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Abstract 
A number of quality descriptors are defined characterizing the 

photon attenuation and lepton contamination properties of high 
energy photon beams for radiation therapy. The dependence of 
the quality parameters on the design of the clinical beams such as 
the incident electron energy, target and filter thicknesses, field 
size and depth in the phantom are analyzed in some detail using 
analytical and Monte Carlo techniques. It is shown that the mean 
attenuation coefficient of the beam for a standard field size of 
10 cm x 10 cm is related very accurately to the mean stopping 
power ratio for ionizing chamber dosimetry but also approxi- 
mately to the equilibrium absorbed dose in the beam for a given 
photon energy fluence. This means that accurate photon dosi- 
metry can be performed without knowing the acceleration poten- 
tial, target design or filter thickness for the beam in use. Further- 
more, the mechanism behind beam hardening and softening in the 
phantom are quantitized and suitable quality parameters for the 
lepton Contamination are identified. The latter allow a determina- 
tion of the lepton contamination for correction of the stopping 
power ratio near the surface if the contamination is large. 

Key words: Dosimetry; photons, quality specification, beam 
hardening, beam softening, Monte Carlo. 

Ionization chamber dosimetry in high energy photon 
beams is generally simpler than in electron beams due to 
the smaller beam quality dependence of the stopping pow- 
er ratio. Over the clinically useful depth interval the stop- 
ping power ratio varies only about 5 per cent in 2 to 25 
MV photon beams whereas it varies about 15 per cent in 2 
to 25 MeV electron beams. Despite this fact photon beam 
dosimetry suffers from uncertainties of the order of 1 to 2 
per cent due the lack of relevant beam quality descriptors 
characterizing the dosimetric properties of the beam. 

Today it is well-known that the photon spectrum is not 
sufficiently well described for dosimetric purposes by the 
peak photon energy which generally is quite close to the 
most probable energy of the electrons incident on the 
bremsstrahlung target. This fact is mainly due to the 
significant filtration of the initial bremsstrahlung spectrum 

by the flattening filter, particularly at high photon ener- 
gies. 

In addition to uncertainties in the definition of the shape 
of the photon spectrum, the sometimes considerable elec- 
tron contamination of the photon beam will contribute to 
the uncertainty in absorbed dose in the build-up and pla- 
teau region of the depth dose curve. The electron con- 
tamination from the treatment head and the air will gener- 
ally have a lower stopping power ratio than the complete 
electron slowing down spectrum in the medium. This is 
due to the considerable filtering of the low energy electron 
contamination by multiple Coulomb scattering in the in- 
tervening air (1 1 ,  3 1). 

The aim of the present investigation is to use the Monte 
Carlo method to find suitable quality parameters for pho- 
ton beams allowing a high dosimetric accuracy through a 
more precise choice of the relevant stopping power ratios. 
The theoretical background, together with some results 
mainly for monoenergetic photon beams, will be present- 
ed here. Practical stopping power data for dosimetry of 
clinical bremsstrahlung beams are treated in more detail 
by ANDREO & BRAHME (6). 

Photon transport code 

The Monte Carlo code used to simulate the transport of 
photons in water has been previously described (2, 3). It 
considers the whole electromagnetic cascade up to a 
maximum energy of 50 MeV using a direct simulation of 
the photon interactions and a mixed procedure or Class I1 
scheme (8) for the electrons. The latter scheme was re- 
cently included in a modified form (5 ) .  

The cascade originated by primary monoenergetic pho- 
tons or by a bremsstrahlung spectrum, considers the pho- 
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ton interactions by direct sampling of individual photo- 
electric absorption, Compton scattering and pair-produc- 
ing interactions, until the photon energy goes below the 
Monte Carlo photon cut-off Tc,v, chosen between 10 keV 
and 50 keV for incident photon energies in the range 0.1 to 
50 MeV. All generations of electrons and positrons (treat- 
ed as if they were electrons except for their annihilation at 
rest) produced through these events are simulated accord- 
ing to a classifcation of their interactions in catastrophic 
and non-catastrophic collisions. The first type corre- 
sponds to certain events in which the energy or the deflec- 
tion angle is changed by more than a predetermined value, 
and includes inelastic electron-electron collisions where 
the energy loss is greater than a cut-off energy, A ,  elastic 
nuclear collisions where the scattering angle is greater 
than a cut-off angle, 6 ,  and all bremsstrahlung interac- 
tions. In the segment between those major events, non- 
catastrophic collisions account for small electron energy 
losses, calculated by the restricted stopping power, and 
multiple scattering restricted to angles less than 6 ,  calcu- 
lated according to ANDREO & BRAHME (5) using a Gaussian 
angular spreas based on a restricted mass scattering pow- 
er. For the present purposes, restricted energy loss strag- 
gling has not been considered as it was shown that its 
influence is minimal for the low cut-off energies, A, com- 
monly employed for the inelastic collisions. 

The transport of electrons is simulated until their ener- 
gy goes below the Monte Carlo electron cut-off, TC,=, 
determined as a function of the thickness of the layers in 
which the absorbing medium is divided to compute the 
different physical quantities of interest (energy absorp- 
tion, energy and angular spectra, etc). The electron ener- 
gy cut-off, TC,=, is chosen in such a way that the corre- 
sponding c.s.d.a. range at the maximum electron energy, 
ro, equals half of the thickness of the layer, with a maxi- 
mum limiting value of 500 keV for the highest energies 
when the primary photons are monoenergetic. If the simu- 
lation of a bremsstrahlung spectrum is considered, then 
Tc,e is decreased to account for the low energy compo- 
nent of the spectrum if such a low component contains 
photons of less than 500 keV. 

Of special interest for this work is the calculation of the 
depth variation of energy deposition and electron spectra 
differential in energy. These two distributions will enable 
the determination of the dependence of the stopping pow- 
er ratio on the photon beam quality. The Monte Carlo 
code used here computes the energy deposition for point 
monodirectional beams as a function of radius and depth, 
Dpm(z,r). This allows the calculation of central axis depth 
dose distribution for plane parallel beams (Dpp) of differ- 
ent radii R according to 

D,,(z,R) = Dpm(z,r) 2nrdr (1) I,' 
Electron spectra a d z )  including delta rays (i.e., total 
slowing down spectra) are determined as a function of 

depth for broad beams by scoring the electron track 
lengths per unit volume at each depth z .  Energies below 
the Monte Carlo cut-off Tc,e are taken into account by the 
scheme described by NAHUM (30), using the c.s.d.a. ap- 
proximation. 

Bremsstrahlung spectra 

A limited amount of experimental data has been pub- 
lished on bremsstrahlung spectra produced by clinical 
accelerators (7, 15, 16, 23, 24) and non-clinical machines 
(cf. 20). Furthermore these authors do not agree on the 
necessary corrections that have to be performed on the 
basic experimental data. In a few cases calculated spectra 
are also available for the same configuration (26, 34). The 
lack of consistent experimental bremsstrahlung spectra 
covering the energy range of interest for the present 
Monte Carlo simulation has encouraged the use of calcu- 
lated spectra for the majority of the results in the present 
work. Fortunately the exact spectral shape has a rather 
small influence on the stopping power ratio when it is 
related to the attenuation properties of the beam and not 
to the acceleration potential (cf. ref. 6 and Figs 2 and 3). 

Despite its wide use also at low energies, it is well- 
known that the SCHIFF (39) cross section is valid for high 
energies only (E,k>>mc*). Consequently we have relied 
upon the whole bremsstrahlung cross section package 
given by KOCH & MOTZ (20) for the calculation of thick 
target bremsstrahlung spectra, An existing typographical 
error in Table V of the KOCH & MOTZ work (cf. 25) has 
been accounted for. 
In the case of thick targets, the photon spectrum, i.e. 

the number of photons per MeV interval, from a target 
with thickness t can be calculated from (cf. 43). 

where aE is normalized according to 

p E ( E o ,  z) d E  = 1 (3) 

and 

EO = incident electron energy 
k = photon energy 
@)E(Eo, z )  = electron spectrum, differential in energy, at 

depth z produced by electron with a mono- 
energetic incident energy EO 

= attenuation coefficient of the target for pho- 
tons of energy k 

= bremsstrahlung cross section for an elec- 
tron with energy E and photons with energy 
k. 

An exact knowledge of the electron spectrum ( P E  would 
require a Monte Carlo simulation of its own as the ap- 

P 

a(E, k) 
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Fig. 1. Bremsstrahlung spectra of 2 (-.-), 20 (-) and 50 
(. . .) MeV electrons incident on 1 mm of tungsten obtained with 
the approximation given in eq. (4). The histogram corresponds to 
a Monte Carlo calculation on I mm Ta done by ROGERS & 
BIEWEW (37). 

proximate expression given by TSAI (43) is valid for ultra 
high energies. Such a simulation is out of the scope of the 
present work. We have instead approximated the above 
formula by the expression 

i.e., the cross sections are evaluated at the mean energy 
of the primary electron spectrum at depth z, given by (4, 
10, 33) 

Results produced by such an approximation are shown 
in Fig. 1, where the bremsstrahlung spectra produced by 
electrons of 2, 20 and 50 MeV incident on a tungsten 
target of thickness equal to 1 mm calculated using eq. (4) 
are plotted as a function of k/Eo. Results of ROGERS & 
BIELAJFW (37) for a target of 1 mm of tantalum calculated 
by the Monte Carlo method have been included for com- 
parison. The agreement is good enough for the present 
purposes, although there exists a certain softening of the 
spectrum partly due to the different densities of W and Ta 
and the neglection of multiple scattering of the electrons 
in the target using eq. (4). Differences in the spectral 
shape at 2 and 50 MeV are explained in terms of the 
thickness of the target, that can be considered as thick for 
the low energy while it is thin for the highest energy. 

The calculated spectra have been used as input to the 
present Monte Carlo code. Due to the difference of sever- 
al orders of magnitude existing in most of the photon 
fluence spectra (see for instance Fig. l), the simulation of 
the spectrum requires very large computation times in 
order to get results statistically significant for the high 
energy component of the spectrum. In the present work a 
direct Monte Carlo simulation of the entire photon spec- 
trum has been performed using 100 equally distributed 
energy intervals. 

Factors affecting photon beam quality 

A photon beam is completely characterized by the pho- 
ton fluence differential in energy and angle, but it needs 
generally further description with regard to unavoidable 
contaminations, for example by secondary photons, elec- 
trons, positrons and neutrons. As the neutrons generally 
give a negligible dose contribution they will not be dis- 
cussed further here. 

Most bremsstrahlung beams originates from a fairly 
small effective radiation source due to a narrow initial 
electron beam and a small influence of photon scatter in 
flattening filters. This means that the angular distribution 
of photons is approximately that from a point isotropic 
source placed close to the target. At least at acceleration 
potentials above a few MeV the photon scatter in the 
treatment head have a minor influence on the total photon 
fluence (32). 

All photon beams are to some extent contaminated by 
leptons (in the present context electrons and positrons) 
generally produced by photoelectric, compton and pair 
producing interactions in the materials traversed by the 
beam. This charged particle contamination has generally a 
considerable influence on the shape of the photon depth 
dose curve in the build-up region. In particular the relative 
surface dose and the depth of dose maximum is deter- 
mined by the amount of charged particle contamination. 
The location of the principal contamination sources varies 
considerably with photon beam energy. 

At low photon energies (<lo MV) the air volume be- 
tween source and patient is the main contributor of sec- 
ondary electrons because the electron energy and range is 
low and their scattering power high. Electrons from the 
treatment head will therefore not reach the patient princi- 
pally because they are scattered out of the beam by the air 
(scatter filtering). The last few decimeters of air in front of 
the patient will therefore generally be the main electron 
source. 

At high photon energies (>20 MV) on the other hand, 
the last thick material layer in the beam, usually the 
flattening filter, will be the main electron and positron 
contamination source. This is so since, in this energy 
range, the electrons are more forward directed, their ener- 
gy is high and their scattering power low. At the same 
time the electron range in air is very long so the air 
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contribution will be very far from saturated and thus quite 
small. The forward directed high energy lepton contami- 
nation from the treatment head is therefore the major 
contamination source of high energy photon beams and 
has generally a very significant influence on the depth of 
dose maximum and the relative surface dose (9, 29, 35). 

The lepton contamination has therefore a dominant ef- 
fect on the shape of the depth dose curve at high photon 
beam energies as illustrated in Fig. 2 for a 50 MV beam. 
The dotted line is the depth dose in a uniformbeamof 10 
cm X 10 cm cross section at SSD 100 cm. The solid line is 
the resultant depth dose when a large fraction of the 
photon generated lepton contamination from the down 
stream end of the carbon electron stopper is removed by a 
purging magnet (magnetic field line integral=jBdl= 1 T 
cm) placed close to the target. It is seen that the depth of 
dose maximum is increased from 4 to 7 cm by the purging 
magnet. The depth dose of the removed lepton contamina- 
tion is illustrated by the solid line obtained by substracting 
the depth dose curve with purging magnet from that with- 
out (cf. similar results in ref. 29). The depth dose of a pure 
photon beam as calculated by the present Monte Carlo 
code is also included for comparison. It is clear that most 
of the electron contamination was removed by the mag- 
net. It is a fortuitous effect that in the energy range around 
15 MV the lepton contamination has a minimum and high 
quality photon beams can easily be produced without 
electron filter or purging magnet. 

When the lepton contamination is as high as in Fig. 2, 
the difference in stopping power value for the photon and 
lepton dose fractions can cause an appreciable dosimetric 
uncertainty in the build-up region. At lower photon ener- 
gies similar differences in depth dose are seen (cf. e.g. 22) 
but the differences in stopping power of the electrons are 
smaller due to the slight influence of the density effect 
with a reduced dosimetric uncertainty as result. 

The shape of the bremsstrahlung spectrum as deter- 
mined by the target and the flattening filter has also a 
certain influence on the shape of the resultant depth dose 
curve (14). In general a thin target or a target with a low 
atomic number electron stopper will generate a harder 
bremsstrahlung spectrum (36). Similarly will a low atomic 
number flattening filter harden the beam whereas high 
atomic number filters soften it at high bremsstrahlung 
energies and harden it at low energies. It should be point- 
ed out in this context that the last mentioned reference 
overemphasizes the influence of the shape of the brems- 
strahlung spectrum on the shape of the depth dose curve, 
as the lepton contamination was not specifically consid- 
ered. For example will a lead filter produce a larger lepton 
contamination than an aluminium filter in broad photon 
beams (3 1).  This explains about half the improvement of 
the depth dose obtained by using an aluminium filter (cf. 
36). 

Another important quality dependence in clinical pho- 
ton beams are the variations across the beam. Today it is 
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Fig. 2. Central axis depth dose distribution for 50 MV photon 
beams. The dotted curve pertains to a 10 cm by 10 cmz field size 
and the solid line to the same field but with a purging magnet to 
remove the electron contamination generated by the bremsstrah- 
lung beam in the electron stopper consisting of 15 cm of graphite. 
The solid histogram corresponds to a 0.2 ro thick tungsten target 
as calculated by the present Monte Carlo code. The slightly 
larger penetration of the experimental beam with purging magnet 
is at least partly due to the beam hardening in the electron 
stopper. 

well known that the spectrum from a bremsstrahlung tar- 
get varies with the angle of emission (cf. e.g. 12, 13). This 
effect is quite small in low energy beams whereas it is 
substantial in high energy beams, specially if a low atomic 
filter is used for beam flattening. By using a suitably 
designed flattening filter including materials of a high 
atomic number, which soften the beam on the central 
axis, this variation can be considerably reduced or even 
eliminated. In the present work this variation is therefore 
neglected and all calculated photon spectra are averaged 
over all emission angles. However, the quality variation 
across the beam in the phantom, due to variation of the 
Compton scattered dose contribution, is taken fully into 
account (cf. 32). 

The above factors taken together imply that the accel- 
eration potential of a bremsstrahlung beam is a very poor 
descriptor of the dosimetric properties of the beam (cf. 
also 30). New characteristics of high energy photon beams 
are therefore needed to allow accurate dosimetry. 
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Quality specification 

Background 
Traditionally the radiation quality of a photon beam is 

specified by the acceleration potential in kilovolt (kV) for 
conventional roentgen rays and megavolt (MV) for high 
energy bremsstrahlung beams. From the previous discus- 
sion it is clear that this information is not sufficient to 
specify the beam quality for dosimetric purposes. For 
conventional roentgen rays the half value layer or depth 
(HVD) is often used as an additional quality descriptor 
and has recently been proposed for use also at higher 
photon energies (19). This is a better descriptor of the 
dosimetric properties of a photon beam, but as can be 
seen from Fig. 2 this depth is considerably influenced by 
the lepton contamination of the beam. Therefore it cannot 
be used to choose an appropriate stopping power value. 

NACP (27) proposed to use the ratio of the absorbed 
doses at two depths as a measure of radiation quality. 
Several dosimetry protocols are available today in which 
the specification of the quality of a photon beam is based 
on the dose or ionization ratio at two different depths (1, 
28, 40). These ratios are by far better descriptors of the 
dosimetric properties of a bremsstrahlung beam. 

Theory 
The value of using the 10 to 20 cm depth dose ratio is its 

close relation to the practical attenuation coefficient, ,up 
(cf. 13, 17), through the simple equation 

pp= kln [z] 
where k=10 m-I. Naturally this expression (and eq. 11) 
assumes that the depth of transient equilibrium is less than 
10 cm below the surface so the 10 and 20 points are on the 
quasi-exponential fall-off portion of the depth dose curve. 
If instead of the dose ratio the ionization ratio is used it 
should strictly be multiplied by the appropriate stopping 
power ratio since 

Therefore, only if the stopping power is sufficiently depth 
independent the ionization ratio could be used instead of 
the dose ratio (6, 42). 

The practical attenuation coefficient accounts beside 
the pure photon absorption also for the inverse square 
attenuation of a beam from a finite radiation source. The 
mean attenuation coefficient, P ,  of the photon spectrum at 
hand can therefore be calculated by an inverse square 
correction on pp. However, owing to the approximate 
exponentiality of the inverse square correction as seen 
from the following relation 

where f is the distance from the point source to the point 
where pp was measured. Thus the following simple rela- 
tion between p and pp holds 

P = pp-m (9) 

and m may thus be approximated by 

(10) 

where sVir is the distance from the virtual point source to 
the phantom surface and 2 is the mean depth of measure- 
ment when determining pp (cf. 13, 38). For the most 
common radiation geometry in radiation therapy, s,ir is 
100 cm and 2 is 15 cm, assuming the Dl,JDz0 ratio is being 
used to determine pp, the correction for the finite source 
to surface distance is of the order of m=1.74 m-'. Within 
about 10 cm from 2 this value gives dose errors less than 
one per cent according to eq. (9). Alternatively p can be 
determined from the tissue phantom ratio TPRl,JTPR20 
using an equation similar to eq. (6) 

2 
Svir + 2 

m = -  

P = k In (TPR::) (1 1) 

The dose or TPR ratios thus allow a determination of the 
mean attenuation coefficient of the photon beam. Further- 
more p and pen are approximately proportional at photon 
energies above a few MeV as seen from Fig. 3. Monte 
Carlo calculated f i  values for monoenergetic photon 
beams are plotted here as a function of energy for a few 
different field sizes. p and pen data from HUBBLE (18) are 
also included for comparison. The agreement of the calcu- 
lated values for very small field sizes @o) with tabulated 
narrow beam attenuation coefficients 6) is very good and 
demonstrates the consistency of the present Monte Carlo 
code. The difference between the mean attenuation coeffi- 
cient in broad beams, @,) and the energy absorption 
coefficient is quite small above a few MeV but 
increases with decreasing photon energy. The increasing 
differences at low energies are due to the increasing influ- 
ence of multiple photon scatter and the quasilocal absorp- 
tion of scattered photons that are not included in the 
determination of pen.  

This implies that the equilibrium absorbed dose in high 
energy photon beams, as given by (cf. 42) 

where 

is also well related to the mean attenuation coefficient p of 
the beam. The mean attenuation coefficient P as deter- 



218 A. BRAHME AND P. ANDRE0 

1 1 
1 1 

0.1 0.2 0.5 1 2 5 10 20 50 

Fig. 3.  p values for monoenergetic photon beams of different radii 
calculated by the Monte Carlo method. p,, and pen values from 
HUBBLE (18) are included for comparison. 

mined by eqs (6)-( 1 1 )  should therefore be a very practical 
descriptor for dosimetry of photon beams. In low mega- 
voltage photon beams where the discrepancies between p 
and pen are larger f i  is still a rather good descriptor due to 
the small variation of the stopping power ratio at low to 
subrelativistic energies where the influence of the density 
effect is minimal. 

Beam hardening 
Due to the close proportionality between kerma, ab- 

sorbed dose and energy fluence beyond the depth of dose 
maximum (42) the depth dependence of p can be deter- 
mined from the depth dependence of the energy fluence 
y. When f i  is determined through eqs (6)-(11) a mean 
value is obtained that pertains to a certain depth interval. 
This mean value can be derived from the depth depen- 
dence of the energy fluence according to the equation 

or 

V M e V  

This latter expression can be considerably simplified by 
expanding it in a power series of pz, keeping the first two 
terms 

where 

is the mean attenuation coefficient at the surface and 

is the variance of p(E). Because the variance of p by 
definition always has a positive value the mean attenu- 
ation coefficient of the primary photons is an always 
decreasing function of depth as should be expected due to 
the beam hardening effect. According to the mean value 
theorem there is always one point in the interval 0 to z 
where the true mean value is exactly equal to that given 
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Fig. 4. The mean attenuation coefficient of the photons at the 
phantom surface for 0, 1 ,  2 and 4 cm thick lead filters as a 
function of the electron energy incident on a 0.3 ro thick high 
atomic number target. 
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Fig. 5. The variance of the attenuation coefficient of the photons 
at the phantom surface for 0, 1 ,  2 and 4 cm thick lead filters as a 
function of the electron energy incident on a 0.3 ro thick high 
atomic number target. 

by eqs (15) and (16). Thus eqs (8) and (1 1) give a value that 
is characteristic for some point in the interval 10 to 20 cm. 

When c$ has a small value the depth variation of ,u is 
small an its depth dependence can often be neglected. As 
seen from eq. (18) c$ depends both on the shape of the 
photon spectrum and the energy variation of ,u within that 
spectrum. The ,u value variance, 6, is therefore a meas- 
ure of how rapidly the primary beam quality is changing 
with the depth in the medium since dp/dz=+c$. Typical 
broad beam po and 6 values are shown in Figs 4 and 5, 
respectively, for various acceleration potentials (U/MV) 

and lead filter thicknesses (tlcm) considering an interme- 
diate thickness target ( t=rd3)  of high atomic number. 

Beam softening 
Beside the beam hardening effect on the spectrum of 

primary photons a photon beam is also influenced by a 
beam softening effect due to a continuous production of 
lower energy scattered photons as seen in Fig. 6. The 
energy deposition in a semi-infinite plane parallel 10 MeV 
monoenergetic photon beam in water is plotted as a func- 
tion of the penetration depth. To illustrate the influence of 
the scattered photons, in addition to the total energy 
deposition both the energy deposition neglecting just the 
scattered Compton photons and that neglecting all types 
of secondary photons are also included. It is seen that 
most of the secondary photons are generated in Comp- 
ton interactions and only a minor contribution is due to 
other secondaries such as bremsstrahlung and annihilation 
photons (difference between dotted and dashed lines). 

The build-up of the secondaries and higher order pho- 
tons in a broad beam can be well described by a simple 
analytical model (similar e.g. to that for the build-up of the 
fluence of secondary electrons, cf. eq. 22) as they are 
generated in proportion to the primary photon fluence and 
are absorbed quasi-exponentially with some characteristic 
mean attenuation coefficient, 0. If po is the mean attenu- 
ation coefficient of the primaries and O0 is the mean cross- 
section for production of secondaries, the depth depen- 
dence of the energy deposition due to secondaries D, 
could be approximated by folding their absorption curve 
with their production density 

where Kcol is the collision kerma at the surface and p is 
the ratio of the absorbed dose and the collision kerma 
beyond the transient equilibrium depth. 

After performing the integration this reduces to 

This equation is plotted as the lower dashed line in Fig. 6 
whereas the Monte Car10 results are represented by the 
lower solid line. The agreement is quite good over the first 
20-25 cm depth range. At larger depth the high energy 
small angle scattered Compton photons start to accumu- 
late more significantly and a single attenuation coefficient 
of the secondaries is clearly a too crude approximation. It 
is also interesting to note that pot the attenuation coeffi- 
cient of the primaries, is precisely the attenuation coeffi- 
cient of a narrow photon beam whereas that of both 
primaries and all secondaries by definition is f i  (see Fig. 
3). By adding the dose due to primaries to eq. (20), and for 
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Fig. 6. Depth dose distributions calculated by the Monte Carlo 
method for a semi-infinite 10 MeV monoenergetic photon beam 
of plane parallel incidence on water. The absorbed dose has been 

30 40 Z/cm 60 

separated in its primary, secondary and total contributions. The 
lower dashed line is the contribution of secondaries calculated by 
a simple analytical model (eq. 20). 

simplicity neglecting the transport of secondary electrons, 
an expression for p can be obtained since. 

Thus & is smaller than po by precisely the amount 60 
over the first attenuation length I/&. 

Near the surface the effective attenuation coefficient is 
thus pm whereas at large depths the lower energy secon- 
daries are completely built up and the attenuation coeffi- 
cient slowly increases towards the narrow beam value po 
as seen from the first half of eq. (21) because d is generally 
much larger than p,, so the last exponential decays most 
rapidly. 

For monoenergetic photon beams as well as for both 
thin and thick target bremsstrahlung spectra the beam 
softening effect is generally the dominating factor influ- 
encing the shape of the depth dose curve in broad beams 
over the first few attenuation lengths. This means that the 
deeper a dose ratio between two points 10 cm apart is 
measured in a phantom, the higher the ratio will be pro- 
vided both points are located beyond the depth of tran- 
sient equilibrium (cf. data in Table 2 in ref. 13). The beam 
hardening may become more important at very large 
depths or in high energy beams with a substantial low 
energy contamination giving a high 4 value (see eq. 16). 

Lepton contamination 
As discussed in the section on factors affecting photon 

beam quality the lepton contaminations is of major im- 

portance for determining the depth of dose maximum but 
also of the 50 per cent depth dose (see Fig. 2). To get a 
good description of the shape of the depth dose curve in 
general at least three independent parameters are needed. 
Beside ,up, the practical attenuation coefficient of the 
photons, two parameters characterizing the electron con- 
tamination are needed. The relative amount of contami- 
nating electrons is given by 1-v and the absorption coeffi- 
cient of the electrons is specified by ,u. 

Using these three parameters the depth dose of a pho- 
ton beam can be fitted, with a precision generally much 
better than one per cent and a correlation coefficient 
larger than 0.99, by an expression of the type 

For further details see BRAHME & SVENSSON (13). It is 
straightforward to show that the depth of dose maximum 
is given by 

and that the 50 per cent depth dose is given by 

and generally with sufficient accuracy by simply 
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Fig. 7. Spencer-Attix water/air stopping power ratios (Zw=75.0 
eV, I~,=85.7 eV), density effect according to STERNHEIMER & 
F'EIERLS (41) as a function o fp  for monoenergetic photons (-) and 
bremsstrahlung spectra from thin (. . .) and thick (- - -) tungsten 
targets. Data for a target of intermediate thickness (rd3) and 
varying lead filter thicknesses (circle, triangle, square and star 

These expressions show that both the half value depth and 
the depth of dose maximum depend in the same way on 
the amount of electron contamination as expressed by the 
parameter v. 

From these equations pe can be determined when Rso, 
Rlw and ,up are known (eqs 24 or 25) or by dose measure- 
ments in the build-up region (13). The amount of electron 
contamination can now be determined from eq. (23) using 

If v is larger than 0.8, that is less than 20 per cent electron 
contamination, the influence on the stopping power ratio 
of the electron contamination in the build-up region 
should be quite small beyond the first few millimeters near 
the surface (6). In this context it is interesting that eq. (23) 
may also be used to determine the depth of dose maxi- 
mum in a pure uncontaminated photon beam by simply 
setting v indentical to unity. It is thus only the attenuation 
coefficients pe and ,up that determine the depth of dose 
maximum in well designed photon beams using purging 
magnets and helium atmosphere in the treatment head (cf. 
31). 

4 5 6 7 
i i/m 

correspond to 1 ,  2 , 4  and 8 cm Pb, respectively) are also included 
at a few acceleration potentials. The inserted photon spectra 
pertain to three different types of beams all having the same 
attenuation coefficient but slightly different stopping power ratios 
as discussed in the text. 

ji as a quality characteristic for dosimetry 

Both energy deposition and electron slowing down 
spectra have been calculated for monoenergetic photon 
beams as well as for thin and thick target bremsstrahlung 
beams in the energy range between 0.1 and 50 MeV using 
the present Monte Carlo code. Central axis depth dose 
distributions for plane parallel beams of different radii 
have been determined. The exponential portion of the 
depth dose distributions has been fitted to determine the 
mean attenuation coefficient. Calculated p values are plot- 
ted in Fig. 3 for different field sizes. 

The electron slowing down spectra have been used to 
calculate the corresponding stopping power ratio (for de- 
tails, see 6) of the various photon beam qualities at the 
calibration depth. The variation of the stopping power 
ratio as a function of the attenuation property of the 
beams is shown in Fig. 7 for monoenergetic photons as 
well as for thin and thick target bremsstrahlung beams. 
The thick target data pertain to a thickness of one continu- 
ous slowing down range (1 ro) in tungsten and are also 
fairly representative for beams produced by an intermedi- 
ate thickness target with a thin flattening filter. 

A few examples (4, 10, 20 and 50 MV bremsstrahlung) 
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are given for the variation of the stopping power ratio with 
increasing filter thickness (1-8 cm Pb as shown by the 
symbols for a 1/3 ro thick tungsten target. It is seen that 
with increasing target and filter thickness the curve for 
monoenergetic photons is gradually approached. At first 
sight this may seem surprising but it can be understood by 
considering the inserted photon spectra that all give the 
same plo for a 10 by 10 cm2 field (3.5 m-'; 3 MeV mono- 
energetic, 13 MV thin target and 19 MV thick target pho- 
tons). Due to the convex shape of the stopping power 
ratio curve for monoenergetic photons all bremsstrahlung 
spectra must fall below this curve. Thus, the larger the 
spectral variance, the lower down will the stopping power 
ratio fall for a given attenuation coefficient. From the 
inserted spectra it is seen that this is the case with the thin 
target with a substantial low energy photon component at 
the same time as it has many high energy photons. A thick 
filter will both remove the low and high energy photons 
and make the stopping power ratio approach the monoen- 
ergetic curve. 

It is also seen that by plotting the stopping power ratios 
as a function of the attenuation coefficient the uncertainty 
in the selection of the stopping power ratio is greatly 
reduced (cf. Fig. 4 in ref. 6). The stopping power ratio of 
all filtered clinical photon beams will fall somewhere be- 
tween the thick target bremsstrahlung and the monoener- 
getic photon curves. By using this type of plot the correct 
stopping power ratio within a few tenths of a per cent can 
be chosen without the need to know the exact target and 
filter thickness. An even more precise choice is possible if 
the aproximate filter thickness is known as seen from Fig. 
7 and ANDREO & BRAHME (6). 
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