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The Monte Carlo computer code "electron gamma shower" (EGS) has been used to determine 
photon spectra in a water phantom. Spectra used by Johns and Cunningham and for the AAPM 
dosimetry protocol have been used as input data and ratios of average mass energy absorption 
coefficients have been calculated for a number of depths and field sizes. The results show that 
there is a slight dependence on both of these parameters. For example, (ilen / p) ;r~~~ite for cobalt-
60 varies from a value of 1.111 for the primary spectrum in air, to 1.135 at a depth of20 cm in a 
phantom for a beam approximately 1 m2 in area. This variation of over 2 % is relevant for 
dosimetry. The variation is less than this for high-energy radiation beams and in most cases can be 
ignored. The effect is greater for high atomic materials such as bone, where the range of variation 
of(ilen / p ) ~"a~~r> again for cobalt radiation, may be as great as 15 %. This too is less for high-energy 
bremsstrahlung spect~a. 

INTRODUCTION 

In the determination of absorbed dose at a point in a photon 
beam from ionization chamber measurements, a number of 
multiplying factors must be used. These are derived and dis
cussed elsewhere. 2

-
5 Several of them are averaged quantities, 

averaged in principle, over the spectrum of photon energies 
present at the point. The details of the photon spectrum are 
rarely known, however, and assumptions and approxima
tion procedures must be used. It must be expected that the 
photon spectrum at a point P in a phantom is altered by 
changing the size of the volume irradiated and the depth of 
the point P below the surface and this must be expected to 
have an effect on some of the dosimetry factors. In this paper 
we choose one of the factors, the "ratio of averaged mass 
energy absorption coefficients," and examine how it is af
fected by these conditions. This quantity was chosen for ex
amination because it was expected to be one of the most 
likely to be affected by these conditions and it has not, to our 
knowledge, been examined in this way before. 

The mass energy absorption coefficient (J.Len / p) plays a 
central role in photon dosimetry because it quantifies the 
energy transfer from the ionizing radiation to the medium. 
In more precise terms, it relates the photon fluence ¢ (hv) to 
the collision kerma K c•m in a material m by the relation 

Kc.m = ¢(hv) [Ilen (hv)/p] mhv. (1) 

If a spectrum of photon energies is present, the kerma will 
be the sum of the kermas for each energy component, 

Kc,m = f [d¢(hV) ]hV[J.Len (hV)] dhv. 
Jhv dhv p m 

(2) 

It is rare, in practice, that detailed information about the 
spectrum is available and assumed average values for these 
quantities are used. The custom is to calibrate a users' ioniza
tion chamber against a standard instrument. This is done by 

a standardization laboratory where most commonly the ref
erence exposure is established from a series of measurements 
made with a graphite ionization chamber in a 60Co beam. 
Exposure is then determined from 

1 (L)gr (il )air X=Jair - - . ~ /3- 1
1T;Ki' 

kpatrpgr 
(3) 

where J air is the charge per unit mass (C kg-I) of air in the 
ion chamber, k = 2.58 X 10-4 C kg-I R -I, (L /p ):rr is the 
ratio of averaged restricted collision mass stopping powers 
for graphite to air, (ilen/p):~r is the ratio of average mass 
energy absorption coefficients for air to graphite, /3 is the 
quotient of absorbed dose and the collision part of the kerma, 
and 1T;K; is a product of factors that account for small cor
rections that will not be discussed here. 

For the exposure calibration, the value of (ilen / p) to be 
used would be that for the in-air spectrum and since 6OCO 
radiation is virtually monoenergetic the appropriate value 
for (ilen / p) is well known. 

The situation is not quite so simple for dose determination 
at a point in a phantom. The irradiation conditions for this 
are shown in Fig. 1, which depicts a photon beam irradiating 
a phantom of material m I' A determination of the absorbed 
dose at point P would be made by placing a dosimeter, made 
of material m 2, at this point and from the reading of the 
dosimeter, calculating the dose to material m l at that point 
as if the dosimeter were not present. It would be3 

(4) 

whereM is the reading of the dosimeter, Ngas is the cavity gas 
calibration factor, 3 (L / p) ';s is the stopping power ratio as 
for Eq. (3), Pion is a factor to correct the ion chamber read
ing for efficiency of ion collection, P repl is a replacement fac
tor to correct for the perturbing effect of the dosimeter (ma-
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FIG. 1. Diagram showing a photon beam irradiating a water phantom in 
which a small mass of some other material, here labeled m is placed. The 
incident spectrum of photon energies is described by dt/Jo(hv)ldhv. This 
spectrum is altered by attentuation and scatter within the irradiated water 
and at the location of the insert is described by dt/J (hv) Idhv. 

terial m 2 replaces materal m I' in the phantom), and P wall is a 
factor to correct for the way the photons interact with m 2 

compared to m l as follows: 

p _ a(L Ip )';:,:,. (iienlp )':,~ + (1 - a) ([ Ip )';:~ 
wall- ,(5) 

(L Ip);:"~ 

where a is the fraction of the ionization (M) produced by 
electrons arising from material m 2 (the wall of the ionization 
chamber) and (1 - a) is the fraction produced by electrons 
arising in the medium m l outside of the ion chamber. (L Ip) 
is, as before, a ratio of averaged stopping powers and 
(iien I p ) is the ratio of averaged mass energy absorption coef
ficients. If (1 - a) is small, as it is for photon energies of 
only a few MeV, then Pwall is almost proportional to the 
proQuct of the ratio of mass stopping powers and the ratio of 
mass energy absorption coefficients. A preliminary exami
nation of the dependence of both of these quantities on pho
ton spectra strongly suggested that the absorption coeffi
cient ratio is the more sensitive. 

CALCULATIONS 

The ratio of mass energy absorption coefficients is the ra
tio of the absorbed doses to the two materials that would 
result from the same photon spectrum interacting with each. 
This would also be the ratio of collision kermas, 

Dm, _ Km, _ S[dc;6(hv)/dhv]hv[,uen (hv)IP]m,dhv 

Dm, - Km, - J[dc;6(hv)ldhv]hv[,uen (hv)/P]m,dhv 

= (iienlp)':,; , 
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(6) 

where the integration is over all energies hv in the photon 
fluence spectrum dc;6(hv)/dhv at point P (Fig. 1) in a phan
tom of material mi' 

This expression was used by Johns and Cunningham2 to 
calculate ratios of averaged mass energy absorption coeffi
cients for a number of combinations of materials for a num
ber of spectra (Table 7.4, Ref. 2). This equation was also 
discussed by Cunningham and Schulz5 in connection with 
the preparation of data for the AAPM dosimetry protocol. 3 

The spectra that were used2
•
3 were taken either froni the 

literature or were calculated, and with one exception were 
primary beam spectra, that is, they did not include phantom 
scatter. The exception was 6OCO for which a spectrum had 
been generated over 20 years ago by Bruce and Johns6 using 
Monte Carlo methods to describe photon spectra for a range 
of field sizes and depths in a water phantom. 

RESULTS 

Ratios of mean mass energy absorption coefficients were 
calculated using 60Co primary photon energies only (1.17 
and 1.33 MeV) and using the in-phantom Bruce and Johns 
spectrum for depth 20 cm and field size 20 X 20 cm and 
showed differences of about 0.5% for (iienlp );rater. There 
were similar differences for other materials used in the con
struction of ionization chambers. For higher atomic number 
materials, such as bone, the differences produced by these 
different spectra are much greater and can easily exceed 5% 
for clinically relevant conditions. This observation led us to 
examine the behavior of this quantity using Monte Carlo 
calculations of spectra in phantoms. 

SOCo radiation 

Graphs of the part of the spectrum of radiation from a 
60Co source arising from photons scattered within a water 
phantom are shown in Fig. 2. Curve A in this diagram was 
obtained directly from Bruce and Johns,6 and represents the 
spectrum that exists at a point 10 cm deep in a 20 X 20 cm 
beam irradiating a phantom of infinite thickness. The graph 
is energy fluence plotted against photon energy. Curve B was 
obtained using electron gamma shower code (EGS) 1 for the 
same conditions as curve A. The agreement between the two 
is qualitatively good but there are some differences. Curve A 
was obtained using 2 X 104 photon histories and some analy
tical smoothing was used, while curve B was derived from 
2 X 105 photon histories and is presented directly as ob
tained. It is made up from 400 energy intervals and the statis
tical variations can be inferred from the irregularities in the 
curve. We have shown the Bruce and Johns result because it 
provides a comparison with our work and there is a lack of 
reference data with which Monte Carlo calculations of this 
kind may be compared. We have assumed, however, that the 
EGS output is correct for what follows. 

Both curves A and B of Fig. 2 were obtained using a single 
incident energy of 1.25 MeV. Curve C is the output ofEGS 
using as input a photon spectrum which represents more 
realistically the beam from an actual cobalt treatment unit. 7 

This spectrum was generated by Rogers et al.,7 also using 
EGS. It consists of the primary plus a distribution of about 
20% low-energy photons (energy fluence) generated within 
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o Energy(MeV) 

the source or resulting from scatter from the collimator. The 
differences between curves Band C are significant only at 
the very low energy end of the curve where curve C has a 
small increase over B. 

A user code was written for the EGS System (EGS3 as 
modified by Rogers8

) and was implemented on a V AX 780 
computer working under the operating system known as 
VMS. In order to make the calculations efficient, the inverse 
geometry described by Bruce and Johns6 was used. Using 
this procedure, data for several beam sizes and depths can be 
accumulated at the same time. The ratio of mean mass ener
gy absorption coefficients is obtained from the ratio of the 
sums, 

~7~ 1 Wi(!-len1P)ml,ihvi 

~7~ 1 wi(!-lenlP)m2.ihvi 
(7) 

where the sum is over the number of photons that cross an 
area and the index i represents an individual photon history. 
Wi is l/cos ()p where ()i is the angle that the path of photon i 
makes with the normal to the area, hVi is the photon's energy 
as it crosses, and (!-len I p) ml.

i 
and (!-len I p) m2.i are the mass 

energy absorption coefficients for those photons in materials 
1 and 2, respectively. The photon histories are generated in 
water and the weighted occurrence of photon energies at 
areas A defines the ftuence spectrum. A record of the spec
trum can be determined by keeping an account of the distri
bution of photon energies as they occur. This is plotted as 
curves Band C of Fig. 2 and in following diagrams. 

Table I shows the results of evaluating Eq. (7) for cobalt 
radiation using the Rogers input spectrum for depths ofO, 5, 
10, and 20 cm and beam radii representing beams that have 
areas 25, 100, and 400 cm2

, and infinity, respectively. The 
numbers in parentheses in the table are taken from Johns and 
Cunningham2 (Table 7-4) representing the in-air and in-
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1.0 

FIG. 2. Energy ftuence spectrum for scat
tered radiation at a point P in a water 
phantom. The radiation is from a 6OCO 
source, the beam size is 20 X 20 cm at the 
phantom surface and point P is at a depth 
of 10 cm. Curve A is taken from Ref. 6. 
Curve B is calculated using the EGS code 
assuming incident photons of 1.25 MeV 
and curve C was calculated using EGS 
taking a spectrum generated by one of the 
authors (DWOR) to more realistically 
represent the spectrum from a Co source. 
It has been smoothed for display purposes. 

TABLE I. Ratios of averaged mass energy absorption coefficients for 6OCO 
radiation for realistic input spectra. 

o 

o 
5 

10 
20 

0 
5 

10 
20 

o 
5 

10 
20 

0 
5 

10 
20 

0 
5 

10 
20 

0 
5 

10 
20 

25 
Beam area (cm2

) 

100 400 

(a) water/graphite (1.111) (1.116) (1.III)a 

1.111 1.112 1.113 
1.112 1.113 1.115 
1.112 J.J 13 I.J 17 
1.112 1.114 J.J19 

(b) water/PMMA (1.029) (1.032) (1.029)" 

1.029 1.030 1.030 
1.029 1.030 1.032 
1.029 1.030 1.033 
1.029 1.031 1.034 

(c) water/polystyrene (1.032) (1.037) (1.032)' 

1.032 1.033 1.033 
1.032 1.034 1.036 
1.033 1.034 1.038 
1.033 1.035 1.041 

(d) water/nylon (1.012) (1.017) (1.013)a 

1.013 1.013 1.014 
1.013 1.014 1.016 
1.013 1.015 1.018 
1.013 1.015 1.020 

(e) muscle/water (0.991) (0.992) (0.991)" 

0.991 0.991 0.991 
0.991 0.991 0.992 
0.991 0.991 0.992 
0.991 0.991 0.992 

(f) bone/water (0.954) (0.995) (0.955)' 

0.958 0.961 0.967 
0.960 0.968 0.987 
0.962 0.973 1.000 
0.963 0.979 1.017 

00 

J.J15 
J.J22 
J.J27 
1.135 

1.031 
1.036 
1.040 
1.045 

1.036 
1.044 
1.050 
1.059 

1.016 
1.022 
1.027 
1.034 

0.992 
0.992 
0.993 
0.993 

0.984 
1.037 
1.076 
1.134 

a The first term in parentheses is for in-air, the second term is for the 
depth = 10 cm, 20X 20 em field (Table 7-4, Ref. 2). The third is for the 
Roger's (Ref. 7) realistic spectrum in air. 
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phantom spectra and the in-air realistic spectrum of Rogers, 
respectively. 

A number of conclusions can be taken from these data. 
The ratio (Pen / p) for water to graphite for 60Co radiation 
changes by no more than 0.2% in going from an in-air irra
diation to in-phantom at a depth of 5 cm in a lOX 10 cm 
field. These conditions are consistent with those used for 
absorbed dose calibrations and therefore would imply that, 
although the effect of ion-phantom spectrum change is 
small, it should be considered when precise dosimetry is be
ing carried out but it is not a concern for clinical practice. On 
the other hand, even if moderately precise measurements are 
to be made using very large field sizes, the ratio (Pen / p ) ;rater 

may differ by 2% or more from that applying to in-air mea
surements and this should be considered. Very similar re
sults are obtained for other materials, such as polymethyl 
methacrylate (PMMA), polystyrene, and nylon. 

Table I also gives the results when this quantity is calculat
ed for muscle tissue to water and bone to water. It shows that 
there is no appreciable difference for tissue (0.2%) but that 
(Pen / p ) ~':.~~r differs by over 6% from a point near the surface 
in a small field to a point 20 cm deep in a 20 X 20 cm beam 
and over 15% to this depth in a very large beam. 

Bremsstrahlung spectra 

A number of bremsstrahlung spectra were also used in the 
way just described to examine the dependence of (Pen / p) on 
field size and depth. The spectra that were used are taken 
from those used by Johns and Cunningham2 (Tables 7-2 and 
7 -4), and are cited in that reference. They include 250-k V p, 
6-, 12-, 18-, and two different 26-MV spectra, and a 45-MV 
spectrum. Those used with energies greater than that 
of 6OCO are shown in Figs. 3(a) and 3(b). The graphs show 
photon energy ftuence plotted against photon energy hv. All 
of these graphs are normalized to give an integrated energy 
ftuence of 1000; that is, the area under each curve is the same. 

An illustrative sample set of the spectra at depths in a 
phantom is shown in Fig. 4. For this presentation, 6 MV has 
been chosen because it illustrates the trends which, although 
less pronounced, are qualitatively the same at higher ener
gies. Figure 4(a) shows the incident energy ftuence spec
trum and calculated spectra for a 100-cm2 field area for 
depths of 0, 5, 10, and 20 cm in the water phantom. The 
incident spectrum shape is taken from Bentley.9 Its shape 
was determined experimentally. For this calculation, 106 

photon histories were generated, their initial energies being 
distributed in 120 energy bins according to the shape shown. 
The spectra at the depths shown are as calculated; they have 
not been renormalized. Two changes in the spectrum shape 
may be noted to occur with depth; there is a relative increase 
in low-energy photons but at the same time the peak of the 
spectrum moves slightly to the right. The former is due to 
production of multiply scattered photons and the latter is the 
result of the hardening of the primary beam. Neither of these 
effects is strong and the change in spectral shape with depth 
is not great. 

The change with field size is shown in Fig. 4(b) and is 
much more dramatic. There is, of course, no hardening of 
the primary beam, only a buildup of scattered photons. 
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FIG. 3. (a) Input energy ftuence spectra for 6 to 18 MY bremsstrahlung 
radiation used for calculations of absorption coefficient and stopping power 
ratios. Johns and Cunningham (Ref. 2) and the AAPM dosimetry protocol 
(Ref. 3). The spectra are normalized to give the same area under each 
curve. (b) Energy ftuence spectra as in part (a) but for 26 to 45 MY. 

Again the spectra are plotted as calculated for 106 photon 
histories. The buildup of low-energy photons is now very 
obvious. By binning scattered photons separately it has been 
determined that this buildup is indeed due to multiply scat
tered photons. The amount of this buildup and the lowness 
of the energies represented is perhaps surprising. As will be 
seen, this does have an effect on the ratios of mass energy 
absorption coefficients. A note of interest is the sharp peak 
which can be seen at an energy of 0.51 MeV and is due to 
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5 x 10' ,-------.,.,...-=:------,------,----,----,--------, 

6MV 
Field area = IOOcm2 

d = IOem 

(a) 2 6 

6, 105r---,------,----,-------,--_,-----_---, 

6MV 
Depth = IOem 

(b) 3 
h. (MeV) 

4 6 

FIG. 4. (a) EGS calculated spectra in a water phantom irradiated by the 6-
MV spectrum shown in Fig. 3(a). The five spectra are the incident spec
trum and that for depths of 0, 5, 10, and 20 cm, respectively. They show the 
rather slight change of spectrum shape as the depth is varied. The energy 
fiuence scale refers to a total of 106 photon histories. (b) EGS calculated 
spectra as in (a) but showing the effect, at a depth of 10 cm, of varying the 
field size from a small beam 5 X 5 cm in cross section to a large one about 1 m 
square. The buildup of low-energy photons can be clearly seen. All curves 
refer to 106 photon histories. 

annihilation photons. This is seen in all of the high-energy 
spectra and increases as the field size increases. 

In order to illustrate further the change in the spectrum, a 
n umber of parameters have been calculated for each of these 
spectra. Two of them are shown in Table II. Part (a) shows 
the mean energy of the spectrum for each of the conditions. 
Part (b) shows the dose weighted mean energy. This is the 
mean formed by weighting each energy by its spectral value 
and its mass energy absorption coefficient for water, 

E = _~..:....i [::....1l...:....¢_(_hv....:...i _) /_1l._hv.....:J:....![;:...I".=:en_(h_v..:....i )_/=-.P.::..-J (_h..:....Vi_) 2 

~i [ 1l.¢(hVi)/ 1l.hv J [I"en (hVi )/p J hVi 
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TABLE II. Mean energy and dose weighted energy for 6-MV bremsstrah
lung spectra. 

Depth 25 100 400 

(a) Mean energy (MeV) for incident spectrum = 1.45 

o 
5 

10 
20 

1.36 
1.31 
1.37 
1.50 

1.29 
1.14 
1.15 
1.23 

1.19 
0.96 
0.91 
0.91 

00 

1.03 
0.75 
0.65 
0.57 

(b) Dose weighted mean energy for incident spectrum = 1.97 

o 
5 

10 
20 

1.95 
1.93 
1.99 
2.14 

1.93 
1.86 
1.89 
2.00 

1.90 
1.79 
1.77 
1.82 

1.86 
1.69 
1.62 
1.56 

This parameter was chosen because it could be expected to 
be an energy that might be representative of dosimetric pa
rameters such as those in Eq. (3). 

The data in the table show that the mean and dose weight
ed mean energies decrease and then may increase as depth 
increases and that the energies always decrease as field size 
increases. These trends are not surprising but the degree of 
change probably is. Additional calculations showed that 
these trends should also be expected by analyzing the behav
ior of primary and once-scattered photons only. By far, the 
dominant change in the spectrum is the marked increase in 
the number of photons having energies less than about 0.3 
MeV. These photons almost form a satellite spectrum as can 
be seen in Fig. 4(b). It is a trend that appears in all of the 
spectra examined. 

Ratios of averaged mass energy absorption coefficients for 
several materials and for a number of spectra as determined 
by the Monte Carlo calculations for the above set of depths 
and field sizes are given in Table III. For comparison, the 
values calculated by Johns and Cunningham,2 using only the 
input spectra, are included in parentheses. These, in every 
case are equal to or very nearly equal to the numbers ob
tained from the Monte Carlo calculations for small field 
sizes and depths. The data in this table show that for high
energy bremsstrahlung spectra and for materials used in the 
construction of ion chambers, the absorption coefficient ra
tios do not vary by a significant amount as depth in a phan
tom or field size is changed. The material showing the largest 
variation, with respect to water, is graphite where for 6 MV 
the variation from small fields and shallow depths to an ex
tremely large field is about 0.5%. 

The situation is quite different for conventional energy x 
rays, here represented by 250 kVp (taken from Ref. 2), 
where variations of almost 10% can be seen in merely going 
from the surface for a small field to a depth of 10 cm in a 
10 X 10 cm beam. This observation strongly suggests that 
much previous and present dosimetry with conventional en
ergy x rays is in error. This suggestion is supported by recent 
calorimetric work by Kubo.1O It would apply to depth doses 
and tissue-air ratios ll as well as to factors used in calibra
tions. 



501 Cunningham et at : Absorption coefficient ratios: Beam size and depth dependence 501 

TABLE III. Ratios" of average mass energy absorption coefficients for var
ious energies, depths, and field sizes for different materials. 

(Pen / p r:a::' (Pen / p) ::~, 

Field Polysty-
Beam Depth radius Graphite PMMA rene Muscle Bone 

250kVp 0 2.8 1.184 1.074 1.107 0.998 1.493 
10 5.6 1.251 1.112 1.173 1.004 1.875 
20 11.3 1.361 1.171 1.282 1.011 2.403 

( 1.155) ( 1.056) ( 1.076) (0.995) (1.294) 

6MV 0 2.8 1.115 1.031 1.035 0.991 0.960 
10 5.6 1.116 1.031 1.036 0.991 0.975 
20 11.3 1.120 1.034 1.040 0.992 1.019 

(1.112) ( 1.030) ( 1.035) (0.991 ) (0.959) 

12MV 0 2.8 1.122 1.038 1.049 0.990 0.979 
10 5.6 1.123 1.038 1.049 0.990 0.982 
20 11.3 1.124 1.039 1.050 0.990 0.991 

( 1.120) ( 1.039) ( 1.049) (0.990) (0.979) 

I~MV 0 2.8 1.128 1.044 1.059 0.989 0.992 
10 5.6 1.128 1.044 1.059 0.990 0.995 
20 11.3 1.129 1.045 1.060 0.990 1.002 

(1.125) ( 1.044) ( 1.059) (0.989) (0.993) 

26MV 0 2.8 1.129 1.047 1.065 0.990 1.004 
(thin) 10 5.6 1.131 1.048 1.066 0.990 1.010 

20 11.3 1.134 1.050 1.069 0.989 1.025 
( 1.129) ( 1.049) ( 1.067) (0.990) ( 1.005) 

26MV 0 2.8 1.126 1.043 1.058 0.990 0.991 
(thick) 10 5.6 1.128 1.044 1.059 0.990 0.996 

20 11.3 1.130 1.046 1.061 0.990 1.009 
(1.124 ) ( 1.044) ( 1.058) (0.990) (0.991) 

45MV 0 2.8 1.141 1.058 1.085 0.989 1.026 
10 5.6 1.140 1.058 1.085 0.989 1.027 
20 11.3 1.141 1.059 1.085 0.988 1.032 

( 1.137) ( 1.059) ( 1.085) (0.989) ( 1.027) 

"The values in parentheses are from Ref. 2. 

When higher atomic number materials are involved, if ac
curate dosimetry is required, it is clearly necessary to consid
er the spectral changes and their effect on ratios of mass 
energy absorption coefficients. This is illustrated by the data 
on the absorption coefficient ratio for bone to water, where 
even for 6-MV radiation the change is about 3% in going 
from a depth of 10 cm in a 10 X 10 cm beam to 20 cm in a 
20 X 20 cm beam. All of these changes decrease as the energy 
is increased. 

DISCUSSION AND CONCLUSIONS 

Ratios of averaged mass energy absorption coefficients 
have been calculated for a number of photon spectra cover
ing a wide range of energies with the intent of evaluating the 
importance of the alterations in the spectral composition of 
the beam as it interacts with an absorbing medium. It has 
been determined that the ratio that would apply at a point P 
in a phantom is affected principally by the size of the irradia
tion beam that is used and to a smaller extent by the depth of 
the point in the phantom. The variation is, as would be ex-
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pected, greatest at low energies and least at high energies, 
and in some situations should be taken into account for dosi
metry purposes. 

At conventional energy x rays, the ratio of (fien I p ) ;ater is 
almost 15% different at a depth of 20 cm in a 20X20 cm 
beam that it is at or near the surface in a 5 X 5 cm beam. The 
clear implication is that these quantities should be included 
in the determination of percentage depth doses. The lack of 
this information in the past has almost certainly led to errors 
of as much as 10% in depth dose values and general dose 
determinations. 

The variation in this quantity for 6OCO radiation has al
ready been documented2

•
3 but more detail is presented here. 

There is a clear implication for in-air calibration of cobalt 
units and for the subsequent use of tissue-air ratios, since 
determinations of dose both in air and in a phantom are 
involved and the spectrum at the point of measurement for 
these two situations will be sufficiently different to cause a 
difference of up to 0.5% in the absorption coefficient ratios 
for quite ordinary field sizes but would differ by possibly 2% 
for the field sizes used for total body irradiation. 

Except for orthovoltage energies, no adjustment would be 
required for percentage depth doses or tissue-phantom ra
tios, since for these quantities only the depth is changed and 
the effect on absorption coefficient ratios is small. Also, for 
energies higher than that from about 6 MV, it is likely that 
this effect, although still perceptible, can be ignored. 

It is not easy to assess the accuracy of these calculations 
since no independent comparison is available. The input 
data for mass energy absorption coefficients used here are 
those due to Hubbell. 12 The data used by Johns and Cun
ningham2 were produced by Plechaty et al. 13 These two sets 
of data differ by up to 13% for graphite, for example, for 
photons with energies between 10 and 100 keY, the newer 
Hubbell 12 values being larger. Similar but somewhat smaller 
differences are observed for the other materials being consid
ered here. Because we are calculating ratios, and in fact ra
tios of averaged values, the effects are much diminished even 
though observed changes in the spectrum are in this energy 
range. For example, (fien I p) ;rater using the Hubbell data is, 
even for orthovoltage spectra, within 0.2% of the same 
quantity produced using the Plechaty data. It may be as
sumed that this is an indication of the uncertainty due to 
difference in the resource data. 

Uncertainties in the details of the incident spectra are a 
much greater source of error. Unfortunately, it is quite rare 
that the photon spectrum of a radiation beam being used is 
known. To choose a value for the absorption coefficient ra
tio, people have most commonly chosen, somewhat arbitrar
ily, a representative single energy and from that determined 
the absorption coefficient ratio. An estimate of the range of 
uncertainty that this might induce at high energies can be 
obtained by noting the differences between the two 26-MV 
spectra in Fig. 3 (b). This is really quite an extreme differ
ence and yet (fien/p r;.ater differs by no more than 0.5%. 

For cobalt radiation the spectra are rather well known and 
uncertainties should be more related to the input data and 
± 0.2% should be reasonable. For conventional energies, 

the variation in absorption coefficient ratio concerned with 



502 Cunningham et a/. : Absorption coefficient ratios: Beam size and depth dependence 502 

variations in spectra, as shown by Johns and Cunningham2 

for 270-kVp radiation, can be more than 10%. In this energy 
range, if precision is required, a know ledge of the spectrum is 
really quite necessary. For all our calculations more than 104 

photon histories were used. Because we are determining a 
ratio of two quantities determined from the same set of his
tories, it is unlikely that photon statistics play any role in 
producing errors. 

The absorption coefficient ratio was chosen for examina
tion because some preliminary calculations, such as with the 
two spectra for 60Co radiation,2 suggested that this is the 
dosimetric quantity that might be the most sensitive to pho
ton spectrum composition. It is not yet clear whether varia
tions in other parameters will be significant. 
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