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-Some Considerations on the Units Us.éd In

Radiation Protection Dosimetry

Introduction

The International Commissions on Radiological Protection and Radiation
Units 'and Measurements (the ICRP and ICRU) are undef attack. For years the ‘
authority of these institutions in the fields of dosimetry and health physics has
been unchallenged: it is now being disputed on two s'ides'.:_ : ‘

On one sidé the attack is mounted by a polyglot'a_ssortment of people
drawn from various disciplines and spurred on with the ’z_'eél of "fighting
pollution'" - a problem to which society on both sides of the Atlantic has only
recently becomé aware. Some of these zealots have démanded reductions in
exposure limits. They have done this, not in the usual scientific forum, but in
the glare of the mass news media. These critics of the ''radiation protection
establishment' have chosen to fight their battle with pseudoscientific weapons.
They complain of what they claim to be the lack of foresight by official organi-
zations in setting adequate radiation protectioﬁ standards, On the positive .
side of their campaign they seek to clearly delineate both the methods used in
setting protection limits and the criteria to be used in risk benefit analysis,

It is not our intention here to discuss this aspect of the _sfru'ggle with the ICRP,

On the other side in this struggle are the 'physicists' working in the
field of health physics, the people in charge of '"weighing'' radiation or "quanti-
fying' radiation fields; to use terms more scientific if not more understandable,
those people who evaluate dose equivalent: the dosimetrists. For some time
some of them have felt uneasy in their work because of th,e excessive number
of quantities it is recommended.they must evaluate in order to determine the
dose equivalent (H), that notorious definition of '"quantity of radiation' enforced
by the official authorities for protection measurements.

It is seldom possible to meet all the criteria necessary for an exact-
determination of dose equivalent, and in consequence the health physicist is
forced to evaluate measurements variously expressed in rads, rems, particles
per cmZ, or measurements made with remmeters, linear-energy-transfer (LET)
Spectrometéré or quality-factor (QF) meters to mention pnly a few. (Many

-more possibilities are mentioned in ICRU Report 19. )1---While it may be true



that all these different techniques and radiation units are of value -- and who
are we to deny it? -- it is also true that they cause an incredible confusion
in the interpretation of routine survey measurements which is onebof the tasks
of the health physicist. v ' _

The dosimetry of simple radiation fields, 'comp_o_sgd of beta particles
or gamma rays of energy up to a few MeV, is relatively simple. The exposure
(in roentgen), the absorbed dose (in rads), and the dose éq’uivalent (in rem)
are approximately numerically equal. In such cases the QF is unity and there
is no need to determine the LET distribution of the radiation field; relatively
simple instrumenté_ suffice for measurement. - |

Dosimetry becomes more difficult in neutron fields, even at the rela-
tively low energies found around nuclear reactors. In these fields the QF of
the radiation is greater than unity; a measurement of air exposure (in roentgen)
is ina.ppropﬁ’ate, and a measurement of the absorbed dose (D) with a tissue-
equivalent chamber is not sufficient to determine the dose equivalent. Dosim-
etry in these radiation fields is already in "unorthodox" routine practice. Very
few health physicists measuring the radiation environments around nuclear |

reactors evaluate H from the classical equation that defines itiz

H=DQN | (1)

where D is the absorbed dose, Q is the Quality Factor, ar_ld N is the product

of any'other modifying factors.
Typical neutron spectra around reactors have been measured (gen-

erally for purposes other than radiation protection) and the techniques of
measurement have been perfécted so that one fluence measurement at two
or three points in the spectrum is often sufficient to quantify the spectrum
itself and permits an evaluation of the dose equivalent with an accuracy ade-
quate for radiation protection, The gamma cor_nponént can be measured by
a determination of exposure, However, since our knowledgé of neutron fields
around reactors is quite detailed, it is also possible to evaluate the dose
equi\‘ralent by the '"orthodox' techniques of absorbed-dose and LET -distribution
measurement, | ‘

The prdblem becomes more complex at high-energy accelerators,

Here we are confronted with radiation fields consisting of many particles:
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protons, electrons, heavy ions, muons, and neutrons whose energies vary
between thermal and the primary-beam energy. An eva.luatlon of the dose
equivalent by ortho_dox techniques, is at best, extremely difficult, and in our
opinion, impossible, unless much detailed information eoncerning the composi-
tion of the radiation field is available: the type of particles, their energies
and fluences. - However, whenvthis information is know_ri,, the correSponding
dose eqliiva.lent may be calculated vprecisely, preemptih'g the need for a
measurement of absorbed dose and determination, of the LET distribution.

Later we will discuss the historical origins of the dosimetric units
in current use, These units will then be individually analyzed, and fihally,
a method of expressing the dose equivalent due to exposure to radiation
environments will be discussed. | | |

The Origins of Today's Dosimetric Units

" If we retrace the evolution of 'the present dosimetric units, our impres-
sion is that the present situation derives from attempts to define radiation \
units that measure biological effects rather than some physical effects of the
radiation field. | | | ‘

| The birth of dosimetry is contemporaneous with the diseovery of x-rays
in 4895. Skin erythema, which waé one of the first biologice.l effects of radia- -
tions that was observed, was causally linked to radiatioh exposure. Attempts
immediately followed to quantify radiation exposure. '

Roentgen h1mse1f observed many of the physmal effects produced by

x-rays -- which are still today used to measure radiation exposure -- such
as b_lackening of photographic filrﬁ, color changes in certain chemicals, and
the ionization of air. This last effect was chosen as ‘a s.ta.ndard means of
quantifying radiation, laying the foundation for the unit of exposure: the _
‘roentgen (later restricted to x- and y-rays below 3 MeV)..v The roentgen is that
quantity of radiation that produces in one cubic centimeter of standard air,
ions ca'..r.:'rying one electrostatic unit of charge. From this definition the roent-
gen appears clearly to be a ﬁnit of exposure, a unit measuf'ing the radiation
field through a physical and easily detectable effect. It is significant that in
the minds of these pioneers the bielogical' effects due to ienizing radiation were

related to the radiation quantity incident on the body: the exposure.
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This simple viewpoint survived only as long as radiation effects at the
surface of the body were consi;'lered, i.e., for low energy x-rays. With the
development of higher energy x-ray tubes and the discevery of naturally
radioactive elements and their more p:enetrati'ng fa.dia.tions;,‘ this direct relé,..
tion between exposure and biolegica.l effect was no longer valid. Therefore,
in addition to the exposure (in roentgens), information indicating the penetratihg
power of the radiation -- such as x-ray tube voltage, x-ray tube filtration or
radioactive element -- were provided. WNevertheless radia._tien expoeures were
conceptually related to the quantity and type of incident radiation rather than
energy absorption in the irradiated tissue. | '

As a re sult of fundamental change in the thinking of fadiobiologists, ‘the
1930's brought about a fundamental change in the basis of dosimetry. At that
time the view that the effects of radiation were related to the macroscopic
deposition of energy in the body or organ irradiated was widespread amongst
radieb'iologists. Consequently the underlying basis for dosimetric measurement
changed from the concept of exposure to that of energy deposited in the body,
regardless of the type of the radiation. After a long period of maturetion, the
rad was officially adopted in 1953. The introduction of this unit ended the |
Vattempts to measure the neutron exposure in roentgens. .It is interesting to
note, however, that the exposure concept, although restricted to x- rays and
gamma meaéure'rnents remained in all ICRU publications, and that even today
many radiobiologists continue to use it as fhe basis for their measurements.

- Had it been possible to prove that biological effects were directly related
to the absorbed dose in the organ being studied, success for the concepf of
absorbed dose would have been certain.’ It soon became apparent that equiva-
lent absorbed doses had different biological effects, depending on the type and
energy of radiation, and the organ being considered. o

At this stage the concept of relative biological eff1c1ency (RBE) was
introduced as that quantity that allowed one to evaluate the '"biological quahty"
of radiation relative to a radiation standard (eg. x-rays produced by a 250-kV
mach1ne) Then the RBE of different types of radiations for d1fferent biologi-
cal effects were measured,

The Manhattan project and the development of nuclear energy stimulated

the various studies for radiation protection, The need to protect workers
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from exposure to different types of radiation demanded that the exposures to
different types of rad1at1on be summed, and caused the introduction of the
RBE dose. The RBE dose is the product of the absorbed dose in rads and an
RBE value .selecte'd'.for the particular radiation, In addition to the absorbed
dose measurement, usually performed using an ionization chamber with |
tissue -equivalent walls and gas f1111ng, the type of radiation had to be known

in order to select the appropriate RBE. The tissue equ1va1ent chamber to be
used was not precisely specified and since the measured absorbed dose strongly
depends upon oha_fnber wall thi_ckness and volume, Substan'tiel variations in
measufed values were possible. _ a '

As knowledge of biological effects of radiation incr'eased, it became
clear that the RBE was related to LET. The LET was in turn considered to
be a physicai par.a'rneter which identified the radiation qnali'ty by virtue of its
.vbi.ological effects. It should be borne in mind, however,‘ that no unique relation
 between LET and RBE has yet been established. The importance of the micro-
scopic distribution of energy depositions became increasingly apparent. Radia -
‘tion does not deposit its energy uniformly along its path, and a measurement
of the a.verage dep051ted energy is insufficient to pred1ct its effects.

Nevertheless it was considered useful for protect1on purposes to divide
the RBE into several components the name of 'quality factor' was given to that -
part of the RBE dependent on the LET of the radiation, ‘and the relationship
between the QF to the LET was defined. ' '

Finally the dose-equivalent (H) was defined for radiation protectio.n
purposes and expressed by the relation given in Eq. (1). The practical aspects
of the eqnation will be discussed in the next section. It should be borne in
mind that the other modifying factors' of Eq. (1) are not defined and set_

equal to unity at the present time,

Is an Orthodox Measurement of Dose Equivalent Possible ?

It is unfortunate that ICRP recommendatmns are often rmsunderstood
CIf one carefully reads ICRP Publication 15 he will find it clearly stated in the
section discussing qnantitie_s and units that dose equivalent cannot be measured,
‘Para'.graph (15) reads specifically ... 'neither the absorbed dose nor the dose

equivalent can be measured directly in any of the critical organs, Thus, to
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obtain the dose equivalent in any position within the body, ohe must make
measurements of the radiation fields outside the body...."
Nonetheless, many dosimetrists are lured by the apparent simplicity
of the expression - ' : '
' H=DQ . : , " (1a)
(For simplicity's sake the other modifying factors in vthe_ex_pi"eésion are
omitted.) Equation (41a) defines dose equivalent only in a qﬁalitative way.

A better quantitative definition of dose equivalent is
I"max ' o :
[ ™ e, (2)
0 . .

where L is the LET of fhe fadiation under study, D(L) is the absorbed dose in
the point of interest for unit interval of L at L, QL) is'the value of Q for this
L (given by the doubtful relations established by the ICRP) and L __ is the
maximum value of L at the pomt of interest. ' ‘ '

Of course, Eq (2) requires the point of 1nterest to be known. This
point is usually one of the critical organs of the human body. To define the
location of the pbint of interest one must know the type of radiation and the
spectrum, If an LET spectrometer is avé,ilable it can be used to make
measurements behind iﬁcreasing depths of tissue féqu.iva_lent material until the
maximum value of H is located.’ |

| Equations of the form of (1) and (2) have ta-ntaliied dosimetrists into
attempting to build instruments capable of measuring the dose equivalent.
Some general comments on these instruments are: o "

a) No instrumeht developed to evaluate DE can function correctly if
the physical characteristics of the rad1at10n field (type of radiation, energy
spectrum) are 1nappropr1ate to the deS1gn of the instrument.

b) Rem meters do not, in general, attempt to measure the quantities
specified in Eqs.(1) and (2). ' 4 '

c) Some of these instruments may not‘be.v used in routine protection
measures: their sensitivity is usually too low. F-or example, recombination
chambers réquire very intense fields, and Rossi's proportional counters,
though usable in low intensities, require very long meaéuring times. There

are other problems in the use of these instruments; for example, the
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recombination jonization chamber depends upon the Principle that th_e relation-
ship between the eoilected current and the applied voltage gives an index
proportional to the average LET of the radiation, This is only true under
conditions of columnar recombination. . These deviCes_, therefore may not be
used for any type of radiation and are,. at most, able to -Lndicate only an |
average LET or an average QF.; nor can they make surface or soft-radiation
measurements, v v '
Other more complex instruments, like Ros si's. spherical counter, also
have difficulties; nonetheless they have provided the fair.‘ly'. reliable LET
spectra that may be compared with those obtained by calcu_lations based on.the

knowledge of the energy spectrum of the incorning radiation.

How Can Dose Equivalent be Evaluated?

The question arises - independently of the techni.ca'lvlimitations of
instruments deS1gned to measure absorbed dose and LET spectra: Are these
_the measurements of choice for protection purposes'?

The measurement to be made for protection purposes besides indicat-
ing the dose equivalent in a given radiation field, should also provide the neces-
sary. data by_which the field may be modified. For example, shielding calcula-
tions require details of the type of radiation to be attenuated, its intensity and
energy spectrum, These parameters may also be used to calculate dose |
equivalent, _ v

Measurements of neutron spectra and fluence in radiation fields such
as are found around particle accelerators or reactors are far from s1mp1e
In theory, using complex instruments of the kind used in exper1menta1 particle.
physics, one could make precise measurements_ of differential spectra. But
using ‘such instruments for protection measurements is not feasible. None -
theless, the practical techniques developed to date provide field measurements
precise enough for calculatmg shielding, and for evaluatmg the dose equ1valent
even though, for some fields 1mprovement is needed,

_ Why then waste our efforts inventing instruments ,f_or protection
determinations that will evaluate the DE "'more direetly" by 'Eqs. (1) or (2)?
Measurements of LET spectra and of m1croscop1c energy d1str1but10n are of

interest in rad1ob1ology, but the needs of radiation protection are d1st1nct
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enough to warrant separate consideration. These considerations of ours may
seem obvious if one examines closely the manner in which protection measure- .
ments é.round accelerators and reactors are performed. -

Ina 1966 'report4, D. Nachtigall showed that, of seven research
laboratories sﬁrveyed as to routine measurements, all use instruments which
determine fluence in different energy intervals; éomé laboratories also used,
in addition, a tissue —equiiralent ionization chémber. We don't believe the
situation around reactors is very different, v

| Neutron rem meters of the Andersson type are nothing but instruments

measuring the neutron flux density with a spectral sensitivity carefully elabora- .
ted to match the dose equivalent-flux relationship. Un_fortu'nately, even if
these instruments do make the operational health physicists' job easier by
allowing a direct reading in rem, they have the disadvantage that no details
of energy spectrum are observed. Nevertheless, many people still feel that
the measurement of particle fluence to evaluate dose equivalent is merely a
last resort to be used only in the absence of better techniques., Such people
live in the constant hope that perhaps someday someone will invent an 'v'in.stru-
ment. for measﬁring the DE." To some extent, as we said before, this attitude
is encouraged by the recommendation of the ICRP and ICRU ‘which persist in
presenting the fundamental definition of dose equivalent in the form of Eq. (1).

Increasing public concern for radiation exposure may necessitate the
measurement of dose equivalent rates as low as a few millirem/yr. This
would represent a formidable challenge to operational health physicists, and
so we judge it useful to review the practical formulation of the measuring
unit§. We think the following propositions should be takeh into consideration:

a) Dose eQuiva.lent must be redefined in a more rational and practical

form, It is better defined as the product of a measurable physical

quantity (A) by a coefficient relating the physicai measurement to

the chosen biological effect more consistent with the overall risk

(B) and by an administrative factor (C) that would take account of

the uncertainties in the relation between the physical quantity and

the biolog{cal effect: The general expression for DE would then be:

H = (A)X (B) X (C) | (3)
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In our-opinion, the most appropriate quantity for (A) is the particle
energy spectrum measured in selected energy regions as discussed
above, ‘ o | |

b) The qué-ntity (B) is then the flux-to-dose conversion factor, calcula-
ted for selected energy ranges and for standardized expoégre '
conditionss. _ _ : .

c) The quantity (C) that we have called an vadministr_ative factor will
have to include the uncertainties of low dose ext»ra_.polat.ion_,‘ dose - I.

rate effects, and geometrical factors, This could be perio’diéally

revised when progress in scientific knowledge should require it.
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