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Abstract. In this paper, we provide polynomial coefficients and a semi-empirical relation
using which one can derive photon mass energy absorption coefficient of any H-, C-, N-,
O-based sample of biological interest containing any other elements in the atomic number
range 2–40 and energy range 200–1500 keV. More interestingly, it has been observed in
the present work that in this energy range, both the mass attenuation coefficients and
the mass energy absorption coefficients for such samples vary only with respect to energy.
Hence it was possible to represent the photon interaction properties of such samples by
a mean value of these coefficients. By an independent study of the variation of the mean
mass attenuation coefficient as well as mass energy absorption coefficient with energy, two
simple semi-empirical relations for the photon mass energy absorption coefficients and one
relation for the mass attenuation coefficient have been obtained in the energy range 200–
1500 keV. It is felt that these semi-empirical relations can be very handy and convenient in
biomedical and other applications. One possible significant conclusion based on the results
of the present work is that in the energy region 200–1500 keV, the photon interaction
characteristics of any H-, C-, N-, O-based sample of biological interest which may or may
not contain any other elements in the atomic number range 2–40 can be represented by a
sample-independent (single) but energy-dependent mass attenuation coefficient and mass
energy absorption coefficient.
Keywords. Total attenuation cross-sections; Effective atomic weight; effective atomic
number; mean mass attenuation coefficient; mean mass energy absorption coefficient.
PACS Nos 32.80.-t; 32.90.+a; 32.80.Fb; 32.80.Cy; 32.80.Hd; 33.80.-b

1. Introduction
Complex molecules such as carbohydrates, proteins, lipids, enzymes, vitamins and
hormones perform a variety of physiological functions in biological systems [1].
These complex molecules have as their basic building blocks, sugars, amino acids,
fatty acids etc., which are essentially H-, C-, N-, O-based compounds. In the Kerma
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approximation [2], the effects induced by photons on a biological system containing
these samples are often scaled in terms of the absorbed dose (collision Kerma, Kc )
using the relation
µ
¶
µen
Kc = φE
,
(1)
ρ
where φ is the fluence of photon flux of energy E and µen /ρ is the mass energy
absorption coefficient.
Thus, in several applications of medical physics and radiation biology such as
radiotherapy with photons, µen /ρ values of such samples are a prerequisite for
radiation dosimetry. However, it is worth noting that the mass energy absorption
coefficients (µen /ρ) cannot be measured directly, but are instead derived from the
mass attenuation coefficients (µ/ρ) in terms of the theoretical f -factors provided
by Seltzer [3].
In this approach, µ/ρ is related to the mass energy transfer coefficient µtr /ρ by
the expression
¶
µ ¶
µ
µ
µtr
=f
,
(2)
ρ
ρ
where f is the weighted average of fj , which are the average fraction of the photon
energy transferred to the kinetic energy of the charged particles in interaction of
type ‘j’ (photoeffect, Compton scattering, pair production etc.).
Further, µtr /ρ is related to µen /ρ through the relation
µ
¶ µ
¶
µen
µtr
=
(1 − g),
(3)
ρ
ρ
where the factor g represents the average fraction of the kinetic energy of secondary
charged particles (produced in all types of interactions) that is subsequently lost
in radiative (photon-emitting) energy-loss processes as the particles slow to rest in
the medium.
Based on the aforesaid procedure, Seltzer and Hubbell [4] have provided the
tabulated values of µ/ρ and µen /ρ at any standard energy of interest in the grid
ranging from 20 MeV down to 1 keV for all elements and 48 additional substances
of dosimetric interest. These are by far considered to be the most reliable set of
data among those available in literature. However, for samples as well as energies
not listed in this tabulation [4] the evaluation of µen /ρ values is accomplished by the
procedure explained earlier, which is quite tedious [3]. In view of this and also since
µen /ρ values have to be invariably used in the calculation of absorbed dose (eq. (1))
in applications of radiation dosimetry such as radiation therapy with photons, we
felt it worthwhile to carry out reasonably simple and accurate energy-wise and
Z-wise parametrization of µen /ρ values for H-, C-, N- and O-based samples of
biological interest. The semi-empirical relations so obtained could yield the µen /ρ
values for H-, C-, N- and O-based samples irrespective of whether or not they
contained any other additional elements in the range 2 < Z < 40 over the energy
range 200–1500 keV.
The values calculated using this simple and handy relation were found to agree
well with the Seltzer and Hubbell [4] values for some typical H-, C-, N- and O-based
samples of biological interest at these energies.
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2. Materials and methods
2.1 Computation of the effective atomic energy absorption cross-sections
mix
The effective atomic energy absorption cross-section σen
of a sample, is defined as

µ
mix
σen

=

µen
ρ

¶mix

Aeff
.
0.60225

(4)

Here Aeff is the effective atomic weight of the sample, which is defined as the ratio
of its molecular weight to the total number of atoms of all types present in it. This
quantity depends on the composition of the sample and is essentially independent
of the energy. Aeff may be determined either from the known molecular weight or
from the weight fraction of the sample (determined using the chemical formula or
by experiment).
In the case of pure elements, the quantities σen , µen /ρ and Aeff are simply the
atomic energy absorption cross-section, mass energy absorption coefficient and the
atomic weight respectively. Equation (4) for pure elements assumes the familiar
form
σen =

µen
A
.
ρ 0.60225

(5)

Here σen is in barn/atom and µen /ρ is in cm2 /g.
In the present method, initially the µen /ρ values of five elements lithium, aluminum, titanium, copper and zirconium (Z = 3, 13, 22, 29 and 40 respectively)
were noted down from the Seltzer and Hubbell data [4] at the energies 200, 300,
400, 500, 600, 800, 1000, 1250 and 1500 keV. From these the atomic energy absorption cross-sections, σen were calculated by using eq. (5). The σen values of
the five elements were then used in a matrix method to obtain the elements of a
(5 × 5) matrix. This matrix method was identical to the method described in an
earlier paper by the authors [5] except that in the present work σen values have
been used instead of σa values. The matrix elements were further used to obtain
best fit polynomial coefficients, Y (i, E) at each of the energies 200, 300, 400, 500,
600, 800, 1000, 1250 and 1500 keV. These polynomial coefficients, which were truncated to the respective limits of uncertainty, are listed in table 1 along with the
corresponding chi-square and standard deviation values. These Y (i, E) values were
further used to construct polynomial equations in Z of the form
σen (E) =

5
X

Y (i, E)Z i

(6)

i=1

for each of the energies E which are 200, 300, 400, 500, 600, 800, 1000, 1250 and
1500 keV. These equations could reproduce the σen values and in turn the µen /ρ
values (with the help of eq. (5)) of Seltzer and Hubbell [4] for any element in the
atomic number range 2–40 at the corresponding energy in the range 200–1500 keV
to a good accuracy. The samples of present interest were basically H-, C-, N-, Obased samples of biological interest. Some of these contained additional constituent
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Table 1. Polynomial coefficients, chi square and standard deviation values of
mix
σen
for samples in the range 2 < Z < 40 at various energies of interest.
Energy E
(keV)
Y (1, E)
200
300
400
500
600
800
1000
1250
1500

0.086
0.095
0.0985
0.0996
0.098
0.097
0.094
0.089
0.085

Y (2, E)
0.00111
0.00022
−0.000225
−0.00043
0.0002
−0.00052
−0.00049
2.26E-06
9.00E-05

Y (3, E)
−0.000169
−4.00E-05
1.56E-05
3.60E-05
−2.22E-05
4.57E-05
4.37E-05
−9.90E-07
−1.28E-05

Y (4, E)
1.105E-05
2.74E-06
−1.00E-07
−1.024E-06
8.30E-07
−1.52E-06
−1.53E-06
−7.00E-08
3.88E-07

Chi
Y (5, E) square
−4.98E-08
−3.90E-09
1.50E-08
2.00E-08
−3.50E-09
2.00E-08
1.96E-08
3.00E-09
−2.86E-09

1
1
1
1
1
1
1
1
1

Standard
deviation
3.277E-10
2.826E-10
1.311E-12
1.034E-12
3.032E-10
7.464E-13
3.145E-10
6.071E-13
2.799E-10

elements in the atomic number range 2–40. Hence, the polynomial equations (6)
mix
values of these samples at each energy
could be conveniently used to obtain the σen
of interest by using their effective atomic number, Zeff . The effective atomic number
signifies as to how a composite material would interact with incident photons at
a given energy in a way similar to a single element of atomic number equivalent
to it. Obviously, in the case of a pure element, the Zeff value is simply its atomic
number, Z. In the present work the Zeff values of the samples were calculated at
all the energies of interest in the region 200–1500 keV, by using the expression
(1.329−0.0471 ln E)

Zeff = 0.28Aeff

E −0.092

(7)

provided by us in our recent paper [5]. These values were further used in eq. (6) to
mix
obtain the values of σen
for each sample of interest.
3. Results and discussion
mix
The effective atomic energy absorption cross-section σen
so obtained exhibited a
linear variation with the effective atomic weight Aeff at a given energy E (figure 1a)
and a non-linear variation with respect to energy E at all energies in the range 200–
mix
1500 keV (as shown in figure 1b as plots of ln σen
vs. ln E). Based on this trend,
mix
let us assume that σen is related to the energy E through the expression
mix
σen
= KE B+D ln E ,

(8)

mix
where σen
is in barn/atom and E is in keV. K, B and D are functions of Aeff .
Taking natural logarithms on either side we have
mix
ln σen
= ln K + B ln E + D(ln E)2 .

(9)

mix
A logarithmic regression analysis was carried out between the corresponding ln σen
values and ln E values for all samples in the energy range 200–1500 keV and the
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mix
Figure 1. (a) Plots of effective atomic energy absorption cross-sections σen
(barn/atom) as a function of Aeff at 200, 300, 400, 500, 600, 800, 1000,
1250 and 1500 keV for H-, C-, N-, O-based sugars, amino acids, fatty acids
mix
and cholesterol. (b) ln–ln plots of σen
(barn/atom) as a function of energy, E in keV for H-, C-, N-, O-based sugars, amino acids, fatty acids and
cholesterol.

Pramana – J. Phys., Vol. 72, No. 2, February 2009

379

V Manjunathaguru and T K Umesh
best-fit values of ln K, B and D were determined. Further, it was observed that
ln K, B and D were linear functions of the effective atomic weight Aeff . Thus, we
could write relations of the form
ln K = k1 + k2 ln Aeff ,

(10)

B = b1 + b2 ln Aeff ,

(11)

D = d1 + d2 ln Aeff .

(12)

By using eqs (10)–(12) in eq. (9) and after suitably rearranging, we can write
(k +b2 ln E+d2 (ln E)2 )

mix
σen
= exp (k1 )Aeff2

E (b1 +d1

ln E)

.

(13)

Equation (13) can be further modified by using eq. (4) suitably, to obtain an expression for the mass energy absorption coefficient of the sample, (µen /ρ)mix in terms
of the coefficients k1 , k2 , b1 , b2 , d1 and d2 as
µ
¶mix
µen
(k −1+b2 ln E+d2 (ln E)2 )
= 0.60225 exp(k1 ) Aef2f
(E)(b1 −d1 ln E) .
ρ
(14)
By a suitable linear regression analysis, the best-fit values of the quantities
k1 , k2 , b1 , b2 , d1 and d2 were obtained. These values are listed in table 2 along
with the corresponding uncertainties, chi-square and standard deviation values. By
using the numerical values of the various coefficients listed in table 2, the expression
for (µen /ρ)mix assumes the form
µ

µen
ρ

¶mix
= 2.94 × 10−5
2

×(Aeff )( 1.1−0.315 ln E+0.0216 (ln E) ) (E)(2.171−0.167 ln E) .
(15)
Here, (µen /ρ)mix is in cm2 /g and E is in keV.
It was observed that the semi-empirical relation in eq. (15) could reproduce the
(µen /ρ)mix values of H-, C-, N-, O-based samples such as sugars, amino acids, fatty
acids and cholesterol at any energy in the range 200–1500 keV. Further, we felt it
worthwhile to verify whether eq. (15) could be used to evaluate the (µen /ρ)mix values
of any other samples of biological interest in this energy region. For this purpose,
several H-, C-, N-, O-based samples which contained some additional elements with
Z ranging from 2 to 40 were selected and their Aeff was calculated by the standard
procedure either based on their molecular weight or from the weight fraction and
composition information given in Seltzer and Hubbell table [4] of their constituent
elements. These Aeff values were further used in eq. (15) to obtain the (µen /ρ)mix
values of these samples at the energy of interest E. The (µen /ρ)mix values of all
H-, C-, N-, O-based samples so obtained have been plotted as a function of energy
380
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Table 2. Best fit values of coefficients used in various equations during parametrization along with corresponding uncertainties, chi-square, standard deviation and number of data points.

Equation

Coefficient Value
k1

−9.927

Error

2.10
2.171

−0.315
−0.167

7.53411E-10

56

1

2.99724E-10

56

1

2.80606E-10

56

1.49224E-10
2.78151E-10

D = d1
+d2 ln Aeff

ln(µen /ρ)mean
P
= 2i=0 mi (ln E)i

1
3.75102E-10
2.97102E-10

B = b1
+b2 ln Aeff
b2
d1

Number of
data points

7.46818E-10

ln K = k1
+k2 ln Aeff
k2
b1

Chi- Standard
square deviation

d2
m0
m1

0.0216 1.39706E-10
−8.274 0.06864
1.553 0.02181

m2

−0.125

0.9981 0.00195

09

0.00172

E along with the Seltzer and Hubbell data [4] as well as the other available data
[6,7]. These ln–ln plots are shown in figure 2a. To draw a better comparison among
these values, the fractional difference between the fit values (based on eq. (15))
and Seltzer and Hubbell [4] values as well as fit values and the other available data
from literature were calculated and were plotted versus energy. This plot is shown
in figure 2b. It can be seen from the figure that while the present values showed
agreement to within 2–3% with the Seltzer and Hubbell data [4] for all samples of
interest, they were at variance with the other data [6,7], which were available only
at 661.6 and 1115.5 keV. The extent of variance ranged from about 4.8% for DTPA
sample at 661.6 keV to about 31.5% for palmitic acid sample at 1115.5 keV. The
deviation between our values and Bhandal et al values [6] was 20% for palmitic
acid and 24% for stearic acid at 661.6 keV. However, this deviation was found to
be 31.5% for palmitic acid and 5% for stearic acid at 1115.5 keV. Interestingly, the
present values were found to agree to within 2% with tris-buffer data of Singh et al
[7] at 661.6 keV.
Thus, while our values for stearic acid appear to be closer to the data of Bhandal
et al [6] around 1115.5 keV, they deviate to a much larger extent at 661.6 keV.
Since the present values generally agree with data for all other samples [4] in the
entire energy region of our interest, we expect that our calculations are good enough
and hence feel that new measurements of (µen /ρ)mix for fatty acids are essential to
verify this point.
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Figure 2. (a) ln–ln plots of (µen /ρ)mix (cm2 /g) along with other available
values as a function of energy E in keV for H-, C-, N-, O-based sugars, amino
acids, fatty acids and cholesterol. (b) Plots of fractional differences between
present values and other available value of (µen /ρ)mix vs. energy in keV for
H-, C-, N-, O-based sugars, amino acids, fatty acids and cholesterol.

3.1 Mean mass energy absorption coefficients (µen /ρ)mix
mean
It was observed that the (µen /ρ)mix values of the various H-, C-, N-, O-based
samples of biological interest were almost the same at a particular energy in the
382
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energy range of interest. Hence, the mean value of (µen /ρ)mix for all the samples
at each energy was obtained. These values are also shown in figure 2a by a solid
line. It could be noticed from this figure that at each energy of interest, the sample
values (eq. (14)) were in close proximity with the solid line. Hence, it was possible
to represent the (µen /ρ)mix values of such samples to a good approximation by their
mean value (µen /ρ)mix
mean at each energy. Since, these mean values however showed
a variation with energy, by a non-linear regression analysis, it was found that a
second-order polynomial of the form
mix

ln (µen /ρ)mean =

2
X

mi (ln E)i

(16)

i=0

could be constructed which reproduced the trend of variation of (µen /ρ)mix
mean with
energy E. By using the properties of the logarithms, eq. (16) was further simplified
and finally by using the numerical values of the coefficients mi listed in table 2, an
expression of the form
−4 (1.553−0.125 ln E)
(µen /ρ)mix
E
mean = 2.55 × 10

(17)

could be constructed. Equation (17) implied that all H-, C-, N-, O-based samples of
biological interest containing elements in the range 2 < Z < 40 could be represented
by a single (mean) value of the mass energy absorption coefficient which varied only
with energy.
3.2 Mean mass attenuation coefficients (µ/ρ)mix
mean
Furthermore, in this context, it is worth noting that in a recent paper [5], we have
shown that the total attenuation cross-sections σ of any H-, C-, N-, O-based sample
of biological interest could be obtained from the expression
σ mix = 2.2AE −0.43 .

(18)

Here, σ mix is in barn/molecule, A is the gram molecular weight and E is the energy
in keV. Equation (18) could be modified suitably to obtain an expression of the
form
−0.43
(µ/ρ)mix
mean = 1.32495E

(19)

which yields (µ/ρ)mix in cm2 /g at a given energy E in keV in the range 200–
1500 keV. In this expression, (µ/ρ)mix has been indicated as (µ/ρ)mix
mean because
it was noticed that (µ/ρ)mix values calculated from eq. (19) were observed to be
within 2–3% of one another (almost the same) for the various H-, C-, N-, O-based
samples of biological interest considered in the present work. Equation (19) implied
that samples such as these could be represented by a single (mean) value of the
mass attenuation coefficient, which varied only with energy.
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Table 3. Mean values of mass attenuation coefficients and mass energy absorption coefficients in cm2 /g.
Energy
(keV)

(µ/ρ)mix
mean

(µen /ρ)mix
mean

200

0.1358

300

0.114

400

0.1008

500

0.0915

600

0.0846

800

0.0748

1000

0.068

1250

0.0617

1500

0.0571

0.02858a
0.02851b
0.03072a
0.03064b
0.03153a
0.03146b
0.03173a
0.03165b
0.03159a
0.03151b
0.03085a
0.03078b
0.02986a
0.02979b
0.02855a
0.02848b
0.02726a
0.02720b

† The

Energy
(keV)

(µ/ρ)mix
mean

(µen /ρ)mix
mean

279.2(203 Hg)†

0.1176

323.0(51 Cr)

0.1105

411.8(198 Au)

0.0995

514.0(85 Sr)

0.0905

661.6(137 Cs)

0.0812

840.0(54 Mn)

0.0732

1115.5(65 Zn)

0.0648

1173.2(60 Co)

0.0634

1332.1(60 Co)

0.0601

0.03042a
0.03035b
0.03099a
0.03091b
0.03158a
0.03151b
0.03172a
0.03165b
0.03141a
0.03134b
0.03067a
0.03059b
0.02926a
0.02919b
0.02895a
0.02888b
0.02812a
0.02805b

name of the radioisotope is mentioned in brackets.
values calculated from eq. (17).
values calculated from eq. (20).

a (µ /ρ)mix
en
mean
b (µ /ρ)mix
en
mean

mix
3.3 Relation between (µen /ρ)mix
mean and (µ/ρ)mean

From the preceding sections it is clear that eqs (17) and (19) could be suitably
mix
compared and a relation between (µen /ρ)mix
mean and (µ/ρ)mean could be obtained in
terms of energy E. The relation so obtained is of the form
−4
(1.983−0.125 ln E)
(µen /ρ)mix
(µ/ρ)mix
.
mean = 1.92 × 10
mean E

(20)

In order to emphasize the utility of eqs (17), (19) and (20), the (µen /ρ)mix
mean and
(µ/ρ)mix
values
were
calculated
based
on
these
equations
at
standard
energies
mean
and also at some typical γ-ray energies emitted by radio isotopes 203 Hg, 51 Cr, 85 Sr,
137
Cs, 65 Zn and 60 Co which are frequently employed in biomedical applications.
These values are listed in table 3. The (µen /ρ)mix
mean values in table 3 have been
plotted along with the corresponding (µen /ρ)mix values for some typical H-, C-,
N-, O-based samples of biological interest [4,6,7] as a function of photon energy E
in keV. The resulting ln–ln plots were as shown in figure 3a. The plots indicate
that the mean values showed large deviations with the other available experimental
data [6,7]. The values agreed to within 1–3% of the (µen /ρ)mix values calculated
from eq. (14) and the Seltzer and Hubbell data [4] excepting in the case of adipose
tissue in which case table 3 values agreed to within 3.5% at 200 keV to about 4%
384
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2
Figure 3. (a) Plots of mean (µen /ρ)mix
mean (cm /g) values along with other
available values as a function of energy E in keV for H-, C-, N-, O-based sugars,
amino acids, fatty acids and cholesterol. (b) Plots of fractional differences
2
∆h(E) between two (µen /ρ)mix
mean (cm /g) values vs. photon energy E in keV
for H-, C-, N-, O-based sugars, amino acids, fatty acids and cholesterol.
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at 1500 keV. To understand the extent of comparison between the two mean values
(eqs (17) and (20)), the fractional difference ∆h(E) between the two sets of values
at each energy E was calculated as
∆h(E) =

h1 (E) − h2 (E)
,
h1 (E)

(21)

where h1 (E) and h2 (E) are the values of (µen /ρ)mix
mean as calculated using eqs (17)
and (20) respectively. The value of ∆h(E) was plotted vs. energy, E. The resulting
plot is shown in figure 3b. Interestingly, the ∆h(E) values were almost the same
(≈0.0024) at all energies implying that the two mean values obtained from (17) and
(20) agree to within 0.24% at all energies of interest in the range 200–1500 keV.
In the light of this and also since the (µen /ρ)mix values based on eq. (15) were
found to be in reasonably good agreement with the mean values obtained from
eq. (17), it is evident that the mass energy absorption coefficient of all H-, C-, N-,
O-based samples of biological interest whose constituent elements are in the range
2–40 can be represented by a single (mean) value at a given energy in the range
200–1500 keV, irrespective of its chemical composition. This mean value can be
obtained at a given energy E by using either eq. (17) or (20).
4. Conclusions
Thus, in the present investigation, we have obtained a set of polynomial coefficients
which can yield the mass–energy absorption coefficients of any sample containing
elements in the range 2 < Z < 40 at the energies 200, 300, 400, 500, 600, 800, 1000,
1250 and 1500 keV if either their Zeff or Aeff is known.
In cases where neither the Zeff nor Aeff is known, the present study indicates that
the mass–energy absorption coefficient of such H-, C-, N- and O-based samples may
be determined at any energy in the range 200–1500 keV by making use of either
eq. (17) or (20).
We feel that, these simple parametrizations facilitate an easy and rapid evaluation
of the mass energy absorption coefficients in cm2 /g of any H-, C-, N-, O-based sample whose constituent elements are known at any energy in the range 200–1500 keV
by simply substituting the value of the energy of interest in keV. The mass energy absorption coefficients so obtained can be used to estimate the absorbed dose,
which will be useful in applications of radiation dosimetry such as radiotherapy
with photons.
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