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"HEALTH PHYSICS”
(PROTEGAO RADIOLOGICA)

J W Poston

LECTURE N© 1

INTERACTION OF RADIATION WITH MATTER

Introduction

In 1896, Henr: Becquerel found that uranium salts em.tted penetrating rad-ations s:milar
to 1hose which Roentgen had produced only a year earhier with a gas discharge tube The
nemendous 'mportance of this discovery was not apparent until a few years later when Pierre
and Marre Curie announced the isolation from a uranium mneral pichbiende of two
substances many times more tadwoactive than uranium itself These two substances were
subsequent!y shown t0 be two new eiements polonwum and rardium

Skiliful physicists worked for several years before they were able to ident'fy the
mysterous radiations emitted by the radiwoactve elements By use of magnetic fields
Rurherford showed that there were three distinct types of radiations | am sure that all of you
have seen a drawing similar to that shown n Figure1 1 In this drawing a rad-um source s
shown «ns:de a lead block into which a smail drameter hole has been bored The block 1s thick
enough 1o absorb the penetrating rays. therefore they can only emerge through the opening
This arrangement provides a parallel beam of rays escaping from the sorce If it were possible 10
see these nvisibie rays in the preserce of a magnetic field, they would appear as sketched in the
figure Those most easily deflected by the magnet:c field are called beta (3) particles Those
onty shghtly deflected by the field are called alpha (a) particles, and those which are unaffected
are known as gamma () rays

Alpha particles were rapidly identified as positively charged particles based on the
drecton of deflection 1n the magnetic freld The same ev:dence showed beta part.cles were
negatively charged. and gamma rays to be electrically nsuiral Therelative radi 0v the deflected
beams showed either that the alpha particle was much more massve than the Liuta part:cle or
that 't was em:itted with a much greater energy The latter alternative seemed untikely since
alpha particles had Iittle abiiity to penetrate absorbers

Alpha particles emitted from radioactive nucier are completely stopped by a few sheets of
paper or by a few cent+meters of air Beta part'cles have a range of a few meters in ar or several
midlimeters 1n an absorber such as aluminum Gamma rays were found 10 be very penetrating,
be:ng artenuated but not completely absorbed by several centimeters of aluminum or lead
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Deflections of the Radiations Emitted from Radium Ly a Magnetic Field Directed into the Paper



General Properties of Alpha Particles

Each alpha particle has a positive electric charge equal in magnitude to twce the electron
charge The alpha particle mass s that of a nucleus of *He and an early experment by
Rutherford established the «dentity

Because of the double charge. the alpha particle has a strong coutomb field and interacts
strongly with any matter through which nt passes Thus would predict a rapid loss of energy and
a short range.

A given nucleus emits alpha particles with, at most, a few unique values of energy This
constitutes a strecng argument for the existence of discrete nuclear energy levels

General Properties of Beta Particles

Magnetic analysis shows that beta particles have a single negatve charge and amass equa’
to that of the electron They are, then high speed electrons ejected from the nucleus as the
result of a nuclear disintegration Although beta particles originate 'n the nucleus. they do not
exist there as such prior to emission Considerations of magnet'c dipole moments alone exclude
the electron as a nuclear particle.

Positwvely-charged beta particles, ot pasitrons, ate ejected from some artfically produced
radioactive nucler Many of the properties of the positron are :denticai with those of the
negatie beta particle, or negatron

Beta particles are ejected from nuctlet with velocities rang'ng from ze'o to neariy the
velocity of light In contrast to alpha particles, beta particies have a cont'nuous distribution of
energies from zero up to a maximum value that is a characterisiic of each species of radioactive
nuclide. Beta particles showing this cont:nuous energy d:stribution are known as pr:mary beta
particles Tables of disintegration constants always list the maximum erergy of emission In
some calculations, as for energy deposition or absorbad dose. mean beta energy rather than the
maximum 1s required There s no simple general retation between mean and max'mum beta
energtes, but for rough calculatrons the mean may be taken as one third of the maximum

The maximum beta energy really represents the enargy of a transstion The missing
two thirds of the total available energy is carried off by the neutrino. v. which accompantes the
emission of each primary beta particle Since the neutrino interacts very weakly with matter, 1t
dep sits essentially no energy locally and need not be taken account of in dose calculations

General Properties of Gamma Rays

Gamma rays are electromagnetic radiat.ons or photons whose emisston permits a nucleus
in an excited state to go toward or to the ground state A radioactive nucleus may, for example.
emit either an alpha or a beta particle to produce a daughter nucleus of different atomic
number . If the daughter nucleus 's formed in its lowest energy state, the transition 1s completed
with the particle emission Should the daughter be left in an excrted state, particle emission will
be followed promptly by gamma ray emission unts! the ground state 1s reached This process s
the nuclear analog to the ernission of visible or ultraviolet I\ght when excited atoms return to



the ground state.

Gamma rays are also emitted in the process of isomeric transition These are transitions of
relatively low energy where there is a large difference between the angular momenta of the
excited and the ground states. As a consequence, the excred state can exist for a measurable
time before gamma emission occurs. The term measurable becomes progressively shorter as
experimental techniques improve, but in all cases. isomeric transitions take place from a state
which has had a long existence compared to that of the state preceding simple gamma ray
emission. In either case, the gammas are emitted with discrete energies since they represent the
energy differences between definite nuclaar energy levels

The most important properties of these radiations are summarized in Table 1 1.
Interaction with Matter

Charged and neutral particles and electromagnetic waves penetrate matter and alter it in
various ways. In this section, we shall discuss the ways in which these radiations interact with
matter and the physical effects these interactions have These effects are important both
because they provide insight into chemical and biological actions of radiations, and because
they provide a basis for the detection and measurement of radiation.

According to atomic theory, each electron in the atom is in a discrete, or quantized,
energy stete, If the electrons fill levels at which their total energy is at its minimum value, the
atom is said to be in its ground state. All atoms have unfilled levels 1o which electrons can be
"promoted’’ by energy absorption. When electron promotion occurs. the atom is said to be
electronically exited.|f enough energy isabsorbec io remove an electron from the influence of the
nucleus, the atom may be /onized The minimum energies which electrons in various levels must
acquire to be freed frcm the atom are called their jonization potential. When an electron
absorbs energy in excess of its ionization potential, this excess appears as the kinetic energy of
the electron.

When an a!pha, beta, or other energetic charged particle approaches an atom or molecule,
several processes of energy loss occur. The interaction leading to energy loss results from
electric forces between the charged particle and the electrons in the atoms Energy losses are
due essentially to excstation and ranization of atoms Although there are other processes (such
as dissociation) which may occur, the most important energy loss processes are the electronic
losses due to exitation and ionization.

The ionmization process produces a free electron and a positively-charged ion; this
combination s called an/on pair. The energy required to produce an ion paw varies only
slightly with type of particle and gas An average value of 34 eV ray be used in most cases.

Aipha Particles

The number of 1on pairs produced per centimeter of path varies as a function of the alpha
particle energy, To see this move clearly, let's picture the passage of an alpha particle through a
gas. The relatively massive particlewith its double charge mekes frequent electrostatic interactions
with the outer, loosely bound electrons. The electrons are accelerated and often pulled away

i
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TABLE 1 -1

Characteristics of Different Radiations

Range of
Typical

Energy
4 - 10 MeV

0- 4 MeV

0 10 MeV

1eV 100 keV

10 keV - 3 MeV

Length of Typical

Trajectory
Air Solid
3-5cm 25-40 u
0 10cm 0- 1mm
0-100m 0 1cm
Tu 10m Tu 1lem
Tcm 100m T mm 10cm

Primary
Mechanism
of

Energy Loss

lonization,
Excitation

tonization,
Excitation

Elastic Col-
lision with
Nucleus

Photoelectric
Etfect

Photoelectric

Compton
Pair
Production

General
Comments

"Essentially a
He Nucleus
(He” " )

\dentical to
Electron

Primarily
from Nuclear
Bombardment

Photons from
Transition
of Orbital
Electrons

Photons from
Nuclear
Transitions



from thew parent atoms (ionization). As the alpha particle gives up energy and slows, it spends
more time in the vicinity of each atom in its path and, consequently, has a higher probability of
ionizing. One would expect specific ionization to increase slowly as the particle first leaves the
source; near the end of its path, ionization should increase rapidly and then drop to zero as the
particle acquires two electrons, becoming a neutral atom

Figure 1 2 shows the variation of specific ionization for the alpha particles emitted by
Po The values first rise siowly, then more rapidly as the residual range (path length left to
travel) decreases. After reaching a maximum just before the end of the range, spectfic ionization
rapidly drops to zero.

214

Range determinations may be performed as illustrated in Figure 1-3 Variation in the
intensity of the source is plotted as a function of distance from the source d If each alpha
particle had the same initial energy and made an equal number of identical collisions, there
shouldbea sharp break in the curve when d equals the range R Actually, the curve bends
downward at A, drops almost linearly along BC, and tails off at D An extrapolation of the
linear portion to the axis gives what is called the evtrapolated range The mean range, which is
the distance of one half maximum intensity, is usually a few millimeters shorter than the
extrapolated range.

The tailing off at D is known as straggling. This is due to the statistical nature of the
collision process, both in numbers and in the amount of energy transferred. Because of these
fluctuations, there is a gradual rather than an abrupt approach to zero intensity

An accurate range-energy relationship for alpha particles is of importance, since these
ranges are used in a variety of calculations. Figure 1-4 shows an experimentally determined
range curve. In the 4.7 MeV region, the curve is fairly well fit by

R= 309E*"
E=212R?"7
where R =range in air in centimeters, E = initial energy in MeV

These expressions hold only for a imited range, at low energies, R « E* *; at high
energies, the dependence is more nearly R« E*,

Comparison of the range of alphas in air and in a solid is often made by using the
stopping power concept. Stopping power is defined as the rate at which the alpha particle loses
energy per increment of path, i.e, -dE/dx, in the absorber. A concept which is more easily
visualized is that of relative stopping power, which is simply the ratio of the stopping power in
air to the stopping power in the solid absorber. This assumes that the alpha particles are
compared over the same energy range. Typical values for common absorbers are tabulated in
Table 1 2.

An approximate expression for alpha particle range in solids in given by the
Bragg Kleeman relation:

Ry = SR T
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TABLE1 2
Absorber Mica Aluminium Copper Silver Gold
Relative Stopping Power 2000 1660 4000 3700 4800
mg/cm?’ = 1 cm air: 14 162 226 286 396
microns = 1 cm air: 50 60 25 27 21

where R; is the range in the solid of density p, and of mass number A, R istherange inar A
convenient relation between range in air and in tissue is of interest to biologists and medica!
scientists. The approximate rule

Ra"pa-r = Rtlssuept-ssue

is easily remembered. Wherever it is necessary to deal with the mass number of a compound or
mixture of elements, the value to substitute in equations such as those above is the effective
atomic weight obtained by taking the square of the sum of the square roots of the individual
atomic weights, the sum being taken in proportion to the percentage of to elements present
For example, the effective value of A for air would be the square of the expression
(0.8\/1_3 +0.24/16), since nitrogen of mass number 14 makes up close to 80% of air molecules
while oxygen (A = 16) may be assumed to be 20% for these calculations. Thus A for ar wouid
be 14.4.

Beta Particles

Early magnetic deflection measurements showed that beta particles had a single negative
charge and an &/m ratio identical with that of electrons produced in a variety of ways. This
identification was strong but incomplete evidence that the emitted negative particles were
indeed electrons. As new properties of electrons became known and measured with precision
the identity between them and beta particles was strengthened. k..cept for origin, there 1s no
known difference today between the negative beta particle and the electron, no matter how
produced.

Beta particles originate in the nucleus, and it was assumed for scme time that they exsted
there prior to emission. Before the discovery of the neutron, nuclear electrons were postulated
to account for the difference between the number of nuclear charges and the number of nuclear
masses. It is now evident that electrons as such cannot exist inside the nucleus Perhaps the
strongest evidence ~omes from the magnetic moment of the electron, which is far too large to
be associated with a nucleus. Spin considerations and the ’size” of the electron as measured by
its wave structure add to the evidence against nuclear electrons.

Lacking preexistence, the electron must be created at the moment of emission As we
know now, the negatron arises from a neutron to proton conversion; the positron from the
reverse, or proton to neutron conversion,

Early work showed that the beta particle, unlike other known radiations, had a
continuous energy spectrum, This discovery jeopardized the entire concept of discrete nuclear
energy levels, until Pauli brought forth what has now been shown to be the correct explanation
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in 1931 Pauli suggested that the principles of conservation of energy and discr ete nuclear
energy levels could be retained by assuming a second particle emitted along with each beta
particle. Conservation of electesc charge 1n beta decays was already satisfied without the new
particte which must then be electrically neutral. This requirement led to the name neutrino
Nuctear-mass relations were also satisfied to a high degree of precsion without the neutrino,
whose mass must, therefore, be very small compared to that of an electron To fit the
requirements of beta emsssion, the neutrino must be able to carry away energy momentum and
angular momentum, and must have an inherent spin of 1/2.

According to Pauli, the energy £, available at each beta emission is divided between beta
particle and neutrino 1n al! possible ratios. On the average, the neutrino receives about twice the
ene-gy smparted to the beta. In 1934, Ferm: develcped a theory of beta decay, which included
the probabiivty of energy division between the two particles. The success of the Fermi theory
has fur nished additionat evidence for the vahidity of the neutrino concept .

A neutra! particle of extremely small {or zero) mass will interact very weakly with any
matter through which it passes. Measurements and theory agree on a r.eutrino tnteraction
cross section of the order of 10°** ¢cm? This almost inconcevably small cross section feads 10,
at most, 3 few encounters in lead one light year thick. It is understandable that the energy left
by neutrinos within beta particle calorsmeters is undetectable!

Unhke a'pha particles, electrons are not characterized by linear paths and discrete ranges
Particularly at low energies, an electron path is tortuous as the result of muit.ple scattering
encounters wrth the atoms along its path. In considering electron absorption, care must be
taken to distinguish between range, which is Yinear thickness of material needed 10 just absorb
the particle, and path length. which 1s the actual distance traveled before all kinetic energy is
lost,

With a monoenergetic source of electrons, an approximately linear relation s found
between tonization and absorber thickness This lineas trend is partly because the electrons are
strongly scattered and so may be lost completely from the beam The linear absorption for
monoenergetic electrons differs sharply from that observed with the contnuous energy
distribution of a pure beta emitter

Electrons lose energy through inelastic collisions, or more exactly, through interactions
with the coulomb fields of atoms These nteractions lead to ion'zation and excitation of the
absorber atoms These coulomb interactions are highly variable depending on the exact details
of each collision Energy losses by the electron may range from a few to several hundred eV

Electrons also lose energy by radiative collisions or bremsstrahiung production, usually
ymportant only at high energy in absorbers of high atomic number

An expression for collision energy loss has been developed by Bethe and Ashkin,

4 m_v'E p—
i (gs)c _ 2me’NZ oL T n2V1 B -1 +8Y)

mov' | 210 - )

S B gl - VY
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where N = number of absorbing atoms per cubic centimeter
Z = atomic number of absorbing medium
v = velocity of electron
E = kinetic energy of electron, ergs
| = average ionization energy of absorber, ergs
e = electron charge, esu

Collision energy loss results from an interaction with orbital electrons and hence should
be proportioni to electron density, NZ, as is the case. Phisical state or chemical combination
does not play a role, except as may affect N

Average ionization energy, |, has been the subject of extensive theoretical investigation,
but values are probably beast obtained from experiment. Bakker and Segre measured the first
four values in Table 1-3; the rest were obtained by interpolation or extrapolation.

TABLE1-3

Average lonization Energy

Material z | (eV)
H 1 156
C 6 765

Al 13 150
Air : 805

N 7 88

o 8 98

Water . 68
Fe 26 400
Pb 82 1100

Bethe and Ashkin have also developed an expression for radiative energy loss in electron
interactions.
+ 1)e*
L(gE) - NEZZinet . 2E 4
dx’ 137 mgc mqc 3
from this equation, we see that the rate of energy loss is roughly proportional to E and 2.
Since path-length is inversely proportional to Z, the total bremsstrahlung production will be
nearly proportional to E2Z. This is in accord with the empirical results.

It has become customary to measure electron ranges in aluminum with either grams per
square centimeter or milligrams per square centimeter as the range parameter. Except for the
most exacting calculations, these ranges may be used for other absorbers. For energies above 1
MeV, the relation between range and energy is essentially linear. At low energies, the ionization
losses and elastic scattering are very large, and the curve deviates from the linearity exhibited at
higher energies, The linear part of the curve obeysa relation givenby L E. Glendeninand C. D.
Coryell:

E =1.85R + 0.245 for R > 0.3 gram/cm?
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o'
R =0542E 0133 for E > 08 MeVv

and 's a2 more exact equat'on than that whech was first given by Feather 1n 1938 The range
equation s one that was emps:cally determined from precision measurements made on a seres
of beta emitrers rang:ng n maximum energy values from 0.8 10 307 MeV For energies lower
than 0.8 MeV the refat:on that f:1s the nonlinear curve :s gwve by Glendenin and Coryell

E=192R" " for R <0 3 gram/cm’
and
R=0407€' " for E <0 8 MeV

This energy equation should not be appled where the range. R s less than 30 mg/cm’ The
range energy relation given above was established on the basis of precision absorption stud-es
with beta em:tters having an energy from 53 KeV to 0 8 MeV Actually. for ranges less than 0 5
gram/cm’. n 1s better to use the empirical curve of Bethe and Ashkin, which was given
previousty.

X Rays and Gamma Rays

in December, 1895, Withelm Conrad Roentgen announced the discovery of a new type of
penetrating radiation, a discovery that was to affect the lives of all mankind In his own words:

" A discharge from a iarge induction co:! is passed through a Hittorf's vacuum tube, or through a
wellexhausted Crooke's or Lenard's tube Thetube 1s surroundedby afairly close fitting sheeld of
black paper: it is then possible to see, in a completely darkened room that paper covered on one
side with barwum platinocyanide hights up with brilhant fluorescence when brought into the
neighborhood of the tube, whether the painted side or the other be turned towards the tube *

in a remarkably thorough series of experiments, Roentgen determined many of the basic
properties of these radiations, which he called x rays because of ther unknown nature The
outstanding characteristic of the x ray was its abity to penetrate even sofid matter Medical
fluoroscopy and radiography were the outgrowths of Roentgen’s observation' ' If the hand be
held before the fluorescent screen_ the shadow shows the bones darkly, with only faint outlines
of the surrounding tissues

Within five years, the French physicist, Villard, found that a radioactive material emitted
penetrating rays similar to x rays. These rays became known as gamma (y) rays, but their
identity with x radiation was not established at the time About this time, alpna and beta
particles were discovered and certain scient:sts contended that gamma rays were themselves
particles, Experiments conducted by Rutherford and Andrade showed clearly that gamma rays
were not patticulate but were, in fact, electromagnetic radiation. Despite the fact that x rays
and gamma rays have a different origin, they have precisely the sa.ne characteristics The old
distinction that x rays were less penetrating than gamma rays is now a thing of the past, for

modern technology has produced accelerators yielding x rays of far higher energy then any
gamma radiation emitted from any radio element

v
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When x-or y-ray photons traverse matter, some are absorbed, some pass through without
interaction, and some are scattered, which really means that new photons are created, to move
off in quite different directions from that of the original photon Figure 15 shows two
arrangements for studying the attenuation of a photon beam by absorbers.

A photon source at S is collimated by heavy lead to provide a narrow beam of radiation
at absorber C and detector D The arrangement in Figure 1-5A is said to have good geometry,
since @ negligible number of scattered photons reach the detector. Readings taken before and
after the insertion of the absorber will provide a measure of the number of photons removed
from the beam, or the tota/ absorption. in poor geometry, Figure 1-5B, the detector will receive
a considerable number of scattered photons. Readings taken before and after the introduction
of anabsorber will give a measure of the energy passed by it This isa measure of energy locally
deposited in the absorber, or the true absorption

Attenuation measurements are also made under broad beam conditions Now, even in
good geometry, the detector will receive some radiation due to photons scattered from regions
where there were no primary photons with a narrow beam The photon intensity measured
under broad-beam conditions will be greater than that measured with a narrow bear. The
difference, called build up, represents the contribution due to photons scattered from one part
of the broad beam to another. In a narrow beam, all scatter is out of the beam: none s in.
Obviously, build-up is a complicated function of beam size, photon energy, and the geometrical
arrangement cf the measuring equipment.

With monoenergetic or monochromatic photons, measurements show an absorption
which is an exponential function of absorber-thickness x. Beam intensities | ,, before, and |,
after the introduction of the absorber, are related by

=1 o HX
I=l,e

where u is the linear absorption coefficient.

The linear absorption coefficient is a function of photon energy as well as of absorber
material, so the simple exponential form of the equation given above will not hold in general
for a heteroenergetic photon beam. Absorption will always introduce some scattered
low-energy photons, so even an initialy monoenergetic beam will not remain so, apd
measurements with thick absorbers may show an appreciable deviation from a constant value of
M. I

Absorption coefficients depend upon the atcimic compositon and the amount of absorber
in the beam but not upon the chemical or physical state, Thus a given mass of water, ice, :or
steam will produce equal beam attenuations, aithough the three values of u will differ widely
because of density differences To avoid this it is convenient to introduce a mass absorption
coefficient, u ,, =u /p, which will be independent of absorber density The beam fraction, u .,
is removed by unit areal density (1 gram/cm?) regardless of the thickness required to obtain
this density. Ttus, the above equation becomes ‘

=1 eH m{xp) ‘
where p is the absorber density in grams per cubic centimeter. :
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Thus far, we have considered the phenomena of photon absorption without regard to the
details of ther interaction with matter Actually each absor ption coefficient 1s the sum of three
components For example,

Hn=T m*UmetHmp

where 7 = mass absorption coefficient for photoelectric effect
= mass absor ption coefficient for Compton effect
= mass absorption coefficient for pair production

Hmc
#mp

These are the three principal processes by which photons give up energy to matter, and each
will be discussed

When an x +ay quantum or photon collides with an atom, it may impinge upon an orbital
electron and transfer all of its energy to this particle by ejecting it from the atom If the
incident photon carried more energy than that necessary to remove the orbital electron from
the atom_it 'mparts to the electron its additional energy in the form of kinetic energy This
process 1S known as the photoelectric effect and obeys the Einstein photoelectric equation:

l'w=¢>+Ek

Here hy represents the total energy of the incident photon, ¢ the energy required to remove the
electron from itsatom, and E, the kinetic energy of the ejected electron (See Figure 1.6 )

Electrons thus ejected from atoms are called photoelectrons Since these photoelectrons
are produced by a process which completely absorbs the energy of the incident photon, they
may carry considerable kinetic energy. This means that the photoelectrons, themselves, become
a source of ionization, for as they pass close to neighboring atoms, they strip off electrons from
them.

Photoelectric absorption increases as Z° and decreases as E’'? For low 2 materials, such
as living tissue, photoelectric absorption becomes negligible at photon energies above about
200 keV. In high Z materials, photoelectric absorption is appreciable at 1-2 MeV

In some interactions, the inctdent photon is absorbed, as in the photoelectric process, but
only a portion of the available energy goes into kinetic energy of the ejected electron. Instead, a
new photon of lower energy than the original is created, with a division of energy between it
and the electron. In this process, the electrons are called reco// or Compton electrons after the
discoverer, A. H. Compton. !n general, the new or scattered photon will not have the direction
of the original as shown in Figure 1.7. Compton absorption falls of with increasing energy, but
at a slower rate than photoelectric absorption Compton interactions may contribute an
appreciable fraction of the total absorption out to a few MeV. Under broad beam conditions,
which include most practical shielding situations, Compton scattering acts to soften the beam
by replacing high energy photons by those of a lower energy However, beam hardening r esuits
from the fact that the photoelectric and Compton coefficients increase with decreasing photon
energy. Detailed calculations for high energy photons are complex, since these invoive the
relative probabilities of the Compton and photoelectric process

v
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An entely different type of photon absorption pa.» product.on has a ihreshold at 1 02
MeV and becomes ‘ncreassngly 'mportant at h.gher photon energies In pav production
F:gure 18, a photon :n the field of a charged past:cle may disappear, gwving up its ene«gy to the
creat:on of a postion negatron electron pa« Interact:on with a3 nuclea: field s preferred, but
orbitat electrons ar e also effect.ve Pav production s noi :on:zation of the ‘nvolved mo'ecu'e by
the ejection of orbitai etectrons. Two previously nonexisrent electron masses appear asa result
of 1he d'sappearance of the photon energy All of the photon energy ‘s given up 1o the two
electrons, w.rh the exception of a3 very small amount going 1nto the reco.'ing nucleus The
reaction 1§

by ~e +¢e + 2E,
The energy equivalent of each electron mass 1s 0 51 MeV. wh:ch stabl:shes the reaction
threshoid at 1.02 MeV Any excess energy s divided almost equal'y between the two particles.
w'th the positron receiving st\ghtly more than the negatron

Each etertron of the pawr loses energy by omzation as it moves off from the point of
origin, When *+  positron energy becomes low t combtnes with a negatron 'n a process that is
the reverse of ...t by which 't was created

e+e +2hy

The two gamma rays in the above equation are called annhifation radiation . since they result
from the disappeatance of the mass of the two etectrons This equation s h.ghly favored at low
kinetic energies; hence n most reactions energy comes only from the electron masses. This
ieads to photons produc:ng photons with energies somewhat above 0 51 MeV The two
annihiaron photons move off n almost exactly oppos'te directions which permits some
locatization measurements by simultaneous counting

Part of the energy initially derwed from a photon absorbed by par production goes 'nto
secondary photons, and 15 removed to a cons:derable distance from the pr'mary interacrion
This requres the use of two absorp1:on coe'ficients true and total as for Compton scattering
Toral absorprion coefficients can be calculated drectly true absorption by parr production
requ«es that the toral coefficient be reduced by the factor

hy 102
hy

where hy must be :n MeV. Near the threshoid there w:!l be a substant:a! d-fference between the
two coefficients.

The anmhitation process s pictured as the formation nitatty, of a hydrogen itke
structure, pos:tromum 11 which the nucleus s the pos:tion This positron negatron structure
can be quantized exactly ke the hidrogen atom L:ke hydrogen, the ground state of
positrontum s an S state with zero angular momentum The cafculated lifetime of the singlet
state (spins of positron and negatron ant: paraltel) s only 10 ' sec Orthopositronium the
triplet state ¢ which the spins are paralle! has a mean I'fe of about 10 ' sec, which s long
enough to per m't 1dent tication and 10 measure some of 1ts opt-cal propertses
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LECTURE N° 2
RADIATION QUANTITIES AND UNITS

The purpose ot this section is to introduce and def:ne the ma+n cancepts. quant:ties, and
unnts used 'n radiation dostmetry, Since these concepts occur continually throughout the
remainder of this course it s pruden. to examine them n great deta:! It is the 'ntent of this
lecture to ntroduce these conceps through a historical rewiew and through a logwcal
development that emphasizes the important relationships existing between various quantites

It would seem apparent that dosimetry 1s simply the measurement of dose by means of
dos:meters, And essentially this is correct. In radiation dosimetry, at the present time_the sole
proper use of the term dose in as an abbreviation for absorbed dose The latter is defined as the
energy 'mparted to matter by iomzing radiation per unit mass of material However, in the
hterature, dose has been used in several senses; this reflects the fact that there are several
different types of measurements that have been found possible and useful :n the study and
control of the effects of iomzing radiation on matter  The major types of measurements are:

1. Measurement of the absorbed dose in the matter at the point of interest

2. Measurement of the energy released by nduectly ionizing particles per unit mass of
some reference materal at the point of interest. This serves as a convenent
abbreviated description of the radiation there The reference materal may be esther
the actual material present at the pont of interest, or some other mater at

3 Measurement of the number of particles and quanta, or therr energy, 'nc:dent at a
gven point,

4 Measurement of some function of the number and energy of the particles and
quanta ncident at a given point

Rad:ation dosimetry 1s commonly apphed to a!f of these types of measurements. not just
the measurement of absorbed dose

Before we proceed with this discussion, let s go back many years and take a closer look ar
sorne of the concepts, etc. which are necessary in radation dossmetry The following descussion
was taken n large part from Report 10a ' Radiation Quantities and Units’ | of the Inter national
Commiss:on on Radiological Units and Measurements.

Dosimetry has always been closely related to the practice of radwology, because
radiologists were, until recem years, the largest group of users of rad«ation sources The primary
goal of radiwlogists was ssimply 10 control the amount of radiation delivered by ther x ray
machines from one time to the next. This was not easy with the early gasfilled x ray tubes
These cold not be manufactured reproducibly and were not stable n operation The problem
was considerably simphified with the introduction 1n 1913 ot the relarwvely stable Cootdge
hot-filament, high vacuum xray tube, but even these required some mode of output
calibration,

Many different physical effects were used in early measurements of x radiation. including
calor imetr ic, chemical, photographic, and solid state coloration and fluorescence effects In the
early days of radiotherapy, a widely used indicator of radation dose was the threshoid
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erythema dose. This is the amount of radiation requied to produce a mid reddening of the
skin; it provided a gross measure of the total absorbed dose By 1925, ionization chambers had
become the method of choice because of ther convenence, stability, and reproducibility { wild
discuss these chambers 1n deta:! in a later lecture It soon became apparent that two air filled
chambers, identical except for the materals of the chamber walls, could give quite different
values of ionization current n the same radiation feld. To ehminate this wall effect and to
make the response dependent upon 10mzation n air only, the free air chamber was developed
during the 1920's and 1930°s. During this period, concern over the measurement of x rays in
radiological practice led to the organization of an international body to deal with the problem.

The First International Congress of Radiology (1925) created an organization known as
the International Commission on Radiological Umits (ICRU) to deal with the problems of
radiation measurement and standardization n radiology. Later the words "and Measurements’’
were added to the name of the organization, but ICRU” was retained as the abbreviation

In 1928, the ICRU established a unit for that quantity which was measured by the
free-air chamber, It was called the Roentgen, after the discoverer of x rays, and abbreviated,
“r”, The roentgen was originally defined to provide the best quantitative measure of exposure
to medium energy x-radiation which the measuring techniques of that day permitted The
choice of air as a standard substance was not only convenient but also appropriate for a
physical quantity which was to be correlated with the biological effect of x rays, since the
effective atomic number of air 1s not very differenmt from that of tissue. Thus a given biological
response could be reproduced approximately by an equal exposure in roentgens for x ray
energies available at that time. Since 1928, the definition has been changed several times, and
this has ref lected some feeling of dissatisfaction with the clar ity of the concept

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

Even before this, the need for accurate dosimetry of neutrons and of charged particles
ficm 2zcelerators or from radionuclides had compelled the International Commission on
Radiological Units and Measurements (ICRU) to extend the number of concepts. It was also
desirable to .mroduce a new quantity which could be more dwectly correlated with the local
biological and chemical effects of radiation. This quantity, absorbed dose, has a generality and
simplicity .vhich greatly facilitated its acceptance, and in a very few years, it has become widely
used i1n every branch of rad:ation dosimetry.

the introduction of absorbed dose into the medical and biological field was further
assis-2c r.y defining a special unit -the rad. One rad is approximately equal to the absorbed
dose i i*v.red when soft tissue 15 exposed to one raentgen of medium volitage X radistion.
Thu in many situations of interest to medical radiology, but not in all, the numbers of
vniecas and rads associated with a particular medical or biological effect are approximately
ey A’ and experience with the earlier unit could be readily transferred to the new one.
Aitiough the rad is merely a convenient multiple of the fundamental unit, era/g, it has already
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acquired, at least 1n some circles, the additional connotation that the only quantity which can
be measured n rads 1s ahbsorbed dose On the other hand, the rad has been used by some
authors as a umt for a quautity called by them first collision dose, this practice 1s deprecated
by the Commission.
Definitions

1 The absorbed dose (D) s the quotient of AE, by Am. where AEy 15 the energy
imparted by 1omzing radiation to the matter in a volume element, Am i1s the mass of the matter
in that volume element

D =AE,/Am

The symbol A precedes symbols for quant:ities that may be concerned with averaging
procedures,

The spectal unit of absorbed dose 1s the rad
1 rad =100 erg/gm = 1/100(J/kg)
Note : J 1s the abbrevaation for Joule

2. The particle fluence®or fluence (P} of particles 1s the quotient of AN by Aa. where AN
is the number of particles which enter a sphere® "of cross sectional area Aa

b =AN/Aa

3. The particle flux density or flux density (¢} of particles i1s the quotient of Adb by At
where Ad is the particle fluence in rime At

¢ = Ab/AL
Note. This quantity may also be referred to as particle fluence rate

4. The energy fluence (F) of particles is the quotient of AE, by Na, where AE, 15 the sum
of the energies exclusve of rest energies of all the particles which enter a sphere of
cross sectional area Aa.

F=AE, /Na

* This quannhty :g the same as the quant:ty, nvi. common'y used +n neutron phys:cs

** This quantity 's somet:mes detined with reference 10 a plane of acea M, insread of a sphere of
cross-sectional aea Na. The plane quantity /s less useful for the present purposes and ¢ wil not
be defined. The two quantit.es a'e equa! tor a unidirecrional beam of part.c'es perpend«cutarly :ncident
upoNn the plane a-ea.
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5. The energy flux density or intensity (1) is the quotient of AF by At where AF s the
energy fluence in the time At.

| =AF/M
Note: This quantity may also be referred 10 as energy fluence rate.

6. Thekerma® (K) s the quotient of AE, by Am. where AE, s the sum of the initial
kinetic energies of ail the charged particles iberated by indirectly 1omizing particles in a volume
element of the specified material Am is the mass of the matter in that volume element

K =AEK/Am

Note: (a) Since AE,. 15 the sum of the imtial kinetic energies of the charged particles liberated
by the indirectly ionizing particles, it includes not only the kinetic energy these charged
particles expend in collisions but also the energy they radiate in bremsstrahiung. The energy of
any charged particles is also included when these are produced in secondary processes occurring
withiir the volume element. Thus the energy of Auger electrons is part of AEK

(b) In actual measurements, Am should be so small that its introduction does not
appreciably disturb the radiation field. This 1s particularlv necessary if the medium for which
kerma is determined is different from the ambient medium; if the disturbance is appreciable, an
appropriate correction must be applied.

{c) It may often be convenient to refer to a value of kerma or of kerma rate for a
specified material in free space or at a point inside a different material In such a case. the value
will be that which would be obtained if a small quantity of the specified material were placed at
the point of interest. It is, however, permissible to make a statement such as. * The kerma for
air at the point P inside awater phantom 1s . ' recognizing that this is a shorthand version of the
fuller description given above.

{d} A fundamental physical description of a radiation field 1s the intensity (energy flux
density) at all relevant points. For the purpose of dosimetry, however, it may be convenient to
describe the field of indirectly i0mzing particles in terms of the kerma rate for a specified
material, A suitable material woud be air for electromagnetic radiation of moderate energies,
tissue for 2ll radiations in medicine or biology, or any relevant material for studies of radiation
effects.

Kerma can also be a useful quantity in dosimetry when charged particle equilibium exists
at the positon and in the material of interest, and bremsstrahlung losses are negligible. It is then
equal to the absorbed dose at that point. In beams of x or gamma rays or neutrons, whose
energies are moderately high, transient charged particle equihibrium can occur; in this condition
the kerma is just slightly less than the absorbed dose At very high energies. the difference
becomes appreciable. In general, if the range of directly ionizing partictes becomes comparable
with the mean free path of the indirectly ionizing particles, no equilibrium will exist.

e v E e m A . & . B = S e - . 2t - ———— e o - o o

* Various other methods of specifying a radwarion t.eld have been used, e.g. tor a neutron source the
“first colligion dose”” 'n a standard material at a speditied point,
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7. The exposure (X) s the quotient of AQ by Am, where AQ is the sum of the electrical
charges on all the ions of one sign produced in av when all the electrons (negatrons and
positrons), liberated by photons in a volume element of air whose mass is Am, are completely
stopped in arr,

X = AQ/Am
The special unit of exposure is the roentgen (R}
1R =2.58 x 10"% C/kg

Note: (a) The words “charges on all the ions of one sign” should be interpreted in the
mathematically absolut sense.

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

{c) With present technigues, it is difficuit to measure exposure when the photon energies
involved lie above a few MeV or below a few keV.

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

8. The /inear energy transfer (L) of charged particles in a medium is the quotient of dEL
by dl where dE L is the average energy locally imparted to the medium by a charged particle of
specified energy in traversing a distance of di.

L =dE, /di

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

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

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

W=E/N,

- -

® This umit is numerically identical with the old one defined as | e.s.u. of cherge per 0.001293 gram of
sir. Cis the sbbrevistion for coulomb.
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Note: {a) The ions arising from the absorption of bremsstrahlung emitted by the charged
particles are not to be counted in Nw.

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

10. The activity (A) of a quantity of a radioactive nuclide is the quotient of AN by At
where AN is the number of nuclear transformations which occur in this quantity in time At.

A = AN/At
The special unit of activity is the curie (Ci).
1Ci=37x10'"% 57! (exactly)

Note: In accordance with the former definition of the curie as a unit of quantity of a
radioactive nuclide, it was customary and correct to say: Y curies of P-32 were
administered...” It is still permissible to make such statemants rather than use the longer form
which is now correct: ‘A quantity of P-32 was administered whose activity was Y curies.”

11. The dose equivalent (DE) is defined as the product of the absorbed dose and other
necessary modifying factors. The ICRU wishes to reserve the term RBE for use in radiobiology
only The term quality factor (QF) should be used for protection purposes. The product of an
absorhed dose and a suitable quality factor expresses the irradiation in terms of a common scale
for all ionizing radiations. The distribution factor (DF) is used to correct for nonuniform
distribution in the case of internally deposited radionuclides. Thus, the dose equivalent is given
by

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

DE s numerically equal to the dose in rads times the appropriate factors. The unit of dose
equivalent is the rem.

Table 2 1 summarizes the quantities and units discussed in the lecture.
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TABLE 2- 1

Table of Quantities and Units

Units
NO Name Symbol Dimensions * MKSA cas Special
4 Energy Imparted (Integral - E J erg gm rad
Absorbed Dose)
5 Absorbed Dose D EM! Jkg™! erg gm ™! rad
6 Absorbed Dose Rate - EMIT! Jkg~'s™! erggm's”! rads™' etc.
7 Particle Fluence or Fluence ) L? m™? cm™?
8 Particle Flux Density o L 37! m2s”! cm™2s7!
9 Energy Fluence F EL? Jm~? ergcm 2
10 Energy Flux Density or Intensity I EL 27! Jm 357! ergem %s7!
n Kerma K EM™! Jkg™! erggm™’
12 Kerma Rate ~ EMIT! Jkg's! erggm's”!
13 Exposure X am™! Ckg"! esugm™! R(roentgen)
14 Exposure Rate . am-!'T1-! Ckg“s“' esu gzm"s" Rs™! etc.
15 Mass Attenuation Coefficient ulp L:Mm! m‘kg™! cm?gm™!
16 Mass Energy Transfer Coefficient B\ /p L2M! m2kg™! cm’gm™!
17 Mass Energy Absorption TN L2m! mikg™' cm?gm™!
Coefficient
18 Mass Stopping Power S/p EL:M™! Jm?kg™! ergcmigm™!
19 Linear Energy Transfer L EL™! Jm~! ergcm™! keV{um)™*
20 Average Energy per lon Pair W E J erg eV
22 Activity A T! s7! s” Ci (curie)
23 Specific Gamma-Ray Constant r aLm-? cmikg™! esu cmZgm™! Rmh 'Ci'! etc.
Dose Equivalent DE - - rem

* It was desired to present only one set of dimensions for each quantity, a set that woud be suitable in both the MKSA and electrostatic cgs sys-
tems. To do this, 1t was necessary to use a dimension Q, for the electrical charge. that is not a fundamental dimension in either system. In
the N!KSA system (fundamentai dimensions M, L. T. 1) Q represents the product IT; in the electrostatic-cgs system (M, L. T) it represents

MALR T
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LECTUREN®3
THE PHYSICAL BASIS OF RADIATION DOSIMETRY
introduction

{mplied in the term radiation dosimetry is the central problem in the field. One is given
an environment consisting of corpuscular radiations distributed in an unknown fashion with
respect to quantity, nature, direction, and energy. The problem of dosimetry is that of relating
physical measurements of this environment to doses which are important from the standpoint
of radiation physics and radiobiology.

Two approaches to radiation dosimetry may be considered. The first approach gives
primary attention to the radiation field itself; in concept, measurements of the energy-angle
distribution of particles in the field coud be carried out to obtain a complete description of the
radiation environment in a given locale. This information could be employed, e.g., to compute
the detailed distribution of radiation dose within a human placed there. The second approach
characterizes the field primarily in terms of its interaction with matter located in the region of
interest. This approach is of great practical importance and has formed the basis for ailmost all
of radiation dosimetry.

The distinction between the two approaches is somewhat arbitrary in that one knows the
radiation field only through its interaction with matter. The point of the second approach is to
avoid a complete characterization of the field by taking advantage of the fact that the doses of
interest are usually integral ones, requiring sums over the various spectral components of the
field, weighted by more or less well known importance factors at the different energies. Thus,
rather than obtaining a complete description of the energy distribution of the field only to
perform a sum over this distt ibution to find the dose, one tries to utilize methods by which the
sums are in a sense automatically performed.

The term dose 1s biologically oriented and originated during the early medical use of x
rays. It is now defined in terms of physically measurable quantities. The ideal unit of dose from
the standpoint of radiation protection and biophystcs would be one which would produce the
same biological effect independent of the kind and energy of the radiation. Such an iceal is
probably unattainable because of the extreme complexity of radiation induced damage tn living
systems, In practice, one employs a physical dose unit which gives nearly the same biological
effect independent of the energy of a given kind of radiation.

A reasonable choice for dose is the energy absorbed by (or alternately imparted to) a unit
mass of matter. Hence, a unit such as the rad accupies a useful position in modern dosimetry,
even though more sophisticated measure of radiation fields, such as linear energy transfer
(LET), have assumed important positions in recent years. Definitions of various units of
radiation dose were discussed in Lecture 2.

In the present lecture, the physical concepts upon which the second approach to
dosimetry is based will be discussed. A well-known prescription for relating a phisical
measurement in a radiation field to a dose in that field is embodied in the Bragg-Gray principle.
This principle s important historically and in the practical design of many gamma and neutron
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dosimeters v has been considered in great deta:! by varous authors s:nce its or:g'nal
formulation and wit be discussed below n the framework of a more general principle of
radiat'on dos:metry

Varation of Dose w:th Energy

The fust cothsion dose 10 a gwen material and its variation with the energy of the
ympinging corpuscular radiation are ‘mportant concepts in radatron dossmet’y The physical
situation ‘mplied by the term “fust coli:sson 15 one :n which a beam of onizing radation s
incident on a mass so small thar the artenuaton of the beam in the mater.at »s smail, The first
collision dose 1s usuatlly expressed 'n terms of the energy imparted to a unit mass of the material
per umit time and per unit flux of the incident beam. The term f:rst co/lision dose has, as you
know, been replaced by the term kerma. However, fuirst colission dose s very often used even
today, since the wirds are very descr iptive of the phys:cal interaction processes

The central rmportance of this quantity s due (in add«tion to its ssmpticity) to the fact
that many radiation measuring nstruments have an energy response approx:mat:ng the first
collision dose energy relationship. Such an instrument may be used to measure the first
collision dose in a free radhation field, or equally important . it may be employed 'n the form of
a small probe to measure the dose inside a large mass of material placed in the field In the
latter situation, 1 giwves a phys:cal measure of the dose to a sma'l element of mass inside the
larger one «n a region where the dose may have a large spat+a! gradtent and a magnitude quite
different from the free field va'ue

Because of the importance of the fisst coltision dose 1o radiat'on dosimetry, numerical
data are gwen below for certain important materials

First Collision Dose from Gamma Radiation

There are thiee imporiant ways n which gamma rays interact with marter 1in the range of
photon energres from 10 keV to 10 MeV. These are (1) the photoelectric effect, (2) Compton
scattering, and {3) par producton. These processes of impostance to dos'metry wer e discussed
in Lecture 1.

In the photoelectric process. the ejected electron acqurres kinet:c energy equal to the
photon energy minus the binding energy of the eleciron 1in 1ts imtial state «n the atom_ Inthe
case of Compton scattering, the struck electron may assume diffesent k:netic energ.es
depending upon the angle of scatter of the photon. At eneryies above twice the electron rest
energy (2 mc’) where par production is possible, the photon energy 1n excess of this value is
taken up as kinetic energy be the elect-on positron pa«s. The energy of annihilation photons is
not included 1n the def:imtion of first collision dose since thew attenuat:on 'n matter occurs 'n
a distance compar able with the atrenuaton length of the primary photons

For purposes of calculatng fust collision dose, we assume that the energy of secondary
ionizing radiations, e.g.. electrons and positrons. hiberated in these processes s dissipated locally
{r.e., 1n a distance small compared with the mean range of the ps:mary radiation). This a good
approximation n the energy range to be considered here, where one may choose a mass of
mater @' 10 be small compared wrth the attenuat«on length of the prsmary gamma rays and large
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compared with range of the electrons.

Defining pl? (E) to be the first collision dose from gamma rays of en.. 4y E in units of
rad/(photon . cm~?), one may write for an arbitrary material composition,

DI7HE) = 1602 x 107 I N; [7,(E)P* (E) + GENEV(E) + Ky(ENPPIED]
where
Ni = number of atoms of the i*" element per gram of the material,
7,(E) = photoelectric cross section of the it" element (ir cm? /atom),
oi(E) = Compton scattering cross section of the ith element (in cm? fatom},
ki(E) = pair production cross section of the ith element (in cm? /atom),

eipe(E) =average kinetic energy acquired by electrons ejected from atoms of the ith
element (in MeV); (e =E - Eg where EI'3 is the average binding energy of
electrons in the it" atom),

€“(E) =average kinetic energy transferred to electrons in the Compton scattering
process (in MeV),

epp(E)=averege kinetic energy absorbed by the electron positron pair (in MeV)
(ePP =E - 1.022).

The summation extends over all types of element i in the target. The factor 1.602 x 1078
converts MeV per gram to rads. Both € and €”P have been taken independent of the kind of
atom, because in the range of energies where these processes are important, the photon energy
is much larger than the electronic binding energy. This is not necessarily true for the
photoelectric process, where for some elements, both K-and L-shell photoelectric processes may
be important. In this case, an average binding energy El'amust be employed.

Figure 3-1 shows the relation between first collision dose in rad/ (photon . cm~2) and the
photon energy for soft tissue, bone, air, and carbon. An approximate expression for the first
collision tissue dose-energy relationship is

0{7) (E) =3.7 x 10~? E rad/(photon . cm~?)

Where E is the photon energy in MeV. This equation is valid to t 30% in the energy range
.06 MeV < E <7 MeV. The ratios of the rad doses in bone, air, and carbon to that in tissue at
various energies are given in Figure 3-2.

The salient aspects of these curves is easily understood. At low energies, the dominant
interaction between photons and atoms results in photoelectric ejection of electrons. The cross
section for this process increases very rapidly as the photon energy decreases and varies with Z,
the atomic number of the atom, approximately as Z" at a given photon energy. Here n is
roughly 4 or 5. Thus in the energy range below ~ 0.03 MeV, the first collision dose to bone is
an order of magnitude larger than that to soft tissue because of the presence of relatively high-Z
atoms in the former. At photon energies in the region 0.02 - 1 MeV, the dominant interaction is
Compton scattering. Since the cross section for this process is proportional to the total number
of electrons in a given atom and since the electronic density in most materials is approximately
constant, one finds only minor differences in dose in this energy range. Similar considerations

i
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hold for higher energ:es where pa« production becomes impo-tant
First Collision Dose for Neutrons

The fuwst coll-sion neurron dose D'’ imparted to a particular substance when wradiated
by neutrons of energy E may be wi:tten

D'™E1=1602x10"* T XN, 0 (E)e (E)
o
where

Nl = number of nucle: of type : per gram of substance,

0, = cross section of the " kind of nucleus for the reaction in which 1onizing
particles of type | are produced,

e |~ average kinetic energy acquired by the ;'“ kmd of 10nizing secondary ejected In
an interaction between a neutron and the ' type of nucleus.

The averaging process used to obtan €,'s understood 10 be carried out over all possible
energies which the j'" kind of particle may acquire. In the simple case of elastic scattering
which 1s sotropic n the center of mass system of the neutron and the struck nucleus, one has
2mM,
€. (E) (m + M )‘

where m and M_are the masses of the neutron and the "M kind of nucleus, respectively. This
kind of elastic encounter obtains for the scatter of neutrons on hydrogen nuciei in the range
0 <E <14 MeV. When E becomes as small as a few eV, the chemical binding of hydrogen
nuclei 1n molecules becomes tmportant, and this relation s no longer valid In the case of nuclei
heavier than hydrogen anssotiop:c center of mass scattering sets in at considerably lower
energes. In general, the larger M becomes. the more limited 1s the range of energres in which
the above equation s val«d. However, in substances rich in hydrogen, such as soft tissue, the
first collision dose may be computed with the reasonable accuracy up to v 10 MeV, using this
equation to compute the energy imparted n elastic encounters with all nuclei This is so
because collisions of neutrons with H nuclei are responsible for most of the energy absorbed in
this case. (See Figure 33.)

if elastic scattering i1s arssotropic in the center of mass system (sometimes called

"forward'’ elastic scattering), one may write

gy = 2™ (-1 (E)E

e — - - -

't fc+ M) :
where the differential elastic scattering cross section of the i*" nucleus 'n center of mass
coordinates s expanded as follows:

e

e OQ(E) o (1)

g (E8) = H- 3 (20 + 1) f (E) P,2 {cos 6)
ar g=o

In this formula a olE) s the total elastic scattering cross section of the i'" nucleus (f:;' =1),

PQ(x) is the ¢'" Legendre polynoma! and 9 s the scattering angle
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If the neutrons induce a nuclear reaction of the it® kind of nucleus in which a charged
particle is emitted with reaction energy o‘ij' then

eij(E) =(E + Qij) St(E + 0“),

where Qi. may be either positive or negative, depending upon whether the reaction is exoergic
or endoergic, and St{x) is the unit step function

For purposes of computing first collision dose, gamma rays emitted subsequent to
inelastic neutron scattering on nuclei are not considered, since these are not absorbed locally.

Figure 3-3 shows the first collision dose (or kerma) to soft tissue as a function of neutron
energy. Curve A includes contributions from 33 reactions which take place in tissue. The other
curves show the relative contributions of certain types of interaction processes Special note
should be paid to curve B for hydrogen elastic collisions. One concludes, for neutrons above
100 eV, that the first collision dose to matter containing an appreciable atom number fraction
of hydrogen may be computed with good accuracy considering only elastic scattering with
hidrogen.

Figure 3-4 gives the first collision dose to CH,, H,0, bone and C. Isotropic center of
mass scattering was assumed for the first three of these substance, while for carbon anisotropic
scattering data were used, Figure 3-5 shows the ratio of CH, dose to soft tissue dose as a
function of energy. Both doses are first-collision values computed assuming isotropic center of
mass scattering for all elements. This ratio varies in an irregular way with energy, but the
variations are rather narrow in width, and when averaged over a reasonably smooth spectrum of
energies may be considered constant at v 1.45 to a good approximation for many purposes.
CH; is important since it is used in the Hurst absolute fast neutron dosimeter which will be
described in a subsequent lecture.

The Bragg-Gray Principle

Many effects of a biological and physical nature are related to the energy charged
particles impart to matter, and measuring it is an ever present problem A historically preferred
method is to mea.ure the ionization in a gas and infer from this measurement the energy
absorbed in the surrounding medium. An estimate can also be made of the absorbed dose in
other materials which might be placed in the same geometrical configuration. For instance, a
measurement might be made of the ionization in an air cavity surrounded by an air equivalent
wall, and this information used to infer the absorbed dose in a volume of tissue placed at the
same position. A prescription for obtaining the dose to the walls of a small gas-filled cavity
from ionization measured in the cavity is contained in the Bragg Gray Principle. This principle
has assumed great practical importance in the design of gamma dosimeters.

The use of cavity ionization chambers for the measurement of x- and vy ray dose was put
on a firm basis by the careful work of Gray, who also considered the cavity chamber for the
measurement of fast neutron dose. He showed that for a cavity chamber, the ’Bragg-Gray”’
relation may be written

o' =wJs/100
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First Collision {Kerma) Neutron Dose to Soft Tissue as a Function of Neutron Energy
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where
D' = dose to the wall in rad,

W  =energy in ergs required to produce an ion pair in the gas contained in the
cavity,

J =number of on pars formed per gram of the gas

S = mass stopping power of the wall materia! relative to that ot the gas for the
1oni1zing par icles associated with the primary radaton.

Gray concluded from a detailed examinat'on of data then available that W was a constant
for electrons 1n aw wrespective of ther energy. The value he gave was 32 5 eV/ion par while
more recent data indiwcate that a value somewhat less than 34 eV s probably more nearly
correct. The independence of electron energy seems valid for electrons of tn:tial energies abave
" 0.5 MeV. W for both electrons and a particles may vary rather markedly from one gas to
another.

The originat treatment of Gray assumed that S was the ratio of stopping power in the wall
material relative to that in the gas and that S was not dependent upon energy Laurence later
made a natural extenston of this treatment, taking S to be averaged over the spectrum of
ionizing particles which cross the cavity. Other workers have considered the production of
energetic delta rays in the cavity to obta«n still another approximation to S This consideration
is commonly catied the Spencer Attix extension of the Bragg Gray theory It i1s found that
wher e the gas and the cavity wall are reasonably close in atomic number, the use of an average S
gives an excellent approximat:on for most pur poses.

In order for the Bragg Gray relation to hold it 1s necessary(1) that the dimensions of the
cavity be small compared with the range of the secondaries in the cavity and{2) that charged
particle equshibrium shat! obtain, i.e. that the wall thickness be greater than the range of the
most energetic secondartes 1n the wall and small compared with the attenuation length of the
primary radiation in the wall. If the cavity gas and wall mater:al have the same atom:c
compostition, the first requ'rement may be relaxed In this case neglecting the etfect of chemica!
binding upon stopping power which s known 1o b~ small as long as the velocity of the
secondaries is not too low, one may write S = p, where p is the ratio of the density ot the wait
mater ial to that of the gas.
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LECTURE N°4
DETECTION AND MEASUREMENT OF RADIATION
{ntroduction

It has long been known that radiation which has sufficient energy to ionize matter can
damage living tissue. In fact, the earliest commonly used unit of radiation exposure dose, the
roentgen, was defined in terms of the ionization produced in air. More recently, ..:e trend has
been to specify instead the absorbed dose measured in terms of the quantity of energy
deposited by the radiation per unit of mass of irradiated material at the place of interest. Many
of the practical devices employed in the determination of dose or dose rate depend upon an
evaluation of the ionization produced in the detector by the radiation in question. In such
instruments as ionization chambers and count rate meters which employ gasfilled detectors, we
are concerned with the quantity of ionization produced by the radiation and with the
subsequent history of the electrons and gaseous ions produced for information leading to the
dose or dose rate being measured. lonization in gases and the behavior of the products of
ionization in typical detectors will be the subjects of primary concern in this lecture.

Creation of lons
Basic ldeas of Excitation and lonization

When an ionizing particle traverses a gas, part of its energy is lost in ionizing the gas
molecules, and part is lost in processes other than ionization. Hence, the number of ion pairs
{electrons and positive ions) produced will always be less than the ratio of the energy lost by
the ionizing particle and the ionization potential V, of the gas. From the point of view of ion
yield, a portion of the energy is wasted, since the ion yeld is the measurable quantity. The
situation is simplified somewhat if attention is restricted, for the present, to ionizing particle
velocities large compared to the Bohr orbit velocity (v = e?/H). With this restriction, energy
losses occur predominantly by direct impact between the particle and single orbital electrons of
the gas and may be generally classified into three types:

(a) Excitation collisions in which the molecule is raised to a higher energy state, but in
which ionization does not occur.

(b) Light ionizing collisions in which the energy lost is of the order of the ionization
potential V, of the gas.

{c) Violent collisions in which energetic secondary electrons, called delta rays, are
produced.

Types (a) and (b) are most important from the standpoint of the total energy lost by the
primary particle. Violent collisions are relatively rare and contribute little to the final total
ionization; furthermore, the energetic secondary electrons dissipate their energy ultimately in
collisions of the types (a) and (b). Since the relative numbers of excitation and light ionization
collisions are practically independent of the nature and velocity of the primary particle, a
constant amount of wasted energy, on the average, is associated with the formation of an ion
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pai. Because of rhis cancrancy ' has been found convenent 10 def.ne the pa-ameter W, the
ave-age energy 'ost per -on pa -+ produced by
E
W=
N

ww

where E ‘s the energy 'ost by the pa‘1.cleand N, 's the numbe' of 'on pars formed From the
above arguments i1 follows that W w.'t have a character st'c value tor each gas but w:il be
nea' 'y «ndependem of the nature and veloc'ty of the p-'mary part-cle for veloc ties appreciably
grearer thanv,

W Values and Their Application to Dosimetry

H'storcally, the earty -nd.cat on of a dvect proportonal:ty between energy Iust by an
0mz2ng part«cte and the on-zatron produced n a gas rogether w:th the general appltcation of
gas filed detecrors ro dosimet-y measurements gave 'mportance to accurate expersmental
deteem:nations of W fo- var-ous gases and d.tferent «on:z'ng particles Calculations ot W are
complex and have been made on'y for the ssmplest gases A deta:led calculat:on of W for atomic
hydrogen us:ng theoretcal cross secr:ons gave a value of 36 eV/ion par compared with the
measur ed vatue of 36.3 eV/on paw for motecular hydrogen Another calcutaton yrelded a value
of 43 eV/ion par for hehum n good agreement with experrment Calculations for more
compiex gases have not yet been made

The expe: 'menal determ:nation of W for electrans has been the subject of 'nvestigations
for more than 40 years. Var-ous invesr:gato’s have used bet2 rays. photons and accelerated
elect-on beams from heated filaments as sources rang'ng :n energy from a few electron volts to
more than 20 Mev Measurements have been made n var.ous 1ypes of ion:zation chambers. in
proportional counters -n cloud chambers, and n calor'meters White a« has been the most
frequent'y stud.ed gas al ot the more common gases have been nvestigated by one technique
or another. Much ot the ear e work suffered from quest.onable gas pur 1ty, yet. considering the
var ety of techniques employed the results are in rather good agreement

Impurities

It was mentioned previously that ea''y measurements of W were somet:mes naccurate
due 10 ‘mpur-ties n the gas. This .5 particuiarly true of the noble gases and the measurements
'n hel-um best «Hust-ate the iarge change 'n ‘onzat.on etficrency which result from even trace
amounts of orher gases. Although ear'y measurements gave values of W of abour 30 eV/ion pair
for He, theoret:cal calcu'at-ons ind:cated that the vaiue should be greater than 40 eV/ion pasr
Using very carefully pur fred het um gas Jesse and Sadausk:s and Bortner and Hurst obta'ned
expe 'menta' values of 427 and 46 0 eV/on par  respectwe'y and by the del-berate add:tion
ot smat! amounts of contaminant gases showed that the low values obta:ned ea'!er were due to
"mpu 1 .es,

Mixtures

It s somet-mes necessa'y 10 employ a m xtu e of two gases 10 achieve a desired operating
characrerst.c of an omzatcon chamber o« proport.onal counter (n this case the 'nterpretation
of data may requrre a knowledge of the effective W for the m'xture It has been found that an

1
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effective value, W:j, can be calculated for mixtures of several pairs of molecular gases using the
empical equation

Wij =(W, - Wj) Z6j + W'.

where
P;

Zii = o '_fl
Here W, and Wj are the W-values of the pure constituent gases present in the mixture at partial
pressures P, and Pj, respectively. The quantities f; and fj are empirical constants tabulated in
Table 4-1 for various gases.

TABLE 4-1

Constants for Calculation of wii for Certain
Binary Mixtures of Gases

Gas fiort; Gas  fiorf;
H, 0.5 CHs 1.8
N, 1.0 CH, 33
0, 1.3 C,H, 34
Co, 1.8 C,H¢ 35

DC Measurement of lonization
Recombination and Electron Capture

The electrons and positive ions formed in a gas during ionization may be partially or
totally lost to obsevation by recombining with each other. If the gas is electronegative or is a
mixture containing electronegative components, recombination may be preceded by electron
capture to form negative ions. One classification of the mechanisms by which recombination
occurs is based on the possible schemes by which the excess energy of the system may be
disposed of. Another classification is based on the past history of the ions:

(a) Preferential recombination between the positive ion and the negative ion (or
electron) from which it was originally separeted.

(b) Columnar recombination between positive ions and negative ions (or electron)
distributed along the track of the ionizing particle.

(c) Volume recombination between positive ions and negative ions (or electrons} from
the tracks of different particles.

Preferential recombination in nonelectronegative gases resuits when the liberated electron
suffers a collision very close to its point of liberation and is scattered to the neighborhood of
the parent ion. In electronegative gases, the electron may be captured very close to its point of



tberat'on tc form a negat:ve ion which w+'t then comb:ne wtih the parent positive ion. Except
n electronegatve gases at high pressures, preferential recombination s quite improbable.
Columnar recombination. on the other hand. s a common process and becomes particularly
important 'n an ion:zat-on chamber conta:n:ng electronegative gases. Volume recombination
may be important 1n DC chambers operated in high ntens.y radaton fields

Electrometer Response and Sensitwity

infor mation about tne rotal amount of ion:zation produced in an tonization chamber can
be obta:ned by DC measurements of the current resulting from the motion of the electrons and
ons thiough the chamber gas under the action of the applied etectric field. These small
currents, typically from 10 '* 10 10°" amperes are most conventently measured by
eleccrometers of the vacuum tube vibrating capacitor o quartz fiber types The two methods
of current measurement are known as the IR drop method and the rate of drift method.

in Figure 41, C includes the capacitance of the chambe’, the connectors, and of any
capacitor added to provide a more convenent operat:ng rage. The shorting switch, S,, is used
to protect the electrometer from surges due to the connection of the battery to the circuit and
to discharge of C at the beginning of a measurement. When the applied potential is sufficient to
cotlect the electrons and 'ons in the chamber the magnitude of the resulting current | is
proportiona! 1o the rate of ion product:on and, hence. to the intensity of the radiation field.
When S, is open and S, closed, this current flows to the RC network resulting in a potential
across the electrometer given by

vin =iR(1 e 'RE)

where t 1s the time measured from the moment of switching. The Iimiting, steady rate vatue of
Vit) s

V=IR

if R s known, a measurement of V yrelds the value of the current |. If both S, and S, are
opened at the start of a measurement the flow of the constant current | into C results in a
change of potential across the electrometer with time given by

av o_ 1
At C

In this rate of drift method. the current is determ:ned from the measured value of Av and a
At
knowledge of the value of C,

Most investigators prefer the rate of drift method because of the difficulty in making
accurate determinations of the high values of R and the relatively long response time resulting
from the urs of hugh resistances 'n the measurements of small currents. This latter objection is
overcome by the use of feedback crcuits in most electrometers.

In many DC measurements involving ‘omization chambers, it is i/mportant only that the
pressure of the chamber gas and the appled electric field remain constant in order that the
measured current be proportional to the intensity of the rads:ation field. However, in laboratory
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investigations, it is frequently necessary to know that the measured current accurately
represents the total collection of all ions produced in the chamber. In nonelectronegative gases
at relatively low pressures, this condition of saturation can be assured by increasing the applied
field until the measured current becomes constant. However, in electronegative gases and in
mixtures containing electronegative gases, and particularly at higher pressures, it is doubtful
that true saturation is ever achieved, due to capture and recombination.

In recent years, improvements in design of vacuum tube electrometers make these the
most convenient and satisfactory instruments for the measurement of currents in the range of
107% to 107'3 amperes. Below 10 !> amperes, the currents and the fluctuations in the
currents that flow into or out of the grid of the input tube, even when no signal is present, limit
their usefulness. Quartz-fiber and vibrating capacitor clectrometers may have quite high
sensitivities and are preferred for the measurement of currents below 107'® amperes. These
types have the added advantages of exceptional stability and freedom from drift, but suffer in
comparison with the vacuum tube electrometers in most other respects

Chamber Design and Construction

lonization chambers are of so many types, depending on the intended application, that
only the most general desigh and construction features will be considered here. The simple
parallel plate chamber shown in Figure 4 2 will be used to illustrate some of these features This
chamber was designed for the measurement of W values, using an alpha particle ionization
source.

The body of the chamber and the electrodes is made of stainless steel® with Heliarc
welded joints The electrodes are circular metal plates, and the collector electrode is surrounded
with a guard-ring as is customary, to minimize edge effects Neoprene and silicone O rings are
used as gaskets to seal the chamber cover and connector to the collector electrode. Fluorothene
insulators support the collector electrodes, and teflon is used as an insulator in the high voltage
connector assembly and in the connector to the coliector plate. Both are excellent insulators,
and fluorothene, because of its better mechanical properties, is preferable in applications
requiring machining. The high voltage is connected through a modified porcelain stand-off
insulator; Kovar glass and Kovar porcelain lead-throughs are frequently used A smooth finish
on all surfaces is desirable and is essential on the surfaces which will be at high voitages. Before
assembly, all surfaces are thoroughly cleaned with dilute acids or other suitable agents, carefully
rinsed with distilled water and acetone or alcohol, and then thoroughly dried

Commercial laboratory gases have been improved in purity sufficiently in recent years to
make the problem of gas purification less sorious than it was earlier In chambers operated at
high pressures, it is still important to insure the removal of electronegative contaminants such as
oxygen; the removal of molecular gases from chamber filling of the noble gases is essential for
reliable operation. Electronegative contaminants can be effectively removed from most gases by
circulation through calcium tyrnings heated to 300°C or uranium turnings heated to 200°C*"
Helium is purified by passage through a charcoal trap cooled to liquid nitrogen temperatures
and molecular gases, as well as other noble gases, can be effectively removed from argon by
multistage distillation using liquid-nitrogen cooled traps.

:Brm and aluminum are frequently used in the construction of these components,
Special care must be exercised if hydrogen i1s circulated through heated uranium turnings because of the
large quantities of heat liberated 1n the reaction.
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Pulse lonization Chambers

Whereas DC measurements utilizing ionization chambers give infor mation only about the
total ionization produced in the chamber, pulse measurements permit the determinations of the
disintegration rate and energy spectrum of the radiation source as well. However, proper
interpretation of the results obtained from such measurements requires some understanding of
the behavior of electrons and ions in gases, under the action of applied electric fields, and of the
mechanism of puise formation and amplication.

Proportional Counters
The Amplification Process

Proportional counters are usually made in the form of an outer cylinder of ra-lius b with a
thin coaxial center wire of radius a and filled with an appropriate gas to a pressure ranging from
a few millimeters of mercury to a few atmospheres. in the most common mode of operation,
the center wire is maintained at a positive potential with respect to the grounded outer
cylinder. The ratio b/a might have a value from 50 to 10UU. Since the electric field in such a
cylindrical geometry is given by

Ve
" = ino/a)

it is seen that the field in the vicinity of the center wire will become quite large. As a resuit,
electrons moving toward the collector are able to acquire, between successive collisions with the
gas molecules, an energy equal to or greater than the ionization potential of the gas. Each
primary electron will then, in the course of its motion toward the collector, iead to an
avalanche of charge as the secondary electrons, in turn, produce further ionization. Hence, if
there are N, ionization electron liberated by the ionizing particle, there will be a total of 2"No
electrons arriving at the collector, corresponding to n ionizing collisions in the cascade process
for each primary electron. The factor 2" is called the gas amplification. A true proportional
counter will give an output voltage signal proportional to N, and there is a somewhat limited
range of operating voltages for which any counter is truly proportional. If the gas amplification
is less than about 10, the statistical variation in the sizes of the avalanches produced will lead to
poor resolution, If the total ionization is sufficiently large, or sufficiently concentrated in
space, that the avalanches from individual primary electrons interact appreciably with each
other, true proportionality will be lost. Values of gas amplification up to 10° can be obtained
in a properly designed counter without great difficulty.

Counter Construction

If proportional counters are to be used as spectrometers with good resolution, it is
important to exercise special care in their construction. Since they are usually operated with
static gas fillings, it is important to have high purity gas initially and to clean all surfaces
carefully to avoid electronegative gas contaminants from outgassing in continued operation,
The center wire should be as smooth as possible to avoid spurio. . discharges and should be
carefully centered for improved resolution. Because of the small output signals, it is important
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that insulators for the center wire and in the plugs of the high voltage connections be of high
quality to avoid leakage noise in the amplified output. A special counter developed for
application in fast neutron dosimetry will be discussed in a later lecture. However, a few words
concerning the counter construction seem appropriate here. To make it satisfy the requirements
of a Bragg Gray cavity, it is lined with polyethylene and filled with ethylene gas. An internal
alpha particle scurce I1s provided for calibration. The high voltage lead is a Kovar metal glass
seal, and it is fitted with feld tubes, after the manner of Cockcroft and Curran, to eliminate
end effects and determine the active volume of the instrument. In this arrangement, the
potential of the same fieid tube is adjusted to the potential of the same radial position in the
gas at the center of the counter length resulting in radial electric field liner over the region of
the counter between the ends of the field tubes. The large diameter of the field tubes prevents
any gas multiplication resulting from radiation in the region from the end of the counter shell
to the end of the field tube and thus defines the active volume of the counter.

Geiger-Miiller Counters

If a gas filled counter is operated at voltages appreciably above those appropriate for the
proportional mode of operation described in the previous section, the process of gas
multiplication will proceed as before, but proportionality between promary ionization and
amplitude of signal from the counter will be lost due to interactions between the avalanches
from separate primary electrons. For operating voitages sufficient to produce gas amplifications
above about 10°, the mechanisms of avalanche formation and discharge termination lead to
counter performance characterized as Geiger Miller operation. In this mode of operation, the
initial avalanche due to even a single primary electron is followed by a succession of avalanches,
propagated probably through photon emission by the excited atoms, molecules, and ions in the
avalanche. In counters containing pure gases, the photons may produce photoelectrons at the
counter wall to initiate further avalanches; in self quenching counters containing appropriate
gas mixtures, the photoelectrons come principally from the gas. The result is a discharge which
ultimately produces a positive ion sheath along the entire length of the collector. Multiple
discharges due to the interaction of the positive ions with the counter wall are prevented in two
general ways. In counters containing pure gases, the discharge is terminated by resistance or
electronic quenching circuits which lower the applied potential below that necessary to sustain
the discharge. In self-quenching counters containing mixtures of gases and orgaric vapors such
as alcohol or ether, or one of the halogens, the discharge is quenched by the absor ption of the
excess energy in the dissociation of the molecules of the contaminant in counters containing
organic quenching agents, the dissociated molecules do not recombine, and the typical counter
has a maximum lifetime of about 10! ° counts corresponding to the depletion of the quenching
agent. In halogenquenched counters, there is appreciable recombination of the dissociated
molecules resulting in much longer fifetimes.

The Geiger-Miiller counter is used primarily to give a counting rate proportional to the
intensity of the radiation field. In such application, the counting efficiency will depend on the
counter construction and on the nature and energy of the radiation. However, it has several
advantageous characteristics that will probably result in its continued use in survey monitoring
applications. Since the output pulse of the counter is of the order of one volit, there is need for
little, if any, amplification. The typically long plateau of 300 voits or more in which the
counting rate is constant does not require great stability in the high voltage supply, and the high
sensitivity, variety of chapes and windows, simplicity, and low cost all contribute to its
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cominued popularity.

By the proper choice of window or wall materials and thicknesses, uniqueness of response
to a particular type or energy of radiation may be emphasized. Such a special arrangement is
the Phil dosimeter developed at ORNL where a small haiogen-quenched counter shielded with a
lead and tin combination has been used to make an instrument which is energy independent for
photon energy above 150 keV and which is insensitive to neutrons.
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LECTURE N°5
MIXED RADIATION DOSIMETRY
Introduction

This chapter will not attempt to cover all methods of dosimetry based on the ionization
method. Instead, a selected set of examples will be chosen, th2 choices being dictated by two
criteria: (1) The methods chosen will be most representative of the fundamental approaches to
the utilization of the ionization method to measure mixtures of neutrons and radiation, and (2)
the methods chosen are those which find most general application to radiation shielding,
radiation biology, and radiation protection. Methods which are restricted mainly to radiation
protection work (e.g.. survey meters and personnel monitors) will be discussed in a later lecture.

fonization Methods

{t was shown that ionization methods are well adapted to the problem of measuring the
energy absorbed per gram of a material enclosing a sensitive volume. That is, the response, |, of
a chamber in which the total amount of ionization is collected may be expressed as

| = %J j; _WIGE nm (eQ, E)deQ (5-1)
where Wieg) is the energy required for a particle of type £ at ene gy € 1o produce a pair of ions
and nw(eQ,E)deQ is the number of interaction products of type £ which dissipate an amount of
energy in the range of energies between € and (eQ + de,‘.), It also has been assumed that ail ion
pairs are collected. To the extent that W is independent of particle type £ and energy loss €gr
the above equation may be writen as

€
= -1 .
| W (5-2)

where €1 is the total energy absorbed in the gas. It is also known that W is a slowly varying
function of particle type and energy Therefore, the total ionization current provides a fairly
accurate measurement of the energy absorbed in the gas.

The energy absorbed in the gas may be used to determine the energy absorbed per gram
of the material surrounding the gas cavity provided that the conditions stated in connection
with the Bragg Gray principle hold Such arrangements of gas and solid material usually result
in a detector which is too large to serve as a radiation probe” However, the use of such detectors
leads to resuits which may be interpreted to obtain approximately the absorbed dose in some
gases and approximately the first collision dose in other gases. In either case, an additional
requirement must be imposed on the kind of materials making up the detector if it is desired to
measure the dose in another medium (e.g., tissue} over a range of radiation energies. This
requirement may be expressed in the mathematical form

1B g e = £ (5-3)

* A radiation probe i1s defined as a device which 15 small eriough to measure the absorbied dose at an arbitrary
point in 8 medium without perturbing the rad:ation fisld.

}
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where Dy (E) and D, (E) are the first collision doses in the medium of interest and in the
detector materials, respectively; a 's a constant of proportionality and A is the error which may
be tolerated over the energy range £, <E <E;

lonization Chambers for the Measurement of Gamma Radiation

An example of an ionization chamber designed to measure the dose due to gamma
radiation is shown n Figure 51 The design follows the Bragg Gray principle; the sensitive
volume (50 cm* in this case) s filled with CO, gas and 1s surrounded with graphite walls. The
condstion expressed by the above equation may be examined by calculating the first collision
dose in carbon and in tissue as a function of photon energy Following the procedures outlined
in Lecture 3, the dose curves for catbon and for tissue are obtained The ratio of first colhsion
doses, evaluated from the curves in Figure 3 1, 1s

Dy [Ex = SMV 12 008) 5 4)

Dic|e, = 02 Mev
Thus, it is seen that for photons in the energy range from 02 MeV to 5 MeV carbon is
"tissue-equivalent ' provided that an error of 5% can be tolerzted

The approxiniate gamma ray sensitivity of the ionization chamber shown in Figure 51
can be calculated from the defimition of the roentgen and a few simplifying assumptiors. From
the definition of the roentgen (r) {Lecture 2). it 1s known that 1r of x or gamma radiation will
produce in 0 00129 gram of dry av 1 esuor 3 33 x 10 ' © coulomb of charge

We assume (a) that the actual chamber may be approximated by a continuous carbon medium,
{b) that charged particle equilibrium can be established with negligible attenuation or scattering
of primary radiation, and (c) that all the ion pairs are collected. Under these conditions, we
may write

w m

| =333 x 10'" g:z X W: X 0001929r (5-5)
where | 1s the ionization current 'n amperes D,,/D,_1s the ratio of the first collision dose in air
and in carbon, W, and W, are the W values (eV/«on parr) for electrons in air and in the gas,
respectively, mg 's the mass of the gas (in grams) in the sensitive volume, and r 1s the dose rate
in roentgens per second The ratio D,,/D,. may be calculated by the method given in Lecture 3
and the ratio Wa/Wg for various gases may be obtained from date given in a number of
testbooks.

Evaluation of this equation shows that for a chamber with a voiume of 100 cc, containing
gas at atmospheric pressure, the sonization current corresponding to a dose rate of 1 r per hour
is of the order of 10 '' amperes. Even simple electrometers partrcularly when used as null
indi~stors in a rate of dr.ft method, can measure currents on the order of 10" ' * amperes Thus,
iomzation chambers of reasonable volume can be used to measure dose rates as low as 01
mr/hr. Vibrating reed type electrometers may be used to increase the sensitivity by another
factor of 10 to 100.

The most serious Iimitation of the cartbon CO, chamber to the measurement of gamma
dose arises out of its response to neutrons The walls and gases of onization chambers suitable
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for dosimeters of X or gamma radiation must be made of materials having low atomic weights;
otherwise, the conditions of Equation 54 would not hold over a wide range of energy. Fast
neutrons, on colliding with low atomic weight materials, impart appreciable energy. It follows
that the average fraction Fc of energy imparted per elastic collision, assuming isotropic
center-of mass scattering, is 2M/'M + 1)? where M is the atomic mass number of the recoil
atom. For the purpose of illustration, we approximate the C-CO, with a carbon wall and a
hypothetica! carbon gas and calculate the neutron response of such a chamber. Let P(E) be the
neutron response, defined as

PIE) =E/E., (5-6)

where E is the amount of energy absorbed by 1 gram of carbon atoms for 1 tissue rad of
incident fast neutrons, and E_ is the amount of energy absorbed by 1 gram of carbon for 1+
of gamma radiation. The quan‘;lty E,, may be expressed as

E,=nN, oc(E) F. E (57)

where n is the number of neutrons per cm? in 1 tissue rad of fast neutrons, N, is the number of
carbon atoms in a gram, o (E) is the carbon scattering cross section for neutrons of energy E.
Evaluation of P based on tabulated neutron cross sections gives the results shown in Table 5:1.

TABLES-1

Variation of P with Neutron Energy E

E(MeV) P(%)
0.1 10.9
05 14.9
1.0 14.9
20 145
3.0 16.1
4.0 24.7
5.0 16.8

10.0 34.1
20.0 48.7

If the W value for carbon atoms in CO, were set equal to the W value for electrons in
CO,, the results in Table 51 would be satisfatory estimates of the neutron response of the
C-CO, chamber. Actually W for carbon recoils is poorly known at present, and the results are
perhaps too large by as much as a factor of 2 at some energies. However, it must be concluded
that a C-CO, chamber may grossly overestimate the gamma dose when fast neutrons are
present.

Tissue- Equivalent lonization Chambers
lonization chambers may be constructed such that the atomic composition of the

materials making up the walls and gas of the chamber are essentially the same as the atomic
composition of tissue. In this case, one expects that, except for possible differences in the W of
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the gas for heavy particles compared to electrons, the ionization current will be proportional to
the combined rate of energy absorption due to neutrons and gamma ray interactions with
tissue.

For most applications, tissue can be approximated with a plastic having the following
composition by weight- hydrogen (10.1%), nitrogen (3 5%}, carbon and traces of oxygen
(86.4%). This material differs in atomic composition from tissue mainly in 1hat oxygen is
replaced with carbon In the energy range from 0 5 MeV to 14MeV, the error in the neutron
dose resulting from this substitution is less than 6%. A tissue equivalent gas mixture which is
normally used with the above tissue equivalent plastic is, in terms of percentage partial pressure:
methane (64.4), carbon dioxide {32 4), and nitrogen (3 2) If more precise results are required,
it is possible to construct chambers lined with tissue-equivalent gels matching a tissue
compositon (CsH,4 O, s N) exactly

Figures 5-2 and 5 3 show two designs of tissue equivalent ionization chambers which have
been put to extensive use throughout the word Various other designs have been developed and
altogether the tissue equivalent chamber s a very useful instrument which has found much
application in radiobiology and radiation protection. The sensitivity considerations given for
the gamma ionization chamber (Equation 5-5) apply with minor modification to the
tissue equivalent ionization chambers

Combined Chambers for the Dosimetry of Mixtures of Neutrons and Gamma Radiation

Consider now the simultaneous use of the tissue equivalent chamber and a teflon-CO,
chamber in a radiation field consisting of neutrons and gamma radiation When the tissue
chamber is exposed to 1 r of hard X or gamma radiation, the absorbed dose is approximately
0.97 rad. A neutron dose of 1 03 rads in tissue will produce approximately the same amount of
charge as the 1 r of gamma radiation, the larger neutron dose being due to the difference in W.
The teflon CO, chamber absorbs about 0 97 rads for 1 r of gamma radiation, but when exposed
to 1 tissue rad of neutrons, the reading, K{E), for a given neutron energy spectrum is much less
than the reading produced by 1r of gamma radiation Thus, the readings of the
tissue-equivalent chamber and the teflon CO, chamber, Rt and R, respectively, will be given
by
D, D7 ;

R e . +
Ry 103 T 097 097D, 103D7
{58)

Dy
R, = K[E) D, + -== = K[E) D

097 + 103D,

n
where D, and D.y are the neutron and gamma tissue doses in rads The quantity K(E) may be
calculated with equations analagoustc . °tions 58 and 5-7. Table 52 shows some values of
K(E) as determined by calculation and by ..eriment.

Solution of Equation5 8 gives the components D, and D.y provided that enough is
known about the neutron energy spectrum to allow a reasonable average value, K(E}, to be
selected. If the neutron energy is not known, we may set K{E) =0.16 £ 0 08 over the energy
range from 0.5 MeV to 8 MeV Lack of precise information on K{E) results in an error of the
order of 10% in D, independent of Ry and R_ and, hence, independent of Dn/D7, but may
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lead to large errors in D,y depending on Dn/D7. However, additional errors are introduced in D,
when D,,/D,y << 1 due to the probiem of subtracting two small numbers which are very nearly
equal.

TABLES -2

Maximum K (E) (R/rad) for a Teflon-CO, Chamb~r

Neutron Energy Observed K(E) Computed K (E)
—(MeV) —(R/rad) — {R/rad) ___
05 0.08 0.1
1.0 008 0.18
20 0.09 0.13
3.0 0.12 010
40 0.15 015
6.0 0.20 0.16
8.0 0.24 020

Proportional Counter Methods of Neutron Dosimetry

Even when the response function is chosen to be the integral of the first moment of the
energy loss distribution, considerable advantage ensues from the use of counting methods In
the case of ionization chambers, one can deal only with the total energy loss as expressed in
Equations 5 1 and 5-2; in particular, the lower limit on the integral sign of Equation5-1 must
always be set equal to zero. With pulse counting techniques, on the other hand, we may employ
a more general response function as follows:

R. (E) = [ € nle,Elde (59)
B8
where B is the minimum energy loss which we wish to record. The advantage afforded by the
choice of B> O is that a bias level B may be chosen such that neutrons may be counted even
with much larger gamma-ray backgrounds. These statements will be illustrated first with the
absolute proportione! counter.

One design of the proportional counter is shown in Figure 5 4. The counter is completely
lined with polyethylene, C H;,, and is filled with ethylene, C, H,, at a pressure of 75 cm Hg or
with cyclopropane, C;Hs, at a pressure of 50 cm Hg In either case, the walls and gas are
matched in atomic compositon, which satisfies one of the requirements of the Bragg Gray
principle. Thus, with a response function as specified by Equation 5-9, one can expect to
measure approximately the energy absorbed per gram of ethylene. From this information, one
may determine the energy absorbed per gram of tissue; as discussed in Lecture 3, one can show
that

D1E Ez = 20 MeV
— =145(1 £ 0.10) (5-10)
Oy7 E, = 0.01 MeV '

over an energy range from 0.01 MeV to 20 MeV.
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From Figure 5-5, 1t is seen that gamma radiation because of relatively low specific
ionization by the secondary electrons, produces relatively small pulse heights. Therefore, it is
easy to reject gamma radiation by pulse height selection After gamma ray discrimination, the
neutron pulses are added linearly to obtain the quantity e;(E) which s associated with the
Bragg-Gray principle. In practice, gammaray discrimination causes an amount of energy
proportional to the area A; (Figure 5-5) to be lost under the bias, however, the relatively small
fraction f = A, /(A; + A;) can be estimated by a procedure discussed below

The proportionality implied above between pulse height and the number of ion pairs ina
single ionizing event depends on two conditions: (a) There must be no electron attachment, and
(b) the height of the pulse at the output of the linear amplifier must not depend on track
orientation. Condition (a) may be fulfilled only by rigorous exclusion from the counter of such
gases as water vapor, oxygen, and some of the halogens, which have very large attachment cross
sections. Condition (b) may be fulfilled by proper selection of the amplifier rise time and decay
time. A variation of the angle between the ionizing particle’s path and the center wire in a
proportional counter causes a variation in the pulse profiles. However, it has been shown that if
the rise time and decay time constants, assumed equal, as in many good pulse amplifiers, are
greater than the collection time of electrons in the counter, then the pulse height at the output
of the amplifier depends only slightly on the rise time of theproportional counter pulse.

If it is assumed that the pulse height is proportional to the number of ion pairs, absolute
calibration of the neutron dose may be accomplished by means of an alpha source, provided
that the sensitive volume of the counter is also known. Therefore, these two features, i.e, alpha
calibration source and known sensitive volume, have been incorporated into the proportional
counter desing in Figure 5-4. The sensitive volume is determined by means of * field tubes™ held
at the appropriate electrostatic potential The neutron dose in ethylene 1s proportional to
A, +A,; this area may be expressed in MeV/sec by means of the ’*°Pu alpha particle pulse
height, Fig. 5-5. More specifically, the first collision dose rate in tissue, D1, 1s given by

1 -.Al + A, E,

-1 -1 PO IR SN < i
D, (MeV sec™' gm’) 145l A ]xvp (511)
where éc is the rate of energy absorption (MeV/sec) corresponding to the arbitrarily chosen
calicration area A, V is the sensitive“ volume of the counter in cm® and p 1s the density of the
C,H,, gas in gm/cm’. The quantity E. is determined drectly from the alpha particle energy as

follows: v
E, = Cy x -7  Eq (5-12)

Vo

where CO is the count rate and V ; is the pulse height for the arbitrarily chosen area A, and V,,
is the puise height produced by alpha particles of energy E .

When using the absolute proportional counter with conventional slectronic apparatus, the
value of B may be chosen to suit the particular experimental conditions. Factors governing the
choice of B include the following: neutron energy, neutron intensity, gamma ray energy, and
gamma-ray intensity. In any practical case, however, the discrimination level below which the
results may be appreciably affected by gamma radiation may be determined directly for the
particular set of experimental conditions. Figure 5-6 shows how this may be accomplished in a
typical case. In this illustration, the integral count rate corresponding to just 1 mrad/hr of fast
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neutrons (Po-Be) plus various gamma intensities ranging from 1 r/hr to 100 r/hr of ¢°Co gamma
radiation is plotted on a log scale as a function of pulse height. 1t is seen, for example, that for a
gamma-ray dose rate of 1 r/hr, the bias level required to discriminate against gamma rays is
about 0.20 MeV, and the absorbed neutron energy lost under the bias would be about 10%
(see Table 5-3) On the other hand, if the gamma (%% Co) dose rate were increased to 25 r/hr,
the bias level would have to be increased to about 0.36 MeV, and the neutron energy lost under
the bias would be about 20% It should be noted that this energy lost may be estimated by
plotting the data in the form illustrated in Figure 5-6, extrapolating the count-rate versus
pulse-height curve for values of pulse height < B. and then integrating the area under the entire
curve. In other words, the values for f given in Table 5-3 do not necessarily represent errors in
the measured dose, although they do represent the fraction of the total dose which must be
approximated by an extrapolation procedure

In practice, it is convenient to integrate pulses automatically, thus eliminating the
requirement for dete:mining the area under the pulse height distributions Figure 5-7 shows
schematically a very simple type of pulse integrator. At A, B, C, and D are discriminator tubes
biased so that the pulse height required to make the tubes conduct are 5, 10, 20, and 40 volts,
respectively. The discriminators feed into the 1,2, 4, and 8 count stages of a usual binary-type
scaling unit. Each time Tube A conducts because of the arrival of the 5-volt puise, one count is
added to the scaling unit. A 10-volt pulse causes both A and B to conduct thus adding three
counts to the scaling unit if the N© 1 indicator is not on. If the N© 1 indicator is on, a net of
only one count will be added to the system, because the pulse which was stored in the
NO 1 scaling position is lost in coincidence with the channel which is adding two pulses to the
system. Thus the average is two counts for each 10 volt pulse. Similar arguments show that each
20-volt pulse gives an average of four counts while the 40-volt pulse gives an average of eight
counts. Therefore, it is not necessary to use anticoincidence circuits to prevent the lower level
discriminators from adding counts to the system From studies with monoenergetic neutrons, it
is seen that the integrator reads to within + 10% of the true area under the pulse height
distribution curves when the neutron energy lies between 0.5 MeV and 14 MeV.

A convenient instrument utilizing the counter mentioned above and the 4-stage binary
integrating circuit has been developed As shown by the block diagram of Figure 5-8, the
output signals from the pulse height integrator are fed into an indicating system which uses
decade scalers, presst timers, and lamps as decimal indicators, in such a way that the dose rate is
indicated directly in mrad/hr,

A Geiger-Miller Tube as a Gamma-Ray Dosimeter

In this section, we will discuss a method of gammaray dosimetry which uses
commercially available halogen type Geiger-Miller (G M) counter as the detector. This ilustrates
the case where the response of the system is simply the total number of interactions with the
system A single ion detector has been developed for measurements of gamma dose in the
presence of high neutron field. This counter has a negligible neutron response; however, like
other instruments used for this purpose, it generally requires considerable electronic apparatus
and operational skill. In the present work, we have shov/n that a small halogentype G-M
counter can be arranged with suitable shields to provide an instrument that is {a) energy
independent for X or gamma radiation above about 150 keV, (b) insensitive to fast neutrons,
and (c) insensitive to thermal neutrons.



TABLES-3

Fraction, f, of Energy Spent by Recoils Losing Less Than
the Bias Energy, B, in the Counter

Bias Fast Neutron Energies
Energy PHS—

MeV Volts 0.5 MeV 1.0 MeV 2.0 MeV 3.5 MeV 4.8 MeV 14 MeV Po-B Po-Be
0.074 26 0.089 0.020 0.015 0.013 0.014 0.025 0.006 0014
0.14 53 0.195 0.094 0.041 0.035 0.028 0.085 0.028 0.045
0.21 78 0.320 0.129 0.076 0.056 0.059 0.162 0.065 0.101
0.28 105 0.526 0.235 0.123 0.091 0.098 0.258 0.099 0.144
0.36 13.2 0.730 0.333 0.188 0.128 0.162 0.369 0.152 0.205

V9
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The counter used is a Philips N© 18509 micro G M counter filled with neon, argon, and a
halogen quenching agent The cathode made of stainless steel has a wall thickness of
90 mg/cm® As shown by Figure59, the unshielded counter has considerable energy
dependence below 200 keV However, it can be made to furnish readings of exposure dose inr
that are essentially independent of gamma ray energies down to 150 keV by shieiding the
counter with 0053 'tin plus 0 010" lead on the sides, and 0 022' tin plus 0 004"’ lead on the
end (Figure5-10). A drawing of the probe unit showing the arrangement together with a Li
shield, which will be discussed later is shown in Fig 5-11 The response as a pulse device is
essentially linear from 0.1 mr/hr to 5r/hr, as shown by the curve in Figure5 12

By calculation, it can be shown that the main contribution to the fast neutron response is
due to inelastic collisions in the gamma energy correction shield and has a maximum at about
50 MeV neutron energy An upper limit to the neutron response at 5 MeV is 0.15% The
assignment of a reasonably valid neutron response of the G- M counter by experimental methods
is not possible at present due to the unavailability of a facility having a radiation field with a
sufficiently large neutron to gamma ratio Studies in which the G M counter was irradiated with
monoenergetic neutrons in the energy range from 0.68 Mev to 42 MeV indicate that the
response in this energy range is less than 0 5%

The response of the counter to thermal neutrons was determined experimentally, making
use of the water thermal column at the Oak Ridge National Laboratory Graphite Reactor. it
was concluded that the thermal neutron response of the probe unit is low, requiring
about 6 x 10° neutrons/cm’ to produce the same response as 1 r of gamma radiation Further,
the thermal! neutron response may be reduced by using the Li shield With the Li shield
(Figure 5-11), about 1 5 x 10" * neutrons/cm’ would be required to produce the same response
as 1 r of gamma radiation

Special Counting Methods for Fast Neutron Dosimetry

A proton recoil proportional counter was designed such that the first collision tissue dose
couid be obtained simply by measuring the number of counts produced in the counter The
ene gy response np(B,E) of the counter is determined by three sources of recoil proton shown
in Figure 5-13. Calculations were made of the probability that neutrons of energy E could cause
a recoil proton to lose in the counting volume energy greater than a bias energy B, needed to
discriminate against gamma radiation The eiergy responses (Figure 5 14) for the three sources
of protons are such that when added in the illustrated proportions of hydrogenous materials,
the tissue first collision dose curve is approximated (Figure5 15) The response has been
checked experimentally with monoenergetic neutrons and agrees well with theory The chief
disadvantage of this counter is the fact that the response is directional, and the energy response
is correct only when a plane beam is normally incident to the end of the counter containing the
plane radiators.

Dennis and Loosemore? have modified the above ideas to develop a proportional counter
that is nondirectional in response In this case, the neutron energy response curve follows the
recommendations of the International Commission on Radiological Protection as given in
British Journal of Radiology Supplement NO 6, 1955. At that time, the permissible level was
stated in terms of the absorbed energy at a depth 2 cm below the surface of tissue.
Skjoldebrand® has developed a spherical scintillation detector whose energy response is
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adjusted to the multiple collision dose curve of Snyder and Neufeld. Thus, this instrument
indicates the maximum absorbed dose that a man would receive if located in the radiation field.
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LECTURE N°6
SPECIAL METHODS IN RADIATION DOSIMETRY
Introduction

Dosimetry is one of the most fundamental requirements in health physics and
radiobiology. An understanding of the interactions of radiations with matter and the basic
concepts of physical instrumentation are necessary to both the accurate measurement and
interpretation of radiation exposures. This lecture purports to give a general introduction to
dostmetry problems and examples of sistems which have been developed to solve them,

The ideal and complete dosimetry in a radiation field would include, at the point of
interest in the medium, for each type of radiation present the following: (1} Total energy
-absorbed, (2) dE/dx (or LET) distribution, {3) angular distribution, (4) energy absor ption rate,
and (5) the energy spectrum. Seldom, if ever, is the ideal measurement possible. The most often
measured quantities are exposure dose or dose rate for x or gamma rays and first collision dose
{or kerma) for neutrons. In many cases, the measurements have been limited to total fluence or
energy fluence measurements. Spectral distributions are sometimes determined for one or all
types of radiation present, and occasionally the dE/dx or LET (Linear Energy Transfer)
distributions are calculated. One instrument for measuring LET has been reported, and certain
emulsions and cloud chambers may be used for measuring dE/dx in the constituent media.

In 1962, the ICRU introduced a new unit for “‘'dose”, 1.e., kerma, which denotes "‘the
sum of the initial kinetic energies of all the charged particles liberated by indirectly ionizing
particles n a volume element of the specified material’” (NB62). Because the term ‘‘first
collision dose”” had been interpreted in more than one way, the term kerma was intended to be
more precise and less ambiguous. In general, it is equivalent to one of the widely accepted
meanings of first collision dose, but it does not fill the need for a quantity for
secondary -equilibrium” conditions. The units for kerma are ergs/gram. For gamma energies
above 3 MeV and neutron energies above 15 MeV, the ratio of the energy liberated to that
absorbed ina small mass of material becomes increasingly greater than unity.

The most widely used methods of “‘'dosimetry’” for indirectly ionizing radiation have been
based on either (1) the measurement of the energy expended by secondary particies, or (2) the
computation of dose from fluence measurements. The first case is typified by an ionization
chamber having walls sufficiently thick to establish equilibrium between the indirectiy ionizing
radiation, e.g., gamma rays, and the primary iorizing radiation, e.g., Compton electrons. On the
basis of the Bragg Gray relationship, the energy deposited in the cavity, E_, i.e., the product of
the number of ion pairs per unit mass of gas, J, and the energy required to produce one pair,
W_. can be used to compute the energy deposited in the wall medium, E, by the relationshp

E, = SE, =SW,J (61)

where S is the ratio of the mass stopping power of the wall medium to that of the gas for the
radiation of interest. The criteria for applying the Bragg Gray principle were given in a previous
lecture and in NBS Handbook 75, but it is essential that the ionizing particles be in equilibrium

with the noniohizing rays and that the chamber b sufficiently small 50 a5 not to porturb the
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incident radiation field.

The second approach to dosimetry is typified by the threshold detector technique. in this
case, the fluence in various neutron energy increments is obtained by analyzing the reaction
products in various detectors, eg . the fission product gamma rays from a 2 >2 U foil which has
an effective threshold for fission, when exposed to neutrons having a fission spectrum, of about
1.5 MeV and an approximately uniform cross section above that energy. From measurements of
this type, the energy liberated (or absorbed, under equilibrium conditions) may be computed
by the relationship

D(E)=1602x 10" E =N f0, (6-2)
U
where

D(E) = neutron dose in rads/neutron/cm?

E, =the energy of the neutron (or average energy of the energy increments of

neutrons)

N, =number of atoms/gram of the ith species contained in the medium

f, =average fraction of the energy of the neutron which is transferred to the
interacting nucleus (in general, isotropic scattering in the center of mass system
is assumed).

0, = elastic scattering cross section in barns (10~2* cm?) for the ith species

It is not necessary to measure exposure dose with an “‘air wall” tonization chamber or
absorbed dose with a chamber constructed of a tissue equivalent material In the strictest sense,
all that is required is a detector with associated parameters which permit the response of the
detector to be interpreted in terms of the quantities to be measured.

Photographic Film and Nuclear Emulsions
General Discussion of Response to Radiation

Photographic film was one of the first radiation detectors used after the discovery of x
rays; in fact, natural radioactivity was first noted through this medium It is still the most
widely used detector for personnel monitoring Photographic emuisions, usually on a plastic
film base, are a very versatile medium whose sensitivity and other characteristics are largely
controlled by their compcsition and processing during manufacture. Special techniques have
been developed to adapt these emulsions to essentially all types of radiation measurements. The
two major categories into which emulsions for radiation measurements are divided, according to
intended use, are (1) x ray film, usually in dental packet size (1 1/4 x 1 3/4 in ), which can be
calibrated for x- or y-ray exposures in terms of blackening; and (2) nuclear emulsions on film or
glass plates which are used in studying ionizing particle tracks.

The radiation sensing element in these emulsions is silver-halide, most often
silver-bromide. Small crystals of the silver bromide, ranging in size from less than 0.5 u in
nuclear emulsions to a few u in the most sensitive x ray emulsions, are suspended in a gelatin
which is genarally deposited on g cellulose acetate film o un @ giass piate The thickness of this
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layer of emulsion ranges from a few u for insensitive x ray film to the order of 2000 u in the
thicker particle detecting emulsions. Electrons traversing the emulsion become trapped in the
crystal lattice causing the reduction of silver ions to atomic silver  These silver atoms, in turn,
result in deeper traps, which capture electrons, reducing more s:lver ions, eventually forming
microscopic aggregates of silver atoms which constitute the latent image. Upon development,
silver-halide grains containing the latent images are reduced to metaltic silver which appears to
the eye as the blackening of x or gamma film or microscopic tracks in the nuclear emulisions
Underdeveloped silver haiide grains are dissolved by the fixer

Photographic Film as an X or v-Ray dosimeter

There are many types of film commercially available and packaged in the small
dental type packet. Packets are available which contain more than one film type to increase the
useful dose range of the packet. Table 6-1 hsts some common types and thew approximate
ranges for y rays of energy greater than about 300 keV The exact range of a given type of fiim
depends on exposure, storage, and development conditions.

A typical deveioping procedure, and that used at ORNL, is to develop 1n du Pont
concentrated x ray developer, liquid mix, for 3 minutes at 68 + 2’F_ stop bath for 1 minute, fix
for 10 minutes in du Porit x-ray fixer, quick rinse with agitation for 1 minute and wash for 20
minutes. The sensitivity of all emulsions can be var.ed by as much as an order of magnitude by
varying the developer and procedures. Typically, films are processed in relatively large batches
and a complete set of calibration film developed simultaneously. In addition to developing time
and temperature for a given film and developer type, the dilution and deterioration of the
developer by use and exposure to air aiso effect the blackening.

TABLEG6 - 1

Approximate Dose Ranges of Common Types of
Film Using ORNL Processing Techniguas

Approximute

Type Manufarturer Description Dose Range
508 Du Pont Extra fast medical 003 6
x ray film
1 Eastman Single Emulsion 003 1
555 du Pont Single Emulsion*® 0.05 10
2 Eastman Double Emulsion 003 - 1000
834 Eastman Single Emulsion* 5 800
1280 du Pont Single Emulsion 10 - 3000
548.0 Eastman Spectroscopic 1000 - 30,000

* Used in 544 film packet

R o e T e
o — P — - P
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All photographic emulsions show a marked variation n response per roentgen as a
function of photon energy. The major factor in this response function is the relatively high
atomic number of silver, 1.e . the photoeletric cross section for silver for photons of energy less
than 300 keV s large compared with the cross sections of the elements of which air is
composed.

Beta Radiation Measurements

The response of film to electronsis an insensitive function cf the electron energie
comparing blackening to air ionization. This has been demonstrated for the energy region form
0.5 to 1.4 MeV for paper-wrapped film. Typical films exhibit about the same sensitivity to beta
rays as 10 gamma rays, i.e., 1 rad of beta rays yields about the same film density as 1 r of
gamma rays. A typical film will be surrounded by about 30 mg/cm® of paper. When calibrated
in the usual manner, ..e., by laying the film packet flat on a slab of the beta emitting material
thicker than the maximura range of the beta particles in it, such film packets exhibit an energy
dependence for beta rays. The shape of this curve is influenced by the tipe of emulsion and its
wrapping.

Neutron Measurements

X ray film has a blackening response to fast neutrons about two orders of magnitude less
than for gamma rays. Therefore, for most applications, a special class of emulsions has been
deveioped. These fine grain emulsions are coated on the usual acetate film base or on glass
plates. Table 6-2 shows some of the commercially available emulsions and their thicknesses and
type of bases. in principle, neutron exposures can be determined by the number, length, and
angular distribution of recoil proton tracks produced in the emulsion. in practice, neutron
exposures can be estimated by simply counting tracks, provide that the emulsionissurrounded
by the proper thickness cf prcton radiators. A track, viewed through a microscope, can be
identified only if at least three grains have been developed, this corresponds to a length of
about 31 and a proton energy of 250 keV For unidirectional neutron beams, it is possible to
use nuclear emulsions to determine fast neutron spectra {in principle, energies greater than
250 keV, but in practice, for energies greater than 500 keV). Special processing techniques
must be applied to thick emulsions when used.

TABLEG - 2
Nuclear Emulsions for Particles Detection
Appraximate Upper Energy Limit (MaV)

for Part-f_'g lgemihcgt_i_g_n

Available
Emulsion Thickness** Type of Base Protons Alpha
Eastrnan NTA* 25 1000 Glass or Plastic 3 10
Eastman NTB 50 and 100 Glass or Plastic 8 400
(iford E1 To 400 Glass 20 250
Iford G 5 To 2000 Glass Very High Very High

* Avaiisble with aluminum lamination as Kodak personnel neutron monitoring fim,_ type B,
R
Most emulisions are available 1n ““peltets’’ w:thour backing.
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By “‘loading”” the nuclear emulsion with boron, lithium, or other isotopes having large
Wuior (n,p)cross sections, it is possible to use them as sensitive thermal neutron detectors.
Because of the nitrogen already in the emulsions, thermal neutrons may also be estimated by
covering a part of the emulsion with a thermal neutron shield, commonly 0040 :n of
cadmium, and observing the difference in the number of tracks in the shielded and unshielded
areas caused by the ' *N(n,p)' * C reaction in the unshielded areas.

Advantages a:a L hiitations of Film and Emulsion Techniques

The me t outstanding advantages of film include the following: {1) Range of sizes down
to the order of millimeters, (2) permanent record of measurement, (3) wide range of total
exposures, 4) low weight for most application, (5) excellent spatial resolution, and (6)
simultaneous recording of different radiations. Disadvantages of film include photon energy
dependence, sensitivity to small changes in processing conditions, the quantity of processing
time and equipment, latent image fading, sensitivity to temperature and humidity conditions
for most applications, and the tedious effort and skill required for analyzing the nuclear
emulsions. Film will be used for many applications in the future, but its role in personnel
monitoring is expected to decrease as the use of solid-state devices, e.g , photoluminescent
sy~tems, 1ncrease.

Chemical Dosimetry
seneral Considerations of the Production of Radicals in Sol:'tins by Radiation

Various chemical systems have been used to detect ¢~d measure radiation for many years.
Those to be discussed b iefly are solution types dependent upon the production of acids or free
radicals by radiation. For example, acid generated i~ an organic solution containing an
acidimetric dye produces a color change which can be rel2'ed !n dose qualitatively by
inspection.

The detailed processes of irradiation producad stiects 10 solutions is poorly understood
cven for water. Varwous reaction products are involved in further raactions and back react:ons
which rapidly become more complex as the r..inber of ~eagents increases However, for a given
chemical systam, the producton of radicals to which the sensing element will respond can be
empirically established and the system calibrated as a radiation detector.

The acid vield is generally specified in terms of “G”' values, i.e, the number of acid
radicals formed per 00 eV of energy absorbed :n the medium. G values range from near unity
to several thousand in various systems; yields higher than about 20 are indicative of chain
reactions. [n general, long chain reactions must he stabilized by such reagents as ethy! aicohol,
resorcinol, etc., which render the system less sensitive and more stable than the unstabilized
solution. A G value range of 15 to 30 covers most of the commonly used chemical dosimeter
systems.

All sensitive chemical systzms have one requirement in common; the reagents must be
scrupulously pure. The best commercizlly available reagents must gensrally be repurified by
muitiple reJistillation or recrystallization. Even slight traces of contaminants result in loss of
stabilit - . nd raproducibility. Containers must be nonraactive; a borosilicate glass, such as Pyrex
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or neutraglas, ampole which has been steam cleaned and sil:coned 1s best
Ferrous-Ferric Systam

The discussions of this dosimetry system are generally applicable to the ceric cerous
system except for obvious differences. A solution of pure ferrous ammonium sulfate in 0.8 N
sulfuric acid is the most commonly used ferrousferric detector Upon irradiation, ferrous ions
are oxidized to ferric ions The number of 10ns oxidized 1s directiy related to energy absorbed
from x or gamma radiation with the exceptions to be discussed A spectrophotometer can be
used to determine the amount of ferrous 1on oxidized by measuring the absorption change at
the 5100 A peak or the ferric 1on absorption change at the 3045 A peak

Because of the high effective atomic number (relatwve to ar and tissue), the ferrous-ferric
system exhibits a marked energy dependence for photons below several hundred keV. The
exact height of the peak of the response curve yield vs photon energy is a function of ampoule
type and diameter. The most suitable range for the dosimeter is from about 5000 to 50,000
rads, and consequently the response as a function of fast neutron energy is not accurately
known; the monoenergetic neutron sources most nearly free of gamma contamination, such as
Van de Graaff generators, yieid too low doses for most experimenters to conduct studies of
response as a function of neutron energy. With proper control and calibration, the effects of
room temperature, oxygen concentration, and dose rates on the system are usually negligible.

Chlorinated Hydrocarbon Chemical Dosimeters

Two type« of chlorinated hydrocarbon dosimeters have been used frequently in the past.
These are the “water equivalent single phase’” dosimeter consisting of an ~queous dye solution
saturated with the chlorinated hydrocarbon and the “‘two phase” dosimeter consisting of a
chiorinated hydrocarbon overlayered with an aqueous dye solut .c

The single phase dosimeter 1s a “ short chain {ype which is stable over periods up <o a
year and, with about 0.02% resorcinol, shows less dose rate and energy depe.«dence effects than
most chemical systems Due to the hydrogen content, it 1s sensitive to fast neutrons. The
chlorine renders the system sensitive to thermal neutrons The G yreld of the dosimeter is about
20.

A typical two-phase dosimeter consists of tetrachioroethylene with 0 1% resorcinol
over layered with about 25% by voiume of water dye solution; a typical dye 1s chlorophenol red.
The G yield of unininbited C,CL4 may be as high as 6000, but in the stabtlized dosimeter it is
about 30. As the pH of the dye solution is changed from 6.0 to 5 0, the light transmission at
5800 A increases, and the transmission at 4320 A decreases. This 2orresponds to the usual
operating range, and the color changes from red to yellow The ratio of the transmission at the
two wavelengths, 5800 A and 4320 A, 1sa monotonically increasing function of dose in this pH
region as shown in Figure 6-1. This system exhibrts a marked photon energy dependence of
response below 500 keV unless filtered to * flatten” it, but is not rate deoendent for dose riates
at least as high as 4000 rads/min, It is temperature insensitive from about 5°C to 55°C, and the
response is linear with total dose to greater than 100,000 rads. Thermal neutrons effect a large
response (1 tissue rad n; produces a response equal to about 5 tissue rads of gamma radiation),
ut 1 tissue rad of fast neutrons yields less than 5% of 1 tissue rad of gamma rays. These
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dosimeters are stable over periods of years; an exception is the least inhibited, t.e., most
sensitive ones for less than 50-rad exposures, which is stable for approximately 1 year.
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Percent Transmission at 580 mu and 432 mu (Left Scale) and the Ratio of
Transmission 580/432 mu as a Function of pH.
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Advantages and Limitations of Chemical Dosimeters

Perhaps the greatest attribute of chemical dosimeters is the wide range of applications for
which one type or another can be made They are economical when made in large numbers and
they, like film, can be made in a great range of sizes For very high doses (> 10° rads), chemical
systems are perhaps the most suitable integrating system available For lower dose
(< 1000 rads), they are extremely sensitive to chemical and ampoule purity and require care
and experience for stable reproducible dosimeters

Luminescence Dosimetry
Discussion of the Response to Radiation

Radiation-induced coloration and luminescence of crystals and glasses have been studied
for many years. Commencing about 1950, a rapidly increasing number of studies of
silver-bearing glass for dosimetry purposes was reported;: much of the work was done at the U.
S. Naval research Laboratories.

in general, many substances exhibit phosphorescence and coloration when exposed to
radiation; in the gaseous state at sufficiently low pressure, the atoms of such substances exhibit
resonance fluorescence, i.e., wavelenths characteristic of the atomic-energy levels consisting of a
spectrum of discrete lines. These lines represent the permitté8l transitions from various energy
levels of electronic excitation to the ground stzte

In ideal crystals, there are forbidden energy zones between the permitted energy levels.
Due to this periodic field of potential, irradiation in the uitraviolet absorption band has no
permanent effect on the crystal. For example, an anion in an alkali-halide crystal loses an
electron and is changed into a halogen atom or "positive hote”. Such an electron immediately
returns to its positive hole and there is no permanent effect on the crystal. The introduction of
impurities or imperfections into the lattice structure disturb the periodicity of the lattice
structure and produce localized energy levels which in ideal crystals would lie in the forbidden
zone. The energy levels for ideal crystals and for real crystals having impurities are shown in
Figure 6-2. Electrons raised to the conduction band can fall back into these defect levels and
become bound to the defect. Hence, an impurity-bearing crystal may be changed by radiation
and possess a changed absorption spectrum

Whens{ilvef-bearing metaphosphate glass is exposed to radiation, two pronounced effects
are observed: (1) The absorption peak shifts from 2400 A to 3300 A; (2) the emission spectrum
peak shifts from 3700 A to 6400 A Either of these effects may be utilized for dosimetric
purposes. The change in absorption at one peak or the ratio of absorption at both peaks can be
related to x or gamma radiation dose, with the exceptions noted below. Also, the fluorescence
at the 6400 A emission peak may be excited by 3000 A uitraviolet and related tc x or gamma
radiation dose. Schulman ar a/ have described this latter effect as '‘radiophotolumir.escence”, a
term defined by Przibram as "'that phenomenon whereby a material, originally nonluminescent
under uv or visible light, is made responsive to such excitation by pretreatment with gamma rays
or x rays’, with the further distinction that the newly created stable luminescent centers would
not be destroyed by the uv radiatior that 1s used to excite them. Studies of these two effects
have centervd chiefly on one type of glass, and development of dosimeters has followed simitar
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lnes, so the descussion below will be limeted 1o the radiophotoluminescence phenomenon and
a metaphosphate glass, e g, one comprised of 46% AWPO;),, 23% Ba(PO,},, 23% KPQ,, and
8% AgPO,, by weight.

When such glass 1s exposed to radiation, loosely bound electrons are released from the
negative ions of the glass. and some of them are trapped by interstitial silver ions, forming a
special type of F center_ or ‘ luminescent center ~ In the capture of liberated electrons, the Ag"
ions are in competition with electron traps which arise from irregularities, i e , impurities, in the
molecular structure of the glass. The traps provide alternate energy levels which can be
occupied by electrons. The distribution of electrons between Ag' ions, and other traps will
control the relationship between electrons liberated in the glass by radiation and the
fluorescence. When the Ag® atoms formed by electon capture (metastable) are exposed to uv
light, they absorb energy and upon returning to ground state fluoresce with a peak at about
6400 A.

Silver Metaphosphate Glass as a Gamma Dosimeter

In order to calculate the energy absorbed by a glass detector, assume that the response of
the detector (or the Ag? atoms produced) is proportional to the number of electrons freed in
the detector The spectrum of tertiary electron (the vast majority of the electrons formed by
radiation are tertiaries} has been shown to be an :nsensitive function of photon energy Then
the glass response should be directly proportional to the energy deposited in it by ionizing
electons, which, under electron equilibrium conditions, is equal to the energy deposited by the
incident photons Assume a unform radiation field of photons of energy n{E) and a glass
detector exposed in it under equilibrium conditions. of such size as not to perturb the field
significantly Then the energy absorbed per cm’ of glass can be written as

N (N 63

where nE_ is the fraction of photons of ene.gy E, and u, = the average total mass absorption
cross section {0y 0 and 0p, the photoelectric, Compton and pair production cross sections,
respectively) for the elements in the glass for photons of energy E,, 7 is the thickness of the
glass, and p the density

A widely used detector composed of the metaphosphate glass described consists of a
small glass rod 1 mm in diameter by 6 mm long Although several varieties of glass are available
commercially, that mentioned above, i.e . the " high Z glass, has been evaluated for the greatest
variety of radiations and energies The characteristics of the response of this detector are given
in the paragraphs below

Figure 6-3 shows the calculated response of the high Z'° detector as a function of
photon energy. Also, the figure shows a typical measured response curve for various xray
spacira as a function of - effective’ energy ' Effective’ energy is defined as the energy of a
monochromatic beam which has the same absorption coefficient as the given beam in an
incremental thickness of standard filter material. Of course, many of the photons lie well above
and belcw the effective energy causing the peak of the curve to be reduced 1n height and width.
A third curve in this figure represents the response calculated by utilizing Villforth’s calculation
of Kramer's energy distribution of filtered x rays; the agreement of these values and the
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experimental ones are good considering the many approximations used Figure 6-4 shows the
effectiveness of some typical encapsulation techiques for flattening the peak in the response vs.
photon energy curve. For photons greater than 300 keV, the effective dose range of these
detectors is inear from about 5 to about 10,000 rads Such detectors have little or no dose rate
dependence, but the long range fading characteristics are not as good as those of the “low 2"
glass developed more recently. Cheka has examined the glass characteristics with a view to
adapting the detector for personnel monitoring. It appears to be suitable for most applications
including those requiring frequent reading, as it may be read at intervals without affecting the
integrated response.

Response of the Metaphosphate Glass to Neutrons

The principal thermal neutron absorber in the glass 1s silver, '°7 Agand ' °? Ag, with cross
sections of 30 and 84 barns respectively As both '°? Ag and !’ Ag are beta gamma emitters
with short half lives (2 4 min and 24 sec, respectively), there 1s no prolonged buildup after
exposure. Because of the small size of the detectors. the beta particles contribi'te most of the
response. The measurement of gamma dose n a field of coexistent thermal neutrons and
gamma rays may be accomplished by encasing the rods 1n a neutron absorber that does not emit
beta or gamma rays. Lithwum 6 with an {n,a) cross section of 945 barns is commonly used.

Although the energy deposited in the glass by fast neutrons as a function of neutron
energy may be calculated, the effectiveness of the ionization produced by the recoil ions cannot
be assumed to be the same as for the fast electrons, 1.e., ‘columnar’ recombination along the
path of such a particle might remove many of the electrons before they could migrate to silver
ions. Evidence has indeed been found that heavy particles are less effective in producing
fluorescent response.

An experimental determination of the response of the glass to fast neutrons has been
reported for a limited energy range, and others have reported measurements at 14 MeV,
Figure 6-86 shows the response for neutrons of 05 to 15 MeV exposed in a fluoroethene
capsule and uncorrected for the low gamma radiation background in the Van de Graaff target
room. The data are sufficient to indicate the low sensstivity to fast neutrons

Advantages and Limitations of the Metaphosphate Glass Dosimeter

The commercially available system offers a reliable, economical, and fast neutron
insensitive method for gamma radiation dosimetry For many applications, such as tissue
implantation, the small size is of most importance As repeated readings can be made without
destroying the fluorescence, the detector offers the possibility of a “life trme” integrated
reading. The marked dependence of the response on photon energy in the photoelectric region
and the sensitivity to thermal neutrons are the greatest {imitations of the unencapsulated glass.
For the most accurate work, prereadings ase required on alt dosimeter, and care must be taken
to clean the glass thoroughly before evaluation of the fluorescence is attempted.

New types of glass and new readers are being produced more and more frequently. The
new “low 2" glasses available in West Germany and Japan make possible measurements of total
exposure as low as 10 to 20 mR with a precision of about £ 30% They also have exhibited
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mar kedly less dependence of response per unit exp« - - e asa function of photon energy as they
are composed of LiPO, with jus* a few percent r. " 3P0,

Thermoluminescence Dosimetry

Much of the preceding discussior can be applied to thermoluminescence, the process by
which a substance, not normally luminescent when heated to temperatures below its thermally
luminescent threshold (optical), can be made to luminesce at these temperatures by
pretreatment with iomzing radiatton The chief chemicais used for this application are CaF and
LiF, the former being more sensitive and the latter exhibiting less ' energy dependence” The
thermoluminescent systems are suitable for the same applications, in general, as the
photoluminescent systems, but there are a few differences which may be noteworthy The
thermoluminescent systems are more sensitive, and exposures of the order of 1 mR have been
detected with CaF This system of dosimetry is less dependent in response on photon energy
than the photoluminescent system if LiF is used, but it is also mor e sensttive to neutrons which
hamper 1ts use 1n coexistent neutron photon fields The thermoluminescent system is also. 'n
general, somewhat less convenient to use than the photofuminescent system because of the dry
powder form n which the fluoride is used More convenient forms of thermoluminescent
detectors have recently been developed and have come into wide use Many laboratories are
using thermoluminescent dosimeters for personnel monitoring

A second feature of the thermoluminescent system is the erasure of the response during
reading. If repeated use of the detector for unrelated measurements is desired this feature 1san
advantage; if long term accumulation of exposure with intermediate readings 1s desired thes
feature 1s a disadvantage The latter disadvantage can be overcoime n many instances by
utilizing several detectors simuitaneously at the point of interest with sequential removal for
evaluation.

Thermally Stimulated Exoelectron Emission {TSEE)

Another method of dosimetry which i1s very similar to thermoluminescence 'nvolves a
phenomenon called thermally stimulated exoelectron emsssion (TSEE) Although TSEE has
been demonstrated for over forty years. the major portion of work in this area has been
accomplished in the past ten years Basically, the quantitative measurement of thermatly
stimulated emission of low energy electrons from the surface of wrradiated ionic crystals can be
used as a method of integrating radiation dosimetry A very large amount of effort has gone
into TSEE research. The most promising material in use 1s a ceramic BeO, aithcugh other
metallic oxides are coming under investigation Despite some difficulties in the interpretation of
results it seems safe to assume that the obvious ssmilarities of thermoluminescence and TSEE
indicate a similar basic merhanism

General Discussion of Scintillators

The modern scintillation counting system consists of a scintillator, a photomuttipher tube
with a magnetic shield, and the associated electronics to amplify, analyze, and display the
output. in general, there 15 radiation shieldingfor the detector assembly Two types of associated
electronics are common, pulse amplificatiorr and puise height analysis. and current
amplfication and display.
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Scintillation detectors, phosphors, of many types are available for many applications. The
phosphors include organic solids, organic phosphors in plastic solids, organic solutions,
inorganic solids, and inorganic gases.

Much of the discussion of luminescent centers and the excitation of metastable states
given in the preceding section parallel the theory of phosphors; a major difference is the decay
time of excited states In the crystalline detectors such as Nal (Tl), the thallium activation or
impurity centers are the luminescent centers as well; the impurity center absorbs some of the
excitation energy of the atoms of the crystal and emits photons in the wave-length region
typical of the Nal (T} scintillator. The amount of impurity is small, usually within the limits of
0.01% to 1%. In the various noncrystalline scintillators, some of the excitation energy in the
medium, e.g., the solvent, is absorbed by the organic molecule which undergoes de-excitation in
the wave-lengths characteristic of the phosphor.

Table 6-3 lists some typical, commonly used scintillators and some of their
characteristics. The values are taken from several of the general references, and some values are
averages of reported values.

TABLEG6 -3

Some of the Characteristics of a Few Typical Scintillators

Scintillation Pulse
Name and Peak Emission Yield Decay
Composition of Density Wave Lenght Raelative to Time
Scintillator glcm? A Anthracene” u /sec
Organic
Anthracene 125 4450 1.0 0.03
CiaHio
tilbane 1.16 4100 07 0.007
a2
P.Terphenyl
in Xylene 0.86 4100 0.2 0.008
CaHio
Inorganic
Zinc Sulfide »
Zns 4.1 4500 1t02 ~10
Sodium lodide
Nal (T1) 3.67 4100 ~ 2 0.026
Calcium
Tungstate 6.06 4300 ~0.76 1
Cawo,

* Zine sulf:de seintstlations {yield and decay) are sensitive to the crystas’ history e.g.. quenching.
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Once the scintillations are produced, the photons must reach the photocathode of the
photomultiplier to produce a response. Typically, solid scintillators are surrounded. except on
the phototube side, with thin reflectors of materials such as MgO or Al, 0, and the scintillator
with a light pipe and phototube joined either directly or with silicone grease (or a similar
viscous liquid) between the faces. In either case, Lucite is a common light pipe which transmits
a high fraction of the light, and, in addition, is frequently used to avoid having surfaces with
large differences in refractive index directly coupled; large differences cause greater reflection
losses.

Photons that pass to the photocathode surface eject electrons from it. These electrons are
focused by electric fields to the first of several successive multiplying electrodes or “'dynodes’’,
at which each electron will, typicaily, cause the ejection of about four others. As phototubes
generally have 8 to 11 such dynodes, the overall multiplication is of the order of 10° A large
variety of tubes are available. The range of photocathode sizes is from less than a square inch to
hundreds of square inches of area. The peak response wave lengths for the more common tubes
range from less than 4000 A :o0 greater than 5000 A Although most photomultipliers have
circular end windows and photocathodes, a few are available with a side window and
photocathode. The output of the phototube may be fed into one of a large variety of electronic
systems. The electronics systems for application in scintillation work comprises an extensive
field, and the reader is referred to many comprehensive works on that subject.

Scintillation Counters for Beta-Gamma Dosimetry

The scintiflation produced by a fast electron in the scintillator is directly proportional to
the energy absorbed over a wide energy range. Consequently, in “'thick’ detectors (thickness
greater than the path length of the most energetic electrons), the energy distribution may be
determined by pulse height analysis. For beta particle and fast electron counting, anthracene s
commonly used. Inorganic phosphors, eg., Nal (Tl), are widely used in gammaray
spectroscopy. The relatively high Z of these phosphors and consequently ther high
photoelectric cross sections make possible the total absorption of many photons even n
relatively small crystals, eg., 2.in. x 2-in. cylinders. An incident photon of 1 MeV, for example
can undergo a Compton interaction in the crystal and impart some fraction of its energy to an
electron resulting in a scintillation; the scattered photon can then interact inthe photoelectr:c
region which, of course, results in all the remaining energy causing a scintitlation which s
simultaneous, in the time scale of the apparatus, with that of the Compton electron The
output pulse is then proportional to the total energy of the incident gamma ray.

Scintillation Counters for Neutron Dosimetry

Typically, organic phosphors having a large hydrogen content are used in scintillation
counters for neutron measurements. In principle, neutrons collide elastically with the hydrogen
nuclei; these recoil protons then expend their energy in the phosphor producing a pulse which
is directly proportional to the energy absorbed provided the crystal is large relative to the
proton path lengths of interest. If the phosphor is “‘tissue equivalent”, or nearly so, the
scintillation output is equal to absorbed tissue dose for a specimen of the size of the detector;
for typical detectors, this is equivalent to first collision tissue dose.

However, there are no pure neutron fields. the gamma radiation in the field will also react
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with the phosphor. comphcating the measurement Many devices and techniques have been
developed to desensitize effectively the detector to gamma rays It is beyond the scope and
space of this chapter to hist and discuss these techniques of such a rapidly changing field It is
suggested that the reader refer to the large volume of material published monthly on neutron
spectroscopy by scint:llation techmques

Therma! neurron and siow  neutrons are frequently detected by using phosphors
containing atoms having a large cross section for (n,.P) or (n,a) reactions such as the
5 Liln,.a), H reaction

Advantages and Limitations of the Scintillation Sistem

Per haps the greatest advantage of the scintillation detector is its high sensitivity Another
feature, also related to the relatively high density, is the applicability to spectroscopy. The wide
range of sizes and shapes of the various phosphors 1s a distinct advantage as s the great
resolution of events in time and the range of elemental composition (especially hydrogen). The
complexity of associated equipment necessary for many applications 1s frequently a
disadvantage Sensitivity to electric and magnetic fields is often the limiting factor in the use of
scintilation equipment. In general, scintillation detectors have low sensitivity to low energy
radiation because of the bias against ' noise’ and poor energy resolution compared with, for
example, proportional counters

Calorimetry

In principle, calorimetric deter mination of the energy absorbed by the medium of interest
from the radiation beam of interest represents the ideal measurement of that one parameter,
i.e. absorbed dose This assumes that all of the energy absorbed is converted to heat If one
were interested in the energy that a certain x ray beam would impart to a cm? of H,0, one
would simply place the water in the beam in a well insulated container and measure the
temperature rise as a function of time

The most imting factor in calorimetric dosimetry has been for many years the
inadequacy of thermometry systems. The temperature changes to be measured are generally
small relative to those that can be measured accurately by resistance changes, the
thermoelectric effect, or the physical expansion of the absorber However, since about 1945, a
more sensitive temperature detecting element has been available; this is the “thermistor’.
Thermistors are metallic oxide semiconductors which have high negative temperature
coefficienms. A typical thermistor is the type 12A Western Electric which exhibits a negative
temperature coefficient of 3.9% per degree centigrade at 20°C

The resistance change of the thermistor can be readily measured with a Wheatstone bridge
and a galvanometer; most researchers use a dc amplifier and a recording galvanometer.
Figure 66 shows a temperature vs resistance plot for a thermistor.

The two most frequently used calorimeter systems are the total absorption and the
low perturbation types. Calorimeters of the total absorption type have been reported :in which
sensibly all of the incident radiation s absorbed For determining the first.collision energy

absorption, a low perturbation calonmeter is necessary, i @, one which does not sigmficamly
aiter the radiation field
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Total Absorption Calorimeter

For some applications, the total energy flux in a beam of radiation is desirable, eg, in
teletherapy. For measurements of this type Laughlin et a/. designed a total absorption
calorimeter. Basically, a lead cylinder exposed endon to a collimated beam was used as the
total absorber The 6.2-cmdiameter by 3.4-cm long lead filled cylinder, containing a small
heating element and a thermistor, was suspended in an evacuated calorimeter box having
thinwalled apertures for the radiation beam entrance; the box was then surrounded by a
controlled temperature oil bath, except at the radiation enmtrance ports The thermistor was
wncorporated in a Wheatstone bridge circuit, the output of which was connected to a dc
amplifier which was followed by a recording potentiometer. Calibration was based on absolute
energy input by the heating coil. Measurements of intensity of x rays {400 kV self rectifying
with 1.75 mm total equivalent filtration) gave excellent agreement with theory and with
measur ements utihizing ronization chambers

Low Perturbation Calory--sters

An example o’ » o w perturbation calorimeter is that used by Kalil et a/ t0o measure
electron stopping pr + of foils. In this case, foils of the order of 100 micrograms per cm?’
were the absorbing £ 4 and caused little perturbation of a fast electron beam. For x- or
gamma ray measure nas it , thicker absorbers could be used.

The major cof -wnents of the calorimeter used by Kalil included the foil, a low-mass
mounting ring for .ne foils and thermocouples, two sets of six each copper constantan
thermocouples an ' . 2 aluminum heat sink inside which the other parts were mountec. These
parts were then as.c nbled inside an accelerator tube, and the thermocouple leads connected to
one of two circuits. “hose for six thermocouples to a "cooling circuit” and those for the other
six to the monitorira circuit. A potential couid be applied to the thermocouples in cne of the
thermopiies so that vy the Peltier effect, the foil could be heated or cooled; these two effects
are reversible. The h.at generated in or absorbed by the junction is equal to the product of its
ther moelectri~ power the absolute temperature, and the current flow through it Consequently,
the caloruneter had a built in absolute calibration device, assuming appropriate circuitry For
fow absorption measurements, eg. first-collision dose, such calorimeters Fold considerable
promise.

Advantages and Limitations of Calorimetric Techniques

Assuredly, the greatest advantage of calorimetry is that it yields energy absorption in
absolute umits. For facilities where it can be used for routine work, it offers a reliable and
reproducible standard. In general, the imiting parameter is relatively low sensitivity and the size
and complexity of the apparatus. Calorimetric measurements frequently require more time and
analysis than other systems,
Threshold Detectors
General Discussion of the Method

For measuring high neution dose rates, such as from critical assemblies, the range of
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proportional counters or other rate type dosimeters is frequently exceeded. A desirable neutron
dosimeter feature for these high rates would be that it store a latent image, i.e., exhibit a
reaction effect such as the film, glass, or chemicals do for gamma radiation. An obvious
conclusion is that the neutron reaction products in various elements might be made to suffice.
One approach mwght be to observe neutron reactions that exhibit eneigy thresholds, eg.,
the’>S(n p)’’ P reaction which has a threshold at about 2 MeV and a reaction product which
may be analyzed readily by means of the hard beta ray. By utilizing sevaral threshold reactions,
the neutron flux as a function of energy may be determined approximatly, and the tissue (or
other) dose calculated.

The ORNL Threshold Detector System

Hurst et a/ and Reinhardt and Davis have utilized four threshold detsctors, plus the gold
and gold shielded by cadmwum detector for thermal neutrons, 10 measure neutron spectrum and
dose. Thz fast neutron detectors are > *?Pu, 2*"Np, and 232 U fission foilsand >?*S The 23°Pu
is exposed In a '°B shield to effect a threshold at about 4 keV. Figure 6-7 shows the
cross section curves of the detectors to an energy of 6 MeV. Table 6 4 shows the effective cross
sections and thresholds of the detectors and gives an indication of the sensitivity; the fission
foils are commonly evaluated by using 2 Nal (TI) 4-in. scintillators, 4-in. diameter and 2-in.
thick, one on each side of the foil. The half life of the *2P from the *?S(n,p)® ?P reaction is
14.3 days and the beta ray energy is 1.71 MeV. However, the delayed fission gamma rays from
the fission foils exhibit a rapidly changing half life; Figure 6-8 shows the decay curves for these
gamma rays. A typical flux histogram determined by the Hurst systeri of threshold detectors is
shown in Figure 6-9.

Advantages and Limitations of Threshold Detectors

The major advantages of threshold detectors include the extremely high dose rates and
integrated Jdose at which they can be used and the insensitivity to gamma radiation (negligible
response to gamma rays of less than about 20 MeV). It is also advantageous to have an
indication of neutron spectrun in addition t2 dose.

The most serious limitations of most threshold detectors result from the rapid decay of
the reaction products (fission-product gamma rays) and the relatively complex and expensive
equipment for evaluation. Except for installations equipped for automatic or semiautomatic
reduction of count rate to flux and dose, these evaluations are somewhat time consuming.

Recent improvements in this system include the introduction of track etch techniques
which essentially eliminate the disadvantage of the rapid decay of the reaction products.
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TABLE 6-4

Effective Thresholds and Cross Sections for the Foils Used in the Hurst Threshold Detector System

Background 10 rad Neutron®*
1 hr Post Exposure
Detector Threshold Cross Section Counter” (c/m) Foil (¢/m/g) (c/m/g)
239py ~ 1 keV 20 x107%% em? 280 970 1900
37Np 0.75 MeV 1.6 x107%% cm? 280 0 1440
238y 1.5 MeV 0.55 x107%% cm? 280 80 2520
S 2.5 MeV 0224 x 1072% cm? 22 0 54
Auand
Au+Cd Thermal Direct Calibration 50 0 t

~ *Fission foils “counted” by placing between two 4-in.-diameter by 2-in.-thick Nal (T1) crystals. Sulfur samples “‘counted by placing on a
1 1/2-in.diameter by 1/8-in.-thick plastic scintillator. Au samples ‘counted” by placing on a 1 1/2-in. by 1-in, Nal {ThH crystal.

**Exposed to Godiva I1 at Los Alamos Scientific Laboratory. This nautron spectrum from this reactor is a somewhat softened fission spectrum.

1tOf the order of several hundred ¢/m, but sensitive to the exposure environment due to scattering in walls, floors, etc.
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LECTURE N©°7
DOSE FROM ELECTRONS AND BETA RAYS
Introduction

Whenradiation strikes a medium, it causes ionization; associated with each ionization is an
electron which may have an energy from a fraction of an eV to many keV. The more energetic
electrons move about in the medium and cause still further jonization with the release of more
electrons. It is apparent that the study of the energy distribution of electrons appearing in
matter as a consequence of irradiation will provid information on the damage by the incident
radiation. The field of electron spectroscopy differs from other spectroscopies in at least one
interesting way in that there are few electron spectrometers available commercially.
Spectrometers are almost always made to special designs to perform certain special tasks.

The field of electron spectroscopy is a large field which has grown up over many years.
Ther~ are many hundreds of different types of spectrometers and many thcusands of papers
have been written concerning their use. It is not possible in a short lecture to go into great
detail. In addition, it will be necessary to generalize in order to make a coherent presentation
on such a large subject. There is an excellent reference by K. Siegbahn entitied “Alpha, Beta,
and Gamma Ray Spectroscopy”, which should be studied by anyocne who wishes further
information in this field.

Electron Spectrometers

Electron spectrometers may be classified by the energy differentiating mechanism as
magnetic, electrostatic, scintillation, proportional cnunter or semiconductor. Each type offers
particular combinations of transmission, resolution, and energy acceptance from 0.01 to 100
percenmt, 0.001 to 25 percent, and 1 eV t0 many Mev, respectively. Solid sources are usually
employed which may range in diameter from a fraction of a mm to 10 cm. Energy calibration is
usually accomphished by using internal conversion electrons or an electron gun or accelerator,
Measurement of transmission is made by noting deviation, if any, from a Fermi plot of an
experimental fSspectrum from an allowed transition. Uses in heaith physics include
measurements of : shapes of f-spectra which determine shapes of -absorption curves, branching
ratios, and average energies per disintegration, all of which are used in internal dose
calculations; electron stopping powers, straggling distributions and W values are used in
Bragg-Gray calculations; cross-sections for electron-electron interactions in solids and gases;
slowing down spectra of f-rays, Compton- and photoelectrons in solids; p-spectra from
unknown emitters for identification. As monochromators, they select a narrow energy band
fromapray continuum which may be used to measure efficiency of scintillators and energy
dependence of -ray dosimeters.

The pertinent energy-momentum and energy-velocity relationships for electrons are:

e e o ot i i 2
E= \/p2 ¢ +mic* - mye? — 551- (low energy only) (7-1)
(o]
= ——--9—‘:2—“ - my: — —1-m v? (low energy only) (7-2)
1":-;[‘(:-1 o€ 2 Mo oy Yy

i
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wheie E = electron kinetic energy
p = momentum
v = velocity
m, = electron rest mass
¢ = velocity of ight

It shoutd be noted that the kinetic energy, E, 15 reiated 10 the momentum, p, by Equation 71,
and that this relationsh:p reduces 10 the famihiar nonrelativistic form E = p° /2m,, only for low
energy electrons, 1.e_, for electrons of tess than about 25 keV The alternative expression for the
electron kinet:c energy n terms of the velocty given by the second express:on approaches
1/2 mov7 aly only for low energies. These expressions are rather tedious to compute;
fortunately, th's is now unnecessary by the excellent table giving the electron momentum and
velocity as a function of energy from0.2eVt0 33 x 10’ eV (U S Department of Commerce,
Nationa! bureau of Standards Circular 571).

Principles of Magnetic Spectroscopy

An electron with momentum p perpendicular to a uniform magnetic field moves in a
crrcular orbit of radius p. The relation connecting these quantities found by equating the
product of the centripetal acceleration and electron mass to the magnetic force on a moving
charge, is given in the first of Equation 7-3.

P = Hep
%9 = const
cpm (7.3’
N,(p) = "=~
() Ap
~ SPm _ cpm
p Hp

and this equation 's vald both relativistically and nonrelativistically A differential in p is
proportional to a differential in p and this equation 1mpt-es that, f a group of electrons moving
in @ constant magnetc field s selected by a s!t of width Ap a band of momentum with width
Ap, given above, will pass through thrs st Thus if Ap/p 1s fixed geometrically, Ap/p will be
fixed at a constant value also, and the momentu: resolution Ap/p 's a constant as indicated in
the second of Equation7 3

A counter that counts the particles that move through a slit measures the number of
counts per minute which lie between p and p + Ap The rat:o of counts per minute to Ap 1s the
number of electrons per urit momertum which is defined as the momentum distribution
N; {(p). Thus N, (p} is given by the third of Equation 7 3 as cpm/Ap: or a proportional number,
cpm/p. or cpm/Hp We frequently find the label ‘cpm/Hp 1n the literature along the ordinate
of a fray spectrum Inthis instance the ordinate represents the true momentum distribution of
the electrons

Principles of Electrostatic Spectroscopy

If electrostatic rather than magnetic deflection 1s empioyed in a spectrometer, the
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gover ning relationsh:p equivalent to Equation 7 3 is given in Equation 7-4

T = KV
a1 = oonst {7-4)
T
m cpm C
. Nz(T) = E’i—r- 4 —.-r— £ _;’VPT_TI_

which states that the electron energy T being observed is proportional to the voltage V applied
to the deflecting elements. By reasoning similar to that employed ‘n Equation 7-3, it may be
shown that the energy resolution AT/T is a constant in this case. Thus the energy distribution
N, (T) is given by cpm/AT; or (counts per minute)/T; or cpm/V. Electrostatic spectrographs for
Bray spectroscopy are rarely used because the relationships of Equation 7-4 are not valid for
relativistic electrons. However, they will probably find increasing use in the future, particularly
in the low energy region, because of their simplicity as well as their resolution and traismission
characteristics.

Spectroscopy by Total Energy Absorption

In another class of spectrometers, the energy of an electron is measured by completely
absorbing the electron in a scintillating material, a gaseous matervial, or a semiconductor. The
size of the electric pulse in the photomultiplier or other associated circuitry generated by the
absorption of the particle s proportional to the energy of the particle, and the distribution of
pulse hewghts gives the energy distribution of the electrons. The resolution of such devices is
given by a constant dividec by the square root of the energy. This relation resuits from the fact
that the statistical variation is the number of events associated with the absorption of a single
electron is governed by a Gaussian distribution of pulses for absorptions of the same amount of
energy.

in the scintillation spectrometer, the variation occurs primarily in the number of
photoelectrons emitted at the cathode of the photomuitiplier which views the light from a
scintiliating crystal. in the gaseous or proportional counter spectrometer, the variation occurs in
the number of 10n pairs created In the gas of the counter. In the solid- state spectrometer, the
variation s in the number of electron-hole pairs which are formed. In all three spectrometers,
the apparent energy spread may be calculated by first dividing the amount of energy absorbed
by the amount required to produce one event, that is, about 1000 eV in a crystal, 30 eV ina
gas (the W value of the gas), or 3 eV in the semiconductor. The number of events then has a
deviation equal to the square root of this number, and this deviation multiplied by 1000, 30,
or 3 gives the apparent energy spread. Although the energy resolution varies as the reciprocal of
the square ront of 1he energy, the energy distribution is given directly hy the counts per minute
observed because the resolution is entirely statistical in nature. These relations are shown in
Equation 7 5.

AT = const /T
AT const
Al - conet (7:5)
but T T
N, (T) = cpm
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Conversion of a Momentum distribution to an Energy Distribution

It is often useful 10 convert a momentum distr tbution into an energy d'str:bution or vice
versa. Equation 7 6 srates the underlying

N, (p)dp = N, (T)dT
dp
N> (T) = N;(p) aT (7 6)
_ N.(p)
= e

relationship between the two distributions: the number of particles N, {pldp, having momenta
between p and {(p + dp) must equa! the number of particles N.,(T)dT. which have energy
between T and (T +dT} If, for example, the momentum distribution N, {p) 1s known, the
energy distribution N,(T) may be obtawned by divding N, (p) by the electron velocity, as
shown in the third of Equation 7 6.

The Extrapolation Chamber

The extrapolation ionization chamber 1s often employed in a routine manner in
B dosimetry. In the Bragg Gray theoty of the cavity ionization chamber, the size of the cavity
was assumed to be such that the secondary ionizing particles lost only a smalt fract:on of their
energy in crossing it. The severity of thisrestriction, even for measurements of medium energy
x rays, has already been pointed out, and it 1s usually difficult, and often impossible, to design a
chamber in which this condition is obviously satisfied. Some exper imental check on the vahdity
of the theory is therefore necessary when cavity chambers of larger size are used, and one such
check is to measure the ionization per unit mass of aw as the pressure is reduced. If this tends to
a constant value, the latter may be taken as the value which would be obtained in an
infinitesimally small cavity.

Another method is to vary the size of the chamber and plot ti.e 1onization per unit mass
of air asa function of chamber size The value for a vanishingly small cavity is then obtained by
extrapolating the observations down to zero chamber size. The correction for wall absorption
can be eliminated n a similar manner by taking observations for several wall thicknesses and
extrapolating to zero thickness A chamber was devised for this purpose by Faiila and was
called by him an extrapolation chamber |t consists of a parailel plate chamber with variable
plate spacing the volume from which i1onization is collected being a small coin shaped region at
the center of the plates, surrounded by a wide guard ring With appropriate modification, this
type of chamber has been used for various specially difficult dosimetric problems, eg, the
estimation of the dose due to a radioactive sotope uniformiy distributed in tissue, the
dosimetry of f§ray sources, and the measurement of dose rate in electron beams In the iast two
instances, the ionizing particles are themselves the primary radiation and are not isotropically
produced secondaries as the Bragg Gray theory requires. The introductron of any finite cavity
into a medium wradiated by a directed beam of i1onizing particles will always disturb locally the
particle flux, and only a technique which employs some of extrapolation chamber can gwve
reliable information about the dose distribution «n the medium

in order to determine accurately the very small electrode spacings which may be
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necessary in an extrapolation chamber, it is often best to measure the electrical capacity of the
collecting electrode with respect to the opposite plate and to deduce the sgacing from this and
the area of the collector. As a rule, the collector is separated from the guard ring by a very
narrow insulation gap, and its effective area can be determined accurately.

lonization Chambers for Fast Electron Dosimetry

A parallel-plate ionization chamber having thin foil electrodes is suitable for monitoring
or for dose measurements in a fast electron beam. The plates are very thin foils of aluminum or
copper or of graphited mica or polystyrene . The central foil is the collector, and the two outers
are at ground potential, The volume from which ionizationis colected may be defined by letting
the electron beam enter the chamber through a diaphragm of known diameter.

Afternatively, if a mica or polystyrene foil is used, a small collecting area may be isolated
from the rest of the central foil by a scratch through the graphite, and a connection from this
brought out through a long screened “panhandle’”. Foils of polystyrene, mica, or aluminum of
thickness half to one thousandth of an inch are very suitable: copper foil of thickness 0.00012
in. can be obtained, which is quite strong enough for small diameter chambers

When a beam-defining diaphragm is used, the active volume of the ionization chamber is
the coin-shaped region between the outer foils which is traversed by the beam. With an isolated
collecting area on the central foil, the active volume is the coin-shaped region lying between this
collecting area and the grounded foil above it. The ratio of active to inactive volume should be
kept as large as possible, and this is best achieved by avoiding complicated designs. The foils can
readily be cemented to their supporting rings. If this is done at about 100 to 200°C and if the
material of the rings has a slightly smaller expansion coefficient than the foil, the latter will
remain tightly stretched, and therefore plane, as the ring cools.

To determine a superficial dose rate, the chamber should be brought as close as possible
to the surface of the irradiated material in order that the full backscatter may be included in
the measurced ionization. Some electrons are scattered back from the foils themselves, but this
error can usually be kept quite small with thin foils of low atomic number. For accurate work,
the foil spacing must be adjustable, and the extrapolatinn chamber technique must be
employed to determine the true superficial dose rate.
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LECTURE N© 8
INTRODUCTION TO RADIATION BIOLOGY
Introduction

it would be 'mpossibte to present :n ane lecture all pertsnent aspects of the effects of
radation on biological systems. However , this lecture i1s intended to present a few of the basic
interacnion processes, (ntroduce several of the observed effects at the cetlular leve! due to
radsation, and then extend the discussion to include the etfects of radiation on the tota!
organism {namely, man). The latter discussion will present both immed:ate tethat effects and
late effects of irradiation.

Action of Radiations in Aqueous Systems

As you know ronizat:on produced by radiation i1s a random process 1f a compiex system
(one consisting of more than one kind of molecute) is vradiated with an ronizing radiation,
iomzation will occur in alt the different kinds of molecutes present in the system in the
proportion in which the molecules are present Unless a dose large enough to ionize every
molecute 1n the mixture 1s delivered, some molecules of each type will be ionzed. and some of
every type will be left intact. This does not mean that all the intact molecules will scape
radiation related change, If it 1s possible for changes to be brought about in these intact
molecules by the irradiation products of the onized molecute the energy of an ionizing particle
must be transferred to one of the intact, un :onized molecules from a molecule that has been
“hit* {ionized).

Thus, there are two, quite different mechanssms by which chemical changes in motecules
may be brought about by wonizing radiation One 15 direc action, 1 e, a molecule s 1onized or
excited by the passage of an wonizing particle The other s indirect action; the changed
molecule has not itself been ionized or excsted by a particle However, the molecule s changed,
because it has received the energy of an ionizing particle by transfer from another molecule
which has been 1omzed through the direct action of radiation.

It should be kept :n mind that cells (and, therefore, living systems) are extremely
complex mixtures o solutions, Water is the solvent, and the chemica! reactions which make up
the process called "'metabolism’ 1ake place in 1it. The cell molecules (proteins, carbohydrates,
nucleic acids, inorganic substances) are either dissolved in or suspended in a watery medium
When cells or tissues are irradiated, most of the energy transfer goes on in water, because the
water presents the largest number of targets” for the radiation. Solute molecules, because they
are relatively scarce, will be acted upon infrequently However, chemical changes can be
brought about in the solute molecules if the energy of the ionizing particies is transferred to
them from the wonized water. it is apparent, with respect to changes brought about in the
molecules of which cellular constituents are composed, that the interaction of ionizing
radiation and water, and the chemistry of irradated water is very important.

Water, as any other material, s omzed when irrad:ated. An electron 1s removed from the
molecule leaving behind an ionized water molecule.

H,0 -editon .y gy g (8-1)
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Equation 8 2 depicts the ejection of an electron from a water molecule. The molecule is now
positively charged and the electron. which has to be ejected, is traveling with some discrete
energy through the medium The reaction shown in Equation 8-2 typically folows that in
Equation 8 1. An un-ionized water molecule captures an electron (set free in Equation 8-1).
The result is another ion a water molecule endowed with a negative charge. Thus a pair of ions
(H,0" and H,0 ") has been formed

The above reactions represent only a first step in a series of reactions, because the final
products of irradiated water are H, OH, H; 0, ,and HO, It is clear that none of these is formed
as an immediate result of the passage of ionizing radiation through a water molecule

Theions H,0' and H,0" are not stable and dissociate almost immediately into free
radicals. Free radicals are distinguished by the presence of a single, unpaired electran (unpaired
from the point of view of direction of spin on the electron’s own axis), The outer electron
orbits of H, 0" and H, 0~ may be represented in the following manner:

H,0' = H -0- 'H

H,0" = H ©0: H
As previously stated, these ions almost immediately dissociate into two subunits:

H,0°* ————- -— H' + OH'

H,0~ — - H + OH"

in this case, the dot symbolizes the unpaired electron. Free radicals thus formed are responsible
for the indirect action of radiation, since they are extremely reactive (in pure water they
ordinarily react within 10-° seconds). Reactions of free radicals are reasonably indiscriminate;
a free radical may interact with another free radical, with a molecule already ‘“damaged’” by
radiation or with an intact molecule.

The reactions of free radicals can be subdivided into five general categories.

A Commonly, there will be a number of reactions among the free radicals themselves.

1, H * OH ——=— H,0
2 H+H -————H,
3 OH + OH ———— H,0,

B Freeradicals may react with the water in which they are formed.

1 H + H;O Tomm——— H;O + OH
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C Freeradicals may react with therr own reaction products

1 H,0 +OH ----- -~ H,0 +H
2 H,0, + OH ~-----> HO, + H,0
3 HO, +HO, ------ ~ H,0, + 0,
4 HO, +OH ------ -~ H,0 + 0,

D Freeradicals may teact with oxygen
02 “"i"’ HO; —"'i"_’ H;O) --=-=> OH + Hzo "-H"’ 2H;O

The hydrogen free radical reacts with oxygen to give HO, (the hyperoxa!l radical)
an ymportant product which further reacts to produce the potent po:son, hydrogen
peroxide (H,0;) The presence of oxygen in cells and tissue at the time of
irradiation increases the magnitude of the effects of radiation, irrespectve of the
end point under observation This interaction between oxygen and radiatw.i ‘s
known as “th= oxygen effect”

E Finally, and most importantly, free radicals may interact with organic molecules
{the molecules of which cells and tissues are built) and change them When these
interactions take place, the indirect action of radiation has occurred

the following equations illustrate how these interactions may come about :

1 HO, + RH -—-—=R + H,0,;
2 RH +HO, —----- RO + H,0

If RH in either of these cases is a fundamental organic molecule, important to the
metabolism of the cell, then an upset in the chemistry {metabolism) 1s expected In
addition, H,0, (hydrogen peroxide) is a cell poison and, if present in sufficient
quantities, can materially interfere with metabolism

As we have seen, not all products of free radical interactions are harmful to living systems
(water and molecular hydrogen) Some of the products of such reactions are poisons; still
others are free radicals themselves capable of further reaction and transfer of the energy of the
ionizing particle. Organic free radicals may represent not only changed molecular constituents
of the cell, but also substances that are free to attack other such constituents and spread molecular
change still further  However, one concludes from the previous discussion that indirect action
primarily, but not exclusively, occurs from water derived free radicals

Target Theory

The various molecular species of which cells are composec have specific functions The
labors of the cell as a whole are divided among its various components and the components
function in cellular activity in harmony with each other Every component of the cell is
important, perhaps indispensable, for the maintenance of normal metabolism and for viability,
because each has a special role to play n normal metabolism However, the number of

1
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molecules that makes up each type or species varies; some species are present in excess while
others are present in limited numbers. The loss of the molecular species present in limited
numbers can seriously affect metabolism. Among the nucleic acids, deoxyribonucleic acid
(DNA) is the most important in this respect. DNA is the rarest species of molecules in the cell
and plays the widest, most critical role in metabolism.

The existence of such a hierarchy of functions, and of the molecules which perform
them, has led to the supposition that there may be critical or “’key” mo'ecules in the cell. The
alteration of these molecules could result in the loss of vital functions and even the death of the
cells of which these molecules are components., This supposition has led to evolution of the
concept of ‘‘target theory”’. This theory has been used to interpret radiation results in both
living and non-living systems. Target theory demands that, for serious change in function of an
organism or molecule to be brought about by radiation, the initial transfer of energy
{ionization) must occur within a limited vital or sensitive volume. Consequently, the application
of target theory must be restricted to cases in which direct action is the sole, or at least the
predominant, mechanism for producing molecular changes. Target iheory has had its greatest
success when its use has been restricted to experimental systems in which indirect action is
ruled out (i.e., dried, crystallized viruses). Remember that nearly all biologic systems are
composed of large amonts of water and that indirect action is by far the predominant mode
through which changes in the molecules which comprise a cell are brought about.

In order for target theory to apply, the following requirements must be met:

1. Survival of function following varying doses of radiation must be exponentially
related to increasing dose.

2. The process must be independent of dose rate.

3. The dose of different types of radiations required to produce a given biologic effect
must increase in order of gamma rays, hard x rays, soft x rays, neutrons, beta and
alpha particles (an order of increasing LET).

The fact that target theory cannot be directly applied to all living systems does not
destroy the concept of the key molecule. S~ me functions will be sensitive to inactivation by
smaller amounts of radiation energy than other. This will be due mainly to a difference in the
nurvi;er of agents which control the function. For example, a change in one molecule can resuft
in the loss of function {inactivation of some viruses). But life (vital function) in more complex
structures such as cells is not dependent upon one molecule but upon many, so that several, at
the least, must be changed before inactivation (death) occurs.

The inactivation of an enzyme is a good illustration of single hit phenomenon. One hit or
change in an enzyme molecule is all that is thought necessary to inactivate these molecules. If
one plots the fraction of enzyme molecules surviving irradiation as a function of the dose, a
curve similar to that shown in Figure 8-1 is produced.We see immediately that the inactivation
efficiency decreases with increasing dose and inactivation expressed as a function of increasing
dose falls off exponentially,
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Higher on the scale cf life, organisms become increasingly complex There are often
several different structures which may contro! the same function. The multiplicity of ~'targets”
makes inactivation of the organisms as a whole, by a single hit, highly unlikely The more
targets there are per organism, the less efficient any given dose of radiation will be for
inactivating them However, survival data for these ‘‘multi-hit’’ cases is presented in the same
manner (Figure 8-2) When the linear part of these curves is extrapolated beyond the initial
threshold value to zero dose, the point of intercept on the y axis is said to be numericelly
related to the average number of targets or key molecules per organism. That is, the intercept at
zero for N =1 is taken to mean that only one key molecule exists in these organisms. On the
same basis, an intercept of the y-axis at points greater than one is taken to indicate more than
one target per organism.

Effects in the Total Organism
Lethal Effects

The principal effect of exposure of the whole body to penetrating, ionizing radiation is
the shortening of the life of the exposed organism. The length of time live is shortened is
dependent on the dose level to which the organism is exposed (it will also depend upon various
other factors) It is possible thatthere are very low doses of total-body radiation which do not
elicit the earlier death of the irradiated animal. But this has not been proved; most evidence
tends to indicate that if such a threshold does exist, it will be very low

Total-body irradiation of mammals with rather large doses of ionizing radiation (~ 300
rad or more) causes death of the organism more or less ‘‘immediately” Doses of radiation
which bring death with about 30 days are referred to as ‘'‘immediately lethal”, and the action of
the radiation is said to have been ‘‘acute’’ Immediately iethal is a relative term; animals may
not die immediately after exposure to radiation, but they have not escaped its effects The
effects are manifested later in their lives; in contrast to immediate effects, these are called “late
effects”. The immediately lethal effects are generally called somatic effects, whereas the late
effects comprise the genetic and late somatic effects of radiation

The observed response to single exposures of ionizing raciation given uniformly over the
total body is primarily dependent upon dose. For any similar group of mammals, exposure to
increasing doses results in the appearance of a growing number of signs indicating that response
to radiation is occurring. Ultimately, a dose-level is attained at which, in addition to the above
signs, some of the animals begin to die As the dose is increased beyond that which begins to
kill some of the irradiated animals, more animals will die, and survival time of the animals that
die grows shorter  When mean survival times are computed for each dose of radiation greater
than that which begings to cause death, a pattern, consistent for nearly all species of mammals
studied, emerges. This pattern is iliustrated in Figure 8-3. The graph shows three clearly
distinguishable components First, over the dose-range of 200 or 300 rad to about 1000 rad, the
response is dose dependent. As the dose is increased, the mean survival time decreases from
weeks to days. The second phase extends over a very wide range (" 1000 to 10,000 rads), but
is independent of dose lThe mean survival time at any point on this plateau region is about
35days The last component of the pattern is also dose-dependent. In this case, as the dose
increases, the mean survival time decreases from days to hours and even to minutes

|
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Meen Survival Time for Mammals Following a Single Dose of Radiation to the Total Body.
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The three regions of the dose response curve are widely believed to reftect damage to and
farlure of thiee different organ systems In the first region. ‘vhere death may occur within
weeks to days, rhe effects are thought tobedue to the radiation damage to and the failure of the
hemopoietic system This organ system is responsible for the manufacture of the corpuscular
elements of the blood Do not be confused other organ systems are damaged by the tota! body
irradiat'on However 1n this case, the hemopotet:c system s the rad'osens'tive system whose
failure brings death. These comments can also be extended to the two regrons of response
discussed below.

A dose range is finally reached tn which large numbers of celis of the gastrointestina’ tract
are badly damaged When enough cells are damaged death of the wrradiated animals witl occur
pr ncipally as the result of damage to and the fa'lure of the gastro'ntestina! system to function
properly This 1s a reg.on of dose independence, and mean survival trme for most mammals wiit
be about three to four days

As the region of dose dependence 1s reached at the higher dose levels we find that death
is due primarily to the failure of the central! nervous systemn As before death s due to the
failure of the central nervous system. but all other organ systems witl be seriously damaged. The
gastrointest:nal and the hemopo:et:c systems w:il both be severely damaged and will fail, just as
they do at lower doses However the fadure of the central nervous system brings death very
quickly so that the consequences of the farlure of other systems do not have tumie to express
themseives.

The sensitwy of various tissues and organs 1o radration 1s dependent upon the rap«dity
with which therr mature. functional cellis die out and are replaced by new cells These new cells
are a result of cell divisson among undifferentiated (rmmature, unspectalized) cells in the tissue
This relationship was put 1nto the form of a law by Bergonie and Tribondeau The law states
that radiosensitivity of tissues depends upon the number of undifferentiated cells which the
tissue contains the degree of mitotic activity (cell dvision} in the tissue, and the iength ot t'me
that cells of the tissue stay 'n active proliferation (1 e , the number of cell divisions between the
earliest. immature state of a cell and its final muture, functional state)

irn all tissues of the body, mature functiona! cells wear out. become defective or
inefficient, and are replaced They are replaced by cells which d«fferentate {or specialize), but
which are themselves immature and unspecialized An undifferent.ated cell n the tissue or
organ will divide One of the daughters will differentiate and replace a worn out celt whiie the
other daughter remains undifferentiated and ‘replaces’ the undifferentated cell from which
both daughters arose In this way, tissues remain in 3 steady state with respect to numbers of
cells The total number of cells does not change; sufficrent mature. functional cells are always
present to carry out the functions of the tissue or organ because the rate of reproduction and
replacement is always equal to the rate of cell loss

Some tissues have a high rate of celi renewa! (bone marrow and gastrontestinal tissue are
good examples) so that, at any time, relatively large numbers of ther cells are dividing and
differentiating. It 1s widely known that tne dwision cycle 15 a singularly radiosensitive phase ot
cell Iife. Radiation interferes with ceil division through its effects upon the chromosomes in the
nucleus of the cell if a tissue has a high rate of mitoticactvity. it 1s reasonable to expect 1t 10
be radiosensitive A somewhat arbitrary histing of the radiosensitivity of systems and organs can
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be constructed simply upon what we know concerning the mitotic activity of the system. Ina
general sense, mammalian tissues can be arranged in the fcllowing order of increasing resistance
to radiation:

Ty

Spermatogonia.
Lymphocytes.
. Erythroblasts
. The rest of the classical hemopoietic tissues.
. Lining of the small intestinal tract
. Stomach.
. Colon.
. Skin,
. Central nervous system
10. Muscle.
11. Bone.
12. Collagen.

OO N &WN

A close inspection of this listing can explain in very simple terms the effects discussed
earlier and illustrated in Figure 8-3.

in following sections, a summary will be presented which will describe the major
syndromes of the immediately lethal effects of total body irradiation

Bone Marrow Syndrome

Total body radiation, if given in sufficiently high, single exposures, brings death within a
few weeks. While many organs and tissues are damaged, and death is due to damage in all of
them death will come about principally as a result of damage to the bone marrow

The time course of survival and the signs and symptoms that accompany it are called the
' bone-marrow syndrome’’ In the initial phases, the obvious manifestation is nausea, sometimes
accompanied by vomiting {(called the prodromal period). It is at this time that the lethal effects
are begining, and undifferentiated stem cells in bone marrow start to die. New cells for the
circulating blood are no tonger produced. The next major manifestation is a period of apparent
well being (called the latent period). During this period, more precursor cells in the bone
marrow die, and the marrow spaces become nearly cell free. Since circulating cells are not
renewed, a drop in blood count is observed. At the same time.a period of severe gastrointestinal
disturbance begins (diarrhea, later becoming bloody) resulting from radiation damage to the
gastrointestinal tract. Hemorrhage into tissue, fluid imbalance, serious infection, and,
ultimately, death follow. Death is the result of failure of the bone marrow and the body
systems which fight infection.

Gastrointestinal Syndrome

The full gastrointestinal syndrome is brought about only by total body exposure. Death is
the result of damage to many tissues, but the most important are the gastrointestinal epithelium
and the renewal systems of the bone marrow. Death itself is due to fluid and electrolyte loss,
infection, and nutritional impairmem. The irradiated animal dies in shock
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Central Nervous System Syndrome

Mean survival time for the central nervous system is dose dependent However, there
appears to be a 'threshold " dose level at and above which the syndrome comes into existence
Chnical signs 'nclude agitation apathy, disorientation, 10ss of equihbrium. loss of coordination
of muscular movements diarrhea, vomiting, tetanic spasms. conwvuisive serzures, coma, and
death The principal changes noted are infiftration into the meninges. vasculitis of the brain,
and edema Neuronal cells of the cerebellum undergo pyknosis and nuclear shrink:ng indicating
a disturbance n flu:d balance in these cel's Death is attributed to neuronal damage due to
vaculits, edema. and :ncreased 'ntracranial pressure

Late Effects

Effects in this category fall into a category which are the genetic effects and the late
somatic effects of radiation Genetic damage 's not always expressed unt:} mutant genes find
themselves in a genetic environment that permits expression Thrs sect:on w:ll only consider the
late somatic effects of radiation

The late effects follow:ng total body exposure in iow dose ranges are imparred fertility,
shortening of |ife span, cancer induction, and the nduction of cataracts

Impairment of fertiity occurs because of radiosensitivity of precursor cells to the
gametes However exposure to radiation in males does not appear to affect sexual capacity
(ibido or potency) Of course exposure to radiation often produces a knd of ‘sickness”
{previously described) which i1s debilitating, and as 'n most ilinesses, there 1s a loss of sexual
desire and responsiveness

Shortening of ife span is a true radiation effect but its genesis 1s not known The amount
of Iife shortening of small animals after total body irradiation appears to be dose dependent In
addition, hfe shortening appears to be dose rate dependent

lontzing radiations are carc'nogens (cancer formers), exposure to (onizing radiation
carries the risk of cancer induction in the irradiated organism. lonizing radiation 's @ general
car cinooen. that s radtion induces cancers of any hissue in nearly any animal tested. irrespective of
species Radiation is not the only carcinogen There are a multitude of other carcinogens,e.g,
chemcals, physical chronic irritants and living agents (viruses) However, among these only
radiation is at present known to be so general a carcinogen

Cataracts form as a result of an exposure to tonizing radiation n which the eye is
involved A rather large dose is reguired to induce the formation of cataracts, and therefore
cataracts formation 1s a relatively uncommon late effect of total body radiation These cataracts
are not the same as those which occur as a result of senihity In appearance and development,
radiation induced cataracts are quite distinct Some data indicate that neutron irradiation can
produce cataracts in good quantity after rate low doses
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