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CHAPTER 1 GENERAL INTRODUCTION 

According as high-energy particle accelerators and apparatus for 

nuclear fusion research are enlarged in scale ~ the fIuence rate of radia

tions produced there becomes extremely high. 1) Such radiations, in 

principle, consist of various species distributed in the wide energy re-

gion. Furthermore, they in general are pulsed and often appears as a 

single burst. We now face new problems of dosimetry of high fluence 

rate, single burst and mixed radiation fields. 

The term dosimetry originates from the measurement of dose by 

means of dosimeters. In this thesis, the author defines radiation dosi

metry as (1) measuring a radiation field at a point of interest, (2) eval

uating the absorbed energy in the matter placed in the radiation field, 

and (3) evaluating the radiation effects on the matter in biology, chem

istry, physics, etc. 2) 

The basic concept of radiation dosimetry is summerized in Table 

1.1, where the main purposes of dosimetry are classified into four cate

gories. The first is the measurement of radiation field, i. e. the number 

of particles and their energy at a given point, Fundamental quantities 

in dosimetry are particle f/uence or energy f/uence as a function of par

ticle energy and its temporal variation. Dosimetric quantities of expo

sure and air-kerma, which represent the strength of the field, are also 

iinportant. The second purpose is the evaluation of the energy absorbed 

in the matter placed in the radiation field. The aborbed dose is defined 

as the amount of energy imparted to matter by ionizing particles per unit 

mass of materials. 3,4) The third is the evaluation of the radiation ef-

fects on the matter. It is considered that the effects in general are 
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PURPOSE QUANTITY DETECTORS 

Specification of Energy Spectrum Semiconductor Detector 
Radiation Field Fluence Rate Proportional Counter 

Evaluation of Ionization Chamber 
Absorbed Energy Absorbed Dose Calorimeter 
in Material Fricke Dosimeter 

Evaluation of RBE Dose 
Radiation Effect dpa 

Radiation Dose Equivalent Protection 

Table 1.1. Main puposes of radiation dosimetry. 
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proportional to the absorbed dose, and that the dose-to-effect conver

sion factor should depend on the radiation quality, i. e. species, energy 

and stopping power. It is also important in dosimetry to evaluate the 

conversion factor for every radiation quality and every effect of inter

est. In the present, there are many quantities representing the effects, 

e. g. RBE dose, displacement per atom, color center formation, radical 

formation, and so on. It is desirable to express these effects univer

sally, for instance, by entropy change in near future. Finally, the 

fourth purpose is the evaluation of radiation safety. From a viewpoint 

of radiation protection is defined the dose equivalent corresponding to 

RBE dose. 5,6) The dose-to-dose equivalent conversion factor is called 

the quality factor, which is given by ICRP as a function of the collision 

stopping power of directly ionizing particles. 5,6) 

It is most important for radiation dosimetry that before one prac

tice the measurement, one should establish the principle, that is, (1) 

which dosimetric quantity among exposure, kerma, absorbed dose and 

dose equivalent, (2) which particle among photons, electrons, protons, 

neutrons, etc., (3) with which dosimeter among ionization chamber, TLD, 

scintillation detector, calorimeter, etc., and (4) how one measures. 

In this thesis, the dosimetry of such a radiation field as is gener

ated by high-energy particle accelerators or high-temperature plasmas is 

<;liscussed. The field has characteristics of extremely high fluence rate, 

pulsed field (often single pulse) and a mixture of neutrons and X-rays 

in a wide energy region. It is the purpose of the thesis to establish a 

method for evaluating the exposure or air-kerma, the absorbed dose in 

tissue, and the dose-equivalent in the radiation fields. An ionization 

chamber has been selected as dosimeter, because the first two quantities 
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are proportional to the number of ion pairs liberated in materials ac

cording to their definition by ICRU. 3, 4) It is a problem how to mea

sure. these dosimetric quantities in such radiation fields with an ioniza-

tion chamber. 

Almost all types of detectors will suffer the so-called high-dose

rate effect 7,8) in a radiation field of high fluence rate. The effect on 

an ionization chamber appears as the underestimate of the number of 

ion pairs liberated in the chamber by ionizing particles. In such a 

situation, a large amount of both positive and negative ions will dis-

appear during their collection by an electric field owing to recombi-

nation between them. The ratio of the number of collected ions to that 

of generated ones is called collection efficiency, f-value. 9) Theoretical 

treatment of the f-value for pulsed X -rays have been carried out by 

several authors. 10-13) Their formulations, however, have not been 

experimentally confirmed for pulsed radiations of extremely high dose 

10 -1 
rate of 10 rad s . Furthermore, a method for determining the f-

value in a single-burst radiation field has never been established. In 

addition, few methods have been proposed for evaluating the dose 

equivalent in a pulsed and mixed radiation field. In view of such pro-

blems, the author proposes a new method with an ionization chamber. 

In Chap. 2, the f-value of a parallel-plate ionization chamber ex-

posed to pulsed X -rays is obtained by numerical calculations of the 

partial differential equations which describe the temporal and spatial 

varistions of both positive and negative ions in the chamber, and fur-

thermore the calculated results are compared with the well-known 

Boag's formula. 9) The effects of the space charge and the difference 

in mobility between. positive and negative ions on the f-value are also 
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clarified quantitatively. A method based on the calculated results is 

proposed in Chap. 3 for determining the f-value for single-burst X

rays. An abreast-type ionization chamber for the method is designed 

and constructed. The method is applied to a pulsed X -ray field gener

ated by an electron linear accelerator, and its applicability is exper

imentally confirmed. In Chap. 4 is described the f-value in a pulsed 

X -ray field of which duration is comparable with the ion transit time 

of the ionization chamber. The effects of the pulse duration or the 

pulse shape on the f-value are theoretically clarified. Experiments 

with an X -ray tube for medical diagnosis show that the proposed 

method is applicable to X-rays of long pulse duration. In Chap. 5, 

the evaluation of the dose equivalent in a mixed field is carried out. 

Two different approaches are made in a mixed radiation field consist

ing of bremsstrahlung X -rays and photo-neutrons generated by an 

electron linear accelerator. The results by the methods agree well 

within 10 % deviation with others by neutron spectrum measurement 

by TOF and activation methods, LET spectrum measurement with a 

Rossi counter and the separate measurement with two types of ioniza

tion chambers. The conclusions of this thesis are summerized in 

Chap. 6. 

- 5 -



REFERENCES 

1) M. Kawanishi: Proc. 6th Int. Congo Rad. Res., Tokyo, 1979, p.192. 

2) W.C.Roesch and F.H.Attix: Radiation Dosimetry vol.I, eds. F.H. 

Attix and W.C.Roesch (Academic, New York, 1968) Chap.l. 

3) ICRU Report 6 (1954). 

4) ICRU Report 19 (1971). 

5) ICRP Publication 4 (1964). 

6) ICRP Publication 15 (1970). 

7) High-Dose-Rate Effect Caused by Ionizing Radiations, ed. S .Okabe 

(Atomic Energy Society of Japan, Tokyo, 1980) [in Japanese] . 

8) D.K.Nichols: IEEE Trans. Nucl. Sci. NS-23 (1980) 1016. 

9) J.W.Boag: Radiation Dosimetry vol.ll, eds. F.H.Attix and W.C. 

Roesch (Academic, New York, 1966) Chap. 9. 

10) J.W.Boag: Brit. J. Radiol. 23 (1950) 601. 

11) P.M.Livingstone: J. Appl. Phys. 35 (1964) 2341. 

12) R.E.Ellis and L.R.Read: Phys. Med. BioI. 14 (1969) 293. 

13) R.E.Ellis and L.R.Read: Phys. Med. BioI. 14 (1969) 411. 

- 6 -



CHAPTER 2 COLLECTION EFFICIENCY OF IONIZATION CHAMBER 

IN PULSED X-RAY FIELD' 

2.1. Introduction 

The exposure in an X -ray field or the absorbed dose in matter is 

generally proportional to the number of ion pairs liberated in materi

als. 1,2) A most convenient method of absolute measurement of the 

exposure or the absorbed dose is to collect ionic charge by applying 

an electric field. Some of ions, however, will disappear owing to re

combination between positive and negative ions. The ratio of the 

charge (number) of collected ions to that of ions initially produced is 

so-called collection efficiency, f-value. The f-value is one of the most 

important correction factors for absolute measurement of the exposure 

or the absorbed dose with an ionization chamber, especially in a pulsed 

X -ray field of high exposure rate. 3) 

High energy particle accelerators and apparatus for fusion re

search will easily generate an extremely high-exposure-rate X-rays of 

1010 R s -1. The f-value of ionization chambers in common use exposed 

to such a field becomes much less than unity. It induces an under

estimate of the exposure and the absorbed dose. In this situation one 

must determine an accurate f-value from measurable values only, i. e. 

ionic charge collected under the unsaturated region (f < 1. 0) . It is 

very difficult to determine the f-value, because the value itself is a 

function of the generated charge which is intended to be eValuated. 

'The main part of this work is presented in Nucl. Instrum. & Methods 

172 (1980) 447. 
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According to the prevailing techniques, the ionic charge has been mea-

sured by applying a high voltage enough for the recombination loss to 

be negligible. The saturation voltage becomes higher with increasing 

the exposure rate of the X-rays. With further increase in the exposure 

rate, the voltage will enter into the proportional region beyond the 

saturation one. It is necessary to develop a new technique for the f-

value determination until such a high exposure rate is realized. 

It is essential and most important to understand a saturation 

characteristics of ionization chambers and to know the dependence of 

the f-value on various parameters, e. g. the exposure rate, pulse 

duration and chamber constants of recombination coefficient, ion mobi-

Iity, applied voltage, gap distance, diffusion constant, and cavity size. 

In 1950's and 1960's a lot of expressions about the f-value for continu

ous X -rays have been published by many authors. 4- 20) Few formula-

. 21-2~ tions for pulsed X-rays, however, have been proposed. Among 

them, Boag's formula21) is most excellent and is still in common use. 

Surely the formula has been applicable to pulsed X -rays for those 

days, but it deviates gradually as the exposure rate of pulsed X -rays 

becomes higher. 

In this chapter, more accurate description of a relation between 

f-value and various parameters is numerically obtained. The output 

current of ionization chambers is also discussed, and then a correla-

tion with the f-value is clarified. 

2.2. Boag's approximation 

In a parallel-plate ionization chamber exposed to pulsed X-rays, 

ion pairs are uniformly generated until an X -ray pulse ceases. The 
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positive and negative ions drift in the opposit direction by an external 

electric field as illustrated in Fig. 2.1. In this situation, Boag made 

the following assumptions: 

(1) All ions generated during pulse distribute uniformly in the chamber 

when the pulse ceases. 

(2) The densities of positive and negative ions are equal in the region 

of overlap of both ion distributions. 

(3) Both the space charge effect and diffusion loss are neglected. 

The ion density in the overlap region, n (cm - 3], decreases with time 

at the following rate: 

dn 
dt = 

2 -an (2.1) 

where a [m 3 s -1] is the recombination coefficient. The equation can 

be solved explicitly and gives the following solution: 

n = (q T )/( 1+ aq T t) , 
o 0 0 0 

(2.2) 

-3 -1 
where q 0 [m s ] is the ion production rate which is proportional to 

2 -1 
the exposure rate, and To (s] is the pulse duration. Let k± [m s 

V-I] be the ion mobilities, d (m] the gap distance between the elec

trodes, and V [V] the applied voltage, the width of the overlap region 

is expressed by {d - (k+ +k_)Vt/d}. This region exists only for a time 

of d
2
/(k+ +k_)V. Thus, the amount of recombination loss per unit area, 

-2 R [m ], is expressed as follows: 

R = ~d02/(k+ + k_)V 2 Vt an [d - (k++k )(j] dt. (2.3) 

Substituting eq. (2.2) into eq. (2.3), the following formula is obtained: 

R = q T d (1- ...lln(l+u)] (2.4) 
o 0 u 

where u = a q T d 2/(k++ k ) V. Accordingly, Boag's expression of 
o 0 
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o v 

( d 

Fig. 2.1. Overlap of positive and negative ion distributions 

in a parallel-plate ionization chamber after an X-ray pulse. 
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the f-value is obtained as follows: 

1 f = 1 - Rlq T d = 1 - -u In( 1 + u) . 
Boo 

(2.5) 

2.3. Normalized rate equations 

The Boag's formula is applicable to most cases of pulsed X-ray 

fields. But the assumptions are not acceptable in special cases of an 

X -ray field of extremely high exposure rate and of an X -ray field of 

relatively long pulse duration. In the former field the recombination 

during pulse cannot be neglected. In the latter, the drift of both ions 

is considerable and the densities of positive and negative ions in the 

overlap region are not equal. Thus, the Boag's assumptions become 

invalid in both cases. In order to ascertain the fact, the rate equation 

with respect to both positive and negative ions should be solved as 

strictly as possible. 

The rate of increase in the ion density at a point, x, at a time, 

t, is in general expressed by the following equations: 5,6,26) 

an+ d(n+E) 2 
a n+ 

= q-ann - k+ + D 2 (2.6) 
at + -

ax + ax 

an a(n E) 
= q - an n + k -

+ - - ax 
(2.7) 

where q [m - 3 s -1] is the ion production rate as a function of the time, 

D± [m2 s- 1] are the diffusion constants, and E [Vm- 1] is the electric 

field strength, which is related with the ion densities through Poisson's 

equation as follows: 

(2.8) 

where e [C] is the electronic charge and £0 the permittivity. Four 
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terms on the right hand side of eqs. (2.6) and (2.7) represent pro-

duction, recombination, divergence and diffusion, respectively. 

It is known that minor change in the density is caused by diffu

sion,27) but the term is here neglected for simplicity. Then, eqs. (2. 

6), (2.7) and (2.8) become 

= A - M v+v_ - (2.9) 
as 

av 
= A - M v+ v_ + 11 ----, ( 2.10) 

as 

a£ 
(2.11) 

All the variables in eqs. (2.6), (2.7) and (2.8) are normalized by ap-

propriate constants to be dimensionless. 28, 29) Namely, v+ = n)q '[, _ _ 0 

2 
s = t/,[, I; = xld, A(s) = q(t)/qo' M = c>qoT, 8 = Ed/V, 11 = k_lk+ 

and A = ek+i£oC>' For simplicity the following assumptions are made: 

(1) The mobilities of positive and negative ions are equal: 11 = 1. 

(2) The space charge effect is negligible: £ = 1 for all 1;. 

(3) The pulse shape is rectangular: A = 1 when 0 ~ s ~ So = To/'[ and 

o when So < S ~ 1 + so' 

The validity of the assumptions is discussed in the succeeding section 

and Chap. 4. Allowing for the assumptions, the normalized partial 

differential equation is obtained as follows: 

= A - M v+v_ :;= ( 2.12) 
as 

The temporal and spatial variations of the normalized ion densities 

are calculated numerially by the method described in Appendix 2. A. 

Figures 2.2 (a), (b) and (c) are typical results of numerical calculations. 
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Fig. 2.2. Temporal variation of the spatial distribution 
of normalized ion density for pulsed X-rays. (a) M = 2.0 
x 106 and So = 1.0 x 10- 6 , (b) M = 5.0 xl08 and So = 1.0 x 
10- 6 , (e) M = 10.0 and So = 1.0. 
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The abscissa in the figures denotes the normalized distance in the 

chamber, and the ordinate the normalized density of ions drifting 

toward the right electrode. The spatial distribution of the density of 

oppositely charged ions is symmetric with respect to a vertical line 

t; = 0.5. The parameter, 8, corresponds to the time. 

Figure 2.2 (a) corresponds to the case where a parallel-plate ioniza-

tion chamber is placed in an X -ray field with a very short pulse dur-

ation, which is generated, for example, by particle accelerators and 

experimental apparatus for laser induced fusion. Without recombination 

the density, n+, would become q 0 T 0 when t = T 0" In other words, 

-6 
when 8 = 8 0 = 1. 0 x 10 ,,, + becomes 8 0 at any place. It is iust 

right in this case as shown in Fig. 2.2 (a). Namely, the result shows 

that the Boag's approximation is valid. 

The temporal variations of the ·density distribution for an X -ray 

field of extremely high exposure rate are ahown in Fig. 2.2 (b). When 8 

= 8
0 

= 1.0 x 10- 6, the distribution of the ion density is uniform. An 

absolute value of \1+, however, is not equal to So but to 8.6 x 10- 7 . 

The result shows that recombination loss which is neglected in Boag's

formula amounts to 14 % of initial production. Such X -ray field are 

often found at the vicinity of a target bombarded by accelerated par-

ticles and near apparatus for fusion experiments. The dosimetry of 

high-exposure-rate X-rays is carried out in the succeeding chapter. 

Figure 2.2 (c) corresponds to the case where the ionization chamber 

is placed in an X -ray field of which pulse duration is equal to the ion 

transit time. The density distributions in the build-up stage (8 ~ so) 

are shown by solid lines. The ions produced at the start of X -ray 

pulse should drift and some of them escaping recombination should 
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reach to the electrode until the pulse ceases. It is obvious that both 

recombination and collection during pulse is not negligible. The distri-

butions in the decaying stage (s > so) are also shown in the figure by 

broken lines. They are not rectangular but nearly tangential. It 

means that the densities of positive and negative ions are not equal in 

the overlap region where the recombination takes place. The results 

shows that the Boag's approximation is not applicable to this case. 

Such fields are found around an X-ray tube for medical diagnosis or 

Tokamak-type apparatus for fusion experiments. The dosimetry of 

such X-rays will be discussed in Chap. 4. 

2.4. Collection efficiency for pulsed X -rays 

The collection efficiency. f-value, for pulsed X -rays is expressed 

by the following formula with variables defined in the previous section: 

1 _ ct d~d [~'On+n dt + ~'o+'n n dt]dx.(2.13) 
qoTo - + -o 0 '0 

f = 

Equation (2.13) is rewrriten with the normalized variables as follows: 

f = ( 2.14) 

In the bracket in the second term on the right hand side. two integ-

rals correspond to the amount of recombination loss during and after 

a pulse. respectively. For comparison. Boag's formula is rewritten 

with the normalized variables as follows: 

fB = 2IMs o'ln( I+ Ms o/2) (2.15) 

The most important parameter in the equation, Mso. is equal to the 

product of the chamber constants (C>. ,) and the parameters character

istic of the X-ray field (qo' '0) as is clear in the following equation: 
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( 2.16) 

The formula gives a same f-value so long as the total exposure per 

pulse is kept contant. However, the true f-value described by eq. 

(2.14) is in general a function of the respective values of M and so' 

that is, the exposure rate and the pulse duration. 

The results of numerical calculations of eq. (2.14) are summerized 

in Fig. 2.3, which shows the dependence of the f-value on the nor-

malized pulse duration for several Mso-values. Horizontal broken lines 

represent fB -values. It is found from a comparison between two re

sults that the Boag's approximation is valid only under the condition 

-3 
that So ~ 10 and Ms 0 ~ lO. O. With increasing the Mso-value, the 

true f-value becomes lower than the fB -value. The discrepancy is at

tributed mainly to the neglect of the recombination loss during pulse 

as was pointed out in the previous section. The deviation from the 

fB -value becomes serious as the pulse duration becomes longer at a 

constant Mso-value. This situation has already been stated in Fig. 

2.2 (c). 

High energy particle accelerators has easily achieved an exposure 

rate 
10 -1 higher than 10 R s . Let consider an ionization chamber of 

which recombination coefficient is 1.0 XI0- 6 cm3s- 1 and the ion tran-

sit time is 1. 0 x 10- 3 s, 

duration is 1. 0 x 10- 6 s 

exposed in an X -ray field of which pulse 

8 -1 and the exposure rate is 5.0 x 10 Rs 

-1 9 -3-1 Then, the relation that 1 Rs = 2.08 x 10 cm s gives an M-value 

6 -3 of1.0xlO and an so-value of 1.0x10 . After all, an Ms 0 -value be-

comes 1. 0 x 103, and it gives an f-value smaller than 0.01. Namely, 

99 % of ion production disappears owing to recombination. A notice 

should be taken that the true f-value is smaller than the fB -value by 
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20 % in this case. The other example is an X-ray field generated by 

an X-ray tube for medical diagnosis, of which pulse duration is 1.0 x 

-2 10 s and the total exposure is 50.0 R per pulse. The values give 

an Mso-value of 10.0 and an so-value of 10.0, and therefore f = Q.89. 

On the other hand, Boag's f-value becomes 0.35. 

In order to apply the calculated f -value to actual X -ray field, 

errors caused by the assumptions in eq. (2.12) must be evaluated be-

forehand. At first is discussed the influence of a difference in mobi-

lity between positive and negative ions upon the f-value. An exist

ance of many ion species in sir has been reported. 30) According to 

the publications,31-34) the average mobility of negative ions is some-

what larger than that of positive ones in sir of 1 atm. Thus, the 

calcualtions of eq. (2. 10) are performed for various n -values defined 

as a ratio of mobility of negative ions to that of positive ones. Figure 

2.4 shows a dependence of the n-value in the case that M = 103 and 

So = 0.01. The ordinate is the deviation from the f-value in Fig. 2.3 

expressed by per cent. For an n-value of 1. 2 for sir of 1 atm, the 

deviation becomes about 6 %. At a constant n-value of 1. 2 the de-

viation is shown in Fig. 2. 5 as a function of the so-value. It is con-

cluded from the figure that the effect due to mobility difference will 

not cause a significant error for practical application. 

Next, the space charge effect is clarified below. The effect for 

cQntinuous X-rays has been analyzed by several authors,35,36) but 

few studies for pulsed X-rays exist. In order to obtsin the f-value 

including the space charge effect, a time-consuming calculations of 

simultaneous equations consisting of eqs. (2.9), (2.10) and (2.11) 

must be carried out. An example of the results is shown in Fig. 2.6, 
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where M = 1.0 x 103 and So = 0.01. The upper curves show the tem-

poral variations of the spatial distribution of the strength of electric 

neld. Neglecting the effect, the curve would be a horizontal line that 

c = 1. 0 independently of the time. The field strength in actual varies 

rapidly near both positive and negative seathes. In the overlap region, 

the strength is nearly constant but lower than unity, that is, the ions 

have a longer stay than expected in the previous calculations. It 

causes an increase in recombination loss. In Fig. 2.7 is shown the 

amount of decrease of the f-value as a function of Mso-value. It can 

be sald that the space charge effect cannot be neglected especially for 

an Mso-value near 25.0, Le. for an f-value about 0.2, when the devia-

tlon becomes about 12 %. 

The pulse shape effect of the third assumptions is to be discussed 

In Chap. 4 in detall. 

2.5. Output current of an ionization chamber 

The characteristics of the response of an ionization chamber to 

pulsed X-rays appears as an output current shape. 22,37) The cur-

rent density, j(t), is expressed with the solutions of eqs. (2.6), 

(2.7) and (2. 8) by the foIIowing general formula: 

j(t) = eE'.( k+n+ + k_n_ ) + EO ~~ • (2.17) 

AIIowing for the neglect of the space charge effect, eq. (2. 17) is re-

written with the normalized variables as foIIows: 

~(s) = 

(2.18) 

On the other hand, the foIIowing expression is derived from eq. (2.1): 
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4 1 + Mscs ) + 
2so(1- 2s) 

0~s~0.5 M In( 1+Msos/2 1 + Msos 
, 

1;(s) = (2.19) 
4 1 + Mso/2 ) , 0.5<s ~1.0 M In( 1 + Msos/2 

A relation between the current form and the f-value is made clear 

by calculating eq. (2.18). Figure 2.8 shows the current density as a 

function of the normalized time, where the normalized pulse duration is 

assumed to be 1.0 x10- 6. An M-value of 0 means no recombination 

loss, and in this case the waveform of the output current density is 

rectangular. The shape becomes concave with increasing the M -value, 

i.e. with decreasing the f-value. The f-value is implicitly shown by a 

ratio of the area of the current to that for an M-value of O. It may 

be possible to describe quantitatively a relation between the current 

shape and the f-value, for example, by a curvature as a function of 

the f-value. A quantitative description, however, is very difficult to 

be applied to actual pulsed X -rays, because one cannot observe exper

imentally an exact peak current in the case of no recombination loss. 

In Fig. 2. 8 are also shown the results of calculations of eq. 

(2.19) by broken lines. As was pointed out in the previous sections, 

a difference from the exact current becomes distinctive with increasing 

the M-value. The same conclusion about the application limit of the 

Boag's formula is derived from the figure. An example of the cur-

rents for pulsed X -rays of relatively long duration is shown in Fig. 

2.9, which can never be obtained from the Boag's expression. It is 

expected that the waveform in this case is sensitively affected by the 

pulse shape of X -rays. The effect on the output current shape is to 

be discussed in Chap. 4. 

It is concluded from above discussions that an output current is 
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regarded as a measure of the response of an ionization chamber to 

pulsed X -rays. 

2.6. Concluding remarks 

An essential problem has been discussed for absolute measurement 

of the exposure and the absorbed dose with an ionization chamber. 

The collection efficiency, which is the most important correction fac

tor for pulsed X-rays of high exposure rate, has been numerically ob

tained. As a result of the calculations, the following were clsrified: 

(1) A description of the collection efficiency was derived which was 

valid beyond an application limit of the well-known Boag's formula. 

It was found that the collection efficiency derived by Boag was 

limited by the condition that the pulse duration normalized by the 

ion transit time was shorter than about 1. 0 x 10- 3 and tht? collection 

efficiency was smaller than about 0.3. 

(2) The difference in mobilty between positive and negative ions was 

found to be caused only 6 % error of the collection efficiency for a 

free-air ionization chamber. 

(3) It was found that the space charge effect could not be neglected 

for an f-value about 0.2, and in this case the deviation became the 

maximum of about 12 %. 

(4) The output current of an ionization chamber was obtained nume

rically. A correlation between the current shape and the collection 

efficiency was confirmed. 
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Appendix 2.A. Numerical calculations of partial differential equations 

The differential equation to be solved is written by 

ds 
= A - Mv v + - . (2.A.1) 

Let consider an N xN matrix with respect to the time, s, and the space, 

X, and draw characteristic lines from each point of the matrix as shown 

in Fig. 2.A.1. The tangent of the line, l!.s/l!.f;" is 1 for v+ and -1 

for v _ . Then, eq. (2. A .1) at J -th point of the time is expressed by 

finite differences as follows: 

l!.v+(J) = [A(J) - MV+(I-1,J-1) v_(1-1,J-1) ]l!.s, (2.A.2) 

l!.v (J) = [A(J) - Mv+(I+1,J-1) v (I+1,J-1) ]l!.s. (2.A.3) 

Both intial and boundary conditions are 

o 

for all I, 

for all J. 

(2.A.4) 

(2.A.5) 

The values of v + and v at the first point of the time are calculated 

eqs. (2.A.2) and (2.A.3) for all points of the space. Next, those at 

the second point of the time are calculated by substituting the values 

obtained in the previous step into eqs. (2.A.2) and (2.A.3). The 

procedure is repeated until J becomes N. 

In the case where the mobilities of positive and negative ions are 

different, the characteristic line of v_must change from -1 to -n. 

Further procedure is the same. In the case where the space charge 

effect is taken into account, the tangent of the characteristic lines 

must be varied with the time. The point of intersection of two lines 

for v + and v_will not always lie on a point of integer in the space. 

Thus, the value of each point must be found by the interpolation 

method with several values near the point. 
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Appendix 2.B. Formulation of output current of ionization chamber 

Allowing for Boag's approximation, the ion density, v, becomes 

So at the instant when the X-ray pulse ceases. After the pulse the 

density in the overlap region, v 0' decreases with a rate: 

Hence, 

dvo = _ MV02 
ds' 

(2.B.I) 

(2.B.2) 

The overlap region exists for a half of the ion transit. Thus, the 

current density is to be derived by dividing the time into two inter-

vals. 

(I)0~s~0.5 

In Fig. 2. B . I the density distribution of negative ions at a time, 

s, are illustrated by a solid line and that at a time, s /2, by a broken 

line. The distribution is divided spatially into two: the ions in a re-

gion RI are experienced in recombination for a time past, and those 

in the other region R2 are suffering from recombination. In the re

gion RI , the density at a point P where ~ = 0 is equal to that at a 

point P' where ~ = s/2. Namely, 

v (s,O) = v (s/2, s/2) = v o(s/2). (2.B.3) 

In the same way the following relation is found: 

v (s, s) = vo(s). (2.B.4) 

Hence the total ion density in the region, IV I' is expressed by 

IVI = ~: v~(s,O d~ = ~:/~o(s') 2ds' 

= (2.B.5) 

On the other hand, the ion density in the region R2 is vo(s) at any 
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place. The width of the region is explicitly found to be (I - 28). 

Then, the total density, N 2' becomes 

N2 = (1 - 2s) "o(s) = (1- 2s)so/(1+Msos). (2.B.6) 

Accordingly, the normalized current density is expressed as follows: 

1;( s) = 2 ~: ,,_ (s, 1;) dl; = 2(N
I

+N
2

) 

4 I+Msos + 2so(l- 2s) . (2.B.7) = AI In( I+MSoS!2) 1+ Msos 

(II) 0.5 <"-:;; 1.0 

When the time longer than 0.5 elapsed, no recombination would 

take place. In Fig. 2. B . 2 the distribution at a time, s, is illustrated 

by a solid line and that at a time of 0.5 by a broken line. In the 

latter distribution, the density of ions existing between I; and I; + dl; 

is expressed by 

,,_(0,5, I;)dl; = "0(0.25+1;/2)2ds'. (2.B.8) 

The latter slides as the time passes, and becomes the former at a time 

of s. As shown in the figure, the density at a point P is equal to 

that at a point P'. Namely, 

,,_(s,1;) = ,,_(0.5, I; +s -0.5). (2.B.9) 

In other words, the distribution at a time of s from a point 0 to 

(I-s) is quite equal to that at a time of 0.5 from (s - 0.5) to 0.5. 

The total ion density, N 3' is written by 

= 
p-s 
)0,,_(0.5,1;+8-0.5) dl; 

~ 0.5 ~ 0.5 = ,,_(0.5,1;) dl; = "o(s') 2ds' 
8-0.5 s/2 

Accordingly, the current density is expressed as follows: 

1;(8) = 2 N3 = M4 In( 1+ MSo/2 ) 
I+Msos!2 
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CHAPTER 3. 

3.1. Introduction 

DOSIMETRY OF PULSED X-RAYS OF HIGH EXPOSURE 

RATE* 

-- ELECTRON LINEAR ACCELERATOR (I) 

The exposure rate of X -rays in the vicinity of the beam target of 

high-energy particle accelerators is extremely high. In such an X-ray 

field, almost all detectors will suffer the high-dose-rate effects. 1,2) 

One of the effects on an ionization chamber appears as the underesti-

mate of the number of ion pairs due mainly to the recombinafion. It is 

the most important problem in the dosimetry of high-exposure-rate X

rays to determine the collection efficiency, f-value, which is a correc

tion factor for the effect. The problem becomes more serious for 

single burst X -rays. 

In the previous chapter, saturation characteristics of a parallel

plate ionization chamber was clarified by numerical calculations of the 

f-value. The dependence of the f-value. was also obtained quantitative-

ly upon various parameters, i. e. the exposure rate, the pulse duration 

and the chamber constants. In this chapter, a method based on the 

calculated results is proposed for determining the f-value in an un

known pulsed X-ray field. The method is practically applied to a field 

generated by an electron linear accelerator installed at the Institute of 

Scientific and Industrial Research, Osaka University. The saturation 

curves and output currents of an ionization dhamber are also observed 

*The main part of this work is published in J. Nucl. Sci. Technol. 19 

(1982) 89 and Nucl. Instrum. & Methods 196 (1982) 469. 
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In the field. It is the purpose to establish the dosimetry of pulsed X-

rays of high exposure rate with an ionization chamber. 

3. 2. Experimental determination of collection efficiency in an unknown 

pulsed X -ray field 

3.2.1. Normalized saturation curve 

The ionic charge generated per X -ray pulse, Q 0' cannot be col

lected without recombination loss. The collected charge, Q, is then 

f-times amount of the generated charge. Namely, 

Q = f·Qo· (3.1) 

As was pointed out in the previous chapter, the f-value depends on 

not only the characteristic parameters of the X -ray field (ion produc-

tion rate, qo' and the pulse duration, 'to) but also the chamber con

stants (the recombination coefficient, a, the ion mobility, k, the gap 

distance between the electrodes, d, and the applied voltage, V). The 

calculated results are shown in Fig. 3.1 in a different form from the 

previous. Normalized, variables are defined as follows: 

So = 

Ms o = 

(3.2) 

(3.3) 

where 't is the transit time of ions and equal to kV /d
2

• The broken 

line represents the f-value calculated with Boag's formula. 3,4) 

The Mso-dependence of the f-value implies that the f-value of an 

ionization chamber varies by adjusting the chamber constants even at a 

fixed place in a X -ray field. Among the constants, applied voltage is 

most convenient for variation. Thus, the f-value is regarded as a 

function only of the applied voltage provided that the remaining para-

meters are fixed. Namely, 
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f = f(V). (3.5) 

Before a method for determining the f-value is proposed, it is 

shown that a so-called saturation curve can be obtained theoretically by 

use of the f-value as a function of the applied voltage. 

Assuming that both so- and Mso-values at a voltage V , (so) 
r r 

and (Mso)r' are given, then the values at a different voltage, Vi' 

are easily calculated by the following relation: 

(So). = (so) . V.IV , 
1 r 1 r 

(3.6) 

(3.7) 

where the suffix represents i-th applied voltage. A pair of so- and 

Mso-values gives an f-value, f(Vi ), respectively. In other words, the 

f -value at any applied voltage can be estimated if only the f -value at 

a reference applied voltage is given. Plotting the f-value against the 

applied voltage, a so-called saturation curve is uniquely drawn. 

Figure 3.2 shows typical curves for several values of f(V r). The re

ciprocal of the relative Mso-value on the abscissa is equal to the ratio 

of the applied voltage, as is clear from eq. (3. 7) . In order to gener

alize the saturation curve, the f-values on the ordinate of Fig. 3.2 

are normalized by the value of f( V ). The normalized f-value is equal 
r 

to the ratio of the collected charge, since 

= 

= 

[f( Vi) ·C;>oJ/[f(V r)·Q oj 

f(Vi)/f(Vr ) (3.8) 

The normalized saturation curves are shown in Fig. 3.3. It is seen 

that the radius of the curvature becomes shorter with decreasing the 

f-value. This result implies that the f-value may be determined by 

finding a theoretical curve fit well to a measured one. 
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3.2.2. Determination of collection efficiency 

It is assumed at first that the pulse duration of the X -ray field is 

measured by some detector. It will not be so difficult to measure the 

duration with a scintillator or streak camera. Then, the ionic charges 

ore collected with an ionization chamber by varying the applied voltage, 

If the X -ray pulse is reproducibly repeated. The voltages and the 

collected charges are normalized by those at a reference voltage de-

fined arbitrary, and then several points is plotted on the graph shown 

In Fig. 3.3. The co-ordinates of i-th point is (V;'Vr' f(Vi)/f(V r ». 
A theoretical saturation curve for a true fevalue must pass all the 

points. In most cases, however, such a curve cannot be found because 

all the points have an error due to a fluctuation of the X -ray field or 

a poor accuracy of measuring instruments. Thus, we find a best fit 

of theoretical curves to all the experimental values. It is noticeable 

in this procedure that the best fit curve does not necessarily pass a 

point of (1. 0, 1. 0) because the collected charge at a reference voltage 

also have an experimental error. Hence, the computation of the fit-

ting by, for example, the least square method must be performed by 

altering the relative f-value at a reference voltage as well as the ab-

solute value of f( V ). 
r 

Next, we consider a special case that only two points are given 

on the normalized saturation curve. The co-ordinates are (1. 0, 1. 0) 

and (V.IV , f(V.)/f(V ». A theoretical curve for a true f-value should 
1 r 1 r 

pass these points under the condition of no experimental error. Name-

ly, the true f -value corresponds uniquely to the ratio of collected 

charge, f(Vi)/f(V r ). Figure 3.4 shows a dependence of the f-value on 

the value of f(Vi ) If(V r)' where the ratio of the applied voltage is 
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Fig. 3.4. Relation between a true f-value and the ratio of f-values for 

two different applied voltages. The parameter, so, represents the 

pulse duration normalized by the ion transit time of ionization chamber. 

Combining the figure with an abreast-type ionization chamber, an f
value can be determined for single pulse of X -rays. 
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""sumed to be O. 5 as an example. 

The X -ray pulse generated by apparatus for fusion experiments 

"lin hardly be repeated. In such a field, the measurement of collected 

charges must be performed from a single waveform of output currents 

of an ionization chamber. The author designed and construct~d an a

breast-type chamber for the simultaneous measurement of ionization 

currents at two different voltages. It has,wo active volumes and two 

pairs of the electrodes, and thereby two different currents can be ob

served with a dual-beam oscilloscope. The ionic charges are obtained 

by integrating the currents, and the so-value is also estimated appro

ximately from the waveforms. 

The method combining an abreast-type ionization chamber with 

the calculated results shown in Fig. 3.4 is also applicable to a repeti

tively pulsed X-ray field. However, the experimental e"rors in mea

suring the charges will directly cause a deviation from the true f

value. From a standpoint of accuracy, the generalized method is pre

ferable because the errors are averaged statistically owing to the fit

ting. 

In summery, the f-value in a pulsed X -ray field is evaluated in 

the following procedure: 

(1) The pulse duration is measured with some detector. 

(2) Ionization currents are observed for two or more applied voltages. 

For single-burst X-rays an abreast-type ionization chamber is re

quired. 

(3) The ratio of collected charge is plotted against the ratio of appli

ed . voltage. 

(4) The f-value is obtained by fitting a theoretical saturation curve 
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to the measured points in the case of three or more points, and 

by finding a curve passing the points in the case of two. 

3. 3. Experimental apparatus 

Experiments on the response of a parallel-plate ionization chamber 

to pulsed X -rays of high exposure rate have been carried out with 

the 35 MeV electron linear accelerator installed at the Institute of Sci

entific and Industrial Research, Osaka University. 5, 6) The apparatus 

and experimental set-up are shown in Fig. 3.5 and Photo 3.1. A 

marked characteristics of the machine lies in that it can deliver singly 

bunched electrons more than 15 nC with a pulse duration of less than 

20 ps in lfsingle" mode. An electron beam with peak current of 10 A 

and duration of 10 ns can be obtained under the operating condition 

of "transient" mode, and that of 600 rnA and 1 ys in "steady" mode. 

When such pulsed electrons from the machine bombard a tungsten tar

get of 20 mm in diameter and 5 mm in thickness, bremsstrahlung X

rays are emitted there. Owing to a relatively high current of pulsed 

electrons, the exposure rate is very high enough for direct measure

ment of the output current shape of an ionization chamber with an 

oscilloscope. 

The duration of pulsed X -rays in this experiment is adjustable in 

a region between 50 ps and 1. 5 ys. The exposure rate of the X -ray 

field is variable with the current of electron beam or the distance be

tween a target and an ionization chamber. The beam energy is fixed 

at 22 MeV in the experiment. A repetition rate of X-ray pulsed is ad

justed to be constant of 10 pps so that ion currents of the ionization 

chamber may not be duplicated. 
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Electron Linear Accelerator 

__ -Om~ 
Wali Ionization Chamber 

o 
Target X-Rays 

Fig. 3.5. Schematic diagram of experimental apparatus and set-up. 

An extremely high exposure rate higher than 1010 R s -1 can be 

attained. 

Photo 3.1. Photorgaph of the experimental apparatus. 
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An abreast-type ionization chamber is designed for determination 

of the f-value in a single-burst X-ray field as shown in Fig. 3.6. 

The chamber wall is made of polyethylene which is approximately equiv

alent to air. As shown in Fig. 3.6 ·and Photo 3.2. two active volumes 

are closely aligned in parallel and two different voltages can be applied 

to each pair of electrodes. Thus, two different ionization currents 

can be observed simultaneously with a dual-beam oscilloscope. Photo 

3.3 shows an example of the output current shape of the ionization 

chamber exposed to pulsed X -rays. The difference in the applied 

voltage appears in the photograph as a difference in the ion transit 

time and the curvature of the current shape. 

As a preliminary experiment, an active volume of the chamber is 

calibrated in 60Co y-ray field. In general, an active volume is some

what larger than the product of the area of collecting electrode and 

the gap distance because of the distortion of an electric field between 

the collecting electrode and guard ring. In Fig. 3.7 is shown the ion

ization current as a function of the exposure rate calibrated before

hand. A good linearity is obtained within the region shown in the 

figure. Then, the active volume, Va' is obtained from the relation 

that 

3.3 x 10- 10 
X/Va 

where Ii is the saturation current and X the exposure rate. 

3. 4. Experimental results and discussions 

3.4.1. Output currents 

(3.9) 

It is necessary to acertain the ion transit time of the ionization 

chamber, which is an important parameter for the method for 
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Fig. 3.6. Abreast-type ioniza-

tion chamber. Two active vol

umes are closely aligned in paral

lel and different voltages can be 

applied to each pair of electrodes. 

A hatched part is made of alumi

nium, and the rest is made of 

polyethylene except connectors. 
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Photo 3.3. An example of the output currents of the abreast - type 
ionization chamber observed with a dual - beam oscilloscope. The signal 
of the longer tail corresponds to an applied voltage of 500 V and the 
other to 1000 V. Electron energy : 22 MeV, electron peak current: 8 A, 
pulse duration: 10 ns, wall thickness: 56 mm, distance from W -target: 
65 cm. Abscissa : 0.2 ms/div., ordinate: 1. 5 llA/div. 
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Fig. 3.7. An ionization current as a function of calibrated exposure 
rate, which is measured in 60Co y-ray field. The active volume of the 
ionization chamber is found to be 12.7 cm 3. 
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determining the f-value stated in the previous section. The ionization 

currents was observed under the condition of the pulse duration of 10 

ns, the gap distance of 10 mm or 15 mm, and the applied voltage be-

tween 100 and 1000 V. The traces of waveforms on the oscilloscope 

are shown in Fig. 3. 8 for several applied voltages. As the time con-

stant of detecting circuit is adjusted to be less than 10 llS> the figure 

represents exact ion currents. Furthermore, the build-up stage of 

the ionic currents cannot be found because of so short duration of 10 

ns. . It is seen in the figure that the transit time becomes shorter 

with increasing the applied voltage. In Fig. 3.9 the ion transit time 

is plotted against the applied voltage in a full-log scale. It is exper-

imentally confirmed that the ion transit time. is inversely proportional 

to the applied voltage, i. e. the following relation is correct: 

2 
T = dikE = d IkV , ( 3.10) 

where T is the transit time, d the gap distance between the electrodes, 

k the ion mobility, E the strength of an electric field, and V the ap-

plied voltage. The relation and the experimental result shown in Fig. 

3.9 give an ion mobility of 1.34 cm2s- 1V- 1, which is reasonable value 

comparing with those by several authors. 7-10) Figure 3.8 implies an-

other fact that the mobilities of positive and negative ions are appro-

ximately equal. If not, the current shape could be divided into dis

tinctive three parts. In the first part, both ions drift in opposit di-

rections by the collecting field and the recombination takes place in 

the overlap region. The second part would continue till all the faster 

ions reach either electrode without recombination. In the last part 

only the slower ions are drawn to the opposit electrode. However, only 

two parts exist in Fig. 3.8. The result means that the assumption of 
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Fig. 3.9. The ion transit time is plotted against the applied 
voltage for two gap distances. Inverse proportionality gives a 
constant ion mobility of 1.34 cm 2s- 1V-1. 
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the equality in mobility is satisfactory in this experiment, i.e. the 

mobility effect stated in the previous chapter is negligible. 

Next, the ion currents were observed by varying the distance 

between the target and the ionization chamber in order to investigate 

the dependence on the total exposure per pulse. Photograph 3. 4 

shows an example of the results under a fixed condition of the linear 

accelerator and the chamber constants. Namely, the energy of elec

trons is 22 MeV, the peak current 8 A, the pulse duration 10 ns, the 

gap distance of the ionization chamber 10 mm, the wall thickness 10 

mm, and the applied voltage 1000 V. The sweep rate in each photo

graph is 0.2 ms per division, but the scale of the currents is not uni

fied. In Fig. 3.10 are shown the ionic currents by normalizing the 

peak current to unity for several distances from the W-target. The 

time scale is also normalized by the ion transit time of 0.746 ms. 

Without recombination, the current shape would be triangular. It can 

be clearly seen that the shape changes a triangle to a concave shape 

with increasing the exposure rate. Figure 3. 11 shows theoretical cur

rent shapes calculated under the condition of an so-value of 1. 34 x 10- 5 

and /A-values of 3.35 x 104, 1.00 x 105, 2 .. 00 x 105 and 8.08 x 105, re

spectively. There is found a good agreement between the results 

shown in Figs. 3.10 and 3.11. It implies that a some assumptions made 

·in calculations would be valid in this case. 

A merit of measuring the output current shape is that the fevalue 

can be roughly estimated from the observeq shape. In the case that 

the exposure rate of the X-ray field is not ·so· high and the pulse dur

ation is sufficiently short, the ratio of the area under the observed 

waveform to that under the triangular correspons approximately to 
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Photo 3.4. 

(a) D = 87 em 
f= 0.832 

0.1 ms/div. 
1.5 ~A/div. 

(b) D = 38 em 
f = 0.566 

0.1 ms/div. 
6. 0 ~A/div. 

(c) D = 8.2 em 
f = 0.479 

0.1 ms/div. 
15. 0 ~A/div. 

The ionic currents for three distances between 

W-target and chamber. (a) 87 cm, (b) 38 cm and (c) 8.2 cm. 

Electron energy: 22 MeV, electron peak current: 8 A, pulse 

duration: 10 ns, wall thickness: 56 mm. 
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triangle to a concave shape with increasing the exposure r·ate. 
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the f-value. In a strict sense., the observed peak current is less than 

that without recombination loss, since some of the generated ions dis

appear through recombination in the build-up stage. The phenomena 

are often found in the X -ray fields of extremely high exposure rate or 

of relatively long duration. 

3.4.2. Depth-dose curves 

It is one of purposes of the X -ray dosimetry to evaluate the ex

posure of the field. The quantity is defined by ICRU ll ,12) as fol

lows: Exposure of X-or y-radiations at acertain place is a measure of 

the radiation that is based upon its ability to produce ionization. The 

unit of the exposure is roentgen defined as follows: The roentgen 

shall be the quantity of X or y radiation such that the associated cor

puscular emission per 0.001293 gram of air produced, in air, ions car

rying 1 e. s. u. of quality of electricity of either sign. According to 

the definition, a special attention must be paid to the ionization only 

by electrons produced at a point of interest, wherever the ionization 

takes place. It is, in actual, very difficult to separate the ionization 

from that by electrons produced at different points. Under a certain 

circumstance, however, one can directly measure the charge equiva

lent to that by electrons produced at a point of interest. It occurs 

when the energy spectrum of electrons leaving a small volume is equal 

to that of electrons entering into the volume. It is called a charged 

particle equilibrium (CPE) condition. 

In order to attain experimentally the CPE condition, one adjust 

the thickness of the wall of an ionization chamber, which is, in most 

cases, of the order of the average range of secondary electrons. For 
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such high-energy X-rays as are measured in the present experiments. 

fundamental problems still remain about the definition and the measure

ment of the exposure. The kinetic energy of secondary electrons is 

spent mainly in radiative interactions (in generating bremsstrahlung 

X-rays) rather than in collisional interactions (in generating ion pairs). 

In this case, the range of the secondary electrons becomes comparable 

to the mean attenuation length of the primary X -rays. Accordingly, 

one must correct for attenuation of the X -rays in the chamber wall for 

the CPE condition. A solution for the problem has been proposed by 

Attix. 13) (Appendix 3.A) However, there still remains the difficulty 

in determining the CPE condition uniquely for X -rays distributed in 

wide energy region. For the present experiments, the ionic charge 

generated at a certain wall thickness is regarded as a measure of the 

field strength. 

The ionic charges were measured as a function of the wall thick

ness at a fixed position of the chamber and applied voltage. The ex

perimental apparatus and the controller for setting the wall are shown 

in Photos 3.5 and 3.6. In Fig. 3.12 is shown an example of so-called 

depth-dose curves in the case of the peak current of the linear accel

erator of 9 A, the pulse duration of 10 ns, the distance between the W

target and the chamber of 40 cm. Both the ionic charge measured at an 

applied voltage of 1000 V and that corrected by the f-value are shown 

by dots and circles, respectively. Less charge is observed near the 

surface because of the non-CPE condition. The charge increases with 

the thickness and reaches the maximum between 30 and 40 mm of poly

ethylene thickness. It decreases gradually at a deeper position in the 

so-called transient CPE region because mainly of the attenuation of the 
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Photo 3.5. Photograph of the ionization chamber. The wall 

thickness is adjusted by varying the number of polyethylene 

disks in front of the ionization chamber. 

Photo 3.6. Photographic view of the remote controller for 

changing of the wall thickness. 
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Photo 3.5. Photograph of the ionization chamber. The wall 

thickness is adjusted by varying the number of polyethylene 

disks in front of the ionization chamber. 

Photo 3.6. Photographic view of the remote controller for 

changing of the wall thickness. 
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Fig. 3.12. Dependence of the ionic charge density on the wall thick
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and that corrected by the f-value are shown by dots and circles, re
spectively. Electron energy: 22 MeV, electron peak current: 9 A, 
pulse duration: 10 ns, distance from W -target: 40 cm. 

" " 
1.6 - Polyethylene 28 MeV __ 0-- 0 -

-0_0 -° 
0.0_0 - 0 - 0 - 0 

1.4 -0/ -, , 

I I I ..l. 0.4L-__ -L __ ~~ __ ~ __ _L ____ L_ __ ~~ 

0.0 1.0 2.0 3.0 6.0 

WALL THICKNESS 

Fig. 3.13. Depth-dose curves for three electron energies of 20, 24 
and 28 MeV. Pulse duration: 10 ns, distance from W-target: 52.7 cm, 
wall: polyethylene. 
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primary X-rays. 

Figure 3.13 shows the depth-dose curves for several electron en

ergies of the linear accelerator. The ionic charge density per an inci

dent electron is plotted against the wall thickness. It is clearly seen 

that the thickness of the peak shifts to thicker position as the electron 

energy becomes high, i. e. as the average energy of X -rays becomes 

high. At an energy higher than 26 MeV another peak can be observed 

near the surface. It is attributed to neutrons produced by photo-nu

clear reactions. In such a case the field should be regarded as a mix

ed one consisting of neutrons and X-rays rather than an X-ray one. 

The dosimetry of the mixed radiation field is discussed in Chap. 5. 

3.4.3. Evaluation of f-value and ionic charge density 

The ionic charge has been measured by varying the chamber con

stants under various operating conditions of the electron linear accele

rator. Three typical saturation curves are shown in Fig. 3. 14, where 

the collected charges normalized' by that at a reference voltage of 1000 

V are plotted against the relative value of the applied voltage. The 

ordinate and abscissa are equal to those of Fig. 3. 3 as stated in the 

previous section. In the figure are also shown the respective best fits 

of the theoretical saturation curves by lines, which are calculated by 

the least square method. Then, the f-values corresponding to the best 

fits of the saturation curves are found to be 0.98, 0.72 and 0.054, 

respectively. 

On the other hand. the f-values is also determined by a special of 

the saturation curve method, in which a ratio of the ionic charges col

lected at two different applied voltages is only required. In Fig. 3. 15 
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the results obtained by the special method are shown by crosses and 

those in Fig. 3.14 by horinzontal lines. The former f-values deviate 

in a certain region because of experimental errors in measuring each 

ionic charge and the fluctuation of the beam current. For instance, 

the f-values of data B range from 0.64 to 0.75. From a statistical 

viewpoint, it is desirable to measure the charges for many applied vol

tages so far as the time for experiments and computation permits. 

It is necessary to justify the f-value obtained by the above-men

tioned method for a practical application. An ionization chamber in 

common use cannot be applied to such a high exposure rate X -ray field 

as is generated by the linear accelerator because of a very small f

value. Hence, the inverse square law is confirmed experimentally, which 

should be right in the present experiments because both the beam dia

meter and the range of 22 MeV -electrons in the target are short enough 

for the X-rays to be regarded as emitted from a point source. 

Under the three operation modes of the linear accelerator, the 

ionic charge were measured and corrected by the f-value determined in 

the procedure stated above. Figure 3.16 (a) shows the experimental results 

in the case of "single" mode, where the pulse duration is 50 ps and the 

electronic charge is 7 ne per pulse. The "measured" values shown by 

dots were obtained with an applied voltage of 1000 V. The f-value was 

determined by the saturation curve method and is shown by crosses. 

The circles on the straight line on a full-log scale represent the ionic 

charge density corrected by the f-value. The f-value does not become 

less than 0.8 owing to extremely short duration although the extended 

exposure rate13) exceeds 1010 Rs- 1. As is clear from the figure, the 

corrected charge satisfies the inverse square law. Figure 3.16 (b) corres-
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ponds to the case of "transient" mode, where the pulse duration is 10 

ns and the peak current is 7 A. The f-value becomes less than 0.3, 

but the corrected values still becomes linear. In Fig. 3.16 (c) is shown 

the case of "steady" mode, where the pulse duration is 1 ]lS and the 

peak current is 640 rnA. The f-value decreases to be less than 0.4. 

Namely, 96 % of initial production of ion pairs disappears owing to re

combination during charge collection. In spite of such a large correc

tion the inverse square law is still satisfied. In other words, the f

values determined by the proposed method are sufficiently accurate. 

It is concluded from the results shown above that the proposed method 

can be practically applied to pulsed X-ray fields. 

3.5. Concluding remarks 

A method has been proposed for determining the collection efficien

cy in an unknown pulsed X-ray field. The procedure is as follows: 

(1) The pulse duration of the X -ray field is measured by some detec

tor such as a scintillator, a streak camera, and so on. 

(2) The ionic charge is measured as a function of the applied voltage. 

(3) A reference voltage is arbitrary defined. Then, the ratio of col

lected charges is plotted against that of applied voltages. The 

curve is called a normalized saturation curve. 

( 4) A best fit of the normalized saturation curves to the measured one 

is found by numerical calculations by the least square method. What 

one wants to know is the f-value corresponding to the best fit. 

In order to confirm an applicability of the proposed method, ex

periments have been carried out in a pulsed X-ray field generated by 

the 35 MeV electron linear acceleartor installed at ISIR, Osaka Univer-
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sity. An abreast-type ionization chamber was designed and constructed 

for simultaneous measurement of two ionization currents and two ionic 

charges in a single-burst X -ray field. As a result of the experiments, 

the following results were obtained: 

(1) Ionic currents of tbe ionization chamber exposed to pulsed X -rays 

were observed with little time delay. The waveforms agreed well 

with those predicted by the calculated results described in the pre

vious chapter. It was confirmed that the assumptions made in the 

calculations were sufficiently valid. 

(2) The ionic charge density under the ePE or transient ePE condition 

was regarded as a measure of the strength of the X -ray field. Its 

depth dependence was obtained with polyethylene wails. It was 

found that 40 mm-polyethylene should be required to attain the ePE 

condition for bremsstrahlung X -rays generated by 22 MeV electrons. 

(3) In order to justify the f-value obtained by the proposed method, 

the ionic charge density was measured as a function of the distance 

between the target and the ionization chamber. It was confirmed 

that the corrected charge density satisfied the inverse square law and 

the method would be applicable to' pulsed X -rays. 

- 59 -



Appendix 3.A. Extended exposure 

Attix proposed a method for determining the exposure for higher 

energy than the limitation of a few MeV. 13) It is called an extended 

exposure. In this section, a modified concept about this quantity is 

introduced in the following. 

Let consider a small volume of air, where a photon interacts with 

an atomic electron; for example, through the Compton interaction as 

illustrated in Fig. 3. A. 1. For a lower photon energy, the kinetic ener-

gy of a recoil electron is spent mainly by ionization or excitation of 

atomic electrons. For a higher energy, however, a considerable part 

of the electronic kinetic energy is spent in radiative interactions, i. e. 

in generating bremsstrahlung X -rays. 

In Fig. 3.A.1, a photon with an energy of hv is entering in a 

volume, and the scattered photon with an energy of hv' is leaving after 

transferring kinetic energy of To. to the recoil electron. The transfer-

red energy, 'tr' is expressed by 

£tr = hv - hv' To (3.A.1) 

The kerma, K, defined by the energy transferred from indirectly to 

directly ionizing particles per unit mass of the material, 14, 15) is ex-

pressed as follows: 

K (3.A.2) 

where dm is the mass of a volume element. Here, the kerma is divided 

into its collisional part and its radiative part. The collision kerma, Kc ' 

in air is closely related to the exposure, X, through the following for-

mula: 

X ~ K = e d(To - hv") 
WC W· dm (3.A.3) 
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Fig. 3.A.1. Illustration of a small volume of air, where a photon 

interacts with an atomic electron through Compton collision. 
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where e is the electronic charge, W the mean energy expended per ion 

pair formed, and h v" the energy of bremsstrahlung X -ray. 

A measurable quantity, however, is not the collision kerma but the 

absorbed dose in the volume element of interest. In Fig. 3.A.2 are il-

lustrated the dependence of the kerma and the absorbed dose upon the 

depth in air. 16) The CPE condition is satisfied only at a point where 

(3.A.4) 

It is very difficult to find experimentally the point for actual X -rays 

distributing widely in energy, and especially for very high energy X-

rays. 

Let Kc(I,E) dE be the collision kerma of photons of which energies 

lie between E and E + dE, D (l) the absorbed dose at a depth of I, 

and 11 (E) the linear attenuation coefficient. Then, in a sufficiently 

deep region which Attix called a transient CPE region, the energy de-

posited by the electron at a depth of 1 (point P) is absorbed at a 

depth of 1 + x(E) (point P'). Namely, the following relation exists: 

D(l) rEmax K (I - x(E), E) dE Jo c 

rEmax K (O,E) e- I1 (E)'(I-X(E» dE 
Jo c 

(3.A.5) 

Thus, the quantity to be evaluate, i.e. the collision kerma at a depth 

of 0, (Kc) 0' is written by 

(K) = D(l) ·F(t), c 0 
(3.A.6) 

where 
r Eomax J Kc(O,E) dE 

F(l) (3.A.7) 
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The modifying factor, F(t), is approximately estimated from the mea

sured dependence of the absorbed dose upon the wall thickness. For 

monoenergetic X-rays, eqs. (3.A.3), (3.A.6) and (3.A.7) lead the 

formula that 

x = ~ D(t) e -l1(E). (t - x(E» • (3.A.8) 

The values of l1(E) and x(E) are tabulated in the literature,14) and 

thereby the exposure can be determined. 
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CHAPTER 4. DOSIMETRY OF PULSED X-RAYS OF RELATIVELY 

LONG DURATION* 

X-RAY TUBE FOR MEDICAL DIAGNOSIS 

4.1. Introduction 

It is the most important work for radiation protection to evaluate 

absolutely the absorbed dose in human body irradiated in diagnostic or 

therapeutic X -rays. I, 2) For the measurement of the dose are often 

used thermolumunescence dosimeters and film badges as a personal 

monitor. The dosimeters must be calibrated beforehend by standard 

dosimeters such as an ionization chamber. 

In recent years, much effort in decreasing the absorbed dose has 

been' made by optimizing the energy spectrum of diagnostic X -rays and 

by improvement of radiographic imaging systems. 3- 7) On the other 

hand, the pulse duration of X -ray sources has been shortening to be 

of the order of ms in order that the image of the subjects may not be 

blurred. In inverse proportion, the exposure rate becomes higher. 

Thus, an important problem has ocurred in dose-evaluation with an ion

ization chamber. The ion transit time of the chamber in common use 

lies in the region of ms, which is comparable to the pulse duration of 

diagnostic X-rays. This is just the case where Boag's formula for col

lection efficiency8.9) becomes invalid, as already pointed out in Chap. 

2. 

In the analysis of the collection efficiency for pulsed X -rays in 

Chap. 2, three assumptions were made about the space charge effect, 

*This work is published in Hoken Butsuri 17 (1982) 143. 
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the mobilty difference and the pulse shape. The effects on the collec

tion efficiency caused by the first two assumptions have already been 

discussed. It is the purpose of this chapter to clarify the effect 

caused by the third assumption. The output currents of a parallel

plate ionization chamber are observed and the saturation curves are 

also obtained with an X -ray tube in practical use at the Hospital at

tached to the Research Institute for Microbial Diseases, Osaka Univer

sity. These experimental results are compared with the numerical cal

culations, and the pulse shape effect on the output current and the 

collection efficiency are discussed in detail. 

4.2. Pulse shape effect on f-value and output currents 

In the numerical calcul.ations in Chap. 2, the shape of X-ray 

pulses was assumed to be a rectangle for simplicity. In most cases, 

however, the shape of pulsed X -rays emitted from an X -ray tube for 

medical diagnosis is far from rectangular. 

In order to obtain the f-value for an arbitrary pulse shape, the 

normalized production rate, A(s), is introduced in eq. (2.12) as a 

function of the normalized time under the condition for normalization 

that 

~:o A(8) ds = So ( 4.1) 

where So is the pulse duration normalized by the ion transit time of an 

ionization chamber. Figure 4.1 shows typical normalized production 

rates used in succeeding calculations. A dotted and broken line repre

sents the production rate for rectangular pulses, a broken line that 

for triangular pulses, and a solid line that for typical X -rays emitted 

- 66 -



2.0 
~ 

'" -< 
w 
f-
ex: 1.5 0: 

z 
0 -f-
U 
=> 

'" 0 1.0 .-.-. 
0: 
a. !J \ 
z I , 
0 

I \ 

'" I , 
w I N 0.5 \ 
...J I , 
ex: I \ ::;: 

I 0: , 
0 I z 

I 
, , 

a 
a 0,25 0.5 0.75 1.0 

NORMALIZED TIME s/so 

Fig. 4.1. Normalized production rates as a function of the 

normalized time for three pulse shapes of a rectangle, triangle 

and the shape of typical X -rays emitted from an X -ray tube in 

practical use for medical diagnosis. 

- 67 -



from an X-ray tube in practical use. The normalized time, 8/80' on 

the abscissa is equal to the time normalized by the pulse duration of 

X-rays. Namely, 

s 
So 

= tiT 
ToiT = t 

"0 
( 4.1) 

For rectangular pulses, the normalized production rate is expressed in 

a functional form as follows: 

1 o ;:;;; 8 ;:;;; 80 

"(s) = (4.2) 
o 80 < 8 ;:;;; 1 + 80 

and for triangular pulses, 

4 s/so 0~s~so/2 

"(s) = 4-4s/so 80/2 < 8 ;:;;; 80 (4.3) 

o 80<s;:;;;1+s o 

At first, the temporal variations of spatial distribution of the ion 

density are calculated for two types of pulse shapes. The normalized 

pulse duration is assumed to be 1.0 as an example. Figure 4.2 (a) 

and (b) correspond to the case where M = 0, i.e. no recombination be-

tween positive and negative ions takes place. The ions distribute in a 

triangle form at the instant when an X -ray pulse ceases, because the 

drift by a collecting field occurs simultaneously with the ion production 

during the pulse. If the pulse duration is very short compared with 

the transit time, the drift is negligible and the ions distribute uniform-

ly in the ionization chamber. Such a case has already been discussed 

in Chaps. 2 and 3. Temporal variation of the density distribution for 

a triangular pulse is shown in Fig. 4.2 (b). The time-variant ion pro-

duction brings about a curved distribution. A distinctive difference is 

found between Figs. 4.2 (a) and (b). The cases that M = 10.0 are 

shown in Figs. 4.3 (a) and (b) for rectangular and triangular pulses, 

- 68 -



~ 
</> 
Z 
W 

'" Z 
o 

'" ~ 
..J 

~ 
'" o z 

;;: 

~ 
</> 
z 
w 

'" z 
0 

'" w 
N 

::; 
« 
" '" 0 
z 

1.0r------r------r-----,------,------~ 

0.8 

0.6 

0.4 

0.2 

j M = 0 

So = 1.0 
(rectangular) 

s -1.0 / 
/ 

/ 

'" s -1.1 
/ 

/ ./ 

" a-0.6/ 

/ / 

" '" s-1.3 
/ / 

/ / 

/ 
./ 

/ / ./ 
/ / ./ 

, s-0.3/ " 
/ / / 
",/ / s .. 1.6 
/./ / 

/ / ./ 
/ / 

" s-O.l.... / 

NORMALIZED DISTANCE 
1.0r------r------r------r------r---~~ 

--.-j M = 0 s -1.0 ./ 

So = 1. 0 
./ 

/ 
0.8 (triangular) 

/ s -1.1 
/ I 

I I 
I 

I I 0.6 I 1 
s -0.6 1 1 

1 1 .. 1.3 
1 I 

0.4 1 1 
I 1 

I I I 
/ I / 

0.2 / I I 

/ / 
./ 

/ 
/ 

./ ..... 8-1.6 .- --0 
0 0.2 0.4 0.6 0.8 1.0 

NORMALIZED DISTANCE ~ 

(a) 

(b) 

Fig. 4.2. Temporal variation of the spatial distribution of the 
normalized ion density for pulsed X -rays of which duration is equal 
to the ion transit time. No recombination takes place. (a) rect
angular pulse, (b) triangular pulse. 

- 69 -



;: 
0.6 ,.. 

I--<f) 
z 
UJ 

'" z 0.4 
0 

'" UJ 
N -..J 

"" 0.2 :E 

'" 0 z 

0 
0 

;: 0.6 

,.. 
I-

<f) 
Z 
UJ 

'" 0.4 
z 
0 

'" UJ 
N 

..J 0.2 

>'! 
'" 0 
z 

jM=lO.O 

lso=1.0 
(rectangular) 

s .. 0.6 

.......... --:-0.1 

0.2 0.4 0.6 

.... 

.... .... .... 

.... 

... .... ... S .. 1.3 

.... .... .... .... S .. 1.6 

0.8 1.0 

NORMALIZED DISTANCE E 

(a) 

\ M = 10.0 

~Sa = 1.0, 
(triangular) 

s-0.6 ~_----

0.6 

8" 1.0 

... 
.,,- ..... $ .. 1.3 .... 

8-1.6 .......... .... 

0.8 1.0 

NORMALIZED DISTANCE E 

(b) 

Fig. 4.3. Temporal variation of the spatial distribution of the 
normalized ion density for pulsed X -rays of which duration is equal 
to the ion transit time. Owing to recombination the distribution 
changes to a tangential curve. (a) rectangular pulse, (b) trian
gular pulse. 

- 70-



respectively. An so-value of 1. 0 and M-value of 10.0 correspond near

ly to the pulse duration of 1. 0 ms and the exposure rate of 5.0 x 103 

R s -1 provided that the transit time of an ionization chamber is 1. 0 ms 

and the recombination coefficient is 1.0 x 10- 6 cm3s- 1. Owing to re

combination the density distribution changes from a triangular or a sine 

curve to a tangential one. It can be expected that such a difference in 

the distribution between two pulse shapes should affect the output cur

rent shape and the f-value. 

The waveform of the output currents of an ionization chamber 

have been derived theoretically by a few authors,10,11) but they had 

neglected the pulse shape effect. The normalized current density, 

7;(s), is given here by eq. (2.18). For pulsed X-rays of relatively 

long duration, the current density cannot be derived from Boag's for

mula, because the drift of ions during pulse is neglected in the assum

ptions. Figure 4.4 shows the results of numerical calculations of eq. 

(2.18) in the case that So = 1.0 and M = 10.0. The normalized cur-

rent density for a rectangular pulse is shown by a solid line, which is 

similar to that obtained by Livingstone. 10) A broken line in the figure 

shows the current density for a triangular pulse. It is clearly seen 

that the output current shape is affected sensitively by the shape of 

X-rays. 

Numerical calculations of the f-value has been performed under 

various conditions. An example is shown in Fig. 4.5, where the f

values for a rectangUlar and a triangular pulse are represented by a 

solid and a broken line, respectively, as a function of Mso-value cor

responding to the total exposure per pulse. The Boag's f-value is also 

shown by a dotted-broken line. In the region where the pulse dura-
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tion is comparable to the ion transit time, the true f-value deviates 

from the Boag's formula as already stated. The pulse shape effect in 

question acts on the f-value so as, to decrease it, i.e. to increase the 

recombination loss. Figure 4.6 shows the f-value as a function of the 

normalized pulse duration, which lies between about 0.5 and 5.0 for 

diagnostic X-rays. In Fig. 4.7 is shown the deviation of the f-value 

for a triangular pulse from that for a rectangular pulse. It is found 

that the deviation reaches the maximum of about 10 % near an so-value 

of 1. O. Namely, the pulse shape effect becomes most significant for 

pulsed X-rays in the diagnostic region. In the figure is also shown 

the deviation of the f-value for X-rays emitted from an X-ray tube, of 

which shape was shown in Fig. 4.1. Another notice should be taken 

that the pulse shape for the X -ray tube may be approximated by a 

triangle within a few per cent error. It is concluded that both pulse 

duration and pulse shape must be measured in evaluating the f-value 

acuurately for pulsed X -rays in the diagnostic region. 

4.3. Experimental results and discussion 

4.3.1. Experimental apparatus 

The pulsed X -rays in this experiment were generated by an X -ray 

tube (Type: Circlex 1/2 P38C) installed at the Hospital of the Research 

Institute for Microbial Diseases, Osaka University. The tube was op

erated under the condition of the tube voltage of 60 kV and the beam 

current of 500 rnA. The total filtration was 1.2 mm-AI equivalent. 

Three typical X -ray energy specra are shown in Fig. 4.8. In Photo 

4. 1 is shown a typical output signal of a plastic scintillator exposed to 

the pulsed X -rays. The time delay can be neglected because the res-
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Photo 4.1. Waveform of pulsed X -rays emitted from the X -ray t ube. 
It was observed with a plastic scintillator. Sweep rate: 1 ms/div . 
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ponse time of the scintillator and a photomultiplier is shorter than sev

eral ns. In actual, the energy dependence of the scintillation efficien

cy reflects on the output signal, but approximately the signal corres

ponds to the exposure rate. Accordingly, a significant error would not 

be caused if we take the waveform shown in the photograph as that of 

the pulsed X -rays. Then, the pulse duration is found to be 5.46 ms. 

An air-equivalent ionization chamber of parallel plate was used in 

this experiment. The chamber was made of polyethylene, which is 

nearly equivalent to air, except the connectors and the conducting 

materials in order not to disturb the X -ray field. The wall was a thin 

polyethylene sheet of 200 )lm thickness to attain the CPE condition. 

The polyethylene sheet and disks were coated with a thin film of alumi

nium by use of a vacuum evaporation method. The gap distance be

tween the electrodes was 10.0 mm, and the active volume was 12.7 cm3. 

The ion mobilty in air has already been estimated to be 1. 34 cm 2s -lV-l 

from the experiment described in Chap. 3. Accordingly, the ion tran

sit time at an applied voltage, V, is expressed as 

T = O. 746/V. (4.5) 

4.3. 2. Output currents 

The output currents of the ionization chamber were observed with 

a memory oscilloscope through a co-axial cable. The shunt impedance 

was 10 kll, and therefore the time constant of the detecting circuit can 

be adjusted to be less than 10 )lS. Photograph 4.2 shows typical wave

forms of the currents of the ionization chamber, which was placed at a 

distance of 26.2 cm from the target of the X-ray tube. To the cham-

ber were applied the voltages of (a) 300 V, (b) 200 V and (c) 100 V, 
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respectively. The normalized pulse duration, therefore, are 2.20, 1. 46 

and 0.73, respectively. It is seen that as the applied voltage becomes 

lower the peak current decreases and the tail becomes longer. Fur

thermore, the change of the current shape is clearly seen in the photo

graphs. In the case of a high applied voltage, that is, a long norma

lized duration, the output current follows immediately the primary X

rays and the ion current after the X-ray pulse is hardly seen. In the 

case of a short normalized duration, the ion current after the pulse is 

distinctively seen as shown in Photo 4.3 (c). For a much shorter dur

ation, the current after pulse is only observed as described in Chap. 

2. 

In order to obtain the currents theoretically, the calculations are 

carried out by putting the waveform of pulsed X-rays into eq. (2.18). 

The results are shown in Fig. 4. 9, which represents the normalized 

current densities as a function of the time normalized by the pulse 

duration, Le. s/so = tlTo = 183t. The symbols, A, Band C, corres

pond to Photo 4.3 (a), (b) and (c), respectively. The M-values of 

1.91, 4.29 and 17.2 used in the calculation will be evaluated in the 

succeeding subsection. There is found a good agreement between cal

culated and experimental results. This means that some assumptions 

made in the calculation are valid and therefore our calculations is ap

plicable to pulsed X -rays of relatively long duration with an arbitrary 

pulse shape. 

4.3.3. Saturation curves 

It was pointed out in the previous chapter that the f-value in an 

unknown pulsed X -ray field could be determined from a characteristics 
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of saturation curve. The proposed method12 ,13) is applied to the X

ray field in this experiment. 

The normalized saturation curve is obtained theoretically from the 

{-Mso curve. In the case of very short pulse duration, the f-Ms o 

curve can be regarded as a single curve for various applied voltages. 

However, in this case where the normalized pulse duration lies between 

about 0.73 and 7. 3, the curves for applied voltages are no longer the 

same. Figure 4.10 shows the f-Ms o curves for foul' so-values. The 

socvalues of 0.728, 1.46, 3.64 and 7.28 correspond to the applied 

voltages of 100, 200, 500 and 1000 V. Let a reference voltage be 

1000 V and choose the f-value, fLO' arbitrarily on the uppermost 

curve. The corresponding Mso-value is represented in the figure by 

(Mso)1.0' The Mso-value multiplied by a factor of 1000/500 corresponds 

to (Ms o)0.5' Then the value of fO.5 is found on the second curve as 

shown in the figure. The f -values for all the applied voltages can be 

determined in the same procedure. Plotting the values normalized by 

that at a reference voltage against the applied voltage, the so-called 

saturation curve is obtained. 

The saturation curves were measured by varying the distance be

tween the X-ray source and the ionization chamber. In Fig. 4.11 is 

shown an example at a distance of 26. 2 cm by dots. The three theo

.retical curves are also shown in the figure. There is found no curve 

fit to all measured points among the curves predicted by Boag's for

mula. Two of them are shown by broken lines. The upper curve 

agrees well with the points at applied voltages higher than 600 V, but 

deviates from the rest. The lower does not pass the points except for 

two at the voltages of 100 and 1000 V. On the other hand, according 
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Fig. 4.10. Collection efficiency as a function of Mso-value for 
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to the calculations a best fit of the saturation curves to all the points 

is found as shown in the figure by a solid line. This curve gives a 

true f-value of 0.971 at a voltage of 1000 V. In general, Boag's for

mula brings about the underestimate of the f-value, that is, 0.81 or 

O. 90 in this case. 

Figure 4. 12 shows the measured and corrected values of the ionic 

charge density (exposure) as a function of the distance from the X-

ray source. The measurement was performed by adjusting the beam 

current as reproducible as possible. The radius of the electron beam 

of the X -ray tube was so small that X -rays are considered to be emit-

ted from a point source. Furthermore, the absorption of the X-rays 

in air can be neglected, since the mean energy is about 28 keV and 

the total absorption at a distance of 80 em from the filter of the tube 

. 14-16) 
IS 4 % at most. Accordingly, the exposure should satisfy the in-

verse square law about the distance. As shown in Fig. 4.12, the ex-

po sure corrected by the methpd lies near a straight line on a full-log 

scale, whereas that corrected by Boag's formula deviates near the 

source. It is concluded from the result that the f-value in the X-ray 

field of relatively long duration can be accurately evaluated by our 

method. 

4.4. Concluding remarks 

The collection efficiency of a parallel-plate ionization chamber has 

been discussed for pulsed X -rays of which duration is of the order of 

the ion transit time of the chamber. The following results were ob

tained by the numerical calculations of the f-value including the pulse 

shape effect. 
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(1) A distinctive difference in the spatial distribution of the ion den

sity was found between a rectangular and a triangular pulse. Es

pecially, the output current shape of the ionization chamber was af

fected sensitively by the pulse shape of X -rays. 

(2) It was found that the pulse shape effect on the f-value should 

appear as the underestimate of the recombination loss. The effect 

was most significant in the case that the pulse duration was com

parable to the ion transit time. 

(3) The pulse shape of the X -rays in the diagnostic region could be 

approximated by a triangle within a few per cent error. 

In order to confirm experimentally that the method proposed in 

Chap. 3 should be applicable to pulsed X -rays of relatively long dura

tion with an arbitrary pulse shape, the experiments were carried out 

by using an X -ray tube for medical diagnosis installed at the Hospital 

of the Research Institute for Microbial Diseases, Osaka University. 

The following results were obtalned. 

(4) The observed currents of the ionization chamber agreed well with 

the results calculated in cosideration of the pulse shape effect. 

(5) The saturation Curves were measured by varying the distance be

tween the X -ray Source and the chamber. There was found no 

curve among those predicted by Boag's formula, but a best fit of 

the curve to all the measured points could be found by our calcu

lations. 

(6) The exposure corrected by the f-value satisfied the inverse square 

law. The result showed that the method for determining the f-value 

could be applied to pulsed X -rays for medical diagnosis as well as 

high-exposure-rate X-rays generated by particle accelerators. 
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CHAPTER 5. DOSIMETRY OF MIXED RADIATIONS CONSISTING OF 

X-RAYS AND NEUTRONS* 

-- ELECTRON LINEAR ACCELERATOR (IT) --

5. 1. Introduction 

Radiations emitted from particle accelerator and other sources 

do not consist only of X -rays, but in most cases they involve neutrons, 

electrons, protons, and so on. It is the purpose of dosimetry of such 

a mixed radiation field to evaluate the radiation effect on irradiatied 

materials. The effects is represented, for example, by displacement 

per atom in solid state physics and RBE (relative biological effect) dose 

in biology. Especially for radiation protection purpose are defined the 

dose equivalent (DE). According to its definition, 1-3) DE is propor-

tional to the absorbed dose in human body and a proportional constant 

is called quality factor (QF). The QF, in general, depends on species 

and energy of the radiation. The ICRU recommended QF as a function 

of the collision stopping power (LET). 3) Alternative expression is ac

cepted of a product of the particle fluence and the conversion factor 

(CF).4,5) Both factors of QF and CF connot be measured directly as 

physical quantities because of complicated functions of the particle en-

ergy. Thus various techniques for estimating the factors have been 

developed and improved, but there still remain some problems in each 

technique at present. 

In this chapter is discussed the dOSimetry of mixed radiations 

*The main part of this work is presented in KEK-80-1 R (1980) 75 and 

Nucl. Instrum. & Methods 202 (1982) 481. 
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consisting of X -rays and neutrons generated by high temperature plas

mas and high energy particles accelerators. Placing a matter in a 

mixed field consisting of such indirectly ionizing radiations, the second

ary radiation field consisting of directly ionizing particles (electrons 

and protons) is formed in the matter. Such recoil particles ionize the 

atoms and their kinetic energy is eventually absorbed in the matter. A 

characteristic featjlre of the ionization in a mixed radiation field lies in 

a non-homogeneous distribution of the density of ion pairs, which 

caused by the difference in physical property between electrons and 

protons. 

The author tried to evaluate DE in a mixed radiation field with an 

ionization chamber. A merit in using an ionization chamber is that the 

total absorbed dose due to both neutrons and X -rays can be obtained 

according to its definition if only the number of ion pairs generated is 

determined. Thus the DE evaluation depends on how one estimates QF. 

It is considered that the nonuniform distribution of the ion density is 

the key to estimate QF. Two methods are proposed in this chapter. 

They are compared with other methods, i. e. theoretical calculations of 

energy spectra, measurement of LET spectrum, and separate measure

ment of absorbed doses with two ionization chambers, and then, the ap

plicability of two proposed methods is confirmed. 

5. 2. Basic concept of mixed field dosimetry 

The purpose of the mixed field dosimetry is focused on DE evalua

tion in the present chapter. The various methods have been developed 

and they may be roughly classified into three categories according to 

the radiation quantity to be measured, as shown in Fig. 5.1. Namely, 

- 86 -



H = ~ ooO(L) QF(L) dL 

• 

4>i(8) 

Energy Spectrum 
Fluence Rate 

Spectrometers 

proportional, SSD, 

activation, etc.} 

conversion 
factor 

Pi (8) 

J. 

II = ~ ~OO Pi (E) 4>i(E) dE 

• 

DOSE 
EQUIVALENT 

quality J!o:===~4 average 
factor quality O(L) 

LET Spectrum 
Dose Rate 

LET Spectrometers 

( Rossi counter 

QF(L) 

H 

factor 

QF 

OF·D 
t 

Q, Dc 

Charge Density 
per Pulse 

Ionization Chamber 

abreast-type ion

ization chamber) 

Fig. 5.1. Classification of methods for evaluating the dose equivalent 
in a mixed radiation field. 

HIGH MIXED HIGH SINGLE 

ENERGY FJELD 
FLUENCE 

RATE BURST 

ENERGY spectrometers 6 X X X 
SPECTRA activation 0 () () () 

LET 

0 SPECTRUM 
Rossi counter 0 X X 

IONIZATION recombination 0 6 X X 
CHAMBER abreast-type C ) C ) () ( ) 

Table 5.1. Comparison among three methods for DE evaluation. Ap
plicability to single burst, high energy, high fluence rate and mixed 
radiation field is summerized. 
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(1) Measurement the energy spectrum and the fluence rate of every 

species constituting a mixed field. 

(2) Measurement of the LET spectrum of absorbed dose and the dose 

rate. 

(3) Measurement of the total absorbed energy or the charge generated 

by all the species. 

The applicability of the methods to various radiation field is summerized 

in Table 5.1, which is discussed in detail below. 

5. 2. 1. Energy spectrum 

In the case that the fluence rate of the i-th species is known, the 

DE, H, is obtained by the following formula: 

H = Pi(E) <Pi(E,t) dE dt, (5.1) 

where <Pi(E, t) dE is a fluence rate of particles with energies between E 

and E + dE at a time t, Pi(E) is the fluence-to-DE conversion factor 

given by ICRp4,5) as shown in Fig. 5.2, and 'i is the pulse duration 

An X -ray spectrum can be measured with a solid state detector, a 

proportional counter, etc. and a neutron spectrum with a BF 3 counter, 

a He 3 counter, etc. in most cases. However, there remain some pro-

blems described below in applying the detector to a single burst, high-

fluence-rate and mixed radiation field. 

(1) measurement in high-fluence-rate field 

The detectors, in general, are operated in a way where a radiation 

pulse is processed one by one. If the detectors are placed in such 

an intensive field, plural pulses would be superposed to make a single 

output pulse. It is necessary to improve the electronic circuit such 
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as a pre-amplifier, AD converter, etc to make the response time 

much shorter. 

(2) measurement in a single-burst field 

Because the maximum counting rate is of the order of several hun

dred kHz, a time resolution of microseconds or less can not be at

tained. A method with a multi-channel detector may be possible of 

improving the. time resolution. A conceptual block diagram of such 

a system is shown in Fig. 5. 3. It is based on the principle that 

temporally averaged spectrum is equivalent to spatially averaged one 

in a certain region. The output signal of each element of the detec

tors is accumulated in a pulse height analyzer through a circuit with 

each different time delay. 

(3) measurement in a mixed field 

All the detectors sensitive to X-rays have some sensitivity to neu

trons. It is very difficult to distinguish the pulses due to X -rays 

from those due to neutrons. An attempt has been done to separate 

the pulses according to the pulse shape and delay time. 

(4) direct measurement of extremely high energy particles 

From particle accelerators are emitted X -rays of extremely high 

energy from several tens of MeV to GeV. High energy bremsstrah

lung X-rays are also generated at a limiter of Tokamak-type appa

ratus which is bombarded by run-away electrons in high-tempera

ture plasmas. In order to measure directly such energetic X -rays, 

a huge crystal of scintillator will be required in spite of a complexity 

in correction. 

5.2.2. LET spectrum 
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Idetification of i-th species indispensable for above method is not 

always necessary. The energy-deposition rate, instead of the particle 

fiuence rate, is measured as a function of the collision stopping power 

(LET) in human body. The, DE is expressed alternatively as follows: 

\ TOO \ 00

0 
H = J J QF(L) L ljJ(L,t) dL dt 

= 
\ To \ 00 

) 0 ) 0 QF(L) D(L,t) dL dt , (5.2) 

where ljJ(L, t) dL denotes the fluence rate of mixed species of which 

LET lies between Land L + dL at a time t, and D (L, t) the absorbed 

dose per unit LET. The QF as a function of LET, QF(L), is defined 

by ICRp6) as shown in Fig. 5 .. 4. Pulse durations of all apecies are 

assumed to be equal and denoted by To. 

It is unnecessary in this method to identify each species. The 

LET of charged particles is analyzed with a spherical tissue-equivalent 

(TE) proportional counter developed by Rossi. 7-11) The characteris-

tics of the counter as follows: 

(1) The counter can be used for mixed radiations consisting of high 

energy particles. 

(2) It has the same difficulty in measurement in a high-fluence-rate 

or single-burst field as the spectrometers for energy distribution. 

0) Some errors occur when an observed pulse height spectrum is 

converted into Y - spectrum and eventually into LET spectrum. 

5.2. 3. Ionic charge density 

Equation (5.2) is transformed as 

(5.3) 
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where D
t 

is the total absorbed dose and QF the dose-averaged QF. 

Namely, 

~:o Dt 
= ~ 00 D(L,t) dL dt (5.4) 

o . 

~ :0 ~: QF(L) D(L, t) dL dt 

QF (5.5) = 

~ :0 ~: D(L,t) dL dt 

It is considered in physical concept of interactions of radiations with 

matter that radiations transfer their kinetic energy into matter 

eventually by ionization or excitation. Thus, the total absorbed dose 

is proportional to the number of ion pairs liberated in matter, as ex-

pressed by the following formula: 

= 
1- r To 

P J 0 
~: L <P(L,t) dL dt = WNo 

P 
(5.6) 

where p is the density, No the number of ion pairs, and W the mean 

energy per ion pair formed, which is assumed to be independent of 

the radiation quality. 

It is most covenient to use an ionization chamber for measuring 

the number of ion pairs. A major correction factor, collection efficien-

cy, can be determined by such a method as stated in Chaps. 3 and 4. 

Then, a remaining problem is how the average QF is estimated. Thus, 

this method with an ionization chamber has the following characteristics: 

(1) The total .absorbed dose per pulse, in principle, can be measured 

with a TE ionization chamber in any radiation field. 

(2) The techniques for estimating the average QF have not been es-

tablished in all cases. 

It is considered from comparison among three methods that only 
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the third method described in this sUbsection have the possibility of 

applying to all the radiation fields. 

5.3. Estimation of average quality factor with ionization chambers 

5.3.1. Review of prevailing techniques 

An attempt to determine the average QF experimentally has been 

made by several authors intensively in 1960's. 

Pszona12 ,13) and Zel'chinskii14- 16) proposed the instruments 

composed of two detectors: one is a TE ionization chamber for determin-

ing the absorbed dose, and the other is a detector having an appropri

ate response to LET. They assumed that QF is approximately express-

ed by a function of aL / (1 + bL), and proposed to use a detector of 

which response to LET is expressed as the similar function to QF. 

Then, the output signal of the detector is a linear function of QF. As 

such a detector are practically used plastic scintillators, organic scinti-

llators, ionization chambers filled with a liquid dielectric, recombination 

chambers, which are gaseous chambers operated under un saturation 

region. 

Sullivan and Baarli 16) took notice of a saturation characteristics 

of a TE ionization chamber exposed to mixed radiations. This is based 

on experimental results that the average QF depends on the recombina-

tion index, which is defined as the slope of the saturation curve on a 

full-log scale. 

Few methods, however, have been established for pulsed radia-

tions and especially for single burst ones at present. Two methods 

for evaluating DE in a pulsed radiation field will be proposed in the 

following; 
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5.3. 2. Effective stopping power 

A difference in radiation effects between an X -ray field and a 

mixed radiation field is ascribed to that in the density of ion pairs libe

rated by secondary radiations of electrons and protons. In other 

words, it is ascribed to LET of the charged particles. It is desirable, 

if possible, to know the distribution of the charged particle fluence in 

LET in all cases. The measurable quantity with the ionization chamber, 

however, is only ionic charge density, Q, which is related with the 

LET as follows: 

Q = eL'l'/W , (5.7) 

where e is the electronic charge, and 'l' the total fluence. Actually, 

eq. (5.7) must be rewritten with the fluence as a function of LET. 

Then, 

Q = ~ ~: L IjJ(L) dL (5.8) 

Here, an effective stopping power is defined as the LET averaged over 

the fluence, that is, 

L =~: LIjJ(L) dL I~: IjJ(L) dL . 

Substituting eq. (5.8) into eq. (5.9), 

L = WQle'l' 

(5.9) 

(5.10) 

where Wand e are the constants, Q is determined experimentally, and 

''l' will be estimated from a current to be observed with no voltage ap

plied to an electrode of the ionization chamber. Then, the effective 

LET becomes a measurable quantity. Furthermore, a rough approxima

tion is made, apart from its mathematical meaning: 

QF ~ QF(L). ( 5.11) 

Allowing for the assumption, one can finally estimate DE in mixed fields 
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from the eqution that 

H QF D fY QF(L) D. ( 5.12) 

In Fig. 5.6 is shown a flow-chart to obtain DE experimentally in a 

way based on the absove assumptions. In the first step, output cur-

rents of an abreast-type ionization chamber are observed and the f-

value is determined by such a method as was stated in Chap. 3. The 

ionic charge density corrected by the f-value is converted into the 

total absorbed dose according to the cavity chamber theory. Next, a 

current is measured without applying an electric voltage to the cham-

ber. Then, one can determine the total charged particle fluence pro-

vided that a cintribution of proton current can be neglected. Finally, 

multiplying the total absorbed dose by QF corresponding to the effec-

tive LET, DE can be obtained. 

But, there remain some ambiguities in the flow-chart, that is, 

measurement of charged particle fluence with the ionization chamber, 

and assumption that QF ~ QF(L). It is necessary to discuss validity of 

the assumptions for practical application. 

measurement of charged particle fluence 

A current without applying a voltage to an ionization chamber, in 

general, is due to not only a particle stream in an active volume but 

also a stream in a gap except for the chamber, i.e. a lead wire, con-

nectars, co-axial cables, and so on. The latter is called a stem cur-

rent. 

60 Firstly, experiments are carried out in Co y-ray field with a 

parallel-plate ionization chamber in order to confirm whether charged 

charged particle fluence is really measurable. The details of the ex-
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periments are left to Appendix 5.A. The results obtained are as fol-

lows: 

(1) A current with no applied voltage, 10 , is independent of the gas 

pressure in an active volume of the chamber. 

(2) The current, 10 , is nearly equal to the mean of positive satura

tion current and negative one, that is, 10 ~ ~ (ls+ + 1s _)' In other 

words, the mean of absolute values of positive and negative satura-

1 
tion currents gives a true saturation current, that is, 1 s = 2" (1 s+ 

- 1s _)' 

(3) When we cut a lead between electrodes and connectors, a negative 

current of several per cent of 10 is stiU observed. It is probably 

a stem current (l stem) . 

( 4) The effective LET determined experimentaUy, L exp' is larger than 

theoretical one by about 30 %. About 70 % of this value is ascribed 

to angular dependence of Compton scattering. 

It is concluded that the effective LET can be estimated within about 30 

% error in the X -ray energy region higher than several tens of keV. 

Another problem is measurement of L in a mixed radiation field 

consisting of X -rays and neutrons. In this case, two species of secon-

dary charged particles have opposite sign to each other. If the fluen-

ces of both charged particles are the same, an observed current must 

be zero. In such a field, however, most part of the absorbed dose is 

due to protons. In other words, the field can be regarded as a neu-

tron field rather than mixed one. This problem is closely related with 

the succeeding and the details is discussed below. 

approximation that QF f!I QF(L) 
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The average QF is expressed by the following formula: 

QF = ~: QF(L) L ljJ(L) dL I ~: L ljJ(L) dL. (5.12) 

For greater simplicity, it is assumed that a secondary radiation field con-

sists of mono-LET electrons and protons. Moreover is introduced a 

parameter, F p' which denotes the ratio of proton dose to the total: 

F = L 'I' I(L 'I' + L '1') = DpIDt' p P P P pee 
(5.13) 

where 'I' is fluence per pulse, D the absorbed dose per pulse, and suf-

fixes e, p and t represents electrons, protons and total, respectively. 

Then, eqs. (5.9) and (5.11) give 

QF = 1 + [QF(Lp ) - 1] F P (5.14) 

From eqs. (5.9) and (5.13) is obtalned a relation that 

L = 
In Fig. 5.7 are shown the calculated values of QF and QF(L) as a 

function of the fractional proton dose, where Le = 0.2 keV l)lm and Lp 

= 10.0 keV l)lm. It is seen that QF(L)-value is in general smaller than 

the average QF. This may be attributed to that an increase in the ef

fective LET contributes little to increase in the corresponding QF be

cause of non-linear function of QF(L). A difference between QF- and 

QF(L) -values causes a danger of underestimating DE. 

However, it is fortunate that a difference between a true QF and 

a experimentally obtalned QF is reduced owing to overestimate of the 

effective LET in measurement. Namely, a current without voltage ap-

plied is not equal to total fluence of secondary electrons and protons 

but to a difference between electron fluence and proton one. The ef-

fective LET obtained experimentally, Lexp ' is then expressed by 

Lexp = (Le'l'e + Lp'l'p) I I fe - 'l'pl 
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= L L IlL - F L - F L I . (5.16) ep p pp pe 

A corresponding QF is shown in Fig. 5. 7 by a broken line. As is 

clear in the figure, QF(Lexp) -value approaches to the average QF and 

it can be said that two values is nearly the same within 10 % deviation 

for a D ID -value smaller than 0.44. 
p t 

5.3.3. Average recombination coefficient 

A most distinctive difference between X -rays and mixed radiations 

lies in LET of secondary charged particles. From a standpoint of ir-

radiated materials, the difference appears as a spatial distribution of 

the density of ion pairs liberated. In an ionization chamber, the dis-

tribution of the ion density is nearly uniform in an X-ray field, 

whereas it is nonuniform in a mixed radiation field. The non uniformity 

of the ion density will cause a spatial vatiation of the recombination 

loss which is proportional to the product of densities of positive and 

negative ions. In this section, a relation between the recombination 

loss in an ionization chamber exposed to mixed radiations and the aver-

age QF is discussed in detail, and furthermore a convenient method for 

estimating the average QF is discussed according to the following steps: 

(1) The average recombination coefficient in a mixed radiation field 

is defined. 

(2) A relation between the average recombination coefficient and the 

average QF is clarified. 

(3) A method for estimating the average QF is proposed. 

average recombination coefficient 

In an ionization chamber exposed to mixed radiations consisting of 

- 101 -



X -rays and neutrons, the gas in the active volume is ionized mainly by 

secondary electrons and recoil ions which are ejected from the wall as 

a result of collisions between primary radiations and the wall materials. 

Some of the ions libearted by the secondary radiations will disappear 

on the way to the collecting electrodes owing to recombination. The 

recombination processes are in general divided into columnar and vol

ume recombinations: 

(1) columnar (initial) recombination 

The recombination occurs between positive negative ions formed in 

the track of a single ionizing particles such as protons, a-particles 

and heavy ions. Jaffe derived an excellent theoretical formula for 

the f_value. 17 ,18) 

(2) volume (general) recombination 

The recombination occurs between ions formed in the track of dif-

ferent ionizing particles such as electrons. An approximate formula 

for the f-value was given by Boag,19) and an exact f-value was cal

culated in Chap. 2. 20) 

Their original forms, however, cannot be applied to a mixed field where 

both columnar and volume recombinations take place. 

In this situation, the following assumptions are made for simplici-

ty: 

(1) Ion pairs liberated by secondary electrons are uniformly distri

buted in the active volume. 

(2) The LET of recoil protons is constant along the tracks, namely, 

the linear ion density along the track is constant. 

(3) Ion pairs around the proton track are uniformly distributed within 

a radius of several microns. 
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(4) The proton tracks are approximately parallel to the collecting 

electric field applied to a parallel-plate ionization chamber. 

(5) The diffusion loss is dominated by the ion loss due to the drift by 

the electric field and the recombination. 

(6) The recombination coefficient itself is independent of the ion den-

sity. 

A distribution of ions in a parallel-plate ionization chamber is illust-

rated in Fig. 5. 8. Allowing for the assumptions, the density of ions 

liberated by the secondary electrons, n e' and the density of ions 

around the proton track, n p ' are expressed as follows: 

= L '!' !W , and e e (5.17) 

where L denotes LET, '!' the fluence per radiation pulse, S the cross-

sectional area of spurs around the proton track, W the mean energy 

expended per ion pair formed, and the suffixes e and p represent 

electrons and protons, respectively. The assumtion (1) means that 

the density, n e' is constant at any place in the active volume. The 

assumtions (2) and (3) mean that the density, n
p

' is superposed on 

ne in the proton spurs. Then, the active volume is divided into two 

regions. One is the region where the ion density is the sum of ne 

and np ' and the relative volume is the product of the proton fluence 

and the area of the spurs. In the other region the ion density is n 
e 

and the relative volume is (1-'!' S). Furthermore, it is permitted to 
p 

apply the f-value for volume recombination to each region owing to the 

assumtions (4) and (5). 

Then, a non uniformity of the ion density causes a spatial differ

ence of the f-value, which is a function of the ion density as stated in 

Chap. 2. Thus, an average recombination coefficient in a mixed field 

- 103 -



wall 

S 

n L 1ft /W e e e 

n =L/WS 
P P 

Fig. 5.S.· Illustration of ion distribution in a parallel-plate 

ionization chamber exposed to mixed radiations consisting of 

neutrons and X -rays. The gas is ionized directly by recoil 

protons and secondary electrons. 
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is introduced as follows: 

(recombination loss in the volume) 
a = 

(number of ions generated in the volume) 2 
( 5.18) 

The amount of recombination loss is expressed by the density of gen

erated ions multiplied by a factor of (I-f), as is clear from the defini-

tion of the f-value. Let the f-value in two regions be '1 and, 2' res

pectively, and eq. (5.18) becomes 

(n + n '!' S)2 
e p p 

-a = 
(n + n ) (1 - 'I) '!' S + n (1 - '2)( 1 - '!' S) e p p e p ( 5.19) 

It is anticipated from the equation that the a-value will vary with the 

fluence and LET of the secondary charged particles even though the 

total ion density is constant. In other words, the (i-value depends on 

the fractional dose by the recoil protons even though the the total ab-

sorbed dose is constant. Figure 5. 9 shows the dependence of the 

relative value of a on the fractional dose by the protons. It is assum-

ed in the calculations that Land L are 0.2 and 10.0 keV/~m in e p 
-3 -3 water, respectively, the gas density is 1. 0 x 10 g cm ,the gap 

distance between the electrodes 1. 0 cm, the ion mobility in the gas 

2 -1 -1 
1. 34 cm s V ,the applied voltage 1000 V, and the cross-sectional 

-5 2 area of the spurs 1. 0 x 10 cm The f-value calculated in Chap. 2 

are used. As is clear in the figure, the a-value is 1. 0 when the pro-

ton dose is 0, and increases monotonously with the proton dose. 

For greater simplicity, it is assumed that the expression of recom-

2 bination loss of n(1- f) can be replaced by an. Then, eq. (5.19) is 

rewritten by the following formula: 

a 
a 

= 
Lp'!'p 2 1 - '!' S 

1 + (---"-"'----) ( p 
L '!' + L '!' e e p p 
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In order to ascertain the validity of the assumption, the results of the 

calculations of eqs. (5.19) and (5.20) are compared in Fig. 5. 10, 

where the (jJ a-value is shown as a function of the proton fluence for 

constant values of Le' Lp and '¥ e' It is found that the simplified for

mula of eq. (5. 20) will not cause a significant error for practical use. 

Equation (5.20) implied that the a-value is determined by two 

parameters: one is L '¥ /(L '¥ + L '¥ ) which is equal to the fractional pp ee pp 

dose by the protons, and the other is '¥ p S which expresses the frac-

tional volume of the proton spurs. Namely, the a-value is closely re-

lated with the absorbed dose and LET of the recoil protons. From 

this result, it is considered that the a-value can be regarded as a 

parameter characteristic of the mixed radiation field. 

relation between QF and a 

Eliminating Le and '¥ e' eq. (5.20) becomes 

a/a = 1 + [(1-'¥pS)L~'¥p/Sl/(DtC)2 (5.21) 

where Dt is the total absorbed dose and C is the dose-to-energy con

version factor. The equation has three constants (cr, S, C) and two 

quantities to be determined experimentally (Dt , a). The experimental 

and theoretical values of cr have been published by several authors, 

and -6 -6 3-1 they lie between 1.1 x 10 and 1. 8 x 10 em s in 1 atm air. 

Concerning the S -value, it is considered to be of the order of 10- 6 or 

10- 5 cm 2. The constant C includes the gas density, and the ratio of 

the mass stopping power in tissue to that in gas material. Dividing 

the density of generated ions by the C -value, the total absorbed dose 

in tissue can be obtained according to the cavity chamber theory. 21) 

The a-value can also be determined experimentally with 'eq. (5.18), 

- 107 -



where the recombination loss is evaluated from the ionic charges col-

lected by the ionization chamber and the f-value determined in such a 

way as described in Chap. 3. 

Thus, the unknown parameters remaining in eq. (5.21) are only 

Lp and 'I'p. Both values, of course, can never be determined mathe

matically from eq. (5.21) only, but they must satisfy the following 

physical conditions: 

(1) The solutions of Lp and 'I' p are real numbers. 

(2) Lp < 91 keY Illm. 

(3) Dp = Lp'l'p/C ~ Dt . 

The condition (1) or (3) gives a lower limit of the Lp-value and con

dition (2) an upper limit. Then, the average QF is calculated as a 

function of Lp by substituting the Lp - and 'I' p -values into the follow

ing equation: 

QF = [QF(Lp ) Dp + (Dt - Dp)] IDt ' (5.22) 

where QF as a function of LET, QF(L), is given by ICRP. 6) The 

first term of the numerator on the right hand side represents DE by 

the protons and the second one DE by the electrons . 

The procedure mentioned above is actually followed and shown in 

Figs. 5.11 (a), (b) and (c), where the Dt -value is assumed to be 0.01 

rad per pulse and the ii/ct-value to be 10. O. Figure 5.11 (a) shows the 

'I' -value as a function of L -value, which is calculated by regarding p p 

eq. (5.21) as a quadratic equation with respect to 'I' p . The lower 

limit of the Lp -value determined by the condition (1) is found to be 

3.75 keV/llm. The corresponding 'I'p-value lies widely~etween 35.0 
5 -2 

and 1. 0 x 10 cm .per pulse. The proton dose is calculated with the 

formula of Lp'l' pIC and shown in Fig. 5.11 (b) as a function of Lp-
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value. The condition (3) gives a lower limit of 6.3 keY f\Jm. Finally, 

the average QF is calculated with eq. (5. 22) and shown in Fig. 5. 11 (c). 

The figure shows that the average QF lies between 1. 78 and 2.01. 

The result shows a fact that DE can be estimated only from experiment

al values of D t and Ci with some deviation. In this case, the values of 

0.01 rad and 10.0 for D t and CifCJ. give a DE of 0.019 rem per pulse 

with 6 % deviation. 

The calculated results for several D t - and Cif CJ.-values are summer

ized in Fig. 5.12, where the average QF is shown as a function of the 

CifCJ.-value for three Dt-values of 0.01, 0.05 and 0.1 rad per pulse. 

The increase in the Cif CJ.-value corresponds to that in the proton dose, 

as pointed out in Fig. 5. 9. It is reflected on the increase in the 

average QF. It is concluded from the figure that the average QF can 

be estimated if only the total absorbed dose and the average recombi

nation coefficient could be evaluated with an ionization chamber. 

experimental determination of QF and DE 

In Fig. 5.13 is shown the flow-chart of the experimental determi

nation of DE with an ionization chamber. It is divided into three 

stages: 

(1) determination of f-value 

It is necessary to know beforehand the ion transit time, the re

combination coefficient, the gas density and W-value. The pulse 

duration must be measured with a scintillator or a streak camera. 

The quantities to be measured with the chamber are the ionic 

charges collected at different applied voltages. A succeeding pro

cedure has already been stated in Chap. 3. If the radiations are 
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singly pulsed, it is necessary to use an abreast-type ionization 

chamber. In addition, M-value (M = aqo 1:2) is also obtained when 

the f-value is determined. 

(2) evaluation of total absorbed dose and average recombination coef

ficient 

Correcting the number of collected ions (charge) by the f-value, 

and the number of ions (charge) liberated in gas material is obtain

ed. It is to be converted into the absorbed dose in tissue accord

ing to the cavity chamber theory. On the other hand, dividing the 

M -value obtained in the previous stage by the ion transit time and 

the square of the ion production rate, one obtained the average re

combination coefficient. 

(3) estimation of QF and DE 

The average QF can be estimated in such a procedure as is men

tioned above in detail. After all, DE is obtained by the product of 

the total absorbed dose and the average QF. 

The method can be applied not only the pulsed radiations but also 

to continuous ones, since the quantities to be measured are only the 

collected charges. There exists, however, a weak point of difficulty in 

application to extremely high-fluence-rate neutron field, where the pro

ton tracks in the chamber becomes superposed on each other and 

therefore the densities in the two regions become undistinguishable. 

5.4. Experimental results and discussions 

5.4. 1. Experimental apparatus 

The experiments on DE evaluation were carried out in a pulsed 

and mixed radiation field generated by the 35 MeV electron linear ac-
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celerator installed at the Institute of Scientific and Industrial Research, 

Osaka University. 22, 23) From a target bombarded by such a high 

energy electrons, bremsstrahlung X -rays emitted in forward direc-

tion and photo-neutrons isotropically. The fluenceratio of neutrons 

to X -rays varies in general with (1) energy of primary electrons, (2) 

angle with the electron beam, (3) atomic number of target material and 

(4) thickness of the target, because of energy dependence of the cross 

section for photo-nuclear reactions and difference in emission charac

teristics between X -rays and neutrons. The total absorbed dose is 

also a function of (5) current of primary electrons and (6) distance 

from the target. Main purpose of this experiment is placed on the 

evaluation of the average QF as a function of the angle with an elec

tron energy fixed. 

A parallel-plate ionization chamber stated in Chaps. 3 and 4 were 

used. An abreast-type chamber is desirable for practical use. But in 

the experiment where radiation pulse is repeated with satisfactory re

producibility, an ordinary chamber with single active volume was utili

zed in principle. Then, the f-value was obtained by the saturation 

curve method24) rather than the charge ratio· one. 20) The materials of 

chamber wall, kind of gas filling the chamber and the active volume 

were varied according to respective purposes. 

5.4.2. Angular dependence of total absorbed dose 

There is a minor factor determining the total absorbed dose such 

as the depth in irradiated materials as well as major factors of the beam 

current and distance from the target. The depth-dose curves for X

rays have already been shown in Chap. 3. The depth at which the 
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dose reaches to the maximum varies generally with X -ray energy. In 

this case, the curves will be modified by contribution of neutrons to 

the dose. Thus, at first the angular distribution of the depth-dose 

curves was measured with a graphite chamber and a polyethylene one. 

The experimental conditions were as follows: a target is tungsten of 

which diameter is 20 rom and thickness is 5 mm, the beam energy is 28 

MeV and a distance from the target is 30 cm. The results are shown 

in Figs. 5.14 (a) and (b) where the ionic charges per 1 )JC-electrons 

are plotted against the wall thickness in g cm - 2 In case of a graphite 

chamber, contribution of neutrons is considered to be negligible. The 

angular dependence of the effective X -ray energy appears as the shift 

of the peak of the ionic charges. In Fig. 5.14 (b) is found a distinctive 

increase near the surface due mainly to recoil protons. In other words, 

the angular dependence of the total absorbed dose is modified by the 

wall thickness. 

5.4. 3. Angular dependence of average quality factor 

The average QF and DE, in general, varies with the depth in tis

sue as well as the total absorbed dose. The DE used in radiation pro

tection is, in a strict sense, the dose equivalent index (DEI), which 

is the maximum DE in tissue of a sphere with a diameter of 30 cm. 

However, in this experiment the average QF and DE at a certain depth 

is to be measured. 

At first, a method for estimating the average QF from the average 

recombination coefficient was applied to a mixed radiation field generat

ed by bombarding a tungsten target with 28 MeV or 20 MeV electrons. 

The chamber wall consists of two thin sheets of 200 11m polyethylene 
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and water of 30 mm thickness. Accordingly, the field of the secondary 

radiations in the active volume is approximately equivalent to that in 

tissue at a depth of 30 mm. The results are shown in Figs. 15 (a), (b) 

and (c), which represent the angular dependences of the total absorb-

ed dose, the average recombination coefficient and the average QF, res-

pectively. All the values in the figures are evaluated according to the 

flow-chart shown jn Fig. 5. 13. 

N ext was applied another proposed method for estimating the aver-

age QF from the effective LET. However, it was very difficult to mea-

sure directly the current due to a stream of secondary charged parti

cles at high angle because the current without a voltage applied be-

comes so low as to be comparable with the stem current. Then, the 

average QF could not be estimated except for low angles. The effective 

LET became from about 2.0 to 3.0 with increasing the angle up to 15°, 

but the corresponding QF(E ) -value remained 1. o. exp 

In order to ascertain the validity of the proposed methods, com-

parison with other method in common use was carried out in the mixed 

radiation field. 

energy specra 

Energy spectra of bremsstrahlung X -rays and photo-neutrons for 

various electron energies and targets have been obtained experimentally 

. 25- 39) and theorebcally by many authors. A typical X-ray energy spec-

trum in a reference 28) is shown in Fig. 5.16, which is adopted in the 

succeeding calculations in spite of a little error due to difference in 

condition of the linear accelerator operation. Concerning the photo-

neutrons, we assume that both energy spectrum and the fluence rate 

would be independent of the angle with the electron beam. Measure-
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ments by TOF and activation methods have been performed and the re

sults 40) are shown in Fig. 5. 17 by dots and circles, respectively. A 

solid line in the figure represents an energy spectrum obeying a Max

wellian distribution of which characteristic parameter of a nuclear tem-

perature is 0.44 MeV. Let ~ be the fluence, p' the fluence-to-dose 

conversion factor and p the fluence-to- DE conversion factor, the aver-

age QF can be expressed as follows: 

E roo p.(E) ~.(E) dE 
i J 0 1 1 

/ ~ roo p!(E) ~.(E) dE 
1 J 0 1 1 

~:EX~X(Ex) llen(Ex) 
dE + ~oop(E)~ (E )dE x o n n n n p 

= ,(5.23) 

~ 00 11 (E) 
+ ~:P'(EnHn(En) dEn E ~ (E) en x dE 

o x x x p x 

where llen(Ex) is the energy absorption coefficient for X-rays,. and 

p(E
n

) and p'(E
n

) are tabulated in the literature5) recommended by 

ICRP. The results of calculations of eq. (5.23) are shown in Fig. 5.18 

as a function of the angle. The first term of the numerator on the 

right hand side of eq. (5.23) represents the collision kerma at the 

surface rather than the absorbed dose at a certain depth. The exper-

imental results of the depth-dose curves shown in Fig. 5.18 shows that 

the absorbed dose increases with the depth until the CPE condition is 

s'atisfied, L e. the absorbed dose becomes equal to the collision kerma. 

Namely, the X-ray dose in eq. (5.23) is in general overestimated, Le. 

the average QF is underestimated. 

LET distribution of absorbed dose 

The distribution of the absorbed dose in LET has been measured 
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with a so-called Rossi counter, which is a spherical TE proportional 

counter. (Appendix 5.B) A typical LET spectrum is shown in Fig. 

5.19, where the electron energy is 28 MeV and the angle is 60°. The 

average QF is calculated by the following formula: 

QF = ~: QF(L)D(L) dL I ~:D(L) dL (5.24) 

In Fig. 5.20 is shown the angular dependence of the average QF. 

At an angle lower than 45°, the spectra could not be obtained because 

the fluence rate became so high that duplication of radiation pulses 

occurred in the counter. 

separate measurement of absorbed doses 

Both X -ray dose and neutron dose have been measured separately 

with two ionization chambers having different sensitivities to neutrons. 

(Appendix 5.C) The results are shown in Fig. 5.21, where both frac-

tional doses due to X -rays and neutrons are plotted against the angle 

to the electron beam with an energy of 28 MeV. The bars in the fig-

ure is not attributed to experimental errors in measuring the ionic 

charges collected by a graphite and a polyethylene chamber, but to 

energy dependence of neutron sensitivity of the graphite chamber. 

Then, the average QF is obtained by 

QF = (D +QF D )/(D +D) 
x n n x n 

(5.25) 

where QF n is the average QF only for neutrons and is evaluated from 

the neutron energy spectrum shown in Fig. 5.17 to be 10.2. In Fig. 

5.22 is shown the angular dependence of the average QF obtained by 

the present method. 
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The average QF's evaluated by various methods are summerized in 

Table 5.2 and Fig. 5.23 as a function of the angle to the electron beam. 

It is found from the comparison with the results obtained by proposed 

methods that a method using the effective LET gives a lower value of 

the average QF, and that using the average recombination coefficient 

gives a higher value. Namely, the latter method is on the safety side 

from a standpoint of radiation protection. It is concluded that a pro

posed method for estimating DE from the average recombination coeffi

cient has a satisfactory applicability to pulsed and mixed radiations. 

There is, however, a room for improvement of the method for a mixed 

or neutron field of extremely high fluence rate. In such a field, it is 

desirable to apply the method in combination with others auch as a 

method using the effective LET, separate neasurement, and so on. 

5.5. Concluding remarks 

Radiations emitted from high energy particle accelerators and ap

paratus for fusion research have marked characteristics such as extreme

ly high energy, extremely high fluence rate, single burst, and mixture 

of various particles. Dosimetry of such radiations has been discussed 

in the present chapter, and the following results were obtained: 

(1) Basic concept of dosimetry of mixed radiation fields has been re

fined for practical purpose. 

(2) Methods for evaluating the dose equivalent were classified into 

three categories according to the radiation quantity to be measured. 

Merits and demerits of each method to various types of radiation 

fields were clarified. 

(3) Two procedures based on the ionization chambers have been pro-
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Angle Effective Average Energy LET Separate 
LET a Spectra Spectrum Doses 

0 1.0 1. 08 1.00 1.16 
1.11 

-
1. 21 

15 1.0 1. 23 1. 03 1. 33 
1. 33 

-
1. 44 

30 1.68 1.10 1. 81 -
2.08 - 2.04 

45 2.25 1. 21 2.2 2.06 - 2.71 2.37 

60 3.11 1. 48 2.8 3.01 - 3.69 3.6 3.59 

75 - 4.16 3.23 4.0 3.24 
4.79 5.3 3.94 

Table 5. 2. Comparison of various methods for estimating the 
average QF. The second and the third columns represent the 
results obtained by the proposed methods. 
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Fig. 5.23. Angular dependence of the average QF estimated 
by various methods. 
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posed for estimating the average quality factor in a mixed radiation 

field consisting of neutrons and X -rays. It was found that the 

quality factor could be estimated by measuring the effective stop

ping power or the average recombination coefficient which was re

garded as a parameter characteristic of mixed fields. 

( 4) The proposed methods have been actually applied to a pulsed and 

mixed radiation field consisting of bremsstrahlung X -rays and photo

neutrons generated by an electron linear accelerator. 

(5) The proposed methods have been compared with other ones, i.e. 

theoretical calculation of energy. spectrum of bremsstrahlung X -rays, 

measurement of neutron energy spectrum by TOF and activation 

methods, measurement of LET distribution of the absorbed dose with 

a Rossi counter, separate measurement of neutron and X -ray doses 

with two ionization chambers, Applicability of the proposed methods 

was experimentally confirmed. 

- 126 -



Appendix 5.A. Effective stopping power in X- and y-ray fields 

It is the purpose of the section to confirm a possibility of direct 

measurement of the effective LET. Experiments are carried out in 

60Co y-ray field. 

The definition of the effective LET described in eq. (5.9) is re-

written with a saturation current of a parallel-plate ionization chamber, 

Is' and a current without a voltage applied, 10 , in the following formula: 

absorbed energy per unit volume 

L = electron fluence 

Wls/eSd WI 
= = s (5.A.l) 

IoieS dl o 

where S is the area of collecting electrode, d the gap distance. Exper-

imentally, the effective LET becomes as follows provided that the CPE 

condition should be satisfied, the practical range of Compton electrons 

and the linear attenuation coefficient are denoted by R and )J, respect-

ively, and the condition that )JR « 1 should be satisfied: 

Le = )JenE/)JR·. (5.A.2) 

On the other hand, the effective LET is theoretically expressed by 

L = ~:max q,(E,T) L(T) dT / ~ :max q,(E,T) dT, (5.A.3) 

where q,(E, T) dT is the fluence of scattered electrons of which energy 

lies between T and T + d T for a primary photon with an energy of E, 

and <P(E, T) is written with cross section for photon interactions, 0, 

as follows: 

q,(E,T) 1 da = alE) dT (5.A.4) 

Figure 5.A.l shows the result of calculations of eqs. (5.A.2) and 
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(5.A.4). Both E- and E -values have. the same dependence on the 
e 

photon energy in the region where the Compton effect dominates other 

ones. A difference of 30 % between two values is probably attributed 

to underestimate of the electron fluence in case of eq. (5. A. 2) . 

Experiments were carried out in 60Co y-ray field with an air-equi-

vaient ionization chamber of parallel plate. An applied voltage-current 

curve is shown in Fig. 5. A. 2 by circles. In general, negative current 

is a little higher than positive one, and a current can be observed with 

no voltage applied to the chamber. 41-44) The current was also ob-

served at a low gas pressure of about 100 Torr as shown in the figure 

by dots. The result shows that the current without a voltage is inde-

pendent of the existance of gas filling the chamber. Furthermore, a 

relation that 

10 
1 

=-(I+I) 
2 s+ s-

(5.A.5) 

is found among the current, 10, positive saturation current, 18+, and 

negative one, I . s-

The current, 10 , is not equal to a true photo-Compton current, 

45- 52) but involves a so-called a stem current. It is very difficult to 

measure directly the stem current because it varies with the shape of 

the ionization chamber, a length of cables, etc. Thus, the stem cur

rent was estimated from measurement by cutting a lead wire near the 

electrodes and guard ring of the chamber. 

The results of experiments at a distance of 100 cm from a 10000 

Ci 60Co source are compared with theoretical ones in Table 5.A.1. The 

experimental LET, E exp' is found to be larger than the theoretical 

value by about 40 % in most cases. About 70 % this error is attri-

buted to a difference shown in Fig. 5.A.1. In Fig. 5.A.3 is shown 
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EXPERIMENTAL RESULTS 

100 cm from Co-60 source 

Data 
-8 

Is_ = -5.31 x 10 
-8 

Is+ = 5.24 x 10 
-10 

A 

A 
J = ( I +- I >/2S = 1.86 x 10- 9 A/cm

2 
s s s-

10 = -3.51 x 10 A 
-12 

I
stem 

= -7.80 xl0 A 

Effective stopping Power 

experimental 
Lexp = 0.511 keY /pm 

theoretical L 0.360 keY/pm 

Le 0.395 keV/p.m 

Epee 0.460 keY/pm 

Table. 5. A.1. Experimental results obtained with the ionization 
chamber placed at a distance of 100 cm from 60Co source. Com
parison with theoretical vaiues is carried out. 

,---r-,-,-,-,,,.T"---r-,..--,'O.O , '" .. 
20.0 ~ 

~ 
-:: 10.0 ~ 

~ 

_ 5.0 ~ 

~ .., 
2.0 ;;!;; 

~ 
~ 

-: 1.0 ~ 
w 

-:: 0.5 ; 

w 
~ 

- 0.2 l:::i 

10 - lO L..-1_.L-'-,--,-I....J....I... ,_~_-l._--' 0.1 

30 40 50 60 60 100 200 300 

DISTANCE FROM SOURCE [elll] 

Fig. 5.A.3. Dependence of satura
tion current, zero-corrent and effec
tive stopping power upon the dis
tance from GOCo source. 

20.0,..,-',-,--.,..-'-'-"-'I-r-n 20.0 

~- . e 10.0 E" ""-

1,·0- .~ 
• 

- 5.0 

~ x---x----_---x~x 
ii 2.0 Lexp .. 2.0 ~ 

o ~ ffi ......... a. 

il.O~ o~ ~1.0; 
is 0.5 t- Qo 0,,--- -0.5 t; 
~ (x100) 0 ~ 

a O.2r IO.2::!:i 
0.1 L 0.1 

8 910 20 30 40 50 607080 

DISTANCE FROM TARGET [CIII] 

Fig. 5.A.4. Dependence of cor
rected charge, ionic charge with
out a voltage applied and effective 
stopping power upon the distance 
from W-target bombarded by 20 
MeV -electrons. 

- 130 -



the dependence of the effective LET on the distance from the source. 

It is considered that the spatial variation of the effective LET is 

caused by the influence of scattered photons and electrons, and under-

estimate of the stem current. The spatial variation becomes negligible 

in case of high-exposure-rate X-rays generated by the linear accelera-

tor, as shown in Fig. 5.A.4. 

It is concluded that the effective LET can experimentally be evalu-

ated if about 40 % errors could be permitted. 

Appendix 5.B. Distribution of absorbed doses in collision stopping 

power 

The concept of measurement of LET distribution of the absorbed 
... .. 7-11) 

doses has been established by Rossi.· A so-called Rossi counter, 

a spherical TE proportional counter shown in Photo 5. B .1, is used in 

this measurement, which is connected with the gas flow system as 

shown in Fig. 5.B.l. The effective diameter in tissue becomes 1 ]lm 

when the counter is filled with 56 Torr TE gas. In this case, ioniza-

tion processes in the counter simulate those in tissue. 

The output signals of the counter do not represent the LET of in-

cident charged particles, but the energy deposited by a particle in the 

sphere, Ey.Thus, Rossi defined the lineal energy; Y, by the deposit 

·energy divided. by a· diameter of the sphere, d. 9) Namely, 

y = (5.B.1) 

Accordingly, the pulse height spectrum observed with a PHA is equiva-

lent to Y distribution of charged particle fluence. From a simple cal-

culation, the LET distribution of absorbed dose, D(L), is derived from 

Y distribution of the ·fluence, . N (Y), as follows: 11) 
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TISSUE-EQUIVALENT 
SPHERICAL PROPORTIONAL COUNTER 

Photo 5.B.1. X-ray photograph of a tissue-equivalent spherical 
proportional counter. An effective diameter in tissue becomes 
1 )Jm in case that a pressure of tissue-equivalent gas is adjusted 
to be about 56 Torr. 

LET -counter 

vacuum gauge 

manometer 

buffer 

vacuum pump ,..----1_-, 

o 
Fig. 5. B . 1. Schematic diagram of a gas flow system for 
a TE proportional counter shown in Photo 5.B.1. 
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-8 
D(L) = 2.547 x 10 [Y N(y) _ y2 dN(Y) 1 

r2 dY Y=L (5.B.2) 

The counter was placed around the target bombarded by 28 MeV 

electrons. In order to avoid the duplication of radiation pulses. the 

electronic current of the linear accelerator was adjusted to be as low as 

possible. A typical Y spectrum is shown in Fig. 5. B .2. where the 

lineal energy is calibrated beforehand with 244Cm reference source. 

The signals due to electrons are neglected in the figure because of 

pile-up of pulses due to electronic noises. The data are converted into 

LET distribution of absorbed dose according to eq. (5. B. 3) as shown 

in Fig. 5.B.3. 

In order to obtain the normalized distribution and thereby obain 

the average QF (DE). one must know either X -ray dose or total absorb-

ed dose. Thus, we use an ionization chamber in combination with a 

Rossi counter. In this case. the DE can be obtained by the following 

formula: 

H = ~: QF(L) D(L) dL 

= 

= 

p.5 
) 0 D(L) dL + (00 QF(L) D(L) dL 

) 3.5 

D
t 

- (00 [QF(L) _ 1 1 D(L) dL • 
)3.5 (5.B.3) 

where D t is the total absorbed dose to be measured with the ionization 

chamber and D (L) is the absorbed dose per unit LET to be measured 

with a Rossi counter for an LET higher than about 3.5 keV/]lm. The 

average QF. then. is obtained by dividing the DE by the total dose. 
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Fig. 5.B.2. A typical Y-spectrum observed with a Rossi 
counter, where the lineal energy is calibrated beforehand with 
244Cm reference source. Electron energy: 28 MeV, angle: 60 0 , 

effective diameter: 1 )lm. 

I
zw 
Will 
-'0 
<0 
> 
-0 
:>w 
0", 
Wo: 
w o 
III III 
0'" 0< 

2.0 
electron energy: 

o 0 :~!l~ressure 
28 MeV 
60° 

DE(L) applied voltage: 
56 Torr 
825 V 

o o total dose 0.045 .rad 
proton dose 0.184 rad 

o 

o 

o 
o 0 

o 0 
o 0 

L 
__ -,-__ ,--_o ..:o:..!o!..Jo,.0 0 0" 0 0 _ I ._ ..... w.~ ..... ·'iJ-li 

20 30 40 50 

LINEAR ENERGY TRANSFER (keY /1-Im) 

Fig. 5. B . 3. A typical LET distribution of absorbed dose and 
DE obtained from data shown in Fig. 5.B.2. Fractional doses 
could be obtained by 'dividing the dose by the total absorbed 
dose measured with an ionization chamber. 

- 134 -



Appendix S.C. Separate measurement of absorbed doses with two 

ionization chambers 

For this method are required two detectors having different sen-

sitivities to radiations. Let k and h be the relative sensitivities to 

neutrons and X-rays, respectively, the response of the detector, Ri' 

is expressed as follows: 

R,' = (00 k.(E )D (E ) dE + )0 1 n n n n 
(OOh.(E)D (E )dE ,(5.C.l) 
JOIXXX x 

where D(E) dE is the absorbed dose due to particles of which energy 

lies between E and E + dE. In principle, each separate dose can be 

obtained by solving the simultaneous equation. But in mathematics, it 

is very disfficult to solve the equation because of complicated depen-

dences of the relative sensitivities on the particle energy. In this 

sense, it is desirable to choose a TE ionization chamber and a C-C0 2 

chamber as two detectors. The selection allows the approximation that 

k 1 = hI = h 2 = 1. 0 for all particle energies. Then, the separate doses 

are easily obtained as follows: 6) 

D = n 
(R

1 
- R

2
)/(1 - k

2
) 

and D = x ( R2 - k
2
R

1
) 1(1 - k 2) (5.C.2) 

where k2 denotes the dose-averaged sensitivity ofC-C0 2 chamber. 

Namely, 

( 00 k
2
(E )D (E ) dE 1 (rOD (E ) dE . )0 n n n n}o n n n 

(5.C.3) 

As a first step, experiments have been performed with a polyethy-

lene-air ionization chamber (PE chamber) and a graphite-air one (C 

chamber) . The PE and C chambers is regarded to simulate a TE and a 

C-C0 2 chambers, respectively. An assumption that kl~hl~h2~1.0 was 
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made for greater simplicity. Experimental and theoretical values of k 2 

53-55) 
for C chamber have been published by several authors, and they 

lies bewteen 0 and 0.32 in the neutron energy region lower than 14 

MeV. 

separate measurement has been actually applied to a mixed radia-

tion field consisting neutrons and photons generated by the electron 

linear accelerator. Angular dependences of the responses of both PE 

and C chambers is shown in Fig. 5.C.1, where the electron energy is 

28 MeV and the wall thickness is adjusted to be between 0.5 and 0.55 

-2 gcm Substituting the data into eq. (5.C.2), and the separate doses 

can . be obtained as shown in Fig. 5. C • 2. The bars are not due to ex-

perimental errors in measuring the ionic charges but to energy depend-

ence of k 2-value. 

A procedure for calculating the average QF from the experimental 

values of separate doses is as follows. Firstly, the formula for defini-

tion of DE is rewritten with the separate doses as follows: 

H = ~: QF(L) D(L) dL 

= D + QF D 

(oolD (L) +QF (L)D (L)]dL J 0 x n n 

x n n (5.C.4) 

where Dn and Dx are the separate doses ( D = ~ D(L) dL ). The aver

age QF for neutrons, QF n' is rewritten with the neutron fluence per 

unit energy, <I> (E) , as follows: 

QF = n 
(00 QF (L) D (L) dL/ 
Jon n 

( rOD (L) dL 
Jon 

~:P(E) <I>(E) dE / ~: p'(E) <I>(E) dE , (5.C.5) 

where ptE) is the fluence-to-DE conversion factor, and p'(E) the flu-
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ence-to-dose one. The neutron energy spectrum was measured by TOF 

and activation methods as stated in Fig. 5.17 in the section 5.4, and 

then a QF -value of 10.2 was obtained. Then, the average QF can be 
n 

obtained by dividing DE by the total dose. 
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CHAPTER 6. CONCLUSIONS 

In this thesis. basic problems have been discussed about radiation 

dosimetry in a high-fluence-rate. singly pulsed and mixed field. The 

purposes of the dosimetry have been focused on an absolute evaluation 

of exposure (or kerma). absorbed dose and dose equivalent in such a 

radiation field. The first two quantities are in general proportional to 

the number of ion pairs liberated in air or irradiated materials. Hence, 

it is indispensable to measure accurately the ion density. An ionization 

chamber was selected as a dosimeter in this work, which is one of ref

erence dosimeters for both exposure and an sorbed dose. Concerning 

the dose equivalent, it is necessary to estimate the average quality fac

tor in a mixed radiation field. From theoretical and experimental ap

proaches to such problems, the following results have been obtained: 

(1) Among several correction factors for absolute measurement of ex-

posure or absorbed dose with an ionization chamber, a collection 

efficiency for ion recombination is most important, especially in a 

pulsed X-ray field of high exposure rate. In order to obtain the 

relation of the collection efficiency with various parameters, temporal 

and spatial variations of the ion density in the chamber were calcu

lated numerically. It was pointed out that the well-known Boag's 

formula should deviate from the true collection efficiency in a pulsed 

X -ray field where the exposure rate became extremely high or a field 

where the pulse duration became of the order of· the ion transit time 

between electrodes of the ionization chamber. Furthermore the ef

fects caused by existance of space charge or difference in mobility 

between positive and negative ions. 
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(2) It is very difficult to determine the collection efficiency in an un-

known X -ray field, because the efficiency itself is a function of the 

exposure rate to be evaluated. Thus, a convenient method has been 

proposed, by which a true collection efficiency could be determined 

by finding a best fit of theoretical saturation curves to measured 

one. It is indispensable to measure ionic charges collected at two 

different applied voltages at least. An abreast-type ionization cham-

ber was designed and constructed for single-burst X -rays. 

(3) Experiments on determination of the collection efficiency have been 

carried out in a pulsed X -ray field generated by an electron linear 

accelerator. A good agreement in output currents of a parallel-plate 

ionization chamber between theoretical and experimental results was 

found. It was also confirmed that the proposed method could be ap-

10 -1 plied to an X-ray field of which exposure rate up to 10 R s ,i.e. 

collection efficiency higher than about 0.03. 

(4) The dose evaluation has been discussed in an X -ray field in the 

other region where the Boag's formula became invalid, that is, the 

pulse duration became long to be comparable with the ion transit 

time. It was found from numerical calculations that the collection 

efficiency in such a field was affected by the pulse shape as well as 

the pulse duration. In order to ascertain the fact, experiments 

were carried out in a field generated by an X -ray tube for medical 

diagnosis. A good agreement in output current shapes and satura-

tion curves was confirmed between experimental and theoretical re-

suits. It was pointed out that the proposed method was also appli-

cable to an X -ray field of relatively long duration. 

(5) Dosimetry of mixed radiations have also been discussed. At first, 

- 143 -



a basic concept of mixed field dosimetry was refined for practical 

purpose, and the methods for evaluating dose equivalent were clas

sified into three categories according to radiation quantity to be 

measured, that is, energy spectra, LET spectrum and ionic charge 

density. Two kinds of procedures based on the ionization chamber 

have been proposed for singly pulsed and mixed radiation fields. 

The methods were applied to a field consisting of bremsstrahlung X

rays and photo-neutrons generated by the electron linear accelerator, 

and the results were compared with those obtained by other methods 

in common use, i.e. calculations of X-ray energy spectrum, measure

ment of neutron energy spectrum by TOF and activation methods, 

measurement of LET distribution of absorbed dose with a Rossi count

er, and separate measurement of X -ray and neutron doses with two 

ionization chambers. The applicability of the proposed method in the 

mixed field could be confirmed. 

It seems that the study on radiation dosimetry in a high-fluence

rate, singly pulsed and mixed field has just begun and is still in de

velopment. There reinain many problems in the dosimetry, e. g. defini

tion of exposure for high energy X -rays, description of mixed field by 

mixed air-kerma, multiplication of radiation effects in mixed fields, re

presentation of radiation effects by entropy change, and so on. In 

order to catch up with future rapid development in accelerator science 

and nuclear fusion technology, enthusiastic endeavors by many dosi

metrists are required. 
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