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"POVERA E NUDA VAl, DOSlMETRIA"* 

Alessandro Rindi and Ralph H. Thomas 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California, 94720 

UCRL-20814 Rev. 

Abstract -. The concepts used in radiation protection are critically 

reviewed. It is concluded that primary attention should be given to 

the specification of radiation fields in terms of particle flux density 

and energy spectra, from which all other parameters needed in health, 

physics may be derived. 

>!< A corruption of a quotation from "I.e Rime Sparse" of F. Petrarca 
in which he laments the sad condition of philosophy. "You are cold 
and hungry, oh philosophy, "he says (Povera e nuda vai, Filosofia). 
The authors have similar views of the present condition of dosimetry 
in radiation protection. 
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1. INTRODUCTION 

A major objective of the health physicist is defined by' ICRP: 

"To prevent acute radiation. effects and to limit the risks of late 

1 effects to an acceptc;l.ble level."- In performing this task the opera- \ 

tional health physicist is called on to quantify ,radiation fields (or 

radiation exposures) by a variety of physical techniques and relate 

his measuremen ts to some given radiation safety standards. 

In making recommendations of maximum permissible doses one 

must recognize their two distinct facets. On the one hand is the 

problem of the physical quantification of the radiation fields, on the 

other is the expression of these physical measurements in terms of 

statistical proba bility of radiation injury. Although our ability to 

quantify radiation fields in physical terms could be relatively accurate, 

at least for exfernal radiation exposures, our knowledge of radiation 

effects at" low doses and dose rates in man unfortunately do not permit 
/ 

the secqnd step to be made with great accuracy~(We use the terms 

"precision" and "accuracy" in their statistical senses:
2 

accuracy of 

an experiment is a measure .of how close the result of the experiment 
~, 

comes to the true value (or its best estimate from· statistics); 

precision of an experiment expresses how exactly the result is 

determined without reference to what that result means: it is a 

me"asure of how reproducible the result is. ) 

Recognition of inaccuracy in our estimates of risk has led ,to some 

reluctance to prescribe in great detail the technique for translat'ing 

physical measurements to dose equivalent. 
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In its definition of dose ,equivalent the ICRU speaks of the "im-

media:te requirement for an unequivocal specification of a scale that 

may be used for numerical expression in radiatio~ protection, " 3 
. , 

This scalecannot.be specified with great accuracy, because this would 

demand a good understanding of radiation effects at the doses and dose 

rates within the limits of radia!ion protection. At present it must be 

_ somewhat arbitrary, arid only loosely related to biological effect~ . 

It need not, nevertheless, be vague and imprecise. The ultimate aim 

of definitions and prescriptions in dosimetry for radiatio~ protection 

must be to permit the translation of high:"accuracy physical measure-

ments to precise estimates of dose equivalenL Because the' prescdp-

tion for dOSe equivalent is an agreed administrative procedure, this 

precision is determined only by the accuracy of the physical measure

-ments. These procedures must be given in sufficient detail that the 

'precisionof the estimated dose equivalent reflects the accuracy of 

the original physical measurement, as far as possible. 

Before specifying\ a numerical scale for radiation protection. it 

is imperative that it "be decided with what precision measurements on 

the scale be reproduced. T~ere are wide differences of opinion among 

health physicists on just what this precision . should be. On the one 

hand, we, have those who suggest measurements of annual dose 

·equivalent rates be made to an accuracy of a few percent (even at the 

level of natural background), while on the other, we have-those who 
'/ 

suggest, it seems to us, that inaccuracies of as much as a factor of 

five or more are tolerable at the maximum permissible dose (MPD). 

.' 
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The ICRP has recommended that lithe uncertainty in assuming the 

upper li~its to the annual dose equivalent to the whole body or to the 

organs of the body " ... should not exceed 50%.4 Members of an ICRP 

panel at the IRPA Congress held in Brighton, England in 1970 

suggested that the DE resulting from external whole-body radiation 

exposure, at about the level of MPD should be established with a 

precision of about 20 to 300/0.
5

, 6 

Many factors bear upon the precision that is required of measure

ments exp~essed on our numerical scale. There is a need to compare 

data between different laboratories taken under different conditions 

, and at different times. Such comparisons are meaningless if the 

precision of the data is poor. In many countries radiation exposure 

safety standards are specified in law and it is doubtful if large un-

certainties in the estimation of radiation exposures at the level of the 

MPD are envisaged. Finally, accurate measurements of radiation 

environments assure efficient and economic operation. 

It would be absurd to' demand precision requiring extraordinarily 

difficult measures, but, conversely, equally absurd to throwaway 

precision that' is easily attainable. The precision which can be 

demanded is, in general, not limited by the techni,ques used to deter-

mine the physical characteristics of radiation environments: 'When 

different techniques of physical measurements are used the limitations 

on pre,cision are likely to be determine~ by the care which the 

administrative procedures for conversion to DE have been specified. 

In what follows we assume that a precision of about 25% is desired 

in estimates of external whole-body exposure to radiation at the level 
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of the MPD. 

When translation of the physical measure±nent into dose equivalent 

is unambiguously agreed, then the operational health physicist c~n 
'\ 

give his undivided attention to making accurate physiCal measurements. 

We have suggested that good accuracy in physiCal measurements is 

achievable, at least for exter,nal radiation fields, .at the present state 

.of the art in radiation detection. This holds true, however, only when' 

the quantities to be measured are clearly defined. Thephysical 

qtiantiti~s to be determined in the radiation field must be defined: 

in a rational way, so as to have meaning to the physicist asked to 

measure them; in a simple but unambiguous way, to allow the required 

and obtciinable accuracy; and in a standard way, to allow intercompari-

son of the results. The historical development of radiation has led to 

" a certain confusion between attempts to explain the biological effects 

of radiation (which is mainly the goal of the radiobiology) and to 

quantify radiation fields and interpret them on a scale of risk (which 

is the aim of health physics). In consequence, concepts and quantities 

that have been of paramount importance along the difficult way of 

understanding the mechanism of biologiCal damage have been in- . 

appropriately introduced in health physics. We believe that nowadays 

health physics deserves to be considered as a distinct branch of 

science, related to radiobiology as well as to physics and chemistry. 

Over the past few years several authors have critically reviewed 

the recommendations of the ICRP, from the points of view of both 

. t: d' 1 . 6-20 mterpre ahon an Imp ementatlon. They all express an uneasi-

ness in the application of these recommendations to operational 
L 

.. 
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health physics -- an uneasiness reflected, to some extent, bY,the 

ICRP itself. 21 

In view of this uneasiness we briefly review the evolution of our 

present radiation-protection units and critically examine their present 

application, and the offer some proposals that, in our judgment? would 

lead to both conceptual and practical improvements. 

'HISTORICAL REVIEW OF DOSIMETRY IN 
RADIA TION PRO TE C TION 

In the a~tum'l of 1895 Health Physics was in fact born, although 

it was to take several years before the subject achieved the status of 

a separate and distinguishable branch of science. Roentgen, in 

studying the conduction of electricity through rarefied gases, noticed 

that a barium platinocyanide screen placed close to a discharge tube 

glowed with a brilliant light. In his first report of his discovery 22 

of what he called !Ix rays," he noted that these emanations had the 
/ 

property of discharging electrified bodies - a penetrating observa-

tion which was to be of great significance in the dosimetry,of ionizing 

radiations. 

The practical application of Roentgen's fortuitous discovery was 

taken up with amazing rapidity. Thus, for example, within 3 months 

x rays w~re being used to assist surgery in hospital. 23 Neither did 

it take long to discover the deleterious biological effects of x rays; 

the need for protection from their eff~cts became obvious all too soon . 

Within mon,ths of their discovery reports of skin erythemas and other 

more severe manifestations of radiation injury had appeared .in the 

24 25-27 . 
literature. Many excellent reviews of man's early experIences 
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. with the use of ionizing radiation show how rapidly the early pioneers 

realized the need to quantify exposure to ionizing radiation and relate 

it to biological damage. 
/' 

It was soon discovered that x radiation could. be readily quantified 

by several physical techniques,. viz., the blacken::ingof photographic 

film, the ionization of air, ~nd the discoloration of certain chemicals. 28, 
I 

Of the physical techniques available for the quantification of x 

rays, their production of ionization in ,gases pr,oved to be the most 

reliable and convenient -- a circumstance confirmed by the adoption 

of the roentgen as the unit of radiation exposure by the'ICRU in 

1928.
29 

Roesch 30' has pointed out a lack of unanimity as to the precise 

meaning of the definition, of the terms "exposure" and the ''unit 

roentgen," as is ·evidenced by the subsequent evolution of the concepts 

~in ICRU publications of 1938, 31 1957, 32 and 1962. 33 It seems clear, 

, however, that foremost in ,the minds of the early pioneers of radiation 

protection was the idea that biological effects were quantitatively 

related to the "amount of radiation',' (now called exposure) incident 

upon .the irradiated person. 

In this regard it is of-interest to note that one of the earliest 

radiation-protection standards di~ect1y related biological effects to 

the roentgen. Mutscheller 3,4 p'roposed a maximum annual permissible 

li~it to exposure from x rays of one tenth of an erythema dose, 

corresponding to 25 to 50 R per year, depending upon the voltage of 

the x ray tube used., Characterization of a fieldof x rays incident 

on l:hebody by a measureme'nt of ionization in aLr was believed 

" 

• 
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sufficient to predict biological effects. 

The desirable simplicity of this view was due in part to the rather 

low voltage ranges of the x rays then available to the early radiologists. 

As the energy of the x-ray sources increased and the 

radiations emitted by radioactive substances discovered by 

Becquerel (at about the same time that Roentgen first observed x rays) 

had been investigated it soon became clear that a simple measur.ement 

of ionization in gas alone was insufficient; and it became common 

practice to specify, in addition to exposure, information related to photon 

spectrl1m, such as the voltage of the x-ray tube or the filtration, used. 

This additional information then permitted better prediction of 

biological effects, and to this day such a technique is used.in radio

.. 35 
therapy, where the distribution of energy absorption in patients ex-

posed to x rays is calculated from a measurement of exposure and 

knowledge ,of the incident photon spectrum. 

Time was not yet ripe for the detailed application to photon fields 

of the fundamental concepts of particle fluence, flux density,. and 

energy spectra -: - familiar fr.om the kinetic theory of gases - - because 

theories of the dual corpuscular and wave nature of photons were still 

evolving. Nevertheles s the concepts of exposure and fluence are 

philosophically rather close. They both attempt to define the radiation 

field independently of its interaction with tissue. 

In the late thirties and forties it increasingly became the opinion 
, 

of radiobiologists that the quantity of energy absorbed by biological 

systems was a better measure of their biological re/sponse than 
, 

exposure. Moreover, severe difficulties were met in measuring 
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exposure doses of neutrons by ionization in air. However, the first 

,approaches to evaluation of absorbed energy wer~ made through the 

- 36 
measurement o,f exposure. We quote fromD. E. Lea: 

"The roentgen is a unit of dose international~y accepted for y rays 

a~d x rays ,and capable of obvious extension to cover most of the other 

ionizing radiations. It is a 'unit chosen primarily for convenience in 

physical measurement, . and while 1 R of any radiation represents the 

same amount of ionization in air it does not always represent the 

same ionization or energy deposition in tissue. It is necessary there-

fore in comparing the efficiencies of different racliation to be able to 

convert roentgens into ionization in tissue or into energy dissipation 

in tissue. -There is no difficulty in principle in converting roentgens 

into energy dissipation in tissue, and if the elementary analysis of 

the tissue is known the conve'rsion can probably be made with an error 

of 1 e s s than 10%. 
) 

"The most obvious unit of energy to employ is the erg. One R of 

y rays orx rays involves the dissipation of about 90 ergs/g 'Of tissue." 

Contr~ry to Lea's opinion, howev~r,· attempts to extend the use 

of the roentgen to the measurement of neut.rons through the" n unit" 37 

in the United States or the "v unit" 38 in the United Kingdom proved 

abortive . Conceptually, the idea of energy abso-rption represents- a 

radical departure from the earlier idea of relating biological effects 

directly to the external radiation field in which the body is irradiated. 

It stands or falls on the simple test of whether or. not biological 

responses are closely related to energy absorption. 

Unfortunately, equal absorbed doses may not always give rise to 
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equal probabilities of any given biological effects, 3: i. e., equal 

,amounts of energy deposited by different radiations produce different 

"amounts" of the biological effect: 

In an attempt to overcome these difficulties two other concepts, 

those of relative biological effectiveness (RBE) and of RBE dose, were 

, 40 
introduced. The absorbed dose of the radiation was transformed 

into a 'biologically equivalent" absorbed dose of standard radiation 

called the RBE dose by application of an empirically determined RBE . 

. Thus the biological effects of irradiation by n different types of radia-' 

tion would be identical to that from 

i=n 

2: 
. i=1 

(RBE).D. rads of standard radiation, 
11 

(RBE). = DID., 
1 x, 1 

andD , D. are the absorbed doses of standard radiation and ith radia-. x 1 

tion'required to produce the same biological effects. 

It is, however, interesting to remark that the original unit of RBE 

dose - the rem - symbolized the phrase "roentgen equivalent man, 11 

showing how closely it was linked to measurement of exposure; at . 

this time (circa 1950) RBE was determined from measurements, of 

exposure rather than from absorbed dose. 

There, are many RBE 1 s, even for a' given type of radiation 

depending upon dose rate, dose distribution, biologica~ end point,and 

many other biological and physical factors. In radiation protection 

we are often concerned with whole-body chronic low-level exposures. 

The biological effects of $uch exposure are not completely defined. 
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bUt include cancer indudion, cataract formation, life-span shortening, 

,a,nd deleterious mutations. Unfortunately, there are no data on RBE' s 

for these effects at sufficiently low dose rates, and the RBE I S used in 

health physics have been extrapolated from a variety of radiobiological . \ 

41' ' 
data. The introduction of RBE, although it was intended to be 

helpful, served to 'open the door to proliferation of the quantities and 

terms used in radiation protection. 

, Radiobiologists'next 'carne to be of the opinion that one of the most 

importan:t factors influencing the biological efficiency of radiation is 

its linear energy transfer. 42 Finally, inr1953 the ICRP/ICRU decided 

it would be more convenient to separate the "RBE for radiation protec-

tion" into several modifying factors. One of these, the" ,quality 

factqr, " is a function of linear energy transfer alone. 

We cite (from Ref. 43): "In radiation protection it is necessary 

to provide a factor that denotes the modification of the effectivenes s 
\ 

\ , 
of a given absorbed' dose by LET (linear energy transfer). Unlike RBE, 

which is always experimentally determined, this factor'must be 

as signed on the basis of a number, of conside rations, and it is recom-

mended that it be terITled the quality factor (QF) . Provisions for other 

factors are also ITlade .. Thus, a distribution factor, DF,may be used 

to expre s s the ITlodification of bi~logical effe ct due to nOilUniforITl dis

tribution of internally deposited' radionuclides. ' The product of ab-

sorbed dose and ITlodifying factors is ter,med the dose equivalent, DE. 

As a restIlt of discussions between ICRU and the ICRP the following 

forITlulation has been agreed upon. . . , 
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The Dose Equivalent 

1. For protection purposes it is .useful to define a quantity which will 

'be .termed the dose equivalent (DE). 

2. (DE) is defined as the product of absorbed dose, D, quality factor, 

(QF), absorbed dose distribution 'factor, (DF), and other necessary 

modifying factors: 

(DE) ::: D(QF)(DF) (1 ) 

3. The unit of do'se equivalent is the rem. The dose equivalent is 

numerically equal to the absorbed dose in rads multiplied by the 

appropriate' modifying factors. " 

The .dose-distribution factor (DF) takes account of the distribution 

of internally absorbed radionuclides and is inappropriate to external 

radiation. In this case dose equivalent may be written as 

(2) 

where the M' s represent the "other necessary" modifying factors. 

This formulism is theoretical because in actual practice the additional 

fact'or s M.
1

, M
2

, etc. are undefined, and the dose equivalent for any 

type of radiation and for any external exposure condition is put 

numerically equal to the product of absorbed dose ih rads and the 

quality factor: 

DE::: DXQF. (3) 

Despite the apparent simplicity of this pres.cription for operational 

health physics, it is nevertheless extremely complex. Evaluation of 

the dose equivalEmt by ,direct measurements of both absorbed dose 

and quality factor as implied by Eq. (3) is not possible,and, as we 

shall show in the following sections, it is necessary to elaborate . 
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and extend these siITlple definitions to adITliriister this prescription. 
, 

This extension has resulted in the definition of a host of ancillary, 

paraITleters in wide use, but not authoritatively defined, and some 

consequent confusion. 

3. CRITICAL REVIEW OF'OPERATIONAL DOSIMETRY UNITS 

J.1 Absor.bed Dose 

The concept of ~bsorbed dose D is readily understandable: the' 

. energy per unit ITlass imparted to ITlatter by ionizing radiation. 

ICRU report 11 defines it as lithe quotient of ~~D by ~ITl, where 

~ ED is the energy iITlparted by.ionizing radiation to the ITlatter in a 

voluITle eleITlent and ~ m is the ITlass of the ITlatter in that voluITle 

eleITlent" 

II ( 4) 

However, one should not be disarITled by the ~pparent siITlplicity of 

the definition of absorbed dose. This definition is incoITlplete without 

specification of the size of the voluITle eleITlent 44 but this may not 

be done unaITlbiguously under all cirCUITlstances without specifying 

the rac:Iiation environITlent to be ITleasured. .The p'rescription that the 

voluITle eleITlent lion the one hand is sO'sITlall that a: further reduction 

in its size would not appreciably change the ITleasured value of the 
I 

quotient of energy by ITlass and on the other hand is still large enough 

to contain ITlany interactions and be traversed by ITlany particles ll is 

of little practical help because it demands sufficient knowledge of the 

radiation ·field before the ,size of the eleITlent ITlay be determined. 

Even if the size of the volume eleITlent is defined precisely there is 

only one instruITlent that allows direct absolute ITleasl.!.reITlent of 



-13 -

abso'rbed energy - the calorimeter. At the dose rates experienced 

in health physics it is too insensitive . 

. Measurement of ionization in a gas provides an indirect means of 
, 

absolute determination of the energy deposited in the gas. Free -air 

ionization chambers are limited to the measurement of photons of 

energy below 3 MeV, and of course, knowledge of absorbed dose in 

tissue is the quan:tity demanded by the ICRU formulism for radiation 

protection. Absolute indirect determination of energy absolute in-

direct determination of energy absorption in dense material is possible 

if cavity chambers operating under conditions prescribed by the Bragg

Gray principle are utilized. It has to be realized, however, that it is 

very difficult to obtain in practice the conditions ,required for the 

application of the Bragg -Gray principle. The composition of the walls 
I- . , ' 

of the chamber, the thickness of the walls, and the composition of 

the gas are very critical parameters and are related to the type of 

radiation to be measured. 

Even when 'these technical problems are solved there are severe 

practical difficulties in the direct measurement of absorbed dose in 

the human body. Extensive development of ionization chambers whose 

walls and gas filling approximate the composition. of tissue has been 

reported in 'the literature. 45 Such chambers have been widely used 

around some high energy accelerators, 46 but severe practical· 

limitations make their use at low dose rates inconvenient in routine 

health physics. In unknown radiation fields, a single measurement 

of absorbed dose is not enough: depth-dose distributions are'required 

for providing the information needed for 'a correct evaluation. The 
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rather large volume of adeq'uately sensitive tissue-equivalen,t 

chambers.makes depth-dose studies in phantoms difficult, with the 

result that measurements are often made outside the body. In such a 

case, of course, depth-dose distributions must be calculated from a 

physical knowledge of the inCident radiation field. 

Thus, although the concept of energy absorption in tissue repre-

sented a philosophical departure (Section 2) from the idea of quantifying 

the radiation field per se, in practice, no change resulted. 
" 

3.2 Relative Biological :Efficiency and Quality Factor 

As discussed in Section 2, the fact that equal absorbed doses of 

radiation do not produce equal probabilities of any given biological 

effect 'Vas first expressed by the definition of the' relative biological 

efficiency (RBE), which subsequently was modified to quality factor 

(QF) for radiation-protection purposes'. 

The differences between RBE and QF are clearly expres sed in 

ICR U report 11. RBE is always experimentally determined, and its 

use should be'reserved for radiobiology. QF is to be used only in 

radiation protection and "assigned on the basis of a number of con-

sideratiohS, " and is a "factor that denotes the modification of the 

effectivenes s of a given absorbed dose by LE T (linear energy transfer)." 

Unfortunately, these differences are still not clearly understood, as 

evidenced by numerous references in the literature to "measurements" 

of QF and by the undue concern often exhibited at discrepancies between' 

measured RBEI s and the recommended QF' s. 

ICRU report 11 has also left a vacuum in that no reference is made 

to high exposures. Accident dosimetry might properly be included 
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within the province of "Radiation Protection, " but the use of "Quality 

Factors"is inappropr~ate, RBE' s between 1 and 2 being generally 

observed for acute exposure at high doses, even for those radiations 

which have been assigned much higher OF's. 

The ~troduction of the term quality factor has necessitated the 

further definition of linear energy transfer. 

3.3. Linear Energy Transfer (LE T) and OF 

ICRUreport 11 defines linear energy transfer or restricted linear 

collision stopping power (L d. ICRU report 11, paragraph 19, states: 

I'The linear energy transfer or restricted linear collision stopping 

power (L,6.) of charged particles in a medium is the quotient of dE by 

dl, where ,dl is the distance traversed by the particle and dE is the 

mean energy loss due to collisions with energy transfers less than 

some specified value ,6. , 

dE 
dl (5 ) 

Note that, although the definition specifies an energy cutoff and not a 

range cutoff, the energy losses are sometimes called energy locally 

imparted ." 

It is not yet known what value of energy cutoff should be used, and 

- . 
it is c?mmonpractice to include all possible collisions in the calcula-

tion -of LE T for radiation-protection purposes. In this case, linear 

energy trap-sfer is numerically identical to the stopping power of the 

medium. It is usually sufficiently accurate for radiation-protection 

purpo,ses to calculate the stopping power in water, as has been done 

in definition of the OF-LET relationship. \ 
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Values of OF as a furiction of LET were £irs~' proposed by lCRP in 

1954 and later approved by a joint ICRP jICRU committee, the so-called 
, "'-. ..J 

''',RBE Comrriittee." 47 This OF-LET relationship has been assumed 
I . 

, .-

by many to be the cornerstone of dosimetry in radiation protection, 

but it should be clearly understood to be arbitrary and only broadly 

related to radiobiological data. ·In its first form, 'it was presented 
. . 

as a set of values over a range of stopping power in water. Later it 

was preserited as a set of. five discrete values of OF for correspqnding 

discrete values of stopping power in water between :3.? and 175 keV /lJ.o 

A smooth curve joining these points is u.-sed in calculation of dose-

'equivalent distributions. 

We want to underscore here the fact, discussed more fully in 
. . . . . 

. paragraph 3.5, that QF ,is E.2!..a physical quantity, it has no physical 

dimensions and cannot be measured in the physical sense. The curve 

tha t relate s LE T and QF can, of cour s e, stimulate the ingenuity of 

skilled technicians to build instruments that measure LET and thus 

compute the QF. 

3.4. LET Distributions 

Equation (3) applies to particles of identical LET. Unfortunately, 

even monoenergetic particles develop secondaries with a wide range 

of LET in tissue. In general it is therefore necessary to deriye the 

LE T spectrum developed in the region where the absorbed dose is 

determined. 1£ this spectrum is known the ICRP 48 writes the dose 

equivalent as L max 

DE ~1 D(L) QF (L) dL, ( 6) 

'. 
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where L is the linear energy transfer, 

and 

D(L) i~ the absorbed dose at the point of interest per unit 
interval of L, 

QF(L) is the quality factor at L, 

L is the maximum value of linear energy transfer at the 
max . t f· t t pOln 0 lneres . 

I 

The effective quality factor (QF > at the point of interest is then 

L L 
max max 

(QF) ,1 QF(LJD(LJd1i D(LJdL. (7) 

(The location of the point of interest will be determined by the type of 

radiatiori and location of the various critical organs in the body. It 

cannot therefore be defined without specification of the radiation en-

vironment in which the body is located.) 

The direct measurement of LE T distributions demanded by Eq. (6) 

is very difficult. 49 Rossi and his colleagues have developed a spheri-

cal proportional counter for use as an LE T spectrometer which has 

been uSed in several laboratories with some success. 50 The technique, 

however, is fairly complicated, time-consuming, and insensitive at 

the radiation levels usually encountered in radiation-protection work. 

For example, a ,recent survey by Freytag and Nachtigall 51 of the 
; 

experimental techniques used to determine DE rate at 23 accele,rator 

center~ showed that only one had an LE T spectrometer in common use 

and three others in occasional use. All the laboratories, ori the other 

hand, used particle flux measurements in their routine operations. 

This lack of use of LE T spectrometers is easily understood, when 
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when one considers the extremely laborious nature of the technique, 
> • ; 

described in more detail in the paper. In general, however, LET 

distributions must be calculated, 49 and this, of ~our se, demands 

detailed physical knowledge of the radiation field. If sufficient data 

is available to permit the calculation of LET distributions then dose" 
. " . . 

equivalent distributions may also be calcul(~.ted and Eq. (7) becomes of 

little practical importance. 

3.5. Dose Equivalent 

Dose equivalent as defined by Eq. (3) is not a simple parameter. 

We, have seen in the foregoing paragraphs how its mechanical evaluation 

, necessitates the definition of several additional concepts not evident 

from the disarming simplicity of the fundamental equation used to 

define it. Indeed, dose equivalent is not itself completely defined in 

the publications of ICRP and ICRU. One particularly important aspect 

left undetermined is its physical dimensions. It seems evident, however, 

that if the arguments of the latter part of Section 2 are accepted, then 

dose equivalent should be expressed in health physics as well as in 

radiobiology in terms of "equivalent rads of standard radiation, 11 

since the c'oncept attempts to provide a "scale that may 1;>e used for 

numerical expression in radiation protection. 11
52 

Although dose equivalent has not been fully defined in the publica

tions of the ICRP and ICRU, there is an increasing tendency to regard 

it as an expression of an upper limit to the statistical risk resulting 

from human exposure to ionizing radiation. At present our knowledge 

of fundamental radiobiology limits our ability to express this risk with 

precision, consequently our radiation-protection standards contain 

• 
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administrative elements based on the best judgment of the ICRP and 

ICRU. The dose equivalent is a hybrid quantity compounded of three 

elements, the first consisting of physical data derived from measure-

ments of radiation fields, or from its interaction with the tissue, the 

second consisting of factors derived from radiobiology, and the third 
I 

consisting of administrative factors which, in view of our imprecise 

radiobiological knowledge, can express only general safety factors. 

Often the second and third element are combined into a single factor, 

which is of necessity somewhat arbitrary and only broadly related to 

biological effects. The "quality factors" recommended by the 

commission are examples of such a combination. 

Dose equivalent is then by definition immeasurable. It ITlUst be 

estimated from the results of a physical measurement by rules 'and 

procedures recommended by the ICRP. ,It is perhaps unnecessary to 

remind the reader that the very useful so-called "Rem Meters", 

merely attempt to incorporate the task of measu'rement and conversion 

into a single operation. 

,Many acceptable physical techniques have been developed for the 

quantification of radiation fields, all capable of good accuracy (a few 

percent), but the ICRP implies (perhcips unintentionally), and the 

operational health physicist might be forgiven for assuming, that 

measurements of absorbed dose are preferred. Indeed it is true that 

dose equivalent is still calculated via the absorbed dose but it is, of 

course,ri.6tneces sary to measure this latter quantity directly. The 

prescription of Eq. (1) has worked well in certain restricted cases, 

for example, the calculation of small-organ doses from absorbed 
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radionuclides (when several simplifying assumptions are made) or 

dosimetry for low-energy photons '(when all QF 1 S :-are unity). However, 

as we have seen, atte~pts to employ Eq. (1) or (3) directly in the 

practical evaluation of DE: in mixed ra'diation fields has met with 

some practical difficulties. In an unknown radiation field it is 

necessary to 

(a) measure the absorbed dose distribution through the body, 

. (b) evaluate the LE T spectrum at the points 'at which the absorbed 

dose measureJments were made, 

(c) construct the dose -equivalent distribution in. the body and 

locate its values in the critical organs. 

Such a procedure a.1though 'probably tech~icaJly feasible, would 

undoubtedly be time-consuming" and may not always be necessary. 

4.·' PRACTICE OF RADIA TION POSIMETRY 

The concepts of the dosimetric units and their history having been 

reviewed, it is pertinent to examine the practical techniques currently. 

used in operational health physics. 

Two basic approaches to operational problems may be distinguished. 

The first attempts to apply Eq. (3) directly and develop instruments 

,capable of measuring the physical quantities required. The second 

approach attempts to specify the radiation field in physical terms and 

directly calculate dose:-equivalent distribution with depth without 

passing through the inte~mediate stage of measurement of absorbed' 

dose. 

4.1 Meas.urernents of Abosrbed Dose and Evaluation of Quality Factor 

Absorbed doSe may be measured with a tissue-equivalent ionization 

• 
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chamberb~meeting the Bragg-Gray requirements that the tissue-

equivalent wall be thick enough so that charged-particle equilibrium 
• 

is achieved, and that the density of the gas in the cavity be low enough 

so that charged Rarticles, do not lose an appreciable fraction of their 

energy in traversing the cavity. Clearly, to insure that these require-

ments are met, one must either have prior knowledge of the quality 

of the radiation or make assumptions as to its composition. (Measure-
; 

ments of absorbed dose may be made with cavity chambers that do 

not meet the Bragg-Gray requirements but the theoretical basis for 

such detel;'minations is extremely com.plex and in any event requires 
J 

detailed knowledge of the radiation environment.) At present ICR U 
, 

has not sp~cified the construction of such chambers or the'ir volume to 

facilitate c6nven~ent intercomparison of experimental data. Such a 

specification is, of course, a difficult problem, because the details 

of chamber coristruction depend upon the type of radiation to be 

measured and the sensitivity required. When such absorbed-dose 

measurements are made there stlll remains the problem' of selecting 

an appropriate quality factor. This selection may be achieved by 

(a) A measurement with an instrument su<;h as the recombination 

, 54-56 
chamber, 

(b) determination of the' LE T spectrum of the radiation field, or 

(c) choice of some prudently conservative estimate of quality 

. factor (because it never underestimates dose equivalent, 

this approximation usually results in uJ?,necessary restric-

tions in operational procedures). 

All three. techniques have their disadvantages. The third 
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alternative we will not discuss further because it '.does not provide 

a satisfactory basis for routine practice. Recently the ICR U has 

discus sed the difficulties in meas~ring LE T spectra, and indicated' 

that, in general, full LET distributions ~ay be obtained only by 

calculation. This of course presupposes a priori knowledge Of the 

radiation field and calculation o{,an appropriate quality factor. 

The large discrepancies betw:een different techniques for evaluating 

quality factor have been discussed in a paper frorri the CERN Health , 
57 

,Physics Group. 

4.2 Measurement of Fluence and Dose-Equivalent Calculations' 

Dose equivalent may be determined if sufficient detail is obtained 

on the radiation field incident upon the irradiated person. Such a 

procedure demands 

(a) QualitaHvedetermination of the components of the, radiation 

field - - L e .. , , one that reveals the types of particle incident: photons, 

,neutrons, Q' partic:les, or whatever.' 

(b) Determination of the flux density, energy spectra,. and angular 

distribution of each significant component of the radiation field in 

sufficient'detail to permit calculation of the dose equivalent to the 

precision required. 

In practical ~ealth physics problems we are often limited to' a 

need to identify e::cposures, due to photons, electrons, and neutrons. 

Many instru~ents available can discriminate betwe~n these particles. 

However, when instrumentsdesigneci to measure absorbed dose and 

LET spectra are used, they can never reveal the, nature of the incident 

radiation field, and one important aspect of the radiation exposure is 

• 
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irretrieva1Jly lost. 
. . , . . 

Partiyle: fluence and energy spectra are well-established 

physical concepts and may be measured,with extreme precision, if 

required, by rather sophisticated techniques currently employed in 

particle research ... The choice of physical techniques which quantify 

the radiation field in terms of particle spectra would not therefore 

,limit the accuracy of the dose 'equivalent, even if the accuracy of 

our biological knowledge were greatly improved. (We should note 

here that this is not the case with measurements of absorbed dose 

which are limited in sensitivity, volume, or both.) . 

Many types of detectors have been developed for flux-density 

measurements with a precision acceptable for health physics purposes 

(about 100%). In neutron fields, BF 3 counters with different thick-. 

nesses of moderators maybe used. In addition, several types of 

activation'detectors allow neutron flux density measurements in a 

very broad range of energies. Such detectors.are quite energy-selec-

tive and permit evaluation of neutron energy spectra with a precision 

adequate .for the purposes of radiation protection. Scintillation 

counters, hydrogen-filled proportional counters, or silver-covered 

GM counters are also used for neutron flux density measurements. 

Pulsed ion-chamber proportional counters, GM counters, or 

scintillat~rs are w,idely used for" -ray and charged-particle flux-

density measurements in a broad range of energies. Activation detec-

. tors can also be used in high energy fields. From the knowledge of the 

flux density versus energy those quantities required for the risk 

. evaluation may then be calculated as will now be described. 
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If the cOITlposition of the incident radiation field is known to 

consist of n,different types of particle, i, whose flux density between 

,energy E and E + dE is <\>.(E)dE, the d0se equivalent rate ITlay be 
1 . 

defined to be n E.(ITlax) 

DE=Ii~. 
i = 1 E.(ITlm) 

. 1 

<\>. (Er 
1 dE, (8) 

g.(E) 
1 

where E.(ITlin), E.{ITlax) are the rninirnuITl and ITlaxirrluITl energies of 
1 1 

the i particles respectively; gi(E) is a factor that converts a flux 

density <\>.{E) of i particles at energy E to the DE rat,=. 
, ' 1. 

It isneces'sary therefore to d'ei-ive values of the conversion 

factors g.(E). In general, the evaluation of such conversion factors 
1 

isa complex ITlatterinvolvingthe calculation of particle spectra 
- . 

producedfroffi the prim:ary particles within ITlodels of a body. Given 

the details of particle spectra within the tis sue, one can calculate 

'. 
the absorbed dose in a chosen eleITlentary voluITle froITl the known 

stopping power 
,-

of each charged ~article in tissue, 
2 

~ = ~1 D(z) dz, n, 

z1 

(9) 

where D(z) represents the distribution of absorbed dose along the 

track (the energy deposited per unit ,length' of track divided by ITlass 

of the chosen voluITle), and z1 and z2 are the liITlits of the track inside 

the volum.e.· The l:: represents the sUITlm.ation over all the ionIzing 
n 

particles crossi~g the voluITle. If the LET distribution along the track 

of each particle is known, one can weight each segITlent of charged-

particle track by the appropriate. quality. factor and calculate the dose 
, ' 

• 
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equivalent; 

DE D(z) dz. (10) , 

For that elementary volume, one can calculate an average (QF) as 

(QF) = DE 
D 

(11 ) 

, 3 
Typically one chooses 1 cm as elementary volume within the body 

model. One ends with a di'stri'bution of D's, QF's, and DE's inside 

the model as precise as present physical knowledge and present dosi- , 

metric recommendations allow. From this distribution one selects 

a single value of the DE's (either maximum or that ,at the organ of 

interest) . From this value the g. is easily calculated (which incidentally 
1 ! 

makes it possible to express MPD' s in terms of particle flux densities). 

From this kind of calculation one infers also the QF' s for mixed 

radiation fields. 

Such detailed calculations, involving as they do complex details 

of geometry and nuclear interactions, in general need a large digital 

computer for their execution. E~tensive effort has been devoted by 

the Health Physics and Neutron Physics Divisions of Oak Ridge National 

Laboratory to the calculation of absorbed-dose and dose-equivalent 

distributions in water and tissue phantoms. In general such calcula-

tions have been principally in semi-infinite uniform tissue slabs, 

although some work has been carried out on finite tissue cylinders and 

parallelepipeds. 

As greater realism is demanded it seems only to be a matter of 

tenacity to perform calculations in phantoms accurately simulating 
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the structure of ,the human body. 

5. CONCLUSIONS 

The use of particle accelerators in industry, medicine, and 

research grows rapidly, and their number is increasing at the rate of 
- ; 

10%per year. ' There are now more ~than 1400 accelerators in opera-

tion in the United States alone. More and more individuals are occu-

pationally exposed to high LE T radiations. 

At high -energy particle accelerators, techniques for the deter-

mination of neutron spectra with accuracy sufficient for DE evaluations 

have been qeveloped over the past ten years. 58 , 59 The conversion 

12 . 60 61 . 
of these' spe,ctra to DE is now well understood, .. ' , solvIng the 

difficulties of accelerator dosimetry discussed by Goebel et al. 57 

The problems of high LE T radiation dosimetry are not limited 

to high energy accelerators, however they arise, whenever neutrons 

are to be'measured. Thus Stone and Thorngate, 62 in discussing , ' 

neutron dosimetry in the energy region 50 keY to 450 keV, make the 

following unequivocal statement: 11 In order to make accurate measure-

ments of the neutron dose delivered to a medium, it is essential to 

,have some knowledge of the incident neutron spectrum. . ." Indeed, 

a glance at the literature should rapidly convince the reader of the 

need to und.e~stand the neutron spectrum in neutron dosimetry at all 

63 64-
energies. Sidwell and Wheatley in a recent paper have indicated 

the advantCl:ges of such a system for photon dosimetry. 

We conclude it.to be increasingly nece.ssary that guidance be given 

,to health physicists concerned with the operational problems posed by 

high LET radiation environments. We feel it would be a forward-looking 

• 

.' 
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move to reappraise the guidance given by ICRU -and ICRP with a view 

. to clarifying the points discus sed in this paper. 

We consider the following three points worth serious discussion: 

10_ Dose Equivalent 

a. ICRU should be encouraged to define the physical units of dose 

equivalent. 

b. The ultimate radiation-protection goal to be served by this 

quantity should be determined. Is it the intention of ICRP to relate 

dose equivalent to an estimate of risk of radiation-induced disease? 

c . The accuracy required in estimates of dose equivalent should 

be authoritatively determined. 

2. Physical Measurements Required to Determine Dose Equivalent 

Radiation-prote-ction standards are given in terms of dose equiva-

lent, and absorbed dose is of value in health physics onlyins<?far as 

it leads to estimates of dose equivalent. It is our view that the 

definitionofodose equivalent by the familiar equation 

DE = DX(QF) X(DF) etc. 

has led to overemphasis on efforts to measure absorbed dose m mixed 

radiation fields. Direct measurements of absorbed dose may be 

helpful but present some severe practical problem in operational 
\ .> 

health physics; but estimates of QF in mixed radiation fields are 

impos sible without knowledge of the radiation field in which measure-

ments are to be made. 

-'-
Absorbed dose is a rather sterile'" concept for operational health-

physics .. ' ill health physics knowledge of the radiation field is required 

>!<Sterile- producing little or nothing; unfruitful (Webster). 
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so that personnel exposure can be controlled by rriodification of the 

radiation field, e· g., by shielding. Thus, a fund?-mental understanding 

'. L 

of radiation fields for 'purposes of modifying them has the fortunate 

bonus that calculation of absorbed dose or dose equivalent may be 

incidentally made with little difficulty. It seems to us that this is the 

most fruitful approach for practical dosimetry "in mixed radiation fields. 

Present physical techniques of measurement permit quantification 

of unp~rtubed radiation fields to within a few percent (essentially . 

precise for radiation~protection purposes). _ 

Current ICRU -ICRP prescriptions for the evaluation of dose 

-equivalent from these accurate physical measurements are not· suf-

ficiently detailed to permit us to ()btain the desired accuracy of about 

± 25% '. 

3. RadiObiology and Radiation Protection 

It must be recognized that the requirements for dosimetric units 

in the two discipline s of Radiobiology and Radiation Protection are often 

quite distinct. 

ICRU.has given a great deal of attention·to the dosimetric require-

ments of radiology and radiobiology, but these are quite different 

from those of Health Physics. We would encourage greater attention 

to the problems of radiation protection, part icularly with respect to 
, , 

definition of the field in terms of fundamental physical quantities. 

The authors speculate that there is an area of overlap'between 

ICRP and ICRU for which neither commis'sion seems anxious to 

becorpe respons~ble. ICRU does not appear, on the basis of its 

publications., to be particularly interested in sharpening up its 

• 
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definitions of units for radiation p.rotection. There are many instances 

in ICRU publications of failure to clarify importC).nt points crucial for 

accurate dosimetry in radiation protection· ICRUseems to be content 
, ... to permit over-estimates in the dose equivalent byas much as a factor 

of 3 in the belief that limited accuracy is s'ufficient. On the other hand, 

it may be that ICRP, while hoping for precisions of about 20%, is 

reluctant to 'enter the territory of ICR U to make the neces sary Im-

provemEmtsin definitiOns needed. 

At present our knowledge of fundamental radiobiology does not 

permit precise estimates of risk from radiation exposure at the 

levels pertinent to radiation protection. Radiation-protection standards 

are therefore only tenuously linked to fundamental biology. Radio-

biology is a young discipline, and its concepts have not yet been 

stabilized~ It is perhaps too early to take over its concepts - - which 

will probably change with time as our knowledge becomes deeper --
, 

directly into radiation protection., Rather it is preferable to assign 

the broad goals, of radiation protection, and to compensate for the lack 

I . 

of precise detail by clearly recognized administrative decisions. 

Authors' note. This paper was written prior to the distribution of 

ICRU Report 19. 
- "11" 
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