings, type of surface cover( asphalt, concrete etc), farming activities.

3.2 Shielding factor

Shielding factors are generally defined as air kerma rates at a particular location, relative to

the corresponding rate in a reference location. Note that this definition of shielding factor

represents a linguistic inconsistency, in the sense that increased shielding factors implies

higher dose rates, i.e reduced shielding efficiency. As reference the air kerma rate at 1 m

height above an infinite smooth lawn with homogenous contamination is normally used.

Shielding factors thus not only refer to shielding provided by buildings, but to all parameters

modifying the external dose rate. Structural shielding provided by dwellings is sometimes

called "house shielding factors", and shielding factors in the general sense may also be called

"location factors" (Meckback and Jacobs, 1988). Compared to an undisturbed infinite plane

source in the reference condition, the dose rate inside a house will be modified for several

reasons. Some will tend to increase but most will tend to decrease the dose rate. These

modifications will be due to shielding provided by the walls, lack of contamination underneath

the house, contamination of the roof and walls, the nature ;md the possible finite size of the

area around the house etc.

House shielding factor

House shielding factors will vary with type of house, thickness of the walls, photon energies,

floor number, window areas etc. The factors may also depend upon whether the deposition

was dry or wet. Due to the high contamination of trees alter dry deposition, the shielding

factors for dry deposition may be a factor 2 - 3 higher if there are trees outside the house

(Jacob and Meckbach.,1987). In urban environments, wet deposition may cause substantial
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run-off from hard surfaces surrounding the house, thus reducing the shielding factors (i.e.

reducing the dose rates). The shielding factors discussed below will either refer to I37Cs

contamination, or to 0.5 - 1 MeV photon sources. Unless otherwise stated the shielding

factors are based on calculations.

For one storey detached lightweight houses, calculated shielding factors in the range 0.3 - 0.5

are reported (Jacob and Meckbach,1987; Jensen, 1984; Meckbach and Jacobs, 1988).

Measurements performed in Slidre, Norway yielded shielding factors close to 0.3 for detached

wooden houses (Paper H).

For semi-detached houses and for continental detached houses made of concrete or brick,

shielding factors in the range 0.1 - 0.2 are reported (Jacob and Meckbach, 1987; Jensen, 1984;

Catsaros and Vassiliou,1987). For the Brjansk region of Russia, shielding factors of 0.3 for

wooden houses and 0.1 for stone houses have been estimated (Paper III), in close agreement

with the corresponding values of 0.33 and 0.1 respectively applied in a recent reconstruction

of doses to the Ukrainian population evacuated after the Chernobyl accident (Likhtarev et

al.,1994).

In urban environment the shielding factors will in general be lower (i.e. more effective

shielding), partly because there is a majority of multistorey flats and because the deposition

on the surrounding hard surfaces in general will be lower than the reference situation, i.e. the

infinite smooth lawn. In multistorey houses the shielding factor will also depend on the actual

floor number, with lower shielding factors in medium floors compared to the top and bottom

floors. In general, reported shielding factors for multistorey houses show a larger spread than

smaller houses. Values in the range 0.05 to 0.10 have been reported (Le Grand et al.,1987;

Catsaros and Vassiliou,1987), but also lower values of 0.002 - 0.05 (Jensen, 1984; Jacob and

Meckbach, 1987). The degree to which the surroundings of the houseblock (neighbouring

blocks, paved areas etc.) are taken into account will influence the shielding factor, and this

may be a contributing factor to the greater spread in published shielding factors for urban

environments.

Location factors.

Due to different kinds of surfaces and surface treatments, the external dose rate will in

general vary with location. The effect of different activity depth distributions was discussed

in chapter 2, and here technical factors contributing to variations in external dose rates will

be discussed.
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The contamination of hard surfaces like asphalt, stone, concrete will in general be much

lower than surfaces covered with vegetation. For dry deposition the difference may be in

excess of a factor of ten due to different deposition veloc ties (Kelley,1987), and for wet

deposition even larger factors of 10 to 100 due to run-off (Roed and Sandalls, 1989) are

reported. The degree to which the deposition is removed by run-off water depends on the

porosity of the surface. For impervious materials like glass virtually all activity is removed

by rainfall (WiUrins,1987), while for hard materials like semi glazed roof tiles the retention

of radiocaesium 20 weeks after the accident was less than ::>' % (Sandalls, 1987).

In general, the removal of activity is dependent upon the; total rainfall, and the activity

removed per unit rainfall decreases with time. For the first year after the Chernobyl accident,

environmental half times of 80 - 100 days for radiocaesium on hard surfaces have been

reported , while half times of 2 - 3 years was observed for the 1987-1989 period (Reponen

and Jantunen, 1991; Jacob et al.,1987). After the Chernobyl accident, only a minor part of

the material still retained on roof material after the first shower had been removed more than

a year later (Roed, 1987b).

Several studies of weathering effects (depletion of retained material by weather effect like

wind and precipitation) on urban surfaces conclude that the activity after 6 - 1 2 months is

reduced by a factor of 2 - 3 (Jacob et al.,1987; Sandalls, 1987; Karlberg,1987).

As discussed in chapter 2, the shifting of the activity depth d stribution towards greater depths

will reduce the external dose levels. In rural areas general farming activities like ploughing

will thus reduce the external dose rate relative to an undisturbed area. Location factors for

farmland of 0.5 have been used in theoretical modelling of external doses (Paper IJJ;

Golikov,1993).

3.3 Decontamination

A number of decontamination techniques have been applied in order to reduce activity levels

and/or external dose rates. For laboratory and workshop surfaces a variety of chemical

methods have been described. In general these are not well suited for large scale deconta-

mination, and will not be discussed here.

The most effective (and expensive) technique is to remove the contaminated surface

altogether. In urban environments this means complete removal of building surfaces like

roofs, walls, paved areas etc. In rural areas it will imply re noval of the top layer of soil, the
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thickness depending on the actual activity depth distribution. The removal of activity by this

method may be close to 100 % effective, but the cost involved make this alternative

interesting only for small scale decontamination. For urban surfaces, partly removal of the

surface by mechanical means like shotblasting and sandblasting may be performed. By

shotblasting small steel balls of 1-2 mm diameter are projected into the surface with high

speed, and thus smash the surface into dust which then is removed by vacuum cleaning. By

shotblasting and sandblasting decontamination effects of approximately a factor of 2 have been

reported (Sandalls, 1987b; Warming, 1987).

The effect of water hosing of surfaces or steamcleaning and thereby removing the mobile

component of the activity varies with the object of decontamination, and has to be done very

soon after the initial deposition in order to have any effect at all. This is mainly due to the

fact that the mobile activity becomes more strongly bound to the surface with time. Water

hosing of walls and roads with old deposition is ineffective, with decontamination effects of

a few % (Brown et al.,1988; Sandalls, 1987). For water hosing of roofs a 25 % reduction

may be achieved, while for recent deposition on roads 45 % removal is reported (Brown et

al,1992).

Ploughing of soil is reasonably effective, and the effect increases with increasing ploughing

depth. Typical reduction factors of 2 are reported for ploughing soil to a depth of 15 cm

(Brown et al.,1988). Cutting of grass is more efficient for dry deposition where 65 %

reduction is reported, than for wet deposition with a reduction of 25 % (Brown et al.,1992).

In a practical experiment performed in a highly contaminated (and undisturbed) area in the

Brjansk region of Russia, removal of the top 50 cm of soil in a 5 m radius resulted in an

external dose rate reduction of 70 %. Likewise was the indoor doserate reduced to 50 % by

removing the top layer of earth in a 9 m distance from the walls (Melin et al., 1991).

Covering contaminated areas with sand, gravel or asphalt (in case of contaminated roads) will

also reduce external dose rates. The dose reduction effect will of course depend upon the

mass of the covering material. After the Chernobyl accident decontamination in the heavily

contaminated areas within the 30 km zone around the power plant was performed by

removing the upper layer and covering the ground by stone and concrete. By these methods

dose rate reduction factors of 10 - 20 were achieved (AMnfiev and Radchuk,1993).
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3.4 Social habits - Occupancy factor

Due to the various factors discussed in chapters 2 and 3, the external dose rates in

contaminated areas may differ considerably from location to location. The individual doses

will thus heavily depend upon the social habits of the individual, i.e. how much time is spent

in various locations. This pattern is sometimes described by an "occupancy factor" describing

the fraction of the total time spent in the various locations. The total time spent indoor

depends on the type of occupation (indoor or outdoor), and indoor occupancy factors in the

range 0.6-0.8 have been reported in theoretical modelling of external doses (Paper n , Paper

m , Golikov,1993; Likhtarev et al.,1994; UNSCEAR.1988).

3.5 Conclusions

House shielding factors for one storey detached lightweight nouses range from 0.3 - 0.5. For

concrete or brick houses corresponding factors of 0.1 - 0.2 are reported. In urban

environments the shielding factors will in general be lower, and reported values show a very

large spread from 0.002 to 0.1.

Location factors are defined as the dose rate at a particular location relative to the

corresponding value over an undisturbed flat lawn. Typical location factors immediately after

the deposition on hard surfaces in urban environment may ninge from 0.01 - 0.1, depending

on type of deposition (wet or dry). Due to weathering the activity will decrease with time,

and typical reduction factors of 2 - 3 for the first year after deposition have been reported.

Decontamination techniques for rural and urban surfaces are briefly discussed. Different

techniques differ widely in cost and effectiveness. For relatively cheap techniques like

ploughing, cutting of grass, water hosing or mechanical surface treatments, typical activity

reductions of a factor of 2 are achievable.
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Chapter 4:
Dosimetry and measurement techniques.

4.1 Introduction.

As discussed in previous chapters the radiation field from radioactive fallout will be

inhomogeneous with respect to time and location, and estimations of external doses should

if possible be confirmed by individual dose measurements. Appropriate dosemeters for

individual dose measurements should be easy to wear, perfectly integrating with negligible

signal leakage, low limit of detection, acceptable angular and energy dependence etc. Before

the Chernobyl accident, few if any individual dose measurements of external doses from

radioactive fallout or environmental gamma doses in general were reported, and even

afterwards the number is modest. In many respects the applicable measurement techniques

are similar to the ones used for personal monitoring of occupationally exposed workers, and

in other respects to environmental monitoring in general. Similar to personal dosimetry, the

penetrating and/or the non-penetrating component of the radiation field may be assessed. For

measurements of the non-penetrating component, the thickness of the sensitive or active part

of the dosemeter in terms of mg/cm2 is of crucial importance:, together with the total material

thickness of the entrance window.

In this chapter different methods for individual measurements of external doses are briefly

described, together with a discussion of the interpretation of the dosemeter readings in terms

of the appropriate dose concepts. As dosemeter responses also depend on the energy spectrum

of the photons to be measured, a discussion of the energy spectrum from the radioactive

fallout radiation is also included.

4.2 Photon energy spectra

In general, photon energy spectra may be presented in different ways. Photon fluence spectra

are presented as number of photons versus photon energy, while energy fluence spectra are

presented as energy fluence versus photon energy. By weignting the energy fluence with the

mass energy absorption coefficient for air (JJ.JP) the photon exposure spectra are obtained,

giving the relative contribution to the total exposure rate from the various photon energy

intervals. For the spectra considered in this report, i.e. natural background spectra and fallout
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spectra, the mean energy of energy fluence or exposure spectra is generally higher than the

mean energy of the photon fluence spectrum.

Dosemeter energy responses are generally given in terms of response per unit energy fluence

or per unit air kerma, so also for the dosemeters used in this project (Papers I and V).

Therefore the energy fluence or exposure spectra will be of prime interest.

The photon energy spectrum of the external radiation depends upon the nuclide mixture of

the fallout, and on other parameters like activity depth distribution, surface roughness,

building constructions etc. Source energies of interest range from 40 keV (e.g.129I) to 5 MeV

(upper limit for fission spectra), while photon energies released in the Chernobyl accident

ranged from 80 keV to 1.0 MeV (Likhtarev et al.,1994). Due to scatter in soil, air and walls

of buildings, the original spectra from the radionuclides will be heavily degraded.

Calculations of scattered versus unscattered photons reaching a detector situated 1 m above

ground level, proceeding from a source uniformly distributed in the soil (0 - 40 cm), as a

function of the initial energies of the photons have been published.(Ortega et al.,1991). For

an initial photon energy of 1 MeV, 27 % of the total photonflux reaching the detector was

unscattered. The unscattered fraction was found to decrease with decreasing initial photon

energy. The scattered photonflux spectrum was heavily biased towards low photon energies,

with almost 30 % of the scattered photons having energies between 60 and 100 keV, and

approx. 33 % having energies above 200 keV. Mean energies were not presented, but

calculations based on these data gave a mean photon energy for the photon fluence spectrum

of approx. 250 keV for this situation. Other authors have reported a scattered photon fraction

of 78.4 % at 1 m above ground for a plane surface contamination of m I (280-640

keV)(Xiangbao and Yangzhong,1992). Calculated energy fluence spectra from a 1 MeV

source at 1 mm depth in soil are fairly flat down to 400 Kev, then rises slowly to a maximum

at 100 kev, the maximum being a factor of 2 higher than the plateau part of the curve (Jacob

and Paretzke, 1986). This yields a mean energy of approx. 450 keV (energy fluence

spectrum).

Shielding provided by the buildings will also change the energy spectrum of the photon

fluence. Calculations performed for semi-detached houses after a deposition of l37Cs show that

the unscattered fluence is more heavily attenuated than the scattered fluence. However, for

source energies of 300 keV and 3 MeV the differences in the photon fluence spectra was

found to be insignificant (Jacob and Meckbach,1987).

Reported average gamma ray energies in various locations in the summer of 1987 from



Chapter 4: Dosimetry and measurements techniques 23

Chernobyl fallout spectra ranged from 230 to 370 keV (Lojtachev et al.,1989).

In general, energy fluence spectra are fairly flat in the scatter^ part of the spectrum, whereas

photon fluence spectra are heavily biased towards lower photon energies. In fig. 4.1 some

typical energy fluence spectra are presented (Jacob and Meckbach, 1987). Note that the units

for the unscattered component (MeV-cm'2) differs from the general unit of the ordinate axis.

Also note that there is a misprint on the abscissa, i.e. MeV instead of keV.

Fig 4.1 Spectral energy fluence inside and outside a semi-detached house in a suburban

environment after a deposition ofl Bq/cm21}7Cs on lawns (Jacob and Meckbach, 1987).
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Dosemeters for measuring external doses from radioactive fallout will also register the gamma

contribution from naturally occurring radionuclides in the ground, and the photon energy

spectra from these are also of interest. Calculations performed for a standardized uniform

distribution of naturally occurring radionuclides (40K, 232Th-series and ^'U-series) show that

the greatest contribution to the dose rate to air at 1 m height stems from photons in the 1-2

MeV range, with less than 15 % from photons below 250 keV (Beck, 1972). The mean

energies of the photon fluence and exposure rate spectra were approx. 480 and 1100 keV

respectively. Indoor spectra due to the same radionuclides in the building materials of the wall

have been published (Koblinger,1978). Depending on composition and thickness of the wall,

approximate mean energies for the photon fluence spectra of 600-630 keV for *°K, 440-480

KeV for the Th-series and 400-430 keV for the U-series are reported.

4.3 Measurement techniques

For individual dose measurements of external radiation a variety of methods may in principle

be applied. In practice, three different systems have been reported used, i.e. filmdosemeters,

electronic dosemeters and TL-dosemeters. Here a brief description of these is given. All

lower detection limits reported are given in terms of skin dose equivalent (/iSv), although they

originally may be given in terms of air kerma G*Gy). In this context 1 fiSv skin dose is set

equal to 1 /iGy air kerma.

Filmdosemeters.

Dosemeters based on photographic films represent a well investigated and widely used method

for measurement of external doses in personal dosimetry. After chemical development, the

optical density is related in a complex way to the dose equivalent from photon or beta rays.

The active dosemeter material of the emulsion is usually AgBr, and as high-Z material in

general photographic films will exhibit a strong energy dependence for photon energies below

200 keV. The intrinsic over response at 35 keV is typically a factor of 25 relative to the high

energy photon response, making a rather complex filter arrangement necessary for correct

dose assessment (Wohni and Stranden,1985). The active dosemeter thickness, i.e. the

photographic emulsion is fairly thin, approximately 10 mg/cm2 (Becker, 1973). Photographic

films thus have the potential for measuring (J-radiation, although the paper wrapping thickness

of approx. 20 mg/cm2 will limit the detection of low energy betas. Any measured beta dose

will thus refer to a 10 mg/cm2 thick layer behind the rather arbitrary thickness of 20 mg/cm2.

Filmbadges have been applied for measurements of individual doses from radioactive fallout
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from the Chernobyl accident (IAEA, 1991). In this measurement project nearly all results were

found to be below the detection limit. This fact reflects one of the basic disadvantages of

filmdosemeters, namely the high lower detection limit of approx. 100 - 200 jtSv for high

energy photons (ICRU, 1992). Because of this filmdosemeters are seldom applied for this kind

of measurements, nor for environmental monitoring in general.

Electronic dosemeters.

Active electronic personal dosemeters have become increasingly more popular for personal

monitoring. They can offer a variety of additional functions compared to the more traditional

techniques like film and TLD, as alarmfunctions, reading of dose rates, direct reading of

accumulated dose for various time intervals etc. Most electronic dosemeters are based on

GM-tubes or use Si diodes as the active dosemeter materiiLl. For Si diodes there will be a

pronounced over response for low energy photons. An over response of a factor of 6 at 30

keV relative to the high energy response has been reported (ICRU.1992). With suitable filter

systems and by using a combination of several diodes the energy response can be flattened

considerably. Response functions of +/- 30 % from 20 keV to 1.5 MeV have been achieved

for Si diode detectors (Bartlett and Burgess, 1991), and +/• 20 % from 35 keV to 1 Mev for

detectors based on GM-tubes. Diffused Si diodes have a typical sensitive layer thickness of

10-30 mg/cm2. With a sufficiently thin entrance window it may thus also serve as a beta

dosemeter. As most electronic dosemeters are designed for personal dosimetry purposes, the

beta doses are measured at a particular depth corresponding to 7 mg/cm2 in skin, which is the

depth recommended for monitoring of the skin exposures fo r occupationally exposed workers

(ICRU, 1992). The lower detection limit for electronic dosemeters is far better than film

dosemeters, and a value of 1 pSv has been reported (Bartlett and Burgess, 1991).

The major disadvantage of electronic dosemeters for measurements of individual doses from

radioactive fallout is the bulk and weight of the dosemeter, apart from the expenses involved.

Electronic personal dosemeters have been reported used for radiation monitoring of persons

visiting or working in the exclusion zones around the Chernobyl power station (Bartlett et

al,1993).

Thermoluminescent dosemeters (TXD).

TLDs are widely used for personal dosemeters for photons and beta rays, as well as for

environmental monitoring in general. The thermolumintjscent effect and the dosimetric

properties of thermoluminescent materials are thoroughly investigated and documented,
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although not in every detail understood. The scientific literature on this topic is extensive, and

only a brief description of some of the fundamental properties will be given here.

During irradiation, a small part of the energy deposited in TLD materials is stored and may

be released as light when the material is heated. The light output is proportional to dose up

to a certain level characteristic of the material, in general above 1 Gy. The TLD reader is a

device for heating the material and registering the light output. Of the wide variety of TLD

materials, the most important are LiF, Li2B4O7, CaF2 and CaSO4, doped with various

activators. LiF and Li2B4O7 have atomic composition closest to air or tissue, and will thus

exhibit modest energy response in terms of TL-output per unit air kerma. For personal

dosimetry purposes LiF is most often used. CaF2 and CaSO4, although far from being tissue-

equivalent, have the advantage of being 10 to 30 times more sensitive, and are therefore more

often used in environmental monitoring. In fig.4.2 the calculated photon energy response for

a number of important TLD materials is given. The curves will only give an approximation

to the true energy response. The true energy response as well as the sensitivity differences

between the different materials will depend upon dosemeter thickness, heat treatment, reader

characteristics a.o. For the high-Z materials, multicomponent dosemeters and special filtration

may be needed in order to achieve a reasonably flat energy response. Low-Z materials are

most often used without discriminating filtration.

Fig.4.2 Calculated relative photon energy response in terms of TL-output per unit airkerma

for several unshielded TLD materials (ICRUJ992).
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TLD's under a few mg/cm2 of plastic are used to measu e beta doses. Both the energy

response and directional response depend strongly on the thickness of the detector and its

cover. Thin TLD's are often made by dispersing LiF throughout a layer of Teflon. Otherwise

various methods have been used to produce both physically thin detectors and thin sensitive

layers on the surface of thicker TLD's. By mixing with graphite the thickness of the layer

from which light can escape can be reduced, and also use of pulsed laser heating to read only

the surface layer have has proposed. TL-dosemeters in wiciespread use are 5 -240 mg/cm2

thick, even though dosemeter thicknesses down to 2 mg/cm2 have been reported. As with

other detection systems, improved accuracy can also be obiained by combining readings of

thick TLDs under windows of several different thicknesses

The lower detection limit depends on heat treatment, reader characteristics, dosemeter

thickness, photon energy etc. For thick dosemeters (240 mg/cm2) and high energy photon

radiation (> 200 keV), typical lower detection limits are I /*Sv for Ca-dosemeters and 10

fj&w for LiF. For thin dosemeters measuring non-penetrating radiation the lower detection

limit will in addition depend upon the method of production (C-loaded, dispersed in Teflon

etc), and detection limits ranging from 10 - 1000 pSx far thin LiF-dosemeters (5 - 50

mg/cm2) are generally reported.

Measurements of individual doses from penetrating radiation due to Chernobyl fallout utilising

TL-dosemeters have been performed in Russia (Erkin and L3bedev,1993;Paper III), Norway

(Paper II) and Ukraine (Los, 1990).

4.4 Appropriate dose quantities.

Effective dose and effective dose equivalent

In order to reflect the overall health consequences of an irradiation, some sort of effective

dose concept is often used. These are calculated by weighting the dose to specific organs, and

adding these weighted organ doses together. The weighting factors applied reflect the relative

radiation sensitivity with regard to stochastic effects for the organ, and for normalising

purposes they all add to unity. Depending on wether the effective dose concept also shall

include genetic effects, gonads may or may not be included in the list of organs. As the

effective dose concept is designed with the aim to reflect the overall health detriment

connected to a particular irradiation situation, it is often used for comparing contributions

from different sources of irradiation.
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In 1977 the International Commission on Radiological Protection (ICRP) introduced the

concept of "Effective dose equivalent", denoted HE. This concept includes doses to 6

identified organs (included the gonads) with weighting factors ranging from 0.03 to 0.25, in

addition to a unspecified "remainder" with a weighting factor of 0.30 (ICRP, 1977).

HE = ETWTHT , where

WT = weighting factor for tissue T

HT = dose equivalent to tissue T.

The list of organs also include the gonads. The concept has since been widely used, and a lot

of dose information in radiation protection are given in terms of effective dose equivalents.

In 1990 the list of organs was augmented to 12, and the weighting factors were changed

(ICRP, 1991), otherwise the concept as such was unchanged. In order to distinguish between

the old and the new concept, the latter was given the name "Effective dose", denoted E. Most

data concerning individual doses from radioactive fallout are given in terms of HE. As the

effective dose concepts in general are robust quantities, exposures in terms of HE or E for the

same irradiation condition do not differ much, unless the body exposure is extremely

inhomogeneous. In general, external exposure from radioactive fallout (gamma emitters)

represents fairly homogenous irradiation conditions, and under these circumstances HE and

E are not expected to differ much. Monte Carlo calculations for plane sources in the ground

show that E will be lower than HE by less than 5 % for photon energies above 100 keV

(Zankl, 1992). As most of the dose data in connection with external radiation from radioactive

fallout are given in terms of HE rather than E, HE will be the preferred quantity in this

presentation.

Conversion factors for penetrating radiation.

For penetrating radiation, the final results from individual dose measurements or calculations

are generally given in terms of HE. If the basic measurements or calculations are done in

terms of air kerma free in air (i.e.in the absence of the phantom or person), a conversion

factor from air kerma free in air to HE is required, i.e. the factor:

^ , where

HE = Effective dose equivalent [Sv]

K^, = Air kerma free in air [Gy]
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Monte Carlo calculations concerning plane sources on the ground have shown that most of

the energy fluence in 1 m height comes from photons with angle of incidence only slightly

below the horizontal line (Jacob et al.,1986), i.e. near horizontal photon flux. For this

situation the irradiation geometry is thus very close to "rotational invariant11, and this

geometry is often used for assessing HE on the basis of air kerma free in air. The conversion

factor between HE/K,^ for this geometry varies only slightly with photons energies between

0.2 and 1 MeV, and a typical value of 0.83 Sv/Gy may be used (Papers II and III), referring

to Monte Carlo calculations for an anthropomorphic (i.e. manlike or humanoid) phantom in

rotational geometry (Jacob et al.,1986, Williams et al.,1985). In fig.4.3 different irradiation

geometries are illustrated.

Kg.4.3 Different irradiation geometries.

1 .sotropic, horizontal,
isotropic upper half space rotational invariant

For an isotropic irradiation geometry the conversion factor will be lower, due to the larger

body self shielding for radiation entering from above and below the horizontal line. As the

activity migrates towards greater depths in soil, the conversion factor will thus decrease. In

experiments performed with an Alderson Rando phantom in heavily contaminated fields in

the Brjansk region of Russia with an exponential activity depth distribution, a conversion

factor of 0.7 Sv/Gy was found (Golikov et al.,1993), Monte Carlo calculations for plane

sources at an effective depth of 0.5 g/cm2 gave a conversion factor of 0.74 - 0.78 Sv/Gy for

the 100 keV - 1 MeV (original) photon energy range (Zarikl et al.,1992).
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Indoor the radiation field will be more isotropic due to contamination of the roof, and also

to account for the different positions of standing, sitting and lying. For this geometry a

conversion factor of 0.7 Sv/Gy has been suggested (Jacob et al.,1986, Jacob and

Meckbach,1987).

In individual dose measurement the surface dose equivalent rather than the free air kerma is

assessed. For calculating HE the dosemeter reading (D^,^ must first be converted to the

corresponding air kerma value free in air by using the K ^ D ^ ^ conversion factor, and then

the H E / K ^ factor previously discussed is applied, i.e.:

HE = D ^ ^ • (KJD^ • (HE /KJ, where

^wifcce = Dose equivalent to surface of the body = reading of individual

dosemeter [Sv].

Calculations based on Monte Carlo data by Jacob et al. (1988) gave a K^/skin dose ratio of

1.11 Gy/Sv for a plane 137Cs source at 3 mm depth in the ground. Correspondingly a value

of 1.08 Gy/Sv was calculated on the basis of data from Petoussi et al.(1991) for a plane 137Cs

source at a depth of 0.5 g/cm2. Measurements with an Alderson phantom in "rotational

invariant" geometry gave a K J D , ^ value of 1.15 Gy/Sv for unscattered radiation from an
192Ir with an effective energy of 370 keV (Stranden and Wohni, 1978). The corresponding

value for an Alderson Rando phantom in a field highly contaminated from Chernobyl fallout

was 1.41 Gy/Sv (Golikov et al.,1993). As in the HE/K^ discussion, this higher value may be

caused by the fact that more photons in this situation will enter the body from below the

horizontal line, and thus the body self shielding will be stronger. In Papers II and HI a

K ^ D ^ j ^ conversion factor of 1.11 Gy/Sv was applied, yielding a total HE/DSllrfKe ratio of

0.92 Sv/Sv.

An alternative method is to convert directly from surface dose equivalent (D^^^J to effective

dose equivalent (HE), i.e. use the factor

Data for this conversion is sparse. Monte Carlo calculations performed for infinite plane

sources at depth 0.5 mg/cm2 in the ground gave HE/skin dose -ratios of 0.87 and 0.85 Sv/Sv

for an adult male at source energies at 1 MeV and 0.1 MeV respectively. A corresponding

value of 0.87 for an adult female phantom for a 137Cs source under same conditions was also
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presented. For children slightly higher factors of 0.89 and 0.97 Sv/Sv for 1 and 0.1 MeV

were found (Petoussi et al.,1991). Other authors have reported HE/skin dose - values of 0.83

and 0.90 Sv/Sv for adults for infinite plane sources of 134Cs and I37Cs respectively, situated

at an effective depth of 3 mm in soil (Jacob et al.,1988). Measurements performed with an

Alderson Rando phantom placed in an undisturbed field highly contaminated with Chernobyl

fallout gave a conversion factor of 1 Sv/Gy from the reading of the individual dosemeter(in

terms of air kerma) to HE (Golikov et al.1993). This corresponds to a U^/DMThcc conversion

factor 0.90 Sv/Sv.

Non-penetrating radiation.

For non-penetrating radiation the dose to skin is the interesting parameter. However, skin is

not a biologically homogenous tissue, and different biological effects may occur in different

depths. Low penetrating radiation can cause both stochastic and a variety of deterministic

effects. The deterministic effects may be of acute nature like moist desquamation or late

effects like dermal atrophy and vascular damage. Some acute effects are produced mainly in

the basal layer of the epidermis (50 - 100 pm depth), while most long term damage occurs

at depths larger than 0.3 mm (Cross, 1993). According to the International Commission on

Radiological Protection, the dose with regard to deterministic effects should be evaluated in

the upper dermis at a depth between 300 and 500 /tm, while the target cells for induction of

skin cancer are situated at a depth between 20-100 fxm (ICRP, 1991b). In occupational

exposure ICRP for conservative reasons recommends that the (deterministic) skin dose limit

of 500 mSv per year shall apply to a nominal depth of 7 mg/cm2 (70 jim) (ICRP, 1991).

Standard monitoring depths as deep as 100 mg/cm2 have also been discussed (Osanov,1991).

A detailed study of the 56 victims who suffered radiation lesions of the skin after the

Chernobyl accident, revealed that the depth dose distribution of beta radiation greatly

influenced both the early and the late radiation effects (Barabanova and Osanov,1990).

In general, the situation for non-penetrating radiation is more ambiguous than for penetrating

radiation, where the effective dose is the natural choice for dosimetric quantity. For non-

penetrating radiation the depth at which the dose refers should be specified, and the absorbed

dose to several depths should be determined in order to completely assess the radiological

consequences from non-penetrating irradiation.
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4.5 Conclusions

Due to scatter in soil, air, walls of buildings etc the original spectra from the fallout will be

heavily degraded. Measured mean energies from Chernobyl fallout spectra in various

locations ranged from 230 - 370 keV. For a 1 MeV photon source at 1 mm depth, a mean

energy of the energy fluence spectrum of 450 keV was reported.

Naturally occurring radionuclides in soil will in general have higher mean energies, i.e. in

the range 400 - 600 keV for the photon fluence spectra.

The measured or calculated quantity will either be air kerma free in air or body surface dose

(dosemeter reading), and conversion factors to the effective dose equivalent (H^ will be

needed. Depending on the irradiation geometry, conversion factors from free air kerma to HE

ranging from 0.7 to 0.83 Sv/Gy are reported, while corresponding values for the K ^ D . ^ ^

factor range from 1.08 to 1.41 Gy/Sv.

For non-penetrating radiation the dose to several depths in skin should be determined, in

order to assess the health consequence of the irradiation.
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Chapter 5: Present work.

5.1 Aims of present work.

From the previous discussion it should be clear that external dose levels from radioactive

fallout may vary considerably within limited geographical areas. Assessing individual doses

by mapping the external dose levels with stationary measurement equipment involves great

uncertainties, in addition to the fact that differences in social habits may heavily influence the

doses. Estimations of external doses should therefore if possible be verified by individual dose

measurement programs.

The aim of the present work was twofold.

Design, manufacture and calibrate suitable integrating dosemeters that can be worn by

people in order to measure individual external doses from radioactive fallout.

Apply the dosemeters in areas contaminated with radioactive fallout from the
Chernobyl accident, in order to assess external doses to the population. Analyze the
results in the light of additional existing information concerning radioactive deposition,
social habits, decontamination measures and other influencing technical and physical
factors.

In the present work external dose measurements many years after the accident are performed.

By this time weathering effects and the general surface treatment like ploughing had shifted

the activity depth distribution towards greater depths, and the beta component from

radiocaesium was no longer measurable. In 1991 an early version of the beta dosemeter

described in paper V was applied within the Brjansk measurement programme, but the beta

doses were all below the detection threshold.

5.2 Nordic/ Russian cooperation program - intercomparison test

Part of this work was done within the framework of a scientific and technical cooperation

program between the St.Petersburgh institute of radiation hygiene (SPIRH) and the radiation

protection authorities in the Nordic countries. Within this program, a dosimetry project with

participants from the Norwegian radiation protection authority (NRPA), Department of

radiation physics at the University of Gcrteborg (DRP) and SPIRH was carried out. The
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project involved measurements of external doses to inhabitants of various villages in the

Brjansk region of Russia, heavily contaminated with radioactive fallout from the Chernobyl

accident.

The measurement programme thus involved three independent dosimetry laboratories, and an

intercomparison test of the basic standard dosimetry between the laboratories was performed.

The intercomparison test was arranged as a series of bilateral dosimetry comparisons, in the

sense that all laboratories irradiated dosemeters from the two other laboratories to a specified

dose, D(given). The dosemeters were then returned for readout at home, and the read-out

result denoted D(read). All laboratories used MCo-sources for calibration. Three different

dose levels at approx. 1, 5 and 10 mGy were applied in the test, with six dosemeters

irradiated together at each dose level. A comprehensive presentation of the test and the results

are given by Wohni et al.(1991). In table 5.1a very short summary of the results are given.

Table 5.1 Result from the intercomparison test ofthemoluminescent dosemeters between the

three laboratories participating in the dosimetry project.

Irradiation

laboratory

NRPA
H

DRP
ft

SPIRH
n

Read out

laboratory

SPIRH

DRP

NRPA

SPIRH

NRPA

DRP

D(read)/D(given) Standard

deviation

0.95 2.7 %

1.00 1.4 %

1.09 4.0 %

1.04 2.0 %

1.06 4.2 %

1.07 1.3 %

The D(read)/D(given)-ratios and the listed standard deviations represent mean values for

the three dose levels. The test revealed certain differences between the participating

laboratories. However, the lack of internal consistency in the results indicate that the

discrepancies may be caused by differences in the TLD-handling and shipment procedure,

rather than reflecting differences in the basic dosimetry standards.
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5.3 Synopsis of papers

Paper I: Dosemeter for low level external radiation.

This paper presents a description of the design and the calibration of the individual

dosemeters used in the external dose measurement program mes. In the original design and

in the measurement programme in Slidre (Norway) only CaF2-dosemeters were applied,

while in the Brjansk measurement programme (Russia) also LiF-dosemeters were incor-

porated. In fig. 5.1 a schematic drawing of the dosemeter holder is shown.

Fig. 5.1. Schematic drawing of the dosemeter holder used for measurements of the

penetrating component of the external radiation field from radioactive fallout.

The front and back surface of the dosemeter holder is identical, and basically made of 4

mm polyethylene. In order to flatten the intrinsic energy response curve of the CaF2

dosemeter, a 2 mm brass filter was applied, yielding a maximum over response relative to

"Co-radiation of 2.35 at 105 keV. For a natural background spectrum with the cosmic

component included, an overall over response relative to w'Co of 1.05 was found, while

the corresponding over response for a 137Cs fallout spectrum was 1.22. Depending on the
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relative contribution from radiocaesium compared with natural background, an appropriate

correction factor between these values should be selected. The lower limit of detection for

the dosemeter was determined to 2.5 jtGy.

Paper IE: External doses from Chernobyl fallout in Norway: Individual dose
measurements in the municipality of 0ystre Slidre.

0ystre Slidre was the municipality most heavily affected by the Chernobyl accident, with

an original estimated mean I37Cs contamination level of 150 kBqm'2. In this paper the

results from the individual dose measurements programme in the summer of 1992 are

presented. In this programme 63 persons carried an individual dosemeter described in

Paper I for a period of 1 month. A questionnaire was handed over to the participants, in

which they supplied information concerning occupation, fraction of time spent outdoor vs.

indoor, type of dwelling etc. The participants were divided in groups partly according to

occupation (reindeer shepherds) and partly according to geographic location. Monthly

effective dose equivalents due to Cs fallout in the range 7 - 3 6 pSv for the various groups

were measured, corresponding to a 15 - 60 % increase relative to the natural background

radiation. All participants were living in wooden detached houses, and for this type of

dwelling a mean shielding factor of 0.31 was measured.

Paper HE: External doses from Chernobyl fall-ouf.Individual dose measure-

ments in the Brjansk region of Russia.

In this paper individual dose measurements in six different villages in the highly contami-

nated Brjansk region of Russia are presented. The measurements were performed in the

month of September in the years 1990 to 1992. The mean contamination levels (137Cs

depositions on undisturbed land by the end of 1992) in the villages ranged from 800 to

2300 kBq m"2. The villages were also decontaminated to various degrees, and one of the

objectives of the project was to assess the efficiency of the decontamination measures in

terms of reducing the monthly exposure. This measurement programme was part of a

Scandinavian - Russian scientific and technical cooperation project, involving three

different dosimetry laboratories. The dosemeter holder described in Paper I was applied,

with the modification that the TL-chips located beneath the 4 mm polyethylene filter was

replaced by LiF-dosemeters from the other participating laboratories. The 285 persons
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participating in the project were grouped according to village, type of dwelling (wood or

stone) and type of occupation (outdoor/indoor).

Mean monthly dose values for the different villages (with a natural background component

of 60 fiSv subtracted) ranged from 80 to 227 pSv, while corresponding mean monthly

dose for the various subgroups (village, dwelling and occupation) ranged from 44 to 232

nSv. Not unexpectedly, people with outdoor occupations living in wooden houses received

the highest doses. The spread in doses within each subgroup was large, with a typical

factor of 2 between the highest and the lowest value. By observing mean doses relative to

the level of contamination on undisturbed areas, the effect of decontamination measures

was clearly demonstrated.

Paper IV Dosimetry of external radiation.

This report was presented at the symposium "Radiobiologkal consequences of Nuclear

accidents: Radioecology and Health.", arranged in Moscow October 24th - 29th 1994. The

report will be published in the forthcoming Proceeding volumes from this symposium in

Radiation Protection Dosimetry.

The data in this paper are based on the measurement results from Paper II and Paper III.

Parameters influencing the external doses to people living in contaminated areas are

discussed, together with methods for theoretical estimations of these doses. Results from

the measurement programmes described in Papers n and III are presented in summarized

form. Mean monthly values of the effective dose equivalents relative to the level of 137Cs

contamination in terms of /tSvm2/MBq for both programmes are presented, all results

referring to the year 1992. The relative monthly doses were higher in the modest contami-

nated Norwegian areas, compared to the highly contaminated areas of the Brjansk region

of Russia. Possible reasons for this are discussed.

Paper V: Accident dosimetry of weakly penetrating radiation utilising carbon

loaded LiF pellets in a Mylar phantom.

The paper describes the design and calibration of a dosemeter for measuring depth dose

profiles in skin from weakly penetrating radiation, i.e. betas and soft photon radiation.
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The purpose of the dosemeter is to assess skin doses at various depths in order to evaluate

the stochastic and deterministic effects of large skin exposures connected with radiation

accidents. The dosemeter is based on thin LiF-pellets with a dosimetric thickness of 9

mg/cm2, embedded at various depths in a Mylar phantom. Seven different depths between

zero and 3.3 mm are used. In fig 5.2 a schematic drawing of the assembled dosemeter is

shown.

Fig.5.2 Schematic drawing of dosemeter for measuring non-penetrating radiation. TL-

pellets are placed in seven different depth positions between the surface and 3.3 mm

depth. In the drawing the four surface pellets are shown.

Due to the finite thickness of the pellets, the internal self shielding will cause the sensitiv-

ity towards photon radiation to drop dramatically below 8 keV, while there for beta

radiation will be a gradual decrease in response below 250 keV. The dosemeter will

provide a complete depth-dose profile in skin, and the observed profile may be used to

correct for the internal self shielding under response.

Measured depth dose profiles for different soft X-ray spectra are presented, likewise for

beta radiation from »°Sr/*Y and 204Tl.
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Chapter 6: General discussion - Dosimetry.

6.1 Introduction

In this chapter a general discussion concerning choice of dosemeter system and TL-materials

will be given. The discussion will be split in two parts, one concerning penetrating radiation

and one concerning non-penetrating radiation. In this context, non-penetrating radiation is

synonymous with beta radiation.

The dosimetry discussion regarding penetrating radiation will concentrate upon uncertainty

considerations for the various steps involved in the final dose assessment.

6.2 Dosemeter systems

Penetrating radiation

Thermoluminescent dosemeters (TLD) were the natural choice as basic dosemetersystem in

this project. They are small, easy to handle and to transport Regardless of material, they all

have a linear dose response over a very wide dose range, and with proper heat treatment the

signal leakage (fading) can be kept to a minimum. However, different TL-materials exhibit

different properties with regard to sensitivity and energy response. In general, materials based

on Ca are more sensitive than Li-based materials, but they also exhibit a more pronounced

energy dependent response due to the large photoelectric cross section of Ca. Selecting

dosemeter material thus represents a tradeoff between sensitivity and energy response. As

demonstrated in fig. 4.2 the over response of Ca-dosemeters only refers to photon energies

below 200 keV. The spectral fraction of energy or exposure below 200 keV is thus of

interest. As shown in table 6.1, this fraction do not differ significantly for the various

possible mixtures of Cs isotopes and the naturally occurring radionuclides.

The Chernobyl fallout spectra refer to different locations (forest, arable land, indoor, outdoor

etc) in the summer of 1987, and include the two Cs-isotopes.
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Table 6.1 Percentage of exposure due to photons of energies below 200 keVfor different

sources.

Source

*°K Indoor

^U-series

^^ - se r i e s

Mixed natural Outdoor
I37Cs-fallout

Norwegian backgr.

Chernobyl fallout Indoor/outdoor

% below

200 keV

9
13
14
9
11
11

8 - 17

Reference

Koblinger,1978
t i

II

Beck ,1972
«

Stranden, 1979

Logachevetal.,1989

Ca-dosemeters are generally preferred in environmental dosimetry, where the higher

sensitivity is more important than the over response below 200 keV. In general health and

medical physics application, however, Li-materials are usually applied. In these measurement

projects, and especially in the low contaminated areas in Norway, the higher sensitivity of

CaF2:Dy of a factor 30 relative to LiF (Harshaw data sheet) was of prime importance, and

this material was therefore chosen. In order to reduce the over response due to the low-

energy tail of the spectra, a 2 mm brass filter was included in the holder.

The resulting energy response curve for the brass covered TL-pellets, relative to the basic
wCo calibration, are shown in Paper I (figure 1). As demonstrated in the figure, the energy

response of the TL-pellet below 200 keV is higher than expected on the basis of energy

absorption alone. A similar effect was observed in the dosemeter for non-penetrating radiation

described in Paper V. This effect is frequently observed, and as discussed in Papers I and V

seem to be correlated with the increasing LET of the secondary electron spectrum with

decreasing photon energy.

The dosemeter described in Paper I will only measure penetrating radiation. The 2 mm brass

filter represents an absorption thickness equal to the CSDA-range of 2.5 MeV electrons

(ICRU.1984), and even beta radiation from the hard ""Sr/^Y-spectrum will be totally

absorbed in the filter.
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Non-penetrating radiation.

For non-penetrating radiation, a compromise between conflicting interests in the dosemeter

design has to be made. The active dosemeter material should be as sensitive as possible, but

should also be as thin a possible in order to avoid dose gradients within the dosemeter itself.

As the internationally recommended dose limits for the skin is a factor of 25 higher than the

whole body dose limit (ICRP,1991), a considerably higher detection limit in non-penetrating

dosimetry may be accepted.

Also here thermoluminescent dosemeters are the natural choice of dosemeter system. TL-

materials are commercially available in a variety of physical and dosimetrical thicknesses and

shapes. Although detector thicknesses down to 5 mg/cm2 have been used (Fellinger,1991),

due to limitations imposed by the readout equipment, an effective detector thickness of

approx. 9 mg/cm2 was applied for the dosemeter described in Paper V.

The purpose of the described dosemeter is to measure weakly penetrating radiation, both

photons below 50 keV and electrons. As the photon interactions cross sections for high-Z

materials like Ca change dramatically with photon energy below 50 keV, the higher sensitivity

of Ca dosemeters had to be sacrificed for the advantage of the flat energy response curve of

Ii-dosemeters.
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6.3 Dosimetry of penetrating radiation

In the measurement programmes described in Papers II and HI, the following steps are

involved in determining the effective dose equivalents:

Interpretation of the individual dosemeter reading (TL-signal) in terms of dose

equivalent to body surface.

Determination of the corresponding free air kerma value, K^,.

Assessing the effective dose equivalent HE on the basis of the free air kerma value.

Determination of the surface dose equivalent - D<llrfK.

The basic calibration of the dosemeter was performed free in air in terms of TL-signal per

unit air kerma for a wCo source under normal incidence calibration geometry. In the actual

measurement programmes the dosemeter was hanging in a string around the neck, a situation

where several features differ from the calibration situation. The irradiation geometry in this

situation will not be unidirectional, but more similar to "rotational invariant" or "isotropic

from the lower halfspace". In addition there will be backscattered radiation from the body,

and the photon energies will be lower than the approx. 1.25 MeV calibration energy from

""Co. Corrections for the lower photon energies may in principle be done using the relative

energy response curve for the 2 mm brass covered TL-pellets (Paper I, fig.l). As discussed

in Paper I, this yielded an overall over response of 1.22 for a 137Cs fallout spectrum. As

demonstrated in fig.2 of Paper I, the under response due to backscatter from the body and

an irradiation geometry different from normal incidence will only affect the low energy part

of the spectrum. By folding this effect into the energy response integral for the 137Cs fallout

spectrum, using the "on phantom" response superimposed on the 30 "angle of incidence

response, the overall over response is reduced from 1.22 to 1.19.

In the measurement programmes the dosemeter was used in a radiation field consisting of

natural background radiation and radiocaesium. The relative contribution of these two

components differed in the two programmes, and different energy response factors for the

dosemeter were selected accordingly, i.e. 1.13 for the Brjansk region of Russia and 1.07 for

0ystre Slidre. As discussed in paragraph 4.2, the mean energy of a I37Cs fallout spectrum

depends upon parameters like activity depth distribution and house shielding. A certain spread
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in mean energies is thus expected, and on this basis an uncertainty of 5 % in the energy

response calibration factor was estimated (Paper I). In addition there is the uncertainty due

to spread in sensitivity among the different TL-chips (4.2 %), and a 3 % uncertainty in the

basic "Co calibration. By square summation this adds up to a total uncertainty of 7 % for a

single dosemeter reading (1 standard deviation).

Conversion from surface dose to free air kerma - Krir/

As discussed in paragraph 4.4, this factor is also dependent upon photon energy and

irradiation geometry. In Papers II and III a conversion factor of 1.1 Gy/Sv was used,

although considerably higher factors up to 1.4 have also been reported.

Conversion from air kerma to effective dose equivalent -

For the "rotational invariant" geometry, the HE/K^-ratio varies only slightly with energy

between 0.2 and 2 MeV. with 0.83 Sv/Gy as a typical value, see paragraph 4.4. However,

the dependence on irradiation geometry is strong, and factors as low as 0.7 Sv/Gy for more

isotropic irradiation geometries are reported. In Papers II and m a conversion factor of 0.83

was used. The total spread in reported conversion factors represents approx. 17 %, and on

this basis an uncertainty in terms of 1 standard deviation of 5 % for this conversion factor

was used in Paper EL

Total uncertainty

In the procedure used in Paper II and III, the effective dose equivalents are calculated

according to the formulae:

HE = D . ^ • (KJD^ • (HE/K^)

The factors (K^/D8UlftcJ and (HE/K^) are not independent. In opposite manners, they will both

change with irradiation geometry due to body self shielding. The uncertainty in the

K^/D^rf^-factor was thus omitted from the uncertainty considerations. By square summation

of the 7 % relative uncertainty in D^.^^ and the 5 % in the HE/K^-factor, a total relative

uncertainty of 9 % in the individual effective dose equivalent value is determined.

The total uncertainty will consist of a systematic component (basic *°Co calibration uncertainty

etc) and a random component (sensitivity spread among the various TL-chips etc.). In
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calculating group mean values the latter component will be reduced according to the general

formula for the "Standard error of the mean", and the total uncertainty in group mean values

will therfore be lower than the listed 9 %.

6.4 Dosimetry for non-penetrating radiation.

In the context of radioactive fallout, non-penetrating radiation is synonymous with beta

radiation. Thus, the low energy photon response of the LiF-dosemeter (Paper V) is of no

importance. The actual radiation field will consist of photons above 40 keV and a variety of

beta spectra. In general, the response factors for high energy photons (> 200 keV) and betas

in terms of TL-signal per unit dose to tissue are equal. Thus, the TL-reading may be

interpreted in terms of skin dose regardless of wether it was caused by photons or beta

radiation. For photons below 200 keV there will be a slight over response in LiF due to the

higher energy absorption relative to air. At 38 keV, an over response factor of 1.3 relative

to *°Co was measured (Paper V). For higher photon energies this over response will be less,

and for typical fallout spectra with mean energies above 200 keV there will hardly be any

over response at all.

For low energy betas the dosemeter will under respond due to internal self shielding in the

dosemeter itself. For betas below 244 keV which is the average energy of ^"Tl, this under

response will exceed 10 % (Paper V). If depth dose profiles steeper than the 2MT1 curve in

fig. 4 of Paper V are observed, i.e. if the dose gradient exceeds a factor of 10 within the first

0.8 mm skin depth, the reduced TL response must be taken into consideration when the

absolute doses shall be assessed. Any photon contribution from the fallout will give a

homogenous dose throughout the 3.5 mm active thickness of the dosemeter holder. The signal

from the deepest TL-pellets may therefore be used to assess the gamma contribution from the

field, and thereby correct the observed dose profile in order to isolate the beta dose profile.



Chapter 7: General discussion - Levels 45

Chapter 7: General discussion - Levels.

7.1 Introduction

In this chapter the results from the individual measurement programmes described in Papers

n , m and IV are discussed, particularly in the light of the physical and technical parameters

influencing external dose levels as described in chapters 3 and 4. Both measurement

programmes refer to the Chernobyl accident, and they are both performed several years after

the accident, i.e. in the years 1990 to 1992. In this period radiocaesium were the only

nuclides contributing to external dose levels, and the discussion is limited to the effect of

these nuclides.

7.2 Corrections for background radiation a.o.

The individual dosemeters also measures background radiation, both the terrestrial and the

cosmic component, in addition to the contribution from internal activity. Although 0ystre

Slidre was the most heavily contaminated municipality in Norway, the contamination levels

and the external dose levels were low compared to the Brjansk region of Russia. Natural

background radiation thus constituted a larger fraction of the total dosemeter reading, and

much effort was laid down in order to correct for this contribution. In Slidre, a mean monthly

background dose of 59 /iSv was estimated, with a total range of 50 - 66 jtSv (90 %

confidenceinterval) (Paper II). For the Brjansk measurements, a single figure of 60 jtSv per

month was applied.

In principle the external gamma contribution from radon daughters will also be registered by

the dosemeters. Under normal atmospheric conditions radon daughters in the outdoor air are

typically estimated to contribute 1-2 % of the total exposure rate from terrestrial gamma

radiation at one meter above the interface (Beck, 1972). Although the indoor concentration of

radon is higher than the outdoor concentration, the corresponding indoor gamma levels are

lower due to the finite room sizes (NCRP.1987). In these measurement programmes, no

particular correction for the radon daughter contribution was. applied, apart from the fact that

this contribution may be included in the general background estimates.

Corrections for internal activity were done in the Slidre measurements (Paper II), but not in

the Brjansk measurements (Paper El). In the former programme the dosemeter readings were
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subtracted a monthly contribution of 0.5 ftSv per kBq body content of 137Cs. Reported mean

body contents of 1S7Cs for the various villages of the Brjansk region (controlled areas) range

from 1 0 - 6 0 kBq two years after the accident, and were steadily decreasing (Balanov and

Travnikova, 1993). The International Chernobyl Project reported 137Cs body contents of

approx. 3 kBq in 1990 for this area (IAEA, 1991). In an individual dose measurement

programme performed in the Brjansk region in the years 1987-1991, it was concluded that

corrections for internal contamination was necessary only for the first year after the accident

(Erkin and Lebedev,1993). Corrections for internal body content of """K are not applied.

Considerations based on specific effective energy data in terms of MeV/g per transformation

from ICRP report 30 (ICRP, 1979), resulted in estimated dosemeter signals corresponding to

0.4 /xSv/month (skin dose) per kBq body content of this nuclide. In this consideration only

the dose from the gamma line, representing 23 % of the total energy per transformation, was

considered. The skin dose was estimated to half the dose to the central body organs, and the

total gamma energy was regarded as being absorbed in the body. The last assumption

definitely represents an overestimation of the dose contribution, and the figure of 0.4

jiSv/month per kBq is thus believed to be an upper limit for this contribution.

The individual dosemeters were carried in a string around the neck, in an approximate height

of 1.3 - 1.5 m. The registered dose in this height is then used for effective dose equivalent

calculations, partly based on data referring to 1 m height. In general, both the air kerma rate

and the photon flux decrease with increasing height. The rate of decrease depends upon the

activity depth distribution, in the sense that more homogenous activity depth distributions in

general will cause a more homogenous radiation field above the ground. Monte Carlo

calculations performed for a plane 137Cs source at a depth of 1 g/cm2 show that the air kerma

rate at 0.1 m and 2 m height relative to 1 m height is 1.06 and 0.97 respectively (Saito and

Jacob,1995). The corresponding air kerma ratio between 1.5 and 1.0 m height was 0.98, and

the errors introduced by assuming a homogenous radiation field above ground is thus

negligible.
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7.3. The influence of technical and social factors.

Type of dwelling.

In the Slidre measurement programme all participants lived in wooden, detached houses, and

an analysis of the effect of different kinds of dwellings could not be done.

In the Brjansk measurement programme the difference between wooden and stone houses is

clearly demonstrated, with an overall mean wood/stone fraction (ratio of mean monthly doses

to people living in wood and stone houses respectively) of 1.27 (i.e. lower than the 1.50

figure erroneously reported in Paper HI). The wood/stone ratios for the 1990 measurements

were generally higher than this mean value, and measurement performed in 1991 and 1992

lower than this value. The reason for this is not clear, but the wood/stone ratio will also vary

according to the number of people having outdoor occupations in each group. The observed

value of 1.27 is lower than the corresponding mean value of 1.43 for an earlier measurement

programme in the same region (Erkin and Lebedev, 1993). As the natural background

contribution will be almost independent of occupation and type of dwelling, the wood/stone

ratio may more realistically be expressed in terms of net values with natural background

subtracted. By subtracting a natural background contribution of 60 /*Sv per month, an overall

mean net wood/stone ratio of 1.40 was obtained. The observed wood/stone dose ratios seem

fairly consistent with the respective shielding factors discussed in paragraph 3.2., taking into

account the fact that people only spend part of their time indoor.

Occupation

External dose variation due to type of occupation (indoor vs outdoor) is also primarily a

house shielding effect.

In the Slidre programme people having outdoor occupations were preferred, and here no

occupation analysis was performed.

In the Brjansk programme, the outdoor to indoor dose ratios (net values with natural

background subtracted) ranged from 0.82 to 2.50 for the various years and villages, with an

overall mean value of 1.32. This factor correlate well with the corresponding mean ratio of

1.28 for other measurements performed in the same region in 1990 and 1991 (Erkin and

Lebedev, 1993). In this latter study, mean doses to various occupational groups relative to a

"reference sample of rural population" are presented. The reference sample represents an
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average rural population with regard to the composition of occupations. The presented relative

dose ratios (with natural background included) ranged from 1.7 for herdsmen and forest

workers to 0.70 for schoolchildren. In this latter study, the outdoor to indoor ratio was found

to decrease with time after the accident, because of reduced outdoor doses due to migration

of Cs deeper into the ground.

7.4. Doses relative to the level of contamination

Contamination levels in terms of kBq/m2 refers to 137Cs levels on undisturbed soil at the

autumn of 1992, both for Slidre and the Brjansk region. For areas where some sort of

decontamination has been performed, the contamination levels always refer to undisturbed,

i.e. not-decontaminated areas. Decontamination in these areas generally consists of partial

replacement of surface soil around residential and industrial buildings, covering roads, central

squares and areas around public buildings like schools etc with asphalt or sand. Arable land

is in general not decontaminated, apart from the downward shifting of the activity depth

distribution by ploughing.

The individual dose measurements will always include the contribution from B4Cs, and thus

this component is also included in the relative dose values. An activity ratio for U4Cs/137Cs

of 0.56 at the time of the accident, and a factor of 2.5 between external dose per unit activity

for 134Cs compared to 137Cs may be assumed (Paper III). Due to the different decay rates of

these radionuclides, the corresponding activity ratio by the autumn of 1992 would be 0.077.

The estimated 134Cs contribution to the measured dose at that time would be approximately
1 C Of15 70.

In table 3 of Paper IV, mean doses (H^ relative to the level of contamination are shown, in

terms of /iSvm2/MBq. In this table all doses and levels of contamination refer to 1992, and

the natural background contribution is subtracted. For the less contaminated part of the Slidre

area with an contamination of 0.02 MBq/m2, the uncertainty of the dose estimates in terms

of 1 S.D. of 5 jtSv is almost as large as the total dose contribution attributed to radiocaesium

of 7 fiSv (Paper III). Thus, the result for this particular area should be used with care.

Otherwise the effect of decontamination is clearly demonstrated in this material. The relative

mean monthly dose values of 80 - 100 /*Svm2/MBq for the heavily contaminated and fully

decontaminated villages of Svjatsk and Jalovka (Papers III and IV) are approximately half the

corresponding values for the villages with partial or no decontamination. The observed 180 -

200 /iSvm2/MBq range for the latter villages correlate well with other measurements in these
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areas (Erkin and Lebedev, 1993), where an overall mean value for 15 settlements with little

or no decontamination of 190 /xSvm2/MBq was found. This value is recalculated from the

annual dose for 1991, as listed in this paper, using the recommended scaling factor of 11 for

autumn measurements (Erkin and Lebedev, 1993).

Although the extent and characteristics of the performed decontamination efforts cannot be

specified in detail, the overall dose reduction of a factor 2 seems consistent with the expected

activity reduction from decontamination as discussed in paragraph 3.3.

For the more heavily contaminated areas in Slidre (Vinsteren), a relative dose value of 294

/tSvm2/MBq was found (table 3 of Paper IV). This is a factor of 1.5 higher than the relative

doses found in the Brjansk programme. Several factors may contribute to this difference. The

Slidre measurements refer to mountain outfarm areas with no decontamination efforts and

little land related human activity in general, while the Brjansk measurements refer to a

general rural area. In Slidre all participants lived in wooden houses, with a relatively high

estimated house shielding factor of 0.30 (Paper II). In addition, the fraction of time spent

outdoor was very large for this population (0.4). Also, as seen from table 2.2 of chapter 2,

a small difference in the activity depth distribution between the two areas may easily

constitute a factor of 1.5 in external dose level.
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7.5 Annual dose reduction.

In the Briansk measurement programme, some villages were monitored in more than one

year. In general, the participants included in the programme were not the same from year to

year. In order to monitor the annual dose decrease, some results referring to the same

individuals monitored in different years are shown in table 6 of Paper m. Here an annual

reduction factor ranging from 0.72- 0.94 was found.

In a simple model, the annual dose reduction may be expressed as a product of two

independent terms, one describing the physical decay and one describing the effect of

weathering, the latter also including the migration of activity towards greater depths, i.e.:

HE(t) = HE(TO) exp(-Xt) W(t), where

HE(t) Effective dose equivalent at time t after To

exp(-At) Exponential term describing the physical decay, taking into account

both caesium nuclides.

W(t) Dose reduction due to weathering, including migration of activity.

Using this formalism on the data in table 6 of Paper III, the annual weathering factor ranged

from 0.78 to 1.00, with a mean value of 0.89. This is slightly higher than the average annual

dose decrease of 8 % attributed to migration for the years 1987-1991 reported by Erkin and

Lebedev (1993). As discussed in paragraph 2.3 an average total migration rate of 0.61

cm/year for the 1989 - 1991 period for the Brjansk region has been reported (Golikov et

al.,1993). Here mean relaxation lengths (I/a) for this region of 1.9 and 2.6 cm in 1990 and

1991 respectively were reported. In table 2.3 of chapter 2, various dose rate reduction factors

as a function of activity depth distribution are listed. By linear interpolation in this table, an

(I/a) shift of 0.6 cm will approximately correspond to a 10-12 % dose reduction. The

measured annual dose reduction thus seems consistent with the expected shift in activity depth

distribution.
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7.6 Theoretical modelling of external doses.

Individual dose measurements are expensive and time consuming, and estimates of external

doses to large population groups from radioactive fallout will in general have to be based on

some sort of theoretical modelling. The basis for the modelling will be the total deposition

on undisturbed areas, and the calculated dose rate over this area assuming a plane surface

source geometry. Various modifying factors like shielding factors, location factors and

occupancy factors as discussed in chapter 3 are then applied, together with the appropriate

dose rate reduction factor to account for the various activity depth distributions. Mathemat-

ically this may be expressed as follows:

HE = HE. EiLA, where

HE Mean effective dose equivalent to a particular sub group of the population.

HE, Effective dose equivalent received by a person who spend all his time standing

on an undisturbed area, with the particular total deposition and activity depth

distribution in question. This parameter may be calculated with the aid of the

factors found in tables 3.2 and 3.3.

L; Location factor for area i, i.e. the dose rate reduction factor in this location

compared to the undisturbed reference area.

O; Occupancy factor for location i, i.e. the relative amount of time spent on this

location.

Both for the Slidre and the Brjansk measurement programme, theoretical modelling of

external doses have been performed. In the Slidre program the modelling resulted in a

monthly dose of 0.4 pSv per kBq/m2, yielding a total of 48 /tSv for the most heavily

contaminated part (Paper II). The measured mean value for this area was 36 /*Sv, i.e lower

by a factor 1.33. For the Brjansk programme (Paper III), mean calculated (theoretical

modelling) doses were a factor of 1.8 higher than the measured doses, for the villages where

very little or no decontamination had been performed. As discussed in Paper IV, the better

correlation between measurements and calculations for the Slidre programme, may be due to

the fact that these refer to mountain outfarm areas with undisturbed surfaces and little lanr-

related human activity in general.



52 Chapter 7: General discussion - Levels

The largest uncertainty in these calculations is believed to be connected to the selection of

appropriate location and occupancy factors. As discussed in chapter 3, these will in general

have a wide range of possible values.

The total dose reducing effect of technical, social and physical factors may be described by

a total "behaviour factor" as applied in Paper III, or an "effective shielding factor" as used

by Erkin and Lebedev (1993). This is the total measured external effective dose to the

person, divided by a theoretical dose received if standing all the time in the reference area

(i.e. the H^-value used in the described formalism). For the Brjansk programme, behaviour

factors of 0.23 - 0.26 for the various villages and years (all but one value of 0.13) were

calculated (Paper HI). For the Slidre programme (Vinsteren area) a higher value of 0.43 was

found. The Brjansk values agrees well with the mean effective shielding factor of 0.25

presented elsewhere (Erkin and Lebedev, 1993).

The external dose measurements discussed in this report refer to one particular month only.

In estimating annual doses, it is important to note that occupancy factors will change during

the year, and in winter time the external dose rate will be reduced because of the shielding

effect of snow cover. Seasonal correction factors for the Brjansk region, in terms of monthly

doses relative to doses registered in the summer, of 0.65 for spring, 0.77 for autumn and

0.44 for winter time have been reported (Erkin and Lebedev, 1993). Thus, calculations of

annual doses on the basis of dose measurements in particular months cannot be performed by

simple time scaling. As discussed in paragraph 7.4, a scaling factor of 11 was applied when

calculating annual doses on the basis of monthly dose results in autumn.
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Chapter 8: Conclusions.

External doses from radioactive fallout are primarily dictated by the total amount and isotopic

composition of the ground deposition. However, a number of additional physical and technical

parameters like activity depth distribution, weathering, house shielding and social behaviourial

patterns may also heavily influence the results. In general, these modifying factors have a

large range of possible values, and dose estimates based on theoretical models should if

possible be verified with individual dose measurement programmes. With individual TL-

dosemeters based on CaF2, with a 2 mm brass filter for energy compensation, a 8 % dose

increase relative to the natural background radiation can be resolved. This corresponds to a

monthly dose equivalent of approximately 5 jtSv. With this dosemeter the external dose

component from Chernobyl fallout in one of the most heavily contaminated areas in Norway

(Slidre) was clearly measurable 6 years after the accident, even though natural background

radiation constituted 60 - 90 % of the total measured doses.

As part of a Nordic - Russian scientific and technical cooperation programme, external dose

measurements in 6 different villages in the heavily contaminated Brjansk region of Russia

have also been performed, and the results analyzed on the background of the various

modifying factors. The levels of ground deposition in these areas were 10 - 20 times higher

than the most contaminated areas of the Norwegian measurement programme. The type of

dwelling was found to have a large influence on the registered doses. People living in wooden

houses received net doses (natural background subtracted) a factor of 1.4 higher than people

living in stone houses, and people having outdoor occupations in general received doses a

factor of 1.3 higher than indoor occupations.

By looking at measured doses relative to the level of contamination on undisturbed areas, the

effect of decontamination are clearly seen. In villages where substantial decontamination had

been performed, the relative doses were approximately a factor of 2 lower than villages with

little or no decontamination.

The annual dose reduction due to weathering (i.e. the effect of weather, migration etc.) was

found to be approximately 10 %, which is consistent with the expected effect of activity

migration towards greater depths.

In general, the observed internal patterns and trends in the results are consistent with the
expected influence of the various physical and technical parameters.
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In general the measured dose levels were lower than estimates based on theoretical modelling.

For the Slidre area the measured doses were lower than theoretical estimates by a factor of

1.33, and for the Brjansk region by a factor of 1.8 as a mean value.

The total dose reducing effect of technical, physical and social factors like house shielding

and weathering etc., have been estimated. This effect is described by a "behaviour factor",

calculated as the ratio between the actual dose measured and the theoretical dose the person

would receive if standing all the time on an undisturbed flat infinite surfaces with the actual

deposition level. For the Brjansk region a behaviour factor of 0.23 - 0.26 was found, while

the corresponding factor for the Slidre area was 0.43.

For penetrating radiation (i.e. gamma radiation) the effective dose equivalent or effective dose

is generally the dosimetric quantity best suited for describing the health detriment connected

to the exposure. For beta radiation, various kinds of health effects at different depths in skin

may occur, and in order to assess the total health consequences the dose to several depths

between 0 and 1 mm should be assessed. In the initial phase of an accident, the fallout will

be deposited upon the ground. In this situation the beta radiation at 1 m height may cause skin

doses an order of magnitude higher than the gamma component, and closer to the ground the

ratio is even larger. For the purpose of measuring the non-penetrating component of the

radiation field, a dosemeter based on thin TL-pellets embedded at various depths in a skin-

equivalent material is developed.
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ABSTRACT — The description and calibration of a TL-based dosemeter for the measurement of low level external
photon radiation are presented. The lower limit of detection is 2.5 |iGy foi ^Co radiation. The dosemeter may be
used for photon energies above approx. 60 keV. The dosemeter has a maximum over-response of 2.35 at 105 keV,
relative to ' t o radiation. For photon energies below 200 keV, the dosemeter will provide information concerning
the effective energy of the photon field, thus improving the precision in the energy range of maximum over-
response. For measurements of external doses from fallout of Cs and l34Cs, a relative calibration factor between
1.05 and 1.22 should be applied, depending on the relative contribution from Cs radiation compared with natural
background.

INTRODUCTION

Assessing individual or collective doses from
various sources, including low level radiation
fields, is of prime interest for national radiation
protection authorities. Often this requires some
sort of individual dose measurements, especially if
the radiation field is inhomogeneous with respect
to time or location.

In the present report, a TLD-based dosemeter
for measurement of doses from low level photon
radiation is described. The dosemeter is designed
for dual purposes, i.e. for assessing the external
dose contribution from Chernobyl fallout, and for
measuring the leakage radiation outside medical
therapy installations. In the former situation the
dosemeter is worn on a string around the neck day
and night, in the latter case the dosemeter can also
be positioned free-in-air. The prime objectives of
these measurements are, on the one hand assess-
ing the actual whole-body or effective collective
dose, with the purpose of evaluating the collective
national health detriment from these sources - and
on the other hand monitoring the effectiveness of
radiation protection measures. Thus, monitoring
individual compliance with legal dose limits is, in
this context, of secondary concern.

The dosemeter has been used for individual
measurements of external photon radiation from
Chernobyl fallout in Norway0'. The same dose-
meter holder, but with different TL components
has been used for individual dose measurements
from Chernobyl fallout in the Brjansk region of
Russia'2'. In these measurement programmes, the
dosemeters were worn on a string around the neck
for a period of four weeks.

MATERIAL AND METHODS

As background to the above mentioned aims,

the basic calibrations are performed in terms of air
kerma free-in-air rather than in terms of the new
ICRU operational quantities. The interpretation of
the dosemeter reading in terms of effective dose
equivalent must nevertheless be done according to
the specific measurement programme, i.e. accord-
ing to the actual photon spectra and irradiation
geometry. This calculation is readily performed on
the basis of a free-in-air calibration.

The dosemeter is based on ribbons of CaF2:Dy
(Harshaw TLD-200), with dimensions of 3.2 x
3.2 x 0.9 mm3. The dosemeter contains four
ribbons, two of which are placed beneath a 4 mm
polythene filter, and two beneath a 2 mm brass
filter. The holder is symmetric with regard to
irradiation from the front and from the back.

High Z materials like CaF, have a pronounced
over-response for photon energies below 200 keV.
The response at 30 keV relative to ^Co is reported
by Harshaw to be by a factor of 12.5<3). According
to theoretical evaluations of absorbed energies
based on published values for mass absorption
coefficients14', the ratio should be 13.6, while a
value of 17 based on measurements has also been
reported'5'. The purpose of the brass filter is to
flatten the energy response curve of the
dosemeter, and the ribbons behind the brass filter
serve as the main dosemeters for dose assessment.
The ribbons behind the polythene filter provide
additional information concerning the energy of
the photon beam, as the signal ratio behind the
two filters can be used for estimation of effective
energy.

The radiation qualities used for calibration were
partly heavily filtered X ray spectra, and partly
radioactive nuclides. The radiation qualities are
specified in Table 1. The effective energies,
('effective' in regard to attenuation) of the X ray
spectra were determined by HVL measurements
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Table 1. Specification of radiation qualities used for
calibration. Effective photon energy is based on air
kerma weighted HVL measurements, i.e. 'effective'

with regard to transmission.

Tube
voltage
Nuclide

50 kV
60 kV
80 kV

100 kV
120 kV
200 kV
250 kV

I92 lr
137Cs
""Co

Total filtration
(mm)

4 Al+0.25 Cu
4 AI+0.5 Cu
4Al+1.25Cu
4 Al+5.0 Cu
4 Al+5,0 Cu+0.84 Sn
4 Al+5.0 Cu+0.84 Sn
4 Al+6.0Cu+1.68Sn

+0.5 Pb

HVL
(mm)

3.84 Al
0.22 Cu
0.50 Cu
1.20 Cu
1.84 Cu
3.12 Cu
4.45 Cu

Effective
photon
energy

39keV
47keV
62keV
86keV

105 keV
141 keV
183 keV

0.37 MeV
0.66 MeV
1.25 MeV

(in terms of air kerma) in Cu and Al. For 192Ir an
effective energy of 368 keV was determined by
the same procedure. By weighting the different y
lines (minus the K a lines) by the corresponding
decay probabili t ies, a mean energy of 376 keV
was estimated. The dosemeters were calibrated
free-in-air for the following irradiation
geometries; normal incidence (0° angle), 30° angle
of incidence and rotational invariant. T h e latter
geometry was simulated by shifting the dosemeter
orientation in a uni-directional field, in such a way
that the dosemeter received equal amounts of
radiation in each 15° interval between 0° and 90°.

In order to examine the effect of backscattered
radiation on dosemeter sensitivity and T L ratio, a
calibration on a P M M A slab phan tom (35 x 35 x
20 cm 3) was performed. For the 'on phantom
geomet ry ' , the listed response means T L signal
relative to air kerma values as measured with a
cylindrical ionisation chamber at the phantom
surface.

The dosemeter was also calibrated for an
ordinary indoor background spectrum in a con-
crete building. The dose rate was determined with
a high pressure ionisation chamber (Reuter Stokes
Environmental Moni tor Type RSS-111) .

The annealing procedure for the CaF 2 :Dy
ribbons included a 20 min pre-readout annealing
at 100°C after exposure, thus reducing the effect
of signal leakage (fading). Fading tests performed
during a four week measurement p rogramme in
the field<2), revealed no significant fading.

R E S U L T S A N D DISCUSSION

In Figure 1 the energy response curves for
CaF 2 :Dy under different condit ions are shown.
The experimental results refer to normal incidence

14

12
— 2 mm brass
+ Unshield. (theor.)
* Unshield. (exp.)

100 1000
Photon energy (keV)

Figure 1. Relative energy response curves for CaF,:Dy
under different conditions. Energy response is defined
as TL output relative to air kerma. The curves are

normalised to unity at ̂ Co.

in free air. Energy response is here defined as TL
output relative to air kerma in the position of the
dosemeter, and the response is normalised to unity
at ^Co. As seen from the figure, the experimental
over-response for the naked ribbon is larger than
the theoretical, a fact that has also been observed
by other authors'6'. This increase in TL response,
above the response expected on the basis of
energy absorption alone, seems to be correlated to
the more familiar effect of supralinearity<7).
Several authors have pointed out that this over-
response at low energies appears to be related
to the higher mean LET of the electron
spectrum <7 '

In Figure 2 the response of the ribbons beneath
the 2 mm brass filter for the various irradiation
geometries relative to the response for normal
incidence is shown. As seen from the figure, there
is an approximately 20% under-response for 30°
angle of incidence and for the rotational invariant
geometry for photon energies below 180 keV.
This is caused by the increased effective thickness
of the brass filter for these geometries. The over-

1.6

~30deg. angle
+ Rot. invar.
•x-On phantom

100

Photon energy (keV)

1000

Figure 2. Dosemeter response (CaF, behind 2 mm brass
filter) for various irradiation geometries relative to the

dosemeter response for normal incidence free-in-air.
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response for the rotational invariant geometry for
the lowest photon energies is due to fact that the
brass filter provides minimal shielding for the
75°-90° angles of incidence. The slight over-
response for the 'on phantom' curve at higher
energies is probably caused by the increased
energy absorption in CaF2 following the energy
degradation of backscattered radiation from the
phantom. For lower energies the energy
degradation of backscattered radiation is less
pronounced, and an under-response below 200
keV is observed due to the more effective
absorption in the brass filter of the backscattered
radiation entering the dosemeter at angles larger
than 0°.

In Figure 3 the ratio in TL signals for the
ribbons behind the two filters is shown as a
function of the effective energy of the calibration
beam, for the various irradiation geometries. As
seen from the figure, the signal ratio varies
strongly for photon energies below 180 keV. In
the same range the dosemeters behind the 2 mm
brass filter have their strongest energy
dependence, and the observed TL ratio can be
used to correct the final dose assessment. Note
from the 'on phantom' curve that the energy
degradation of the backscattered radiation causes
the signal ratio to increase. As seen from the
family of curves, only a rough estimate of the
effective energy of the photon field is possible. If
the irradiation geometry is well known, the
estimate can be improved by applying the curve
most appropriate for the actual situation.

By weighting the 2 mm brass energy response
curve of Figure 1 (normal incidence) with pub-
lished data for the energy distribution of natural
background spectra (external gamma only)(9>, an

10

Normal inc.
-t-On phantom
•x-30 deg. angle
»Rot. invar.

CO

100
Photon energy (keV)

1.000

Figure 3. Ratio of TL signals from CaF,:Dy ribbons
beneath 4 mm polythene and 2 mm brass for various

irradiation geometries.

overall over-response of 1.13 relative to ^Co was
achieved. The same procedure for a I37Cs fallout
spectrum'9' yielded on over-response of 1.22
relative to Co. The calibration for natural back-
ground radiation (cosmic component included),
resulted in an over-response of 1.05 relative to
^Co. This is consistent with previous reports
suggesting a 14% under-response for cosmic
radiation (muons) for CaF2:DyC6). The observed
'geometrical' under-response of 20% for photon
energies below 100 keV in Figure 2 will only
affect 5% of the actual air kerma spectra19', thus
contributing very modestly to the total response
factor for natural background and for Cs fallout.

Both the precision and detection limit depend,
among other things, on the spread in sensitivity
among the individual TL ribbons. The individual
ribbons are pre-selected, with a standard deviation
of 3% in TL output when irradiated under
laboratory conditions and read on a Harshaw Atlas
reader. In field conditions, a larger spread in TL
output is observed, with a typical standard
deviation of 7%. In the dosemeter holder the
ribbons are mounted in pairs, resulting in a
standard deviation of the mean of 4.2%.

The basic w Co calibration was performed at the
standard laboratory at the Norwegian radiation
protection authority, with an estimated uncertainty
of 3%. Another 5% is added when transferring
this calibration factor to other photon energies. If
the effective energy of the photon beam is known,
or can be determined with the aid of the
polythene/brass TL ratio, a total uncertainty (1
standard deviation) of 7% is achieved.

This uncertainty is also applicable for ordinary
background measurements. For measurements of
external radiation from Cs fallout, a response
factor between 1.05 and 1.22 should be applied,
depending on the relative contribution from Cs
compared to the natural background level.

If the photon energy is unknown and cannot be
determined on the basis of the polythene/brass
signal ratio, the signal should be interpreted on the
basis of a relative energy response of 1.3
compared to 60Co. This will result in a total
uncertainty of 30% because of the energy
response curve of the dosemeter.

The lower limit of detection is a direct function
of the spread in TL signal from unirradiated
ribbons, and is often defined as the dose
corresponding to a TL signal equal to 3 times the
standard deviation of unirradiated samples. For a
sample size of 10, this corresponds to approxi-
mately 99% confidence. For ^Co, this is
equivalent to a dose of 2.5 (iGy.
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Abstract — 0ystre Slidre was the Norwegian municipality most heavily affected by the Chernobyl accident. In the
summer of 1992, individual external dose measurements in this municipality were performed with the aid of TL
dosemeters carried on a string around the neck. The results indicate monthly effective dose equivalents due to
Chernobyl fallout in the range 7-36 p.Sv for the various monitored groups, corresponding to a 15-60% increase
relative to the natural background level. The uncertainty in the group mean values is estimated to 5 uSv. The
greatest source of uncertainty and dosemetric challenge in the project relates to the appropriate correction for natural
background radiation and internal contamination. The measured values correlate well with published conversion
factors between ground activity levels and effective dose equivalent values.

INTRODUCTION

Estimations of external dose levels from the
Chernobyl fallout in Norway have been based on
ground activity measurements, or dose
measurements with stationary equipment °'2>.

The fallout pattern was very inhomogenous(3),
and most social/cultural activities like ploughing,
road construction, house building performed after
the accident will have had a decontaminating
effect. The individual social behaviour (time spent
indoors/outdoors, time spent on undisturbed soil
rather than cultivated soil etc.) will likewise
heavily influence the external dose contribution.
Thus, ground activity measurements or dose
measurements with stationary devices can give no
more than a rough estimate of the external dose
contribution from the Cs fallout.

In this project, external doses have been
measured with individual dosemeters. The
measurement programme has been carried out in
the municipality of 0ystre Slidre, the Norwegian
municipality most heavily affected by the
Chernobyl accident. The mean Cs contamination
level in this municipality after the accident was
originally estimated to 150 kBq.m~2<3).

MATERIAL AND METHODS

Measurement programme

The measurement programme included 63
persons who were wearing a personal TL
dosemeter on a string around the neck for a period
of one month, from 20 July to 20 August 1992.
The participants were not randomly selected.
Outdoor occupations were preferred, and likewise

people staying in the mountain area. This area is
relatively unaffected by the above mentioned
social/cultural activities. The outdoor group
mainly comprised farmers, both on the ordinary
farms down in the valley and on the mountain
outfarms, together with reindeer shepherds. Thus
the programme was expected to include the most
heavily exposed groups, and the results will not
necessarily be representative of the total
municipality as such. Only people planning to
spend the entire month within the municipality
were included in the programme.

The dosemeters were personally handed over to
the participants on 20 August, and likewise
collected one month later. The time period
between dosemeter preparation and the start of the
measuring period, and likewise the time period
between the termination of the wearing period and
the readout of the dosemeters was thus strictly
controlled, and the signal accumulated in this
period was corrected for. A questionnaire was
handed over to the participants, in which they
supplied information concerning occupation,
fraction of time spent outdoors, indoors, type of
dwelling etc. All participants were living in
wooden houses.

In addition1 to the individual dosemeters, three
sets of dosemeters were used for estimation of
house shielding factors. These were placed in a
fixed position at 1-2 m height inside and outside
three different (small detached wooden) houses.

Dosemeter description

A detailed description of the TL dosemeter and
its calibration is given elsewhere'4', and only a
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short resume will be presented here. The dose-
meter is based on chips of CaF2:Dy, one
component shielded behind a 2 mm brass filter for
energy compensation, and and one component
behind a 4 mm polythene filter.

The 2 mm brass-covered chips have a maxi-
mum over-response of a factor 2.3 relative to ^Co
radiation. The relative over-response for various
environmental radiation fields ranges from 0.86
for cosmic ray muons to 1.22 for a 137Cs fallout
spectrum. Relative response is here defined as
response in terms of TL output per unit air kerma,
or per unit absorbed dose to air for the cosmic
component, relative to ^Co radiation. The proper
response factor thus varies with the relative
contributions from the various elements of the
total radiation field. In this measurement pro-
gramme a relative response factor of 1.07 was
applied, reflecting the fact that natural background
radiation constituted the major part of the actual
radiation field. The lower limit of detection for the
dosemeter, defined as the dose of ^Co radiation
corresponding to a TL signal equal to 3 times the
standard deviations for unirradiated samples, is
2.5

Effective dose equivalents

The basic dosemeter calibration was performed
in terms of air kerma in free air. When worn on a
person, the dosemeter will measure the air kerma
at body surface, and a conversion factor to
effective whole-body dose has to be applied.

In this report the term effective dose equivalent
(HE) is used according to the definition of the
ICRP 26 report(5).

Monte Carlo calculations concerning doses
from plane sources on the ground, have shown
that most of the energy fluence at 1 m height
comes from photons with angles of incidence only
slightly below the horizontal line161. The
irradiation geometry is thus very close to
'rotational invariant', and this geometry was used
for assessing the effective dose equivalents (HE)
from terrestrial gamma background and Cs fallout
radiation on the basis of the dosemeter reading.
The conversion factor between HE and air kerma
in free air, HE/Kair, varies only slightly with
photon energy between 0.2 and 1.0 MeV, and
a typical value for this energy region is 0.82
Sv/Gy<67). This value refers to Monte Carlo
calculations for an anthropomorphic phantom in
rotational geometry.

In order to calculate HE, the dosemeter readings
(when carried on a person) must first be converted
into the corresponding air kerma values free in air.
On the basis of various publications touching
upon this particular topic'8 \ a surface dose to

free air kerma ratio of 0.90 Sv/Gy for the
rotational invariant geometry seems reasonable.
This corresponds to a ratio between air kerma at
surface of the body and free air kerma of 0.81
Gy/Gy, yielding a total correction factor of
approximately 1.0 Sv/Gy between effective dose
equivalent and air kerma at body surface.
Relationships between free air kerma, air kerma at
body surface and effective dose equivalent have
also been investigated by measurements with LiF
TL dosemeters in an Alderson Rando phantom"".
The measurements were performed in highly 137Cs
contaminated areas in the Brjansk region of
Russia. Conversion factors between effective dose
equivalents and air kerma at body surface in the
range 0.9-1.5 Sv/Gy was found, depending on the
irradiation geometry. The lower factors refer to
outdoor areas in open fields, while the higher
factors refer to isotropic radiation field inside
houses and under trees etc. The factor of 1.0
Sv/Gy used in this project, thus corresponds to a
situation in which the participants were mainly
irradiated in outdoor, open-air locations.

The cosmic radiation consists mainly of muons
in the GeV range, predominantly from above. The
stopping power ratio between tissue and air,
averaged over the actual muon energy spectrum, is
approximately equal to unity*12>. As the body self
shielding for this component is negligible, a
conversion factor between dosemeter reading (in
terms of dose to air or tissue) and effective dose
equivalent of 1.0 Sv/Gy is applicable.

Natural background radiation

The dosemeters also registered natural
background radiation in the measurement period,
and this component must be subtracted in order to
assess the contribution from the Cs fallout.

The municipality of 0ystre Slidre is situated in
the county of Oppland, and for this county
measurements of natural background radiation had
previously been performed* 4). The dose data
given in the following refers to air kerma in free
air.

The monthly indoor dose from external gamma
radiation in wooden houses ranged from 30.3-
50.4 (i.Gy (90% confidence), with a mean value of
40.6 u,Gy '. In these measurements a constant
cosmic component of 20.8 |nGy was subtracted.
For small detached wooden houses, the indoor
dose rate was measured to 95% of the outdoor
dose rate. In a later report04', the mean outdoor
dose rate from terrestrial gamma radiation in this
county was measured to 40.9 (iGy per month.

The cosmic radiation component increases with
altitude, but rather slowly for low altitudes. At
500 m height the level is a factor of 1.1 above sea-
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level, and at 1000 m a factor of 1.3 above(15).
This measurement project was performed at
500-1000 m height, and the mean cosmic ray
component was estimated to be 20.8 x 1.2 =
25 (iGy per month.

The total contribution from natural background
radiation (both indoors and outdoors) in terms of
free air kerma (absorbed dose to air for the cosmic
component) is estimated to 41 + 2 5 /J.Gy in the
measurement period. Using the conversion factors
as discussed above, i.e. 0.82 Sv/Gy for the
terrestrial component and 1.0 Sv/Gy for the
cosmic component, a total mean natural
background dose of 59 fiSv per month (effective
dose equivalent) is achieved. Based on the listed
90% confidence range of 30-50 (iGy per month<13)

for the free air kerma rate from the terrestrial
background radiation, the corresponding range for
the total monthly effective dose equivalent will be
50-66 \iGy. This range refers to wooden houses
only.

The Cs fallout from the atmospheric bomb
tests in the early 1960s will probably be partly
included in the background measurements pub-
lished in 1965<13). This contribution is expected to
be negligible for a dry inland municipality like
0ystre Slidre.

Internal contamination

The internal contamination of the participants
will also contribute to the dosemeter reading. On
the basis of internal dose data from ICRP 30<16),
the monthly dose to the central body organs from
whole-body content of I37Bam equals
approximately 2.0 fiSv.kBq"1, suggesting a
dosemeter reading (on the body surface)
corresponding to 1 |i.Sv.kBq~'. Measurements
performed with a humanoid plastic phantoms
filled with 137Cs, yielded monthly personal dose-
meter readings of 0.75 (xGy.kBq"1 for adults(I7).

Assuming that the personal dosemeter is worn
on the body 60% of the total time, a correction of
0.5 nSv per month per kBq body content of Cs
seems applicable. For 24 persons, individual
internal activity data were available, and these

were used for external dose data correction. For
the rest the mean value for the actual group was
used.

For most participants the internal activity was
modest, with group mean values of 2-3.3 kBq.
For reindeer shepherds, however, the internal
activity was significant, with individual values
ranging from 22 to 71 kBq.

RESULTS

In Figure 1 the distribution of monthly effective
dose equivalents for the various groups is shown,
while mean values etc. are listed in Table 1. The
registered doses also include natural background
radiation, while the contribution from internal

0 10 20 30 40 50 60 70 80 90 100 110 120
Monthly dose (nSv)

Figure 1. Distribution of monthly effective dose
equivalents for the monitored groups. Natural

background radiation (50- 66 uSv) is included.

Table 1. Mean monthly effective dose equivalents etc. for the various groups. Natural background radiation
(50- 66 uSv) is included.

Group

Valley
Outfarm
Vinsteren
Shepherds

Total

No. of
persons

24
27
6
6

63

Mean dose
OiSv)

66.0
72.3
95.3
70.2

71.7

Standard
deviation

(uSv)

5.2
10.0
14.3
14.7

Smallest
dose
(uSv)

52.3
60.0
80.2
54.9

52.3

Largest
dose
(HSv)

75.0
98.2

120.7
89.8

120.7
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activity is subtracted. The groups are defined as
follows:

Valley: People having mainly spent their time
down in the valley (Rogne, Heggenes
etc.).

Outfarm: People having stayed mainly on the
mountain outfarms, except for those
having stayed around Lake Vinsteren.

Vinsteren: People having stayed around Lake
Vinsteren.

Shepherd: Reindeer shepherds.

To some extent people moved between different
localities, and for some people the geographic
information given was sparse. Thus there is a
considerable uncertainty in the group definition,
and especially some of the 'outfarm' group may
really belong to the 'Vinsteren' group.

The results from the dosemeters in fixed
positions free-in-air, and the corresponding
estimated shielding factors are shown in Table 2.
In estimating the contribution from Cs fallout, a
terrestrial external gamma contribution of 41 u,Gy
was subtracted from the total reading, together
with a cosmic component of 23 u.Gy for the valley
locations (500 m altitude) and 27 [iGy for the
outfarm location (1000 m altitude). The shielding
factors were calculated as the ratio of the outdoor
to indoor free air kerma attributed to the
radiocesium fallout.

DISCUSSION

Dose distribution — mean doses

Although the total dose distribution and the
dose distribution for the outfarm group seem to be
log-normal, the distributions for the other sub-
groups seem to be fairly symmetric, thus
justifying the use of the mean dose and standard
deviation concepts. The distribution for the out-
farm group supports the suggestion that parts of
this group may belong to the 'Vinsteren' group, or
that the activity levels in the general outfarm area
are more inhomogenous than in the other locations.

Based on in situ gamma spectroscopy measure-
ments performed in the autumn of 1992, the

1(18).following "7Cs activity levels were estimated

In the valley i Rogne, Heggenes etc): 20 kBq.m"2

At Lake Vinsteren: 120kBq.irf2

Mountain outfarm area in general: 20 kBq.m"2

Please note that the general mountain outfarm area
is large, and the activity measurements were only
performed at a few locations.

The differences in mean values are thus clearly
correlated with the differences in fallout levels.

House shielding factor

In order to make an accurate assessment of the
shielding factor for radiocasium fallout by this
method, an accurate knowledge of the natural
background radiation at the specific locations is
required. The shielding factors in Table 2 are
estimated on the basis of county mean values for
the terrestrial gamma background. Nevertheless,
the values tally well with earlier estimations of
shielding factors for wooden houses of O.3<2).

Theoretical modelling of external doses

A number of reports present conversion factors
between ground activity levels and corresponding
air kerma values, mostly based on Monte Carlo
calculations1'119~21). The factors range from 0.7 to
2.4 nGy.1T1 per kBq.m"2 for 137Cs, and corres-
pondingly 2.5 to 6.7 for 134Cs, depending on the
activity depth distribution. Recent measurements
of the activity depth distribution in 0ystre Slidre,
indicate roughly that 50% of the total activity is
located in the upper 1 cm layer, thus implying a
conversion factor of 1.0 and 2.5 nGy.h"1 per
kBq.m"2 for the two Cs isotopes.

The activity ratio between l37Cs and l34Cs was
2.0 at the time of the accident'3', implying an
activity ratio of approximately 15 in the autumn of
1992.

The answers given in the questionnaires indi-
cate a mean relative factor for time spent outdoors
of 0.4. Together with the estimated conversion
factors and activity ratio for the two Cs isotopes
discussed above, the house shielding factor of 0.3

Table 2. Shielding factors for wooden houses for Cs fallout, based on dosemeter readings in free air. The dose
from Cs fallout is calculated by subtracting the natural background contribution.

Geographic
location

Rogne (Valley)
Heggenes (Valley)
Vinsteren (Outfarm)

Total

74
75

105

Free air kerma (u.Gy)

Indoor

Cs fallout

10
11
37

Total

100
100
176

Outdoor

Cs fallout

36
36

108

Estimated
shielding

factor

0.28
0.31
0.34
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and an effective dose equivalent to air kerma ratio
of 0.82 Sv/Gy, a total monthly effective dose
equivalent of 0.4 JASV per month per kBq.m"2 of
13 Cs activity can be estimated.

At locations down in the valley, with an
estimated 137Cs contamination of 20 kBq.m"2, this
corresponds to a monthly effective dose equiva-
lent contribution of 8 |J.Sv. At Lake Vinsteren, the
additional monthly effective dose equivalent from
the fallout is likewise calculated to 48 (xSv.

These theoretically estimated values correlate
well with the measured values of (66 - 59) = 7 ± 5
pSv and (95 - 59) = 36 ± 5 ^Sv, the large spread
in fallout levels and social factors (outdoor/indoor
ratio, time spent at different locations, etc.) taken
into account. The listed uncertainty estimations
are more thoroughly described in the next section.

No comparisons between measured and
theoretical values for the other groups are made,
as these refer to large areas with scanty data
concerning fallout levels, in addition to the fact
that the internal activity correction for the
shepherd group was very large. For the shepherd
with the highest internal contamination of 71 kBq,
the correction of 35 jxSv represented 35% of the
total dosemeter reading, and 82% of the net dose-
meter reading (with natural background subtracted).

Uncertainty estimations

The uncertainty (in terms of one standard
deviation) in the basic dose measurements consists
of the spread in sensitivity between the different
TL chips (5%), the uncertainty in the basic ^Co
calibration (3%) and the uncertainty in relative
energy response factor for the dosemeter (5%). By
square summation this equals approximately 8%.

When it comes to interpreting the dosemeter
readings in terms of effective dose equivalents,
another 5% should be added due to uncertainty
in the conversion factor from body surface air
kerma to effective dose equivalent.
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Abstract — Individual dose measurements in highly contaminated areas in the Brjansk region of Russia are presented. The
measurement programme comprised 285 persons living in six different villages, with contamination levels ranging from 0.8 to
2.3 MBq.m"2 of l37Cs. The measurements were performed in the month of September in the years 1990, 1991 and 1992, with
three participating dosimetry laboratories. Mean monthly dose values between 148 and 287 pSv were recorded, including a
natural background contribution of 60 jxSv. Not unexpectedly, people with outdoor occupations living in wooden houses received
the highest doses. The most heavily contaminated villages were also most effectivel) decontaminated. The effect of this is clearly
reflected in the dose data. The observed dose values are lower than theoretical estimates of external doses, based on published
values for external dose levels relative to the level of contamination.

INTRODUCTION

The Brjansk region of Russia was heavily affected by
the Chernobyl accident. Depending on the activity
levels, the region was divided into different zones. In
the so-called strictly controlled zone (SCZ), the
contamination levels ranged from 500 to 1500 kBq.nr2

of 137Cs. In areas with contamination levels above
1500 kBq.nr2, relocation of the inhabitants was con-
sidered.

In the present report, the results from individual dose
measurements of external radiation in the strictly con-
trolled zone are presented.

The object of the measurement programme was to
determine the individual doses to various groups of
inhabitants in this zone, and to assess the efficiency of
the decontamination measures.

The programme covers various occupational
groups in six different villages, and was performed in
the month of September in the years 1990, 1991 and
1992. A total of 285 persons were included in the pro-
gramme, 54 of whom were monitored in two differ-
ent years.

The measurement programme was part of a Scandin-
avian-Russian scientific and technical cooperation pro-
ject, and three different dosimetry laboratories particip-
ated in the project. These were the St Petersburg
Institute of Radiation Hygiene (PIRH), the Department
of Radiation Physics at the University of Goteborg
(DRP) and the Norwegian Radiation Protection Author-
ity (NRPA).

MATERIAL AND METHODS

Dosemeter/calibration

The measure inents were performed with TL dose-
meters based on chips of CaF2 and LiF. The LiF dose-
meters were cov ered with 4 mm Perspex, and the CaF2

dosemeters were placed underneath a 2 mm brass filter.
Each dosemeter holder contained two TL chips from
each participating laboratory.

The dosemeters were used in a radiation environment
consisting of natural background radiation, including
cosmic radiation, in addition to the fallout nuclides. Of
the latter, mainly l37Cs and 134Cs contribute to the
signal.

High Z materials have a pronounced over-response
for photons of low energies. Reported background spec-
tra and Chernobyl fallout spectra from various
publications""' indicate a fraction of exposure due to
photons of energies below 200 keV in the range 8-17%.
Reported average gamma ray energies in various
locations in the summer of 1987 ranged from 230 to
370 keV<3).

The dosemeter holder and the calibration procedure
for the CaF2 chips behind the 2 mm brass filter are
described elsewhere'4'. For this dosemeter, the relative
response for various environmental radiation fields
ranges from 0.86 for cosmic ray muons to 1.22 for a
137Cs fallout spectrum. Relative response is here defined
as response in terms of TL output per unit air kerma,
relative to 6OCo radiation. In this measurement pro-
gramme a relative response factor of 1.13 was applied,
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reflecting the fact that the radiation field was dominated
by Cs fallout.

For the LiF chips, the over-response below 200 keV
is about 1.4 as an integrated mean, resulting in slight
total over-response for a 137Cs fallout spectrum of a few
per cent. This was corrected for.

The final dose values were determined as mean
values between the independent readings from the
two/three laboratories involved. A TL intercalibration
test between the three laboratories was performed in
1990. The results show only small differences in the
basic 60Co dosimetry<5).

For the Scandinavian laboratories, the dosemeters
were prepared and read out in the respective home lab-
oratory. The dosemeters were brought in lead containers
to and from the Brjansk region. The TL signals accumu-
lated during transport and storage before and after use
were estimated with the aid of control dosemeters, and
subtracted from the total dosemeter reading. The
Russian dosemeters were prepared and read in St
Petersburg.

Measurement programme — contamination levels

The villages are situated in rural areas in the south
western part of Russia, close to the border of Belorus
and Ukraine, and about 250 km north of the Chernobyl
power plant. The villages are small, with a typical popu-
lation of 300-600 inhabitants. The principal occupation
is agriculture, i.e. people working on collective farms.

The people mainly live in one storey houses, made of
wood or brick, with a small cultivated garden around
the house. The houses are situated alongside paved or
partly paved roads. The villages were selected with the
aim of getting a diversity in fallout levels and degrees
of decontamination. Information concerning the villages
and levels of contamination and decontamination will
be found later in Table 5. 'Fully decontaminated' means
that school-yards, streets and areas around official build-
ings and dwellings are decontaminated. 'Partly decon-
taminated' means that unpaved roads are covered with
sand.

During the actual measurements, the TL dosemeters
were wom on a string around the neck. The users were
instructed to wear the dosemeters day and night during
the measuring period. The individuals participating were
chosen to get a representative selection according to
occupations (indoor/outdoor), age and type of dwelling
(wood/stone). The monitoring period was 10 days for
the 1990 measurements, otherwise 30 days.

Whenever contamination levels are listed, these refer
to the mean 13?Cs contamination on undisturbed soil by
the end of 1992. The fallout pattern was very inhom-
ogenous, with a factor of between 3 and 10 between the
lowest and the highest contamination level in each vil-
lage.

The measured dose values also include the contrib-
ution from natural background radiation, and from
l34Cs. The activity ratio J34Cs/137Cs was approximately
0.15 in 1990, being approximately 0.56 at the time of

Table 1. Measured mean monthly effective dose data for various villages and occupations, etc Natural background
radiation is included.

Village
(Year of
measurement)

Occ. House No Mean monthly effective dose ((J-Sv)

DRP NRPA PIRH Occupat. Village
mean mean

Wood/stone
fraction

Svjatsk
(1990)

Stare
Vichkov
(1990)

Stare
Bobovichi
(1990)

Stare
Bobovichi
(1992)

In

Out

In

Out

In

Out

In

In-
Out
Out

Wood
Stone
Wood
Stone

Wood
Stone
Wood
Stone

Wood
Stone
Wood
Stone

Wood
Stone
Wood
Stone
Wood
Stone

7
12
2
3

12
8

9
5

13

249
177
251
129

215
162
254
180

182
107
319
127

128

159
109
161
150

240
167
239
125

208
151
249
170

194
121
332
145

.45

143
100
159
J73

199

174

167

221

162

315

137

138

160

194

203

241

148

244/163
= 1.50

245/166
= 1.48

269/120
= 2.24

154/133
= 1.16
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the accident(6). All reported doses refer to a one month
period. For monitoring periods shorter than one month,
the corresponding monthly doses were calculated by
simple time scaling.

Effective dose equivalents

The personal dosemeters were calibrated in terms of
air kerma, and the basic measurement results thus refer
to air kerma values at the body surface. The final results,
however, are presented in terms of effective dose equi-
valent (HE), according to the ICRP 26 definition'7'.
Sometimes the term effective dose is used synony-
mously for the effective dose equivalent.

Monte Carlo calculations concerning doses from
plane sources on the ground have shown that most of
the energy fluence at 1 m height comes from photons
with angles of incidence only slightly below the hori-
zontal line<8). The irradiation geometry is thus very close
to 'rotational invariant', and this geometry was used for
assessing the effective doses on the basis of the dose-
meter reading. The conversion factor between HE and
air kerma in free air, HE/Kajr, varies only slightly with
photon energy between 0.2 and 1.0 MeV, and a value
of 0.83 Sv/Gy<89) was selected as a representative value
for this energy region. This value refers to Monte Carlo
calculations for an anthropomorphic phantom in
rotational geometry.

In order to calculate HE, the dosemeter readings when
carried on a person must first be converted into corres-
ponding air kerma values free-in-air. On the basis of
various publications touching upon this particular
topic'.(9-11) a surface dose to free air kerma ratio of
0.90 Sv/Gy is applicable. This corresponds to a ratio
between air kerma at the surface of the body and free
air kerma of 0.81 Gy/Gy, yielding a total correction fac-
tor of approximately 1.0 Sv/Gy between effective dose
and air kerma at the body surface.

Relationships between free air kerma, HE and air
kerma at the body surface have been investigated by
phantom measurements at various locations within
highly contaminated villages in the Brjansk region<612).
The ratio HE/Kajr was found to decrease with time after
the accident and with the activity depth distribution. In
a previous report(6>, a conversion factor of 0.8 Sv/Gy for
the first year after the accident and 0.7 Sv/Gy for all
subsequent years was applied.

Likewise the ratio between air kerma at body surface
and free air kerma was found to vary between 0.53 and
0.75 Gy/Gy, depending on the location. The lower value
refers to large annually ploughed fields, with irradiation
predominently from below. The larger factor refers to
locations inside houses, unploughed areas under trees
etc., with a more isotropic radiation field. This suggests
conversion factors between effective doses and air
kerma at body surface in the range 0.9 to 1.5 Sv/Gy. The
factor used in this project, 1.0 Sv/Gy for adults, thus

corresponds to a situation where the inhabitants mainly
were irradiated in outdoor, open-air locations.

For children the total amount of body self shielding
will be smaller, and a larger conversion factor will be
appropriate. In this project a figure of 1.10 Sv/Gy for
children was used<1012).

RESULTS

In Figure 1 the distribution of individual relative dose
values, meaning the mean Nordic dosemeter readings
(DRP and NRPA) for each individual, divided by the
corresponding PIRH dosemeter reading, for the three
villages monitored in 1991 are shown.

In Figure 2 the distribution of the individual mean
doses from the three villages in the 1991 measurement
programme is shown, illustrating the spread in monthly
dose. The standard deviation for monthly doses within
the same group (same village, kind of dwelling and
occupation) was typically in the range 10-30%, and the
difference betw een the highest and lowest value in each
group was typically a factor of 2.

In Tables 1, 2, and 3, mean results from the various
villages and different years are presented. The results
are given in terms of monthly effective dose equivalent.

20

15

CO

o

n

B n i ll

1 Jalovka

S Kusnetz

• Veprin

i i In n
0.6 0.7 0.8 0.9 1.0 1.1

Relative dose value

1.2 1.3

Figure 1. Distribution of individual relative dose values for the
three villages monitored in 1991. i.e. the mean Nordic dose-
meter reading (DRP and NRPA) for each individual divided

by the corresponding Russian dosemeter reading (PIRH).
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Dose values in the 'occupational mean' column are the
mean values for all the participating laboratories and for
both types of dwellings. The 'village mean' column lists
the total mean dose value for all occupations, both types
of dwellings and all the participating laboratories. The
wood/stone fraction is calculated as the overall mean
value for people living in wooden houses, regardless of
occupation, divided by the corresponding value for
people living in stone houses. The wood/stone fraction
is thus weighted according to the number of people in
the various occupational groups.

The dose values reported include natural background
radiation, a component which is independent of the level
of contamination. In a previous report*13), this constant
component was estimated to be 0.73 mSv.y"1, corres-
ponding to approximately 60 u,Sv per month.

School-children and pre-school children are, in these
tables, regarded as part of the indoor occupational
group. In Table 4 the results from these groups are pre-
sented separately.

In Table 5 mean monthly doses relative to the level
of contamination are shown. In this presentation a con-
tribution from natural background radiation equal to
60 n,Sv per month has been subtracted.

Table 6 shows the mean dose data for the 54 inhabi-

100 200 300 400

Monthly effective dose

500 600

Figure 2. Distribution of mean individual monthly doses for the
three villages monitored in 1991. For each individual the mean
dose value for the three participating laboratories is used in the

presentation.

tants in the various villages who were monitored in two
different years. A natural background contribution of
60 u.Sv has been subtracted from the mean dose data,
leaving only the contribution from the Cs fallout.

DISCUSSION

Dose distribution

As seen from Figure 1, the agreement between the
Russian and the Nordic dosemeter readings is fairly
good. For Jalovka, the mean values are equal, with a
maximum individual deviation of 20%. For Kusnetz the
distribution is similar, even though there seems to be
a 10% shift towards higher dosemeter readings for the
Russian dosemeters. For Veprin there is a similar shift,
in addition to a wider spread in the relative dose values.
This 10% shift may be partly caused by differences in
the correction procedures for signal accumulation in the
time period before and after the 1 month measurement
period. For Veprin no obvious explanation for the
greater spread can be found.

As seen from Figure 2 the dose distribution is only
slightly skewed towards log-normality, indicating that
the concepts of mean values and standard deviation can
be applied.

Mean dose values — annual dose reduction

Mean doses seem to vary little from village to village,
and no strong correlation with the contamination level
is found. This is a natural consequence of the selection
of villages, because the most heavily contaminated vil-
lages were also most effectively decontaminated. This
effect is clearly demonstrated in Table 5, where the
highest contaminated villages are seen to have the
lowest relative dose values. The reported relative mean
HE values correlate well with previous measurements,
where relative mean HE values in the range 79-
159 n-Sv.nr.MBq-' were found"3'. It should be noted
that the selection of participants is, in general, not ident-
ical from year to year. The apparent increase in relative
dose value for Jalovka from 1991 to 1992 is probably
caused by the fact that in 1992 the programme included
a small number of people, having outdoor occupations
and living in wooden houses only. The relative doses in
the partly decontaminated village of Kusnetz and the
non-decontaminated village of Veprin are approxi-
mately equal. This may be due to the fact that the area
of undisturbed soil within the village is larger in Kus-
netz than in Veprin, where the houses are primarily situ-
ated along paved roads. The decontamination in Kus-
netz was in fact minor, since it consisted of adding sand
along parts of the roads only. All in all the dose reduc-
ing effect of the decontamination measures is clearly
demonstrated in these data.

The type of dwelling seems to play a major role in
determining monthly doses. The wood/stone fraction
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Table 2. Measured mean monthly dose data for various villages and occupations. Natural background radiation is
included.

Village
(Year of
measurement)

Occ. House No

DRP

Mean monthly effective dose (p-Sv)

NRPA PIRH Occupat. Village
mean mean

Wood/stone
fraction

Kusnetz
(1991)

Kusnetz
(1992)

Jalovka
(1991)

Jalovka
(1992)

In

In-
Out
Out

In

In-
Out
Out

In

In-
Out
Out

In

In-
Out
Out

Wood
Stone
Wood
Stone
Wood
Stone

Wood
Stone
Wood
Stone
Wood
Stone

Wood
Stone
Wood
Stone
Wood
Stone

Wood
Stone
Wood
Stone
Wood
Stone

2
2

26
5
7
4

5
—
19
4
3
2

5
7

12
1

17
7

2

6

221
164
216
212
223
224

186

223
191
232
173

260
210
245
307
289
259

270

290

228
159
214
203
231
216

247
196
238
290
279
254

292
202
245
250
266
256

195

231
191
245
213

244
205
242
285
282
251

273

293

211

224

237

190

221

220

223

246

275

272

292

226

216

255

229/215
= 1.06

222/192
= 1.16

264/233
= 1.13

287

Table 3. Mean monthly effective dose data for different occupations and dwellings in Veprin. Natural background
radiation is included.

Village
(Year of
measurement)

Occ. House No

DRP

Mean monthly effeciive dose (jiSv)

NRPA PIRH Occupat. Village
mean mean

Wood/stone
fraction

Veprin
(1991)

Veprin
(1992)

In

In-
Out
Out

In

In-
Out
Out

Wood
Stone
Wood
Stone
Wood
Stone

Wood
Stone
Wood
Stone
Wood
Stone

16
—
14

1
13
—

4
1

18
2

19
4

191
—
221
179
220
—

211
68

202
270
205
112

187

216
183
218

199

237

234

229
60

23C
283
214
151

192

222

224

189

222

196

212

206

212/181
= 1.17

213/163
= 1.31
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varies from village to village (Tables 1-3), with an over-
all mean value of 1.50. A multifactorial analysis of the
relative dose values in terms of (iSv.m2.kBq~' for the
1991 data also reveal a significant correlation between
relative dose values and type of occupation, with a
factor of 1.3 between the mean relative dose in terms of
ji.Sv.m2.kBq~' for outdoor occupations relative to indoor
occupations. The measurements were performed in the
autumn, in the harvesting period. Persons having tra-
ditionally indoor occupations also participate in the har-
vesting, thus to some extent disguising the

Table 4. Mean monthly effective dose equivalent values for
schoolchildren. Natural background radiation is included.

Village
(year)

Housing No HE mean
(|j.Sv)

Village
mean

Svjatsk
(1990)

Stare
Vichkov (1990)

Stare
Bobovichi (1990)

Jalovka
(1991)

Kusnetz
(1991)

Veprin (1991)

Wood
Stone
Wood*
Stone*

Wood
Stone

Wood
Stone

Wood
Stone

Wood
Stone

Wood
Stone

237
169 ± 34
325

4 205 ± 8

2 211 ± 1 7
8 156 ± 30

9 188 ± 28
5 114 ± 2 9

209
246

1 225
2 177 ± 78

9 199 ± 64

198

167

162

228

201

199

indoor/outdoor effect. In an earlier analysis113), an
outdoor/indoor fraction of 1.1 and a wood/stone fraction
of 1.4 for 1991 was found.

The measurements were performed in three different
years; 1990, 1991 and 1992. Decrease of effective dose
to the population may have several contributing factors,
apart from the physical decay. With the fraction of 0.56
in 134Cs/137Cs activity in April 1986 and the assumption
(see below) of a ratio of 2.5 in O4Cs/i37Cs air kerma
(and effective doses), the dose reduction factor due to
physical decay would be 0.83 from 1990 to 1992, and
0.92 from 1991 to 1992. This means an annual dose
reduction of 8-9%. The observed reduction factor pre-
sented in Table 6, referring to the same individuals each
year, implies a greater annual dose reduction. The major
contributing factor is probably the shift in the activity
depth distribution towards greater depths, together with

Table 6. Mean monthly doses for inhabitants having been
monitored in two different years. A natural background

contribution of 60 pSv has been subtracted.

Village Sample Year Net mean Annual
size dose (n-Sv) reduction

factor

Stare Bobovichi

Jalovka

Veprin

Kusnetz

19

7

14

14

1990
1992

1991
1992

1991
1992

1991
1992

145
83

215
203

154
133

209
150

0.76

0.94

0.86

0.72

*Refers to pre-school children.

Table 5. Mean monthly effective dose equivalent values, relative to the level of contamination.
Contamination levels refer to 137Cs at the end of 1992. A natural background contribution of

60 (JLSV has been subtracted.

Village

Svjatsk

Stare Vichkov

Stare Bobovichi

Jalovka

Kusnetz

Veprin

Contamination
(MBq.nr2)

1.38

1.17

0.93

2.33

0.83

0.80

Level of
decontamination

Fully

Partly

No

Fully

Partly

No

Year

1990

1990

1990
1992

1991
1992

1991
1992

1991
1992

Rel. mean HE

((iSv.m2.MBq-')

96

121

197
94

83
97

199
187

189
181
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the decontaminating effect of human activity in general,
as no systematic decontamination measures have been
performed in the time intervals of interest.

Theoretical modelling of external doses

Conversion factors for calculation of air kerma over
a surface of known contamination level have been pub-
lished by several authors. A value of 1.18 pGy.hr1 per
Bq.nr2 for 137Cs is given by Jakob<8> based on the
assumption of infinite plane sources of 137Cs situated at
1 cm depth. In NCRP report 50(14) values are given for
I37Cs at various depth distributions, specified by ot/p
(cm2.g"')- Here a is a parameter describing the
exponential activity depth distribution, and p is the mass
density of the soil. The value I/a is thus the 'relaxation
length', that is the depth at which the activity concen-
tration is reduced to 1/e. For the a/p value of 0.312, the
exposure rate at 1 m above soil is 1.2pGy.lr'/Bq.nr2.

Sowa<15) uses approximately 1.7 pGy.lr'/Bq.nr2 for
'37Cs and 4.7 pGy.lr'/Bq.nr2 for 134Cs, based on a
depth distribution with a = 1 cm"1. Lower values
based on an effective depth of 1 cm were reported
by Felsmann and Denk<16), where values of
0.727 pGy.h-'/Bq.nr2 for I37Cs and 2.51 pGy.lrV
Bq.nr2 for 134Cs are given. In Ref. 6 values for
the Brjansk region were reported as 1.09 ±
0.1 pGy.h-'/Bq.nr2 in 1990 and 0.94 ± 0.05 in 1991.
For the same year (1990) Miller et al°7) have given
corresponding values for the Novozybkov area, which
is a part of the Brjansk region. These values were
1.32 pGy.h-'/Bq.m-2 for 137Cs and 3.9 pGy.tr'/Bq.irr2

for l34Cs.
Based on the above cited values of air kerma per unit

deposited activity, values of l.OpGy.lr'/Bq.nr2 for
137Cs and 2.5 pGy.lr'/Bq.nr2 for 134Cs, can be used as
a basis for a theoretical calculation of external
irradiation. The value for 134Cs was calculated from
decay data where it was assumed that the scattering and
attenuation is similar for 134Cs compared to 137Cs. A
theoretical air kerma rate based on the actual activity
ratio of 134Cs and 137Cs at September 1990 will therefore
be 1.3 pGy.lr'/Bq.nr2 of 137Cs. At September 1992 the
value had decreased to 1.19pGy.h"'/Bq.m~2 due to
physical decay alone.

A location (shielding) factor of 0.4 for prefabricated
houses, which are fairly similar to wooden houses, was
determined by Meckbach and Jacob'I8). This was calcu-
lated from air kerma at the ground floor, originating
from deposited 137Cs at the ground, neighbouring build-
ings and trees. The reference surface is an infinite
smooth lawn. In another study09', shielding factors for
wooden and brick houses were reported to be 0.4 and
0.2 respectively. In a report by Jensen(20), French, Brit-
ish and Danish houses were studied. Here the shielding
factors, with a reference dose rate 1 m above an infin-
ite, smooth surface source having a uniform activity
concentration, were in the range 0.03-0.4. The lowest

values refer to traditional French houses with thick,
high density outer and inner walls. Based on these data,
and taking into account the differences in the defi-
nitions of 'shielding factors', a location factor of 0.20
for brick houses and 0.4 for wooden houses was
chosen here.

Air kerma rates over asphalt areas are reported to be
1-10% of the corresponding rates over grass areas<21),
and for this report a location factor of 0.1 was adopted.
The higher value was chosen because the actual villages
mostly had narrow roads, only partly covered by
asphalt. For ploughed fields and other cultivated sur-
faces, the radiation levels relative to the level of con-
tamination will, in general, be lower than for undis-
turbed surfaces. In this model a location factor of 0.5
for ploughed fields was applied.

In the actual area many houses are situated with direct
connection to a small road, and often close to both culti-
vated areas (garden) and uncultivated ground. The
indoor location factor will thus be lower than the corre-
sponding house shielding factor. In the modelling pro-
cedure the indoor location factor was estimated to
approximately 2/3 of the house shielding factor, giving
a total location factor of 0.3 and 0.2 for wooden and
stone houses respectively. This corresponds to a situ-
ation with approximately equal shares of roads, culti-
vated and uncultivated areas surrounding the house. In
Table 7, the location factors applied in the theoretical
models are presented. In the same table the assumed
time spent in the different locations are also shown.
According to this theoretical model, an indoor worker
living in a stone house in the village of Veprin would,
in September 1992, receive an effective dose from
deposited Cs isotopes equal to: 0.81 MBq.nr2 x 720 h
x 0.83Sv/Gy x 1.19 ixSv.nrUvIBq-1 x [0.1(19/24) +
1(1/24) + 0.5(3/24) + 0.1(1/24)] = 108 u-Sv for one
month.

A comparison between calculated (theoretical
modelling) and measured monthly doses is shown in
Table 8. Note that the calculated values refer to a situ-
ation without decontamination, and that natural back-

Table 7. Estimated location factors and time spent in the
various locations (for theoretical modelling of external

doses).

Location

Indoor, wooden house
Indoor, stone house
Uncultivated field
Cultivated field and
village area
Roads

Location
factor

0.3
0.1
1.0
0.5

0.1

Time spent

Indoor
work

19
1
3

1

(h per day)

Outdoor
work

13
1
9

1
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ground radiation is excluded. The calculated doses are,
as a mean, 1.8 times higher than the measured doses for
the villages Stare Bobovichi, Kusnetz and Veprin, the
villages which were decontaminated only to a very
small extent, if at all. The reason for this higher value
is not clear, but the conversion factors applied will of
course influence the results. As discussed in the
Material and Methods section, the conversion factor
between effective dose equivalent and air kerma at body
surface varies with the irradiation geometry. The
applied factor of 1.0 Sv/Gy may be low. The estimates
of the time spent at the various locations in the theoreti-
cal modelling procedures will likewise influence the cal-
culated results greatly.

In order to estimate the external doses to the popu-
lation on the basis of published values for calculated
air kerma rates above undisturbed surfaces, the concept
of a total 'behaviour factor' can be applied. This is the
total measured external effective dose of the persons
in their daily life divided by the estimated (on the basis
of published relative air kerma values) effective dose
the same persons would receive if spending all the time
standing on an uncultivated field with a contamination
density equal to the village mean value. Based on the
measured values (natural background level of 60 |j.Sv
subtracted) of effective dose to the inhabitants in the
villages of Stare Bobovichi, Kusnetz and Veprin
(Tables 1-3), which all had low contamination levels,
behaviour factors between 0.23 and 0.26 for the vari-
ous villages and years (all but one) were calculated.
For Stare Bobovichi in 1992, however, a behaviour
factor of 0.13 was found. In these calculations it is
assumed that the air kerma rate at 1 m above an
unploughed field is 1.0 and 2.5 pGy.rr'/Bq.nr2 for
137Cs and 134Cs respectively.

CONCLUSION

Three dosimetry laboratories, with completely inde-
pendent calibration and evaluation systems, participated
in the project. The agreement between the results from
the different laboratories was good, with a maximum dis-

crepancy of approximately 10% in village mean doses for
the 1991 measurements in Kusnetz.

Type of dwelling and occupation play the major roles
in determining the individual external dose. Outdoor
workers living in wooden houses constitute the most
heavily exposed group, with monthly doses including
natural background radiation in the range 0.25-0.30 mSv
for the most contaminated villages.

Decontamination of the most contaminated villages
has proved successful, in the sense that monthly doses
relative to the original level of contamination were 50%
lower in these villages, compared with the undisturbed
villages.

The annual dose reduction seems to be 10-15% larger
than would be expected on the basis of physical decay
alone, most probably due to a downward shift in the
activity distribution, and to the decontaminating effect
of human activity in general.

Dose estimation based on theoretical models of the
external dose rate at various locations within the villages
are made. Compared to these model estimations, the
measured values are lower by a factor of approximately
1.8 as a mean value.

A total 'behaviour factor', defined as the ratio of the
actual measured dose to a calculated dose received by
spending the total time on an uncultivated field with the
contamination level equal to the mean village level, is
defined. The latter value was taken from published
Monte Carlo calculations of dose levels relative to the
level of contamination. This factor thus reflects the dose
reducing effect of social activities in general, and was
found to be in the range 0.23-0.26 for the villages
where little or no decontamination had been performed.
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Table 8. Comparison between calculated (theoretical modelling) and measured monthly doses. Natural background
radiation is subtracted. The flgures in brackets represent the number of observations in each group.

Indoor
work

Outdoor
work

Type of
dwelling

Wooden
Stone

Wooden
Stone

Stare

Calc.

255
126

263
192

Bobovichi

Meas.

67 (1)

100 (7)
89 (3)

Caic.

228
112

235
171

Kusnetz

Meas.

125 (5)

171 (3)
112 (3)

Cdlc.

6.38
?14

659
-79

Jalovka

Meas.

229 (6)

Calc.

220
108

227
165

Veprin

Meas.

150 (4)
7 (1)

144 (19)
51 (4)
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Dosimetry of external photon radiation

Tor Wohni, Victor Erkin and Eva Wallstrem

Abstract

Parameters influencing the external doses to people living in areas with radioactive fall-out,

and methods for theoretical estimations of these doses, are discussed. The results from two

different individual dose measurement projects after the Chernobyl accident are presented, one

performed in the highly contaminated regions close to the power plant (Brjansk region of

Russia), and the other in less contaminated areas far from the power plant (0ystre Slidre in

Norway). In the former mean monthly effective doses of 200 - 250 ptSv were measured, in

the latter 66 - 95 pSv, both results including a natural background contribution of about 60

jtSv. The results from the Norwegian programme correlate fairly well with published con-

version factors between ground activity levels and effective dose equivalent values, while the

observed results in the Brjansk region are lower than theoretical estimates.

Introduction

Radioactive contamination of the ground will cause external irradiation of people. Over open

undisturbed area, the dose rate in terms of air kerma relative to the level of contamination

will mainly depend upon the isotopic composition of the fallout and the migration of long

lived radionuclides into the soil.

In the first days after the Chernobyl accident, a number of short lived isotopes with 132Te and
132I as the most important, were the largest contributors to the external radiation levels. The

relative importance of 134Cs and 137Cs increased with time, and already one month after the

accident the two Cs isotopes dominated (1).

This report deals with external doses years after the accident, thus referring to the two Cs-

isotopes only. By this time general surface treatment like ploughing etc., and migration due

to precipitation had shifted the activity depth distribution towards greater depths (1), and the

relatively soft beta component from radiocaesium was thus disregarded in this external dose

discussion. Different parameters of importance for the formation of individual dose

equivalents from external photon radiation are discussed. The results from two different

measurement programs of individual doses are presented, one performed in the Brjansk region

of Russia and one in the municipality of 0ystre Slidre in Norway.

1



Parameters influencing the external dose levels

Monte Carlo calculations of air kerma rates in 1 m height from ground contamination for a

number of radionuclides and different depth distributions have been published (2,3,4). Not

unexpectedly, the effect of different soil absorption thicknesses will heavily influence the

external dose levels, more strongly for lower photon energies than for higher. Typically,

variations in air kerma rates from ground depositions of 137Cs due to different surface

roughness constitute a factor of 2 (2).

Due to migration processes the activity depth distribution will change with time, causing a

reduction in air kerma rates. Models for long term migration of the Cs activity in soil have

been used to estimate the corresponding reduction in external close rate (1). By these models

the reduction of air kerma dose rate over virgin land was calculated to a factor of 2 - 5 in 10

years, depending on the model used.

External dose rate indoor will be lower than outdoor, due to the absence of contaminated soil

under the house, and the shielding provided by the walls. Likewise will the type of surface

(asphalt, cultivated field, road etc) represent a modifying factor for the external dose rate.

These modifying factors are in general described by a "location factor", representing the

factor by which the external dose rate is reduced relative to the dose rate over an undisturbed

smooth contaminated surface (virgin soil). For the Brjansk region of Russia, typical location

factors range from 0.1 - 1.0. (1,5).

The lowest value refer to the relative dose level inside brick houses, the highest to

undisturbed soil.

In theoretical estimates of external doses the time spent at the various locations must also be

taken into account. This is generally done in terms of an "occupancy factor", representing the

fraction of total time spent at the particular location.

The occupancy factor will off course vary with occupation (indoor or outdoor) and with the

social and behavioral pattern in general. Occupancy factors in models applied for external

dose estimations after the Chernobyl accident typically range from 0.05 to 0.8 for the various

locations identified (1,5).



Individual measurements of external doses.

From the previous discussion it should be clear that even with uniform initial surface

contamination (which is rarely the case), the external dose rate will vary considerable between

locations and thus heavily depend upon the individual behavioral pattern. In addition to this,

decontamination measures like replacement of surface soil around dwellings, covering roads

with asphalt etc. in the most heavily contaminated areas will often be carried out. Thus,

theoretical models of external dose assessments involving location factors and occupancy

factors should be supplemented with individual dose measurements. In this report two external

dose measurement programs are presented, one performed in the Brjansk region of Russia in

the time periode 1990 - 1992, and the other in 0ystre Slidre municipality in Norway in 1992.

Both areas belong to the most heavily contaminated areas in the respective country. The

former project was part of a Scandinavian - Russian scientific cooperation program, involving

three independent dosimetry laboratories. The Brjansk villages are situated in rural areas in

the south western part of Russia, close to the border of Belorus and Ukraine, and about 250

km north of Chernobyl power plant. The villages are small, with a typical population of 300-

600 inhabitants. The principle occupation is agriculture.

0ystre Slidre is situated in the middle of southern Norway. The measurements were partly

performed in a general agricultural area down in the valley (Slidre), and partly in the much

more heavily contaminated mountain outfarm area around hike Vinsteren.

In these measurement programs the participants were instructed to wear individual TL-

dosemeters in a string around the neck for a periode of one month. Comprehensive results

from these programs are published (5,6). The results are presented in terms of monthly

effective dose equivalents (HE), as defined by the ICRP 26 report (7). In the ICRP 60 report

(8), the slightly modified concept of "effective dose" (E) was introduced, representing some

smaller changes in organ definitions and weigting factors. In general, external exposure from

radioactive fallout (gamma emitters) represents fairly homogenous body irradiation, and

under this circumstance HE and E are not expected to differ much. Monte Carlo calculations

for plane sources in the ground show that E in general will be lower than HE by less than 5

% for photon energies above 100 keV (9).

In fig. 1 is shown the measured dose distribution from 0ystre Slidre (Norway), redrawn from

(6). By previous measurements before the Chernobyl accidents, the natural background range

in this area have been estimated to 50 - 66 /xSv (90 % confidence). This component is

included in fig. 1. In table 1 the corresponding mean doses are presented. As seen the higher

contamination levels at lake Vinsteren are clearly reflected in the measured individual doses.



Also is seen that the natural background contribution is the dominating element in the monthly
dose recordings.

Figure 1. Distribution of monthly effective dose equivalents for two of the groups in the

Norwegian measurement programme in 1992. Natural background radiation

(SO - 66 /iSv) is included. Redrawn from (6).
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Table 1. Mean monthly effective dose equivalents for the various groups in the

Norwegian measurement program. Natural background radiation (50-66 fisv)

is included

Group

Slidre Valley

Slidre Outfarm

Vinsteren

No. of

persons

24

33

6

137Cs

contain.

(MBq/m2)

0.02

0.02

0.12

Mean

monthly

dose - /iSv

66.0

71.9

95.3

Dose span

jiSv

52 - 75

5 5 - 9 9

80 - 121

In fig 2 the measured monthly individual doses from three different villages in the Brjansk

region of Russia monitored in 1991 are shown, redrawn from (5). The levels of contamination

varied between 0.80 - 2.3 MBq/m2.

The corresponding mean doses are shown table 2, together with results from the 1992

measurements. The outdoor to indoor ratio represents mean monthly doses to people having

outdoor occupations relative to indoor occupations, while the wood to stone ratio represents

the corresponding ratio for the type of dwellings. As seen from the table, people having

outdoor occupations receive in general higher doses than indoor occupations, likewise people

living in houses made of wood relative to houses made of stone.



Figure 2. Distribution of individual monthly effective dose equivalents for three villages

in the Brjansk region of Russia monitored in 1991. Natural background

radiation is included. Redrawn from (5).
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Table 2. Measured mean monthly effective dose equivalents for various villages in the

Brjansk region of Russia. Natural background radiation is included.

Village

(Year of

meas.)

Kusnetz

(1991)

Kusnetz

(1992)

Jalovka

(1991)

Veprin

(1991)

Veprin

(1992)

No

46

33

49

44

48

Mean monthly
effect, dose

jtSv

226

216

255

212

206

Outdoor to

indoor ratio

(Occupation)

1.12

1.16

1.23

1.17

1.04

Wood to

stone ratio

(Dwelling)

1.06

1.16

1.13

1.17

1.31

In table 3 dose coefficients, i.e. mean measured doses relative to the level of l37Cs contami-

nation for both measurement programmes are shown. In these data a natural background

contribution of 60 jiSv has been subtracted. The listed contamination levels refer to the 137Cs

deposition on undisturbed areas in 1992, i.e. to non-decontaminated areas within the villages.

Decontamination in these areas generally consists of partial replacement of surface soil around

residential and industrial buildings, and covering roads, central squares and areas around

schools etc with asphalt or sand. Arable land are in general not decontaminated, apart from

the downward shifting of the activity depth distribution by ploughing. The effect of decon-

tamination measures are clearly demonstrated in table 3. In the highly contaminated village

of Jalovka, the relative mean doses are seen to be low. The higher relative mean doses in

Norway may be due to the fact that these measurements mostly refer to the scanty populated

general outfarm area with relative undisturbed surfaces and little human activity in general,

while the Brjansk measurements refer to a general rural area. In Slidre all participants lived



in wooden houses and had outdoor occupations. The uncertainty in the group mean values for

the measurements in Norway are estimated to 5 fiSv, close to the estimated fallout

contribution of 7 /tSv in low contamination part of 0ystre Slidre. The relative dose values for

this area listed in table 3 will thus have a large uncertainty.

Table 3. Mean monthly effective dose equivalents measured in 1992, relative to the level

of 137Cs contamination on undisturbed areas at the end of 1992. A natural

background contribution of 60 (isv has been subtracted.

Village or

area

Slidre (Norway)

Vinsteren (Nor)

Jalovka (Rus)

Kusnetz (Rus)

Veprin (Rus)

Contamin. on
virgin soil

MBq/m2

0.02

0.12

2.33

0.83

0.80

Level of
decont.

No

No

Fully

Partly

No

Dose
coefficients

pSvm2/MBq

300

294

97

187

181



Theoretical modelling of external doses

In both programs theoretical modelling of the external doses have been performed, based of

published results for conversion factors between ground depositions and air kerma rates

(2,3,4). By applying appropriate values for the activity depth distribution, surface roughness,

location and occupancy factors, expected monthly dose values have been calculated. For

Norway, these theoretically estimated values correlate fairly well with the measured mean

values, the large spread in fallout levels and reported social factors (outdoor/indoor ratio,

time spent at different locations etc.) taken into account. For the most heavily contaminated

Vinsteren-area, the mean net theoretical (calculated) dose was determined to 48 pSv, a factor

of 1.33 higher than the measured value of 36 /xSv. In the Brjansk region the calculated doses

are higher than the measured values by a factor of 1.8 as a mean value. This refers to the

villages with little or no systematic decontamination. The reason for this is not clear, but as

pointed out the parameters influencing external dose levels have a wide range of possible

values, thus causing large uncertainties in the theoretical dose estimations. Also, the

contamination levels within each village were very inhomogenous, with a typical factor of 5

between the highest and the lowest value within each village. As previously stated, the

measurements in Russia refer to village and agricultural areas with large human activity in

general, which may have a general decontaminating effect. The measurements in Norway on

the other hand, refer to mountain outfarm areas with little general human activity, and thus

a more simple model with less parameters was applied in the modelling procedure.

Conclusion

Parameters influencing external dose levels from radioactive fall-out show a great range of

possible values, thus making precise theoretical estimates of external doses difficult. The

results from two individual dose measurement programs after the Chernobyl accident are

presented. Monthly dose results from the highly contaminated areas close to the reactor are

lower than theoretical estimates, while corresponding values for the lower contaminated areas

far from the reactor in Norway show better agreement with theoretical estimates.
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Abstract — A dosemeter for measuring depth dose profiles in skin from weakly penetrating radiation, utilising carbon loaded
LiF pellets embedded in a Mylar phantom has been developed. The purpose of the dosemeter is to assess skin doses at various
depths in order to evaluate the stochastic and deterministic effects of large skin exposures. The dosimetric thickness of the pellets
is approximately 9 mg.cm2, and their response to low energy photon radiation and to beta radiation have been measured. For
photons, the sensitivity of the pellets drops dramatically below 8 keV, due to internal self shielding. The response to low energy
betas from M7Pm was found to be 0.38 of the corresponding ""Sr/^Y response. Information from the measured depth-dose profile
can be used to correct for the self shielding under response. Measured depth-dose profiles for different soft X ray spectra,
illustrating different self shielding under response factors, are presented. Measured depth dose profiles from ""Sr/^Y and 2O4T1
beta sources are also shown, and compared with published beta depth-dose profiles calculated by Monte Carlo methods.

INTRODUCTION

Measurement of skin doses from low penetrating
radiation like beta radiation and soft X rays is problem-
atic. The short range of the primary photons and elec-
trons gives rise to large dose gradients in the absorber,
whether this is the skin or the dosemeter itself. For the
purpose of minimising the internal self shielding within
the dosemeter, very thin dosemeters must be utilised.

Low penetrating radiation can cause both stochastic
and a variety of deterministic effects, of which some
may lead to cosmetically unacceptable changes. Some
acute effects are produced mainly in the basal layer of
the epidermis (50-100 jj.m depth), while most long term
damage occurs at depths larger than 0.3 mm(l). Accord-
ing to the International Commission on Radiological
Protection, the dose with regard to deterministic effects
should be evaluated in the upper dermis at a depth
between 300-500 u.m, while the target cells for induc-
tion of skin cancer are situated at a depth between 20-
100 (j.m<2). For radiation protection purposes even
100 mg.cm"2 (1 mm) has been suggested as an appro-
priate depth for dose monitoring(3). All in all this sug-
gests that the absorbed dose in several depths should
be assessed.

In this report a dosemeter for measuring depth dose
profiles in skin from low penetrating radiation is pre-
sented. The dosemeter consists of TL pellets with a
ultra-thin active layer embedded at various depths in a
Mylar (polyethylene terephtalate, [Ci0Hg04]n) phantom,
and may be used for accident dosimetry involving |3
sources and soft X ray sources, assessing depth dose

profiles in superficial X ray therapy, p monitoring of
the workplace etc.

The measured skin depth dose distribution for differ-
ent soft X ray spectra is presented. Measured depth-
dose curves from two different beta emitters are also
presented, and compared with published results based
on Monte Carlo calculations.

MATERIALS AND METHODS

Basic TL pellets — instrumentation

The term 'pellet' is here used for the TL detector
itself, while the term 'dosemeter' is used for the
assembled unit of pellets embedded in the Mylar phan-
tom.

The basic detector in the dosemeter is carbon loaded
circular LiF pellets (7LiF + 0.75% C) commercially
available from NE Technology, having a diameter of
4.5 mm and a total thickness of 0.83 mm. The major
part of the dosemeter is doped with graphite with the
purpose of absorbing the emitted light, leaving a thin
layer at the top and at the bottom as the active dosi-
metric part. The dosimetric thickness of this layer is
assessed to be approximately 9 mg.cm"2 (4). Thus, while
being physically thick the dosimetric or effective thick-
ness is very small.

The dosemeter will be used for photon energies below
50 keV. The secondary electron range (CSDA range) for
a 50keV electron in LiF is 5.4 mg.cm"2 <5), well below
the estimated dosemeter thickness of 9 mg.cm"2. The
theoretical energy response characteristics may thus be
evaluated on the basis of the relative mass energy

1
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absorption coefficients alone. However, the mean free
path between interactions (1/p.) for a 4keV photon is
1 l.Omg.cm"2, thus for these low energy photons self
absorption in the crystal will reduce the signal output
compared to the normal situation with a homogenous
dose distribution within the dosemeter. For low energy
photons an exponential intensity decay within the dose-
meter itself can readily be assumed, i.e.

1 =

By assuming that the TL output from the crystal is pro-
portional to the mean radiation intensity in the dose-
meter, a theoretical 'self shielding correction factor'
equal to

where t is the effective dosemeter thickness
(9 mg.cirr2) can be calculated. The calculated self
shielding correction factor decreases from 0.82 at 5 keV
to 0.17 at 2 keV.

The pellets were read in a Harshaw Atlas reader
utilising hot nitrogen heating (280 °C). According to
previous reports'6-7' these pellets are well suited for
reader annealing in hot nitrogen, and no additional pre-
irradiation annealing was used. To reduce signal leakage
a post-irradiation annealing of 15 min at 100 °C in air
was used. With this thermal treatment no signal leakage
during 5 day storage periods was detected.

The pellets have an active layer on both sides, and in
the Harshaw Atlas reader both faces of the pellets are
normally read. In this particular application only one
of the surfaces will be used, and the other surface was
therefore covered with a thin layer of light absorbing
ink. The effectiveness of the ink in terms of reducing
the TL light output from the covered surface was meas-
ured to be better than 98%.

The pellets were specially selected in order to get
homogenous dosemeter groups with respect to sensi-
tivity. In the calibration and measurement procedures
dosemeter groups with a total sensitivity spread of 5%
and a typical standard deviation of 2% were applied. By
experience, the standard deviation for pellets used out-
side laboratory conditions will be larger, typically 3%.

Photon calibration

The bare TL pellets were calibrated for photon radi-
ation in the energy range 7.5 to 37.9 keV using heavily
filtered X radiation from a stabilised Siemens Dermopan
pulsating potential X ray therapy machine with a 1 mm
Be window and tungsten target. During calibration the
pellets were placed upon a 100 |xm thick Mylar foil,
with no other scattering structures in the radiation field
(free-in-air). The radiation qualities used are described
in Table 1, i.e. the first five qualities listed. The effective
energies listed were determined by HVL measurements
(in terms of air kerma) in Al, i.e. 'effective' with regard
to transmission through Al. The listed values for mean

energies were estimated on the basis of the measured
effective energy values, using a multiplicative correc-
tion factor. This correction factor is equal to the corre-
sponding relation between effective energies and mean
energies for published spectra having physical charac-
teristics (tube voltage, filtration, HVL and homogeneity
coefficient) equal or close to the corresponding values
in Table 1(8).

The calibration in terms of TL output per unit air
kerma was earned out with a parallel plate thin window
(0.5 mg.cm-2) ionisation chamber, the calibration of
which is traceable to the primary standard at the Bureau
International des Poids et Mesures (BIPM).

The lower limit of "detection for the TL pellets was
determined to be 0.37 mGy, defined as the air kerma
value whose signal correspond to three times the stan-
dard deviation of the residual dose readings. This is
higher than lower detection limits reported elsewhere'7'
and may be due to the fact that no efforts were taken
to avoid light exposure of the pellets.

Normally incident depth dose profiles for three differ-
ent soft X ray spectra were measured, in order to illus-
trate different experimental values of the self shielding
correction facnor. For this purpose the firs't and the two
last qualities listed in Table 1 were used. In addition to
this, the depth dose profile for an extreme soft spectrum
from an X ray fluorescent analyser (50 kV, 0.5 mm Be
window) with Cr anode was measured. In this measure-
ment the total absorber thickness between the anode and
the phantom was 0.5 mm Be + 14 cm air + 6 jun
Mylar foil.

Beta calibration

The beta calibration of the pellets was performed with
beta ray sources of the radionuclides (^Sr/^Y), 2O4T1
and u7Pm (Buchler beta secondary source set). The
sources are calibrated with an extrapolation chamber in
terms of absorbed dose to tissue on the surface of a
semi-infinitely extended phantom of tissue at a specified
distance from the source, and thus the pellets were cali-
brated in terms of TL output per unit dose to tissue at
the position of the pellet. The specified distance was
20 cm for the 147Pm source and 30 cm for the two other
sources. The pellets were covered with Mylar foils,
0.84-2.5 mg.cm"2, equal to the thicknesses of the
entrance window of the extrapolation chamber. The beta
calibration is traceable to the national primary standard
laboratory of the Physikalishe-Technishe Bundesanstalt
in Germany.

Beta depth dose profiles in the dosemeter were meas-
ured with the same sources. The phantom was placed
at 30 cm distance from the source, in normally inci-
dent geometry.

Phantom material

For phantom material several plastics were con-
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sidered. For low penetrating radiation skin will be the
absorbing tissue of interest, and primarily the dermis
and the epidermis. The thickness of these two layers
varies, but an overall mean value of 1.5 mm and a mean
density of 1.1 g.ctrr2 can be estimated'9'. Below the epi-
dermis and the dermis the lower density hypodermis
extends down to approximately 5 mm. For the radiation
qualities studied in this project the dermis and epidermis
will be the tissues of prime interest, and the phantom
material should thus match these tissues as closely as
possible with regard to photon and electron interactions.

Analytical evaluation of the tissue equivalence of
phantom materials is not straightforward. The scattering
and absorption properties are in general described by a
number of cross sections. A complete theoretical assess-
ment of the energy transport through the material, and
thus of the degree of tissue-equivalence, can only be
achieved by laborious techniques like transport calcu-
lations or Monte Carlo simulations. More simple
methods, using the effective atomic number concept
with sets of Z exponents representing the predominant
energies involved have, however, also been
presented110). In this project the skin equivalence of dif-
ferent phantom materials with regard to photon radiation
was evaluated by comparing some of the basic interac-
tion coefficients, i.e. the values of (JL, \dp and |j.cnV for
the material in question relative to the corresponding
values for skin. In later discussions these relative coef-
ficients are labelled with the subscript 're]'. The basic
attenuation and absorption coefficients were collected
from Hubbell(II). For skin, a density of 1.09 was
used112'.

Ideally the phantom material should equal skin both
in density and in mass attenuation properties, i.e. ((x/p)rci
should be close to unity. However, differences in attenu-
ation can be compensated by differences in density, thus
yielding u.rd values close to unity.

The relative attenuation coefficients for the unit den-
sity plastic materials like polyethylene, polystyrene and
nylon are much too low for low energy photons. Water,
ICRU soft tissue and Mylar are better. In Mylar, the

lower mass attenuation coefficients ((fx/p)re] between
0.73 and 0.84 tor the 4-30 keV photon energy range)
are compensated with the higher density of 1.40, yield-
ing p.rei values of 0.94-1.07 for the same energy range.
A-150 (tissue-equivalent plastic) is too transparent for
photon energies below 10 keV, while PMMA is too
transparent below 30 keV.

The linear attenuation coefficient in Mylar is 5% too
low in the photon energy range 5 to 15 keV, and some-
what too high above 30 keV. Similarly, the relative frac-
tion of the interacting photon energy that is locally
absorbed is lower for Mylar when compared to skin in
the 5-50 keV photon energy range. All in all this sug-
gests that Mylar will be somewhat more transparent than
skin in the 5-20 keV range. Between 20 and 50 keV,
however, Mylar becomes increasingly more opaque
than skin.

The tissue equivalences for B radiation have been
evaluated on the basis of collision stopping power and
scattering power of the material in question, relative to
the corresponding value for skin (Srei and Trcl). For low
Z materials and beta energies below 3 MeV, the radiat-
ive stopping power can be neglected(5). PMMA, Mylar
and A-150 all have linear stopping power v*alues within
10% of skin. Water, polyethylene and polystyrene all
have relative linear stopping power values less than
09(5.i2.i3) S c f o r M y l a r i s gqua! t 0 u o f o r the 10_

500 keV range, decreasing slightly to 1.09 up to 2 MeV.
For water the Src, value varies between 0.84 and 0.85
for this energy region.

Due to the higher linear stopping power Mylar will
absorb energy more effectively than skin, resulting in a
reduced penetration depth. In the first approximation the
relation between penetration depths in two different
media will equal the inverse ratio of the corresponding
stopping powers, and a given absorption thickness in
Mylar can be converted to skin by a correction factor
of 1.10.

Differences in scattering power will, in general, have
a similar effect to differences in stopping power, as the
increase in fluence (due to scattering) will result in a

Table 1. Characteristics of radiation qualities used for photon calibration of the pellets and for depth-dose measurements
in the Mylar phantom. The first five qualities are narrow spectra for calibration purposes, the two last spectra are broad

spectra in general used for superficial therapy purposes.

Tube
voltage
(kVp)

10
29
43

50
29
10

i . Added
K filtration
' (mm)

0.108 Al
2.3 Al
3.6 A1
3.6 Al +0.2Cu

2.0 A1 + 0.26 Cu
0.3 Al
0

HVL (mm

First

0.037
0.68
1.50
2.20
3.25
0.17
0.023

Al)

Sec.

0.042
0.76
1.78
2.40
3.87
0.25
0.028

Homogeneity
coeff.

0.90
0.90
0.84
0.92
0.84
0.67
0.82

Eff.
energy
(keV)

7.2
19.0
24.8
28.8
33.6
11.8
6.1

Mean
energy
(keV)

7.5
20.2
27.3
31.7
37.9
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corresponding increase in absorbed dose. In the first
approximation this dose increase will be proportional to
the scattering power. Mylar has a slightly higher scat-
tering power than skin (Trc, = 1.02), and thus Mylar will
give a slightly more effective build-up of dose at small
depths. Analytical methods for scaling beta dose distri-
butions from one medium to another also taking into
consideration differences in scattering powers have been
described04'. However, with diffuse incidence the small
differences in scattering power will be of minor import-
ance, and were disregarded in this project.

In conclusion, Mylar was considered to be the best
choice of phantom material.

Description of the assembled dosemeter

The assembled dosemeter is composed of TL pellets
embedded at various depths in a Mylar phantom. The
phantom is built up of layers of Mylar foils, 100 to
350 p,m thick, in addition to a 6 |xm entrance foil. The
dimensions of the phantom are 50 mm X 60 mm. The
TL pellets are distributed over an area of 25 X 35 mm,
constituting the active part of the dosemeter, in such a
way that the lower pellets were not shielded by the
upper pellets. By suitable selection of foil thicknesses
it was possible to keep the air gap above each pellet to
a minimum, i.e. less than 50 \LXXI. The different depth
positions are shown in Table 2, together with the corre-
sponding depths in skin. For beta radiation the corre-
sponding skin depth is calculated by using the Srci factor
of 1.10 between Mylar and skin. As the attenuation
properties for Mylar relative to skin change over the
photon energy range of interest for this dosemeter, no
corrections are applied in calculating corresponding skin
depths for photon radiations.

For the surface position (position 1) four pellets are
used, one in each comer of the active dosemeter area,
in order to test and correct intensity differences across
the radiation field. Likewise in positions 4 and 7, two
dosemeters are placed in order to test the radiation qual-
ity homogeneity across the field. Thus each dosemeter
unit consists of 12 TL pellets in seven different depths

(positions), and each pellet is surrounded with at least
5 mm of phantom material. Below the deepest pellets
another 5 mm of Mylar is added for backscatter equilib-
rium.

In extremely inhomogenous radiation fields, a 'dum-
my' dosemeter with surface pellets only can be applied
in addition to the ordinary dosemeter. The design and
physical dimensions of the dummy are similar to the
real dosemeter, apart from the fact that all the 12 TL
pellets are placed in the surface position (position 1).
By exposing the dummy dosemeter in exactly the same
position as the real dosemeter, the readings of the TL
pellets in the former can be used to correct the reading
of the correspDnding in-depth pellet in the latter with
regard to variations in field intensity across the dose-
meter surface.

RESULTS

In Figure 1 the relative photon energy response curve

Relative energy response
1.2

1

0.8

0.6

0.4

0.2

0

/ :

I I |
| ! !

/ j |X
i :

* * ! H

..! I i ! I.

! ! i l r

— Pure Uf (theor.)

— TL-pellet(theor.)

x Tl-pellet(#ieer.)

10
Photon energy (keV)

100

Figure 1. Relative measured photon energy response for bare
TL pellets, in terms of TL signal per unit air kerma [TL pellet
(meas)]. The data are normalised at 38keV. The Pure LiF
(theor.) curve represents the mass attenuation coefficient for
LiF relative to air. The TL pellet (nuns.) curve shows the rela-
tive mass attenuation coefficient weighted with the calculated

self shielding factor for a 9 mg.cm"2 thick LiF pellet.

Table 2. Mylar absorption thicknesses above the TL pellets in the assembled dosemeter, together with the calculated
corresponding skin depth values

Position

1
2
3
4
5
6
7

(mm)

0.006
0.106
0.456
0.806
1.45
2.40
3.29

Mylar thickness

(mg.cm"2)

0.84
14.8
63.8

113
203
336
460

Corresponding

Betas

0.0066 mm
0.12 mm
0.50 mm
0.89 mm
1.60 mm
2.64 mm
3.62 mm

skin depth (p = 1.09)

Photons

0.006 mm
0.11 mm
0.46 mm
0.81 mm
1.45 mm
2.40 mm
3.29 mm
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for the basic TL pellets is presented, in terms of TL
response per unit air kerma. In the 'Pure LiF (theor.)'
curve, the mass energy absorption coefficient (p^Jp) for
LiF relative to air is shown. The TrocofnotoF (theor.)'
curve shows the above mentioned ratio weighted with
the theoretical self shielding correction factor, thus rep-
resenting a theoretical energy response curVSrl2

ri^*-
9mg.cmr1 thick LiF dosemeter. The 'Dccomotef
(meas.)' points show the measured relative energy
response for the TL pellets. All response curves are nor-
malised at 38 keV. Compared to ^Co calibration the
over-response at 38keV was measured to be 1.30. In
Figure 2 the corresponding curve for beta rays is shown.
In Figure 3 the measured depth-dose curves for the X
ray spectra corresponding to three different values of
the self shielding correction factor (1.0, 0.87 and 0.70
respectively) are shown, together with the 50 kV,
0.5 mm Be curve from the fluorescent X ray analyser.

Relative response

100 1000
Max beta energy (keV)

Figure 2. Energy response curve for beta radiation from
'Tl and I47Pm, in terms of TL signal per unit dose

to tissue. The data are normalised at

In Figures 4 and 5 the measured depth dose profiles for
2O4T1 and ""Sr/^Y are shown, together with published
depth dose curves based on Monte Carlo calculations*'5'.
For the latter data a linear scaling from water to skin
based on the stopping power ratio (Src,) of 0.85 was per-
formed.

DISCUSSION

Photon measurements

The measured photon energy response in Figure 1 is
higher than the theoretical response based on the mass
energy absorption ratio. The response difference
between 20 and 38 keV is also larger than the approxi-
mately 5% reported elsewhere for TLD-100<1617). The
reason for this is not clear, but differences in the back-

Relative depth dose

0.1

— Measured

— Monte Carlo
0.01

0.1 02 0.3 0.4 0.5 0.6 0.7

Skin depth (mm)

0.8 0.9 1

Figure 4. Measured relative depth dose profile for beta radi-
ation from *Tl. normally incident on the dosemeter. The
Monte Carlo curve shows the corresponding results calculated

bv Monte Carlo methods05'.

Relative transmission

0.1

0.01

0.001

Relative depth dose

+ M M H •nwijy - > • * k«V

* EH. anew . 8.1 IwV

* 50 kV-0.5 mm Be Bt

0.5 1 1.5 2 2.5

Skin depth (mm)

3.5

Figure 3. Measured depth dose profiles for different soft X ray
spectra. Spectra described by their effective energy are broad
spectra from a Siemens Dermopan therapy unit, while the spec-

trum described by its mean energy is heavily filtered.

0.1

- *

K

— Sr-90 + Y-90 (measured)

4- Y-90 (Monte Carlo)

* Sr-90 * Y-90 (Monte C)

—

\

\

X \

* \
x \

0.5 1.5 2 2.5

Skin depth (mm)

3.5

Figure 5. Measured relative depth dose profile for beta radi-
ation "Sr/^Y, normally incident on the dosemeter. The Monte
Carlo curves show the corresponding results calculated by

Monte Carlo methods05*.
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scatter from the carbon loaded part of the pellet may
influence the result. The observed maximum over-
response relative to ^Co is slightly lower than pre-
viously reported for carbon loaded pellets'7', where an
over-response of 1.5 relative to l37Cs was found. The
observed ounder-res.Epnse at 7.5 keV is lower than
expected because of the energy absorption and self
shielding in the pellet itself. The response of the differ-
ent glow peaks in LiF are known to change with the
LET of the secondary electrons. The sensitivity of the
main peak is reported to decrease with increasing LET,
whereas the sensitivity of the high temperature peak at
260 °C increases08'. As the mean LET of the second-
aries rapidly increases with decreasing photon energy
below 20keV, this could easily influence the overall
sensitivity. In the Harshaw Atlas reader the pellets are
heated with hot nitrogen at 280 °C, and the integrated
light output is recorded. Thus the sensitivity of both
peaks may be influenced, and the net effect is not eas-
ily appraised.

As demonstrated the sensitivity of the TL pellets is
reduced for photon energies below about 8 keV. A fil-
tration of 1 mm Be in addition to an air path of 25 cm
will totally absorb all photons below 4keV, and thus
most X ray spectra will have negligible fluence compo-
nents below 4 keV. In the referenced catalogue of cali-
bration spectra<8), only Be window spectra have fluence
components below 6keV exceeding 1% of the total
fluence, and spectra with total filtration above 0.2 mm
Al have no component at all below 8 keV. The photon
fluence below 8 keV will thus depend upon the total
tube filtration and the focus distance.

As the dosemeter gives a complete attenuation curve
in Mylar, the observed attenuation coefficient can be
used to estimate the self shielding correction factor, and
thus improve the precision in the absolute dose assess-
ment. An analytical expression for this correction factor
in terms of the observed HVL in skin can easily be
obtained. This has not been done, mainly because some
of the spectra used are very broad, and thus not suited
for calibration purposes.

As seen from Figure 3 the quickly falling depth-dose
curve for the 50 kV, 0.5 mm Be quality illustrates the
large low energy component of the spectre. For absolute
assessment of the surface dose a self shielding correc-
tion factor of approximately 0.70 must be applied. At
greater depths the spectrum hardens and exhibits an
attenuation similar to the 11.8 keV spectrum, indicating
that there is no longer any self shielding under response.
The attenuation curves in Figure 3 are based on the rela-
tive TL outputs from the pellets, i.e. the TL output is
not interpreted in terms of dose. The hardening of the
spectrum with increasing dosemeter depth will reduce
the self shielding under-response of the deeper pellets.
The TL signal from the shallow pellets will thus under-
estimate the dose relative to the deeper pellets, and the
true attenuation curves in terms of dose will thus be

steeper than the attenuation curves in terms of TL output
presented in Figure 3.

Beta measurements

The observed under-response for 204TL betas relative
to ^Sr/^Y is similar to previously published results for
this type of carbon doped TL pelletsc6-7). Reported rela-
tive response factors for carbon doped LiF pellets for
147Pm differs considerably'6-7'. The relative response
factor observed in this work is clearly lower than pre-
viously published values for carbon doped pellets, but
agrees very well with corresponding relative response
factors for thin LiF dosemeters of 5 mg.cm"2'19'. The
reason for this is not clear. However, the l47Pm beta
spectrum reaching the TL pellets will depend heavily
upon the measurement geometry and the thickness and
composition of the source window, especially for the
low energy part of the spectrum.

The differences between the measured and Monte
Carlo calculated depth-dose profiles are most probably
due to multiple scattering in air and to differences in
the actual beta spectra. The measured depth dose curve
for '"Sr/^Y lies somewhere in-between the calculated
depth dose curves for '"Sr/^Y and for "°Y alone. This
is not unexpected, as the actual energy distribution from
the calibration source is heavily modified due to absorp-
tion and scatter within tl\e capsulation, especially in the
low energy part (i.e. therSR part) of the spectrum'20'.
For 204Tl the observed difference between the measured
and the calculated depth-dose profile is probably due to
multiple scatter in the 30 cm air distance between the
source and the dosemeter. Angular spreading will in
general increase the dose near the surface, and decrease
the dose at greater depths.

If depth-dose profiles steeper than the 204Tl curve in
Figure 4 are observed, the reduced TL response must be
taken into consideration if absolute doses are assessed.

Directional dependence — uncertainty
considerations

The basic philosophy behind the dosemeter design is
to measure a simulated depth-dose profile in skin,
granted that the orientation of the dosemeter and the
skin surface in question relative to the radiation source
is the same. The directional dependence of the dose-
meter as such is therefore irrelevant.

For photons above about 8 keV the self shielding of
the TL pellets can be neglected. Photons entering the
pellet at an angle greater than 0 ( = normal incidence)
will experience a greater effective dosemeter thickness,
an effect that will be compensated by the corresponding
reduction in the effective surface area. The pellet
response is thus believed to be independent of orien-
tation for this photon energy range. For photons below
8 keV this compensation will not occur, and there will
be a directional under-response for angles > 0. The rela-
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tive registered depth-dose profile will be less influ- and reaches 0 at 20 keV, above which there will be a
enced. The |xcr/n value for both Mylar and skin slight underestimation,
increases from 0.95 towards 1.0 as the photon energy
decreases below 8 keV. Thus the in-depth radiation field CONCLUSION

in this energy range therefore contains very little scat- ^ d o s e m e t e r c o n s i s t i n g o f T L p e l l e t s embedded in
tered radiation, and the onentat.on of the radmt.on field a M ^ h a m o m w i n j v e a d e t h . 5 0 s e file t h h

relative to the pellets w.ll d.ffer very little for the van- , h e u p p / r 3 5 m m o f s k i n t m j s p r o v i d i n g d o s e i n f o r .
ous depth positions. m a t i o n a t s e v e r a , d t h s o f m e d i c a l jnterest. For phan-

The basic uncertainty ( Is) in the absolute dose t o m m a t e r i a l s e v e r a ] , a s t i c s w e r e c o n s i d e r e d o n the
measurements consists of uncertainty in the transfer b a s i s o f p u b l i s h e d c r o s s sectional data, and Mylar
from the relevant primary standard of 4%, and the (poiyethylene terephtalate) was found to be best suited,
spread in the individual pellet sensitivity of 3%. By D u e t 0 its finite thickness of approximately 9 mg.cm"2,
square summation this adds up to 5%. Errors caused by t h e T L p e l l e t s w i l l Upder-respond for photons below
the fact that the tissue equivalence of Mylar is less than a b o u t 8 k e V a n c | for iow energy betas. Based on the
perfect are not included in these estimations. As this recorded depth-dose profile, the degree of under-
error will depend on the actual photon spectra to be response can be estimated, and used to correct the
measured, no single figure can be given. As previously appearent surface dose. For betas the recorded depth-
stated the (j^i value for Mylar varies between 0.94 and dose profile in Mylar can be scaled to skin by the skin-
1.07 for the 4-30 keV photon energy range. The inten- Mylar linear stopping power ratio of 1.10. For photons
sity (in skin) of 8 keV photons at 2 mm depth would be Mylar will be more transparent than skin below 20 keV,
overestimated by 13% by measurements in Mylar. For and becomes increasingly more opaque than skin in the
increasing photon energy this overestimation decreases 20-50 keV range.
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