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(Notes 9)

DOSIMETRY

1. Exposure

Exposure was the first dosimetric quantity introduced and is a characteristic of a photon radiation field
based upon the ionization of air produced by the field. The use of this phenomenon in characterizing the field
follows naturally from the use of ionization chambers as devices to quantify field strengths. Formally, the
exposure is the amount of charge of ions of either sign produced per unit mass of air under conditions of charged
particle equilibrium. This concept will be discussed later in the section. The traditional unit of exposure is the
roentgen designated R and corresponding to 2.58 × 10-4 C/kg. The exposure may be related to the energy
deposited in the mass of air since on the average W = 34 eV is required to produce an ion pair contributing e =
1.6 × 10-19 C of charge. A simple calculation shows that an energy deposition of approximately 5.4 × 107 MeV
g-1 in air produces an exposure of 1 R.

2. Dose

As indicated above the primary result of the interaction of a radiation field with matter is the transfer of
energy which may then generally result in ionization or excitation of the medium. The dose is defined as the
energy of ionization and excitation absorbed per unit mass. If the object of interest is divided into subregions,
then the energy absorbed per unit mass can be calculated for each subregion. The values for the different
subregions may in fact differ, so that the dose may be considered as a distribution. If the dimensions of the
subregions are small on the scale of the object, then they may be approximated as point objects, and the dose
defined at a point. The relation between the dose to an object of mass M and the dose distribution is then

 where the integral is taken over the entire volume of the object and represents the total absorbed energy. This
follows since the integrand is the element of energy absorbed in the mass element dm surrounding the point r. D̄
can be thought of as the average of the point dose with respect to the mass distribution of the object.

In some interactions mass changes occur so that some of the transferred energy is involved in such conversions.
Finally the conversion of rest mass to radiant energy may occur as in radioactive decay. The production of
radiation in this manner is associated with a source.

Consider the region bounded by the surface 3. The net energy flow out of the region is U

Enet'n'
G@ds'm

U

L@Gd 3r (2)

If the region is taken to be sufficiently small so that the integrand in (2) is essentially constant over then U
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∆Eout&∆Ein'(L@G)∆V (3)

A net change in energy transport is associated with energy absorption and rest mass changes. The latter are
represented by  corresponding to energy per unit volume converted to rest mass and YE corresponding to restQr
mass converted to energy per unit volume. The energy balance can be written

∆Ein%YE'∆Eout%∆Ea%Qr (4)

The left hand side of Eqn(4) represents energy creation while the right hand accounts for losses. The energy
source term can be related to the volumetric source density spectrum by 

YE'mE@Y(E)dE (5)

From Equ.(3) the absorbed energy can be written

∆Ea'(YE&Qr&L@G)@∆V (6)

The absorbed dose is defined as the absorbed energy per unit mass which is  and designated D. Thus∆Ea/ρ∆V

D'(YE&Qr&L@G)/ρ (7)

Equ.(6) is the fundamental expression for dose. It can be further related to more detailed field quantities with the
aid of various models.

3. Single photon field approximation

If each term in the transport equation for photon fields is integrated over solid angle the relation

L@Φ%µ̂Φ'Y%mµ(E*E ))@Φ(E ),r)dE ) (8)

is obtained where  is the vector fluence spectrum and  is the scalar fluence spectrum. If each termΦ Φ(E,r)

is now multiplied by E and integrated over energy one obtains

L@G%mµ̂(E)EΦ(E,r)dE'YE%mµ(E*E ))EΦ(E ),r)dEdE ) (9)

The interaction coefficient satisfies 

µ̂(E)'mµ(E )*E)dE )  (10)

so that if the energy in initial and final state is designated Ei and Ef  Equ(9) can be re-written
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YE&L@G'mµ(Ef*Ei)EiΦ(Ei,r)dEidEf

&mµ(Ef*Ei)EfΦ(Ei,r)dEidEf
(11)

Finally if one designates

Qr'mq@µ(Ef*Ei)Φ(Ei,r)dEidEf  (12)

one can write 

YE&L@G&Qr'mµ(E )*E)(E&E )&q)Φ(E,r)dEdE ) (13)

From Equ.(6) the dose in the single field approximation becomes

D'm6µk(E)/ρ>E@Φ(E,r)dE (14)

where is the energy transfer coefficient..µk(E)'E &1mµ(EN*E)(E&EN&q)dEN

The unit for dose adopted by the S.I.U. is the gray (Gy) corresponding to 1 J/kg. An older unit which will
still be encountered is the radiation unit (rad) which is equivalent to 1 cGy. The use of Equ.(14) normally leads
to the dose in units of MeV/g or .16 nGy.

For a monoenergetic photon field of energy Eγ the fluence spectrum becomes the singular function

 and Equ.(14) becomesΦ(E,r)'Φ̂(r)δ(E&Eγ)

D'6µk(Eγ)/ρ>EγΦ̂(r) (15)

This relation may be interpreted physically if the energy transfer coefficient  is recognized as the productµk(Eγ)
of the average fraction of photon energy converted to electron kinetic energy with the interaction probability per
unit path length. Thus  is the average kinetic energy released per cm per photon. Multiplication by theµk(Eγ)Eγ
fluence gives the kinetic energy density as say, MeV"cm  -3, which is then converted to kinetic energy per unit
mass by dividing by the density. This quantity is then associated with dose in the single field approximation,
since no account is taken of the ensuing motion of the electrons created. The latter actually comprise a second
radiation field as will be discussed later.

The approach used here is also applicable to neutron fields which are also indirectly ionizing, except that
of course the charged particle field produced consists of heavy charged particles, rather then electrons. Because
of their much shorter range in general, the neglect of their transport is a better approximation than for photons.
The concept of exposure is restricted to photons however, and its practical measurement with the free ionization
chamber is restricted to a limited low energy range..
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      Figure 1. Exposure per unit
       fluence

     Figure 2. Dose ratio vs E     
     (MeV)to bone and soft tissue.

4. Exposure and dose interrelations

The ionization produced by a photon radiation
field results from the transfer of energy so that the
exposure is directly related to the dose to air. For W=34
eV of energy transfer, charge e is produced so the total
charge per unit mass may be written

X' e
W
@Dair (16)

The unit conversion factor for the above equation results
in 1 R corresponding to a dose to air of 8.69 mGy. For a
given energy Eγ the above relation may be written

X' e
W
@6µk(Eγ)/ρ>airEγΦ̂ (17)

Equ.(17) represents the conversion from fluence to
exposure and this process is represented as a function of energy in Fig. 1. Here the ratio of exposure to fluence
is plotted against energy. As can be seen from the figure the variation with energy is dramatic so that it is not
possible to determine the fluence from a measurement of exposure unless spectral information is provided. A
second consideration is the relation between the exposure of a photon field and the dose it produces in a specified
medium. From the above discussion it is clear that except for a conversion factor this is equivalent to the
relationship between the dose to the medium and the dose to air. The ratio of such doses for monoenergetic field
of energy Eγ is clearly given by

Dm/Dair'
(µk(Eγ)/ρ)m

(µk(Eγ)/ρ)air
(18)

This ratio is plotted in Fig.2 as a function of energy
for two media, bone and soft tissue. Note that in the
region below 100 keV the dose produced by a field of
a given exposure to bone is generally much higher
than to soft tissue amounting to nearly a factor of six
at 35 keV. Again this emphasizes that it may not be
possible to infer the dose produced by a field from an
exposure measurement without detailed spectral
information. For the region above 200 keV the ratio
is not terribly different from unity, indicating that for
all three media the same energy fluence will produce
nearly the same dose.
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5. Specific gamma and X-ray machine constants

The dose produced from a particular radioisotope can always be calculated from first principles. Since the
radioisotope spectrum is characteristic of the nuclide involved in the decay it is possible to remove some
redundancy in the calculation. Consider a point source of activity λN where λ is the radioisotope decay constant
and N the number of radioactive atoms in the sample. Consider a point source geometry with no interacting
medium between the source and a point at a distance r. The angular source spectrum may then be written

Q̃(E,Ω)' λN
4π

@'
j
pjδ(E&Ej) (19)

where  is the probability for emission of a photon of energy . The exposure produced by the radiation fieldpj Ej
associated with this source at distance r is then

X' λNt
4πr 2

@ e
W
@'

j
pj[µk(Ej)/ρ]air@Ej (20)

where t is the exposure time assumed to be sufficiently short compared to the source half-life that decay can be
neglected. In equation (20) the exposure is given by the product of activity with time, a factor depending only on
the isotope spectrum together with universal constants and the inverse of the square of the distance. The relation
can then be re-written 

X'Γ@λNt/r 2 (21)

where the specific gamma constant Γ is defined by comparison with Eqn(20) and is a characteristic of the
radioisotope.

Table 1. Specific Gamma Constants

Isotope      Γ(Rcm2MBq-1h-1)

    137Cs            0.089
     60Co             0.35
     24Na            0.47

Specific gamma constants for four common radioisotopes are listed in table 1.

The exposure produced by an X-ray machine can also be characterized by an analogous procedure. If one

electron hitting the target produces  photons with energy between E and dE in the direction Ω per unitñγ(E,Ω)

energy and solid angle then the effective source strength may be written

Q̃(E,Ω)'(It/e)@ñγ(E,Ω) (22)

In equation (22) I is the X-ray beam current so that It/e is the product of electron flux and time. The quantity



(NOTES 9)  page 6

 determines the spectrum and angular distribution of the X-ray source and depends upon theñγ(E,Ω)

accelerating potential, the housing and filtering. In some ways the flux (I/e) may be considered as analogous to

activity  while  is comparable to an unnormalized branching probability. The volume in which theñγ(E,Ω)

x-rays are generated is given by the beam area and the electron range in the target and may be taken as point like
for practical distances. Then the exposure is given by

X' It
r 2
@ 1
Wm6µk(E)/ρ>Enγ(E,Ω)dE (23)

For a specific X-ray machine and direction the exposure may then be written

X'C@ It
r 2 (24)

where C is the machine constant. Note that, unlike Γ which is a natural constant, C depends upon machine
parameters which may be altered through aging or technical changes. Values of C are typically of the order of
1 Rm2ma-1min-1.

6. The two-field description

In the single field approximation for indirectly ionizing radiation, such as photons in particular, the
transport of the charged particles produced by the interaction is ignored. Such transport becomes particularly
important however in the case of high energy photon fields where the electrons produced may have significant
ranges thus redistributing or radiating the energy released in the photon interaction as they slow down. It is
necessary therefore to examine the consequences of treating both the photon field and its associated electron field.

The fundamental expression for dose may be written

D'(YE&Q&L@Ge&L@Gγ)/ρ (25)

where subscripts have been used to distinguish electron and photon field quantities. The derivation of the dose
in terms of field quantities follows closely that of the single field case. The integration over solid angle gives the
Boltzmann equation

L@Φγ%µ̂Φγ'Y%mµ(E*E ))Φγ(E
))dE )%mµeγ(E*Ee)Φe(Ee)dEe (26)

This equation differs from Eqn(8) through the addition of the last term which represents a general type conversion
interaction, in this case from electron to photon in the radiative stopping process. Such type conversions result
in the coupling of radiation fields apparent in Equ.(26) through the appearance of both field quantities Φγ and
Φe. If each term in Equ.(26) is multiplied by E and integrated over energy then one obtains

L@Gγ%mµk(E)EΦγ(E)dE%Q'YE%mmµeγ(E*Ee)EΦe(Ee)dEdEe (27)
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d(ΦeS)
dEe

'µγe(Ee*E)Φ̂ (31)

Φe(Ee)'
Φ̂

S(Ee)m
E

Ee

µγe(EeN*E)dEeN (32)

The dose may now be written

D'm6µk(E)/ρ>EΦγ(E)dE&mm6µeγ(E*Ee)/ρ>EΦ(Ee)dEdEe&L@Ge/ρ (28)

The leading term in the above equation corresponds to the electronic kinetic energy released per unit mass by
photons and was identified with the dose in the single field approximation. It is more properly referred to as the
kerma, designated K. The second term corresponds to the electronic energy per unit mass radiated by the particles
in the slowing down process. It may be rewritten

B'm(Srad/ρ)@Φe(Ee)dEe (29)

since the integral of  with respect to E is the radiative stopping power at .µeγ(E*Ee)E Ee

The final term corresponds to the flow of electronic energy resulting from the motion of the particles. In essence
the electrons carry the energy away from the photon interaction point. The three effects may be summarized to
give

D'K&B&L@Ge/ρ (30)

A common situation is charged particle equilibrium which occurs when spatial changes in the photon interaction

density are small on the scale of the electron range. In this case the electron source term, ,µγe(Ee*E)Φγ(E,r)

may be taken as constant and  Taking the photon field to be monoenergetic, the CSDA BoltzmannL@Ge'0.

equation becomes

where is the fluence of the monoenergetic photon field. The solution to Eqn(31) isΦ̂

The radiative term may then be written

B' 1
ρm

E

0

Srad(Ee)Φe(Ee)dEe

'
Φ̂
ρ m

Ee'E

Ee'0

Srad(Ee)
S(Ee) m

E

ENe'Ee

µγe(EeN*E)dEeN dEe

(33)

The order of integration may be changed so long as one remembers that  to giveEe<EeN
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g(E)'
m
E

0

yrad(Ee)Eeµγe(Ee*E)dEe

m
E

0

Eeµγe(Ee*E)dEe

(35)

B' Φ̂
ρ m

E

EeN'0
m
EeN

Ee'0

Srad(Ee)
S(Ee)

dEe µγe(EeN*E)dEeN

' m
E

EeN'0

yrad(EeN)EeNµγe(EeN*E)dEeN
Φ̂
ρ

(34)

 

where  is the radiative yield. The differential coefficient is equal to  where  . A quantity yrad µ(EN*E) EN'E&EeN g(E)'<yrad>
is defined where the factor multiplying the radiative yield in the last integrand in Eqn(34) is considered to be the
weighting factor. Then by definition

The denominator is an alternative form of  so thatµk(E)E

B'mg(E)@
µk

ρ
(E)E@Φγ(E)dE (36)

If an energy absorption coefficient is defined as

µen(E)'µk(E)@[1&g(E)] (37)

then the dose in charged particle equilibrium may be set equal to a collision kerma, . The latter has the sameK&B
form as the kerma with the mass energy transfer coefficient replaced by the mass energy absorption coefficient.
To a good approximation the dose in non-equilibrium situations is the difference between the collision kerma and
the electron energy transport term or

D'Kcoll&L@Ge (38)

Physically charged particle equilibrium, which leads to the mathematical condition , correspondsL@Ge'0
to the situation in which the energy carried out of the elemental region of interest by electrons created in that
region is balanced by energy carried in to the region by electrons created in the medium surrounding the region.
The single field approximation amounts then to equating the dose at a point to the collision kerma at that point.
The same concept is applicable in the case of neutron fields. In this case however, radiative stopping is negligible
and the total kerma and collision kerma are equivalent.
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7. Dose in the C.S.D.A.

If each term in the C.S.D.A. transport equation is integrated over solid angle the equation

L@Φ'
M(ΦS)
ME

%Y (39)

In the above equation  is the vector fluence spectrum,  is the scalar fluence spectrum, S(E) isΦ(E,r) Φ(E,r)

the stopping power and Y(E) is the source density spectrum. As discussed in section 5 of the previous chapter the
scattering terms cancel after integration. Further multiplication with E and integration over E leads to

L@G'mE M(Φ)S)
ME

dE%YE (40)

Integrating by parts and using the general relation (6) for dose with =0 leads to Qr

D(r)'mΦ(E,r)[S(E)/ρ]dE (41)

For heavy charged particles the above equation associates the dose at r with the energy lost by the particle. This
is again a single field approximation in that in some cases large energy transfers lead to electrons with a significant
range, referred to historically as δ particles. Provided electronic equilibrium is established Equ.(41) is correct.
Attempts to correct for δ-rays where necessary lead to the use of a restricted stopping power which excludes such
high energy transfers. In the case of electrons the approximation corresponding to Eqn(41) is given by using the
collision stopping power. The photos created in radiative stopping are considered penetrating radiation. Their
contribution will not be localized, and in principle their transport and contribution to the dose should be considered
separately.

8. The surface problem

Departure from charged particle equilibrium occurs at a boundary. This is illustrated by the following
highly simplified model. Consider a monoenergetic beam of γ-rays incident from a vacuum onto a semi-infinite
medium at x = 0 with interaction co-efficient . Furthermore assume that the interaction is purely photoelectricµ̂
and that it only produces forward-directed electrons of energy  with range R and constant stopping powers. TheEe
transport equation for the electron fluence in the straight-ahead approximation gives

dΦ̂e

dx
'µ̂Φ̂γ(x)'µ̂Φ̂γ(0)e &µ̂x (42)

for which the solution is
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Figure 3. Dose at an interface.

Φ̂e(x)'µ̂Φ̂γ(0)m
x

0

e &µ̂x )

dx )'Φ̂(x)(e µ̂x&1), x<R

'µ̂Φ̂γ(0) m
x

x&R

e &µ̂x )

dx )'Φ̂(x)(e µ̂R&1), xšR
(43)

The dose produced by the electron fluence is the product with the mass collision stopping power . The total
stopping power is . The collision stopping power can be written , since theEe/R Scoll'S(1&Srad/S)'(1&g)Ee/R
radiative yield is simply the ratio of radiative to total stopping powers, assumed constant.  Recognizing that the
collision kerma is  it follows that Kcoll(x)'µ̂(1&g)EeΦ̂(x)/ρ

D(x)'Kcoll(x)(e µ̂x&1)/µ̂R, x < R
'K(x)coll(e

µ̂R&1)/µ̂R, x š R
(44)

The behaviour of the dose with depth given by
Equ.(44) is shown in Fig.3. The dose rises from zero
at the boundary because no electrons are generated in
the vacuum region x< 0 and the motion is forward
directed. This obviously is the most extreme example
of departure from electronic equilibrium. Less radical
reduction at the surface will occur if one allows for
backscattering of the electrons. Moreover a boundary
with a vacuum is not common. However this
qualitative behaviour does occur in many cases and
may be used to advantage in medical applications
since it results in "skin sparing". For depths greater
than the range the dose is proportional to the kerma.
This situation is referred to as transient equilibrium.
If the modifying term is expanded to second order it
is easy to see that D(x) . K(x-R/2) and that charged
particle equilibrium is approached as µR60. A more
general approach is to define an energy redistribution
function such that the fraction of energy delivered by
electrons at the point x due to a photon interaction at
xN is d(x-xN). The dose is then given by

D(x)'mK(x ))d(x&x ))dx ) (45)

In this example the description is equivalent to a redistribution function given by

d(u)'1/R, 0˜u˜R
'0, u<0 and u>R (46)
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9. Radiation equilibrium

In the case of infinitely uniform source distributions and media the radiation fields become independent

of position so that . The general dose relation then becomesL@G'0

D'(YE&Qr)/ρ (47)

The most common situation for this condition arises for beta particles arising from radioactivity distributed
throughout an organ. In most internal dosimetric calculations it is assumed that these distributions are uniform and
the equilibrium dose is used. The rest mass loss term  vanishes in this circumstance.Qr

10. Dose equivalent

Since the primary motivation for the development of dosimetric concepts is to provide a measure of the
potential for adverse effects on living systems it is natural that evidence based upon radiobiological
experimentation must be considered. If Dγ is the dose of 250 kVp X-rays required to produce a biological endpoint
e and Di is the dose of radiation of type i to produce the same endpoint, then the relative biological effectiveness
is defined as

RBE'Dγ/Di (48)

Equ.(48) expresses specifically the RBE for radiation of type i with respect to a specific endpoint. The
accumulation of a large body of RBE data with values much larger than one, indicates conclusively that the
quantity dose is insufficient in describing biological response. Furthermore, it has been found that the RBE
correlates significantly with stopping power or linear energy transfer as it called in radiobiology. In general the
LET, designated L here for convenience, is a measure of the energy absorbed locally from the ionization and
excitation produced by the passage of a charged particle. Since large energy transfers result in an energetic electron
(δ-ray) a redistribution of energy lost by the charged particle results. The LET or restricted stopping power is then
defined through

L∆'m
∆

0

µ(ε*E)εdε (49)

where  is the differential interaction coefficient for an energy loss ε by a charged particle of initial energyµ(ε*E)

E via collision. The quantity ∆ is the maximum energy transfer which results in local energy transfer. This of
course depends upon the dimensions of the object under consideration and so is somewhat ambiguous. When no
restriction is placed upon the energy transfer then ∆ = 4 and , the collision stopping power.L4'Scoll

For purposes of radiation protection the average RBE for many endpoints is approximated by a quality
factor Q.  The quality factor depends upon the stopping power in water in a manner considered to best reflect the
radiobiological data.  This dependence is summarized in table 2.
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Table 2. Quality Factors

L4(keV/µm) Q
# 3.5 1
   7 2
 23 5
 53 10

                                                            >175 20

  The dose equivalent for a specific radiation is then defined as

H'DQN (50)

where the factor N=1 is reserved for future adjustments and need not be considered further at this time. The unit
of H is the sievert (Sv) and 1 Sv = 1 J/kg corrected for radiation quality. In general if the total dose equivalent arises
from a range of doses from radiations of differing qualities then

H'mQdD (51)

where the element of dose dD is associated with quality Q. Defining a dose distribution over LET by

 dD'D(L)dL (52)

where dD is the dose arising from radiation with stopping power between L and L+dL gives

H'mQ(L)@D(L)dL (53)

A less detailed description recommended by the ICRP is equivalent dose in which the dose is multiplied by a
radiation factor  instead of a quality factor. wR

11. Dose equivalent index

Exposure of personnel to an external radiation field results in a distribution of dose equivalent throughout
the body. When one considers the effects of absorption and scattering for a finite size object such as a person
introduced into the field it is obvious that a detailed analytical calculation becomes difficult. This is particularly
true in the case of neutrons for which the interactions lead to a spectrum of quality factors. 

In order to simulate the presence of a subject in the field a phantom is devised. The phantom may be an
actual construct such as the 30 cm diameter sphere of tissue equivalent plastic used for photon dosimetry and
referred to as the ICRU sphere. In the case of neutron dosimetry the phantom is a mathematical construct and
consists of a cylindrical object with tissue-like neutron interaction properties.

For photons two quantities are defined, the shallow and deep dose indices. The shallow index is defined
as the maximum dose equivalent occurring in the region 14 cm # r # 14.993 cm. The unusual upper limit
corresponds to the elimination of the outer 70 µm layer corresponding to dead cells of the epidermis thought to be
of no concern. The deep dose index is then the maximum dose equivalent occurring in the inner 14 cm radius.
When normalized to the dose produced in air by the same radiation field the indices range from a maximum of
approximately 2.3 Sv/Gy near 75 keV for a divergent beam to a value of 1.2 Sv/Gy for a parallel beam with
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energies in excess of 1 MeV. For a parallel beam rotated so as to produce a more uniform directional irradiation
the two indices show more distinct values. The shallow index averages approximately 1.2 Sv/Gy from 50 keV to
10 MeV, while the deep dose index is about 1.0 Sv/Gy over the same range. It should be emphasized that the dose
equivalent index is not a linear concept in that the index for a spectrum cannot strictly be obtained by linear
superposition. This is because the maxima for different energies occur at different positions so that the maximum
for the dose equivalent distribution produced by the spectrum is not the sum of the individual maxima. If linear
superposition is used as an approximation it always results in an overestimate.

Dose equivalent indices for neutron fields have been calculated using Monte Carlo simulation. In this case
the phantom used was a cylinder and the energy deposited in sectors, defined by angular segments bounded by two
radii, was calculated. A record of the quality of the secondary radiation produced by the neutron interaction was
also made so that dose equivalent could be calculated. In this case the index is quoted in terms of the maximum
dose equivalent produced per unit neutron fluence as a function of energy. The values as estimated by two separate
commissions are tabulated in table 3.

    Table 3. Neutron Dose Equivalent Indices

Energy (MeV) N.C.R.P.(µSv cm2) I.C.R.P.(µSv cm2)

0.001 1.02×10-5 1.03×10-5

0.01 0.99×10-5 0.99×10-5

0.1 6.04×10-5 5.79×10-5

0.5 2.57×10-4 1.98×10-4

1.0 3.65×10-4 3.27×10-4

2.0 3.97×10-4

2.5 3.47×10-4

5.0 4.34×10-4 4.08×10-4

12.  Cavity theory

The measurement of the exposure due to a photon field is made with an air-filled ionization chamber. Such
chambers, consisting as they do of a region of very low density surrounded by a high density region corresponding
to the chamber walls, are the prototype of a cavity. In general, the ionization produced in the cavity, which provides
the signal, results from two distinct origins. Firstly photons interacting with atoms in the chamber walls produce
primary electrons some of which enter the cavity. Secondly photons interacting with atoms in the cavity similarly
give rise to a primary electron field. The energy lost by the primary electrons as they move in the cavity is mainly
transferred to the cavity as ionization. Some energy may be lost however when secondary electrons are produced
with ranges of the order of the cavity dimensions or when bremsstrahlung is produced.

An exact analysis of the situation is made difficult by consideration of the complexities of geometry and
spectral distribution. A highly over-simplified model may be used, however, in which the basic features are
ascertained. The actual photon interactions are simplified by treating the electron spectrum produced as
monoenergetic and assuming both photon and electron to be forward-directed as was done in the treatment of the
surface problem.. The problem is thus reduced to a one-dimensional one. Furthermore, one assumes that the
absorption of photons is negligible over the distances involved so that the photon fluence is constant. The
approximation of a constant stopping power will also be made. The situation is indicated in Fig.4.  The maximum
distance from the boundary for which an interaction leads to an electron reaching x is designated R. Then if the
electron energy is  and the stopping powers in the surrounding medium and cavity are Sm and Sc respectively itEe
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Figure 4. Electron production
in a cavity.

follows that 

SmR%Scx'Ee (54)

For the forward-directed approximation, all interactions at
xN such that -R # xN # 0 will contribute electrons at x. If the photon
interaction co-efficient in the surrounding medium is  then theµ̂m
interaction probability over the distance R is R provided R <<µ̂m µ̂m
1. If the photon fluence is  then the electron fluence at x due toΦ̂γ
electrons created in the surrounding medium is  orµ̂mRΦ̂γ

Φ̂m'µ̂mΦ̂γS
&1
m (Ee&Scx) (55)

In the above relation the value of R has been calculated from
Equ.(54). The energy deposited per unit volume is

õm(x)'µ̂mΦ̂γ@Sc/Sm@Ee(1&x/R) (56)

providing bremsstrahlung and δ-ray production are neglected. This relation is only satisfied for x # R. The
combination of factors  corresponds to the kinetic energy released per unit volume and hence equals theµ̂mΦ̂γEe
product of density and kerma so that Equ.(52) may be rewritten

õm(x)'ρmKm@Sc/Sm@(1&x/R) (57)

Electrons are also produced by photons interacting with atoms in the cavity. In this case those interactions
taking place in the region 0 # xN # x will contribute to the fluence at x giving

Φ̂c(x)'µ̂cΦ̂γx (58)

where µc is the photon interaction coefficient for the cavity.   The two fluence contributions are indicated in Fig.5.

As for the electron fluence originating from interactions with the surroundings the energy deposited per unit
volume is obtained approximately by multiplication by the cavity stopping power giving

õc(x)'µ̂cΦ̂γEex/R'ρcKcx/R (59)
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Figure 5. Fluence components in
  a cavity.

The result in Equ.(59) is obtained by using Sc = Ee/R and is only
valid for 0 # x # R, which is sufficient provided d # R.

The total energy deposited in the cavity may then be
written

E'A@m
d

0

[õm(x)%õc(x)]dx (60)

where A is the area of the cavity in the plane perpendicular to x.
The dose to the cavity is E/M where M=ρcAd is the mass.
Substituting from Equ.(57) and (59) into the above expression
gives

Dc'Km@
Sc/ρc

Sm/ρm

@(1&d/2R)%Kc@d/2R (61)

This can be re-written in a form also suitable in the case d > R as

Dc'Km@ 6 Sc/ρc

Sm/ρm

@(1&f)%
(µk/ρ)c

(µk/ρ)m

@f > (62)

For d < R, f=d/2R while for d>R, f=1-R/2d where f represents the fraction of electron fluence generated from
interactions within the cavity. This result is a form of the Burlin cavity theory which in general has more
sophisticated forms for f and the stopping power ratio. In the limit of vanishingly small f the result is essentially
the original Bragg-Gray cavity theory, which rested upon the approximation that the stopping power ratio is almost
energy independent. This assumption is necessary if the idealization of a constant stopping power used here is no
longer assumed since then the calculation must be performed for each electron energy group. The generalization
is straightforward if equilibrium is assumed for the surrounding material. The electron spectrum may then be
written

Φm(ε)'µ̂mΦ̂γ/Sm(ε) (63)

Note that for d << R the electron fluence is constant. The dose to the cavity is then

Dc'
µ̂mΦ̂γ

ρc

@m
Ee

0

Sc(ε)
Sm(ε)

dε (64)

Since the dose to the surrounding medium is equivalent to the kerma  the above relation becomesµ̂mΦ̂γEe
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Dc'Km@61/Ee@m
Ee

0

Sc(ε)/ρc

Sm(ε)/ρm

dε> (65)

The stopping power ratio appearing in the brackets above is appropriate for monoenergetic electrons of energy Ee.
In fact, of course. a spectrum of primary electrons is produced so that the above ratio must be averaged over this
distribution which is determined by the photon energy. Such average stopping power ratios are tabulated in the
form

s'
(Z/A)c

(Z/A)m

@[1%a(Eγ)1n(Im/Ic)%d(Eγ)] (66)

Corrections for energy lost due to the transport of δ-rays have also been introduced by using restricted stopping
powers where the maximum energy transfer ∆ is determined by the cavity size. In this case the parameters above
are a(Eγ,∆) and d(Eγ,∆). The average restricted stopping power ratio may then be used in the Burlin equation (62).
Correction for bremsstrahlung losses may also be made by using the ratio of µen values in place of µk.
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 PROBLEMS FOR DISCUSSION  
 (DOSIMETRY) 
 
1. Explain qualitatively the behaviour of the ratio of dose to exposure for soft-tissue and bone based upon the  
properties of photon interactions. 
 
 
2. The γ-ray spectrum of 137Cs consists of a single transition at 0.662 MeV, emitted in 85% of all decays.   
For 60Co, the spectrum is characterized by γ-rays at 1.17 and 1.33 MeV. Both γ-rays are emitted in every decay
, i.e. the emission probability of each γ-ray is 100%. Compare the ratio of Γ constants for the two isotopes with
 the ratio of total electromagnetic energy release per decay and explain the result. 
 
 
3. A medium is described approximately by the mass energy transfer coefficient for photon interactions  

given by 2
1 / ECk 




.  Calculate the dose produced by the photon fluence spectrum 

 0/2
2)( EEeECE   

 
 
4. A radioactive source of an isotope with specific gamma constant Γ and activity A is distributed uniformly  
over a thin disc of radius a. Calculate the exposure rate at a distance z0 along the axis of the disc. 
 
 
5. Assume a radiation field is generated from an infinitely uniform monoenergetic source of charged particles  
of number density Y [cm-3s-1]. The particles are produced with energy E0 and have a CSDA range R in the  
medium for which the energy dependent stopping power is S(E). 
 
a) Find the fluence rate spectrum and the total fluence rate. 
 
b) Calculate the stopping power averaged over the fluence rate spectrum.   
 
c) Calculate the absorbed dose rate. 
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