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ABSTRACT

The International Commission on Radiological Units and Measurements

t~ICRtr) and the USA Standards Institute have offered definitions and made

recommendations concerning nomenclature that should be adopted to the

greatest extent possible in the shielding community. Because of the nu

clear engineering context for shielding calculations and design, special

problems have arisen. In order to help alleviate some of these problems,

a review is presented along with recommendations. Some of these recom

mendations are controversial and do not represent a consensus of the many

reviewers who have contributed to this work. These cases are identified.

Discussions are given of terms such as flux density, dose, kerma,

energy deposition coefficient, response functions, and buildup factors.
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SUMMARY

The International Commission on Radiological Units and Measurements

(ICRU) and the USA Standards Institute have offered definitions and made

recommendations concerning nomenclature which should be adopted to the

greatest extent possible in the shielding community. Because of the nu

clear engineering context for shielding calculations and design, special

problems arise.

A discussion is given of terms such as flux density, dose, kerma,

energy deposition coefficient, and buildup factors which leads to the

following statements and recommendations.

1. The term "response function" may be applied to

any function of energy which is multiplied by the

flux density <j)(r,E) and integrated over energy to

produce integral quantities to be used for radia

tion protection or other purposes.

2. The result of such an integration produces a detector

response, kerma, exposure, or a similar quantity. To

calculate dose (absorbed dose, dose equivalent), other

considerations are necessary.

3. The term dose is a general term denoting the quantity

of radiation or energy absorbed (see p.53, Appendix III).

4. The term "first collision" dose should be dropped.

Normally, kerma can be substituted but it should be

noted that kerma can be calculated for positions in

phantoms, mammals, etc. We further recommend that

when kerma is actually evaluated this term should

be used and should not be called dose.

5. The quantity measured by fast neutron dosimeters, such

as the Hurst type, is kerma since such instruments do

not respond to secondary gamma rays.



Normally, for purposes of determining the magnitude

of a gamma-ray field (below about 10 MeV), the quan

tity evaluated should be exposure.

Because of the models often used in gamma-ray trans

port calculations, the following terms are proposed:

(a) Mass Absorption Coefficient (y /p)-
3.

Consists of the photoelectric and pair-production

mass attenuation coefficients and the average

energy deposition fraction of the Compton mass

attenuation coefficient,

(b) Modified Mass Absorption Coefficient (y /p) -
3.m

Same as y /p except it does not include the
a

fraction of energy carried off by annihilation

radiation,

(c) Exposure Buildup Factor -

Replaces what has been known as dose buildup

factor (based on energy absorption in air) ,

(d) Energy-Deposition Buildup Factor -

Replaces what has been known as energy-absorption

buildup factor,

(e) Energy Fluence Buildup Factor -

Replaces what has been known as energy buildup

factor.

The term buildup factor normally should be reserved for

electro-magnetic radiation in simple cases where the build

up factor is a function of distance from the source or from

plane boundaries.



FOREWORD

The staff of the Radiation Shielding Information Center has become

increasingly concerned about the chaotic use of radiation quantities and

units in the reporting of calculations and measurements of radiation

transport. In an effort to formulate a course of action which might al

leviate this problem, a working committee was assembled at Oak Ridge in

April of 1966 to discuss the matter. One of the results of the meeting

was a recommendation" to publish an RSIC topical report discussing the

ICRU recommendations concerning various radiation units as a service to

the shielding community. The present report is an effort to fulfill that

recommendation. It has been reviewed, but not necessarily wholly endorsed,

by those present at that meeting. The attendees were:

N. M. Schaeffer - Radiation Research Associates

G. H. Anno - McDonnell-Douglas

W. E. Edwards - General Electric, Missile and
Space Division

S. T. Friedman - Westinghouse Astronuclear

H. H. Rossi - Columbia University

A. B. Chilton - University of Illinois

H. 0. Wyckoff - Armed Forces Radiobiology
Research Institute

D. K. Trubey - Oak Ridge National Laboratory (RSIC)

F. H. Clark - Oak Ridge National Laboratory

S. K. Penny - Oak Ridge National Laboratory

F. C. Maienschein - Oak Ridge National Laboratory

'?. H. Clark, Report of a Meeting of a Working Committee on Shielding
Convention. ORNL-TM-1604, (Nov. 8, 1966).



This report has also been reviewed by members of the American Nuclear

Society Standards Subcommittee on Shielding (ANS-6), N. M. Schaeffer,

chairman. The 1967-1968 members include:

S. T. Friedman

H. J. Donnert

R. J. Klotz

A. E. Profio

H. C. Claiborne

D. K. Trubey

- Westinghouse Astronuclear

- Kansas State University

- Combustion Engineering

- Gulf General Atomic

- Oak Ridge National Laboratory

- Oak Ridge National Laboratory (RSIC)

Other reviewers who have made contributions are:

F. H. Attix

L. G. Haggmark

C. M. Huddleston

W. R. Johnson

K. O'Brien

J. A. Auxier

- U. S. Naval Research Laboratory

- U. S. Naval Radiological
Defense Laboratory

- U. S. Naval Radiological
Defense Laboratory

- University of Virginia

- USAEC Health and Safety Laboratory

- Oak Ridge National Laboratory

The editorial "we" is used throughout but the author only is respon

sible for the recommendations and statements made. In many cases there

was a consensus; where there was none, we have tried to indicate this fact.

There are two possible philosophies one can adopt in making recommenda

tions. One is to take the majority position which may not be the best usage

logically. The other is to adopt what seems logical even if it is a sharp

break with tradition. We have chosen sometimes one philosophy and some

times the other.

We recognize that this is an exercise in social action but feel that



RSIC should take leadership in promoting clear communication. We find

difficulties enough in communication without those due to the use of non

standard word usage and ill-defined concepts. We sincerely hope this re

port will be a contribution to better communication. If not, perhaps a

useful purpose will be served if the readers are stimulated to think about

these matters once again.



USE OF ICRU DEFINED QUANTITIES AND UNITS IN SHIELDING

D. K. Trubey

INTRODUCTION

To quote from H. H. Rossi - "It is now about (2)" years since the

recommendations on quantities and units by the International Commission

on Radiological Units and Measurements (ICRU) have been published. Al

though there appears to have been little overt criticism, it is evident that

these recommendations have often been ignored or that their implications

have not been appreciated." In the time period since Rossi made the state

ment very little increase in the use of the defined units has been noted,

especially in the shielding community. This community, somewhat distinct

from the health physics community, is mostly composed of physicists and

engineers primarily concerned with radiation transport through shields.

They are concerned only incidentally with dosimetry and hence are generally

only vaguely aware of the ICRU recommendations. It is apparent, however,

that an understanding of these recommendations and a consistency in the use

of dosimetry terms are long overdue. Consequently, this report was prepared

and issued in an effort to make the shielding community more aware of the

ICRU recommendations and, in the interest of improving communication, to

make some recommendations concerning special terms.

This number should be updated to 5 to reflect the interval of time which
has passed. It appears that the note is as relevant now as it was in
1965.



THE ICRU

As background concerning the ICRU we quote the following:

The International Commission on Radiological Units and Measurements

is one of two permanent commissions operating under the auspices of the

International Congress of Radiology. This Commission was first organized

in 1925 and has been continuously active ever since. General meetings

have been held during each Congress in which recommendations concerning

radiological units and standards have been established...

...The International Commission on Radiological Units and Measurements

(ICRU), since its inception in 192b, has had the responsibility for develop

ing (1) the basic principles of units, standards, and measurements needed

in radiation dosimetry, and (2) the specification of radiation treatment.

It has based its activities on a recognition of the need for worldwide

uniformity in those fields.

The Commission also considers and makes recommendations on radiation

units and measurements necessary in the field of radiation protection. In

this connection its work is carried out in close cooperation with the Inter

national Commission on Radiological Protection (ICRP).

The ICRU endeavors to collect and evaluate the latest data and informa

tion pertinent to the problems of radiation measurement and dosimetry and

to recommend the most acceptable values for current use...

...The ICRU feels it is the responsibility of the national organizations

to introduce their own detailed technical procedures for the development

and maintenance of standards. However, it urges that all countries adhere

as closely as possible to the internationally recommended basic units and

concepts.
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The Commission feels its responsibility lies in developing a system

of units having the widest possible range of applicability. Situations

may arise from time to time when an expedient solution of a current problem

may seem advisable. Generally speaking, however, the Commission feels that

action based on expedience is inadvisable from a long-term viewpoint; it

endeavors to base its decisions on the long-range advantages to be expected. .

...The Commission has entered into an official relationship with the

World Health Organization (WHO). In this relationship, the ICRU will be

looked to for primary guidance in matters of radiation units and measure

ment, and in turn WHO will undertake the worldwide dissemination of the

Commission's recommendations. This relationship does not affect the affil

iation of the Commission with the International Congress of Radiology.

Information relations have been developed with the International Orga

nization for Standardization (ISO).

The ICRU invites and welcomes constructive comments and suggestions

regarding its recommendations and reports. These may be transmitted to the

Chairman.

TYPES OF RADIATION TRANSPORT CALCULATIONS

There are several possible purposes for shield research or design cal

culations and naturally the final quantity computed will depend on the pur

pose. Nearly always the ultimate purpose is to estimate biological hazard,

radiation damage, or heating, however, and therefore it is likely that some-

thing called "dose" will be evaluated. This is not a basic quantity which

characterizes the radiation but rather is a measure of the energy-deposition

The quotation marks indicate the generic nature of this term as generally
used. It is not necessarily identical with absorbed dose. (See page 23.)
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characteristics in a particular material. There are difficulties in

estimating the "dose" but there are advantages. That is, the "dose"

from ionizing radiation due to a particular source is generally a simple

function, compared to differential quantities, yet has a behavior similar

to the dominating components and is, at least roughly,a measure of hazard.

Several of the possible purposes in making a calculation of radia

tion transport are considered below. (Refer to Appendix II for definitions

of terms used here.)

A. Shielding Research

The goals in a research project are generally one or more of the

following: development of method, generation of attenuation or similar

kinds of data, or comparison of materials and/or specific geometric con

figurations. Comparison with other calculations or with experiment is

desirable and so one must determine the same quantity as that evaluated

by others. This will generally include the very basic quantity flux

density* as a function of time and position and, optionally, energy and

direction. But,because of the large number of variables, very likely most

comparisons will be based on integral quantities. The simplest integra

tion is over time and yields the fluence.** Other integrations may yield

the fluence integrated over energy or direction. Comparisons between

theory and experiment may require integration over the "response function"

of an instrument (i.e., the degree of indication per unit fluence or unit

flux density as a function of radiation energy.)

"We prefer the term "flux density" rather than flux. (See page 25)

'*We will tend to use fluence and flux density almost interchangeably
since most of our statements will apply equally well to either the
time integrated quantities or to the rates.
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B. Shield Design

The goal in a shield design calculation is the rapid selection of an

economical, "safe" configuration from several possible configurations.

When available, data generated by research calculations or measurements

are often used. A "safe" shield is one which produces radiation levels

below certain prescribed "maximum permissible" levels defined on the basis

of hazard. The quantities subject to maximum permissible levels force the

design engineer to evaluate attenuation results in certain ways. For ex

ample, if the maximum total dose rate specified by a single composite

number is the only criterion, the engineer must add the various components

and types of radiation. This requires the consideration of biological

effect since this is the quantity to be summed. Sometimes, in addition,

the maximum dose due to neutrons might be specified. Usually the require

ments are based on the maximum permissible dose recommendations of the

International Commission on Radiological Protection (ICRP). A discussion

3
of these has recently been published.

C. Obtaining Absorbed-Dose or Dose-Equivalent from the Fluence

It is theoretically possible to incorporate a phantom into the shield

configuration but this introduces such great complexity as to generally be

impractical. Consequently, for detailed dose determinations it is generally

more convenient to utilize the results of separate calculations in which the

energy deposition in a man-like phantom has been evaluated in great detail."

A general interpretation can then be made once the relationship between

fluence and absorbed dose or dose equivalent for a phantom is established.

This relationship is sometimes called a "multi-collision" flux-to-dose rate

There have been cases where a tissue phantom has been included but the
geometry treated has been simple (slabs)4.
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function since repeated collisions in the phantom are considered. Such

a function for dose equivalent is based on information concerning the

secondary particle tracks and the presumed resulting biological effect.

A more complete discussion is given below.

Multi-collision flux-to-dose rate functions for gamma rays have not

generally been utilized possibly because multi-collision effects and the

energy deposition are less complex. Some depth-dose data for various
5

organs per unit exposure of the surface have been published, however.

RADIATION FIELD CHARACTERIZATION

A physical variable closely related to the potential hazard of a rad

iation field, and yet relatively easily evaluated once the fluence as a

function of energy is determined, is the rate of energy deposition obtained

by a multiplication of the energy fluence and the corresponding mass energy

absorption coefficient.* Let us consider a small probe in which the pri

mary particles are likely to make no more than one collision but large

enough so that the secondary charged particles resulting from primary-

particle interactions, are nearly all absorbed. This probe, then, measures

the energy-deposition character of the radiation for the particular probe

material. Even if the probe is tissue the energy deposition alone is still

not sufficient information to predict any particular effect on a biological

organism but we will postpone a discussion of these considerations until

a later section.

Note that while this term is commonly applied to gamma rays, the NBS
Handbook-84 (reproduced as Appendix II) definition applies to all in
directly ionizing particles.
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The probe we have described is a "nonperturbing" detector since its

small size limits the effect on the primary radiation to negligible pro

portions. This type of detector, quite practicable in many experimental

situations, can be (and generally is) completely nonperturbing in a cal

culation since the fluence can be calculated first and then the energy

absorption estimated in the probe. This type of calculation has often been

called a "first-collision" calculation, since multiple collisions of the

primary particles in the probe are assumed to be negligible. The term

"first-collision dose" can have one of several meanings and consequently

we recommend against the use of this term since other better-defined terms

are available. For use in calculations, the quantity designed to replace

"first collision dose" is kerma—"kinetic energy released in matter."

We might note that the kerma can be evaluated anywhere, e.g. in a phantom.

Kerma is the energy transferred to charged particles by primary-particle

interaction. Under conditions approximating "charged particle equilibrium

absorbed dose and dose and kerma have nearly the same magnitude, and

in simple geometries (not near boundaries) are proportional and nearly

equal. Two effects are generally present to prevent them from being equal.

The charged particles from scattering interactions will tend to move "down

stream", i.e., in the same direction as the primary particles, and brems-

strahlung losses prevent all the initial kinetic energy from being deposited

locally.

To calculate kerma, one simply has to integrate over energy as follows:

£.(E)
K(r) = / F(r,E) — P. (E) dE (1)

— — p k
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where

F(r,E) = Unperturbed energy fluence per unit energy at

energy E and space point r_;

E (E) = Total cross section of probe material;

P (E) = Fraction of energy transferred to charged
K

particles averaged over all reactions and

directions of emergent particles in probe

material;

p = Density of probe material.

Here we extend the ICRU recommendations (NBS Handbook 84 reproduced

as Appendix II) and suggest that we can have any response function P (E)

which can be used to calculate quantities somewhat similar to kerma by

defining:

R (r) = / F(r,E) P (E) dE (2)
x — — x

The function P (E) can be a function proportional to the response of an

instrument or it can be an arbitrary weighting function. It is our opinion

that there is a need to speak of quantities R (where P (E) is not neces-
X X

sarily precisely defined) in a loose and conversational sense and also in

a more precise sense when P (E) is defined in a more exact way. R might
x x

be termed the "response" or "conversion quantity". An example of such a

quantity would be the activation of certain nuclides employed as detectors.

The word dose is often used in this somewhat general way to mean energy

absorbed (see USA Standards Institute definition in Appendix III) and we

feel that such usage is acceptable but there is no consensus here.

An important point we would like to emphasize is that kerma and R
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can be calculated if one knows the fluence as a function of energy at point

r regardless where r_ is located. No other information is needed, not even

the angular distribution or geometry data. This is not true for absorbed

dose. In a bulk shield or in a large slab of tissue, kerma and absorbed

dose may be nearly proportional or even nearly equal for practical shield

design purposes. However, in thin layers or near boundaries, such as in

clothing or skin, they can be quite different. To calculate absorbed dose,

one must know where the secondary radiation deposits its energy; for kerma,

one doesn't need such information. This means there is a real difference

in concept. One can calculate kerma by Eq. (1), but strictly speaking, one

cannot do so for dose. The kerma is a measure of the radiation field for

indirectly ionizing radiation. In analagous fashion the absorbed dose is

a measure of the charged particle field.* The difference between the

numerical value of absorbed dose and that of kerma is due to the lack of

"equilibrium" between the charged particle and the uncharged patricle fields.

On the other hand, strictly speaking, one can never measure kerma

directly. One can argue that when one wants to make a direct measurement,

it must be a measurement of absorbed dose. The "single collision" or

"first collision" concept in the past included what is the kerma concept

as well as that of absorbed dose in a mass of tissue sufficiently small

that the probability of the indirectly ionizing radiation undergoing more

than one interaction is negligible, but sufficiently large that ionic equi

librium exists. For this second case, the ICRU did not recommend a new

unit.** Rigorously speaking, the responses of ionization chambers, pro

portional counters, etc., are related directly to absorbed energy, and

This was pointed out to the author by H. 0. Wyckoff.

«*This was pointed out to the author by J. A. Auxier.
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the imparted or released energy can be infered only under the assumption

that secondary equilibrium exists. One can also argue that this is an in

direct measurement of kerma. We take the view that the Hurst-type fast

neutron dosimeter, often used in shielding research, measures kerma since

the secondary gamma rays are not included in the response. (See pp 22,

and 37). We recommend that the quantity reported be called "tissue kerma

for fast neutrons." As suggested above, one could also call the quantity

"dose in the counter" but this is not the basic quantity of interest.

DOSE EQUIVALENT AND MULTICOLLISION CONSIDERATIONS

The biological effects of a given absorbed dose is assumed to depend

solely on the linear energy transfer* (LET) of the charged particles that

deliver it. The LET is the average energy locally imparted to the medium

per unit length of particle travel. The dose equivalent (in rem) is the

product of absorbed dose and the LET dependent quality factor (QF) and,

perhaps other factors. The most satisfactory determination of the dose

equivalent would involve a complete computation of fluence, absorbed dose,

and dose equivalent in a system containing source, shield, and human phan

tom. As mentioned earlier, this is an ideal with which we must usually

compromise. The most common approach is to use a "multi-collision" flux-

to-dose equivalent rate function PX(E), which was obtained from a detailed

calculation of energy deposition due to monoenergetic primary particles

impinging on a standard phantom such as a slab or cylinder of tissue. Here

we use the term "multi-collision" to differentiate the case where the

phantom is present from the "free field" or "small probe in air" case.

The values of P (E) are selected on the basis of some criteria such as

'See NBS Handbook 84, p. 51 in Appendix II.
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peak dose equivalent in the phantom. This is what was done to produce the

7
much used Snyder-Neufeld neutron flux-to-dose rate factors. The rationale

in simply applying the Snyder-Neufeld factors for any impinging angular

distribution is that the dose rate inside a thick slab of tissue but near

the surface, is proportional to the impinging flux density. However, this

is true of kerma only, since kerma is proportional to the flux density but

in-so-far as dose equivalent and kerma are proportional it will also be

true of dose equivalent. One can approximately account for multi-collision

effects by applying the ratio shown in Fig. 1 taken from Ref. 7. The quantity

shown is the ratio of the maximum absorbed dose in a tissue slab to the

free-field kerma. The ratio of the dose equivalent to the kerma multiplied

by quality factor is also shown. The ratios are defined on the figure in

the older nomenclature. The departure of the ratio from 1 is due mainly

to the capture gamma rays originating throughout the tissue slab. It can

be seen that the ratio assumes large values for neutrons of low energy.

If one is interested in depth-dose, and one must be if he is interested

in the dose to interior organs, he must take incident particle angular

distribution into account. If one looks at the average dose in a 30-cm

thick slab, one finds this is approximately proportional to the impinging

current since there is very little leakage, that is, reflection or trans-

g

mission. Thus a recent study reports neutron "current-to-dose rate"

factors. These were determined by Monte Carlo calculations for a slab of

tissue and may be applied as follows.

Let:

D (E,u,z) = absorbed dose or dose equivalent at a
depth z in a slab of tissue per incident
neutron of energy E and incident angle
cos--'-y per unit area normal to the direction
of travel.
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D.(E ,P, z) = same quantity as D^(E ,y,z)
3 o except normalized per unit area

on the surface

D£(E ,y,z)/y
f o

We will call D (E ,y,z) fluence-to-dose or flux density-to-dose rate factors

and D (E ,y,z) current-to-dose-rate factors. The dose at a depth z is then
1 °

given by an integration over incident energy and direction:

D(z) = f I F<E0>^ D(E ,y,z) 2t; dy dE (3a)•//'
E 0

o

//'
E 0

o

F(E ,m)\i D.(E ,y,z) 2tt dy dE (3b)
O ] o o

Note that F(E ,\i)\i is the incident current. The integration is over 2tt
o

since it is assumed that the neutrons are incident on the slab from only

one side.

These fluence-to-dose factors are different in several significant ways

from the simple function of particle energy needed to evaluate kerma.

(1) The functions D (E ,y,z) and D.(E ,y,z) are really kernels for the

specification of dose at z due to incident neutrons of a certain initial

energy and direction. The transport of the incident particles is accounted

for and the final energy deposition is evaluated. These functions are use

ful for evaluation of depth dose and can include all types of secondary re

actions and secondary particle transport. On the other hand, the kerma

function evaluates energy transferred to the secondary charged particles at

any space point from primary particles of a given energy regardless of their

initial energy and space point.
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(2) The functions D (E ,y,z) and D.(E ,y,z) are evaluated for a

particular phantom composition and geometry.

(3) These functions depend on incident neutron direction while kerma

depends on the flux density at the particular space point integrated over

all directions.

Such functions have also been reported for high energy electrons and

9
photons for normal incidence.

In addition to the kinetic energy from the primary particles, the multi-

collision function P (E) includes dose due to secondary radiation such as
x

neutron capture gamma rays and protons from nitrogen (n,p) reactions in

tissue. These contributions overshadow the kinetic energy deposition of

low-energy neutrons and introduces a geometry effect dependent on gamma-ray

transport properties. Thus the fact that a man is not a slab may be sig

nificant and affect the values of the function P (E).

Additional discussion of dosimetry principles is given in Ref. 10.

RESPONSE FUNCTIONS FOR THE INTERIOR OF SHIELDS

A multi-collision function based on dose in a phantom is not the appro

priate one to characterize neutron penetration throughout a shield as is

sometimes done for intercomparison of transport calculations. That is, the

multi-collision energy deposition in tissue, with its large (n,y) and (n,p)

components is not of great relevance at, for example, a pressure vessel-

shield interface. There have been cases in which there was a puzzling dis

crepancy between results of calculations which was finally traced to differences

in the low energy cutoff. The low energy cutoff can markedly affect the

contribution of the reactions mentioned above. This might mask differences
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in the high energy components which are likely to be the quantities of in

terest when comparing shielding calculational methods. Probably kerma is

the quantity of choice in this application.

DISCUSSION OF ICRU DEFINITIONS

The reader is urged to refer to NBS Handbook 84 (Appendix II) as nec

essary since our discussion is meant to supplement the definitions given

there, with the hope of clarifying some of them in the shield-design context.

We do not intend to modify them but enlarge somewhat on the discussion in

Handbook 84. Further discussions are also given in Appendix II and Appendix ]

Kb&ofibdd VohQ,

The absorbed dose for a material is almost equal to the heat appearing

in the material. The usual unit is rad or erg/g.

To calculate this quantity one must determine where the secondary rad

iation deposits its energy. For example, in a thin layer most of the charged

particles escape and so the absorbed dose is not a function of the primary

particle flux density only. The total absorbed dose in a phantom includes

the energy due to secondary gamma rays and hence is dependent on the phantom

geometry and composition.

Voi,a EquJvaZunt

This quantity, based on secondary particle LET dependent factors, is

needed for radiation protection limits. The unit is the rem and it is pre

sumed that the dose equivalent for different kinds of radiation is additive.

The dose equivalent (DE) is the product of absorbed dose, D , quality factor
a

(QF), dose distribution factor (DF), and other necessary modifying factors.

These factors replace the Relative Biological Effectiveness (RBE) factor,

used formerly in this context.

For a discussion of RBE see Report of the RBE Committee to the International
Commissions on Radiological Protection and on Radiological Units and Measure
ments , Health Physics, 9, 357-386 (1963).
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The values of the neutron and proton quality factors, as a function of

energy, as recommended by the ICRP, are shown in Fig. 2 which was taken from

Ref. 3 based on data presented in Ref. 7. When the lens of the eye is ir

radiated, an additional modifying factor is needed. The recommended value

of this factor is 3 when the value of QF is 10 or more, and 1 when the value

of QF is 1. Where doses in an organ are non-uniform, some further modifying

factors are needed. These factors cannot yet be established with certainty

and only one is in current use. This is the relative damage factor, applied

in calculating the dose equivalent in bone from internal radiation.

All the quality factors and other modifying factors are intended solely

for radiation protection at levels of dose limits recommended by ICRP. In

practice, they can often be usefully applied to substantially higher doses,

but the resultant dose equivalent will not necessarily be an appropriate in

dication of the likelihood of subsequent biological response. High accidental

exposures, therefore, have to be assessed on their merits. ICRP gives no

recommendation, but in many cases the absorbed dose will give a better indi

cation of the biological risks than will the dose equivalent based on Fig. 2

In other words, for acute effects due to massive exposures, the QF is approx

imately 1.

Vot><L

This term is meant by the ICRU to mean absorbed dose only. However,

usage is so ingrained we recommend that it may be used in a generic sense

to include exposure and the quantities incorporating the word dose in Appendix

III. There is a need for such a generic term in informal.speech and when it

is desired to be non-specific. Needless to say, such usage is controversial.

The USA Standards Institute definition is given in Appendix III.
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flux Ve.vu>JXy ve.uu& flux

We think it is an improvement in nomenclature to acknowledge that this

quantity is a density. It is a point function and may be defined as the limit

of the total particle track length per unit time per unit volume as the volume

approaches zero. The flux density may also be given as a differential in

energy or solid angle. There is no consensus on this usage so we are not

making a strong recommendation.

Kznma

This is probably the least ambiguous and most easily calculated quantity

and so merits use as an index to compare shielding calculational methods for

fast neutrons in the low MeV range or gamma rays below a few MeV where a

photonuclear cascade is not possible. However, neutron kerma alone may not

be adequate to evaluate safety of shields since the neutron hazard is not

only dependent on the kinetic energy imparted to the secondary charged par

ticles but also on (n,y) reactions which are important after the neutron has

slowed to the point where the kinetic energy has become insignificant. We

might note that, as we proceed from high energies downward, the kerma in

tissue decreases but reaches a minimum at about 40 ev. It then increases as

we proceed further which is due mostly to (n,p) reactions (see Fig. 3 taken

from Ref. 11).

For most reactor and other low MeV radiation shield design purposes, the

total neutron and gamma-ray kerma may be considered equivalent to heating

since the final deposition of the energy is not far from the site of the

energy transfer to the charged particles. The integral of the kerma over all

space will equal the primary particle energy only if the secondary particle

bremsstrahlung production is neglected which is the case in many calculations.
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Expoi>uA<L [Gemma, on X Radiation Only)

This definition appears to be a concession to historical measurements

of ionization in air but is probably the best integral quantity to specify

the magnitude of a gamma-ray field at least below about 10 MeV. Exposure

is a different kind of quantity from those discussed above and has a dif

ferent unit: charge per unit mass. The term is limited to use with electro

magnetic radiation and the usual unit is roentgen (R). Under conditions of

charged particle equilibrium, absorbed dose in air is readily converted to

exposure. The conversion from energy deposition to exposure can be taken to

be 87.7 erg/g per R up to several MeV.

No similar quantity has been defined for neutrons. For specifiying a

neutron field in the reactor and weapons context, at least three components

must be evaluated: fast, intermediate, and thermal.

Conceptual Vi^icultieA u)-U.k Shnplz Models

In proceeding to calculate quantities such as kerma or exposure, one

generally first computes the fluence or flux density and then applies Eq. (2)

using an appropriate response function, P (E). For exposure, the appropriate

function is y (see p. 51 in Appendix II) and for kerma, y, • Handbook 84

states that the difference between y and y, is the factor 1-G where G is

the proportion of the energy of secondary charged particles that is lost to

bremsstrahlung in the material. But suppose, as in the usual gamma-ray shield

ing calculation, that the secondary-produced bremmstrahlung, and the physical

processes underlying it, are ignored in the computational model used. Is the

quantity calculated to be called kerma or exposure? With such a model, the

distinction between y and y. has little relevance.
en k



28

12 .
Let us consider the simple model used by Goldstein and Wilkins in

their calculation of gamma-ray penetration. The only processes considered

were (1) the photoelectric effect (taken to be absorption), (2) pair-pro

duction (also taken to be absorption), and (3) Compton scattering. Conse

quently, the calculated flux density did not contain several elements

present in more complicated models such as fluorescent radiation, annihi

lation radiation, and secondary bremmstrahlung. As a result,the flux density

is lower than it would be with these components present. The effective

absorption cross section is higher, however, since any collision but Compton

scattering results in absorption.

It is always satisfying to write equations showing conservation of

energy and so for the point source, infinite homogeneous medium, let us set

the energy of a unit source equal to that absorbed (integrated over all space),

/ /_ F(r,E) P (E) dE dr (4)
r E — a —

where P (E) = absorption cross section. We would write a similar equation

for the more complicated model but the values of F(r_,E) and P (E) would be

different. However, their product should be nearly the same. The point we

wish to make is that the rational choice of P (E) depends on the model used

to calculate F(r,E). That is, one should not take the values of F(r,E)

from NYO-3075 and use y (E) for P (E). Therefore, we propose the following
en a

quantities," in addition to y and y, . All of them are considered to be

energy-deposition coefficients.

These terms were suggested by A. B. Chilton
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A. Mass Absorption Coefficient (y /p)
a

where

This is defined for gamma rays by

ya/p = y/p - ys/p - u^/p (5a)

= T/p + o /p + y/p (5b)
3.

y = Total absorption coefficient;

y = Compton cross section multiplied by
the average fraction of energy retained
by the scattered photon;

a - Compton cross section multiplied by the
average fraction of energy acquired by
the electron;

x/p = photoelectric mass attenuation coefficient;

y/p = pair-production mass attenuation coefficient;

/p = coherent scattering mass attenuation coefficient,
coh

The factor p (density) is carried along to indicate that each of

the quantities desired are normalized per unit mass. This is the absorp

tion cross section associated with the model which assumes the photo

electric effect and pair-production process are purely absorption processes,

B. Modified Mass Absorption Coefficient (y /p)
am

This is defined for gamma rays by

where

y /p = x/p + a /p + y/p (6)
am a a

2m c2
Y./P = $ (1-TT^)a p h v
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This is the absorption cross section associated with the model which

assumes the photoelectric process is absorption but pair production is a

scattering process.

BUILDUP FACTORS

12
The paper by Goldstein and Wilkins is the primary source of data con

cerning gamma-ray penetration. They reported energy fluence and dose functions

for monoenergetic, point isotropic, and monodirectional plane sources. The

attenuation functions were reported as buildup factors as follows:

/F(r,E) P (E) dE
B(r) = * (7)

fT (r,E) P (E) dE
o X

where

F(r,E) is the energy fluence at a distance r from the source and

in dE about energy E.

P (E) = y /p
X a

and

F (r,E) is the uncollided energy fluence.

The model used to calculate the fluence was the one described above in

the section defining y /p. Consequently, Goldstein and Wilkins used y/p
a a

(air) for P (E) in computing what they called the "dose" build-up factor and

y /p for the particular medium in computing what they called the "energy
a

absorption" buildup factor. Note that the buildup factor calculated using

y /p for air applies equally well for the calculation of exposure or kerma

in air since bremsstrahlung is not considered in the model and constants of
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proportionality cancel in Eq. (7). They also set P = 1 to compute an

"energy" buildup factor.

In connection with the choice of P (E) in Eq. (7), care must be taken
A.

in multiplying the uncollided fluence in the application of published build

up factors. The final result must cancel the denominator to give the correct

result.

In light of the above, we feel that these buildup factors should be

assigned new names. This is particularly true of the "dose" buildup factor.

We recommend that "exposure" buildup factor be used to identify "dose" build

up factor. Likewise, we recommend "energy-deposition" buildup factor instead

of "energy-absorption" buildup factor. This associates it with y& instead of

strictly y . The "energy" buildup factor naturally becomes "energy fluence"

buildup factor.

The buildup factor has normally been used to represent the point-to-point

infinite medium kernel and strictly applies only in these circumstances. The

data are often used in other, but reasonably similar, geometries to give

quick and sufficiently accurate results. However, the term has also been

used in other very complicated situations where the concept breaks down. We

recommend that the term buildup factor be used only when the uncollided flux

density tends to dominate the penetration; that is, the quantity desired can

be obtained by multiplying the uncollided flux density by a simple function

of distance from the source or from a plane boundary such as an air-ground

interface.

BUILDUP FACTORS FOR NEUTRONS

Sporadic references to buildup factors for neutrons have been made in
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the literature but the practice has not become common. This is probably due

to the fact that the neutron total cross section (and consequently the build

up factor) varies so radically with energy and nuclide. We believe a better

way of reporting data is to give the attenuation function averaged over a

source energy band (such as the fission spectrum). See, for example, the re-

13
port of Krumbein. Consequently, we recommend the use of the term buildup

factor in the reactor shielding energy range be reserved for gamma rays.

There is no consensus here but we will say to -those who must use a "buildup

factor" for neutrons, please adequately define what is meant.

In the space and accelerator shielding energy range, the secondary re

actions and cascades are so complex and the transport of secondaries so im

portant that the use of buildup factors for particulate radiation is more

common. Here, again, however, we recommend explicit definition whenever used.
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APPENDIX I

A NOTE BY H. H. ROSSI ON ABSORBED DOSE VERSUS KERMA*

It is now about 2 years since the recommendations on quantities

and units by the International Commission on Radiological Units and

Measurements (ICRU) have been published. Although there appears to

have been little overt criticism it is evident that these recommenda

tions have often been ignored or that their implications have not been

appreciated. Thus, terms such as "rad dose" and "tissue rad" are still

being employed despite the fact that they are as redundant or meaning

less as are "ampere current" or "lead pound". Although such usage was

incorrect even before the release of the most recent ICRU recommenda

tions, it is now particularly inappropriate since a coherent set of

quantities and units is now available which permits rather concise

terminology. Adherence to such a system is not a mere formality and it

is in fact apparent that inaccurate terminology has lead to an imperfect

understanding of the proper objectives of radiation measurement. In

particular there appears to be considerable confusion concerning the

quantities "absorbed dose" and "kerma".

Omitting a number of qualifications (which although important are

not germane to this discussion) the absorbed dose is the energy imparted

by charged particles per unit mass of material at the point of interest.

If the point is in free space in the environs of the radiation source,

the dose is the energy deposited per unit mass of air. If the point of

interest is the skin of a radiation worker,it is the energy imparted by

^Reprinted with permission from Dr. H. H. Rossi, Health Physics, II, 779,
(1965), Pergamon Press.
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charged particles per unit mass of skin tissue. However, the particles

that deliver the dose will usually originate at a location other than

the point of interest. Thus if the radiation worker is exposed to gamma

radiation the dose at some point in the skin may depend more on the inter

action of gamma radiation with the clothing that overlies the skin rather

than on its interaction with the skin itself. In general the absorbed

dose at any point in or near a region traversed by indirectly ionizing

particles (neutrons, photons, etc.) depends not only on the incident rad

iation but also on the atomic number and distribution of all materials

that are within a maximum charged particle range from the point of in

terest. It is, therefore, meaningless to speak of a dose without specify

ing the point at which this dose figure is applicable, and when the point

is specified, reference to the material at that point becomes redundant.

Efforts to measure a "tissue dose" at some point in air as delivered by

a radiation source can be likened to a procedure in which a thermometer is

placed near a source of heat in a measurement designed to measure "tissue

temperature in air."

What is usually meant by the expression "tissue dose" of indirectly

ionizing particles when applied to some region in air is what has often

been termed "first collision dose" (sometimes the "single collision dose").

The concept has been variously defined but a common interpretation is

that it represents the "dose received by a small mass of tissue under

conditions of radiation equilibrium." Radiation equi Iibriurn exists in

an irradiated mass of material when the energy imparted per unit mass is

equal to the energy liberated per unit mass in the form of charged particles,

In general this requires that the mass have linear dimensions in excess
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of two maximum charged particle ranges—a requirement which can lead to

significant absorption or scattering of the indirectly ionizing particles

that produce the direct ionizing particles. Under such conditions it is

impossible to establish true radiation equilibrium. In fact exact rad

iation equilibrium never occurs except in an infinite medium containing

a uniform concentration of an emitter of indirectly ionizing particles.

Because of this and because of the fact that in free air measurements it

is the intent to characterize the radiation field in terms of its potential

interaction with a specified material a better and less ambiguous quan

tity is the kerma. This has in essence been defined as the sum of the

initial kinetic energies of all charged particles liberated by indirectly

ionizing particles per unit mass of a specified material. It is evident

that one may define the kerma for any material at any point in a radia

tion field regardless of the ambient medium and that the concept of the

kerma for a given material has a real meaning even for a point located

in a vacuum.

Once this concept is adopted and the ICRU recommendation that the

unit rad is not to be used for the kerma is also accepted it follows that

the results of area monitoring which used to be expressed as tissue dose

(or first collision tissue dose) in rads should now be given in terms of

kerma for tissue in multiples of ergs per gram. The difference in physi

cal quantity and unit serves to underline the fact that while the kerma

(or kerma rate) may be useful for the specification of the output of a

radiation source, it is not necessarily equal to the dose that would be

received in tissue at the location at which the kerma measurement is

carried out. Depending on absorption, scattering and build-up this dose

could be considerably smaller or considerably larger than kerma.
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The question as to what is being "measured" by a radiation instru

ment has an obvious answer once these concepts are clarified. Thus, a

tissue-equivalent ionization chamber located inside a phantom may be

used to derive the absorbed dose provided it fulfills the requirements

for a Bragg-Gray cavity. On the other hand, if the radiation is such

that one may establish a good approximation to radiation equilibrium by

the employment of a wall that is just thicker than the maximum range of

secondary charged particles, one may utilize a chamber having such a wall

to determine the kerma for tissue in any medium (including free air).

However, if it is impossible to obtain resonable approximation to rad

iation equi Iibriurn or if the chamber is too bulky it may not be employed

for a determination of the kerma and all that one can derive from its

response is the mean dose to the tissue equivalent gas inside the chamber.

It is possible to obtain from the activation levels of threshold

detectors a histogram of neutron fluence vs. neutron energy. This in

turn may sometimes be used to calculate the kerma in tissue at the loca

tion at which these detectors were placed. Such detectors cannot be used

to determine tissue dose unless they are located in tissue at a point

where radiation equilibrium exists and unless their introduction does

not appreciably disturb the radiation field. Analogous considerations

apply to other instruments or devices.
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Foreword

The reports of The International Commission on Radiological Units and
Measurements for a number of years have been published by the National
Bureau of Standards in the Handbook series. In the past, each of the triennial
reports of the ICRU represented a complete restatement of the recommenda
tions of the Commission. Because of the increasing scope of its activities,
however, the Commission in 1962 decided to modify the previous practice. It
will issue a series of reports presenting the current recommendations of the
Commission. Each report will cover a particular portion of the area of interest
to the ICRU. This procedure will facilitate revision of ICRU recommenda
tions and also spread out in time the workload of the Commission. This
Handbook is one of the new series presenting the recommendations of the
Commission on one aspect of the field with which the Commission is concerned.
It presents recommendations agreed upon at the meeting of the Commission
held in Montreux, Switzerland, in April 1962.

The National Bureau of Standards is pleased with its continuing oppor
tunity of increasing the usefulness of these important reports by providing the
publication outlet.

A. V. Astin, Director.
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Preface

A. Scope

The International Commission on Radiological
Units and Measurements (ICRU), since its incep
tion in 1925, has had as its principal objective the
development of internationally acceptable recom
mendations regarding:

(1) Quantities and units of radiation and radio
activity,

(2) Procedures suitable for the measurement and
application of these quantities in clinical radiology
and radiobiology,

(3) Physical data needed in the application of
these procedures, the use of which tends to assure
uniformity in reporting.

The Commission also considers and makes rec
ommendations on radiation quantities, units and
measurements in the field of radiation protection.
In this connection, its work is carried out in close
cooperation with the International Commission
on Radiological Protection.

B. Policy

The ICRU endeavors to collect and evaluate the
latest data and information pertinent to the
problems of radiation measurement and dosimetry
and to recommend the most acceptable values for
current use.

Recognizing the confusion that exists in the
evaluation of different radiological equipment and
materials, the ICRU is studying standard methods
of determination of characteristic data for the
equipment and materials used in diagnostic and
therapeutic radiology. This activity is confined
to methods of measurement and does not include
the standardization of radiological equipment or
parts thereof.

The Commission's recommendations are kept
under continual review in order to keep abreast of
the rapidly expanding uses of radiation.

The ICRU feels it is the responsibility of
national organizations to introduce their own
detailed technical procedures for the development
and maintenance of standards. However, it
urges that all countries adhere as closely as
possible to the internationally recommended
basic concepts of radiation quantities and units.

The Commission feels its responsibility lies in
developing a system of quantities and units
having the widest possible range of applicability.
Situations may arise from time to time when an
expedient solution of a current problem may seem
advisable. Generally speaking, however, the
Commission feels that action based on expediency
is inadvisable from a long-term viewpoint; it
endeavors to base its decisions on the long-range
advantages to be expected.

The ICRU wishes to encourage radiologists to
use the quantity "absorbed dose" more widely,

since this is the physical quantity which can be
most closely correlated with biological effects.

For x and gamma radiation it is convenient
to retain the quantity which was called in the
1956 report "exposure dose". At that time the
term "exposure" was preferred by the ICRU but
the word "dose" was included at the request of
ICRP. This request stemmed from the fact that
many legal radiation protection documents con
tained the word dose together with the unit
roentgen. In the 1956 report the term "exposure
dose" was introduced for this purpose in spite of
the possibility of confusion with the term absorbed
dose. As the principal reason for the inclusion
of dose in the name seems to have disappeared,
the ICRU returns to its 1956 preference, exposure,
as the name ior the quantity of which the roentgen
is the unit. The Commission having reviewed the
whole question of quantities and units now recom
mends that the word dose be eliminated and the
term "exposure" be used alone to designate the
quantity of which the roentgen is the unit. (See
following sub-section 4.D.(13)).

In this report the ICRU recommends with
considerable reluctance and some misgivings,
the use of the symbol R instead of r for roentgen.
Several recognized international groups working
in the field ol symbols and nomenclature including
the International Council of Scientific Unions
have agreed upon the convention that the first
letter of abbreviations of units named after
individuals should be capitalized. At least one
country has already officially adopted the symbol
R for roentgen. There are many indications that,
however unnecessary, this trend will continue
and hence the Commission has acceded to the
pressure for change. As far as medical radiology
is concerned, this change will result more in
annoyance than confusion.

Hitherto the definitions and recommendations
of the ICRU have been made with little explana
tion of the philosophy on which they were based.
It is recognized that this neglect has given rise to
confusion in the past. In the present report the
ICRU has tried to repair this omission while con
tinuing to develop the necessary technical informa
tion to facilitate the interpretation and application
of the recommendations. These sections of the
1962 reports represent a further enlargement over
the 1959 report.

The aim of much of the work of the ICRU is to
improve the accuracy of the evaluation of ab
sorbed dose in all places of interest in a patient
or other objects. For comparisons of biological
effects, the absorbed dose should be known as
accurately as possible and the limits of accuracy
should be estimated.

In 1955 the Commission entered into an official
relationship with the World Health Organization
(WHO). In this relationship, the ICRU will be
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looked to for primary guidance in matters of radia
tion units and measurements, and in turn WHO
will undertake the worldwide dissemination of
the Commission's recommendations. In 1960
the ICRU entered into consultative status with
the International Atomic Energy Agency (IAEA).

The above relations with other international
bodies do not affect the basic affiliation of the Com
mission with the International Society of
Radiology.

The ICRU invites and welcomes constructive
comments and suggestions regarding its recom
mendations and reports. These may be trans
mitted to the Chairman.

C. Current Program

A two week meeting of the ICRU was held in
Montreux, Switzerland, April 2nd to April 14th
1962. This meeting included the Main Commis
sion and all the Committees that had reports
prepared for final approval. Some 70 persons
attended. An additional meeting of the Commis
sion and Committee Officers was held in Ottawa
from August 21 to August 23,1962 for the principal
purposes of the preparation of the status report
for the Xth International Congress of Radiology
and the outlining of program objectives for the
next several years.

The 1956 report called attention to some basic
problems in the establishment of radiation quan
tities and units. These were the subject of
major discussions during and following the 1958
meetings. One of the difficulties is in reconciling
the differences between radiation quantities and
units as they have evolved over the past thirty
years, and tne system of quantities and units as
used in the physical and engineering sciences.
There are obvious divergencies between the two
sets. It appeared possible that a complete resolu
tion of this difficulty might necessitate abandon
ment of the quantities and units as used by the
medical profession. This would accomplish a
reconciliation between the two systems but it did
not appear that it would introduce any substantial
improvement in the understanding and utilization
of the quantities by the medical profession.
Naturally the- was considerable hesitancy about
taking such a step.

As indicated in the 1959 report, an ad hoc
committee was set up for the purpose of examining
the whole problem of radiation quantities and
units. This committee has met three times
(Munich, 1959; Geneva, 1960; Copenhagen, 1961).
The study represented a moderate amount of
compromise of viewpoints but it is believed that
the final report now provides a consistent and
satisfactory set of definitions for use in the field
of radiation measurements. The report as ap
proved by the Main Commission makes up the
body of this document.

A meeting of Committee III-B (Clinical Do
simetry) was jointly sponsored and financed by the

ICRU, WHO, and the IAEA in Geneva in April
1961. For this meeting a number of additional
consultants were invited to attend. Following
the general meetings, a closed meeting of the
committee membership was held ior a period of
two days to prepare a draft report.

In addition there were meetings of various
tasks groups of the committee on Standards and
Measurement of Radiological Exposure in Paris
in January 1961 and in London in April and
September 1961. The committee on Radiological
Dosimetry also held a meeting in April 1961.
The ICRU was also represented at a meeting of
the Consultative Committee on Ionizing Radiation
of the International Committee of Weights and
Measures at Sevres in October 1961.

As noted in the last report, two joint committees
had been established between the ICRU and the
ICRP. The Joint Committee on RBE has met
twice with ICRU participation. The Committee
on Methods and Instruments for Radiation
Protection has not met.

Upon the request from the United Nations
Scientific Committee on the Effects of Atomic
Radiations, the ICRU and the ICRP agreed to
undertake a second study dealing with the Medi
cal and Physical Parameters in Clinical Dosimetry.
This committee met in New York for one week in
September 1959 and for a week in Stockholm in
June 1960. A report of this study entitled
"Exposure of Man to Ionizing Radiation Arising
from Medical Procedures with Special Reference
to Radiation Induced Diseases, An Inquiiy into
Methods cf Evaluation", was published in Physics
in Medicine and Biology, 6, No. 2, 199 (Taylor
and Francis, Ltd., London, England, Oct. 1961)

Reports and recomnondations of the ICRU
originally designed for medical applications, have
come into common use in other fields of science,
particularly where "dosimetric" considerations
are involved. For this reason the committees
have included in their membership some scientists
having coi~x,dtence outside of the medical radi
ology field. Material in the reports is designed to
meet physical, biological, and medical require
ments wherever possible.

This has introduced a small problem in ter
minology. The name of the Commission includes
the term "radiological". In many European
countries the term "radiological" is taken as
inclusive of both the physical and biological
sciences. In other countries, the United States,
for example, "radiological" appears to carry the
primary connotation of relationship to medicine.
It therefore may be desirable to change the name
of the Commission from "Radiological" to
"Radiation". It is believed that this would be
properly understood by all concerned. The
question has been debated by the Commission,
but final action is being delayed for future
consideration.
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D. The Current Series of Reports
Hitherto, the triennial reports of the ICRU have

been published in single volumes. However the
reports are now becoming too extensive, and in
some cases too specialized, to make a single publi
cation practicable. Beginning with this 1962
series, the ICRU reports will be issued in smaller
entities, each dealing with a limited range of
topics. The 1959 report will not be reprinted.
Revisions of the 1962 series will be undertaken
individually as circumstances warrant. A full
listing of ICRU recommendations, including the
present series, is given on page iii of the cover of
this report.

The current report series includes revisions of
much of the material that appeared in the 1959
report in addition to a number of new topics. The
following summary indicates some of the high
lights of the current report series.

Radiation Quantities and Units (Report 10a)—
One of the most important changes is the revision
of the section on quantities and units. This
revision resulted from the thorough study by the
Ad Hoc Committee on Quantities and Units
mentioned above. It includes new names for
certain quantities and clarified definitions for
others. It presents a system of concepts and a
set of definitions which is internally consistent
and yet of sufficient generality to cover present
requirements and such future requirements as can
be foreseen.

Physical Aspects of Irradiation (Report 10b)—
This report deals broadly with the physical aspects
of irradiation with a considerable amount of new
material added since the 1959 report. It includes
an extensive discussion of the various techniques
for the measurement of absorbed dose as well as
exposure. Characteristics of radiation instru
mentation are covered in some detail including the
more sophisticated work on standards. The
section on spectra has been up-dated and a new
section added on neutron measurements and
standards. Available data for stopping power
ratios and the average energy (W) required to
groduce an ion pair in a gas have been reviewed.

>n the basis of this review it has been necessary to
modify the previous ICRU tables for these factors.
This modification amounts to about 1 or 2 percent
change in stopping power ratios and up to 1
percent in W.

Radioactivity (Report 10c)—The portions of the
report dealing with direct and relative measure
ments of radioactivity and the availability and
requirements for radioactivity standards, and the
parts dealing with the techniques and measure
ments of radioactivity in hospitals and biological
laboratories are revisions of the 1959 report,
embracing a review of the developments that nave
occurred since that report and bringing up to
date the material included. In addition, a new

section on low level radioactivity in materials as
related to the problems of radiological measure
ments has been added. This topic is important
because of the problems arising from the con
tamination, or possible contamination, in the last
decade of a great many of the materials used in
the construction of counting equipment, shields,
and in the reagent chemicals employed in radio
activity measurements.

Clinical Dosimetry (Report lOd)—Much of the
Commission's work on clinical dosimetry is
brought together in this report. Included is an
extensive discussion of practical calibration pro
cedures and the determination of dose along the
central ray. Depth dose data relative to sta
tionary and moving-field therapy have been ex
tended as have the conversion data necessary to
relate ionization measurements to absorbed dose.

The principal effort has been toward the defini
tion of nomenclature and the indication of
methods. While some examples are given and
data are provided for these, in general the reader
is referred to other published data. The report
considers ways of increasing the accuracy and
comparability in clinical dosimetry. The dis
cussion includes not only the physical aspects of
dose measurement but also the wider subject of
planning treatment in such a way as to deliver the
prescribed absorbed dose to a defined "target
volume". It also includes comments upon the
common sources of error in clinical dosimetry
and discusses the information which should be
recorded during treatment and that which should
be reported about any new treatment technique.
Appendices to this report include pertinent ma
terial taken from other reports in this series.

Radiobiological Dosimetry (Report lOe)—This
report deals primarily with radiobiological dosime
try, and considers methods of improving the
accuracy and intercomparability of absorbed dose
measurements in radiobiology. It is in effect a
handbook for the experimental radiobiologist.
It emphasizes the great importance of planning
the experimental work in a way which makes the
dosimetry easier and more accurate and it illus
trates how this can be done.

Methods of Evaluating Radiological Equipment
and Materials (Report lOf)—This is the first of a
new group of ICRU reports dealing with methods
of evaluating radiological equipment and ma
terials. It includes a revised discussion on the
measurement of focal spots and new sections on
grids, image intensifiers and body section equip
ment.

£. Operating Funds

Throughout most of its existence, the ICRU
has operated essentially on a voluntary basis, with
the travel and operating costs being borne by the
parent organizations of the participants. (Only
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token assistance was available from the ISR.)
Recognizing the impracticability of continuing this
mode of operation on an indefinite basis, operating
funds were sought from various sources in addition
to those supplied by the International Society of
Radiology.

Prior to 1959, the principal financial assistance
to the ICRU had been provided by the Rockefeller
Foundation which supplied some $11,000 to make
possible various meetings. In 1959 the Inter
national Society of Radiology increased its con
tribution to the Commission to $3,000 to cover
the period until the Xth Congress. In 1960 the
Rockefeller Foundation supplied an additional
sum of some $4,000 making possible a meeting of
the Quantity and Units Committee in 1960.

In 1960 and 1961 the World Health Organiza
tion contributed the sum of $3,000 each year to
the Commission for carrying forward its work.
This was increased to $4,000 in 1962. It is
expected that this sum will be allocated annually,
at least for the next several years. In addition
the WHO has provided substantial assistance to
the Commission in providing meeting space,
secretarial services, etc., for the meetings held in
Geneva and Montreux.

In connection with the Commission's Joint
Study with the ICRP, the United Nations allo
cated the sum of $10,000 for the joint use of the
two Commissions for the purpose of carrying out
their second study. This fund has been admin
istered by the ICRP.

The most substantial contribution to the work
of the ICRU has come from the Ford Foundation
through the particular efforts of Dr. Paul Pearson.
Effective in December 1960, the Ford Foundation
made available to the Commission the sum of
$37,000 per year for a period of five years. This
money is to be used for such items as travel
expenses to meetings, for secretarial services and
other operating expenses. To a large extent, it
is because of this grant that the Commission has
been able to hold the several meetings considered
to be necessary to move forward actively with its
program.

The International Atomic Energy Agency has
allocated the sum of $6,000 per year for use by
the ICRU. It is expected that this sum will be
allocated annually at least for the next several
years.

A valuable indirect contribution has been made
by the U.S. National Bureau of Standards where
the Secretariat has resided. The Bureau has
provided substantial secretarial services, repro
duction services and travel costs in the amount of
several thousands of dollars.

The Commission wishes to express its deep
appreciation to all of these and other organiza
tions that have contributed so importantly to its
work.

F. Rules

The International Commission on Radiologica
Units and Measurements (ICRU) functions under
the auspices of the International Congress of
Radiology. The Commission was established in
1925 by the First International Congress to define
the physical units required in the fieldof radiology
and to make recommendations on the standards
required to realize proper measurements in terms
of the units defined.

The following rules, amended in 1956, govern
the selection and work of the ICRU.

1. (a) The International Commission on Ra
diological Units and Measurements (ICRU) shall
be composed of a chairman and not more than
12 other members. The selection of the members
shall be made by the ICRU from nominations
submitted to it by the National Delegations to
the International Congress of Radiology and by
the ICRU itself. The selections shall be subject
to approval by the International Executive Com
mittee (IEC) of the Congress. Members of the
ICRU shall be chosen on the basis of their recog
nized activity in the field of radiological units,
standards, and measurements, without regard to
nationality.

(b) The ICRU shall include at least three med
ical radiologists and three physicists.

(c) Themembers ofthe ICRUshall beapproved
during each International Congress to serve
through the succeeding Congress. Not less than
2 but not more than 4 membership changes shall
be made for any one Congress. In the intervening
period a vacancy may be filled by the ICRU.

(d) In the event of a member of the ICRU
being unable to attend the ICRU meetings, a
substitute may be selected by the ICRU as a
temporary replacement. Such a substitute mem
ber shall not have voting privileges at the meet
ings unless specifically authorized by the ICRU.

(e) The ICRU shall be permitted to invite in
dividuals to attend its meetings to give special
technical advice. Such persons shall not have
voting privileges, but may ask permission to have
their opinions recorded in the minutes.

2. The Chairman shall be elected by the ICRU
from among its regular members to serve for a
term corresponding to the interval between Con
gresses. The choice shall not be limited to the
country in which it is proposed to hold the suc
ceeding Congress. The Chairman shall be respon
sible for reporting the proceedings and recom
mendations of the ICRU at the next Congress.

3. The ICRU may elect from among its mem
bers a Vice-chairman who will serve in the capac
ity of chairman in the event that the Chairman
is unable to perform his duties.
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4. Minutes of meetings and records of the ICRU
shall be made by a technical secretary selected by
the Chairman of the ICRU subject to the approval
of its regular members. The technical secretary
need not be a regular member of the ICRU. The
records of the ICRU shall be passed on to the
succeeding secretary.

5. The Chairman, in consultation with the Vice-
chairman, shallpreparea program to be submitted
to the Commission for discussion at its meetings.
Proposals to be considered shall be submitted to
the Chairman and circularized to all members of
the ICRU and other specially qualified individuals
at least two months before any meeting of the
ICRU.

6. Decisions of the ICRU shall be made by a
majority vote of the members. Aminority opinion
may be appended to the minutes of a meeting if
so desired by any member and upon his submis
sion of same in writing to the secretary.

7. The ICRU may establish such committees
as it maydeem necessary to perform its functions.

G. Organization of the ICRU
Committees

In line with the Commission's policy of rotation
of members and Chairmen of Committees when
ever feasible, a number of changes have been intro
duced for the period 1959 to 1962.

H. Composition of the ICRU
(a) It is of interest to note that the membership

of the Commission and its committees for the
period 1959-62 totals 139 persons drawn from 18
countries. This gives some indication of the
extent to which the ICRU has achieved inter
national breadth of membership within its basic
selectionrequirement of high technical competence
of individual members.

(b) The membership of the Main Commission
duringthe preparation ofthis report was asfollows:

Lauriston S. Taylor, Chairman United States.
L. H. Gray, Vice-chairman United Kingdom.
H. O. Wyckoff, Secretary United States.
K. K. Aglintzbv U.S.S.R.
A. Allisy France.
R. H. Chamberlain United States.
F Ellis United Kingdom.
H. Franz Federal Republic of

Germany.
H. E. Johns Canada.
W. J. Oosterkamp Netherlands.
B. Rajewsky Federal Republic of

Germany.
H. H. Rossi United States.
M. Tubiana France.

I. Composition of Committee Prepar
ing Initial Draft of Present Report

H. O. Wyckoff, Chairman
A. Allisy
J. W. Boag
H. Franz
W. C. Roesch
H. H. Rossi
M. Tubiana
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Radiation Quantities and Units

International Commission on Radiological Units and Measurements (ICRU) Report 10a 1962

1. Introduction

There has recently been much discussion of the
fundamental concepts and quantities employed
in radiation dosimetry. This has arisen partly
from the rapid increase in the number of individ
uals using these concepts in the expanding field
of nuclear science and technology, partly because
of the need for extending the concepts so that they
would be of use at higher photon energies and for
particulate as well as for photon radiation, but
chiefly because of certain obscurities in the existing
formulation of the quantities and units themselves.

The roentgen, for example, was originally
defined to provide the best quantitative measure
of exposure to medium-energy x radiation which
the measuring techniques of that day (1928)
permitted. The choice of air as a standard
substance was not only convenient but, also
appropriate for a physical quantity which was to
be correlated with the biological effect of x rays,
since the effective atomic number of air is not very
different from that of tissue. Thus a given bi
ological response could be reproduced approxi
mately by an equal exposure in roentgens for x-ray
energies available at that time. Since 1928 the
definition of the roentgen has been changed several
times, and this has reflected some feeling of dis
satisfaction with the lack of clarity of the concept.

The most serious source of confusion was the
failure to define adequately the radiation quantity
of which the roentgen was said to be the unit.1
As a consequence of this omission the roentgen
had gradually acquired a double role. The use of
this name for the unit had become recognized as a
way of specifying not only the magnitude but
also the nature of the quantity measured. This
practice conflicts with the general usage in physics,
which permits, within the same field, the use of a
particular unit lor all quantities having the same
dimensions.

Even before this, the need for accurate dosimetry
of neutrons and of charged particles from accelera
tors or from radionuclides had compelled the
International Commission on Radiological Units

• Frfinz, H. and Hiibner, W. Concepts and Measurement of Dose, Pro
ceedings of Second International Conference on the Peaceful Uses of Atomic
Energy, Geneva 1958, P/971 21, 101, United Nations, Oeneva (1958).

and Measurements (ICRU) to extend the number
of concepts. It was also desired to introduce a
new quantity which could be more directly
correlated with the local biological and chemical
effects of radiation. This quantity, absorbed dose,
has a generality and simplicity which greatly
facilitated its acceptance, and in a very few years
it has become widely used in every branch of
radiation dosimetry.

The introduction of absorbed dose into the
medical and biological field was further assisted
by defining a special unit—the rad. One rad is
approximately equal to the absorbed dose de
livered when soft tissue is exposed to one roentgen
of medium voltage x radiation. Thus in many
situations of interest to medical radiology, but
not in all, the numbers of roentgens and rads
associated with a particular medical or biological
effect are approximately equal and experience
with the earlier unit could be readily transferred
to the new one. Although the rad is merely a
convenient multiple of the fundamental unit,
erg/g, it has already acquired, at least in some
circles, the additional connotation that the only
quantity which can be measured in rads is absorbsd
dose. On the other hand, the rad has been used
by some authors as a unit for a quantity called
by them first collision dose; this practice is depre
cated by the Commission.

Being aware of the need for preventing the
emergence of different interpretations of the same
quantity, or the introduction of undesirable,
unrelated quantities or units in this or similar
fields of measurement, the ICRU set up, during
its meeting in Geneva in September 1958, an
Ad Hoc Committee. The task of this committee
was to review the fundamental concepts, quanti
ties, and units which are required in radiation
dosimetry and to recommend a system of concepts
and a set of definitions which would be, as far
as possible, internally consistent and of sufficient
generality to cover present requirements and
such future requirements as can be foreseen.
The committee was instructed to pay more
attention to consistency and rigor than to the
historical development of the subject and was
authorized to reject any existing quantities or
units which seemed to hinder a consistent and
unified formulation of the concepts.
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Bertrand Russell * in commenting on the use
and abuse of the concept of infinitesimals by
mathematicians, remarks: "But mathematicians
did not at first pay heed to (these) warnings.
They went ahead and developed their science, and
it is well that they should have done so. It is a
peculiar fact about the genesis and growth of new
disciplines that too much rigor too early imposed
stifles the imagination and stultifies invention. A
certain freedom from the strictures of sustained
formality tends to promote the development of a
subject in its early stages, even if this means the
risk of a certain amount of error. Nonetheless,
there comes a time in the development of any
field when standards ofrigorhave to be tightened."

The purpose of the present reexamination of the
concepts to be employed in radiation dosimetry
was primarily "to tighten standards of rigor". If,
in the process,some increased formality is required
in the definitions in order to eliminate any
foreseeable ambiguities, this must be accepted.

2. General Considerations

The development of the more unified presenta-
tions of quantities and units which is here proposed
was stimulated and greatly assisted by mathemati
cal models of the dosimetric field which had been
proposed by some members of the committee in an
effort to clarify the concepts. It appeared, how
ever, that the essential features of the mathemati
cal models had been incorporated into the
definitions and hence the need for their exposition
in this report largely disappeared. The mathe
matical approach is published elsewhere.8

As far as possible, the definitions of the various
fundamental quantities given here conform to a
common pattern. Complex quantities are defined
in terms of the simpler quantities of which they
are comprised.

The passage to a "macroscopic limit" which
has to be used in defining point quantities in other
fields of physics can be adapted to radiation
quantities and a special discussion of this is
included in the section headed "limiting
procedures".

The general pattern adopted is to give a short
definition and to indicate the precise meaning of
any special phrase or term used by means of an
explanatory note following the definition. There
has been no attempt to make the list of quantities
which are defined here comprehensive. Rather,
the Commission has striven to clarify the funda
mental dosimetric quantities and a few others
(such as activity) which were specifically referred
to it for discussion.

It is recognized that certain terms for which
definitions are proposed here are of interest in
other fields of science and that they are already
variously defined elsewhere. The precise wording

>Russell, B., Wisdom of M» West, p. 280 (Doubleday and Co., Inc. New
York, 10W).

• Rossi, H. H. and Roescb, W. C, Field Equations In Dosimetry,
Radiation Res. 16, 783 (1962).

of the definition and even the name and symbol
given to any such quantity, may at some future
date require alteration if discussions with repre
sentatives of the other interested groups of
scientists should lead to agreement on a common
definition or symbol. Although the definitions
presented here represent some degree of compro
mise, they are believed to meet the requirements
in the field of radiation dosimetry.

3. Quantities, Units, and Their Names

The Commission is of the opinion that the
definition of concepts and quantities is a funda
mental matter and that the choice of units is of
less importance. Ambiguity can best be avoided
if the defined quantity which is being measured is
specified. Nevertheless, the special units do
exist in this as in many other fields. For example,
the hertz is restricted, by established convention,
to the measurement of vibrational frequency,
and the curie, in the present recommendations,
to the measurement of the activity of a quantity
of a nuclide. One does not measure activity in
hertz nor frequency in curies although these
quantities have the same dimensions.

It was necessary to decide whether or not to
extend the use of the special dosimetric units to
other more recently defined quantities having the
same dimensions, to retain the existing restriction
on their use to one quantity each, or to abandon
the special units altogether. The Commission
considers that the addition of further special
units in the field of radiation dosimetry is un
desirable, but continues to recognize the existing
special units. It sees no objection, however, to
the expression of any defined quantity in the
appropriate units of a coherent physical system.
Thus, to express absorbed dose in ergs per gram
or joules per kilogram, exposure in coulombs per
kilogram or activity in reciprocal seconds, are
entirely acceptable alternatives to the use of the
special units which, for historical reasons, are
usually associated with these quantities.

The ICRU recommends that the use of each
special unit be restricted to one quantity as follows:

The rad—solely for absorbed dose
The roentgen—solely for exposure
The curie—solely for activity.

It recommends further that those who prefer to
express quantities such as absorbed dose and
kerma (see below) in the same units should use
units of an internationally agreed coherent system.

Several new names are proposed in the present
report. When the absorbed dose concept was
adopted in 1953, the Commission recognized the
need for a term to distinguish it from the quantity
of which the roentgen is the unit. In 1956 the
Commission proposed the term exposure for this
latter quantity. To meet objections by the ICRP,
a compromise term, "exposure dose" was agreed
upon.4 While this term has come into some use

•For details see ICRU. I960 Report. NBS Handb. 82, p. 2 (1967).
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since then, it has never been considered as com
pletely satisfactory. In the meantime, the basic
cause of the ICRP objection has largely disap
peared since most legal codes use either the units
rad or rem.

Since in this report the whole system of radio
logical quantities and units has come under critical
review, it seemed appropriate to reconsider the
1956 decision. Numerous names were examined
as a replacement for exposure dose, but there
were serious objections to any which included
the word dose. There appeared to be a minimum
of objection to the name exposure and hence this
term has been adopted by the Commission with
the hope that the question has been permanently
settled. It involves a minimum change from the
older name exposure dose. Furthermore, the
elimination of the term "dose" accomplishes the
long-felt desire of the Commission to retain the
term dose for one quantity only—the absorbed
dose.

The term "RBE dose" has in past publica
tions of the Commission not been included in the
list of definitions but was merely presented as a
"recognized symbol." In its 1959 report the
Commission also expressed misgivings over the
utilization of the same term, "RBE", in both
radiobiology and radiation protection. It now
recommends that the term RBE be used in
radiobiology only and that another name be
used for the linear-energy-transfer-dependent
factor by which absorbed doses are to be multi
plied to obtain for purposes of radiation protection
a quantity that expresses on a common scale for
all ionizing radiations the irradiation incurred by
exposed persons. The name recommended for this
factor is the quality factor, (QF). Provisions for
other factors are also made. Thus a distribution
factor, (DF), may be used to express the modifica
tion of biological effect due to non-uniform distri
bution of internally deposited isotopes. The prod
uct of absorbed dose and modifying factors is
termed the dose equivalent, (DE). As a result of
discussionsbetween ICRU and iCRP the following
formulation has been agreed upon:

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), dose
distribution factor, (DF), and other
necessary modifying factors.

(DE)=D (QF) (DF)....

3. The unit of dose equivalent is the "rem".
The dose equivalent is numerically equal
to the dose in rads multiplied by the
appropriate modifying factors.

Although this statement does not cover a
number of theoretical aspects (in particular the
physical dimensions of some of the quantities) it
fulfills the immediate requirement for an un
equivocal specification of a scale that may be
used for numerical expression in radiation protec
tion.

Another new name is that for the quantity
which represents the kinetic energy transferred to
charged particles by the uncharged particles per
unit mass of the irradiated medium. This is the
same as one of the common interpretations of a
concept "first collision dose," that has proved to
be of great value in the dosimetry of fast neu
trons. The concept is also closely related to the
energy equivalent of exposure in an x-ray beam.
The name proposed, kerma, is based on the initials
of Hnetic energy released in material.

Still another new name is the energy fluence
which is here attached to the quantity in the 1953
ICRU report called quantity of radiation. The
latter term was dropped in the 1956 ICRU re
port but the concept—time integral of intensity—
remains a useful one and the proposed term ap
pears to be acceptable in other languages as well
as English. A related quantity, particle fluence,
which is equivalent to tne quantity not used in
neutron physics, is included to round out the sys
tem of radiation quantities.

The quantity for which the curie is the unit
was referred to the committee for a name and
definition. Hitherto the curie has been defined as
a quantity of the radioactive nuclide such that
3.7X1010 disintegrations per second occur in it.
However, it has never been specified what was
meant by quantity of a nuclide, whether it be a
number, mass, volume, etc. Meanwhile the cus
tom has grown of identifying the number of curies
of a radionuclide with its transformation rate.
Because of the vagueness of the original concept,
because of the custom of identifying curies with
transformation rate and because it appeared not to
interfere with any other use of the curie, the Com
mission recommends that the term activity be used
for the transformation rate, and that the curie be
made its unit. It is recognized that the definition
of the curie is of interest to other bodies in addi
tion to the ICRU, but by this report we recom
mend that steps be taken to redefine it as
3.7X1010s_1, i.e., as a unit of activity and not of
quantity of a radioactive nuclide.

It is also recommended that the term specific
gamma-ray constant be used instead of specific
gamma-ray emission for the quotient of the ex
posure rate at a given distance by the activity.
The former term focuses attention on the constancy
of this quotient for a given radionuclide rather
than the emission of the source.
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4. Detailed Consideration*

A. Limiting Procedures

Except in the case of a uniform distribution of
sources throughout a large region, radiation fields
are in general non-uniform in space. They may
also be variable in time. Many of the quantities
defined in this report have to be specified as func
tions of space or time, and in principle they must
therefore be determined for sufficiently small re
gions of space orintervals of time bysome limiting
procedure. There are conceptual difficulties in
takingsuchlimitsforquantities which depend upon
the discrete interactions between radiations and
atoms. Similar difficulties arise with other macro
scopic physical quantities such as density or tem
perature and they must be overcome by means of
an appropriate averaging procedure.

To illustrate this procedure we may consider
the measurement of the macroscopic quantity
"absorbed dose" in a non-uniform radiation field.
In measuring this dose the quotient of energy by
mass must be taken in an elementary volume in
the medium which on the one hand is so small that
a further reduction in its size would not appreci
ably change the measured value of the quotient
energy by mass and on the other hand is still
large enough to contain many interactions and be
traversed bymany particles.5 Ifit is impossible to
find a mass such that both these conditions are
met. the dose cannot be established directly in a
single measurement. It can only be deduced from
multiple measurements that involve extrapolation
or averaging procedures. Similar considerations
apply to some ofthe other concepts defined below.
The symbol Aprecedes the symbols for quantities
that may be concerned in such averaging proce
dures.

In the measurement of certain material con
stants such as stopping power, absorption co
efficient, etc., the limiting procedure can be
specified more rigorously. Such constants can
be determined for a given material with any
desired accuracy without difficulties from sta
tistical fluctuations. In these cases the formulae
quoted in the definitions are presented as differ
ential quotients.

B. Spectral Distributions and Mean Values

In practice many ofthe quantities defined below
to characterize a radiation field and its interaction
with matter are used for radiations having a com
plex energy spectrum. An important general
concept in this connection is the spectral concen
tration of one quantity with respect to another.
The spectral concentration is the ordinate of the
distribution function of the first quantity with
respect to the second. Theindependent quantity
need not always be energy or frequency; one can
speak of the spectral concentration of flux density

i In interpreting radiation effects the macroscopic concept ofabsorbed dose
maynot besufficient. Whenever thestatisticalfluctuations aroundthe mean
value are important, additional parameters describing the distribution or
absorbed energy on a microscopic scale are necessary.

with respect toquantum energy or of the absorbed
dose with respect to linear energy transfer. The
interaction constants (such as /*, S and VV) referred
to in this reportare often mean values taken over
the appropriate spectral distributions of the
corresponding quantities.

C. Unit*

For any of the quantities defined below the
appropriate unit of an internationally agreed
coherent system can be used. In addition certain
special units are reserved for special quantities:

the rad for absorbed dose
the roentgen for exposure
the curie for activity.

D. Definitions

(1) Directly ionizing particles are charged par
ticles (electrons, protons, a-particles, etc.) having
sufficient kinetic energy to produce ionization by
collision. ,

(2) Indirectly ionizing particles are uncharged
particles (neutrons, photons, etc.) which can
liberate directly ionizing particles or can initiate
a nuclear transformation. . .

(3) Ionizing radiation isanyradiation consisting
of directly or indirectly ionizing particles or a
mixture of both. . .

(4) The energy imparted by ionizing radiation to
the matter in a volume is the difference between
the sum of the energies of all the directly and
indirectly ionizing particles which have entered
the volume and the sum of the energies of all
those which have left it, minus the energy equiv
alent of any increase in rest mass that took place
in nuclear or elementary particle reactions within
the volume.

Notes: (a) The above definition is intended to be
exactly equivalent to the previous meanings given
by the ICRU to "energy retained by matter and
made locally available" or "energy which appears
as ionization, excitation, or changes of chemical
bond energies". Thepresent formulation specifies
what energy is to be included without requiring a
lengthy, and possibly incomplete, catalogue of the
different types of energy transfer.

(b) Ultimately, most of the energy imparted
will be degraded and appear asheat. Some of it,
however, may appear as a change in interatomic
bond energies. Moreover, during the degradation
process the energy will diffuse and the distribution
of heat produced may be different from the
distribution of imparted energy. For these rea
sons the energy imparted cannot always be
equated with the heat produced.

(c) The quantity energy imparted to matter m a
given volume is identical with the quantity often
called integral absorbed dose in that volume.

(5) The absorbed dose (D) is the quotient of
AEd by Am, where AED is the energy imparted by
ionizing radiation to the matter in a volume ele-
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ment, Am is the mass of the matter in that volume
element and A has the meaning indicated
section 4.A.

in

AED
D=

Am

The special unit of absorbed dose is the rad.

lrad=100erg/g=I^J/'kg
Note: J is the abbreviation for Joule

(6) The absorbed dose rate is the quotient of AD
by At., where AD is the increment in absorbed dose
in time At and A has the meaning indicated in
section 4.A.

AD

At
Absorbed dose rate=

A special unit of absorbed dose rate is any
quotient of the rad by a suitable unit of time
(rad/o*, rad/min, r&d/h, etc.).

(7) The particle fluence * or fluence ($) of
particles is the quotient of AN by Aa, where AN
is the number of particles which enter a sphere 7
of cross-sectional area Aa and A has the meaning
indicated in section 4.A.

AN

Aa
d>=

(8) The particle flux density or flux density
(<p) of particles is the quotient of A4> by At where
A$ is the particle fluence in time At and A has the
meaning indicated in section 4.A.

A$

At
<P=

Note: This quantity may also be referred to as
particle fluence rate.

(9) The energy fluence (F) of particles is the
quotient of AEF by Aa, where AEF is the sum of
the energies, exclusive of rest energies, of all the
particles which enter a sphere 8 of cross-sectional
area Aa and A has the meaning indicated
section 4.A.

AE,
Aa

F=

in

(10) The energy flux density or intensity (I) is
the quotient of AF by At where AF is the energy
fluence in the time At and Ahas the meaning indi
cated in section 4.A.

7=
Ât

• This quantity is the same as the quantity, nvt,commonly used in neutron
physics.

' This quantity is sometimes defined with reference to a plane of area ha,
instead of a sphere of cross-sectional area do. The plane quantity is less
usefulforthe present purposesand it willnot bedefined. The twoquantities
are equal for a unidirectional beam of particles perpendicularly incident upon
the plane area.

Note: This quantity may also be referred to as
energy fluence rate.

(11) The kerma 9 (K) is the quotient of AEK by
Am, where AEK is the sum of the initial kinetic
energies of all the charged particles liberated by
indirectly ionizing particles in a volume element
of the specified material, Am is the mass of the
matter in that volume element and A has the
meaning indicated in section 4.A.

Notes: (a) Since AEK is the sum of the initial ki
netic energies of the charged particles liberated by
the indirectly ionizing particles, it includes not only
the kinetic energy these charged particles expend
in collisions but also the energy they radiate in
bremsstrahlung. The energy of any charged
particles is also included when these are produced
in secondary processes occurring within the vol
ume element. Thus the energy of Auger electrons
is part of AEK.

(b) In actual measurements Am should be so
small that its introduction does not appreciably
disturb the radiation field. This is particularly
necessary if the medium for which kerma is
determined is different from the ambient medium;
if the disturbance is appreciable an appropriate
correction must be applied.

(c) It may often be convenient to refer to a
value of kerma or of kerma rate for a specified
material in free space or at a point inside a dif
ferent material. In such a case the value will be
that which would be obtained if a small quantity
of the specified material were placed at the point
of interest. It is, however, permissible to make a
statement such as: "The kerma for air at the
point P inside a water phantom is . . ." recog
nizing that this is a shorthand version of the fuller
description given above.

(d) A fundamental physical description of a
radiation field is the intensity (energy flux density)
at all relevant points. For the purpose of dosim
etry, however, it may be convenient to describe
the field of indirectly ionizing particles in terms
of the kerma rate for a specified material. A
suitable material would be air for electromagnetic
radiation of moderate energies, tissue for all
radiations in medicine or biology, or any relevant
material for studies of radiation effects.

Kerma can also be a useful quantity in dosim
etry when charged particle equilibrium exists at
the position and in the material of interest, and
bremsstrahlung losses are negligible. It is then
equal to the absorbed dose at that point. In
beams of x or gamma rays or neutrons, whose
energies are moderately high, transient charged-
particle equilibrium can occur; in this condition

1 See footnote 7.
1 Various other methods of specifying a radiation field have been used,

e.g., for a neutron source the "first collision dose" In a standard material at
a specified point (See introduction).
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the kerma is just slightly less than the absorbed
dose. At very high energies the difference be
comes appreciable. In general, if the range of
directly ionizing particles becomes comparable
with the mean free path of the indirectly ionizing
particles, no equilibrium will exist.

(12) The kerma rate is the quotient of AK_by
At, where AK is the increment in kerma in time
At and A has the meaning indicated in section
4.A.

(13) The exposure (X) is the quotient of AQ
by Am, where AQ is the sum of the electrical
charges on all the ions of one sign produced in
air when all the electrons (negatrons and posi
trons), liberated by photons in a volume element
of air whose mass is Am, are completely stopped
in air and A has the meaning indicated in section
4.A.

AQZ=
Am

The special unit of exposure is tho roentgen (R).

lR=2.58X10-4C/kg 10

Notes: (a) The words "charges on all the ions of
one sign" should be interpreted in the mathe
matically absolute sense.

(b) Trie ionization arising from the absorption
of bremsstrahlung emitted by the secondary
electrons is not to be included in AQ. Except
for this small difference, significant only at high
energies, the exposure as defined above is the
ionization equivalent of the kerma in air.

(c) With present techniques it is difficult to
measure exposure when the photon energies
involved lie above a few Mev or below a few kev.

(d) As in the case of kerma (4D(11), note (c)),
it may often be convenient to refer to a value of
exposure or of exposure rate in free space or at a
point inside a material different from air. In
such a case the value will be that which would be
determined for a small quantity of air placed at
the point of interest. Tt is, however, permissible
to make a statement such as: "The exposure at
the point P inside a water phantom is . . . ."

(14) The exposure rate is the quotient of
AX by At, where AX is the increment in exposure
in time At and A has the meaning indicated in
section 4.A,

tr- x AXExposure rate=-rr-

A special unit of exposure rate is any quotient
of the roentgen by a suitable unit of time (R/s, where
i?/min, Rlh, etc.).

• This unit Is numerically Identical with the old one defined as 1 e.s.u. of
charge per .001293 gram of air. C is the abbreviation for coulomb.

This equation for - assumes that the nuclear interactions are not important. An extra term for such Interactions may be required forx-or gamma-ray

energies In excess of a few MeV.

"This equation for — assumes that the nuclear interactions are not Important. An extra term forsuch Interactions may be required for x- or gamma-ray
p

energies in excess of a few MeV.

(15) The mass attenuation coejjvcitnt (-) of a
material for indirectly ionizing particles is the
quotient of dN by the product of p, iV, and dl
where N is the number of particles incident
normally upon a layer of thickness dl and density p,
and oW'is the number of particles that experience
interactions in this layer.

J_dN
"pN dl

Notes: (a) The terra "interactions" refers to
processes whereby the energy or direction of the
indirectly ionizing particles is altered,

(b) For x or gamma radiations

•

P P P P P

where - is the mass photoelectric attenuation co-
P

efficient, - is the total Compton mass attenuation
P

coefficient, — is the mass attenuation coefficient
P

for coherent scattering, and - is the pair-production
P

mass attenuation coefficient.

(16) The mass energy transfer coefficient ( —) of
a material for indirectly ionizing particles is the
quotient of dEK by the product ofE, pand dlwhere
E is the sum of the energies (excluding rest
energies) of the indirectly ionizing particles
incident normally upon a layer of thickness dl
and density p, and dEK is the sum of the kinetic
energies of all the charged particles liberated in
this layer.

p*_J_ dEK
p Ep dl

Notes: (a) The relation between energy fluence
and kerma may be written as

K=F^
p

(b) For x or gamma rays of energy hv

P P P P

P p\ hv)
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(-=the photoelectric mass attenuation coeffi

cient, S=average energy emitted as fluorescent

radiation per photon absorbed. )

and
p p hv

I -=total Compton mass attenuationcoefficient,
Z?,=average energy of the Compton electrons per

scattered photon, j

and ^=_«(i_2££.2)
p p\ hv J

( -=mass attenuation coefficient for pairproduc

tion, mc2=rest energy of the electron )

(17) The mass energy-absorption coefficient(-)
of a material for indirectly ionizing particles is

— (l-O) where Q is the proportion of the energy of

secondary charged particles that is lost to
bremsstrahlung in the material.

Notes: (a) When the material is air, — is propor-
p

tional to the quotient of exposure by fluence.
ftx r»«*(b) — and — do not differ appreciably unless
p . p .

the kinetic energies of the secondary particles are
comparable with or larger than their rest energy.

(18) The mass stopping power (—) of a material
for charged particles is the quotient of dE, by
the product of dl and p, where dE, is the average
energy lost by a charged particle of specified
energy in traversing a path length dl, and p is
the density of the medium.

S^dE,
p p dl

Note: dE, denotes energy lost due to ionization,
electronic excitation and radiation. For some
purposes it is desirable to consider stopping power
with the exclusion of bremsstrahlung losses. In

o

this case —must be multiplied by an appropriate

factor that is less than unity.

(19) The linear energy transfer (L) of charged
particles in a medium is the quotient of dEL by dl
where dEL is the average energy locally imparted

to the medium by a charged particle of specified
energy in traversing a distance of dl.

T_dEL
L~~dT

Notes : (a) The term "locally imparted" may refer
either to a maximum distance from the track or
to a maximum value of discrete energy loss by the
particle beyond which losses are no longer con
sidered as focal. In either case the limits chosen
should be specified.

(b) Tbe concept of linear energy transfer is
different trom that of stopping power. The
former refers to energy imparted within a limited
volume, the latter to loss of energy regardless of
where this energy is absorbed.

(20) The average energy (W) expended in a gas
per ion pair formed is the quotient of E by Nw,
where Nw is the average number of ion pairs
formed when a charged particle of initial energy
E is completely stopped by the gas.

W=
E_

Nw

Notes : (a) The ions arising from the absorption of
bremsstrahlung emitted by the charged particles
are not to be counted in Nw.

(b) In certain cases it may be necessary to
consider the variation in W along the path of the
particle, and a differential concept is then required,
but is not specifically defined here.

(21) A nuclide is a species of atom having
specified numbers of neutrons and protons in
its nucleus.

(22) The activity (A) of a quantity of a radio
active nuclide is the quotient of AN by At where
AAf is the number of nuclear transformations
which occur in this quantity in time At and A
has the meaning indicated in section 4.A.

AN

At
A=

The special unit of activity is the curie (Ci).

lCi=3.7X10I0s-1 (exactly)

Note: In accordance with the former definition
of the curie as a unit of quantity of a radioactive
nuclide, it was customary and correct to say:
"Y curies of P-32 were administered "
It is still permissible to make such statements
rather than use the longer form which is now
correct: "A quantity of P-32 was administered
whose activity was Y curies."
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(23) The specific gamma-ray constant (T) of
a gamma-emitting nuclide is the quotient of
I* — by A, where -77- is the exposure rate at a

At m

distance I from a point source of this nuclide
having an activity A and A has the meaning
indicated in section 4.A.

rJ'AX
1 AAt

Special units of specific gamma ray constant
are Rm2h"lCi"' or any convenient multiple of this.

Note: It is assumed that the attenuation in
the source and along I is negligible. However,
in the case of radium the value of r is determined
for a filter thickness of 0.5 mm of platinum and
in this case the special units are Km2h"'g"1 or
any convenient multiple of this.

Table 4.1. Table of quantities and units

No Name Sym
bol

Dimen
sions •

Units

MESA cgs Special

4

=•!
6

7

8

9
10

11

Energy Imparted
(Integral ab
sorbed dose).

Absorbed dose
rate.

Particle fluence
or fluence.

Particle flux
density.

Energy fluence
Energy flux

density or
Intensity.

D

*

*

F
I

K

E

EM-t....
EM-iT-i.

L->

£-«r-i...

EL-1
El-tT-l.

EM-t....
EAMT-I
QM-t....

QM-'T-i.
IAM-i....

IAM-K...

L>M-K...

EVM-t..

EL-'

E

r-i
QWAf-i..

J

ergg-'
erg g->e-'..

cm-%-'....

erg cm->...
erg cm-«s-'

ergg-'
erg g-is-'..
esug-'

esu g-'s-'..

cm«g-'

erg cm»g-'.

erg cm-'...

s-'
esucm>g-i.

g. rad.

Jkg-'....
Jkg-is-'..

m-i , .,,

m-*j->....

Jm-«
Jm-«j-'..

Jkg-'....
Jkg-"s-'..
Ckr'...

Ckg-is-'.
m»kg->...

mfkg-'...

m«kg-i...

J m«kg-'.

Jm-' ,,.,

J

rad.
rads-i,ete.

1?
in X

M

P

Wt

P

«««

P

S

P

L

W

A
r

DE

R (roent

14
15

It

17

18

IS

20

Exposure rate
Mass attenuation

coefficient.
Mass energy

transfer coeffi
cient.

Mass energy
absorption
coefficient.

Mass stopping
power.

Linear energy
transfer.

Average energy
per Ion pair.

Activity

gen).

Rs-', etc.

kevOim)-'.

ev.

23 s-i

Cm«kg-' •
Ci(curle).

23 Specificgamma-
ray constant.

Rm»h->
CI-', etc.

Dose equivalent... rem

• It was desired to present only one set of dimensions for each quantity, a set
that would be suitable In both the MKSA and elertrostatkM-gs systems. To do
this It was necessary to use a dimension <J, tor the electrical charge, that Is not
a fundamental dimension In either system. In the MKSA system (fundamental
dimensions M, L, T, T) Q represents the product IT; In the electrostatic-egs
system (M,L,T) It represents MWWT-*.

•{fUS. GOVERNMENT PMKTTNe OFFICE: IMS O—749-083
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APPENDIX III

Selected Definitions from:

USA Standard, Glossary of Terms in Nuclear Science
and Technology (USAS Nl.1-1967), published by

USA Standards Institute, 10 E. 40th St.,
New York, New York 10016

VOSE

A general term denoting the quantity of radiation or energy

absorbed in a specified mass. For special purposes, its meaning

should be appropriately stated, e.g., absorbed dose.

VOSE, ABSORBEV

The energy imparted to matter in a volume element by ionizing

radiation divided by the mass of irradiated material in that volume

element. The special unit of absorbed dose is the rad. One rad

equals 100 ergs per gram. (Also commonly called dose.)

VOSE, EMERGENCY

The absorbed dose, when the maximum permissible dose equivalent

is exceeded, knowingly incurred in the performance of an unusual task

to protect individuals or valuable property.

NOTE: More detailed information regarding radiation emergencies

may be found in International Commission on Radiological Protection

Report No. 9 or National Committee on Radiation Protection Report No. 29.

VOSE, INTEGRAL ABSOKBEV

The integral of the absorbed dose over the mass of irradiated matter

in the volume under consideration. It is identical with the energy
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imparted to matter in that volume. The special unit of integral absorbed

dose is the gram-rad.

VOSE, MEVJAN LETHAL [LV 50)

The absorbed dose which will kill, within a specified time period,

50 percent of the individuals of a large population of organisms of a

given species.

VOSE, PERCENTAGE VEVTtt

The ratio, expressed as a percentage, of the absorbed dose at a given

depth within a body to the absorbed dose at some reference point of the

body along the central ray. For x or gamma radiation, the location of

the reference point depends on the energy of the incident radiation. It

is at the surface for low energies or at or beyond the position of peak

absorbed dose for high energies.

POSE, PERMISSIBLE

(See dose equivalent, maximum permissible.)

VOSE, THRESHOLV

The minimum absorbed dose that will produce a specified effect.

VOSE, TOLERANCE

Obsolete term for dose equivalent, maximum permissible.

VOSE, [/PLUME

The product of absorbed dose and the volume of the absorbing mass.

NOTE: This term is often confused with integral absorbed dose.
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POSE EQUIVALENT [Radiation PnotzcXJion]

The product of absorbed dose, quality factor, dose distribution factor,

and other modifying factors necessary to express on a common scale, for all

ionizing radiations, the irradiation incurred by exposed persons. The

special unit of dose equivalent is the rem.

NOTE: It is recommended that the term "RBE dose" be used in the field

of radiobiology exclusively.

POSE EQUIVALENT, MAXIMUM PERMISSIBLE (MPP) [Radiation PfiotacXion)

The largest dose equivalent received within a specified period which

is permitted by a regulatory agency or other authoritative group on the

assumption that receipt of such dose equivalent creates no appreciable so

matic or genetic injury. Different levels of MPD may be set for different

groups within a population. (By popular usage, dose, maximum permissible

is an accepted synonym.)

EXPOSURE

A measure of the ionization produced in air by x or gamma radiation.

It is the sum of the electrical charges on all of the ions of one sign pro

duced in air when all electrons liberated by photons in a volume element

of air are completely stopped in the air, divided by the mass of the air in

the volume element. The special unit of exposure is the roentgen.

FLUENCE, (See jhiznca, pamticle.)

FLUENCE, ENERGV

At a given point in space, the sum of energies, exclusive of rest

energies, of all the particles or photons incident during a given time in

terval on a small sphere centered at that point, divided by the cross-
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sectional area of that sphere. It is identical with the time integral of

the energy flux density.

FLUENCE, PARTICLE

At a given point in space, the number of particles or photons incident

during a given time interval on a small sphere centered at that point divided

by the cross-sectional area of that sphere. It is identical with the time

integral of the particle flux density.

FLUX (Se.& jlux de.ni.ity, paxtioZt]

FLUX VENS1TV, V1FFERENTJAL ENERGY

That part of the energy flux density resulting from particles or pho

tons having a specified direction, energy, or both per unit interval of

solid angle, energy, or both.

FLUX VENSJTY, VJFFERENT1AL PARTICLE

That part of the particle flux density resulting from particles or

photons having a specified direction, energy, or both per unit interval

of solid angle, energy, or both.

FLUX VENS1TY, ENERGY

At a given point, the sum of energies, exclusive of rest energy, of

all the particles or photons incident per unit time on a small sphere

centered at that point divided by the cross-sectional area of that sphere.

It is identical with the product of the particle flux density and the

average energy of the particles.

NOTE: This quantity may also be referred to as energy fluence rate.
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FLUX VENSITY , PARTICLE

At a given point in space, the number of particles or photons incident

per unit time on a small sphere centered at that point divided by the cross-

sectional area of that sphere. It is identical with the product of the

particle density and the average speed. The term is commonly called flux.

KERMA [Kinetic Ennnqy RdLo,ai>Q,d in Matn>vial)

The ratio of the sum of the initial kinetic energies of all the charged

particles liberated by indirectly ionizing particles in a volume element to

the mass of the matter in the volume element.
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APPENDIX IV

Selected Definitions of Thorn*

Ab&ohbzd Vo6H

When ionizing radiation passes through matter, some of its energy

is imparted to the matter. The amount absorbed per unit mass of irra

diated material at the place of interest is called the absorbed dose

and is measured in rads, where

I rad = 100 erg/gm = I/100 joule/kg

The rad unit is applicable to any type of ionizing radiation, but in

reporting dose, the type, as well as the irradiated material (for in

stance, tissue), and the place of interest must be specified. Without

the above three factors, a statement of absorbed dose received is in

complete and probably useless, since the same dose of different kinds

of radiation, even delivered to the same place, can produce entirely

different effects. The roentgen unit has been used as a dose unit for

x - and gamma rays for many years, but does not, in fact, measure energy

imparted at higher photon energies. This unit and other obsolete units

such as the rep should be replaced by the rad for absorbed dose. If

AE is the energy imparted by ionizing radiation to matter in a volume

element and Am is the mass of the matter in that volume element, then

the absorbed dose D is given bv AEa D D
a Am

*Eva M. Thorn. Definitions of Nuclear Terms-Including Formulas and Tables,
NWEF Report 10001, Vol. I. (1967). (AD-822091).
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The symbol A is defined under limiting procedures in Handbook 84. In

most cases, AED is that energy which is eventually deposited in the

medium as heat and is measurable calorimetricaIly.

Vo&z Equivalent

The term "RBE dose" has been used in the past in both radiobiology

and radiation protection. It is now recommended that the term RBE be

used in radiobiology only and that another term be used for purposes of

radiation protection. The linear-energy-transfer-dependent factor is

multiplied by the absorbed dose, D , to obtain a quantity that expresses

on a common scale the irradiation received by persons exposed to all ioniz

ing radiations. The name recommended for the linear-energy-transfer-

dependent factor is quality factor, QF. Other factors must also be con

sidered for the purpose of radiation protection. A distribution factor,

DF, is used to express the modification of the biological effect of rad

iation due to a non-uniform distribution of isotopes in the body. The

distribution factor like the quality factor also affects the absorbed

dose when radiation protection is being considered. It is recommended by

the International Commission on Radiological Units and Measurements that

the final calculated dose received by an individual after the absorbed

dose is modified by the above-mentioned factors, plus any other factors

that may affect the incoming radiation, be called the dose equivalent,

DE. If the only apparent modifying factors are QF and DF, then

DE = D (QFMDF).
a Y

If other factors must be considered and are defined, then
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DE = D (QF) (DF)...
a

where the dots take into account the product of these other factors.

The unit of dose equivalent, DE, is the rem. The unit of absorbed dose,

D , is the rad. Although the above definition of dose equivalent does
a

not cover a number of theoretical aspects (in particular the physical

dimensions of some of the quantities) it fulfills the immediate require

ment for an unequivocal specification of a scale that may be used for

numerical expression in radiation protection.

ExpoALtfiZ.

Exposure is a term adopted by the International Commission on

Radiological Units and Measurements in 1962 to replace the term "exposure

dose" introduced in their 1956 report. The quantity is used for x and

gamma radiation. Exposure is the measure at a certain place of radia

tion which has the ability to produce ionization. The unit of exposure

is the roentgen, R, where I R equals 2.58 x I0~ coulombs/kilogram. The

definition thus corresponds to the terms roentgen dose (long in use in

radiology) and air dose. The wording was made purposely unspecific, thus

leaving open the possibility of later defining exposure for radiations

other than x- and gamma rays. If AQ is the sum of the electric charges

on all the ions of one sign produced in air when all the electrons (ne-

gatrons and positrons), liberated by photons in a volume element of air,

are completely stopped in air, and Am is the mass of the air, then ex

posure X is given by

AQ

X ~ Am
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A is defined under limiting procedures in Handbook 84. The words "charges

on all ions of one sign" should be interpreted in the mathematically ab

solute sense. The ionization arising from the absorption of bremsstrahlung

emitted by the secondary electrons is not to be included in AQ. Except

for this small difference, significant only at high energies, the exposure

when the photon energies involved lie above a few million electron volts

(MeV) or below a few thousand electron volts (keV). As in the case of

kerma it may often be convenient to refer to a value of exposure or of

exposure rate in free space or at a point inside a material different from

air. In such a case the value will be that which would be determined for

a smalI quantity of air placed at the point of interest.

Kojana

Kerma is the sum of the initial kinetic energies of alI the charged

particles liberated by indirectly ionizing particles in a volume element

of a specified material per unit mass. The sum of the kinetic energies

include not only the kinetic energy these charged particles expend in

collision, but also the energy they radiate in bremmsstrahIung. The

energy of any charged particle is also included when this energy is pro

duced in secondary processes occurring within the volume element. Thus,

the energy of Auger electrons is part of this energy. If the sum of the

above kinetic energies is given as AW , and Am is the mass of the matter

in the volume element, then

AW,
kerma

Am

where A is defined under limiting procedures in Handbook 84. In actual
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measurements Am should be so small that its introduction does not appre

ciably disturb the radiation field. This is particularly necessary if

the medium for kerma is determined is different from the ambient medium.

If the distrubance is appreciable, an appropriate correction must be

applied. It may often be convenient to refer to a value of kerma or of

kerma rate for a specified material in free space or at a point inside

a different material. In such a case the value would be that which would

be obtained if a small quantity of the specified material were placed at

the point of interest. A fundamental physical description of a radiation

field is the intensity (energy flux density) at all relevant points. For

the purpose of dosimetry, however, it may be convenient to describe the

field of indirectly ionizing particles in terms of the kerma rate for a

specified material. A suitable material would be air for electromagnetic

radiation of moderate energies, tissue for all radiations in medicine or

biology, or any relevant material for studies of radiation effects. Var

ious other methods of specifying a radiation field have been used: e.g.

for a neutron source, the "first collision dose" in a standard material

at a specified point. Kerma can also be a useful quantity in dosimetry

when charged particle equilibrium exists at the position and in the mate

rial of interest, and bremsstrahlung losses are negligible. It is then

equal to the absorbed dose at that point. In beams of x- or gamma rays

or neutrons, whose energies are moderately high, transient charged-particle

equilibrium can occur; in this condition the kerma is just slightly less

than the absorbed dose. At very high energies the difference becomes

appreciable. In general, if the range of directly ionizing particles be

comes comparable with the mean free path of the indirectly ionizing particles
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no equilibrium will exist. In cone Ius ion, kerma is the quantity whi ch

represents the kinetic energy transferred to charged particles by the

uncharged particles per unit mass of the irradiated medium. This is the

same as one of the common interpretations of a concept "first collision

dose", that has proved to be of great value in the dosimetry of fast

neutrons. The concept is also closely related to the energy equivalent

of exposure in an x-ray beam. "Kerma" is based on the initials of kjnetic

energy r_eleased in material.

Flux

Flux is a term used ambiguously for flux density. (See flux density).

Flux Ven&ity

For electromagnetic radiation flux density is the power, or energy

per unit time, passing through a unit area of surface normal to a beam

(energy flux density). For particles or photons flux density is the num

ber passing through a unit area of surface normal to a beam per unit time.

The term flux has largely superseded the term flux density in common usage

Ne.utn.on Fluznze. [on. Fluznce.)

Neutron (or particle) fluence is equivalent to the quantity nvt used

in neutron physics, where n is the number of neutrons per volume, v the

velocity of the neutrons, and t the time. DimensionaI Iy,

(N )

nvt = -^— ~— (T) - (N ) (L )
,3 (T) n

where N is number of neutrons and L is length.
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Neutnon Flux Ve.nt>iA.y *

Neutron flux density is a term used to express the intensity of neutron

radiation. It is the number of neutrons passing through a unit area in unit

time. For neutrons of a given energy, the neutron flux density is the pro

duct of the neutron density and average speed. It is expressed in neutrons/

2 -3
cm -sec. The common symbol is nv, where n is the neutron density in cm ;

and v is the average neutron speed in cm-sec . Neutron flux density is

also defined as

/EN(E) v (E) dE

where N(E) is the number of neutrons per unit energy per unit volume with

energy E, y_(E) is vector velocity of the neutrons with energy E. Both N(E)

and y_ may vary with time.

*This paragraph has been revised to be more consistent with the rest of
this report, the most significant change being the addition of the word
dens ity.
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