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ABSORBED DOSE——AN UNFORTUNATE “RED HERRING" *
IN RADIATION PROTECTION

Alessandro R1nd1 and Ralph H Thomas
"Lawrence Berkeley Laboratory
University of California

Berkeley, California 94720

October 25, 1971
ABSTRACT

" Man's uses of ionizing radiations are increasing rapidly, and,.
in particular, larger numbers of people are being exposed to high

linear energy transfer (LET) radiations. These radiations present

: 1nterestmg problems of dos1metry which are discussed in the light.

. of the authors experience at high energy accelerators

It .'Ls suggested that two aspects of our present scale for numeri-
cal expression in radiation protection need clarification, Firstly,
the physical dimensions of dose equivalent (D'E) shoul.d be defined.

and sec_ohdly, the precision with which DE estimates are to be made.

' shoul'd be stated. The practical evaluation of DE in mixed radiation
~ fields is discussed and it is suggested that this quantity is better

- obtained via measurements of particle flux density and energy spectra

than by LET spectrometry. The advantages of the former technique

-over the latter are discussed briefly.,

“Red-Herring--something used to confuse or direct attention from
something else: from the practice of drawing a2 smoked herring across
the trace in hunting, to distract the hounds.'" Webster.
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INTRODUCTION

Man's uses of ioniéi‘ﬁg radiation in research, industry, and -
medic ine have increased dramatically over the past decade. Alth:{)ugh
the,ma‘jor. contribution to'man-made exposure is still due to low L_EIT
radiatibné, an increasing proportion of people ‘are being exposed to -
high LETvradiati“ons, .B'drrill has documente.d the increaéing uses of

accelerators in industry and fne'dic'mé, énd shows the number of
accéleratoré in use to be increasing at a rate of roughly 10% per
annum. | | o »
i Many of the electron accelerators preé_ently'being'installed are

of sufficiéﬁtly ﬁigh' energy to produée neutrons, and the use of D-D
and-D-T neutron generators is now widespread. Radiotherapy with
'n‘—r“neson.s and énergétic heavy ions is géinin.g. interest; when brought
to fi'uﬁiOn occupational exposure of considerable numbers of hospital
personnel will result,l The use of high flying aircraft for mass trans-
porit_a.t‘ionv.will éxpose Jarge numbers to high LET radiations3 and--if
we .antici.pate somewhat--space flights will expose passengers to the
scarcely shielded primary galia‘ctic radiation. |

Man's ability to produce a wide variety of radiation environ-
r.nent's is not a.,t-debat;e;4 it seems to us highly probable that these radia-
tioﬁs will be applied rapidly, pavrticula.rly in industry and medicihe, to
a host of diverse tasks. In consequence we 'antic'ipaite a growing
‘interest in the problems of health physics posed by these new environ-
'mehts, | | |

We believe it would Be a fdrward—iooking nio_vé to revi‘ew
critically the préséﬁt recommendatiOns- of ICRP aﬁd ICRU, with a view
to identifying what pfOBlerﬁs; if any, will afise from their application
to high LET radiation fields. | | - | I

This Apaper discusses some of the difficulties we anticipate in the

light of our ‘expe,'ri'ence"with many particle accelerators in the high
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energy tange. In particular, we suggest that the p.re_sent'emphaels
on absorbed dose in the prescriptions by ICRU/ICRP for dose-
equtvalent (DE) evaluation may divert attention from more profitable
avenues of approach. This is n‘ot a frivolous or eccentric whim on |

our part'. An examination of the literature will demonstrate an

increasing interest in these matters. During the past few years

several authors have revieWed"critically the recommendations of

both the ICRP and ICRU from the standpoint of practxcal melementa—

} ] 3

tion. ! Durmg the last twelve months the number of papers
discuesing the vapphcatmn of radiation standards 'in the field" has
increased dramatically showing an expanding awarenese of the
pra.ctvi;callproblems ivnvoive‘d. 8_19_ Inde_ed, a recent ICRP Task Group
itself has shown awareness of some 'anensist-encies in the present
10g1ca1 basis for the formulation of radlatlon standards 20

We restrlct our comments here to external whole - body radia-

tion exposures and emphasize that We have no a priori knowledge in

these new radiation environments that might greatly simplify
our measurements. | ,Indeed, it has been our experience With high

energy accelerators that a varlety of radiation env1ronments is

- possible, depending upon Operat10na1 cond1t10ns

In a review such as this we have the alternatives of referrinvg
the reader to t-he literature or of giving extensive quotations. We have
adOpted the latter alternatwe Wthh although havmg the dlsadvantage

of protractlon, is more converuent for the reader.

A SCALE FOR NUMERICAL EXPRESSION IN RADIATION PROTECTION

"The ObJectlves of radiation protection are to prevent acute

‘ra_diatiOn effects and to limit the risks of late effects to an acceptable

; nll
level. " These objectives are achieved by

a. The unequ1v0cal Spec1f1cat10n of a scale that may be used
22
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"b. An estimation of the risk to large human populations result-
| ing from chronic e_xposui’e to ionizing radiation and its éxPression' | o -
~ on this numerical scale. _ |
c. A judgment of the level of risk that an informed society will &
toleréte in exchénge for the beneficial uses 6f radiation, and again
its expression in terms of -thé scale. |
d. The specification of radiation safety standards on this
numerical scale that will set the estimated risk no higher than that
tolerated By soclety. . |
‘e. The demonstration that thesé safety étandards have been
séé_isfied by measurements (expressed on this numerical scalé) of
the radiation environments to which people are exposed. Such measure - )
menté'will indicate whavt remedial actions are neéessary, if any, to
reduce exposures. _ | v |
This paper largely deals with the first and last of these five
‘points. Any Uscale f‘or numerical eX-pre.SsiOn" we adopt should be
soundly based on the \best available data peftine‘nt to human response
to .‘LOni'zing‘radiatiOn at low doses and dose r‘ates; it should be readily
practicable and capable of being aéplied to all radiation environments.
In this ‘sevction we éxamine the theoretical basis of a s;cale_for'
vnumerical expression, arid, in .Later sections, discuss oﬁr' present
_scai_e, which is based on absorbed dose, and its practical realization

in operational health physics.

Index of Radiation Risk : *
- In an ideal situation our numerical scale.would provide an
index for direct expression of the risk due to radiation exposufe.
Our present understanding of human radiobiological phenomena,
particularly at low chronic exposures, is inadequate to permit any |
accurate estimate of risk. In the absence of a complete understanding

of the biological cohs_equences of the interaction of radiation with living

5
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ofgé.nisms we might sg;eéulate how such an .Lndeg could be e.vrnpiri‘cally
obtained.

Cofnpa'.r.ison. of rhoi'bidity and mortality statistics between a very
large unirradiated "control™ pbpulatiOn and large populations irradiated
in cé.refully cohtroiled ways would provide indices of risk for differing
conditions of irradiation. Such a pfOposal 1s, of course, both immoral
and absurdly impracti;:able.

At the present time, of necessity, we obtain our estimates of
radiation risk by e};tr’apolatiOn from data obtained at high acuté
exposures on the basis of the.linear dose response, no-threshold model.
.Any indéx of risk so deriv.ed-”will .be compoundéd of three elemen't‘s,
fhe first ele.ment representing the physical characteristics of the
ra.dika-tion fields, the second re presenting vfaéto,rs derived from radio-
biology and_ithe thil;d‘element consisting of administrative factors
Which express’ the caution nece ssary in ektrapolating our imprecise
radiobiological knowledge to the field of radiation protection. |

‘This might be expressed in the form

R-[a][BI[P], B

<

where R is the risk of radiation-induced disease,

[A] represents administrative factors.

[B] represents bioldgical factors, and

[P] represents the physical.characteristics of the radiation

. field. | |
i_.At the presént time beéause 6ur knowledge-of the biological pafa—'
meters [ B] is e#tre:ﬁely limited we could conveniently cdmbi_ne ..them
'w,ith.the admin:isvtrative factors [A] _intb absingle factor [A'], which »
Qouid be, of vnecessity,. sémewhat arbitrary and Onlyj' broédly related
to bi‘ological effects,_ | | ) _ ' . |

| R'=[a'] [Pl o @

Equation (2) strongly suggests that our scale for numerical"
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expressmn in radiation protectlon must be based on some physmal

parameter(s) of the radiation field. How closely measurements
o

based on this scale ([_A’_] [P]) correspond with the "true' risk [R]

we cannot, at present, determine.

Accuracyof Risk Estimates and the
Precision of Radlatlon Measurements -~

Our present Lgnorance of the bLologlcal effects of low levels of
fadlatlon on humans, militates against accuracy in our estlmates of
risk...' Indeed; scientific honesty demands that we admit we do not yet
know whether low level radiation exposures are harmful, are of no’

| consequence, or are even beneficial to 'mankind.

It is therefore quite conceivable that estimates of risk derived

from the acute, high-dose human data may be too high by considerably

more”than an order 6f magnitude. The "accuracy!' of our present-day
risk estirhates are largely determined by how closely the administra-
_ tive factors [A!' in Eq. (,2)] .corre_Spond to real life. ‘This recognition
of the inaccuracy inherent in our'_es_timates of risk haye led some to
suggest-Athat only limited accuracy is needed in rediation protection
measurements, -

This question of the 'a.c‘curacy needed in radiation protection
measurements is of great importance in any discussion of the practi-
cal real_i‘éation of any numerical scale. The present authors have
suggested elsewhere23 fhat the difference between the absolute
accuracy with wh1ch an index of radiation risk can be sPec1f1ed ‘and
the precision with whxch it may ‘be reproduced has led to some
~ confusion in the -llterature. The situation is ‘qulte analagous to that
which obtained when écales of temperature were established prior to
Kelvin's thermodyﬁamicall studies_; Relative temperatures could be
'compared and thermal conditions reproduced with great precision

inde pendent of any knowledge of the absolute temperature. The
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accuracy of our specification of radiation risk is determined by our

knowledge of biélogy and is, at the present time, very poor. The

- precision with which we can reproduce radiation environments (and,

pre sumab‘l_yi thereforé, 'conditi/ohs of risk) is determined by the‘
accuracy with which we can.make phy‘sical measurements and the
care with which our adn{lnistratiye factors ([A'] in EquatiOn 2) are
specified. | _

Before specifying a numerical scale for radiation protection
it is lmperative that it be decided with what precision measureinéntsv
on the scale be reproduced. There are wide differences of opinion
among health physicists on just what this pfecls'ion”sho-uld be. On
fhe one hand we have those who suggest measureménts ofvavmnual dose
equivélent rates be made to an accuracy of a-few percent (at the Jevel
of natuvrallbackground), while on the other,we have those who suggest,
it seems to us, that inaccuracies of as much as a factor of five
or m'ore .are‘tolerable at the maximum.. permissible dose (MPD). .No
authoritative opinion has been published ‘on this matter by the advisory

bodies responsible for radiation protection; the close'sﬁ advice that has

~ been 'publicly' offered, to the authors' knowledge, was given by an
- ICRP panel at the IRPA Congress held in Brighton in 1970.> “Members
- of the panel suggested that the DE resulting from external whole-body

radiation exposure, at about the level of MPD should be established
with a precision of about 20 to 30%. 1_2’,_24 A

Many factors bear upbn the precision that is required of

"measurements expressed on our numerical scale. There is a need

to com'pare data between different laboratories taken under different

conditions and at different times. Such comparisons are meaningless

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

exposure safety standards are specified in law and it is doubtful if

large uncertainties in the estimation of radiation exposures at the , -

'
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level of the MPD are env_isagéd.' Finally, anufate measurements of
radiation environmehts assure efficiént and ebonomi_c operation.

It would be absurd to demand preciisioh requiring extraordinarily
difficult measures but, .Czo'nvef‘sely, equally absurd to _thro\w away
precision that is easily attainable. Thé precision which can be
demahded is, in géneral not limited by the techniques used to
determme the physlcal characterlstlcs of radiation environments.
When dlfferent technlques of physmal measurements are used the
llmltatlons on pl‘eClSlCIl are likely to be determmed by the Spelelcav-
tlon of the admlnlstratwe factors in Equatmn (Z) '

In what follows we assume that a precision of about 25% is
desired in estimates of- external whole-body exposure to radiation at

the level of the MPD.

Numerical Scale for Radiation Protection

In summary, the logical basis for a numerical scale in radiation-

prétéétion would be one of radiation risk. Limitations in our know-
iedgé of the biological effects of radiation prevent this being done
- with any accuracy at the present time. We are forced, then, to
' .improvise using some physical property (or properties) of radiation
fields as the basis of our numerical scale. ‘The determination of the
relationship between these physical parameters and actual risk |
resglting from radiation exposure remains as one of the outstanding
goals of health physics. |

- The precision with which the numerical scale must be rebro—
- duced is of paramount i-mporta‘nce bvec.aus'e it bears directly on one's
attitude toward the technique s of dosimetry required for the realiza-
tion of protection standards, and we urge the consideration of this
matter by ICRP ..

 As we shall dlscuss in the following section, it has been found

convenient to base our present scale on the evaluation of absorbed

- ®
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dose[(modified by factors including that dependent on linear energy
transfer (LE'} ). A.bsorbed dbse, although c‘oﬁ_venient as the basis
- forvatv nurﬁerical scale at the present time has not yet beeﬁ
| established as of fundamental interest in radiation pro‘tect‘iOn.
af .'ICRP has endorsed two, basically diffefent, experifnenfal
techniqvues for méasu:emént on the nufher‘ical sca,le.25 The
first invOlv‘esvdeterminatior‘l of absorbed dose (and any appropriate
m_odifyiﬁg _factoré), while the second (in the case of neutrons and
protohbs ) demands the measurement of bp-article fluence. It is

the latter technique that the authors believe is capable of producing

the experimental basis for a general scheme of‘radiat'ion dosimet;ry.



S10-
ABSORBED DOSE--THE PRESENT BASIS OF OUR NUMERICAL
SCALE IN RADIATION PROTECTION

Qur present numerical scale in radiation protection is based upon the - ;
determination of ab'sorbed‘dose (er‘ 'absorbéd dose, weighted by various ‘\,,
factors). This choice of absorbed dose as the phyéical parameter (| P]
in Eq 2) was influenced by the historical development of radioclogy and
radi'o-vb'io‘logy, 15 1¢ waé argﬁed that .energy abéorption in the tissue of
’ interes-t was the fnajor parametel; in‘determining radiation effects. -
Eventﬁally it became clear . that absorbed ‘d_dse alone was an .'mé.d‘equate
parameter. Experirﬁentally it was shown that equay.lvab.sorption of energy
does not produce equal probability of any given biological effect ( within
factors of ten in some instances for mammals.) | f

It was necessary to weight the absorbed dose in some Way, depending
upon the characteristics of the radié.tion. The 'subsequent definitions of
relative biological efﬁciency (RBE), RBE dose and DE is well documented
in the literature. (The authors are reminded of the Shavian critique of

26

the writing of Pavlov describing his researches on the conditioned reflex.)

It will be remembered th.at the concept of RBE dose was obtained by trans- T
forming the separate contributions to the absorbed dose into a "biol?g—

'ic;'illy equ"ivalent” ,_absorbéd dose, due to some standard rzadiation, by
application of an empirically determined. RBE.‘. Thus the biological effects

of irradiation by different types of radiation would be identical to that

from }
}“ (RBE), D, rads of standard radiation , o (3) o’
- ’ :
i=1
(RBE), = D /D, (4) i
1 X 1 .

. where DX and Di are the absorbed doses of standard radiation and the
th oo . o ' :
17 radiation required to produce the same biological effects. RBE dose

has evolved into the quantity how used in radiation protection, that of
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dose équivalent (equivalent doée?), which is now the basis_ for our
present numerical scale for radiation protection.

ICRU gives the following definition: "DE is defined as the product
of ‘absoﬂr'bed dose-D, quality factor—QF, absorbed-dose distribution

: : - 28 .
factor -DF, and other necessary modifying factors' =~ leading to the

well-known equation,

DE-=DX(QF) X. .. )

| | 29 .
‘more recently modified (in ICRP publication 15) ? to

DE = DX Q‘F“XV(MF)IX(MF)ZX cMEF), )

where the symbols are so well known that they need not be explained.

Unfortunately, as several authors have indicated, this definition is

‘8, 9: 15

inc-omplete. One particularly important'aspéc:t»left undefined

is the physical dimensions of DE. 22 14 seems evident, howe_v‘evr, from, -

the evolution of the concept that, as presently defined, DE has thé same

physical dimensions as absorbed dose. It is vevivvdent from. Eqgs. (3) and
(4) that RBE dose has the physical dimensi.ons of absorbed dose, ané

it wo,uld appear. reasonable that DE would have the same physical dimen-
sions}. | LR |

If this argument is accepted then it would be appropriate to define

DE in a manner analogous to the definition of Exposure. We suggest

that an appropriate basis' for a definition might be:
""In radiation protection, dose equivalent is a measure of radiation
based upon its ability to induce dis_eas_é in humans chronically irradiated

at low lev'vels’_l. " In completely specifying the_tefm 1t would_‘be‘ neces sary

‘to agree on the meaning of the terms ''disease!’,''chronically irradiated"

~and “low levels'.

Equations (5) ‘and (6) é.re not 'significantly different but néither is
sufficiently geriéral for application to the evalution of DE in rnillxe’d

radiation fields. They seem to be predicated upon assumptions of

- the very special irradiation conditions commonly found in radiotherapy
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L ' : . 30 . . -
or radiobiology. However, as Wheatley - has indicated, irradiation
conditions in radiotherapy or radiobiological experiments are usually

bette'l_' controlled and understood (with respect to the nature of radiation.

beam intensity, and direction, etc.) than the conditions found in operational
X - )

health physics. Here the irradiation conditions may be'extremely variablgl '

_ with respect to space, time, and type of radiation in which case it is
necessafy to understand in some detail the distribution of energy absorp—
tion throughout the body so that the actual organ dose may be compared

31
with the . MPD recommended by ICRP.

Equation 5, which is in fact the true “red herring'' of our title, is
.most. freciuently used to estimate DE under conditions of irradiation which
make its use trivial. The pérticular_ values assigned in the QF-LET
relati_ohship 32 insure that the radiations responsible for the greater .part
of external radiation exposures--B particles and relatively low energy x-
and y-rays--will all have effeétive quality factors of 1.0. With none of

the.modifyi’ng féctors defined ané written equal to unity ab_s_orbed dose

and DE become identical.

It is when Eq. (5) is used as the basis for the experimental determina-

“tion of DE in mixed radiation fiélds, Whose components cover a broad
spéctrum of energy, that its limitations become obvious! Such fields
will p,fodl_lce vp‘artic_les with a w>ide range of LET. Recognizing this fact
and eliminating tﬁe distribution factor, DF, Vf'rom Eq. (5), DE can be

expressed by the familiar equation
Lmax

DE = SD(L)QF._(L)dL, S o Cm
Y : _ : .
‘where: L is the linear energy transfer, -
D(L) is the absorbed dose at the point of ‘ilntere'st per unit interval
of L, _ ' |
F(L) is the quality factor at L,
and L is the maximum value of linear energy transfer at the pomt of

max
of 1nteres’c

e
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quration (7) represents the theoretical ba‘sisv fo.r the evaluation of
DE at any point inb'tissue and we riiscuss in the next section the practical
determmatlon of the parameters D(L) and QF(L) necessary for its .
calculatlons ' '

i *Recently Dunsterl7 has arguevdvag_ainstthe compl_exity .of 'su;ch prescrip-

tions: - » |

MWhether we use absorbed dose asit stands or;gc further into complex-
ity is a matter o.f’choice, dependingv principally on how well absorbed
dose correlates with ris_k and severity of effect. We must also ask how
close this correlation has to be in order to make it useful. I believe that
a reasonable case could be made out for saying_that.absorﬁed dose cor-
relates as well as can be expected with risk and that the reflnements
Wthh we have commonly been using to ;mprove the-correlation do not

really earn their keep. I think we have to accept the fact that some per-

missible exposures will always be more permissible than others " If we -

“understand Dunster's arguments correctly, then we cannot agree with them,

since it seems to us that ‘they would lead dlrectly elther to a reduction

in’ currently recom_rnended.MPD's by about.an order of magnitude to

cover all possible exposures, or to a general admission that MPD's were

- already overly conservative (by about an order of magnitude) for low

LET radiation exposures. There are sound economic reasons for

_di_fferentiating between exposures due to different types of radiation.
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THE PRACTICAL EVALUATION OF DE

The practical problem of DE evaluation, as presentlyv defined,
re'duc‘e.s to a 'determinatioﬁ of the integral of Eq. (7) to the desired
accuracy (assumed to be ~2‘5_% in this paper). |

. At a time when d'igital computers were unavailable, recourse
to exper-imeﬁtal techniques‘, ‘which attempted to measure D(L) as a_
fuﬁctioﬁ of LET, se-emed‘the most stralght..forward approach, However,
it is .nbt ﬁecéssary, with the advent of the computer, to measure this
quantity directly,becaﬁse it can be calculated from suitable physical
paraméters of the radiation field. It is a tactical question, therefore,
as to which techn_iqué is used to evaluate DE. We attempt to show in
this paper that any technique of dosimetry in mixed radiation fields,
if it is to be accuréte, requires knbwledge of particle flux density
and enexfgy spectra for its interpret‘atjion. | /

The ICRP has nev>er specified that experimental determinations
of DE must be obté.ined through rneasvure.ments of absorbed dose.
Indeed, as we have already indicated, it has endorsed thevexpverimental
technique of particle-flux density determination for neutrons and
vprC.)tOI‘llS., Nevertheless, oﬁe. might be forgiven for assﬁming that the
direct measurement of D(L) distributions is the experimental technique
preferfed by the ICRP/ICRU. Great prominence. is giveh to Eq. (5)
in the publications of these bodiés. In addition, the joint ICRP/ICRU
RBE committee has Spe.\:vifica_lly rec\omrﬁended theruse of LET spectro-
meters in the evaluation of DE "in the vicinity of GeV' accelerators.
(See Appendix. ) _

. "Unfortunately, vtv}‘levexperime'ntal technique promoted by. the RBE
~committee (admitted by them to be complex) is not experimentally
coﬁvenieﬁt for rput'ine‘opéra'ti'c;n., neither is it specified with sufficient
accuracy for épplication to dosimetry at high energy accelera»tors.

. A'recent survey by Freytag and Nachtigal_l3n* of the experimental

132,33
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techniques used to determine DE rate at 23 accelerator centers .
showed that only one had an LET spectrometer in common use a.nd
three .others in occasmnal_use.v All the labora_tomes, on the other
hand, “used particle flux measurements in their routine operations.

This lack of use of LET Spectrometers is eaS1ly understood.
'An adequate DE evaluatlon becomes extremely laborlous when such
_instruments are used. : ' ’ o K

. The presentvauthors3 have descrlbed the detailed steps

necessary in expedltlng such a determination as:

a..' to measure the absorbed dose dlStr\.I..buthn through the body,

b. to evaluate the LET spectrum at the points at which the
.absorbed dose measurements were made, and, |

c. to construct the DE distribution in the body and determine
its value in the critical organs o‘f the body and/or at its maximum.

Even the first requirement--that of measuring absorbed dose -~
has some dlfchultLes Dennls36 in a familiar quotation pointed out
that we cannot measure absorbed dose dLrectly ~Only one instrument
allows absolute ‘measurement of absorbed dose,,the calortmeter-,
. which is too insensitive at the dose rates encountered in health physics.
One thus is forced to use . Lndlrect experimental technlques to measure
absorbed doses in radlatlon protectLOn Absorbed dose may be |
indirectly measured with a tissue-equivalent ionization chamber
- meeting the Bragg-Gray requirements. Unfortunately, in order that
an instrument s.at.isfying these requireme’nts can be constructed, _vone
must have prior knowledge of the quality of the rta'diation.field to be

: 37
measured.

B3 . - '
- "Once upon a time we had the roentgen, which we could measure
but didn't want; then we had the rad, which we wanted but couldn't
measure; and now we 've got kerma, which we don't want and can t

’measure
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Even when sueh:absorbed.—dose-’measurements are made, there
still tema.’m,s the problem of selecting an appropriate QVF. This
selection may be achieved by either

“a. measurement with an instrument such as the recotnbinatiOn
chamber, .38—40 ‘

b’., determination of the LET spectrum of the rad1at10n fleld4 1or

c. choice of prudently conservative estimate of QF (because B
it never underestimates DE this approxxmatlon usually results in
unnecessary restrlctlons 1nb operational procedures)

All three technlques have their disadvantages. The third alternative
does not provide a satisfactory basis for routine practice, while the
first has not found. wide favor at-accelerator Arla“boratories.

‘Despite the development of avSpherica'l proportional counter for
use as an LET sPeetrometer by Rossi and his c:olleagues,41 LET.
spectrometry is \such an extfemely difficult technlque that a recent
ICRU report concludes that, in general 'LET distributions must be
calc:ulatevd._ﬁl"2 We can.only calculate the LET dlstrlbutlons in tissue
if the physical nature of the radtatlon field is known in which the body

lbls sltuated. But, if the latter is known, the absorbed dose distribution

| may also be calculated, making measurements of this parameter
‘redundant. One is therefore inevitably led t‘o the conclusion that a
geueral system of dosimetry should be based upon the determination of
physical parameters of radiatfton-flelds. The RBE committee hinted

at this when they wrote:  "Most praetical DE problems consist in the

evaluation of the hazard due to a mixture of neutrons and gamma

radiations. The QF of neutrons as a functlon of neutron energy has been

evaluated for neutron energies up to 10 MeV.™ If the neutron energy

distribution is known, the absorbed dose due to neutrons may then be

multiplied by an appropriate QF to obtain the DE, 43

Authors! commentS: At the time of writing ('1_963).
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SUMMARY : -
PRACTICAL DOSIMETRY IN MIXED RADIATION FIELDS .

' In closingv we should perhaps attempt to justify the title of this
pa,,perk. (Just as it is easier to write sensational menus than to éook
an excellent d.'mner,l so_lé it difficult‘ to fulfill the prdmise of a |
sensati&nal titie !). However, we do vféel,that, as our title suggests,
absorbed dose has provided a diversion, _particulafly‘for operational
health phy'sicists, usurping energies which m.ight have been more
fruitfully directed.

The actual bases for using absorbed dééevand DE in setting up
a mifnerical scale for use in radiation protéction are scant. It is
debatable whether it was prudent to impose a specific radiobiological
model on the discipline of health physics at such an early stage. of its
deveioprnent. We have already alluded to the subsequen£ modifications

found ne'cessary-to improve the model somewhat to provide a

- numerical scale for expression in radiation protection. ' Recently

Rossi has suggested that LET has "only limited usefulness and that
its various distributions have in fact no physical reality,"™ =~ It is
entirely possible that as our knowledge of radiobiology increases

it may become clear that absorbed dose per se has very little

relevance to radiation protection. Mayneord has recently reiterated

“his earlier suggestion that integral dose (the product of the absorbed

dose andthe mass in_fegrated throughout the‘.body)'or the product of

" the square of the absorbed dose and the mass integrated throughout

the body, may be important physical péra.métel's in carcinogénésis.

. We cannot be sure what ‘physic-al parameter's may eventually be

identified as relevant to radiation protection. There are sound
practical reasons for obtaining a complete physical description of
radiation fields, from which any'physical parameters of interest

may be calculated.

5,46
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: At the practlcal level absorbed do'ses cannot be measured with
absolute mstruments, at the dose rates experlenced in radlatlon
protection. The calibration of‘indirect instruments can present
technical difficulties, particularly m mixed radiation fields. The

major technical difficulty arises from attempts to evaluate the integral

S' QF(L) D(L) dL

with'g'OQd accuracy. It is upon this point that the question of the
pvrecﬂi"sion desired in-oﬁr scale of radiation protection bears so heavily.i
If this integral need be evaluated only to within a factor of about 3,
approximations are permissible which relax the skill required of
radiation measurement. However, if this integral should be deter-
mined to # 25%, then it will be necessary to calculate the LET distri-
“bution. Since this may be done only from a knowledge of the composi-
tion of the radiation field, any technique which tries to measure LET
distributions, rather than having any advantage of simplicity, is -
unnecessar.i.l'y complex.

When instruments designed to measure absorbed dose and LET
_ spectrva are ased, they can never reveal the nature of the incident
radiat_ion field, and one important aspect of the radiation.exPosure is
irretrievably lost. In any event, operational health physics comprises
more than dosimetry alone. We have never understood why the point
that "no explicit knowledge or .energy of the radiation is reciuired"
‘ .should be extolled as an advantage Control of radiation exposures
by the modlflcatlon of radiation environments (shielding) requires some
detailed specification of the radiation field. Thus, a fundamental
~unders'tancling of radiation fields for purposes of modifying them
effers the fortunate bonus that calculation of abserbed dose o‘r‘DE
may be made incidentally with little difficulty. It seems to us that
this understanding offers the most fruitful approach for practical

dosimetry in mixed radiation fields.
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At high energy pafticle acceleratOrs techniques for the deter-

'_mmatlon of neutron spectra with accuracy suf£1c1ent for DE- evalua.tlon

, 4
have been developed over the past ten years. 2 8 The conversion of

9,49,50

- these Spectra‘tO' DE is now well understood, : solving the

difficulties of accelerator dosimetry discussed by,,C;oebel’ et al.

The particle flux densities may be related to DE and absorbed—dose

distr‘ibutions by Monte Carlo calculations of the nuclear interactions
within the human body. Such detaiied caleulatiohs, ‘involving as they

do complex details of geometry and nuclear interactions, in general

“need a large digital computer for their .execution. ‘Extensive effort

has been devoted by the Health Physics and Neutron Physics Divisions
of Oak Ridge National Laboratory to the ealculation of absorbed-dose

. 52
and DE distributions in water and tissue phantoms. Such_ calcula-_‘

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

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

perallelepipeds. As greater realism is demand_ea it seerﬁs only 'to be

~a matter of tenacity to perform calculations in phantoms accurately

sir’nﬁlating the structure of the human body. .

. At lower energies ‘Stdne and Thorngate?3 .in discussing neutron
dosimetry in the energy.~region 50 keV to 450 keV, make the. following
unequivocal statement: "In order to make accurate measurements of
the neutron dose delivered to a medium, it is eséential lto have some

1

k-nowledge of the inc.ide.nt neutro'n- Spectrum e Indeed a glance at

the literature shOuld rapldly convince the reader of the need ‘to under— :
stand the neutron Spectrum in neutron dosimetry at all energles ot
Sidwell and Wheatley4_() in a recent p_aper have indicated. the advantages
of sﬁch a systerh for photon dosimetry. o

| In conclusion we believe it to be .'anrvea‘singly.‘neciesks,bary that
guidance be given to heelth physici}s‘tsvconcerned with the -operational

problems posed by high LET radiation environments. Some theoreti-
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cal uncertainties are apparent in our presént numerical scale in
radiation protection, based as it is ﬁpon éva’luation of modified
absorbed dose. " We have suggested here that DE is a crude r'ne_asure—v
ment of radiation based upOn.its biological damaL_ge to humans. There
is rﬁuc'h to be gained by a careful reappraisal of what role is intended
for DE in raaiation protection, We.urge in particular: -

a. that physical-dimensions of DE be defined, vandﬂ

" b. that ICRP 'consider giving gﬁidance as to the precision

requlred in the estlmate of DE at levels close to the MPD
Ha.vmg considered these pomts Lt remains to dLSCLlSS the practlcal
evaluation of DE, Recornrnendatmns should be given which enable
the trans,vlatlon of measurements made with the more frequently used
exP.e rimental techniqués to DE with the precision required. We urge
that the ICRP seriously consider éxpanding its studies ofvthe.practical
prd.blems of radiation dosimetry in mixed radvlat'ion fields, with a
view to developing practical and unequivocal techniques. of dosimetry.
This will nec;essitate éonsi_derétion of the pr.oble.m of the éonversion
of particle flux den.sity and energy spectra data into DE,

We look forward to the day when, after these problems have
been considered, our numerical scale (va expression can be specified
in terms of radiation field quantities alone,; without the necessity of

invoking only specific biological models.



Sl

21-

APPENDIX

Report of the RBE Committee--Paragraph 86

“It is useful to consider ‘the‘pract.ical problem of the assess-
ment of DE in radiation protection surveys, since this may be carried
out in a variety of ways and the choice between these will depend on
the practical situation encountered. The accurate evaluation of DE
requires a dermination of absorbed dose as a fﬁnctic’m of LET. A
technique has been devised41 to determined IXL) for particles other -
than electrons at LET values >3.5 keV/p.. Since' the QF for virtually
all electrons encountered in practice, and for any particles having
LET <3.5 keV/u, is equal to unity, one may determine the D(L)_

above this limit and subtract the integral.
' 00

y D(L)dL -
3.5

from the total absorbed dose,
' o0

f D(L)AL, |
0

as measured with a tissue-equivalent ionization chamber. In this way

" it is posvsible to obtain ‘the absorbed dose delivered at an LET <3,5

keV/u, which is given a QF of unity, and then to evaluate the integral
y D(L) QF(L) dL.
3.5 |
The total DE is given as the sum of these two terms. This method has
th_e ‘a"dvantage that no explicit ‘knowledge of the nature of ‘energy of the
radiation(s) is required and, for this reason, ‘it is- particularly useful

in very complicated radiation fields such as exist in the vicinity of
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GeV acclerators. Furthermore:, because it'is the most exact rhethod,,

it always results in the lowest value of DE since simplifications must
be conservative and thus lead to overestimates. On the other hand,
because of the complexity of the method and the extensive measuring

equipment requirements this approach is, at‘present, rarely used."
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