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Preface
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Stopping Powers for Use with Cavity Chambers

1. Introduction

The purpose of this report is to present a critical review
of the literature concerning the stopping power ratio that is
ubed in the interpretation of cavity ionization measurements
in radiation dosimetry.

The Bragg-Gray principle, which is discussed in detail, is
the basic formula relating the lonization in a cavity chamber
to the energy absorbed in the chamber swall material.  One
of the terms in this formula represents the ratio of energy
absorption in the wall ni&terh& to that in the gas. Tlus
term is called the stopping power ratio and will be denoted
by s or .8, when speaking of energy absorbed per cubie
centimeter or per gram, respectively. It is the evaluation
of this ternt with which we are primarily concerned here,

[sthowu1nthedﬁwdopmmntofﬂmfhugh(haypmnmpm
that the interpretation of the ¢ term has gradually changed
over the years. Gray's treatment considered the termi as
simply the ratio of continuous electron stopping powers in
wall material to gas, ignoring the energy dependence of the
stopping power. This may be regarded as a first approxi-
mation to s. Laurence later took inlo account the energy
dependence of the stopping power, thus taking for ¢ a mean
vulue of the stopping power ratio evaluated for the spectrum
of clectrons crossing the cavity. This constitutes a second
approximation to ¢, more accurate than the first, but still
ignoring the production of fast “secondary” electrons
(6 rays) by electron-electron collisions. Finally the treat-
ments of Burch and of Spencer and Attix take the Iatter
effect into aceount to give a third approximation to s.!

1t should be emphauze(l that, where the gas and cavity
wall are fairly close in atomic number the crrors incurred
by the use of the second approximation in place of the third
are small.  Even with as great a mismateh as air and alumii-
num the differences {rom s as predicted by Spencer and
Attix are only about 1 percent for cavities 0.6 em in diameter,
or 4 percent for cavities 0.1 em in diameter (at one atmosphere
pressure). With graphite or “air-equivalent” walls they
predict a difference of the order of one-tenth of the above
figures.

“In principle, considerations similar to those that follow
apply to any ionizing radiation. However the emphasis in

I The nest approximation, ag vet nonexistent, would be one in which the modifving effeet
of the cavity gas upon the crossing eleetron flux is also taken into account.  This would aliow
the application of cavity theory to larger cavities than is now possible.
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the discussion has been placed upon X- and gamma radiations
with only occasional reference to beta radiation, electron
beam radiation, and neutrons.

The development of eavity theory is described, more or
less chronologically. Then a review of the theory and
experimental Information on rauges and stopping powers of
charged particles is made to provide the data necessary for
applving the theories. The information available from
cavity chamber measurements is reviewed and compared
with theory. Finally, conclusions as to what this study
group considers to be the best currently available informatior
about ¢ are made.

2. Cavity Chamber Theory
2.1. Stopping Power

If the energy of a charged particle changes an average of
dT in a distance dz along its path, then the (linear) stopping
power, 8. is defined as 8= —dT/dr. The mass stopping
power, .S, is defined by ,S=S/p where p is the density.
In some studics it is desirable to exclude from the average
energy loss the energy lost in diserete amounts greater than
some value A, This exclusion will be denoted by including A
among the arguments of the quantity. For example, S(7, A)
is the stopping power excluding the energy lost in discrete
amounts greater than A,

The unit of energy will be the electron volt (ev) or the
meg-electron volt (Mev). 1 ev=1.602X10"* ecrg. The
other units will be those of the familiar CGS system.

2.2. Absorbed Dose

A fundamental problem in radiation dosimetry is the
measurement of the energy imparted to matter by radiations
such as X- or gamuma rays, fast neutrons, or beta rays.
It will be worthwhile elaborating upon the phrase “cnergy
imparted to matter,” for the sake of clarity. First of all,
this is meant in a macroscopic sense, referring to regions
large enough to represent the average energy transfer of
many individual events. At the same time one speaks of
the energy absorbed “at a poiut,” by which one means the
average value per unit mass in a small region surrounding
the point. The accepted unit of this absorbed energyv per
uéut )mass, or “absorbed dose” is the rad (100 erg/g) (ICRU,
1956). )

2

The actual mechanisms for the transfer of energy {rom
the radiation to the target material are important in inter-
preting the meaning of “encrgy imparted to matter.” With
beta ravs (i.e., {ast electrons) the transfer is direct, taking
the form of a series of Coulomb-force interactions between
the passing electron and the atomic electrons in the irradiated
material.  In the wake of the fast electron is left a string of
atoms that have either been ionized or left i an execited
state, Roughly half of the energy is invested in ionization
and half in excitation. When {(and if) the excited and ionized
atonis return to normal cnergy states, the energy they lose
is finally degraded to thermal motion? that is measurable

. at least in prineiple by calorimetrie methods.

The above description applies equally well to the encrgy
spent by X-rays in traversing material affer the initial transfer
of energy {rom electromagnetic quantum form to electron
kinetic energy. Similarly a {ast neutron transfers its energy
to a nucleus (usually hydrogen, if present) by collision,
whereupon the nucleus, stripped of some of its electrons,
passes through the material onizing and exciting atoms by
Coulomb interaclions as the electron did in the previous cases,

It is important to observe that in the case of X-rays or
neutrons, when one refers to the “energy imparted to matter”
or “absorbed dose,” it is the deposition of energy by the
ionizing particle that is meant rather than the initial transfer
of energy to that particle. Exeept in the special case of
secondary particle equilibrium, the two will differ in magni-
tude at a given location.

2.3. Ionizing Particle Equilibrium

In the case of X-and gamima rays “ionizing particle equi-
librium™ is usually referred to as ‘“electronic equilibrium”
gince the ionizing particles produced in that case are elec-
trons. For neutrons the corresponding particles are pre-
dominantly protons in most instances, We will discuss the
ease of X- and ganuna rays for convenience of terminology.

There are two types of electronic equilibriun, “complete”
and “transient.”  The former is said to exist at a point
when, {or every electron leaving a volume element surround-
ing the point, another cleetron of the saine encrgy enters,
(Strictly, this can be true only in the scuse of a statistical
limit.) This condition is found only in the case of an ex-
tended uniform medimn in which a radicactive emitter is

: Note that if the fons are not allowed to recombine, if some of Che energy Is spent in changing
the chernieal or physieal structure or in triggering exothermic or endothermic reactions, or if

some of the energy eseapes by radiation then the thermal heating will not he a true indieation
of the energy imparted by the radiation.,
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uniformly distributed. Complete electronic equilibrium will
then exist at internal points sufficiently far from the boundary
s0 as to be unaffected by it. Complete electronic equilibrium
implies that the energy lost by electrons within a volume
clement is equal to the kinetic energy (initial energy imparted
minus that lost in coming out of the atom) of the electrons
released within the volume element.

When a beam of X- or gamma rays or neutrons enters a
niedium, the energy lost by the electrons or protons per unit
volume at a location near the surface is less than the kinetic
energy released per unit volume at the samne location. The
proportion between the two Iucreases W‘lth depth plltll‘
“transient” electronic equilibrium exists; i.e., the ratio of
the energy absorbed to that released within an elementary
volume reaches a constant value independent of position along
the beam direction. Brysk (1954) and later Roesch (1958)
showed that a constant ratio does occur. Furthermore the
ratio is greater than 1;i.e., the absorbed energy at the point
is the larger. In many cases this ratio is very close to 1.00,
and complete electronic equilibrium is then said to exist,
although it is in fact only approximated. Such situations
are frequently encountered for X- and gamma rays below a
few Mev and for neutrons below several tens of Mev.

2.4. The Fano Theorem

Before embarking upon a chronological review of the
principal developments in cavity theory, it will be worth-
while to present a fundamental theorem upon which the
Bragg-Gray relation often depends.

Fano (1954) pointed out that in many cases cavity cham-
bers cannot be made small compared to the secondary
electron ranges as is conventionally required for application
of cavity theory. He stated that the application of the
Bragg-Gray principle actually rests, more frequently, on
another basis: the flow of corpuscular radiation will remain
undisturbed by the presence of the cavity, provided that the
elemnental copositions of the gas and the surrounding ma-
terial are identical, regardless of cavity size. Fano proved
this in general, with mathematical rigor.

_Fano’s theorem is stated as follows: “In a medium of
given composition exposed to a uniform flux of primary
radiations (such as X- or gamma rays or neutrons), the flux
of secondary radiation is also uniform and independent of
the density of the medium as well as of the density variations
from point to point.”

4

Fano’s mathematical treatinent consists essentially of an
application of the following reasoning to each infinltesiinal
volume of the medium. Consider first an infinite medium
of uniform density with a radiation source also distributed
with uniform density. The emission of the source need not
be isotropic. Throughout the mediun: there will be a uni-
form flux of all the secondaries of the radiation, Suppose
now that the density of the medium is increased f~fold so that
the source intensity is increased by a factor f.  Suppose that
at the same time all the stopping powers become f times
larger; i.e., that the mass stopping powers are independent
of density. The resulting flux of any secondary remains
unchanged. Finally consider the medium as subdivided
into two {or more) parts of different density with correspond-
ing source strengths. Kach portion “knows” about the
others only through the flux at the boundary. Since this
flux is independent of the density, the flux in any portion of
the material remains fully unaffected by changes in density
in other portions.

There 15 a limitation on the applicability of Fano’s theorem.
An f-fold change in density that increases the source density
by f may not inerease the stopping powers by /. The polar-
ization effect results in reduced rates of energy loss in con-
densed media (see sections 3.1 and 3.3.b and ¢). Consider
again the two (or more) part system. On one side the density
is f times that on the other so that the source intensity is
increased f-fold. In the presence of the polarization effect
the stopping powers of the secondaries are not, however,
f times larger in the denser material. This is because the
stopping power per electron in the denser material is less
than that in the other material. Henece to generate the same
flux of secondaries on both sides of the boundary, the ele-
mental composition of the denser material must be adjusted
to make the stopping powers exactly f times smaller while
maintaining the f-fold increase in source intensity. A third
region of still another density would have to have yet a
different composition, and so on. The situation is even
further complicated by the fact that the ratio of the stopping
powers of different materials is a function of the electron
energy. Thus the flux of only one energy group of secondary
electrons could be made equal on both sides of the boundary
with a given selection of compositions.

In a frequently encountered situation, a solid-wall cavity
chamber irradiated by gamma rays in the energy range where
Compton effect predominates, the source strength of secon-
dary electrons is everywhere proportional to the electron
density regardless of the atomic number. Thus, in general,
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it will not be possible to select a wall material of the right
composition simultancously to increase the source strength
by a factor f while decreasing the electron range by the
reciprocal of that same factor.

One must conclude then, that the Fano theorem holds only
to the extent that polarization effect does not enter the pic-
ture. This effect can be large at high energies in solid
materials. In carbon the electron stopping power is altered
by 3 percent at 1 Mev and 12 percent at 10 Mev. However
at large energies where the polarization effect is large, the
electron ranges are large also, and it is easier in practice to
construct cavity chambers small in comparison. Thus the
Fano theorem usually need not be relied upon in cases where
it is least applicable.

2.5, Basic Bragg-Gray Principle

The cavity ionization chamber offers a method for obtain-
ing the absorbed dose at a point by a computation based
upon a measurement of the ionization produced at the point.
In order to allow collection of this ionization by an electro-
static field, the cavity contains a gas, which in general differs
in stopping power from the (solid or liquid) wall material.
The effect of the stopping power difference on the ionization
must be taken into account in the computation. A suitable
formula was first devised in essence by Bragyg (1910), and
later independently devised in more explicit form by Gray
(1929, 1936). This Bragg-Gray formula will first be dis-
cussed in its basie form, and then the later elaborations of
Laurence, of Spencer and Attix, and of Burch will be
considered.

Cavity theory may also be applied to detectors such as
scintillators, chemical dosimeters, etc., in which the energy
imparted to the cavity material is deduced from measure-
ments of light emission, extent of chemical reaction, etc.
When the cavity is filled with a solid or liquid, its dimensions
must be about three orders of magnitude smaller than a
similar gas cavity.

a. Gray’s Derivation

Gray's treatment of the cavity theory was based upon the
assumption that an electron traversing a solid medium loses
the same amount of energy in a distance AX, short compared
with its range, as it would lose in traversing a distance sAX
of air, where s is a proportionality factor that is independent
of the velocity of the particle. He then considers two small

6

geometrically similar volunes of arbitrary shape. Volume
V7, contains the solid material Z, while 1/, contains air and
has all its linear dimensions greater than those in V7, by the
constant factor s. If these two volumes are each embedded
in alarge region containing the solid Z, and exposed to identi-
cal, uniform fields of gamma rays, each will be traversed by
a flux of electrons from the surrounding material Z. On
account of the larger surface area, the number of electrons
entering V, will be greater by the factor s2, but the volume
of T, exceeds 17, by the factor ¢°. Hence tle energy spent
in the air per cubic centimeter will be less than that in the
solid volume by the factor s71.  Thus we can write

|
Ea"‘g klz, (:1)

where I, and £, are the encrgies lost by the electrons per
cuble centimeter in traversing the air and solid volumes,
respectively. (At this point in Gray’s argument his termi-
nology has changed from “energyv lost” by the electrons to
“energy absorbed” in the media. This switch is only valid
if the two terms are equivalent. MNore will be said of this
later, but meanwhile we also assume this equivalence.)

[, can be further expressed as w. where oJ is the number of
ion pairs formed per unit volume of air, and w is the average
energy expended in the air by the electrons per ion pair
produced. This vields the familiar Bragg-Gray relation:

Ez:,S‘wJ. (2)

We will not concern ourselves in detail with w. Gray was
lead, by the experimeutal evidence available to him, to the
conclusion that w had a constant value of 32.5 ev, irrespec-
tive of the electron velocity. Present evidence would alter
the value to a little less than 34 ev, but the constancy still
appears to be valid, at least for electrons with initial energies
above 20 kev. In any case the essence of the Bragg-Gray
principle i3 contained in equation (1), which relates the en-
ergy lost by electrons in the air to that in the solid. The
further expression of I7, in terms of ionization is a secondary
step that need not be discussed further lere. )

b. The Nature of s in the Gray Derivation
Gray initially calls s merely ‘‘a proportionality factor
which is independent of the velocity of the particle.” He
further identifies it, however, as the ratio of the stopping

7
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power in the solid material to that in air, s=(d7/dz).~ dT/
dr), bv the statement that “a beta particle traversing a
solid medium loses the same amount of energy in a distance
AX as it would do in traversing sAX of air,” where AX—dx
for infinitesimal cavities, as he later specifies.

The derivation does not explicitly require d7/dz to repre-
sent a confinuous (frietionlike) energy loss. However, if one
allows dT/dr to include large discrete energy transfers, the
resulting energetic secondary electrons ean carry some encrgy
out of 1, or 17, after such energy has been counted as having
been “lost” within those volumes. Thus the energy actually
ahsorbed within V, and V, would be less than th%_ttnlost there
by the traversing electrons. Under these conditions there
would be no @ priori guarantee that the absorbed encrgies,
say 2 and £}, would be related by equation (1), even though
E, and I, might be. Onerwoul(’i have first to prove that the
energies (E,—FE4;) and (£:—£3) carried out of 7, and V7,
by secondaries originating within were also related by
equation (1). This eould be done by showing that, in similar
electron paths across 17, and V,, the production of sceon-
daries is alike in corresponding path clements s dr and dx,
and also that the stopping powers expericnced by those
secondaries before escaping from V, or V; are again related
by the factor s.

“Consider the first of these two requirements, and for the
sake of argument assume the solid to be of higher atomic
number than air. Spencer and Fano (1954) proposed that
the production of secondaries is given approximately by the
Agller formula for knock-on collisions (Mgller, 1931), and
that it is thus dependent only on the number of atomic
electrons present per cubic centimeter, irrespeetive of Z.
Consequently more secondaries will be produced in the path
clement dz in the solid than in element s dz in the air, because
more atomie electrons will be encountered in traversing the
elemental distance in the solid. This results from the fact
that the clectronic stopping power in the higher-atomie-
number solid is Jess than that in air®* If N, and N, are
the number of clectrons per cubic centimeter in the air and

solid, respectively, then
dT /( dT>
\’??&)\ Ndz)q

or _m<Ni
§= T N, ®)
dx a

12 gee See. 3 for more details about stopping pow ers,
+ For Yhe moment we negleet the polarization offect.
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N, dx electrons per square centimeter will be encountered in
traversing dz, while N, s dr electrons per square centimeter
will be encountered in s de.  The ratio of seccondary eleetron
production in the two path clements is N,/sN,, but {rom
eq (3) above, this is greater than unity.

Turning now to the second point, we examine whether the
stopping powers experienced by those secondaries before
cscaping from V, or V, are related by the factor s. The
probability of production of a secondury electron increases
rapidly the lower the encrgy of the secondary. Thus they
will generally be much lower in energy than the primary
electron that produced them. Since the linear dimensions
of V, and V, are adjusted to be in the ratio s, the stopping
power ratio for the traversing electrons, one might question
whet her the same s still applies to the secondaries. In Gray’s
derivation this point is inherently covered by the assumption
that s must be independent of the energy. However that
assumption is untenable except as a rough approximation in
the light of the experimental evidence on stopping power.®
¢ is actually found to decrease as the electron energy de-
creases, if the solid is greater in atomic number than the air.
Thus, of two identical secondaries generated in correspouding
electron path elements dz and s drin V, and V', respectively,
the latter secondary will lose the more encrgy before leaving
its volume and will consequently carry less energy out of the
volume. The ratio (d7/dz),~(dT/dz), for the typical
secondary is sinply less than the s that relates the linear
dimensions of V, and V..

On the basis of the above two arguments it can be seen
that if 7.~ Z,: (a) more secondary clectrons are produced
by an electron erossing V,, and (b) each secondary produced
in V, carries a larger [raction of 1ts energy out of the volume
than does a corresponding secondary in V.. Thus, due to
the combined effect of {a}) and (b), each electron traversing
V., will have a larger fraction of its lost energy removed from
that volume by secondaries than will an elcetron traversing
V, in a corresponding path. These two fractions would
have to be the same in order that (E,— ;) =s (F,—E}).

Thus it has been shown that Gray’s derivation of equation
(1) as a rclation of energies absorbed is not valid unless one
requires that (d7'/dz) include only continuous energy losses.

One might be tempted to argue that equation (1) could
be corrected by adjusting s to some average value that would
take into account the secondaries as well; e.g., in the above

s Giray evidently Included the asstmption for ease of discussion in relation to his dual
volume model. It was thus possible for him to avoid dealing explicitly with the spectrum of
the traversing electrons, It was Laurence (1837) who first derived the Bragg-Gray relation
without the restriction that s be a constant.
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case where Z,>Z,, to choose a somewhat larger valuker i01‘ ].
Such an approach las been pursued by Burch (1955) :m}d
by Spencer and Aftix (19535). It leads to the inevitable
conclusion that thie volumes 17, and 17, cannot be’ dlsmls:jvxjd
as merely “infinitesimal,” but must be specified in relation
to the ranges of the sccondary electrons orighnating within
them. Thus if secondaries are allowed to enter the picture,
s unavoidably bevomes a function of the cavity size. This
consequence will be discussed niore fully later.

2.6. Later Developments
a. Laurence’s Derivation

As mentioned in footnote 5, Laurence (1937) did I}Qt
recuire s to be a constant with respeet to electron ’velompy
as did Gray. Neither did he employ the same 11}0;101 as
Gray. Instead he copared the lonization produced n two
identical small air-filled cavities, one having solid walls of
material 7, the other gaseous air walls. Both are embedg‘lcdl
in large regions of solid or of air and irradiated by identica
uniform fields of gamima rays. Even in the absence of photo-
electric effect the electron fluxes traversing the two cavities
are not the same, because the ranges of the electrons (in
electrons/cm?) will in general differ because of the different
atomic numbers of the surrounding materials. Laurence
takes this into account by considering the flux coming [rom
all the production sites out to the maximum electroun range
from each cavity and allowing [or the encrgy lost by each
electron before arriving at the cavity. He first expresscs the
total ionization in terms of a function F(r,—z), which is the
number of ion pairs produced per centimeter of path in a
cavity for an electron that originated at a distance z from
the cavity with an initial range 7, in the wall matema} (Z‘ or
air). This {function F is than r?placod kw)y the substltu’tmn
F(r,—z)y de=G(T) ({ZT;*(?Q:)" dT where G(T) is the number
of ion pairs per centimeter produced In a cavity by an elec-
tron that enters the cavity with energy 7. Thus the total
ionization

JOCITW;: _?%) J‘O Fpp—a)dadT
o AdLoSw o Te

R fé.;_) fTU G(T) Y
_.L )| R AT (9

dz
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where {du/d 1), is the rate of production in the wall material
per cubic centimeter, per gamma ray per square centimeter,
of electrons having imitial energies between 7y and To+d 7.
Notice that m making the change of variables the term
(dT'}dz) has appeared in the denominator. This is the stop-
ping power for electrons of energy 7' in the wall material.
Spencer and Fano (1954) and others have pointed out that
(dT}dz)~ closely approximates the spectral distribution of
the electron flux at a point about which there is eleetrounic
equilibrium, provided that the energy losses are required to
be continuous (or infinitesimal). Thus in Laurence’s deriva-
tion: the ionization in either cavity depends on the product of
the specific ionization & (proportional to the stopping power
of the air) in the cavity and the traversing electron flux from
the wall. 1In both of these quantities the production of delta
rays has been ignored, This point will come up again and
be discussed further in the Spencer-Attix derivation.
Laurence expresses his ““correctiou factor for wall effects,”

as
[, [° [G;’(‘E ), |arar,
B___ g dl’n 2 0 dx 2. (..)
ECINCCIE
. ((lToa . ’f(dx A R

which Is the ratio of ionization/cubic centimeter in the air
cavity with walls of material Z to that in the identical air-
walled cavity,

Equation (1) can be shown to be a special case of equation
(8) in the following way. First we make the agsumption, as
did Gray, that w and the ratios of stopping powers are both
independent of electron energy. Thus G/{dT/dx} is a con-
stant which can be removed from the integrals, and the (s
canceled. The energy absorbed per cubic centimeter in a
material under equilibrium conditions, when exposed to one
quantum Ay of gamma rays per square ceutimeter, is

Tmu: Z al 7
j; (é;b) To([,rl ;}LTO:I-‘eﬂ&V’ <6>

where e, is the energy absorption coefficient {(in ¢m~*) and
Tyis the average energy given to an clectron in an interaction.
Thus equation (5) can be reduced to

ar
B=(§:?%“ b @

dx
11



where Gray’s definition of s is made use of in obtaining the
¢ quality.

118’%{;2 c%):flv:fection between the dual-volume model used by
Gray and that used by Laurence can now be recognized by
imagining both models to be expogeﬁd to the same ﬁeldt ({f
gamma rays. The absorbed cnergy® per cubm{ceptlmg 611 ,
T, in the two air cavities with solid walls wou{d be identical.
The absorbed energy per cubic centimeter (E,,) in the uni-
form air (Laurence’s air-filled “cavity” with air walls) woul:l
be (ter)al (ten). times that (E3) in the uniform solid gGray 8
solid-fitled “‘cavity” in solid walls). Thus equation (7)
becomes

fa . Ea ___,_1_ (i«‘ﬂn)z (8)
B=Eaa—- (ligl)_a E s (I'J'en)a
(#en)z :

which reduces to equation (1). Gray’s equationis thus sh()}vn
to be a special case of Lauvence’s where w and s are taken

to be independent of electron energy.
b. Derivation of Basic Bragg-Gray Principle by Spencer and Attix

Spencer and Attix (1945) copsidered a single sma}l air
cavity within an extended solid medium under glntorr‘n
gamma radiation. Electrons of initial energy 7Ty Mev are
assumed to be generated at a rate 1 per g per sec eyerywhgre
in the solid. Thus, as electronic equilibrium exists 11_151(}53
the solid, the energy absorbed at each point within is 1}
Mev/g-see. The solid is everywhere traversed by an equi-
tibrium electron flux (7%,T) electl'ozls/(:ln?-st_%c—l\"lev, thg
spectrum of which is characteristic of the atomic number Z
of the material. This same flux traverses the cavity, which
is assumed not to perturb the spectrum. Kach electron
crossing the cavity is considered as los&ng energy cozratmuf)}lsly
(in infinitesimal steps) at a rate ,,,bg(f)'z\'lov—(:m jg. Thus
the energy dissipated per gram of awr divided by that per
gram of wall material is given by the ratio

MM=%L“M%$M%WH- ©®

If now only continuous energy losses are allowed in the
wall material also, we can write

6 g t the phrases “nbsorbed energy” and “energy lost by the traversing elee-
tmn}s{?tga?\gg? 1}21% mt,er?:hangeably so long as delta-ray production is ignored; see sections

2.3.a and 2.3.b.
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1
LTy, Ty=—g—+ 1
o =5y a0
bearing in mind for the sake of dimensional equality the
fact that one electron per second is generated in each gram
of material. Then

72l 1 To mSa T
(=g | 220

miS (1)

dar. (11)

If we assume, with Gray, that ratios of stopping powers are
independent of energy and take the density ratio into account,
this reduces to his expression for s7%,

When there is a spectrum of initial electron energies,

(%; equation (9) must be replaced by
it

Tr:m:c d’u TD
f — f I(Ty, TYuS{(TATAT,
o dhh Jo o (12)
fTrn(zZ d“
1]

Fl)=
T, Td Ty
for the ratio of the total energy absorbed per gram in the
cavity to that in the wall. This evidently is equivalent to
equation (5) from Laurence.

¢. Modified Theory by Spencer and Attix

It has been stressed in the foregoing sections that all the
previous derivations inherently require continuous energy
losses by the electrons, both while they are in the cavity and
while in the surrounding wall material. Allowing for the
production of fast secondaries requires a basic change in
approach to the problem. Such secondaries are produced
in the eavity, carrying energy out, and are also produeced
in the wall material, thus modifying the spectrum of the
electron flux traversing the cavity. A rigorous caleulation
would involve the complete analysis of the energy dissipated
in the cavity, including

a. Energy spent by electrons entering the cavity with
insufficient range to span it.

b. Energy spent by cavity-traversing electrons via pro-
duction of secondaries incapable of reaching the
cavity wall.

c. Energy spent by fast secondaries originating in the
cavity with sufficient energy to escape, and

d. Energy spent by primary electrons generated by
direct gamma ray interactions within the cavity.

13



Tt would be necessary in this analysis to consider the
effect of the cavity shape as well as the configuration of the
electron tracks under the influence of nuclear scattering as
well as electron collisions. As Burch (1955) pointed out,
such a rigorous treatment appears to present nearly insur-
mountable mathematieal difficulties. Furthermore, the cross
sections for production of low energy secondaries are not
well enough known for this purpose. Spencer and Attix
(1955) reduced the degree of rigor jyust to the point where a
pumerical caleulation seemed feasible, at the risk of over-
simplifying the physical picture. First of all, the nuclear
scattering, the configuration of the electron paths, and the
cavity shape are not explicitly dealt with, Neither are
primary gamma ray interactions. Other assumptions will
emerge as the following dual-volume model is described.

Consider a small solid-filled cavity V., in an extended
region of the same material under uniform gamma radiation.
V', need not be infinitesimal, but must be “small’ in a sense
to be defined presently. Its shape is purposely vague, but
its average diameter is characterized by 4, the energy needed
by an electron to be able to just cross it before stopping.
We wish to write an expression for the energy dissipated per
gram within V, in terms of the equilibrium electron flux
{raversing it. This dissipated energy will be made up of
the contributions described in “a,” “b,”” and “c” above for
which some simpler %ict,ure must be substituted to allow
caleulation of the result.

The following two-group picture was decided upon: all
secondaries originating with energics less then A and other
electrons falling below A in energy are called “slow” and are
assumed to dissipate their energy on the spot where they
originate or become “slow.” All electrons with starting
energies greater than A carry their energy elsewhere and can
thus be regarded as part of the “fast” electron flux.” The
electron removed in what is usually thought of as an ioni-
zation event is here regarded as a slow secondary.

The consequences of this are: First, that no energy is al-
lowed to be brought into V, by slow electrons, hence the
contribution under “a” above is taken as zero, obviously an
underestimate. Second, that the contribution from “b”
consists of the total energy of all secondaries produced in

7, with original cnergy less than A, clearly an overestimate
as some of these will leave the cavity. And third, that the
contributions from “e” come only [rom secondaries with
starting cnergies greater than 4, and hence must be zero,

T \ote that under the continuous-loss assumption all secondaries are regarded as dropping
their cnergies *“on the spot.”
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again an underestimate. The net result is probably an
underestimate of the energy spent in V, as the errors in “:1”
and “b”" alone should compensate one another exactly in
1, (al‘though only approximately in a cavity conia«inihq 2
material of different atomie number than the wall), The
setting of “¢” and “d” equal to zero thus causes a deficit.

Based on this model one can write for the approximate
enerey absorbed (Mev/g-see) in the wall material /

7o
T0=L L(To, T),.S.(T,8)dT, (13)

where the uniform gamma ray field is again assumed to re-
lease ﬁ\'(‘l‘}"\\“h@l‘@ one clectron per gram per second of en-
ergy Ty LTy, T is the “fast” flux (77> A) of primary plus
secondary electrons traversing the cavity., ST, A) is a
modified stopping power, based on the :\[Qllér‘fm:mum\ in
which only those interactions generating a sccondary of
1¥< Aare counted.  Whichever clectron b as the lesser energy
after an interaction is to be regarded as the sccondary. The
integral is given the lower limit A since 7,(T,, 1) is taken as
zero tor T<CA. Spencer and Fano (1954) express (7, 7(1’)
by tho.pl‘aduut RAT,, Tyx(S.(T1H™ where 157(7’; 7"‘)”is
the ratio of the total electron flux to the flux of pl‘imﬁrv
clectrons alone. o

, ehquanm} (13) can be viewed as an approximate expression
of the familiar equilibrium conditions. = The left side is the
energy released by gamuma rays and is precisely the energy
absorbed. The right side is the cnergy absorbed from
traversing clectrons based on the above schematization.

We must require A<C<C 7} partly for the reason that, were
this 1ot so, the assumption that the direct gamma ray -
teractions “d” can be neglected would not be valid and
equation (13) would not hold. )

Consider now a sceond cavity of identical A, but filled
with air instead of the solid material. The cleray d-issipared
(Mev/g-sec) in this cavity will be given by CM o

Ty
J; LTy, TS (T, 8)IT, (14)

flli(i the ratio of' the energy absorbed in the air cavity to that
in the solid cavity for primaries of energy 7, can be written
as N ’

T
[‘ ’ [Z(T‘}r T)//L’S{I(T, A)fZT
f:?(lzj); A):L‘?T“ -
JA [Z(TO, T)mSg(rly, A)(g?’

(15)
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This can be further extended over the whole spectrum of 7y
giving an equation analogous to equation (12), with limits
of integration A to T )

It was mentioned previously, in the discussion of the two-
eroup schematization for sccondaries, that it probably re-
sults in an underestimate of the energy dissipation in 8
cavitv. However, muncrical computations of equation (13)
for A< < Ty indieate that, with I,(T,, T) and 8.(T, 4) values
as deseribod further by Spencer and Attix (1955), the
equality holds within about 1 percent. Furthermore, by
expressing cquation (15) as a ratio of similar terms, the
errors tend to cancel out. The closer Z, and Z, are to each
other, the better the approximation will be.

Note that f.(T5, A) 1s a function of A, and may be ex-
pected to vary with the cavity size or the gas pressure.
Qualitatively, the physical explanation for this is as follows.
1t 7,>7.. the ratio ,S,(T, A)/,S:(T, A) increases with ('ien
creasing 7. As A (cavity size) decreases, [,(To, T') contains
electrons of lower and lower energies in numbers large enough
to make their presence felt. Thus f.(75, &) tends to
increase.

The theory does not predict in detail what f,(75, A) should
do as A approaches zero. This would depend upon the be-
havior of the functions I(75, T and ,,S(T, A) as A—>0, which
is complicated by atomic binding effects and is not known
at present. There is some experimental evidence (Larson,
1956) (sce scction 4.1.) indicating that f.(7,. A) shoul.d
finallv approach a constant slope for very small A, but this
behavior is not exhibited by the caleulated f,(75, A) for A as
low as 2 kev. ) )

In application to a chamber of variable size f,(75, A) is to
be caleulated and applied for each A-setting of the chamber
size, where always A<<< T, say A<<0.1 74 at most. The
resulting plot of corrected ionization per gram of air versus
A should be more nearly flat than the original uncorrected
curve. An extrapolation to zero volume is then made

possible.
d. Modified Theory by Burch

Burch (1955, 1957) nsed the familiar dual-volume model
with the usual requirement of gamma ray fleld uniformity.
Tn his initial paper (1955) only infinitesimal # cavities were
considered and attention was focused primarily on spher-
ically shaped ones for the sake of siinplicity.

s Jiv this Burch does not mean infinitesimal in a mathematical sense, The cavities are
large enough to contaln macroscopic portions of clectron tracks and to allow for production
ofseeondaries which may or tay not reach the wall, They are said to be infinitesjrual enough,
{hongh, to avold the nocessity of dealing with (a) electrons entering the cavity with insuf-
ficient energy fo cross, of (b) divect gamma ray interactions,
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The cavities are related in their sizes (both being infini-

tesimal) by d’j ur
e (5 )=t (%), (16)

where Ip,, and Ir,, are the average path lengths within the
air or solid cavities, respectively, of clectrons with encrgies
between T and T--dT.  (dT/dr) is the average cnergy they
dissipate per unit distance along their track within either
cavity. Energy carried out of the cavity by secondaries or
by radiative processes is not counted in 47/dx, which is thus
a function of cavity size and shape. (d7/pdx) corresponds
in meaning to the term ,S(7, A) used by Spencer and Attix.
pis the density in g/em?.

As an approximation, Burch defines as completely dis-
sipative any collision within the eavity resulting in the
produetion of a secondary of energy 4 less than the average
energy, n, or ., needed to reach the cavity wall,  Second-
aries having encrgies greater than n, or 7, arc taken to be
completely nondissipative. This differs from the Spencer-
Attix agsumpiion in two respects,

T the first place, they take A as the energy needed on the
average to span the cavity rather than to escape it from the
inside. As was discussed in scction 2.4.¢, this is clearly an
overestimate but is needed to partially offsct other known
undercstimates in the cnergy dissipated in the cavity.
Specifically, in the Spencer-Attix schematization, electrons
with energies less than A are not allowed to enter the cavity
nor to leave it.  Actually they do both and tend to compen-
sate one another. Bureh (1957) has referred to this omission
of what he calls “tail-ends’ of tracks (for “noninfinitesimal”
cavities) and to the overcstimate of A as being two separate
errors. Rather they are complementary assunmptions. In
Bureh’s picture, on the other hand, an electron of cnergy
less than n, or 7. is allowed to enter and dissipate, but a
corresponding scecondary clectron starting inside the cavity
and carrving some of its energy out will also be counted as
fully dissipative so that the two cannot balanee one another
and g surplus results, His discounting of dissipated energy
by all secondaries of 7> n,, 1., however, throws away more
energy of the kind described under “¢” in section 2.4.¢ than
does the corresponding assumption by Spencer and Attix,
since A>>n, n,. Hence there is again some qualitative
compensation.

The cnergy balance situation in the Burch cavities is thus
found to be qualitatively very similar to that discussed in
section 2.4.c. Neithar treatnient rigorously accounts for

578246—61———d 17



all the energy dissipated in a cavity, and in the final analysis
both rely on the ratio of energies spent in the two cavities
being insensitive to similar errors applying to both cavities,

A second, and more important, difference betweon the
two models is the fact that Burch uses a different cutoff
energy, g, 10 the air ecavity than that, g, in the solid cavity.
Spencer and Attix use the same A for both. In fact, the
failure of Burch's theory to reach the point of full numerical
solution was ascribed by him to the immense difficulties
encountered in deriving the relationship between g, and 7.
It is easy to show that Burch is, suictly speaking, correet
in this requirement. Equation (16) relates the two eavity
dimensions by the ratio of the energy-dissipation powers at
enerev 7. At much lower energies, T'=q,, 7, the same
ratio will not hold strictly, so that the average energy 7,
needed by a secondary to reach the wall in the air cavity will
in general differ from . If Z,>Z,, and ignoring nuclear
scartering, g, would be greater than n,.  Nuclear scattering,
however, would make the path of an electron more circuitous
in the solid. This effect will be more pronounced for sec-
ondaries than for the higher energy clectrons erossing the
cavity, tending to make n,>7n,.  Thus the two effects tend
to compensate, but it would be difficult to say how well,
The assumption .=, would scem to be the best one can do
to achieve a numerical solution at present.

Burch’s derivation proceeds along the lines used by Gray,
except for the substitution of dissipative for the total
stopping power. He defines a term

a

RT:

as the mass energy dissipation ratio for traversing electrons
of energies between T and 7--d7 (analogous to Gray’s s
multiplied by the density ratio). This is shown to be the
ratio of energy absorbed per gram of solid to that in air for
electrons between 7' and T-+d47T. This is integrated over

T from 0 to T, to obtain the average value £2.

7, .
[ Ronglr. (dT T

Ty &
PT= J dr. a

f
L N .
J ’Ilr,a57<,a<i%> ar

(1)
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Here ny 7T is the number of electrons crossing the cavity
during the irradiation having a kinetic energy (at the cavity)
in therange TtoT-+dT. np v, (dT/de), ddcan beseon to be
a weighting factor for By that depends on the spectrum of the
meoming flux of eleetrons and on cavity shape and size
effects.

Burch carried out one pilot calculation for a 2 em diameter
spherical graphite wall air cavity for Co® and Na* gamma
rays. He initially assumed 7,=75,=40 kev and then cor-
rected the resulting R, equal to the ratio of ionization in a
free-air chamber to that in the cavity, downward by 0.5
percent on the basis of an estimated difference between
7, and z,. For Co® this procedure resulted in an ionization
ratio Sy grapmie of 0.994, indicating that a graphite walled
cavity should yield more ionization than free air for Co®
gamma rays. This effect should become apparent in experi-
ments where the air pressure is varied in a graphite cavity;
i.e., the lonization per unit pressure should merease slightly
as the pressure is reduced. The reverse was actually found
to be the case (Whyte, 1957; Attix, 1957) (section 5.1.).
Caleulations based upon the Spencer-Attix formulation agree
with these experiments. Burch’s result would more nearly
agree with these if the difference betwecen 5, and 5, were
neglected. This indicates that this difference is needed for
compensating for some other unbalance.

2.7. Other Considerations
a. Electronic Equilibrium Requirement?

In each derivation uniform gamma radiation was required
over & region of material large enough to produce complete
eleetronic equilibrium conditions at the site of the cavity.!”
This requirement is necessary only if the primary electron
spectrum is to be characterized by the reciprocal of the
stopping power, 1/8(7T). There is no fundamental reason
why equation (15), for example, could not be used with
any type of I,(T,, T) so long as it could be identified and
was sensibly constant over the dimensions of the cavity
itself. Thus cavity ionization measurements should be
meaningful if the electron flux does not vary appreciably over
the cavity itself, even though the flux of primary gamma rays
or neutrons might vary greatly in intensity over the region

¢ See also seetion 2.3,

it Complete elecuonic equilibrium will never exist in the cavity itself unless Z.==7,, as
can be seen from equations (13) and {15}, This is becanse, under complete cquiiibrium, the
cnergy carried out of a volume by electrons generated by gammma ray interactions within it
must be just balanced by energy spent within the volume by electrons generated elsewhere.

Equation (13) expresses this relation, while equation (15} shows that the relation does not
told where the cavity material differs from its surroundings.
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in which the cavity-traversing electrons originate. The
difficulty then arises in evaluating the spectrum of the (non-
equilibrium) electron flux crossing the cavity. Such diffi-
culties can be expected for X or gamma rays above a few
Mev beeause such rays will be appreciably attenuated over
the region in which the cavity-traversing electrons originate.
If & beam of beta rays or of charged particles is incident on a
chamber from the outside, there will usually be a nonequilib-
rium flux at the cavity.

b. Polarization Effect

Polarization can be treated as a perturbation on the stop-
ping power formulas used in evaluating the Bragg-Gray
pelation (Whyte, 1954). It alters the high-energy flux
entering the cavity and the energy dissipation within a
solid-filled cavity, but it is not appreciable in a gas. It
tends to deerease the stopping power of a solid below that
for a gas of the same Z, and it is not smoothly Z dependent.™

3. Ranges and Stopping Powers

In section 2 it is shown that in Gray’s approximation the
s in the Bragg-Gray formula is the relative stopping power
of the wall and the gas in the cavity. In more refined
approximations s is still a function of the stopping powers of
the materials. This makes it necessary to review our know-
ledge of these stopping powers. Only the stopping powers
of clectrons are needed for the analysis of cavity chamber
data to be done later. The value of the mean excitation
potential that appears in the electron stopping power equa-
tion must be found experimentally, however, and this is best
done through experiments with heavy charged particles.
This requires that the stopping powers of the latter be re-
viewed also.

The subject of stopping powers is very important to
modern physics. The theory itself has been of fundamental
importance in developing atomic models. The resulting

1t The paper by Bpencer and Attix (1955) contains an error in the treatment of the polariza-
tion offect. 1t is there included in its effect upon the incoming fux but not in the effeet on
eucrg}jidissipauon within the solid filled cavity., Equation 3bin that paper should be altered
to read

_Zid)auf, 1 [T BalT)_ T o ARSTuM) T Baie)
foTua)= (zm).{""“nj; raron [5G - Jar+ 25 505 ‘]}

and the values given in table II changed correspondingly. A eorrected table has been pre-
pared in an errata sheet sent out with reprints.
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range-energy curves and stopping-power-energy curves ar-
used to determine energies and masses and to make correce
tions in nuclear cross section measurements. Because of its
importance the subject has been reviewed fairly often.
Bethe and Ashkin (1953) prepared a definitive review of the
entire subject covering the literature up to December 31,
1951, The subject of stopping of heavy particles was re-
viewed by Allison and Warshaw (1953) covering the literature
up to June 1953 and later by Uchling (1954) covering the
literature to April 1954. The present report will use these
reviews as a foundation to bring the subject up to date,
especially in those aspects related to dosimetry. In general,
references will be limited to those appearing since these
reviews.

In September 1958, at Gatlinburg, Tenn., the National
Acadenmy of Seiences-National Research Council held a
conference on the peuetration of charged particles through
matter. The latest iuformation and evaluations of range
and stopping power data were available at the conference,
This material was used in the preparation of the present
report. Proceedings of the conference will be published
later."'* In the meantime, the present authors report their
impressions of the data and views of the speakers at the
conference.? The special reference notation (Gatlinburg,
1958) will be used for information obtained in this way.

3.1. Theoretical Formulas for Stopping Powers

Charged particles heavier than electrons passing through
matter lose energy principally by inelastic collisions with the
atomic eclectrons of the material. The energy lost in indi-
vidual encounters is so small that on a macroscopic scale the
particle seems to lose energy continuously. The main
changes in direction are due to relatively infrequent scattering
by nuclei with little energy loss; therefore, the theory con-
cerns itself only with the energy loss to the atomic electrons,
The probability that a passing particle will raise an atom to
an excited state can be calculated using Born’s approxi-
mation. The energy lost, multiplied by the probability of
the loss, and summed over all possible energy losses times the
atomic density gives the stopping power 8=—dT/dz. The
resulting formula for the mass stopping power of charged

ia Nuelear Science Series, Report 20, National Acgdemy of Seiences-Nativnal Rescarch
Couneil, 1960,

12 The authors wish to acknowledge the private ad viee of several members of the conference
on matters of range and stopping power,
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particles heavier than eclectrons in a material of atomic
number Z and atomic weight A4 is
N
So
3
-2 19
a9

Z

¢ is the chiarge on the electron, z is the number of electronic
charges on the heavy particle, m, is the rest mass of the elec-
tron, and z==8¢ is the velocity of the charged particle. & 1s
a polarization correction. [ is the mean excitation potential.

The C; (usually written Cx, (%, etc., to denote the elec-
tron shell) are correction terms. The €y are large when the
particle velocity is comparable with the velocity of the elec-
trons in the ith shell; at higher cunergies they decrease in in-
verse proportion to the energy. The formula for .8 without
the ('; terms can be derived with Born’s approximation and
the limitation to velocities >Ze%/f. The C, corrections
extend the validity to lower velocities. At still lower velo-
cities the Born approximation requires modification. Fur-
thermore, at very low velocities the probability of the charged
particle capturing an electron is appreciable; no attempt is
made in the present formulas to correct for the capture
process. ) _

5 is a correction for the polarization of the medium brought
about by the electric field of the charged particle. The total
polarization correction contains an energy independent
term that depends on the electron density of the medium.
It is customary to incorporate this constant term in the
quantity 7. Then & is zero for 8<1/+'e where ¢ is the static
dielectric constant. .

T is called the mean excitation potential of the medium.
Theoretically it depends only on the nature of the medium
and not on the velocity or the type of charged particle. 1t
may depend on the clectron density of the medium because
of the combination with the polarization correction just
mentioned. Bloch (1933) deduced that for a medium of free
atoms I should be proportional to the atomie number; i.e.,
I=kZ. Except for a factor to account for the polarization
effect, I is the geometric mean of the average excitation
potentials of all shells in the atom weighted by the oscillator
strengths of the shells. Unfort‘lmateiy this information is
generally not available, theoretically or experimentally, so
T cannot be calculated.  In general, the values of J must be
found by fitting equation (19) to experimental data for
stopping powers or ranges.
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In application of the theory to electrons it is necessary to
take into account the indistinguishability of the incident
electron and the atomic electron after therr interaction. It
is conventional to identify the electron with the most energy
after the interaction as the primary one. This means that
an electron can lose up to balf its energy in a single inter-
action, There will be a much larger spread (“straggling’)
in the energy losses about the average value than in the case
of heavy particles, but the concept of an average is still a
useful one,  Elecctrons are also much more strongly deflected
by collisions with nueclei than heavy particles.  The theory
gives the rate of energy loss along the actual path of the
clectron rather than along a line in the direetion of incidence.
The resulting formula for thie mass stopping power of eclee-
trons due to onization and excitation of atomic electrons of
the stopping niedium is

2retNZ - TV
== Am? [In ‘1(1—62)[2+ 1—{3”;—(&3) <§+ln 2)*5].
(20)

W is the total energy of the electron; W=TFmc? The
other symbols are the same as above. In particular, the
same value of [ is expected to apply to both Lieavy particles
aud to electrons. There is no theory for C; corrections
for electrons. Fortunately the corrections would be small
except for very low energy electrous.

Positrons can be distinguished from the atonie electrons
after their interaction so it is necessary to allow for the
possibility that the positron may lose all its energy in a
single collision.  Furthermore, the positron-electron cross
section differs from the electrou-electron cross section for
large energy transfers.

. 2re'NZ [ 2 T
e 11 77?-0?72 (1 ’—[32)12

fee 14 10 4 ‘
R o Sl B

In this equation, r=="T/my?>

3.2. Comparison of Theory and Experiment
The methods of studying the penetration of charged par-
ticles may be divided into roughly three classes: (1) Those
in which the loss of energy is measured for layers that ave a
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small fraction of a range thick. Such measurements are
direct tests of the stopping posver formulas, Scattering cor-
rections in this type of measurement are small. The loss of
encrgy is small and therefore difficult to measure. At low
energles thin layers are required for solid or liquid absorbers
and it is diffieult to make them uniform and to determine
their thickness. (2) Those in which the energy loss is meas-
ured in layers that are a major fraction of a range thick but
not equal to the total range. The stopping power must be
integrated to give a range figure for comparison.

T, dT
) - . 29
Ah-—fn S (22)

If the los energy limit, T4, is high enough, the C; corrections
will be small and can be made accurately. Scattering cor-
rections are important, Scattering for electrons is so large
that measurements of this type are of value only for heavy
particles. (3) Those in which the total range for a given
energy is determined. Scattering is important. It is neces-
sary to have alnost complete knowledge of the ¢; for accu-
rate comparison. Actually a complete comparison is not
possible in this way because the theory is not applicable at
very low energies. One must compute AR from (22) above
some low reference energy for which the range is reasonably
well known and compare it with the observed range minus
the reference range.

a. Heavy Particles

In general, at the time of the reviews referred to above the
experimental data for heavy particles were considered to be
in fairly good agrcement with the theory. The work of
Tindhard and Scharff (1853), however, particularly as inter-
preted by Allison and Warshaw (1953), suggested that
might be a functi{on of 1the velocity of the particle instead of
being velocity independent.

A(%cording%,o the theory of Lindhard and Scharff (1953),
the stopping number per electron ™ of heavy particles, cor-
rected for relativistic effects, is a function of the variable
r=(Fv/e)}/Z.

B'=.B+8+In(1—)=f(2). (23)

4 The stopping number per electron i3 defined as
B= Amoet AT\,
T e NZpta? dz
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Obtaining B from equation (19), but not including the O
or 8, and substituting it in (23) gives

2mp? 4Ry
7 =ln ——-—k 4 xZ, (24>

Ry=13.60 ev; k=1/Z. Data for B’ for all elements plotted
versus log z should lie on a straight line with unit slope as
long as the C; corrections are small (i.e., as long as 2>>2)
and 7is independent of velocity. Lindhard and Scharff found
that the available data did lie on a straight line for x greater
than about 100, Below this value of z the data fell below the
straight line (see fig. 1).

The first deviation {rom the straight line extrapolated
from high energy data was due to the results of Sachs and
Richiardson (1951) for protons of 18 Mev. These results
are now known to be in error. MacKenzie reported
(Gatlinburg, 1958) that long after the experiment was com-
pleted, it was discovered that multiple scattering in the
stoppiug foil had interfered with the energy analysis of the
transmitted beam. Later experiments by Sonett and
MacKenzie (1953) and Burkig and MacKenzie (1957) in
the same energy region showed that the points for protons
were on a straight line that was at least parallel to the line
extrapolated from higher energies. This is shown in figure 1.
Botli experiments gave relative slopping powers, so normal-
1zation at one point was necessary; hence it could not be
suid that thev were on the same straight line.  An experiment
of Brolley and Ribe (1855) with 4.43 Mev protons and 8.86
Mev deuterons gave a straight line parallel to the high energy
extrapolation but displaced slightly from it {(part of thewr
measurements were absolute and were used to normualize the
rest).

1t has always been recognized that not all data should lie
on a straight line on the Lindhard-Seharff plot. By con-
vention actual experimental data are put on this plot without
correction for the (0, If the ¢, are included, they account
for a small part of the deviation from linearity found by
Lindhard and Scharff. In the case ol aluminum about
one-third of the deviation could be due to the (. Uehling
demonstrated (Gatlinburg, 1958) that, particularly for the
light elements, most of the pertinent (’; corrections for a
given atomic mumber but variable energy were approximately
Iinear when placed on a Lindhard-Scharff type of secale.
This causes the uncorrected experimental data to lie on
straight lines having a slope different from unity and causes
lines for different materials to be slightly displaced from one

D=1
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Frovre 1. Lindhard-Scharfl plot of stopping power data.

Data compiled by Lindhard and Scharfl, to which have been added later data; points for
Al An, and Th by Teasdale: and peints for Al, Bi, and Th by Kellv., Aleng a line, wiiich
is parallel to a line through the present data, are shown the points for Hy, e, Ny, Oy, Ne,
Ar, Kr, and Xe obtuined by Brolley and Ribe. (o=¢¥h), (Sonnett and MacKenzie, 1955).

another. He also showed that data of different investigators
for constant encrgy but different atomic numbers lay on
straight lines with slope not equal to unitty., He showed
that plotting B’ versus a modified variable due to Brandt
{sce section 3.3.¢), »'= (he/e?2/Z(1-+aZ~%%), corrected the
slopes 1o unity but left lines for different energies slightly
displaced. The displacement is presumably due to the
affects of the (.

Other experiments at even lower energies also show that
I does not vary with encrgy. [ calculated to fit the experi-
mental data of Kahn (1853) is constant above r==2.5 for
aluminum, 2.2 for copper, and 0.8 for gold. Below these
points the (', corrections that were not made would become
unportant and finally the theory would be inapplicable
because of the assumptions on which 1t is based. Reynolds,
Dunbar, Wentzel, and Whaling (1953) showed similarly
that [ for low /Z gases is nearly velocity independent st
r==3,
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Sachs and Richardson (1953) pointed out the possible
existence of another type of variation of 7 with proton
energy above 10 Mev for aluminum.  This conjecture was
based on experimental data that showed a Togarithmie
decrease in I with increasing proton energy, Caldwell (1955)
made a new computation ol the (7, corrections for these data
and showed that with the exception of the 7 value measured
at about 300 Mev by Mather and Segré (1951), the duta
were consistent with 7 being independent of velocity., There
are four sets of data at high energies with which Mather and
Segre's may be compared, Bakker and Segre (1951) Thomp-
son (1952), Zrelov and Stoletov (1959 und Barkas and
von Friessen (1959, 1961).  The first two were both relative
S measurcments and the interpretation depends on what is
taken as the reference. If the 7 values obtained by Bakker
and Segré are normalized so 1,1 =150 ov (this also fixes
Thompson’s results since he referred to the Balkker-Scgré
value for copper), whicl is close to Mather and Segre’s
result, then there is poor agreement amone the I and 7,
values (table 1), 1f the Baklker-Segre values are 1161‘111:1]'130&]
so [sl=164 to agree with the low enerev results (see see,
3.3.a and table 2y, then the Zey und Zo, valiies are in excellent
agreement but Bakker-Segre's /i is high. Thompsou demon-
strated that it is very difficult to measure stopping power in
graphite because the result depends on the orientation of
the sample.  Zrelov and Stoletov made an ubsolute measturo-
ment for copper with 660-Mev protons, using a technique
simtlar to that of Mather and Segré.  They found an ioniza-
tion potential of 305 ev, which is in good agrecment with
Mather and Segré’s 310 ev.  The agreement belween the
two groups of investigators strongly suggests that we aceept
their value for copper, in which case we must accept the re-
normalization of the Bakker-Segré results deseribed above
unless we say that the relative values of Bakker and Seors
are not right. However, the latter have recentlv been
confirmed by Barkas and vou Friessen (1959, 1961) who
made relative stopping power measurements with 750 Mey
protous.  They agree with the general shape of 7/Z found by
Bakker and Segre.  Using for the purpose of normalization
antonization potential of 163 ev for aluminum, and assumine
that at 750 Mev the only tight-binding corrections requir'ea
are those for the K and L shells, Barkas and von Fricssen
find the following ionization potentials: copper, 323; lead,
826 uramum, 917: and emulsion, 328, On the busis of all
the evidence discussed above we conclude that there is
probably no variation of 7 with proton velocity. '
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b. Electrons: The Polarization Correction

Measurenients of range or stopping power for electrons
are hard to interpret in terms of equations (20) and (21)
because of the strong scattering of the electrons and because
the energy loss in individual collisions is subjeet to such
wide statistical variation that determination of average
values is difficult (the latter effect is referred to as “cnergy
straggling”).  In addition, electrons lose energy by radiation,
and such losses are very important at high energies. Radi-
ation losses are not included in (20) or (21); formulas for the
radiation losses are available (Bethe, 1953). Turthermore,
high energy electrons have velocities hich enough that the
velocity dependent part of the polarization correction is
appreciable. Several recent experiments have further at-
tested to the correctness of the theoretical stopping power
formulas for electrons and to the accuracy of the caleulation
of the polarization correction.

ndson (1957) made very precisc measurements of the
cnergy 1oss of 150-Mev electrons in thin lavers of lithium,
bervllium, earbon, and aluminum. The results were in
agreement with the theory to within 2 percent. The polar-
ization corrections were taken from Sternheimer (1952,
1956). Sternheimer made two sets of caleulations, one on
the basis of I values from Bakker and Segre (1951) and one
on the basis of vatues from Caldwell (1955). The differences
are not large, but Hudson’s results were in better agreement
with the latter.

Coldwasser, Mills, and Robillard (1955} nsed 15.7-Mev
electrons to show that the difference in stopping powers for
solid and gaseous teflon and Kel-F due to the dependence of
the polarization correction on density were correctly given
by Sternheimer. Barber (1956) demonstrated that the
energy and density dependence of the polarization effect in
gases for 2 to 35 Mev electrons was in fair agreement with
Sternheimer’s caleulations.

3.3. The Mean Excitation Potentials

A simple way of summarizing knowledge about stopping
powers is to give the value of the mean excitation potential
7. There is difficulty in determining I accurately. Measure-
ments of stopping powers or of ranges determine In / rather
than 7. As a result the relative errors in the I values are
five to ten times those in the measured stopping power or
range. Conversely, of course, the 1 values do not have to
be known as accurately to get accurate values for the stop-
ping power.
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For X- and gamuna ray, beta ray, and electron beam
dosintetry, one is dealing onky with relatively high velocity
clectrons. There are no '; corrections to WOorry about. In
section 4 the cavity chamber formulas for ¢ will be put in
such a form that one need only know the [ wvalues of the
wall and gas to evaluate s. i /

Since S must be known quite aceurately to obtain a good
value for 7, experiments with electrons are not employed for
this purpose because of the large corrections necessary for
straggling, scattering, and radiation losses. These compli-
cations in the passage of electrons through matter are dis-
cussed by Birkhoff (19538). Recently experiments were
begun i which clectron stopping powers arc measured calori-
metrically (Kalil et al., 1959; Ziemer ¢t al., 1959). These
show considerable promise because the stopping foil can be
made thin enough to mininize the corrections needed while
the eclectron beam intensity can be made large enough to
give an easily nieasurable temperature rise in the foil. Until
better data for electrons beconie available, data for heavy
particles such as protons, deuterons, and alpha particles are
used in the determination of 7, )

a. The Elements

Table 1 presents measured [ values for the clements
reported since 1950. Kntries in parentheses are relative
values determined by assuming the value indicated by an
asterisk for a standard substance.

When it is found that an I value, 7, determined relative
to I for some standard substance is in crror because the
value for the standard substance has been redetermined to
be [y, then the renormalized value, 1), can be found from

L) G =

]OI

Aluminum and copper are the standard substances usually
used in relative measurements. The [ value for aluminum
is now quite accurately known. When the result of Mather
and Segrd is rejected as discussed above, the average of the
absolute measurements listed in table 1 gives ]A,-—?163 ev.
The value obtained by Sachs and Richardson (1953;
Caldwell, 1955) was included in thig average although in
general, their results are considered erroneous (s%ct,ion
3.2.0). MacKenzie (Gatlinburg, 1958) said that Sachs and
Richardson’s stopping power for aluminum fell very close
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to the straight line extrapolation from high energy on the
Lindhard-Scharff plot and that therefore it evidently did
not suffer much from multiple scattering and ecould be
accepted.

Bichsel (Gatlinburg, 1938) reported a new treatment
of the data of Bichsel, Mozley, and Aron (1957) given in
table 1. The values listed in the table were obtained with
(%, O, Cy. ete., corrections taken or estimated fronu the
liternture. Ounly the (g correction 18 expected to be very
aecurate for aluminum this way. In the new {reatment
the Ok correction was applied to the data for aluminmm and
then an asvmptotic form lor (), (proportional to 77') was
fitted to the data at the highest cnergies and a value for
Iy found. Then () at the low cnergies was calculated
using this [,,. Tinally, the asymptotic expression was
raried until the low energy €y, took on what appeared to be
a physically reasonable formi. The corresponding 74, could
not be fixed exactly but was between 163 and 184 ev.
Bichsel preferred 184.

The results of Burkig and MaceKenzie (1957) and Bakker
and Segré (1951) have been renermalized to [y =164 ev.
The renormalized values are given in table 2

TaBrLr 2. Recenl measurements of I—renormalized values ®

Recent measirement of T (ev)

W Author
1

J Burkig, ' Thompson | Bakker,
AMacKenzie {1982} Hegre
1 (19573 ¢ (1951)

Element

asurement deseribed in section 3.2,

Tagre 1.

007 ev .

formed with 8.86 Mev deuterons.

oo Lypes of me

e s ool e

P86

i

he value of 7/ Z

& The substance used as a reference in the renormalization is indieated by *,

s (n parentihieses

d Part of the exp
< The numbers ref

Thompson’s measurements (1952) were relative to fo, =279
ev taken from Bakker and Segré. The venormalized value
; for Bakker and megré (303 ev)is in good agreement with the
result of Mather and Segré (310 ev) and of Zrelovy and Stole-
tov (305 ev), There also happens to be good agreement with
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the low energy point of Kalin (313 ev), but mn view of the ab-
senee of any (Y correetion in this work the agreement cannot
be considered significant.  There is svri{ms disagreement be-
tween these high energy values and the lower cnergy results of
Bloembergen and van Heerden (370 ev) and Bichsel, Mozley,
and Arvon (375.6 ev). Bichsel (Gatlinburg, 1938) reported a
tentative analysis of some new data for nickel. 1le obtained
Tor==3387 ev if (%%, but no (U4 corrections were apphied.
An estimated 'y correction led to a variable Ik, of about
314 ev, C‘orrectimf these to copper by proportion to the
atomic number gives the values 349 and 325 ev. These arc
closer to the high energy values, but are still significantly
different. A reconcilintion of these results requires a dis-
cussion of the variation of 7,7 with Z.  This will be dene in
section 3 3.d. The conclusion drawn from that diseussion
will be that we should accept the high-energy values.

Thompson’s results have been renormalized to lo,=306
ev, an average between the values of Bakker and Segré and
Mather and Segre, and close to the recent results of Zreloy
and Stoletoy and of Barkas and von [Friessen. The
renormalized values are given in table 2

Thompson's values for the mean excitation potentials of
hydrogen, carbon, nitrogen, and oxygen, were increased
about 12 porcont by tho Tenormalization. This increase is
supported by the work of Phelps, Huebner, and Hutchinson
(1954). They found that the stopping powers of thin or-
ganic filinsg for alpha particles calculated from the original
Thompson I values were too hié,h by approximately 3 per-
cent. The increase in Thompson's / values due to the renor-
malization gives agreenent within the experimental errors
of the measurements.

b. Bragg’s Law

Some mean excitation potentials have been measured for
compounds and homogeneous mlxtme», but according to
Brage’s law they can be obtained from the I values for the
elements. Bragg's law assumes that the atoms of a material
act independently and independent of molecular binding
forces in the stopping of charged particles. Under these con-
ditions the energy lost by a charged particle is the sum of the
losses to the constituents considered separately. Then the
stopping power is given by

S:Z:vtgi, (26.3)
S =2 Ui Sy (26.b)
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I these equations the #, are the fractions by volame and u;
are the fractions by weight of the 4th element in the com-
pound or mixture. Another way of expressing the Bragg law
is to say that formulas (19), (20), and (31) hold for com-
pounds and mixtures with proper aver age values used for
the parameters that depend on the nature of the mediun.
The proper average values are

Z ; -
H:,Z e (27.a)
W ~1
1:111-(%) Sy 2 I, (27.b)
Co [NV an | Oy -
% A“1> Z;l U, r]i s (2/.0)
AN AR -

Since most of the clectrons tn an atom are unaffected by
chemical and intermolecular forees, their contribution to the
stopping power should be the same for compounds as for
free atoms. 'The valence electrons of an atom are influenced
by these forces and will contribute differently to the stopping.
When the proportion of valence electrons is large, as it is in
the light elements, the change in stopping power may be
apprecmble and Bmga law may not hold. W hen the

velocity of the charged particle is low, the inner electrons of
an atom are less offective in xtoppmg This makes the
effective relative number of valence electrons larger and
hence accentuates the deviations from Bragg’s law, Tt is
necessary to_determine experimentally how large the devi-
ations from Bragg’s law are at high energies due to the first
of these effects and at what energy the second effect becomes
important.

Gray (1944) found that in 38 alpha particle range measure-
ments in 15 gaseous compounds of hydrogen, carbon,
nitrogen, and oxygen, departures {rom the Bm&g law ex-
ceeded 3 percent in onlv 3 cases and did not amount on the
average to more than 1.5 percent. Reynolds et al. (1953)
tested the law for 0.03 to 0.6 Mev protons in gases. H.0,
NH;, and N,O followed the law for protons above 0.2  Mev,
NO never foll()\\ ed it in the range tested (this was apparent
in Gray’s review also); the stopping power was about
4 percent higher than caleulated from the data for nitrogen
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and oxygen. This could be explained by the results of
Thompson (below) il at least part of the changes he found
were due to molecular binding effects.

Thompson (1952) gave the Bragg law a very precise test
using protons of 270-NMev average energy. He found it to
hold to about 1 pereent.  The largest deviations were for
hivdrogen and were about 2 pereent. The deviations were
negligible for chlorine (and, presumably, for heavier
elements). He interpreted these small deviations as changes
in the I wvalues of the cleruents i the compounds due to
molecular binding. As will become apparent below, some
of the variation may also be due to differences in the polar-
izability of the substances. Renormalizing Thompson’s
results as deseribed above gives the values listed in table 3
for different conditions of molecular binding.

TasLe 8. 7 Values for elements in compounds

TroMpsoN (1852)

Flement . Molecular binding ﬁ Iev
T
HERAtUrnIed Lo e 17.6
1 H"""""""""ll'nsnun':st(\d e e } 14.8
: ISumrzumi ............... i7.3
6C. oy Unsaturated o ORI - 751
?T}iighly chlorinared ___ . .. .. _. . 4.8
‘{Aminos, WAL L Lo . 49, §
Dl I <3 ¥ o - T . ;} 76.8
O - 1 8. 5
S 889
. 170

Westernark (1954) was able to give a qualitative explana-
tion for some of Thompson’s results by comparing the change
in £ value with the change in chemieal binding in compounds
as reflected in changes in molar refraction.

Brandt (1958a) pointed out that some cases in whieh the
Bragg law holds maxy result from a compensation of opposing
effects.  Combining atoms in a molecule in sueh a way that
increased binding of the valence electrons causes an increase
in the mean excitation potential results in a decrease in
stopping power. This mayv be offset by a simultaneous
decrcase of the polarizability which deereases the polarization
effect und nereases the stopping power.

c. Mean Excitation Potential of Air

The stopping power of ait is very important in dosimetry.
Most relative stopping powers ave desired relative to air
because it is the gas used in most ionization chambers.
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Unfortunately there is not a great deal of data from which
I for air ean be derived.

The value of [,:==80.5 ev found by Bethe (1937) has been
used for several vears., He determined this 7 by making the
caleulated difference in range between the alpha particles
from Th(” and Po agrec with experiment. A recaleulation
using the same experimental data but newer valaes of the
fundamental constants and new (% corrections by Walske
(1952) gives [, =85+1 ev. The data of Brolley and Ribe
(1953) lor 4.43-Mev protons give [,,=83.541 cv.

Other sources of information are not very useful. The
results of Revnolds et al., given in table | can be combined
according to the Bragg law, equation (27.b)}, to give 95 ev, but
no (7, correction was made to their data and it would be
significant for 0.6 Mev protons.  Wilson (1941) measured the
stopping power of aluminum relative to air for protons in the
range 2 to 4 Mev. He caleulated 74, =150 ev using Bethe’s
vahie, 80.5, {for aiv. I instead we now aceept =164 ev,
Wilson's data vield the value J,p=9047 ev.

The value adopted for this report is L,,==85 ev.

Thompson’s (1952) data for nitrogen and oxvgen listed
in table 2 (plus an estimated 7,=220 ev based on proportion
to atomic number) combine according to the Bragg law to
give I, =8941 ev, or about 5 percent higher than 85 ev.
His measurements, liowever, were niade 1n liquid oxygen
and nitrogen. Sternheimer (1954) predicted that liquefied
gases would have higher I values than the gaseous form due
to the polarization effect that is combined with the mean
excitation potential. The polarvization effect should be
negligible for the gases. He made some rough estimates
that indicated oxygen should give 16 to 38 percent and
nitrogen, 18 to 41 percent higher I values in the condensed
state. Brandt {1956) used a better method of estimating
the effect and ealeulated 5 and 4 percent increases for the
two materials.  This is good agreement with the observed
inerease.  We can conclude that [.=85 ev for the gas,
but that the materinls of “air equivalent” ion chamber
walls will have about 5 percent higher I values; i.e., about
1 percent higher stopping power.

There is independent evidence that the wmean excitation
potentials in gases and in solids or liquids ave different.
The measurements of Phelps et al., (1954) mentioned above
support Thompson’s I values for solids. Aniansson (19355)
found stopping powers for alpha particles in solids that
were an average of 3.3 percent less than those found by
Gray (1944) for gases. Ellis, Rossi, and Failla (1952)
found the relative mass stopping power of polystyrene and
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acetylene was 0.99-£0.02 and concluded that there was no
difference between solid and gas. The 1 percent difference,
if real, would indicate a 7 percent higher I value in the solid.
It is possible that the effects of chemical binding are different
between polvstyrene and acetylene and tend to cancel
the polarization effect. They also found (1955) that the
relative stopping power of water in the liquid and vapor
forms was 1.00:£0.05. A real difference of a few percent
would have escaped them.

To summarize the discussion of the Bragg law: we can
expect it to hold to better than 1 percent in stopping power
in most cases involving the light elements and for Av’/e* > Z
if we use the appropriate ['s for gases and for condensed
media. In a few ecases larger deviations will occur due to
strong molecular binding forces. Table 3 can serve as a
limited guide for anticipating these special cases. In heavy
elements the Bragg law should hold to even better accuracy.

d. Interpolation Between I values

Bloeh (1933) applied stopping power theory to the Fermi-
Thomas model of the atom and concluded that the mean
excitation potential should be proportional to the atomic
number, I=£kZ. It was not possible to calculate the value
of & theoretically. 1t had to be determined experimentally
by fitting the observed values of 8. The existence of such
a constant would provide a means of interpolation between
existing [ value data to clements that have not vet been
measured.

Table 4 shows I/Z for the experimentally determined I
values listed in tables 1 and 2. Data rejected for various
reasons in the preceding discussion were omitted from this
table. As noted earlier the 7 values for aluminum are in
good agreement at all energies. For our adopted value
of 15,==164 cv, we get [/Z=12.6 ev. Hydrogen and helium
have 1/7Z values distinctly different from the other clements.
They would be expected to be different because they are
so elementary in structure that statistical averages that
would result in regularities between atoms with more
electrons would not apply to them The value for beryllium
is also much higher than for the other elements. This
was predicted by Bohr (1949) and is due to the screening
effect of conduction electrons. The effects of the low energy
polarization effect between gases (data of Brolley and Ribe)
and liquids or solids (data of Thompson) that was discussed
above 1s readily apparent.
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Reswlts for 117 (ev)

TarLe 4.
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There is a eclearcut diserepancy in the values of I/Z for
elements heavier than aluminum between measurvements
at proton energies near 20 Mev and those near 300 Mev.
The former are all close to an average value of 12.6 that is
the samie as that for aluminuni,  The latter arve all close to
an average value of 10.

Brandt (1956} made a theoretical study of this probleni.
He first pointed out that the regularity predicted by Bloch
would only be expected to hold between isolated atoms.
The polarization effeet and the changes in binding energy of
valence electrons when atoms combine into molecules and
condense into lguids and solids may chauge the niean
excitation potential significantly from the value for an iso-
Iated atont. Furthermore these changes will not be any
regular function of atomic number. Finally, he recalled a
more complete theoretical analysis of Jensen (1937) that led
to the conclusion that

L=1Z <1 «;7%—3) (28)

I, 18 the mean excitation potential of the isolated atom.
Jensen ealeulated an approximate value 0.77 for . Brandt
(Gatlinburg, 1958) obtained a==0.25 by means of a varia-
tional caleulation.

Brandt (1956} accepted the results of Bakker and Segré
and of Thompson after renormalization so /=165 ev (an
insignificant difference from our value, (164 ev). He then
caleulated corrections for polarization and valence effects in
order to compute [, from the observed wmwean excitation
potentials.  The resulting Iy's were fitted to Jensen's relation
aud gave £;==8.2 Z(1-4+0.7 Z72%).  (Brandt, 1958a,sec fig. 2).
There is considerable uncertainty in the value of a. The
relation would be expected to apply to heavy elements where
the statistical model of the atom would apply.  Actually it
seems to work well for all atomic numbers.  One quite im-
portant consequence of this study was an explanation of the
rather large difference in /7 between aluminum and the
heavier clements, [t appears that aluminum s an excep-
tional material just like bervllium is.  Brandt (Gatlinburg,
1958) cestimated that the sereening effect of conduction
eleetrons should inerease the mean excitation potential for
aluminum 35 percent above the value for the isolated atom.
The observed 14, 1s this much greater than the [y caleulated
from Brandt’s fit of equation (28).
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Fiavre 2. Reduced mean excitation potentials of isolated aioms.
Analysis according to Brandt (1956, 1958).
O 12 of bound atoms, measured with 340-Mev protons (Bakker and Segré, 1951, evaluated
relative 1o Jay =165 ev, )
@ 7o' Z olisolated atems, calculated by Brandt,

A I'Z measured with 10 to 20 Mev protons {(Caldwell, 1055 THehsel, Mozley and Aron, 1957)
and correeted for inner shells,

The solid curve represents a fit to Brandt’s theoretical values, based on use of Jensen’s
formula (eq 28},

To explain the difference in 7/Z for heavy elements between
low and high energy experiments, Brandt (Gatlinburg, 1958)
determined what total Cg+4-Cp4- . . . correetion would have
to be applied to the experimental stopping powers of Burkig
and MacKenzie in order to give mean excitation potentials
that agreed with the high energy data. When these are
compared with corrections obtamed or estimated from the
work of Walske (1952, 1956), the agreement is good for low
atoriic number but the Walske-type corrections are too
low for high atomie number. Walske’s caleulations were
based on the use of hvdrogen-like wave functions for the
atomic electrons.  This should be a good approximation for
the eclectrons of the innermost shells of an atom. For the
heavy elements, the €'y, and higher shell corrections may be
higher than those due to the inner shells. The hydrogenic
wave funetion approximation is not expected to be applicable
to these electrons. Brandt emploved an approximate
rmethod of ealeulating the (% that is due to Lindhard and
Scharff, The method is a statistical one that ignores the
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properties of individual electron shells and considers only
average electron behavior. The results of this calculation
were in good agreement with the corrections necessary to
resolve the disagreement between the low and high energy
sets of data.

The solution to the problem of interpolating between
measured [ values for elements that have not been measured
is: first caleulate f; from (28). Then calenlate the polariza-
tion and valence corrections (Sternheimer, 1952 and 1956;
Brandt, 1956) to obtain [. For practical purposes it will
often be necessary to assume I==4Z and interpolate between
the values for the high energy measurements in table 4.
At worst this latter procedure should not result in more than
a foew percent error m a stopping power. Table 3 can serve
as a gulde for estimating valence and polarization effects.

e. Selected I Values

When evaluating the parameters that euter into cavity
ionization chamber theory, it is desirable to use congistently
one set of values of the jonization potential.  The preceding
review indicates that there is still a certain amount of
scatter in the experimental vesults for 7. This is not serious,
however, because / enters the formulas for the stopping
power and other relevant parameters only logarithmically.

In table 5 we list a set of ionization potentials that were
made the basis for the computation of other parameters.
Unavoidably, the selection had to be somewhat arbitrary,
but it was done with care so as to be representative of the
experimental situation.  Main reliance was placed on results
obtained with high-energy protons (Mather and Segré’s
result for aluminum was omitted and Thompson’s results for
graphite was accepted). Inasmuch as the application of this
report is principally to cavity ionization chambers for
electrons, it secemed reasonable to choose I values obtained
with protons that have velocities matching as nearly as
possible the velocities of the electrons of interest. More-
over, at high energies the interpretation of the experiments
is simplified in that smaller shell corrections are needed.

The selection of table 5 was completed before the recent
vesults of Zrelov and Stoletov, and of Barkas and von
Friessen became available, It has turned out, however,
that these new data are in very good agreement with our
selection, so that there was no need for a revision. It
should be kept in mind, however, that further theoretical and
experiznental work are needed before arriving at definite
I-values.
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TasLe 5, Selecied I values®

\ !

Element Tev | Author ® ‘ Notes

20070 T . Liguid

38 B

67 B3._. )

8.4 T, Crraphite

8511 T . oo Liguid

85 Text . cooof LFas

98.3 | T... -| Liquid

164 Text

264 Bs

306 BS, X138

462 IER]

517 B3

750 B3,

312 BS,

945 B

» All of table 3 is to be considered part of this table. ) .
b B3=Bakker and Segrs (1951 renormalized, T=Thompson (1832) renormalized, M8=
Mather and Segre (1951).

4. Theoretical Values of s

Section 2 presents us withi 4 theory for cavity chambers.
Section 3 gives us the data necessary to evaluate the constant
s that appears in the theory. We will now examine how to
calculate s in order to be able to compare it with experimental
data in section 5.

It iz convenient to deal with ,s==sp,/p; rather than s, be-
cause the stopping powers contain the density as a factor.
Removal of this factor gives numbers having the same order
of magnitude for all phases. The Bragg-Gray formula can
be changed to incorporate ,s by using energies absorbed or
ionization produced per unit mass of material, ,/0 or /.

mbja=L mEz (29)
S
il S WS {30)

The notation ,s* will be used when it is necessary to specify
the nature of the wall material, w, and the gas, g.

4.1. Basic Bragg-Gray Principle

Laurence’s result for the average of the stopping powers
that is required for ,s is given by equation (11) due to
Spencer and Attix. The equation gives f=1/,s rather than
8. This is convenient because the observed quantity, ./, is
proportional to 1/.s; see (28). When averages are taken,
they have to be of 1/,s. Using equation (20) for the stop-
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ping power and using the stopping number per electron B
defined in footnote 13, we can rewrite (11) as

po @A 1 (o L5
L) =73) 1*7;,}0 75 dT (31)
CBZ

3, does not appear in this equation because the polarization
effect in the gas in the chamber is negligible except at very
high energies,

It is convenient to introduce two functions b (Ty) and
dz(Ty) defined so that

(A1), I, .. .
fz(TO)=%Z~g—§7 1+bz(Tﬂ)ln-I——:-dngg)]- (32)

Both functions have been caleulated for useful energies and
materials. b, is given in table 6; d; 1s given in table 7.
Calculations of B by Nelms (1956) show that the low energy
limit of B, n (}e)*(T/1), is accurate to within 4 percent up
to 3 Mev. The low energy limit can be integrated to give

By (hl-\/—; 51“)
b, (T = R 2, (33)
¢ 1o
Vit

Ei s the exponential integral® that has been tabulated
e.g., by the Federal Works Agency (1040).

Although b, depends on the 7 values chosen for the caleu-
lation, the dependence is only logarithniic. The greatest
uncertainty in experimental 7 values is only about 25 per-
cent. The resulting uncertainty in b, is only a fow percent.
This is satisfactory because the resulting uncertainties in
Jare smaller stitl. ~ The tmportant dependence of the second
termn of (32) on the 7 values is through the fuctor In 11,
This factor 1s left to be evaluated by the experimenter so he
can use the latest knowledge about the 7 values, I values
based on Bakker and Segré’s work were used to compute bj.

* oesdu. 2 g—udy
U Eigi= 3 Ei{—g)m=— r—
U 2 u
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Tasre 6. bz(Ty
| s s———— - e ——————— H.»»»—..w»i____ffrr, R
To Mev | ¢ | Al n : 1 ! Fb )
— _....—.-— __..‘....._, —
16430 | 0.18772 0, 22408 030712
> égg l o 11‘73{4} D Uieen | T <2415
L300 13938 | L1654 17812 ; - 22408
3oy T {15348 S17540 S 2143
30 Tt 1w 16905 1uss8 20896
5 302 14306 16264 L1844 19836
600 g } 130% ; 1702 119013
554 112398 w L 13832 L1780 L18706
o | adwe | et 72 sea
Rt I 12278 1 L 13308 . 18666 A7
i oah 1 L 12068 L 14536 L 15040 17104
e | 104 y 12634 (11136 L1532 - 1640
L8 | 11380 12478 0 13040 16208
5 10 Jle6 L RS
1,500 L1 |
Tasre 7. dz(T%)
|
Ty Mev C Al
0. 300 0.00115 | 0.00000
&7 L0015 0013
L400 00272 L0031
500 00439 G010
600 LGUR0G “00203
T6ad " 006u5 L00255
LT00 L0070 “o0201
TR -00930 00397
1000 101240 L0067
1100 “01301 00693
1,200 oty | o7
1,308 QW82 | o0sg1

dy depends quite strongly on the I values chosen ‘[01* 1‘[1‘10
caleulation.  The dependeunce 1s a_complicated one s(.}“t 1wt
a separation into two [actors as in the other term 11&3 }1?t
possible.  Sternheimer calealated two sets (}alﬁhe po ‘a}‘r’lzai
tion correction, & (1952, 1956). One was lor ,,ﬂ}? ongu\\lu
Baldker-Segré I values, the other was for 7 \falueavhmn Sac}s
and Richardson. Since the first of these have btj(‘-sn. 13—
normalized and the latter rejected as being in errvor, iries‘x
calculations are generally nceded. I‘ol‘tunat_(‘ly,"howe‘\ ;rl,
the dy term is relatively small iu the cases we \\"%sh to (‘()%S}l(j(,’}
except for chamber walls of carbon and a\lummmp: The I
vahies for these materials used in the 1956 cqlcu}atxonb were
78 and 163 ev.  This is excellent agreement with I‘hompzon 8
I,=78.4 ev (table 2) and our adopted value of I{uf-:l?l ke‘i.
These calculations were .used {o obtain the‘ dy ;1:1 Ea ),(,,‘f
d, for other materials will be nogloc.tcd. 'lhf \}'(?Iht f”mt
will be for copper and will be only a few teuths of a percen

in f.
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Equation (11) and its descendents (31) and (32) apply to
an emitler ol monoenergetic clectrons of energyv 7, distrib-
uted uniformly through the chamber walls. 1t ¢an be used
e.z., for a chamber exposed to gamma ravs if the chief inter.
action m the chamber walls is photoclectrie %1bsorp(iyon be-
cause the photoelectrons will all have closely the same
energy., }01_‘ other cases, 1,(7,) must be averaoed over the
spectrum of initial energies as shown in equntim? (12). This
was done for the spectrum of recoil eleetrons from Compto;l

scattering.  The results can be expressed by

s (Z "f)a {
I = G Mo LILDAT), 34)

where «, and D), are averages over bz and dy, respectively,
The same remarks apply to a; and D, as applied to b,
anddz. Resultsforazare presentedin table 8, for ), in table 9.

Tasie 8. az(Ty)

!
»1_7\719& i C l Al 1 Cu F Sn
i ! | )
0.15 W 0.20020 ¢ 023700 0.30035 | o 4o
I S b3 B T b S L z 33174
A | clsdse b aTss2 | oegrg 18
6 1m0 | 15008 | ass6o ‘ S21852
Le | : oLl 16184 L 18396
Lsob L E1340 LS80l | 16408
29 iy ‘ N D R T
2.5 (BB L3250 RN I
IR i i
TaBLE 9, Dz(T+)
Ty NMev | € W Al
0. 4 | 000014 | 0. 0000
.6 L0148 00022
1.0 00597 00219
13 L1167 L 00367

4.2. Modified Theory of Spencer and Attix

The Spencer-Attix result for the inverse cavity chamber
stopping power ratio is given in equation (15). It can be
treated in the same way we have just treated (11) (see

footnote 11). The result may be written in a forr
: . » Q) n
much like (32). ey

T A (Z /14)a jl'z
fz ( ? O;A) -(Zj‘m [1 +()2(]10;A> hl 7a+dz(T0)]' (35)
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The dependence on A, the encrgy of the electron that can
just eross the average dimension of the chamber, is through
the factor e,(75,4) that replaces b,(7,). Like bz, ¢4 15 not a
sensitive function of the / values. [ values based on the
work of Bakker and Segré were used to caleulate ¢z The
results are in table 10,

The term in (35) that represents the polarization effect 1s
the same as in (32). The reason that it is the same is that
the changes in the flux of cavity-traversing electrons that
Spencer and Attix allowed for are of importance for low
energy electrons for which the polarization effect is negligible.

Jo(T,A) applies to a monoenergetic emitter so an
averaging process is uecessary whenever there 1s a spectrum
of starting energies. Averaging is difficult because there is
so little data for £,(7,,4).  The process that has been used
i8 based on the fact that f,(T,4)/ /(7)) is found to be
relatively insensitive to energy. 1If it is assumed to be
constant at the value it has for 7, the average energy of the
electrons in the starting spectrum, then the average value is
given by

T Ty, 8) =72

36
1) .

andf_z(Tw)_can be obtained from (34). For Compton recoil
electrons T'=hv(s,/¢) where ¢, and ¢ are the Compton
absorption and total cocfficients, respectively.

TaprLe 10. ¢2(7Th,A)

TyMev | A Kev c A | ca | sn Pb
1.308 818 o137 | 0. 16032
40.9 J4ig | J1TI68
2.4 15058 18668
10.2 14594 L1619 2081
5.1 15705 o L23302
2.5 17046 110168 27t
654 81.8 . 1280 14014 15674 16930 18512
40,4 13510 J11878 15782 J1s215 e
2.4 FrT sl | 18018 C1u77 22082
10,2 15200 030 | L1983 21893 21835
51 J16332 s | .2e 28852 L8011
2.5 i {20570 25118 29431
527 81,8 13282 14672 15460
40,9 L1505 13300 17598
20,4 1187 16560 119010
102 115790 L1783 ~20733 2lias2
5.1 17018 18546 L 23128 L 30854
2,56 18336 (21690 “geai2
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From (36) it is evident that f(7,2)/ f,(T) is a neasure of
how miueh the modified theory of Spencer and Attix differs
from the original theory of Grav and of Laurence. The
ratio is plotted in figures 3.a-e. For mterials close to air
i atomic number, there is onfy a few tenths percent differ-
ence,  For a material as different as lead, there is a difference
of as much as 20 percent.

Table 11 gives the range 1 of au electron of energy A,
In the Spencer-Attix theory, A is fixed by requiring 2 to
equal the average diameter of the chamber.

TasLe 11, Range of low energy electrons

A i Fo
Wewv ;e 8T P air
256 1 605
5.1 03l
.2 .19
20,4 ; LG4
40,6 -
81.% T8
!
1.O05
CARBON
?T., Mev
J “0.654
! 0.327
- 09es|) i
f (T, &)
{(T) 105
N ALUMINUM
T, Mev
% §|-308 40.654 s0.32?
{13) T nm—— ra 3
1.00 I
0 0.5 1.0 L5 2.0

R (c¢m-otmospheres)

Fioure 3.a and 3.b,  Predictions of Spencer-Aitiz theory for variation of
ad With pressure.
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|
rd
1.05 T Mev
—~—1.308
——0.6234
327
- LOC o ——
(T, &)
(1)
TIN
Li5 -
LIO )
T, Mev
l 05 \.. S
A “*«..._,__.._,__lé&
\ os5a | T
.00 0.327
-*\-_-—"
{d)
o] 0.5 1.0 15 20

R {cm-atmospheres )

Frovre 3.c and 3.d.  Predictions of Spencer-Atlix theory for variation
of wJ with pressure.
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0 0.5 .o 1.5 50
R {cm- otmospheres)

Fravre 3o Predictions of Spencer-Attiz theory for variation of wd
with pressure. S

4.3. Variation of ,,J With Pressure

Since ] is proportional to f-=1/,s, equations (35) and (36)
gf'tht(i Spencer-Attix theory predict that weJ will vary with A.
A 11;\ elto(’ ;Ilo(f] %l}l epff:::niggm; §x*1‘1ose range equal}sj the average

; | . It, and hence ,J, can be varied

v changing either the chamber size or the pressure of the
gas in the chamber. No such variation is predicted by the
Gray or Laurence theory. In fact, they require the absence
of_S}lt‘il a varation as prerequisite for their proper application.

Iﬂ'om equation (36) we sce that ,.J will be proportional to
J2(T,8)/fz(T) which can be written

LTA) | [e(Ta)—b.T)], 1.
__fz(?) =1 +[ — fz (’TT_——) ] h] 7; (37)

o .. .
1)]1'15 ratiois plotted in figures 3.a-e versus the electron range
¢ in air that corresponds to the energy A, For application
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to experimental data R can be taken to be the product of

the niean diameter of the chamber (in centimeters) and the
air pressure in the cavity in atmospheres.

5. CGavity Chamber Measurements

In this section we will compare experimental results for
s with values caleulated by the nmethods of the preceding
section, There are several (ypes of experiments that give
useful information. We will first deseribe the data con-
cerning the variation of ,J with pressure since there is an
mmportant difference between the newer and older theories
on this point. Then the relative values of ¢ that can be
obtained from comparing chambers that are identical except
as to wall material or from comparing different gases in a
single chamber will be studied.  Finally, the absolute values
of ¢ that can be obtained by separately measuring each of
thf, otiler factors in the Bragg-Gray equation will be con-
sidered,

5.1. Variation of ,,J With Pressure

A distinetive feature of the modified theories of Spencer
and Attix and of Burch as distinguished from the theories
of Gray and of Laurence is that the former prediet that ,./
will vary with pressure (for constant cavity size, or with
cavity size at constant pressure) even for very low pressures
{or cavity size}. We will now review the experimental
evidence on this point. The existence and magnitude of the
effect 1s important for verifying the theory, for interpreting
experimentally measured ,.¢'s, and for supplying idormation
needed in the interpretation of measurements with the Faille
(1937) extrapolation chamber.

Gray (1936) stated: “The (Brage-Gray) equation may be
considered valid in any eircumstances in which the ionization
remains proportional to the pressure as the pressure is re-
duced below the normal value.”” In other words, for suffi-
ciently small pressures ,,JJ should achieve a constant value,
independent of further reduction in pressure (or eavity size
at coustant pressure). Gray demonstrated experimentally
that this was so, within 1 percent, for air-filled graphite
chambers of 0.1 and 2.0 cm?® volume, with gamma rays {rom
radon., Reduction of the pressure from 74 ¢m to 10 eny Hg
produced no significant variation in /. On the other hand,
8 similar measurement in a lead-walled cavity of 0.1 em?®
revealed a 7-percent increase in ,oJ for the same pressure
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decrease.  Gray coneluded that the (basic) Bragg-Gray equa-

tion was not valid for this situation, but no attempt was

made to explain the effect .

One interesting feature of Gray’s result for lead was that
the plot of ,.J versus pressure did not tend to level off
toward a constant value at low pressures.  If anything, it
appeared to be slightly concave upward but was roughly a
straight line with negafive slope. From these data, there is
o promise that constancy can be achieved by going to still
lower pressures. Others have obtained similar results.

Ibrahim and Wilson (1952} used a fut extrapelation

chamber, varyving the gap width down to about 0.5 mm at 1
atmosphere air pressure, X-ravs of moderate filtration, up
to 124 kev (effective), were emploved to irradiate the eham-
ber. The walls were of graphite, aluminum, copper, and
some molded compositions, Graphite showed Hucar be-
havior, as in Grav's resnlts, while the other materials, having
Z greater than that of air, agaln gave an increasing ,,J with
decreasing gap.  This experiment was comnplicated by the
faet that the Nerays were of low encrgies, so that the average
starting energy of the primary clectrons was not large com-
pared to the cavity size, as required for proper application of
cavity theory. Thus much of the apparent rise in wd with
decreasing gap size is caused by the transition from the
predominance of clectrons originating in the air gap to that
of electrons originating in the wall. There are more of the
latter, due to the photoelectric effect, lience the exaggerated
vise in LoJ. A further complication, also augmenting the
rise in ./, is the loss of electrons out the edge of the chamber,
which had an eleetrie-field guard ring of lucite rathier than of
the wall materials under consideration. These losses be-
come progressively greater as {lie gap width is inereased.

Attix, DeLaVergne, and Ritz (1958} carried out asimilar
experiment with a flat extrapolation chamber of an improved
design, having guard rings of the same material as the rest
of the walls, aud less extraneous material in the radiation
beam to produce scattered photons.  Walls of carbon,
aluminum, copper, tin, and lead were studied with Lieavily
filtered Xray energies from 38 to 208 key (effective) and
with gamma rays of 411 (Au™®), 670 (Cs"), and 1,250 kevw
(Co®.

The experimental results were generally similar to those
of ITbrahim and Wilson at the lower energies. For walls
other than graphite, the steep rise of ,..J was observed as the
gap width was reduced from 10 num (o 0.5 . Sone edge
losses of electrons were observed in spite of the improved
chamber design. For graphite ./ was found to rise slightly
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with the values of I fron t . al extrapola-~
' Cormack and Johns (1954) also employed a ﬂ(li‘ (.,\1,1O z;p%n
tion chamber with walls of carbon, nlulmnéln;é ﬁgp‘i ,qu,
: sing 2 ('0% gamia ray source an Mv X-rays.
and lead using a (o™ g A ray s d 22 My -1avs.
They avoided edge losses by means of S?:lumtj %()nizqtion
results indicate complete proportu;lx}}a_ht} )eltt“ioi: onization
: jon i sult does not a
gepar - all materials.  This resu 0t ag
and separation for ¢ This resull docs ot agree
it Y the other measurements given
with any of the othe s | the iture
for hi}gh atomie number walls; however, the reason fo
liserepancy is not apparent. L ) N
(11‘;]‘ grgon {1656) used a flat chamber “Elth fL\@d pluée sg}gs};lg
o o 5 alls of 1 and c .
i i -m and walls of alunminun
ion of about 1.5 em a ‘ nd er.
T—\ir pressure was varied from one atmosphere down to 2 m1
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and R_nz (1958) for C'o8 anl extrapolation chamlrs whose sides wore enclosed with the same
material as the plates. The solid lines are the theory of section 4.2,

Hg going (o cavity “sizes” of al
munr usable cavity size att
s apparently about the min

1 about one-tenth of the mini-
amed in previous studies, This
uny usable cavity size for pelj.
able results] beeause ot lower pressures Larsay found that
hie conld uot attain current saturution even with the optimum
flat chamber design 12
Larson found that, alt]
at low pressures, it inereased only slowly
slope. Thus it was possible to extrapol
HSievert (1940), Taylor
chamlsers of this order of pressure-size. Presumahl
due to multiplieation taking place in the gas.
presence of the Greening effcey (19541 i which g
zation but s partally a curreny
to the other under the inflyenee
on the specetrian of charged part
with the photons. Ale
Nelson et al, (1958)
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wugh ../ did not become constant

and with a eonstant
ate liis results to zero

Iso encounteree this diffieulty for
ably some of their difficulties nay have heen
The situation is further complicated by the
i ObSeTved current is not entirely fromiopi-
of very low cngrgy electrons emigrating from olie eloctrode
of the clectrie field. These cleetrons are the low erergy gl
icles existing in the chamber walls due 1g the interactipns
asurements of the speeten of these electrons have been reported hy
and by Finston ot al, (1954, ’

(1951}, and Wilsen (1854) g

pressure with some degree of conﬁdoilge. Larsnnt }nzc‘(einngggz;
. . 1 4 ‘¢ - & » v -} i
ie chars stic X-rays as his source; Iy
energetic charaeterist A  Spurce; the encrgics
‘ ree 34 kev., It would be o S
were between 8 and 34 uld bo of nfercst Lo do
imi cper here the pressure is rec _to the
a similar experiment wh e is ed. Lo those
: s for g a rays where the starting energies ¢
ow values for gamma ray ; g
11}ima(1‘v electrons are much greater than the cha}pbqr di m(;nn
E)ion“ “Thus one would be effectively 1Invesngat11n% e\em
sl / iev - Larson relative
ritles t ose achieved by Larson relative
smaller eavities than th : e e
: s present. A region of constant ,
the clectron ranges pres i 1 of constant ./ might
: se ¢ tions, il indeed it exists at al
s observable under these condi , ecd it
bc(gr‘)ognil(w (1957) studied the pressare variation of m.{”m
Il evlindrical 1 em by 1 em o size. The
lindr hambers about 1 em by
small evlindrical chamb { by gz, he
: antalum, and lead;
ralls were of carbon, copper, tin, tanta , tead
“(;:1111'20‘: :\Izl(o) Co®, Cs', and Au'.  As the pressure was re-
:‘ b : g ’ - H "y Yy v, ¥
:,lucod to about 5 em Hg, Greening observ e({l a xiiwmittll(lmt }1]1;
i i ' - compared well w )
3 r, tin, and lead that compar | :
reametionl e e ione of & 1 Attix (1955) and had
i g [ dpencer and Attix (195
theoretical predictions of S } At (1955) and had
increasingly s rative slope with decreasing press
an increasingly steep neg e essure
Whvt‘e (1%57 ) used a chamber 7 em long by 5 i‘,m d]an;'ett,a;é
with wulls of beryllium, carbon, aluminum, anc mppet, ‘
source was (0%, The pressure was varied from one a ;n?sr
e 3 o . - i ) N
shiere down to about 8 em Hg. ()vexj thl§ mnﬁg& e 'r(l)r
ltio er and aluminum was observed to increase with nezzit},’
(:ofl)gt;mt slope with only a trace of lt)h(i upward (”ﬁﬁfiﬁit 7)
) sreening and by Attix, Delavergne, ¢
observed by Greening a v ;5 1 gne, and Ritz.
For both carbon and bery%)hun}ta (oxggigoir:cg\l{f tci(ht]m ¢
v arbon it was > s
J was observed. For ca ily 2 f nths of a
ggrce(nt which could casily have been missed in less accurate
previ - described
: iments previously deseribed. B
ex%?ti\: andp Ritz (1957) made some pl_essulfetl\au?it{ﬁg
casur i etermination of the radi
: s in the course of a determina of th
o issic heir chamber was eylindrical, 4 em
eamma ray emission. Their cha 3 rical, 4 cn
diameter by 5 em long, with '\\"&HSG of c‘mbon, alumin ;
\ . ’ ™ o o », a
and copper. The source was Co® The plefys}llf‘, h\e\rzz
varied from one atmosphere down to 01 d& nngpre&qé
T(he graphite chamber ionization ,J was observe ]to Oﬂec ease
by 0.15 percent which was somewhat less of a ¢ %‘anbi P
that observed by Whyte, but nevertfheler(@is significant. 7
or alumi \ 5 0ase v
i er walls was found to incres
r aluminam and copp , ° with
iosteepenimr slope as the pressure was reduced.f ‘Thc: :lé)r}zi
Z*Hnnwed more rapidly than predl(’:lgled b}{' tlm(;)rgm(;l gg;s;l;&bl%
Jbove 3 at g ' Tepaney 3
- . 0.3 atmosphere. s dise ney
above about 0.3 atmg his discrepancy probably
1 ar ze of the cavity; at the higher pres
esults from the large siz v; at o ure
ltfle cavity size restriction on the theory is not adequately
- L P »
Iilted. o . o
ftlThe results on the variation of .. with pressure (ln { %\;1;37
size can be summarized as follows: For energies in the X-ray
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range, ./ experimentally varies linearly with pressure-size
for small pressure-size. " With the exception of the work of
Cormack and Johns, experiments for energies in the gamma
ray range show that .7 as a function of pressure-size has an
inereasing negative slope as the pressure-size is reduced.

The nature of the agreenient between experiment and the
Spenecer-Attix theory can be seen in figures 4 and 5. The
points in figure 4 are {he experimental data of Attix,
DeLaVergne, and Ritz with Co™ for chambers completely
enclosed with the wall materinl being studied. The solid
lines are the predictions of Spencer and Attix, for the new
I values of table 5 as discussod In section 4.2, For these
curves, A was taken as the energy of an electron whose range
was twice the wall separation, (The authors used g range
equal to the wall separation: the present choice was felt to
give a better average value of A for the cavity) Evidently
the experimental points are tending toward ‘the theoretiog]
curve at small wall separations,

The difference between the theory and experiment can be
analyzed as suggested in section 2.6.c. In figure 5 are
plotted the experimental values of S5l msZ, Mminus  the
difference between the Spencer-Attix theory and the basic
Brage-Gray value for the same quantity.  The curvature
of the ,.J curves is removed by this procedure and a limear
extrapolation can be made to zero wall separation. Indeed,
as shown, this linear extrapolation passes through the basie
Bragg-Gray value at zero wall separation.  This procedure
is 1 the spirit suggested in the introduction (section 1),
The Ln111'911(*0~B]‘zlgg%(§my theory is an approximation to
cavity chaumber theory. ~ The Spencer-Attiy theory is g
further approximation’ that takes into account delity ray
effects, but does not account for perturbations in the cavity
traversing flux due to the preseuce of the cavity, When
the Spencer-Attix theory is treated as correction, as above,
the remaiing difference from he Bragg-Gray-Laurence value
is interpreted as due to the flux perturbation and will pre-
sumably be explained by a better approximation that has not
vet been made.

5.2. Chambers With Different Atomic-Number Walls

When chambers with walls made of different atomie
number materials arve exposed to identical fluxes of radiation,
the absorbed doses in the walls iare proportional to the mass
energy-absorption cocfficients of the wall materials.  If the
chambers are filled with the same gas, w can be assumed
to be the same for all of them. Then
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where que, 18 the mass energy-absorption coeflicient.  Since
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in each exposure the results are given at constant 1111‘_(1(‘2}F1tt]‘\}‘e,
the Tatio of the J’s can be used in place of the ratio o
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Fiavre 5. Effect of flux periurbation on ,J.
The points are the experimental data of figure 4 minus the difference between the Speneer-
Attixet%eory and the Bragg-Gray-Laurenece theory.

a. Energy-Absorption Coefficients

e 18 obtained from experimental data on gamgna, ray

i ° Y A‘ T 2 > r o 0 r .
abnszog}l)tion coefficients. There is, howev el,'kls_u,k Ob a%rlelz
ment between different authors as to how this is to be done.

l 14 o0 { ans t[ easurenl /llf.‘: see, eg, Ol ns
Ill A1 th. 2OrYy )f dl.()l‘p 10 measurenie (") ‘; 3 e J ins



and Laughlin, 1956) there appears a quantity called the true
absorption coefficient and defined by

. . L 2me? ‘
mben ™= T 0 Oy T =", (39>
]{3"

where 7, .0, and ,x are the mass absorption coefficients
for photoclectric absorption, Compton absorption, and pair
production by photons of energy iy, AMany authors identify
the energy-absorption coefficient with the trae absorption
cocflicient (sce, e.g., Spiers, 1956). Marinelli (1953), how-
ever, said the photoelectric component, for the & shell, should

be given by
; fhoy
1= ) 0
7 (1 Iy ) (40)

where v is the mass absorption coefficient for photo-
electric absorption (in the X shell) for photons of energy
hv, fis the K shell fluorescent yield, and vy is the K shell
binding energy. This assumes that the chamber walls are
thin enough that most of the fluorescent radiation emitted
in iilling the A shell vacancy escapes from the chamber,
The other authors implicitly assume that the wall of the
chamber is thick enough to prevent escape of the fluorescent
radiation. The actual case must lie between these two
extremes. The fluorescent X-rays may have an absorption
coeflicient greater, equal to, or less than that of the primary
rays so that little of it, some of it, or most of it (respectively)
may escape from the chamber.

Iu order to get some idea of the effect of the escape or
nonescape of fluorescent radiation, we will consider a sunple
case in which the effeet can be computed. The case chosen
is that of the dose rate at the center of an infinite slab of
thickness 2¢ in the direction of a beam of gammia rays.
Physically this would apply to the center of a chamber whese
walls were of thickness ¢ and whose dimensions perpendicular
to the beam were very large. The latter is not usually
true so the result cannot often be applied directly, but it
does give one a deeper understanding of the problem, A
convenient way of presenting the result of this calculation is
to give u fuctor g that can be inserted in (40) to indicate the
extent of the escape of fluorescent rays,

(1= ) (40.2)
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This method of presentation is convenient because it
turns out that ¢ is a function of just the thickness ¢ and the
ratio of the absorption cocfficients of the fluorescent and
primary rays. Irom (40) and (40.a) we find that the ratio
of the dose due to the fluorescent rays to that due to the
primary rays is

Jhv
(1—g) i

— . 40.b)
T fhvghy (

The maximum value of g will be one and occurs when all the
fluorescent radiation escapes. Capture of fluorescent radia-
tion leads to values of g that are less than one and may
g » negative. ) o
o %lhbeillff;; iEs small cnough that the bracket in (40)’15 sig-
nificantly different from unity, photoelectric a,bsayptlon,lfﬁr
excecds any other type of gamma ray mt,eraptrloln.r o
absorption of the gamma rays can be represex,lte( dsl le,\-
ponential and no allowance need be made for a b}pu};}p
of secattered radiation. The fluorescent X-rays W*l'”l Ie
emitted isotropically. The energy of the X-rays w 11} i)e
approximately hvg; actually it will be slightly less‘. .‘Ii{ elt:
these conditions, in the middle of a block ofs material o
thickness 2¢ exposed to a beam of gamma rays

g=1 —% { In

+Ei(rt—rgt)—Ei(—rt—rgt)— (e —e ™Y Ei{—rxt) } (41)

T TR

is t s0rpli ically r photoclectric
‘here 75 is the absorption (practically all by pl
gffect) Tgoeﬁicient of the fluorescent X-rays. If n<(<l,
then
gz€_7Kz+TKtE¢<—‘TKt) (‘11&)

Figure 6 shows the behavior of g as a function of +# for
different relative values of rx and r. For very small ¢
(relative to 1/ or 1/7), ¢ is slightly less than I, meaning

i red | sla is dist: measured perpendicular to z
S i stance measured into the slab and y is distance | e )
then1 izuilsltdfliﬁ;\ of primary gamma rays will produce & fluorescence radiation dose equal to

i T
2 re rrhrge-rgV (E-212+¥
78 fromydyds » e
J:J fo ! dr] (t-1) 22]
Aauati ¢ ined from this and equations (40) and (40.b), Some details of the
?ﬁéﬁﬁ?ﬁl&f 4111)0?37(3‘13 gzi%;gl&c(lstem (1954) who treated the problem for ¢ infinite, Efis the
notation for the exponential integral;jses footnote 14,
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Figrre 6. The cor rection for escape of fluorescence radiation.

that most of the fluorescent X-rays escape. Ior larger ¢
if 7x>7, g becomes quite small; it actually becomes sh’gfetly’
negative near 7¢=1. This means that most of the X-rays
are captured near their point of origin. "The negative value
mdicates that the Xray dose at a point is due principally
to those X-rays released before that point in the beam
lf =<7, g becomes negative without limit as # increases.
;lhhls TTIQ?IIS that X-rays reach a given point from t.hroughoué
rm?dill?g.mm and keep on increasing with the size of the
Effects in the L shell can be treated as follows: In the
bracket of (40.a) there should be a third term, similar to the
first but to allow for the production of I X-’r&ys following
photoelectric absorption in the K shell. In all cases of prac-
tical importance up to the prosent, however, 7, is so large
that the ¢ factor can be considered zero so the term vanishes.
Ir;t,ﬂ,um :[I}}efle i};Olel;d é}llSﬁ be a term of the form of (40.a) but
with 7% for the L shell: since g can sonsicle 3
brai%ket will equal unity.) g ean be considered zero, the
The question of escape or non-escape of secondary radiati
must also be considered for Complzon scatte;{i?;g Iz;,%ﬁilag?i?
production. The Compton component of ,,&,umais usunilv
GIVeN 88 10y = p0— 0 where the symbols are the macroscopic
Compton energy-absorption, total, and scattering cross sec-
tions per umit mass, respectively (Johns and Laughlin, 1956).
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This assumes complete escape of the scattered rays. The
effect of secondary absorption can be given in a way similar
to that used in (40.a) by saying that a factor j in no—Jao;
measures the number of rays that escape:i.e., the dose due to
scattered rays is proportional to ,o, (1-7). 7=1 means that
all the seattered rays escaped. Caleulation of 7 is very
difficult. The scattered rays are not monoenergetic nor are
they emitted isotropically. To make a rough estimate of j,
let us suppose that the scattered rays continue to move in
the same direction as the original rays, that they all have the
energy (,o/»0)(hv) equal to the average energy of the scat-
tored rays, and that ¢ is much larger than =+« Then

J=1—alt, (42)

where the prime refers to the scattered rays. The wall
thickness of a chamber will be about equal to the maximum
range of the secondary electrons; this will make of about
0.03. The average energy of the scattered rays is about half
that of the primary rays and their absorption coeflicient
about 50 percent greater. Roughly o,=~0¢s=}o. This gives
7=0.98. Although this is just a crude estimate, it indicates
that care is needed in interpreting experiments that make
use of muen. 1t should be noted that equation (38) requires
only a ratio of energy absorption coefficients. Where Comp-
ton scattering is the predominant interaction, the correction
for secondary ray absorption will amount to very nearly
equal factors in both coefficients and cancel out of the ratio.

In the case of pair production, (39) assumes that the an-
niliilation radiation escapes. A correction for its capture
could be introduced. The annihilation radiation would be
monoenergetic and most of it would be isotropic, but cal-
culation of the amount escaping would be difficult because
the rays would be emitted at the end of the positron track
rather than at the point where the gamma ray was absorbed.
Fortunately, in most cases of current interest, « is small
compared with 7-+o and we can neglect the capture without
introducing appreciable error.

When an experimenter corrects for absorption by adding
material of the same compeosition as the chamber to the out-
side of the chamber and then extrapolating back to zero
absorber, he is really correcting for two things. He corrects
for the absorption of the primary radiation and for the cap-
ture of the different sccondary radiations. By extrapolating
to zero absorber thickness, he converts his measurements to
the conditions where most of the secondary rays (except,
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PIB g
eg., L X-rays) escape. Under these conditions milen 18 Bl riEiii 8
properly given by T T
3 R AR
| Mg e L 2mety “la] fEiiing
e G T e G T ST SLlE
. . .. . E i% icp i :r~9m~_§?3
Since calculation of the capture of secondary radiation is 21 sl HIBIGIZS33E
difficult and differs for each chamber and since it is often Si=] st P
small or cancels out of ratios, nu.. calculated according to SN G
(43) will be used in the analysis of most, experiments studied s | = | (BTN
below regardless of how the absorption corrections were S 3D LS iiiis
made. RERERERRER
In most of the papers analyzed below the author does not afl .| .| sEEepgzsER g
give the values of the energy-absorption cocfficient he used Sl 12! 3= KA
S0, to compare results on a standard basis, new coefficients Z | 5
were caleulated. The values of ,,7 and ,« were taken from % s el tlmiiiitiiis
Grodstein (1957). The values of 0y Were taken from Lea Sl BB
(1946). The values of f were taken from Broyles, Thomas, SV
and Haynes (1953). The values of hvg were taken from Hill, & RN
Chureh, and Mihelich (1952). A compreheusive tabulation 2lle | 8| {1882 288
of energy absorption coefficients based on the latest CX- i I U B A A b
perimental data has been given by R.T. Berger (1961). Re- S| PR D B
sults computed according to (43) are given in table 19, gl 8| ¢ iE & 352
Al e | tlsiTiiiT
b. Ezxperimental Results é - i S
S Plgiiiiiitig
Many carly papers comparing two materials exist that NERE: PELEILELE
have not been covered in this report. They were summarized S S R R R R
by Sievert (1940). o T
A correction common to all these experiments is the amount Bllalal| (181118
of absorption in the chamber walls. This varied from less SO St
than 1 percent to as much as 86 percent. Each author i T T T
corrected his own data, but the methods used do not neces- SEERRRRRRES
sarily agree with those of other experimenters. Due to the RN
complexity of the corrections, they have not been recaleu- SRR ERERE N
lated here and there may be a lack of uniformity resulting. SEEEREREERE
Much of the early work in the study of cavity chambers SRR RS
was done with radium. Radium has a spectrum of gamma Sl oA piiiiiiiii
ray energies that makes it diffieult to analyze results. Most E SERERREERRE
of the gamma rays have energies in the range where Compton SEEEEEERERE
scattermg predominates in the light elements. In this range AERERRERERE
of energies and for these elements the ratio of the energy- SERRRERRERE
absorption coefficients in (38) equals the ratio of the number i ;_ eddddd
of electrons per unit mass; i.e, it is independent of energy | SeCiniaanany
and therefore independent of the choice of the average ' o
energy. Kor the heavy elements studied, particularly lead,
photoelectric absorption is appreciable and the value of the
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b Averaging the two encryies actually present, 1.17 and 1.33 Mev.
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encrgy-absorption coeflicient depends strongly on the cnergy
of the gamma rays. Because of the complexity of the radium
spectrum and of the effect of filtration on the spectrum, it
was decided to compute the enecrgy-absorption cocflicients
for use in (38) for the average energy ray of the spectrum
and accept the error that this produces in the stopping
powers for the heavy elements. Graphite was chosen as the
reference substance.

Gray (1936) used small thimble chambers 04 em ID
and 1 cm long including a hemispherical end) to compare
walls of different atomic numbers for radium gamma rays.
A common graphite center electrode was used in all the
chambers except the lead chamber which had a lead electrode.
The waull thicknesses were chosen to have the same number
of electrons/em? as 0.3 cm of graphite except for beryllium
which had the equivalent of 0.25 em; these, and particularly
the latter, may have been too thin to give electronic equilib-
rium. The insulator accounted for about 8 percent of the
area of the inner surface of the chamber. Later Gray (1937)
used larger chambers (1.2 em ID) with thicker walls (elee-
tronically equivalent to 0.4 c¢m graphite} and collecting
clectrodes made of the same material as the walls. Alum.
inum was the highest atomic number materials used in the
latter experiments so the effects of the change in size of the
chambers on the measured current ratios due to the variation
of n with pressure size were small enough that they were
not seen. i
_Mayneord and Roberts (1937) performed an experiment
similar to Gray’s with eylindrical chambers, 2 by 2 em.
The collecting electrode was elektron metal for all of the
chambers. The wall thickness was varied and the wall
correction determined by extrapoluting the wall absorption
curve to zero thickness. The authors felt that there may
liave been some beta ray contributions for the thinner walls,
Since only low atomic number chambers were used, the effect
of pressure-size should be small.

Estulin (1951) employed large fat chambers (20 by 20 by
1 cm) to obtain larger 1on currents. The gamma rays were
incident perpendicular to the large face and he feels that at
worst his chamber offered a path length of about 2 em to
traversing electrons. The collecting electrode was a small
brass frame for all chambers. When the sidewalls were the
same material as those of the flat faces, Kstulin obtained
results differing from those of Gray. When he substituted
sidewalls of graphite so that 10 percent of the inner surface
area was a low atomic number material (compared to
8 percent for Gray), he got results in agreement with Gray.
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Myers (1953) used cylindrieal chambers that were fairly
lavge (2 em ID, 10 em long, 1 g/em? thick). The pressure-
size eflect should influence his results for the higher atomic
number materials. The chamber size is comparable to that
used by Estulin so these two authors should nearly agree for
the high atomic number chambers.

The results of these authors for radium are collected in
table 13.  The amount of filtration of the radium sources is
indicated in the table. The theoretical value shown was
caleulated from equations (32) and (34) assuming that the
gamma ray energy was .95 Mev., This negclects any
pressure-size variation of ,J. The agreement is not very
good. Considering the assumptions necessary about the
average energy and the differences in filtration, chamber
size, and in the amount of low atomic number material in
the chamber walls, it is probably surprising that the agree-
ment is as good as it is.

The interpretation of the ciurrent ratios obtained for
different atomic number chambers when exposed to X-rays
is very diftficult. A basic difficulty is again that the radia-
tion covers a spectrum of encrgies. The energies are in the
region where photoelectric absorption is very strong, so the
choice of an average encrgy for the spectrum is very eritical.
Absorption of the X-ravs in the chamber wall ean change the
average energy significantly. Another difficulty is that
the chamber must be very small if perturbation of the second-
ary electron flux traversing the chamber is to be negligible
and if production of secondary electrons in the gas is to be
negligible. If the atomic number of the wall is less than
that of the gas, the greater photoelectric absorption in the
gas makes the elimination of the secondary prodnetion in the
gas very difficult (Attix, 1958). For reasons of this sort,
the experiments of Clarkson (1941), Aly and Wilson (1949),
and Ibrahim and Wilson (1952) do not give useful information
for our present purpose of comparing theoretical and experi-
mental stopping powers.

The results of Attix, DeLaVergne, and Ritz (1958) and
of Larson (1956) with X-rays have alrcady been discussed in
connection with the variation of ,J with pressure-size (sec.
5.1). They will be discussed again later since both invelved
a separate measurement of the dose rate with a free-nir
chamber (sec. 5.4.¢).

In recent years strong sources of radicactive isotopes
emitting monoenergetic gamma radiation have become avail-
able. These are ideally suited for experiments with cavity

chambers since there is no difficulty about the average energy.
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TaBLE 13. 3% relative fo graphite for radium gamma rays

Author
- f
May-
Gray, 1630 Gray, naoord, Estulin, 1951 | Myers,
1947 Roberts, 1953
1037 Theoret-
! feal
N, Filter
0.0126m | 2em | Unspees | 01 em | 05em | 2.0 em | 0.05 om
AN Ag; 0079 Pb ified monel Pb Pi Pt
7 \\ cm Pb
N

Wayx = 1,157 1,22
4 Be . 884 .01
8 C.. 1,000 1.000
12 Mg 32 L9
Elektron v, ._|__._______ 48

3 Al 8E0 .88
LR - LBLd L91
26 ke e —— S
28 Cu .68 .75
47 Ag._. I .66
LT | R 64
82 Pb Al .55

s Taken to be CH,.
b Taken to be Mg, 92.99; Al, 3.49; Zn, 3.85; Cu, 0.297.

Myers (1953) used the same chambers he had used with
radium to compare different atomic number chambers with
Co%. In an experiment, following his radium work, Estulin
(1933) used his flat chambers to compare the currents in
lead and graphite chambers for a series of gamma rays with
energies between 0.32 and 2.76 Mey. The work of Cormack
and Johns (1954) with Co™, and Greening (1957) and Att IX,
DeLaVergne, and Ritz (1958) with Au™, (¥ and Co®
was described in section 5.1. Only the last two of these
groups observed the pressure-size variation of we/.  The
results for Au Cs® and Co® are presented in tables
14.2 and 14.b.  To avoid the complication of the pressure-size
variation of ,J, the relative §'s are given for an average
chamber dimension of 1 em at atmospheric pressure. The
theoretical values were caleulated from (36).

The results of Attix, DeLaVergne, and Ritz for Au™ and
Cs"” are given even though they did not have side walls of
the same material as the main walls. With this reservation
on the validity of their data, the results for these two isotopes
are in fair agrecment among experimenters and witlh theory.

All results for Co® were for completely enclosed chambers,
There is pretty good agreement among the different authors
for this isotope. There is good agrecment between theory
and experiment for the low and medium stomic numbers.
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For lead the experimental results are significantly higher
than the theoretical. This can be understood in the light
of the earlier discussion of thie perturbation of the cavity
traversing flux (sec. 5.1 and fig. 5). Figure 5 indicates that
mSin/mSae would be about 13 percent higher than the value
caleulated from the Spencer-Attix theory due to the pertur-
bation. The results for lead in table 14.b are about 8
percent higher. This is satisfactory agreement.

TasLr 140, w38, relative to graphite for gamma rays

Gamma emitter.. Ay Cg13
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.54
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"The effects of cavity perturbation are also evident in table
15 which gives Estulin’s results for different energy gamma
rays. The theoretical values are from (36) for a 1-cm-atmos-
phere chamber. Part of his experimental results are higher
than the theoretical. Ru'® and Zn® are lower; this might
be explained as due to an admixture of loweTr cnergy gamma
rays. There is no evident reason why the Na* experimental
value should be so low. The data show the effects of the
cavity perturbation but are otherwise valucless in a study
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5.3. Chambers With Different Atomic Number Gases

y ‘{X hen a given chamber is exposed to identical fluxes of
raciation while filled with different gases, the absorbed dose
1 the walls is always the same and h

<¥all
g

fas _:‘wairmJa_i_r

owall P
m tNair “—"gasm gas

I

(44)

Since the relative values of w are quite well known
relative cwrrent measurements are needed, relative
of Iig{ood securacy should be obtained, )
. eréh and Pat\erna (described by Failla, 1956) introduced
onvenlent method for obtaining identical fluxes. T hey
g:‘.eparedh thick, uniformly dispersed beta ray sources by
n Wélg ii;[l e;{lntt(%r in ‘polysi yrenc powder and then molding
- 1nto blocks that were used as one plate of an ext.mpohtioﬁ
chamber. Extrapolation was necessary both to satisfy the
Bragg—Gmy. requirements on chamber size and to eliminato
tl{e perturbing effect of the gas on the beta ray dose (‘li;j
tribution, Because of the symmetry between the two ws Ils
of an extrapolation chamber, the same sort of eh‘ctro(nic
equilibrium exists at the cavity as would exist in a uniform
1'11ed1um of the emitter. It is necessary to average the cur-
rents for opposite polarity collecting voltages to cancel out
tkgi current contribution of the beta ravs. It was. not pog
181 LC 10fr,§0 this fOr Ni" because of the mfluence of the col-
ecting field on the large number of low energy beta rays
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and only
s values

Hersh and Paterna used relative w wvalues detcrmined by
Gross (1954) and listed in table 16,

This same technigue was used by Baily and Brown (1958a,
b) to cover a wider range in atomic number. They used
spectroscopically pure noble gases and recirculated the
helium and neon over charcoal. This is important because
w for the noble gases is sensitive to the presence of impu-
rities. They used relative w values taken from Jesse and
Sadauskis (1957).

The results of these two groups are given in table 16.
Caleulations such as those in seetion 4 for gamma rays have
not been made for beta rays so there is difficulty in comparing
with theory. To obtain the “theoretical” value given in
table 16, it was assumed that an equation of the type (34)
should fit thie data. Then the value of @yuivaryrene(L) WaS
sought that would give the best fit. The data for all beta ray
energies were lumped together for this purpose. The result
was a=0.17 which compares well with the granma ray values
given in table 8.

The agreement between the experimental and theoretical
values is generally within 1 to 2 percent which is about the
experimental uncertainty. The difference is slightly more
for krypton and carbon dioxide. The chief differences are
for helium, neon, and xenon which gave measured values 30,
20, and 13 percent lower than the theoretical ones. These
differences may be due to errors in w. Jesse and Sadauskis
(1953) found that very minute amounts of impurities
reduced w for helium and neon by 30 and 20 percent, respec-
tively—the same amount the observed s’s are low, 1t seems
that in spite of the care exercised by Baily and Brown,
contamination of these gases by traces of gas from the plastic
electrodes occurred.

5.4. Comparison With Other Measurements of Absorbed
Dose

If some other method can be found for measuring the
absorbed dose, E, in the Bragg-Gray formula, then measure-
ments with a cavity chamber permit a determination of the
product ws. For practical purposes this is all that is needed
in use of the Bragg-Gray formula. Tor our present purpose,
however, we will adopt a value of w in order to compare the
¢’s obtained this way with theoretical values or other
cxperimental values.  The recently determined value of
Wee=233.7 ov per ion pair has been assumed (Bay, 1957;
Gross, 1957).
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ber. The solution depth was greater than the
beta ray range. The extrapolated values of the eurrent
per unit volume were used to calculate the average cner ,
per disintegration. By accepting the values of the ‘Wéra%*y
energy obtained from beta ray spectrum moasurtemen?se
the relative stopgiug power of water to air cau be Calculaté(i
from his data. These are given in table 17 where correetion

maxinuam

has also been made to w=33. For comparison we can
caleulate a theoretical value of ,s for beta ravs as was don
m section 5.3, 1t will be assumed that az (T for \\';;t»er i:
{the. same as the value found there for polystyrene a=0.17
[his gives pedme—1 15, Caswell’s 'afucé ave consistently
much lower. He did : g omal to Tk ity

¢ e did not find J proportional to the wall
separation so that there are uncertainties in his extra-
polation procedure which together with uncertainties in th
disintegration rates could account for the discrepancy e

.

TaBLE 1T, 38 for beta rays

Isotope ‘ Caswell, 1952 | Gross et al.,
57

Gross, Wingate, and Failla (1957) performed an experi
ment almost identical with the previous one. The 5 sa,lln 1<;
used for the water electrode was energy calibrated by megns
of a microcalorimeter. Most of the ditficulties présent in the
previous work were climinated here, The energy ilibel‘afelil
per gram of sample does not enter since the 33.7 value for w
was taken from Bay, Mann, Seliger, and Wyckoff (1957) and
is based on the same solution. Any basic error in either
measurement, Lhowever, would certainly influence the result
Using the authors’ values, the uncertainty should be less
than 2 percent.  This time the results were used to find :gvs
Ex lzg;f;? Ilf used, 85 can be caleulated and is given in
(e it vaie\.\lt}ml the experimental uncertainty of tlhe

¢. Free-Air Chamber

[E;uder electronic equilibrium conditions,
?ﬁl ed per unit mass in air and in ab-equivalent materal are
s N . + g

i v( iﬂl}m for ha given flux of radiation. " This energy is given
¥ Wnd e Where .o/, is the current per unit mass of gir

the energy ab-
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mesasured with a free-air ton chamber. In a material other
than air equivalent, the energy absorption will be greater by
the ratio of the mass cuergy-absorption coeflicients. From
another point of view, the free-amr chamber can be con-
sidered an air wall chamber in the type of measurements dis-
cussed in section 5.2, Equation (38) applies with s
strictly equal to unity. There is no chance for polarization
effects to make the stopping power of the gus and wall dif-
ferent iu the case of the free-air chamber. This method has
the advantage that the results are independent of w.

Larson (1956) compared & free-air chamber and aluminumn
and copper extrapolation chambers for K fluorescence X-rays
of 8.2, 16.1, 23.7, and 34.3 kev. He used computed values of
«8 to predict the relative currents in order to study the appli-
cability of the Bragg-Gray principle in this low energy region.
Tor the case of the copper chamber, capture of fluorescence
radiation is appreciable. Fortunately, Larson’s chambers
are sufficiently close to the example considered in section
5.53.a that that caleulation can be used to correct ,u,,. His
copper chamber walls were 0.0013 g/cm? thick; 7x is about 40
for copper; 7xt is 0.052 and (41.a) gives g=0.82. Table 18
shows nuen caleulated according to (43) and also corrected
for escape according to (40.a) and the corresponding s de-
rived from Larson’s data. TFor comparison, theoretical
values calculated according to (32) and (33) are given. For
aluminum the agreement betiween theory and experiment is
not quite as good as the 4 to 5 percent accuracy expected for
the experiment. There appears to be a systematic trend in
the results in a direction contrary to that predicted. In the
case of the uncorrvected copper data, the agreement is some-
what worse and, in general, applying the escape correction
makes it worse still. The large uncertainties in Larson’s
experitnent are associated with the low energies used. At
higher energies the method would probably give a better
check on theory.

Attix, DeLaVergne, and Ritz (1958) reported similar ex-
periments with heavily filtered X-rays in the range of effec-
tive energies from 38 to 206 kev for carbon, aluminum, cop-
per, tin, and lead extrapolation chambers. Mention was
made of this work in section 5.1, The ratio . md e Was
found to vary considerably and nonlinearly with wall separa-
tion. This makes the choice of the value for use in (38)
arbitrary. Larson (1956) compared his results with those of
these authors and concluded that if they had been able to go
to wall scparations smaller by an order of magnitude they
would have obtained current ratios with a small linear
variation that could be extrapolated to zero wall separation.
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d. Whyte’s Method

Whyte (1957) introduced another method for obtaining ¢
that malkes use of the currents in two different chambers and
equation (38) but has <% equal to unity, )

A corollary to the Fano theoremn (sec. 2.4) is that ot will
be independent of pressure in a cavity chamber if the gas
aud walls are identical in elemental composition and there
is no d{ﬂ‘crence in polarization effect between the walls and
gas. For such a chamber, ,s=1, For Whyte’s application
it is also necessary to cstablish that these are the only condi-
tions under which ./ will be independent of pressure, 1t is
easily seen from the argunients used to establish the theorem
that if the clemental compositions are the same, then there
must be no difference in polarization effect between swall and
gas, and vice versa. This leaves the possibility that both
might be different in the wall and gas in such a way to leave
) lnde}pelldent oﬁ pressure.  In termsof the two region model
of section 2.4, this requires varving the elemental composi-
tion on the two sides of the boundary so that an J-fold change
I source intensity is accompanied by an f-fold chance in
stopping power. Since the polarization effect is a function
of the electron energy while the elemental composition ig
not, this can ouly be done for a single energy, not for the
Wh()}e spectrum of secondary electrons. ’

. Whyte’s procedure is to measure ../ as a function of pressure
in several chambers with walls of different materials but
filled with the same gas. Some parameter that measures
the variation of the ,..J with pressure is plotted versus the ,,.J
for a given pressure. Tt is then assumed that these poiI;nts
are part of a smooth curve and that the value of «J on the
curve at the point where the parameter indicates zero pres-
sure variation is what would be obtained for a chamber with
walls and gas having the same composition and polarization
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effect (and, hence, ns=1). Mathematically, the assumption
is that both ,J and its pressure variation are functions of g
single variable. In the absence of the polarization effect
and in the energy region where Compton effect is practically
the ouly gamma ray interaction (and negleeting our ignorance
of cavity perturbation eflects), this would be expected to be
the case., The source intensities of secondary electrons
would depend on the electron densities and their stopping
powers would depend on the clectron densities and the mean
excitation potentials. As in the Fano theorem, we could
expect the mutual dependence on electron density to cancel
out, leaving the mean exeitation potentials of the wall ma-
terials as the single variable desired. The inclusion of
polarization effects, however, introduces other variables.
First, we note that though ./ theoretically depends on the
polarization effect, the pressure variation does not.' In
Sternheiiner’s method of calculating density effects, the
variables are the mean excitation potentials and the energy
levels of the atoms. These are related, of course, and it
may be that they can be considered a single variable. In
view of the good results obtained by Whyte, this would
seem to be the case.

Whyte measured ./ and its pressure variation for Co®
gamma rays and chambers of beryllium, graphite, aluminum,
and copper. In the pressure-size range he used, about 0.5
to 5 em-atmospheres, ./ varied hnearly with pressure. The
parameter chosen to measure the pressure variation was just
the slopes of these lines. The results for ,s for a l-cm-
atmosphere chamber are given in table 19, together with
theoretical values calculated from equation (36). The
agreement is excellent except for copper where there is 4.5
percent difference.

TasLe 10, wsZ, by Whyle's method for Co®® gammea rays
Wiuyre (1957)

mé’fit
2
Theoretical | Experimentsl
3 & T OO 4. 4908 0.0154-0. 007
. 1.003 1. 00440, 005
874 L 87740006
LT47 LA £0.01

17 Sep equation (37). The pressure variation does not depend on 8, but it does depend on
the constant part of the polarization effect that I8 incorporated in the mean exeitation potential,
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¢. Calorimetric Methods

Calorimetric techniques have had considerable develop-
ment 1 recent years and can be applied in severa] ways to
cavity chamber studies.  Genna and Laughlin (1955) meas-
ured the intensity of a beam of (o gainma rays ealorim efri
cally and then measured the ionization produced by ’th(:
same beam in a polystyrene extrapolation chamber,” The
absorbed dose rate in'the walls of the chamber is the p’reduct
of the intensity and the mass energy-absorption Poefﬁ(‘i'entk
If the energy-absorption coefficient of the radiation in
polystyrene is assumed to be aceurately known, the measur
wents yield the product S BgvetTene 230G 1 4y e\*/im: ai(i*~
'I‘f w=33.7£0.3 ev/ion pair, this gives ,,Ls,?;;‘y“m“‘*::1.16:};802‘
The value caleulated from equation (36) is 1.12 which dis.
agrees by niore than the stated uncertainty, >

McEHnuney, Zeundle, and Domen (1957) did a similar
experiment with a beam of 1,400-kilovolt X-rays. In th:is
case the extrapolation chamber had walls of gmplﬁte The
energy-absorption coefficients were obtained from Grodstein
(1957) and averaged over an empirical N-ray S)ectrﬁll
F rom the.resu}ts one can caleulate w, gomebie 3470 : P;lttil]lL
w=33.7 gives ,g&ebie= O], Equation (36) givesla vahie o%
1.00 which is probably within the experimental uneertainty
_ Myers (1955) measured the total rate of energylém‘i%io}.
in the form of beta and gamima rays {rom g ﬁ-cu;'ie“C‘ 0
source enclosed in lead calorimeter, From this and t(l)l‘
known decay scheme of Co®, the intensity at any point c: .
be calculated. The ionization in an air-filled” aluniin{l(rllrll
eavity chianiber (volume 1.33 cn®) at a known distance fro
L{le source was measured.  His results give w,sal =290 L 0 171
}01"11:?:33.1:t0.3, this  gives S ee=0.8604+10.027. “This
15 within the experimental uncertainty of the value 08:
from equation (36). o

Beruier, Skarsgard, Cormack, and Johns (1956) made use
of calorimetric techniques in an even more direct way, Thev
measured the energy absorbed per gram by a Shite e}l
aluminum blocks in" a beam of Co®™ gammnia lffwg b\; c?i“
nntetry and then measured the ionization per it l‘imqs ? 1;
air 11 em?® eavities in graphite and alutinum at the‘s:'\m)x
pomt. These authors were unable to achieve con) ‘I*EL
voltage saturation in their chambers, Lack of éorllpl(:te
correction would make their results for S £00 high p’ls‘} o
resqlt for graphite was wd%] e =0.1103 £ 0.0007 «?rf;/cr )1e
esu/g, and for alaminum 0.0979+0.0006 erg/o or gst le
These ficures give U BrEehite 93 +02 evjion B s

ese ; =33, 2 ey pair and
Wns=29.4420.2 ev/ion pair. For =337 +0.3 these in
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turn give e85 98240015 and ,s8=0.873+0.016.
For comparison, equation (36) gives 1.00 and 0.87. This
is good agreement for the alummum, but slightly outside

the limits of uncertainty for graphite.

f. Chemical Dosimetry

Chemical dosimeters such as the ferrous sulfate dosimeter
ean be used to measure absorbed dose, If ,,V is the number
of ferric jons formed per gram of solution and & is the number
of ferric ions formed per 100 ev absorbed, then 100 ,, Y/ is
the energy per gram absorbed by the dosimeter. Sinclair
and Shalek (1958) give G=15.6. As remarked earlier,
cavity theories will apply to chenueal dosimeters provided
they are thin enough to satisfy the Bragg-Gray requirements.
1f, instead, the dosimeters are quite thick, 100 ,, Y/@ is the
avorage absorbed dose in the dosimeter. The ratio of the
absorbed dose in the walls to that in the dosimeter will
equal the ratio of the mass energy-absorption coefficients.

Weiss and Bernstein (1955) measured 2-My X-rays with
a ferrous sulfate dosimeter in a polystyrene container and
with a polystyrene extrapolation chamber. Their chemieal
dosimeter was 0.79 em thick; an extrapolation was performed
to correct for X-ray absorption and change in solid angles,
but the smallest thickness actually measured was 0.79 cm.
This thickness is greater than the range of practically all of
the secondary electrons. The authors assuine that the
dosimeter is very thick. Theu the dosimeter measures the
average absorbed dose within itself. The absorbed dose
in the polystyrene wall differs from this by the ratio of the
energy-absorption coefficients. Then

polystyrene
Sggymmm=mﬂe; - 100,Y (46)
m/u:e g&xma or meJ
This approximation is not perfect because the range of many
of the electrons is comparable to the size of the dosimeter so
that transition effects will occur through a good share of
the dosimeter; however, the effects should be smull.

Weiss and Bernstein used their data with caleulated
stopping powers to determine w values. If we assume
Weir=233.7, assumne the relative w values found by Gross
(table 16) which are independent of any stopping power
ralues, and assume w=26.4 for argon from Jesse and Sadaus-
kis (1955), the data may be used to calculate ,govswrme  Thg
results are given in table 20. Theoretical values of &
averaged over X-ray spectra are not available, but the
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TABLE 20, efitsene fo, 2 A1y X-rays

polystyrene
5 gay

|
! Absolute Relative to

Gas
value alr

112 1.00
1,10 106
1.12 102
1.12 .99
1.2 1.20

N .70
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present results may be compared with those for beta rays
n table 16, For this purpose the third column of table 20
shows the present results relative to air. The comparison
shows agreement within the 1 to 2 percent experimental
uncertainty except for the case of argon. For a comparison
of absolute values we can assume that the averaee energy
of the 2-Mv X-rays is about the same as the gl’xerffv of
Co® gamma rays. From equation (36) ,embstrese 1 18 for
Co®  This is the same as found experimentally for the
X-rays. ,

Zsula, Luizzi, and Laughlin (1957) measured 10- and
20-Mev electrons from a betatron in the same manrner., At
the depth of the cavity the mean electron energies were 6.3
and 16 Mev, The chemical dosimeter was 0.3 cm thick which
1s thin enough to permit application of cavity theory; how-
ever, the speetrum of electrons at the cavity would be quite
different from that for exposure to gamma rays of comparable
encrgies. The authors were able to show that the dogimeter
and extrapolation chamber responses were in agreenent,
using calculated stopping powers, provided the proper cor-
rection for the polarization effect were made.

6. Conclusions
6.1. Practical Applications

In theintroduction it wassaid that the original Bragg-Gray
theory, which was based on the assumption of an energy
independent ratio of continuous electron stoppiug powers
for the wall and gas, could be considered a first approximation
In cavity theory. Laurence’s work took into account the
energy dependence and could be considered a second apPProxi-
mation. Comparison of the Laurence approximation with
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experimental data and with calculations for a third approxi-
mation (Spencer-Attix) shows that it is probably in error
by no more than 20 percent in the very worst case, that of a
lead-wall chamber filled with air. Such a wide difference in
atomic number of the wall and gas is hardly ever needed in
the practical applications of cavity chambers. On the
contrary, the most common use (measurement of exposure
dose) requires an air-filled chamber with air-equivalent wall;
ie., no difference in atomic number. Most of the experi-
mental data for walls of low atomic number agree with the
Laurence approxination fo within the experimental uncer-
tainties, which are generally 1 to 2 percent. Whyte’s method
(sec. 5.4.d), though subject to some criticism, gives the best
available check on the tgleory for an air-filled cavity in nearly
air-equivalent (graphite) walls, The predictions of the
Laurence and Spencer-Attix approximations differ by only
0.15 percent for this case, and Whyte’s result is within 0.1
percent of both, although only 0.5 percent experimental
uncertainty is claimed.

For the practical application of cavity chambers whose
walls and gas differ only slightly in atomic number, we
recominend that the Brage-Gray-Laurence theory for .s be
used. s can be caleulated from equations (32) to (34) with
the help of the accompanying tables. Most of the mean
excitation potentials required can be obtained from tables
3 and 5. Selection of 7 values for elements not listed in these
two tables can be made on the basis of the discussion in
section 3.3.d. Ifor beta rays, the empirical information in
section 5.3 may be used in making these calculations,

6.2. Cavity Chamber Theory

Although the practical importance of the higher approxi-
mations in cavity theory is not very great, they arve very
important in developing our understanding of the mteraction
and penetration of radiation through matter. The experi-
ments with chambers having walls of atomic number much
different from those of the gas ave important because the
largest deviations from the lower approximations are to be
expected in this case.

The Spencer-Attix theory is the only higher approximation
that has been developed to the point where comparison with
experiment is generally pessible. Their theorﬁ is not a
rigorous one. At the risk of oversimplifying the physical
pieture, rigor was reduced to the point where numerical
calculations became feasible. A major omission from this
(and other) theories is allowance for the effect of the cavity
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m perturbing the flux of electrons tra versing it. Their
theory also does not predict what f2(7, &) =1/,s will do as A
approaches zero; i.e., pressure-size of the eavity approaches
2010,

Spencer and Attix's caleulated values of f2(T, &) tend to
deviate more and more from those caleulated in the Laurence
approximation as A becomes smaller. There is no certainty
as to what the behavior of 7,(T, A) should be expected to be
as A approaches zevo.  Sowme people feel that as the cavitv
size becomes negligible, the delta ray effect would vanish,
leaving £2(T, &) equal to the value calculated in the Laurence
approximation. Others see no need for the delta rav effect
to vawish.  They point out that the energy deposition per
gram of gas in the chamber as described by the Bragg-Gray
equation is different from what it would be in the same mass
of wall material and that this difference does not vauish with
chamber size; perhaps the delta ray effect behaves in a
similar fashion, The behavior for decreasing A is of concern
to more than just cavity theory because it is involved in the
operation of extrapolation chambers. The available expert-
mental data are of no help on this problem beecause they do
not exist for chambers of sufficiently small pressure-size.
The Greening (1954) effect prevents the extension of meas-
urements to very much smaller pressure-sizes.

Although theory is lacking for the cavity perturbation and
the small-cavity delta ray effects, the following procedure
for determining absorbed dose appears to be applicable:
neasure L0 as a function of pressure-size of the cavity;
multiply ./ by w/f(T, A), where F(T,,4) is obtained from
the Speucer-Attix theory, equations (35) and (36). This
corrects for the delta ray effect.  For not too small pressure-
size, the resulting data generally appear to lic on a straight
line that can be extrapolated to zero pressure-size. This ex-
trapolation takes care of the cavity perturbation effeet.
The extrapolated value is the absorbed dose in the wall of the
charaber.

Caleulations of the Spencer-Attix type have not been
made for Xoray cnergies. The experimental evidence ap-
pears to indieate that the delta ray correction must boe small
for Xerays,

No experimental data have been reported that show evi-
dence of a delta rayv effect in beta rav measurements.  In
particular, the measurements of Bailv and Brown (sce sec.
5.3) for beta emitters in the plastic walls of chambers eon-
taining xenon gas give constant ,oJ for small pressure-size,
One feels that if a high atomic number wall and low atomic
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number gas give a detectable delta ray effect, then there
should be a detectable effect for low atomic number wall and
high atonic number gas.  The plastic-xenon chamber may
be compared roughly with a tin-air chamber for which the
delta ray effect is small but detectable for ganma rays. It
may be that there is some difference between the two types
of chambers that makes the delta ray effect in the low Z
wall-high Z gas chamber g0 sniall as to be undetectable.

It is evident that more work, both theoretical and experi-
mental, is needed belore we ean elaim to conpletely under-
stand cavity chambers. Theory is needed for the cavity
perturbation. The theory of the delta ray effect ueeds
development for very small eavities, for Xorav cuergies, for
beta rays, and for low Z wall-high Z gas chambers.  Experi-
mental data are needed on the same problems.

A topic for which both theory and experiment are lacking
at the present is the use of cavity chambers when electronic
equilibrium does not exist. This was discussed in section
2.6.n where it was shown that the Brage-Gray equation
should still apply but that s is expected to be different [rom
its value for equilibrium conditions.  One expects that it is
not radically different. Tt would be of interest to know just
how much different s becomes for applications such as
dosimetry in the transition region of high energy gamma rays
or for tissue near bone.

6.3. Stopping Powers

The mean excitation potential, 7, is an experimentally
adjusted parameter in the stopping power formulas. At the
present tune there is considerable experimental uncertainty
m the I values. The values given in table 5 were selected
on the basis of the review given in section 3. Tt is possible
that the values for the heavy elements are in error by 20
to 30 percent. [I's for the lighter elements are generally
better known. Aside from any practical applications of the
stopping power formulas, it is elearly necessary to improve
the measurements of the 7 values lo answer important
theoretical questions about the interaction of charged parti-
cles with matter. One or more new proton stopping power
experiments, particularly ones at a few hundred Mev encrgy,
arc needed for this purpose.

For practical dosunetry purposes, one uses equation (34)
for s and deals with walls and gases of low atomic number
and similar /. In equation (34) the error in caleulating
#8518 0.1 to 0.2 the cummulative error in the rautio of the s
of the wall and gas.  The latter could be several percent, so
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the error in ,s could be several tenths of a percent. 'This is
comparable to the experimental uncertainty i the best
cavity chamber measurements. The present J values, there-
fore, are good enough for most practical purposes. Ior
special purposes it is desirable that the I values be known
more aceurately.

For basic investigations into cavity theory, large differ-
ences In atomic number between wall and gas are desired.
The effects of errors in £ are then wore serious in caleulating
«¢ and errors of as much as 10 percent can result from
20 to 30 percent errors in I. The development of a more
complete cavity theory will depend on having more certain
values for I.

This study group would like to encourage future experi-
menters doing stopping power studies to include light cle-
ments in their work. These are apt to be overlooked because
the present theoretical interest is in elements heavy enough
that statistical theories can be applied and tested. Such
things as graphite, air, and plastics are very important to
dosimetry. The stopping power of graphite has been studied
frequently, but materials such as air and plastics are avoided
because they are mixtures. Those who must work with these
materials would welcome definitive stopping power data for
air and a few simple plastics.

The group would also like to encourage more work on
polarization and chemical binding effects.  These effcets are
at their largest in the light elements and moderate encrgies
encountered in dosimetry.
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