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“POVERA E NUDA VAI, DOSIMETRIA'®
Alessandro Rindi Vand Ralph H. Thomas
Lawrence Radiation Laboi‘atojry‘ |

- University of California
Berkeley, California. 94720

Abstr’act - _’fhé .concepts used in radi:ation protvectiovn'a..re critically
reviewedi It is concluded that primary attention Shpuld be given to

the spec1f1cat1on of rad1at1on fields in terms of part1c1e flux density
and energy spectra, from which all other parameters needed in health

physics may be derived.

* A corruption of a quotation from '"Le Rime Sparse' of F. Petrarca
in which he laments the sad condition of philosophy. 'You are cold
and hungry, oh philosophy, '"he says (Povera e nuda vai, Filosofia).

. The authors have similar views of the present condition of dosimetry
in radiation protection. .
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1. INTRODUCTION

A rn‘aj‘c‘).r objective of the .health physicist is.‘defi‘ﬁed by‘ ICRP:

"To prevent acute ‘v‘radiavt'i'on. effects and to limit thé risks of late
effects to an acceptable lévei nt In performing this task the opera-'
tional héa}lth physicist is called on to quantify radiation fields (or
radiation e"xpv'osures) by a variety of physical techniques and relate
his measu‘refnents to sbme given radiation safety étandards.

In making recommendations of maximum permissible doses c;ne
must recdgnize their two distinct facets. On the _6he hand is the
.p'fob._lem_of the _physical quantification of the radiation fields, on the
other ié .the expression of these physical measurements in terms of
statistiéai‘ probability of radiation iﬁjury. Although our ability to
bquantify ‘radiation fields in physicai terms co’uld be relatively accurate,
at least for external radi;ation exposures, our knowledge of radiation ‘.
effects at'vlow doses and dose rates in man unfbrfunétel&r do not permit
the seéqrid étep to be made with great accura/cyi "'(We us.é'"fhe terms
"precision' and '""accuracy' in their statistical sensyes’s:2 accuracy of
an experiment is a measure of how close the result of the experiment
‘comes to the true value (or its best estimate from 'sbtatistic‘s); |
precision of an experiment expresses how exactiy the reéﬁlt :isv
détermined without reference to what'that.resulf means: it is a
. measure of how reproducible the result is.)

Reco._’gnition of inaccuracy. in our esti_ma.tés of risk has led to some
reluctavncev to prescribe in g'.féat.detail the technique for franslat’ing

physical measurements to dose. e:qui'valent .
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Iﬁ its definition of dose equivalent thé ICRU Spe_éks of fhé "im-
mediate requirement for an unequiyo;:él sée»cification of a scale tha’;
may be used‘f'o.r_ numerical expression in radiatibh protegtion. "

-' This scale fca;l‘not_be spec.if)iéd with gi‘eat accur'acrx. ,b’»beca»use _this would
‘demand a good understanding of radiation effects éf the‘ 'do\s"es‘and dose
fates within‘ the limits of radia‘\cion' protection. At éresent it must be
s\omewhat Varb,itrary,, arid onlyﬁloosely\ rélated to biological effects -
It need not, nevertheless, be vague and imprecise. The ultimate éim '
of definitions and prescriptions in dosimetry for 'radiatiorz protection
| must b,e‘vto permit the translation of high'—accu’.raéy physical measure- °
ments ’Ecl)_prec,ise estimates of dose equivalent. Bécause the~pre'scrip—
" tion for dose equivalent is an agreed administrative p'rocedure—, this
precision is determined only by the éccuraéy of the physical measure-
ments. These pgi'ocedures must be given in suffivéient detail that the
,precisib_n of the estimated :dose. equ_ivalenf reflects the accuracy ofv
the original bphysicakl measurement, as far as poé'sible.
’ Befo;e specifying,a numerical scale for radiation protection, it
is impei'ative that it be decided with ;xzhat precisic)‘nw rﬁéééur‘e;nentsron
the scéle be reproduced. There are wide differenges of opinion among
“health physicists on just what this precision should be. On the o’né
hand, we have thqse who suggest measurements_‘of. annual dose
'equi{ralent i'ates be made to an accuraéy of a few percent (even at the
level of natﬁral background), ‘VWhile on the other, we have those Who_ /

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

five or vi{no're are tolerable at the maximum permi:ssible dose (MPD).
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The ICRP has recommended that "the uncertainty. in assuming the
upper limits to the annual dose (—;quivalent tovthe'.‘-_vs‘/l'.idle body or t“o the
organs o.‘f_the body'. .. should not ‘éxcee(ii 50%. 4 Méfﬁbers of an ICRP
panel at the IRPA Congress held in Brighto/n, .Engiar.ld in 1970
suggested that the DE resulting from external w};olé-body radiation
exposur,e",' atb about the level of MPD should be e_s"c'ablished with a
precision of about 20 to 30%. 5,6

Many fa.ctors bear upon the precision that is fequired of measure-
ments e#pfessed on our numerical scale. ‘There is_:.a need to compare
data betweeﬁ different laboratories taken under different conditions.
.-and at different times. Such comparisons are meaningless if the
px.'ecisi(.)'nv ‘of..‘the data is poor. Inv many countries radiation exposure
‘safety sfaﬁdards are specifiekd in law and it is doubtful if large un-
certainties_ in thé estimation of radiétion expoSuré:S at tvhe level of the
MPD are enVisaged. . Finally, ;atccurate measufefhents of radiation
environ'rn_e_nts .:assure efficient and economic operaﬁon .

It would be absurd to'demand precision'-reéuirihg extraordinarily
difficult r;ieasures_, but, conversely, equally abv'_surd to throw away
precision that is easily attainable. The precisiéﬁ which can be |
défna.ndéd is, in generali, not limited by the techniﬁues used to deter-~
miﬁe the: p_hysical chafacteristics of radiation eﬁviron'rnentsl When
different techniques_of physical measurements are used'the limitations
on pre:cis_ibﬂ are likely to be determined by 'the care which the
administrative procedures Ifor conversion to 'DE"ha'..ve been specified.

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

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



of the MPD.

When translation hof the physical measure}hent into dose equivalent
is unambig'uously agreed, theh the operational health physicist can
give hi‘s‘undivid'ed ,;ttention'tb making accurate ph;ysiéal/ meaSurements‘.
We havé suggested that gc;od accuracy in ph;rsi(:al mea;surements is
achievablé, at least for external radiation fields‘, at the presénf state
of the art in radiation detection.  This holds true, however, only >when’
the quanfities to be measured are clearly defined. The physical
quantitig's to bé determined in fhe radiation field must be_defined:
in a ratibnal way,( so as to have meaning to the'phys.icis,t\ asked to
meaéur_e: them; in a simple but unambiguous way, to allow.the required
and obtainable accuracy; and in a standard way, to allow infcéféompari-
s.c‘m‘ of the ‘results. The historical development of radiation has led to
a éertain é.onfusioﬁ between attempts to explain the biological effects
of radiatioﬁ (which is mainly the goal of thé' radidbiolégy) and to
quantify radiatio"n fields and interpret them on a séale of risk (which
is the 'a_.i.i'n of heélfh'physics). In consequence, coﬁcepts and quantities
that have 'be'en of paramount.importance along the difficult way of
'understa.'ndi.ng the mechanism of biological damage have been in- .
appropriateiy introduced in health physics. We believe that nowadays
health physics deserves to be.considered; as a distinct branch of -
scienée,' re;lé.ted. to radiobiology as well é.s to phirsics é.nd c.hemistry.

Ove;; the past fe\y }:;ears several authors have critically reviewed
the recoMendatiOns of the IéRP, from the points of view of both -

6-20

interpretation and implementation. They all.express'an uneasi-

ness in the application of these recommendations to operational

8
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health phys’iés -- an uneasiness reflécted, to some extent, by;thé
ICRP itself. >
In v/iéifv of this uneasiness we briefiy review the evoiution of our
present _ra'diation—protection units and ‘criticallyléx_aminé their present
application, and the offer some proposals that, in our judgment? would
lead to both conceptual and practical irnproveme;nts.. :

"HISTORICAL REVIEW OF DOSIMETRY IN
' RADIATION PROTECTION

In the»‘au‘.tp.mn_of 1895 Health Physics was in fact borh, although
it was to tjavke severé.l years Beforé_the subject aéhie\.red the s;catus of
a separate aﬁd distinguishable branch of science. : Roentgen, in
studying thé conduction of electricity through rarefied gases, n'oticed
‘that a ba;;iurh platinocyanide screen placed close t.o ;a diéchérge tube
glowed With a bfilliarit light. In his first repo.r't. of his discovery 2
‘of what he called ‘;x rays," he noted that tHese emanations héd the.

S v

property of discharging electrified bodies — a penetrating observa-
tion Whiéh was to be of grveat significance in the do‘s_irnef:ry,of ionizing
| radiatior_ls . ‘\ | |

The ?lracti(‘:al application>of Roentgen's fortuitous discovery was
taken up with ar.nazing‘r'apidity. Thus, for example, within 3 months
X rays were. being used to assist surgery in hospitél. 23 Neither did
it take l:o:ng ’1“:0 discover the deleterious’ biological effects of x rays;
the heéd_‘forr protecbtion vfrom their eff\e!;:t.s became ébVious all too soon.
Within mon,t‘hs of their discovery reports of skin erythemas and other
more 'severé mariifesté.tioné of radiation injuryhad appeared in the
25-27 '

. . 24 ; ' . ‘ .
literature. Many excellent reviews of man's early experiences
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“with the use of ionizing radiation show how r'apidly“t_he early pioneets
realized the need to quantify exposure to ionizing raldiétibn.‘and relate
it to biological damage. s |

It wés sooh discovered that x radiation cou.ld‘:/b'e readily quanfified

:..-_.v.by- several physical teéhni-Que's , viz., the blackenfin'gv“of photographic

film, thé ionizatiqn of air, ;and the di’scolora;tic'm‘ of certain chemicals. 28,
| Of the physical techniques available for the que;.ntification of x

rays, their éroduction of ionization in gases p1;~0\.re.d t;)‘be the most

reliable and convenient -- a circumstance confi'rrried by the adoption

‘of the roentgen as the unit of radiation exposure by the"iC_RU in

-'1928.29  S . : i
Roesch 30 has pointed out a lack of unanimity as to the precise
meaning of the definition of the terms ','expdsure'f and the "unit

\roentgen‘,»"‘as is evidenced by the subsequent evolution of the concepté
' oo 32

in ICRU pﬁblicatioﬁs of 1938, 31 1957, ‘and 1962. 33 It seems clear,
- vhowe\.rei‘,‘ ’ghét foremost in.the minds of the early pioneers of radiation
protection was the idea that biological 'effe‘cts were quantitatively
relat\e,d to the "amount éf radiation" (now called exposure) incidgnt
upon .‘cherirvr.ad.iated person. |

In this regard it.is ofv'in'tel.“ést' to:'.noté that oﬁe_o’f the earliest
radiation-p\rotec‘tiovn séandards d‘il:-e'ctly related bioldgical effects to
the foenfge_n‘. Mutschéller 34 proposed a maxi'murn annual permissible
limit to le_prsure from x rays of one tenth of an 'ery_ther_‘na dose,
éorrespor@ing ‘to 2_57to 50 R per year, depending .1.1pon the voltage of

the x ray tube used.. Characterization of a field of x rays incident

on i:hevbo'_dﬂy by a measurement of ionization in air was believed
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sufficient ’cvcv'> predict biological effects.

The desirable -Si'l;npli‘(:ity of this view was due ‘-iri part to the rather
low voltage’ranges of the x rays thén av;ailable to the early radiélogists.
- As the en‘ergly of the x-ray sources iﬁcreased and fhe. ’

radiations emitted by radioactive substances diséovered by
_Becquerél(at about the same time that Roentgen first observed x rays)

had been’i_hvestigated it soon became clear that.a simple measurement

1
—

of ionization in gas alone was insufficient; and it became common
prac_tipe to specify, in addition to exposure, _info'rrnation related to photon
spectrum, Vsuc.:,h as the voltage of the x-ray tube or the filtration used.
This avdditional information then permitted better prediction of
biqlogical-.ef‘fectS, and to this day such a techniqué is used in radio-
therapy,” 3_5 where the distribution of energy absorption in patients ex-
posed to:.x. rays is calculated from a measurement of exposure.;;nd
knowledge of .th'e incident phdt_on spectrum.
Time was n_ét yet ripe for the detailed application to photon fields
of the fundamentai 'conéepts of particle fluence, flux density, and
energy spec‘tra I:~ familiar from the kinetic theofy of gases -~ Because
theories df the c_iuél corpuscular and wave naturevof photons were st\ill
evolving. Nevertheless the‘ concepts ofvexposure and fluence are .
philosophicélly rather close. They both attempt to define the radiation
field.in.d,épendently of its interaction with tissue. | |
_,In .the late thirties anc_l' fortvi_e.s it ihcreasingly became the opinion
of radiobioylo‘gis‘ts that the quantity of energy absorbed by\r_biological
systems was a better measure of their b‘_iolo‘gica‘l' re,s'poﬁse than

exposure. Moreover, severe difficulties were met in measuring
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exposuré doses of neutrons by ionizatioﬂ in air. However, the first
;approach’es.fto evaluation of absorbed en;ergy we r‘,fe_» made thrdugh the
me\asuremer.lft of exposure. We quote from 'D. E. 'Lea: 36
"The rbentgen is a unit of dose internationally accepted for y rays
aridlx rays, »-Aand capable of obvious extension to»”cvover most of the other
ionizing radiations. It is a'unit chosen primarilvyv_ for ‘convenience in
physicalb'rn’e‘asurement‘, ‘and while 1 R of'.any radia:ttiqn represents the
- same ambﬁrit of ionization in air it does no‘t'alwafs fepresént the
same ion.izé—.tion c')r energy deposition in tissue. It is necesSai‘y there-
fore in comparing the efficiencies of different radiétion to be ablé to
c_onverfroeh’tgens into ionization i;‘l tissue or into energy dissipation
in»’vcissué.'_-v‘f-.There is no difficulty in principle in con?erting roentgens
into ehe‘;gy: dissipation in tissue, and if the elerﬁentary é.nalysis of
the tissue is known the conversion can plfobably Bé_rﬁade with an error
of/lesvs than 1007;)). . | |
"The most ébvious unit of energy to emplo'y is the erg. One R of
y rays or x rays involves the dissipation of about .9'0 ergs/g' of tissue."
Co,nt’rlaryfo Lea's opinion, however," atte;ﬁpts to extend the use
of the rﬁoer‘lvt'gen to the:fneasuremenvt of neutrons through the '""n unit" 37
- in the Unitéd States or the ''v unit" 38 in the Un.ited Kingdom proved
abortive. "C,onceptually, the idea of energy abéo-rpﬁon represents a
radical 'dep.arture from the earlier idea of relatiﬁg biological effects
directly_" t_‘o‘ the external radiation field in which the body is irradiated.
It stands or falls on the simple test of‘whether or. not biological

responses are closely related to energy absorption.

Unfort_unately,‘ equal absorbed doses may not always give rise to
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equal_protéabilities of any given biological éffects,' 3? i.e., 'equal
~amounts vov'f ke'nergy depdsited by different radiation'sv;‘ produce different
‘"amounts'' of the biological effect.

In an at_t’empt to overcome thése difficulties t\%/o other cohcepts,
those of:rel‘ative biological effectivenés's (RBE) and 6f RBE‘ doée, .we're
introduéed. 4(_) The absorbed dose of the radiation was transformed
into a ”blologlcally equlvalent" absorbed dose of standard rad1at1on
called the RBE dose by appllcatlon of an emp1r1cally deterrnmed RBE.

' Thus the blologlcal effects of irradiation by n d1fferent types of radia--
fcic‘m Qou_ld be.identic;l to th;t from |
i=n
Z (RBE)iD'i ra‘ds of standa_rd radiation,
Ji=1 '

(RBE), = Dx/pi,

a_nd».Dx, D1 are the absorbed doses of standard fa‘diation and ith radia-
£ion'regﬁired‘to produce the same biqlogical effects.

It is, however, ‘interesting to remark that the-original unit of RBE
dose —-_‘the rém'—_ symbolized the phrase '"roentgen equivalent man, "
showing hcﬁv closely it was linked to measurement of exposure; at’
this time (circa 1950) RBE was determined from r‘neas'urements: §f
exposuvré-.r,athe.r than fro%n absorbed dose.

’I’hefe .are many RBE's, even for a given type of ra.diatiori' .
dependmg upon dose rate, dose dlstr1but10n, b1010g1ca1 end pomt and
many other b1010g1cal and phy51cal factors: In radiation protection
we are often concerned with whole-body chroni¢ vl(;_w-‘level exposures.

The biolb.gical effects of s,u.ch eprsure are not completely defined.
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but include cancer induction, cataract formation, 'life-s_pan shoi‘ten.ing, ’
and deleteri’ous mutations. Unfortunately, there.are no data on RBE's
for these éf.fects at sufficiently low dose rates, a.n:ci the RBE's used in
: ' /

: ‘health physics have been'extr.apolated f:;'?m a vari"ety of fadiobiological
data-. 4 'The, ih’trod_uction of RBE, although it Wa_sv .intended to be
helpful, sefved to \open_’the door to proliferation of the quantities and
terms used in radiation protection. | |

Radiobiologists‘next ‘came to be of the opinidﬁ that one of the most
impofta.rif factors ‘influencing the biological efficiency qf radiation is
its linear energy transfer. 42 Finally, in 1953 the ICRP/ICRU decided
it wouici be more cénvenient to seﬁarate the "R-B}; fof radiation protec-
tion' into several modifying factors. One of these, the "quality
factor,'is a function of linear energy transfer aioﬁ_e.

We cife (from Ref. 43): "In radiation pfotéction it is necessary
to provide a factor that denotes 'the\ modification of the effectiveness =
of a gi'\veh absorbed dose by LET (linéér envergyﬂtransf‘er). Unlike RBE,
which is always experimentally determined, this factor must be
assign_ed; <;n the basis pf_ a number of conside ratidﬁs, and it is recom-
mended that it be termed the quality factor (QF). Provisions for otlller
factors are also made.. Thus, a distribution factor, DF, may be used
to express the modification of biological effect dgé to nonuniform dis-
» tribution of internally deposited radionuclides. \_'T“he product of ab-
so‘rbed’cllo,.sve and modifying factors is termed the dose equivalent, DE.

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

. formulation has been agreed upon.
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The Dose Equivalent -
1. For protection purposes it is useful to define a quantity whi:ch will
"be termed the dose equivalent (DE).
2. (DE)'is‘ defined as the product of absorbed dése,. D, quality-factor,
(QF.)A,_ absorbed dose distribution factor, (DF)',\ and other necessary

modifying factors:

(DE) = D(QF)(DF) -~ o
3. The unit of dose equivalent is the rem. The‘dose equivalent is
numeric‘ally“_ equé.l to the absorbed dose in rads muitiplied by the
appropfi.atelmodifyin'g factors.“‘
The ,dosé-dist»ribﬁtion fa.ctorv(DF) .takes account of the distribution
of intefnaily absorbed radionuclides and is inapp_ropriate to external
radiation.‘. In tll"xisbcase dose equivalent may bé written as

DE:DXQFX(M1XM3--- Mi)’, (2)

. where the M's represent the '"other necessary;’ rnc;difying' factors.
This formulism is _thepretica-l because in alctual practice the additional
fact’ors"l\'/I-.i, M,, etc. are undefined, and the dose equivalent for any
type of radiation and for any external exposure condition is put
numérically equal to the product of absorbed doéé Vi'n rads and the
quality factor: : !
| DE = DXQF. - "(3)

Despite the apparent simplicity of thi"s' pres‘cfiption for operational
health phySics, it is nevertﬁéless extremely covr'npl‘ex.\ Evaluation of
the dose e_:_bq-uivale,nt by direct measur.em_ents of both absorbed dése
and quality factor as implied by Eq. (3) is not possible, and, as we

shall show in the following sections, it is necessary to elaborate
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and extend these simple definitions to administer this prescription.
This extension has resulted in the definition of a host of ancillary_
parameters in wide use, but not authoritatively defined, and some

consequent confusion. -

3. CR‘I_TICAL REVIEW OF OPERA TIONAL DOSIME TRY UNITS

341 Absorbed Dose -
ﬁ The concept of absorbed dose D is readily understandable: the
_energy per unit mas.é )irnparted. to matter by ioﬁizing radiation.
ICRU repcS_x“’c 11 defines it as "the'quotienf -of AED by Am, where
AED is the energy imparted by ionizing radiation to the matter in a
volume ele_iﬁent and Am is the mass of the matter in that volume
el,ernent,; s _ : o
: AE : / :

- D S
D=-%x% ' 4

4
-

However', one shbuld not be disarmed by the a}p.par.ent simplicity of

the definition of absorbed dose. This definition is incompleté without

specification of the size of the volume element 44 but this may not

be done unémbiguously under all circﬁmsta:nces_ _Vn;ithout_ specifying

' the‘rac'liatiovn environment to be measured. The p"'réSCriip"ti'on that the

volume element "on the one hand is so small that a further reduction
‘ :

in its size would not appreciably change the measured value of the

quotienﬁ of ér&ergy'by mass and on the other hand is still large enough

to cont‘éin many interactions and be traversed by many pai’ticleé" is

of little practical help because it demands éufficient kpoWle’dge of the

radiatidn ‘figld béfo’re the size of the element may be'defermined.

Even if fché size of the volume element is defined precisely there is

~ only one instrument that allows direct absolute _rﬁeasu_'rement of
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absorbed energy — the calorimeter. At the dose rates éxperiénced
in health phys‘ics it is too insensitive. |

} Meé.su;rerﬁerit of ionization in a gas_provide_s an indirect mc;ans of
‘absolute detérmination of th_é energy deposite;1 in,fhe’ gas. f‘re;e—air.
ioniz»a.t‘ionv chambers are limited to the measurement of phétons of
energy- belc.)wb3 MeV, and of course, knowledge of ab.sorbed dose in
tissue is fh_‘e quantity derman'd_ed by the ICRU formuliém for radiation
"protection. Absolute indirect determination of enei‘gy absolute in-
direct determination of energy absorption in dense .material is possible
if cavity chambers operating under conditions prescribed by the Bragg-
Gray prinéiple are utilized. It has to be realized, however, that it is
very‘diff.i:c_ult to obtain in practice the conditions ..required for the
| applicatid? of the Brag'g -Gray principlg. lThe‘ c.bmposition of the walls ‘
of the chamBer, the thickness of the walls, and.the'c'ompésition of
the gas are very cri’;ical parameters and are rela‘t_éd to the fype of
radiation t.ov.vbe measured. |

Even When ‘these technical problems are solved there are severe
practical difficulties in the direct measurement of absorbed dose in
the human body.. Extensive development of ionization chamb}er s. whose
walls and gas fi'lling approximate the composition.i of tissue has been
reporte(_i inithe literature. 45 Such chambers have been widély used
aroﬁnd ’s.olx.ne high energy acéel_eratofs, 46 but seve.re. practical - ‘\
limitatiéns make their use at .'lo.w dose rates inconvenient in routine
health phy':sics. In_unknozvn radiation fields,. a s‘iﬁg}e measurement
of absorﬂbe:d doée 1s ﬁot enough: depth-dose distributions are required

for providing the information needed for-a correct evaluation. The
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" rather large volume of adequately sensitive tissue—equival‘en.t
chambers makes depth-dose studies in phantoms difficult, with the

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

case, of cour‘s\e, depf:h-dose distributions must be calculated from a

physical knowledge of the incident radiation field.

Thus, al‘though the concept of energy absorption in tissué repre-

sented a Rhllosoghmal departure (Sectlon 2) from the idea of quantifying

-the radlatlon field per se, in pract1ce no change resulted

3.2 Relatlve B1010g1ca1 Efficiency and Quality Factor

As.bdis_cussed' in Section 2, the fact that equal absorbed doses of
radiation do not produ;e equal probabilities of aﬁy given biological
effect was first expressed by the definitiorx of the relative biolegical
efficiency. (RBE), which subsequently was modified fo quality factor-
(QF) for r‘adiation-protection purposes. B |

The differences between RBE and QF a;re clearly expressed in
ICRU report 11. RBE is al'ways'experimentally determined, and its”
use should be"reserved for radiobiology. QF is to be used only in
radiation perection and "assigned on the basis of a number of con-
siderations, ''and is a ''factor that denotes the rﬁodiﬁcation of the
effectdveness of a giverl absorbed dose by LET (lihear energy transfer)."
Unfortdriately, these differences ere still not clearly understood, as
eviden_ced “t‘)y numerous references in the literature‘.to ""measurements"

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

measured RBE's and the recommended QF's

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

to hlgh exposures. Accident dos1metry m1ght properly be 1ncluded

= \
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~within the‘nrovince of "Radiation Protection, " but the use of '"Quality
, Fac.tors"'vis” inapproprjate, RBE's between 1 an'c_l 2 heing generally \
observed for acute exposure at high doses, even; for those radiatibns
vs./hic_h have been assigned much higher QF's |

The introduction of the term qua‘l)it.y factor has necessitated the

further definition of linear energy transfer.

3.3. Linear Energy Transfer (LET) and QF

ICRU "report 11 defines- linear energy transfer or restrli’ctedlinear
collision stopping power (LA)' ICRU report 11, paragraph 19, states

"The linear energy transfer or restr1cted llnear coll1s1on stopping
power (LA) of charged part1clee in a medium is. the quot1ent of dE by
dl, where dl is the d1stance traversed by the particle and dE is the
mean energ_y loss due to collisions with energy transfers less than
some speeiﬁed,value Ay |

dE

LA® o ()
JAN dl A -

Note that, "although the definition specifies an ener gy cutoff and not a
| range cutoff, the energy losses are sometimes called energy lo:cally
imparted.'" o

It is not yet known what value of _energy cutoff should be used, and
it is cpmnlen ‘practice to include all possible celli'sions in the calcula- v
tion -of ILET_for radiation-protection purposes. In this case, linear
energy,t‘ransfer is numerically identical te the stonping .power of the
rnediurn._ It is usually\ sufficiently.accurate for. radiation-protection
purposes to calculate the stoppmg power in vrater, as has been done

in defm1t1on of the QF-LET relat1onsh1p %
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Vé.l;1esvof. QF as a function of LET were fir'st{pi;o;.)os'évd by ICRP in
1954 and later approved by a joint ICRP/ICRU committee, :tbe so-called -
""RB].E Comrﬁittee. w47 Thlis_ QF-LET rela’\cionship' has been assumed
by rnény to be the cornerstone of dosimetry in radiation pro"ce'ci.:ion', :
but it should be clearly understood to be arbiti’é.ry and .only-‘bljo'a.dl‘yv'
relatea to <r_adiobiological data. -In its first for@; "?it‘ wav.s;)re'sented
" as a set of \.zalues over a range o’ffstoppirig" power 1n water. La.t'ér it
was presernted as a set oft five discrete values of QF for éérrequnding
discrete values of stopping powér in water between 35 aﬁd 175 keV/p,.'
A -smo.oth curve joining fhese'points is u'sed il;l'caléﬁlation of dose-
equivalent di.stributions.. |

'We wént.to -uﬁderscore here the fabct., discu.ss‘ed more fL.ﬂlyr ;'tn
B paragréphl ‘3.5, théf:‘:QF is _1_1_9}_# phiréical'quanti;cy, it has no phjsical
dimensions and cannot Be measured in.the, p‘hysiéal senSe.I A’I‘h"e curve ‘
that relaité.s' LET and QF can, of coui'se, stimulate the in‘genﬁity of
skilled technicians to bﬁild instruments that méas_ure LET and thus
combute_ .thveb QF. ‘

3.4. LET Distributions

Equafibn (3) applies to'particleé of identical LET. Unforfunately,
even mor.lo’eﬁérvgetic particles develop sécondaries with a 'widé range
.of LET in tissue. In géner’al it is therefore necéés-arsr to Ide’riye the
LET specti‘um'developed 1n the region where the a.bs'o;‘bed &ose_: is
determiﬁedf If this spectrﬁm is known thAe ICRP 48-’\:;/ri_tes_ the dose
eQuilvale'rit as o L max | | |

-DE'=’[ D(L) QF (L) dL, S (6)

p)



472

where L is the linear energy transfer,

D(L) is the absorbed dose at the point of interest per unit
- interval of L,

| QF(_L) is the guality factor at L.,

.ar.1d‘

L. _ is the maximum value of linear energy transfer at the
max
point of interest. '
The effectlve quality factor ( QF ) at the point of 1nterest is then

o L
max max

QF(L)D(L)dL D(L)dL. = . (7)
b t

(The location of the point of interest will be determined by the type of
radiation and location of’the various critical organe in the body. It
cannot therefore be defined without speoification of the radiation en-
vironment in which the body is located.) |

| The dire‘ct'measvurerr'lent of LET distributions demanded by Eq. (6)
ie very dikfvaicult; 49 Rossi and hi.s colleagues have developed a spheri-
cal proportionai counter for useasanLET spectrometer which has

been used in several laboratories with some success. 50 The techniqde,
however, | is fairly complicated, time-consuming,. and ineensitive at

the r,adia;tion levels usually encountered in radietion-protection work.

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

vexperlmental technlques used to determine DE rate at 23 accelerator

centers showed that only one had an LET spectrometer in common use
and three others in occasional use. All the laboratorles, on the other
hand, used particle flux measurements in their routine operations.

This lack of use of LET spectrometers is ea»s_vily understood, when
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when one considers the extremely laborious nature of the technique,
described in more detail in the paper. In general,’*bh_owevver,v LET
distributions fmust be calculated, 49 and this, of course, demands

" detailed physical knowledge of the radiation field. If sufficient data

is available to permit the calculation of LET distributions then dose
equ'ivalent distributions may also be calculated and Eq. '(7) becomes of
little practical importance.

3.5. Dose Equivalent

Dose équiyalent.as defined by Eq. (3) is not a simple parameter.
We have seen in the foregoing paragraphs how it-s. rﬁéchanical evaluation
‘necessitates the definition of seveé'al »ad‘diti’onal co'nc'epés not evident
from the aisarming simplﬁic'ity of the fundamental eQQﬁati_dri't'lsed.to
define it.. | Indeed, dose équiva’,lent is not itself cbmplétely detfined in
the publicatiéns of ICRP and ICRU. One particﬁlarly impértan't é.spegt v
left uﬁdetermined is its physical dimensions. It seems evident, however,
that if the arguments of the latter part of Section 2 are accepted, then
dose equivélent should be expressed in health phySics as well as in
radiobiology in terms of 'equivalent rads of staﬁdard radiation, "
since the concept attempts to provide a 'scale thavt‘ rﬁay be used for
numeri’cajl éxpressionA in 'radiation p_rot’eétion. "‘5,.2-

Althoﬁgh dose equivalent has not been fully defined m the publica- .
fions o_f 't_l';e ICRP and ICRU, there is an ‘increas.i‘ﬁg tendency to regard
it as ariv gxpression of an upper limit to the statiét_ical risk resulting'v

from human expoéure to ionizing radiation. At present our knowledge

v

of fundamental radiobiology limits our ability to express this risk with

precision, consequently our radiation-protection standards contain



-

-19-

administrative elements based on the best judgmeﬁt of the ICRP and

- ICRU. Theb_"dOSe equivalent is a h)}brid quantity compounded of three

elements, the first consisting of physical data derived from measure-
ments of radiation fields, or from its interaction with the tissue, the
second con;sisting of factors derived from radiobiology, and the third
consisting‘ of administrative factors whic;h, in view bof our impréciée "
radiobiological knowledge, can express only general safety factors.
Often the second and third element are combined into-a single factor,
which is o§ necessity somewhat arbitrary and only broadly related to
biologic‘a_i effects. The ''quality factors" recommended by the

commission are examples of such a combination.

Dose.equivalent isrthen by definition immeasﬁrable. It must be
estimated from the results of a physical measurement by rules and
procedufes f-ecorﬁmended by the ICRP. It is perhaps unnecessary to
remind the reader that the very useful so-called "Rem Meters'"
merely‘a.tt'empt to incorporate the task of measurement and conversion
into a 'singie opera’t‘rion.’ | |

Many acceptable physical techniques have been developed for the
quantificat_ion of radiation fields, all capable of good accuracy (a few
percent), but the ICRP irﬁplies (perhaps unintéritionally); and the
operatiénai_health physicist might be forgiven for assuming, that
méasureménts of absorbed dose are‘preferred. Indeed it is ‘true' thafg
dose equivalent is still calculated via the abisorb.ed’ d.ose but it is’,. of
course, not necessary to measure this latter quantity directly. The

prescript'io_rnv of Eq.' (1) has worked well in certain restricted cases,

for example, the calculation of small-organ doses from absofbed
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rac.lionuclide.s (when several simplifying assu'.mpt‘ijonsv aI:e made) or
dosimetry for low-energy -photoﬁS‘(when all QF! sgar.é unity). However,
as we ha\;e seen,_' aftempts to employ Eq. (1) or k3) directly-iﬁ the
pré.cticalvve\iré.luation of DE. in mixed radiation fiel‘d?s fxas rnét with
some practical difficulties. In an unkﬁown radiation field it is
necessary to

(a) meés‘ure £h¢.absorbed dose di‘str.ibutionv through the body,

(b) evalluarte the LET spectrum at the points.*-‘ait which the absorbed .

dose measurements were fnade,' | |
{c) c"c_m:struct the dose‘—équivalgnt distribution,ih, the body and

locate its values in the critical organs.

Such ..avp'rocedure a’l_though ‘probably, technically feaSible, would

undo,ubted'ly >be time—conSurﬁing, .and may not always be ne’cessary.-
_ ', 4. PRAC TICE‘ OF RADIATION DOSIME ri‘RY

The concepts of the dosimetric units and their history having been
reviewed, ‘it is pertinent to examine the practical techniques currently.
uéed in dperationéi health physics.’

Two basic approaches to operational Iﬁroblefns_may be distinguished.
The first attempts to apply Eq (3) di“rectly aﬁdA dey‘elop instruments
capable of measuring the physical quantities reélu_il_'ed. The second-
approaéh‘-aéftempts to specify the radiation field in _phyéical terms and
directly c:_alculate .dosev-equivalent distribution ‘with depth Without
passing thi'ough the intefrﬁedialte s£age of measurement of absorbed

dose.

4.1 Measurements of Abosrbed Dose and Evaluation of Quality Factor

Absorbed dose may be measured with a tissue-equivalent ionization
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chambei'_bgr meeting the Bragg-Gray requiremen_ts' that the tissue-
equlvaleht wall be thick enough so that charged- part1cle equ111br1urn
is ach1eved and that the density of the gas in the cav1ty be low enough
so that ‘char_ged partlcles do not lose an appreciable fraction of their

energy in: traversmg the cavity. Clearly, to 'inSure that these require-

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

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

ments of absorbed dose may. be made With Cavity chambers that do

not meet the Bragg-Gray requirements but the ‘th.eor_'eti'cal basis for
sueh d-etxerminatiohs ie extremely complex and 1n anjr event requires
detailed knowledge of the radiation environmehtL) -At present ICRU
has not elae_cified the construction of such chamb'e.rs or their vo;_ume to

facilitate cOnvenient intercomparison of experimental data. Such a

.spec1f1cat10n is, of course, a d1ff1cult problem, because the deta1ls

" of chamber construction depend upon the type of rad1at10n to be

measured.and the sensitivity required. When such absorbed-dose
measurenients are rhade there still remains the I;roblem’ of sel'ecti'r'lg_ ‘
an appropr1ate qual1ty factor. This selection may'.be achieved by
(a) A measurement w1th an instrument such as the recomblnatlon
ch‘amber, 54-56
(b) determination_ of the LET spectrum of the ;'adiation field, or
(c) c‘hv(.)ice of some prudently conservative estimate of quality
: fact_or '(be_caﬁse it never’underestimates 'doee equivalent,
. this approxirhati\on usually results in unnecessary restr.ic-
tivons‘ in oper_’ational procedures). -

All three techniques have their disadvantages. ‘The third
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alternatiye‘wev will not discuss further because 1t v'ddes’not provide
a satisfacté?y basis for routine practice. | Recently'-the ICRU h;s
discussed the d‘ifficglties in measuring LET specti‘ra.,‘ and indicé.téd' :
that, in general, full LET distributions vrhay be obté.ined only by i
calculation./ , ’Ifh/is of course presupposes a priori knowledge df:the
radiation'fiéld and calculation of .an appropriate q'u;ality'fa\c"'tor'.‘ |

The. large discrepanciés between different techniques for evaluéfing
qﬁality factbz?_ ha:ve been discussed in a paper f‘rofn Athe CERN Health

.Physics Group. 27

4.2 Measurement of Fluence and Dose-Equivalent Calculations®

Dose equivalent may be determined if sufficient detail is obtained

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

N

procedure demands

(a) 'Quélitative-détermination of thé co;mponénts of the radiation
fiel-d --i.e., one that reveals the types of pa'rticl'e incident: photons,
.neutfons, a particles, or whatever.’

(b) 7‘ Determination of the flux density,. enerbgy-..spectra,- and angular
&istribution‘of_ each significant cbmponent of the radiatidn field in . |
) sufﬁcientfd_‘etail to pérmit calculation of the dose -eq_.uiva/.l.ent to the i
precision required. * | |

In pr'a"é,ti.c_:al health physics problems we are Q‘ftén-limit_ed fo’_a
need to identify exposures due to photons, elect?on‘s_, and neutrons.
Many ins_t_rurpents available ca'r‘lr discriminate be.t“w_egz.n tix'ese particles.
Howevel.';, -when j.nstrurnents-designed to measure absorbed dose and

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

radiation field, and one important aspect of the radiation exposure is
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irretrieyab{_ly lost.

i Partigzlg fluence and energy spectra are well—esfablished
phgfsical cogc'epts -and r_néy be measured with extreme precision, if
required'v,r by rather sophisticated techniques currently employed in
particle 'regearch.. "The ehoicé of p.l'l-ysica;l fechniques which quantify
the radiation field in terms of I.)arti.cle spectra v)oﬁ_ld not therefore
limit the.accuracy bof the dose equivalent, even in ;hgiaccur.acy of
our biologifza.ti _khowledgé Wefe greatly improved. (We should note
here that fhis is not fh»e(ca.se‘, with measurements of absorbed dose
which a'.i"élifnited in sensitivity, volume, or both.) -

| Mény-pres ‘of detectors have been developed fof flux-density
measureﬁents with a precision acceptable for he‘altl:q physics purposes ‘

3

(about 100%). In neutron fields, BF
. nesses of m_oderatdrs may be used. In addition, ‘zvsiev'eral types of

counters wit1:1 different thick-.

‘ activat,ioh'détectors allow neutron flu}; density me"a's‘uréments_in a
very bro_aid ‘range of energies. Such detectors.are qﬁj’ce energy-selec-
tiyé and péfrnit evaluation of neutron energy spectra with a precision'
adequate lfovr thé purposes of radiation pfote;tion. Scintillation
counters, hydrogen—filled proportiénél counters, .or. silver -covered
GM countér.s are also used for neutron flux densitsi rne.asurern.ents».‘
Pulsed‘iqn—'charr.libér I;roportional counters, GM .cou.nters', or
scintillators are w/idely‘used‘ for y-ray and c_hargedy-parvtic'le flux-
density measurements in ‘a bfoé.d range of ener'_gies.. Actir\{a;cioh détec-
_tors can also be used in high ehergy fields. From the knowled_ge of the
flux density vefsus énergy th;’)'se quantities requ:iréd for the risk

“evaluation may then be calculated as will now be described.



24~
If the composition of the incident radiation field is known to
consist of n‘diffe:rent types of particle_; i, whose 'fl.ux density between
energy E and E + dE is ¢,(E)dE, the dese equivalént":ra;te may be
defined to be - E, (max) - -
. (E) " .
DE Z f ——T dE . : (8)
1,'1 E(m1n) E . .
where Ei(min),' E{(max) a;'e thé'rriinimurh and nia:;irnum eﬁergies of
the i part"iclé's' ‘respectively; gi(E)i‘s a factor ~th§t éohverts a flux
) depéity $;(E) of i particles at energy E to the DE }.r‘ate.
It ié 'ﬁeces'-sary therefore to derive values of the conversion
‘factofé gi(E)' In general, the evaluation of such conversion factors
is a coniﬁlfax matter involving the calculation of particie spectra -
"\produce_d"f‘rr'om the primary particles within models of a body. Given
the details of particle sp!éctra}v' within the tissue, one can éalculate
the absorbed dose in a chosen eleﬁlentary'volurﬁe f'roni the known

stopping power of each charged }Z)aztrticle in tissue,

D= E . D(z) dz, | (9)
21

' \x}h‘e?e D(z')'vrepresents the ‘distr.yil:;ution of absorbed‘ _dose along the
track (the energy depositea per unit‘lenéth\ of. track divided by mass

of thev chosen volu-..me), and z, and z, are’v’che lini_its'- of the track inside
the Vf‘)lu}ne The ‘er .rgprése‘nts‘ thg summation ovér all the ionizing
particles c‘ro'ssipg the volume. If fhe LET distlf_ibu_tion along the track
of each p%\rticle ‘is kno\fvn{ one can weight each -ségrhent of charged-

particle track by the appropriate quality factor and calculate the dose
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&)

DE = Zrll QF(Z) D(z) dz. (10)

equivalent ;

z

1.

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

s

(oFy =2 (11)

o

,v

Typicallyvo‘ne chooses 1 cm> as elementary volume within the body

model. One ends with a distribution of D! s, .QF‘. s, and DE's inside

" fhe model as pfecise as present physical kn‘owlebd_gev and preéent dosi-

metric rgcommendations allow. From this disfribution one selects
a single value. of _theb DE's (either rﬁaximum or that at the oi‘gavr.l of
interest). From this value the g; is easily calcuiated (which incidentally
makes it possible to express MPD's in termsvof particle fluicv densities).
From this kind of calculatipn one infers also the QF' s for mixed
radiation f‘i'e.'ld's.

Such cietaiied c'alcula‘tions', involving as th‘e_y do complex details
of geometry and nuclear interactions, in general need a large digital -

computer for their execution. E)gtensivé effort has been devoted by

the Health Physics and Neutron Physi(‘:s. Divisions of Oak Ridge National
Léborator‘y to the calculation of absorbed-dose and dose-equivalent

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

tions have beenvpri'ncil‘)ailly in semi-infinite uniform: tissue slabs,
although some workhas been carried out on finite fis sue cylinders and
parallelepipeds. - T - ‘ | ,

As gr’éafe%' realism is demanded it seems only fo be a matter of..

tenacity to perform calculations in phantoms éccurately simulating
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the structure of the human body.
\ .
5. CONCLUSIONS
The‘u.‘s,e of particle acceleratorsb 1n industry, medicine, and
researqh_,grbws rapidly, and theii‘ number is increasing at the rate of
1070i)ef year. There are now more than 1400 a'cc'e;lerators in opera-
tion in thék United States alone. More and moré individuals are occu-
pationally exposed to high'LET radiations.
| At high;energy particle accelerators, techniques for the deter-
mination of neutron spectra with accuracy sufficient for DE evaluations
58,59

have béeh_developed over the past ten years. The conversion

. 1;,-' 60, 61

of these spectra to DE is now well understood, solving the

. diffiv‘cultiesv of accelerator dosimetry discussed by _C;bebel et al. 5?

The problems of high LET radiation dosimét.r“'y are not limited
to high ¢nérgy accelerators, however they arise, whenever neutrons
"are to be:measured. Thus Stone and Thorngate, 62 in discussing
“neutron désimetry in the energy region 50 keV to 450 keV, make the
following Unequiyocal statement: ' In order to rhake accurate measure-
ments of the neutron dose delivered to a medium, ..it is essential to
‘have some knowledge of the incident neutron spé’ctrum . . ." Indeed,
. a glancé at the l.ite'rature should rapidly convince the reader o.f the
need to undéxtstand the neﬁtron spectrﬁm in neutrdn dosimetry at all
energies. 63___ Sidwell and Wheatley 64 in a rec.erit paper have indicated
the advéntgges of such a system for photon dosimetry. |

\We ¢§nclude itto ‘be increasingly necessary fh‘at guidance be given
eté) healtﬁ physicists concérned with the op.era'tiona‘l' problems posed by

high LET radiation environments. We feel it would be a forward-looking
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move to réappra‘ise_ the guidancé given by ICRU and ICRP*with"'a_ view
- to clarifﬁng the points discussed in thié paper.
" We consider the following three points worth s_e_ri.o'us discussion:

1.. Dose Equivalent

a. ICRU sh01:11d be encouraged to define the_‘physicalvuvnits of dose
: equivale_ﬁt.» | :

" b. The ultimate radiation—protection»goal'fo be served by this
quantity should be determined. Is it the intention ’of. ICRP to relate
dose equivalent to an estimate of risk of radi[atiOn-induced disease ?

c. .'Th'e accuracy 1.'equired'in éstimates of dose equivalent should

be authoritat.i\'rely determined. -

2. Physical Measurements Required to Determine Dose Equivalent

Radiation-protection standards-are given in terms of dose equiva-
lent, and. absorbed dose is of value in health physics only insgfar as -
it leads to estimates of dose equivalent. It is ou_f_vi_ew that the
definition'.of-dosé equivalent by the familiar equa‘fcio:ri

DE = D X(QF) X(DF) etc.
has led to overemphasis on efforts to measure abs&rbed dose in mixed
radiationifiélds. Direct measurements of absorbed dose may be
.helpful but present some severe practical probierﬁ irgoperational
; ‘h'ealthvphys'ics,v but estimates of QF in mixed radiation fields are
impos siblve-without knowledge of the radiation field in which measure-
ments are “’cvo be made. |

Absvo.r'b‘ed dose is a fatﬁ_er‘ sterile* concept for operational health -

physics. In health physics knowledge of the radiation field is required

*Sterile .‘ - prodﬁcing’ little or nothing;‘unfruitful (Webster).
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so-that personnel exposure can be controlied by modification of the
radiation. .fiéld, e.g., by shielding. Thus, a fundamental understanding
of raaiation fields for purposes of quif‘{ring them‘.has the fortunate
bonus'tha.xt calculation of absorbed: dose or dose equivalent may be
incidentally made with little difficulty. It seems to ﬁs .that this is the
most frui"cf_ul'.approach for practical dosimetry in mixed radiation fields.
.Present physical techniques of mea‘surefnent'pe'frnit quantification

of unpértubed-radiatio‘n fields to within a few percent ('e‘ssen’c-ivally -

Y

precise for radiation;pro’cection purposes).

. Curré’ﬁ_t“ ICRU-ICRP preécriptions fof the évaluation of dose
.‘eqﬁi'Valent from these accurate éhysical measureiments are not- suf-
ficiently detailed to permit us to obtain the desired accuracy of about
+ 25% .. : |

3. Radiobiology and Radiation Protection

It ..must be recog;'lized that thg requirements for dosimetric units
in the two disciplines of Radiobiology and Radiation Protection are often
quite disti’ﬁct.

ICRU has given a great deal of attention to the dc;s'imetric require-
ments of,',r'adiology and radiobiology, buf these afe quite different
from'thoéé, c.)f.'Health Physics. We would ehcourage gI:'eater attention
to the prc.)‘.l'a.v‘le’ms of radiation protection, part iculai‘ly with respect to
def'mitioﬁ of the field in terms of fundamental plv'lysic‘al quantities;_.

The é.u‘fhors Speéulate that there is an area of overlap between 7.
- ICRP and ICRU for which neither commission s}lf_a"ems aﬁxiqus to
become reSponsible. ICRU does not appear, on fhé basis of its

V publicatio_ns", ‘to be particularly interested in sharpening up its
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definitions of units for radiation protection. Theré’are many instances
in ICRU pu‘.bli'cations‘ of faiiure to clarify importan:fpoints crucial for
accurate dosi.'metry in radiation protection . ICRU",se‘ems to be content
to pe;rrx;lit _o.ver—estir.nates in the dose ec(_{uivalent be:l”as muéh as a fact.or
of 3 in the belief that limited accuracy is s'ufficiént On the» other hand,
it may be thét ICRP, while hoping for precisions of -'about 20%, is
reluctant to‘enter the te%ritory of ICRU to make 'thé necessary im-
provements in definitions needed. B ~

At lﬁresent our knowledge of fundamental'radiobiology does not

permit precise estimates of risk from radiation exposure at the

levels pertinent to radiation protection. Radiation-protection standards

“are therefore only tenuously linked to fundamental biology. Radio-

biology is'.a young disciplihe, and its concepts have not yet been
s/tabilized'-‘ It is perhaps too early to take over its concepts -- which
will prbbébly change with time as our knowledge becomes deeper --
directly into radiation protection. Rather it ié-preferable to assign
the broad g.o‘als, of radiation protec;cion, and to compensate for the lack

of precise detail by clearly recognized&administrative decisions.

_ 'Authors" note. This paper was written prior to thé distribution of

ICRU Report 19,
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