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In this study, the gamma and neutron interaction parameters of deoxyribonucleic acid and ribonucleic
acid nucleobases such as adenine, cytosine, guanine, thymine, and uracil were estimated and compared
to those of water. The present calculated mass attenuation coefficient values of deoxyribonucleic acid
nucleobases were compared with available simulation code values. From the data, it is observed that
guanine has the highest linear attenuation coefficient values among the nucleobases and water in the
energy region from 0.015 to 15 MeV. Uracil has a higher effective atomic number and equivalent atomic
number values than other nucleobases in the energy region from 0.015 to 15 MeV. Among the nucle-
obases, uracil has lower buildup factor values, up to 200 keV. However, up to 200 keV, uracil has higher
buildup factor values than water. The mass attenuation factor values for nucleobases are listed in the
following order: thymine > cytosine > adenine > uracil > guanine. It has been discovered that as the
mass attenuation factor increases, the hydrogen wt% of nucleobases also increases.
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1. Introduction

Cancer cells grow abnormally, which leads to the
formation of tumors. Radiation kills cancer cells by
interacting with DNA (deoxyribonucleic acid) of the
cells, where it blocks their ability to divide and pro-
liferate further. High radiation damages the DNA
of the cells, both normal and cancerous. Moreover,
normal cells usually repair themselves at a faster
rate and retain their normal function. Cancer cells,
on the other hand, are not as efficient as normal
cells. Direct or indirect effects of radiation can dam-
age DNA. In direct action, the radiation would in-
teract with DNA and lead to cell death. Whereas in
indirect action, the radiation would create free rad-
icals that damage DNA, leading to cell death. In
radiotherapy, radiation is used to kill cancer cells
by damaging DNA [1].

Understanding the many characteristics of DNA
nucleobases enables the development of a low-cost
gene sequencing platform, which has many appli-
cations in the fields of medicine, scientific study,
and industry [2]. Using low-energy electrons as pro-
jectiles, Lampe et al. [3] revealed the mechanis-
tic modeling of DNA damage via Geant4 simula-
tions. Chen et al. [4] investigated radiation dam-
age on an atomistic DNA model using Geant4-
DNA toolkit. Tajik et al. [5] used a Monte Carlo

simulation to calculate the direct effects of gamma
rays on various DNA structures. Shamshiri et al. [6]
studied the direct effect of monoenergetic pro-
tons and alpha particles on DNA molecules using
Geant4 toolkit. Recently, Al-Buriahi et al. [7] stud-
ied the gamma, neutron, and charged particle in-
teraction with DNA nucleobases using the FLUKA
code. In the literature, gamma and neutron inter-
action parameters were studied for glasses [8–10],
inorganic compounds [11–14], polymers [15–17],
concretes [18], tissue equivalent materials [19–22],
biomolecules [23], and alloys [24–26]. So, the au-
thors of this paper have found a gap in the literature
where the gamma and neutron interaction parame-
ters were not estimated for DNA and RNA (ribonu-
cleic acid) nucleotides. Therefore, the authors esti-
mated the nuclear radiation interaction parameter
for nucleobases.

Therefore, in the present work, the gamma and
neutron interaction parameters of DNA and RNA
nucleobases such as adenine, cytosine, gyanine,
uracil, and thymine were studied using EpiXS [27],
Py-MLBUF [28], and NGCal [29] software. The
gamma ray interaction parameters, such as mass
attenuation coefficient (MAC), linear attenuation
coefficient (LAC), effective atomic number (Zeff ),
equivalent atomic number (Zeq), mass-energy ab-
sorption coefficient (MenAC), effective atomic
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TABLE IChemical formulae and densities of DNA and RNA nucleobases.

Nucleobases Chemical formula Density [g/cm3] H C N O
adenine C5H5N5 1.6 0.037296 0.444429 0.518275 –

cytosine C4H5N3O 1.55 0.045361 0.432426 0.378209 0.144005

guanine C5H5N5O 2.2 0.033347 0.397379 0.463407 0.105867

thymine C5H6N2O2 1.223 0.047953 0.476193 0.222127 0.253727

uracil C4H4N2O2 1.32 0.035970 0.428627 0.249924 0.285479

number for absorption (Zeff,(en)), relative kerma
(KR), exposure buildup factor (EBF), and energy
absorption buildup factor (EABF), were estimated
using EpiXS [27] and Py-MLBUF [28] software. The
neutron interaction parameters, such as mass atten-
uation factor for thermal and fast neutrons, were
estimated using NGCal [29] software. The current
estimated values were also compared with those of
water in terms of gamma and neutron interaction
properties.

2. Theoretical background

Gamma interaction parameters such as MAC,
LAC, Zeff , Zeq, EBF, and EABF were estimated
using EpiXS [27] software, while MenAC, Zeff,(en)
and KR were calculated using Py-MLBUF soft-
ware [28]. Neutron interaction parameters, such
as the mass attenuation factor for thermal and
fast neutrons, were estimated using NGCal soft-
ware [29]. The chemical formula and density of the
investigated DNA and RNA nucleobases are shown
in Table I. EpiXS software is Windows-based appli-
cation software that has been constructed for ra-
diation shielding, dosimetry, and photon attenua-
tion and is based on EPDL97 of ENDF/B-VI.8 and
EPICS2017 of ENDF/B-VIII. The latest available
photoatomic data library is EPICS2017, which is
a part of ENDF/B-VIII, and EPDL97 is the pho-
toatomic data library used in Monte Carlo codes
such as Geant4, MCNP5, FLUKA, PENELOPE,
and PHITS. The Py-MLBUF software is com-
puter code written in Python and hence named
Py-MLBUF [28]. It has been developed using a
standard database (XCOM, XAAMDI, and ANS
standard) verified and validated for elements, com-
pounds, and mixtures against the XCOM code in
the energy range of 0.015–15 MeV. FLUKA is a
Monte Carlo simulation code used to record the
transport of 60 different particles and rays and uses
the photoatomic data library of EPDL97. There-
fore, it is interesting to compare the EpiXS [27] and
FLUKA generated values of MAC to understand
how much agreement exists between them. The
mass attenuation coefficient for mixture is given
by [30–33]

µ

ρ
=
∑
i

wi

(
µ

ρ

)
i

, (1)

where µ/ρ represents MAC, and wi represents the
fraction of the weight of element i-th in these
samples.

As for effective atomic cross section (σa) and total
electron cross section (σe), they are related to Zeff
of the compound or composite material through the
relation [30]

Zeff =
σa
σe
. (2)

The computational work for EBF and EABF was
done in three steps, as given below:

(i) Calculation of the equivalent atomic number,
Zeq;

(ii) Calculation of the geometrical progression
(GP) fitting parameters;

(iii) Calculation of the exposure and energy ab-
sorption buildup factors.

The equivalent atomic number (Zeq) compares
the characteristics of composite materials made of
equivalent elements to those of a single element’s
atomic number. Gamma photon interactions with
matter are generally known to occur through three
processes: photoelectric absorption, Compton scat-
tering, and pair creation. The process of Compton
scattering is responsible for the formation of Zeq.
However, multiple Compton scattering events pri-
marily contribute to the buildup factor of photons
in the material. The values of Zeq can be estimated
from the ratio of the Compton mass attenuation co-
efficient to the total mass attenuation coefficient at
the specific photon energy. One should use the re-
lation [30]

Zeq=
Z1

[
log(R2)− log(R)

]
+Z2

[
log(R)− log(R1)

]
log(R2)− log(R1)

,

(3)
where Z1 and Z2 are the atomic numbers of the
elements corresponding to the ratios R1 and R2,
respectively. The ratio R is (µρ )Compton/(

µ
ρ )total for

the selected nucleobases at a specific energy [31].
The equivalent atomic number Zeq is estimated

based on the interpolation procedure. Similarly, GP
fitting parameters for the selected nucleobases were
interpolated using a similar equation, i.e., [30]

P=
P1

[
log(Z2)− log(Zeq)

]
+P2

[
log(Zeq)− log(Z1)

]
log(Z2)− log(Z1)

,

(4)
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TABLE II

Comparison between EpiXS and FLUKA [7] generated MAC values of nucleobases at different photon energy.

Energy
[MeV]

EpiXS FLUKA [7] Dev. [%] EpiXS FLUKA [7] Dev. [%] EpiXS FLUKA [7] Dev. [%]

Adenine Cytosine Guanine

0.6 0.08351 0.08357 0.071 0.08417 0.08422 0.059 0.08321 0.08326 0.060
1.25 0.05893 0.05900 0.119 0.05939 0.05946 0.118 0.05872 0.05879 0.119
1.5 0.05362 0.05369 0.130 0.05404 0.05411 0.129 0.05343 0.05350 0.131
2 0.04599 0.04608 0.195 0.04636 0.04644 0.172 0.04584 0.04592 0.174
3 0.03689 0.03697 0.216 0.03719 0.03726 0.188 0.03679 0.03686 0.190
5 0.02806 0.02813 0.249 0.02830 0.02837 0.247 0.02802 0.02809 0.249
10 0.02036 0.02041 0.245 0.02056 0.02061 0.242 0.02041 0.02046 0.244

Thymine Uracil Water

0.6 0.08438 0.08443 0.059 0.08344 0.08348 0.048 0.08953 0.08956 0.034
1.25 0.05954 0.05961 0.117 0.05887 0.05894 0.119 0.06316 0.06323 0.111
1.5 0.05417 0.05425 0.147 0.05357 0.05364 0.131 0.05747 0.05754 0.122
2 0.04648 0.04656 0.171 0.04597 0.04605 0.174 0.04933 0.04942 0.182
3 0.03729 0.03736 0.187 0.03691 0.03697 0.162 0.03962 0.03969 0.176
5 0.02839 0.02846 0.246 0.02814 0.02821 0.248 0.03024 0.03031 0.231
10 0.02063 0.02069 0.290 0.02054 0.02059 0.243 0.02213 0.02219 0.270

where P1 and P2 are the values of GP fitting pa-
rameters (b, c, a,Xk, d) corresponding to the atomic
numbers Z1 and Z2, respectively, at a specific en-
ergy.

Finally, using GP fitting parameters
(b, c, a,Xk, d) in the energy range of 0.015–15 MeV
up to a penetration depth of 40 mfp, the buildup
factors were estimated using the following equa-
tions [30, 34–36]

B (E, x) = 1 +
b− 1

K − 1
(Kx − 1) , for K 6= 1, (5)

B (E, x) = 1 + (b− 1)x, for K = 1. (6)
The function K(E, x) represents the photon dose
multiplication factor, which can be calculated using
the following equation for x ≤ 40 mfp

K (E, x) = cxa + d
tanh

(
x
Xk
−2
)
− tanh(−2)

1− tanh(−2)
,

(7)
where b is the accumulation factor at 1 mfp, E is
the incident photon energy, and x is the source-
to-detector distance for the medium expressed
in mean free path [mfp] units. MenAC, Zeff,(en),
KR, and MAF were calculated as mentioned
elsewhere [37–39].

3. Results and discussion

Figure 1a and b depicts LAC versus photon en-
ergy and MAC versus photon energy from 1 keV
to 15 MeV, respectively. The LAC values decrease
with increasing photon energy, with a slightly sharp
fall up at 30 keV. In the lower energy region, the

Fig. 1. (a) Linear attenuation coefficient versus
energy of X-ray and gamma rays. (b) Mass attenu-
ation coefficient versus energy of X-ray and gamma
rays.

photoelectric absorption process is dominant, and
as the energy increases further, Compton scatter-
ing becomes predominant. The pair production pro-
cess starts at 1.02 MeV and becomes predominant.
As shown in Fig. 1, the LAC values of nucleobases
are compared to those of water. Guanine has a
higher density, which leads to higher LAC values
in the selected energy region. This relationship can
be observed in Fig. 1. In lower energy regions, wa-
ter has higher values of MAC compared to nucle-
obases because it has a higher content of O. As
shown in Table II, the MAC values of nucleobases
and water are compared with values generated with
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Fig. 2. The effective atomic number as a function
of energy of X-rays and gamma rays.

FLUKA code [7] available in the literature. The de-
viation between the current work results and the
FLUKA generated MAC values is 0.3%. First of
all, there is a good agreement between them. The
current work uses EpiXS software, which uses the
latest photoatomic data library, EPICS2017, which
has new binding energies and cross-sections [27],
whereas FLUKA uses the photoatomic data library,
EPDL97. The difference between our MAC values
and those generated with FLUKA is due to dif-
ferences in the photoatomic libraries used by these
software tools [10].

Figure 2 depicts Zeff of DNA and RNA nu-
cleobases versus energy in the region from 1 keV
to 15 MeV. In the lower energy region, Zeff reaches
higher values, as can be noticed in Fig. 2. In the
lower energy region, photoelectric absorption pre-
dominates and depends upon Z4−5. In the energy
range where Compton scattering is dominant, the
Zeff values tend to be lower and are influenced
by the atomic number (Z). Further, Zeff increases
with an increase in the energy of gamma photons.
This is due to the pair production process, where
it dominates in the higher energy region and de-
pends upon Z2. The range of Zeff values for ade-
nine is 6.596–5.032, for cytosine 6.813–4.879, for
guanine 6.796–5.248, for thymine 6.925–4.836, for
uracil 7.010–5.244, and for water 7.988–3.954, in the
energy region from 1 keV to 15 MeV, respectively.

Figure 3 depicts the MenAC values of nucleobases
and water as a function of photon energy. It has
been observed that MenAC values show a significant
decrease in the region of photoelectric absorption,
as depicted in Fig. 3. Furthermore, an increase in
MenAC values can be observed up to an energy level
of 0.6 MeV, followed by a decrease up to 15 MeV, as
energy continues to increase. Up to the energy level
of 0.1 MeV, the difference between nucleobases and
water is from 45% to 9.3%. An increase in energy

Fig. 3. The mass–energy absorption coefficient as
a function of energy of X-rays and gamma rays.

Fig. 4. (a) Effective atomic number for absorption
(Zeff,(en)) versus the energy of X-ray and gamma
rays. (b) Relative kerma as a function of energy of
X-ray and gamma rays.

reduces the difference to 5.8%. Figure 4a displays
the Zeff,(en) values of nucleobases and water with
respect to energy. These values were determined us-
ing the Py-MLBUF [28] software and cover the en-
ergy range of photons from 0.015 to 15 MeV. As
the energy increases up to 0.1 MeV, the value of
Zeff,(en) decreases, and the photoelectric absorp-
tion becomes the dominant mode of absorption.
Compton scattering dominates in the intermediate
energy region, and above 1.02 MeV, pair production
dominates. As shown in Fig. 4a, Zeff,(en) increases
with increasing energy in the pair production re-
gion. It is observed that Zeff,(en) depends on the
chemical compositions and energy of the photons.
The relative kerma KR of nucleobases and water
as a function of energy is shown in Fig. 4b. The
KR values begin to increase as photon energy ap-
proaches 0.1 MeV. Further increases are slight and
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Fig. 5. Equivalent atomic number as a function of
energy of X-ray and gamma rays.

Fig. 6. Exposure buildup factor as a function of
energy of gamma photons at selected penetration
depth ((a) 1 mfp and (b) 40 mfp).

remain constant up to 2 MeV, and KR decreases
with the decrement in the photon energy, as no-
ticed in Fig. 4b. Water has higher values of KR

compared with nucleobases in the selected energy
range of photons from 0.01 to 15 MeV.

In Fig. 5, the energy-dependent Zeq values of wa-
ter and DNA and RNA nucleobases are presented. It
is clearly observed that water has the highest Zeq of
the selected photon energy. Also, uracil has higher
values of Zeq and adenine has lower values of Zeq
among the nucleobases in the photon energy region
from 15 keV to 15 MeV. As noticed in Fig. 5, Zeq
depends on chemical composition and energy.

Figures 6 and 7 depict EBF and EABF as a func-
tion of energy for the investigated DNA and RNA
nucleobases and water at 1 mfp and 40 mfp, re-
spectively. Adenine and uracil has higher and lower
values of EBF than other investigated nucleobases
in the energy region from 30 to 200 keV at 1 mfp
and 40 mfp, respectively. Above 1 MeV, the EBF

Fig. 7. Energy absorption buildup factor as a
function of energy of gamma photons at selected
penetration depth ((a) 1 mfp and (b) 40 mfp).

Fig. 8. (a) Mass attenuation factor for thermal
and fast neutron versus investigated nucleobases
and water. (b) Mass attenuation factor for thermal
and fast neutron versus H wt% of investigated nu-
cleobases.

values of nucleobases and water are indistinguish-
able. Among the investigated nucleobases, adenine
and uracil have higher and lower values of EABF in
the energy region from 30 to 60 keV at 1 mfp, re-
spectively. However, at 40 mfp, adenine and uracil
have higher and lower values of EABF in the en-
ergy region from 30 to 200 keV, respectively. The
lower EBF and EABF values of uracil compared to
other investigated nucleobases are observed, which
may be due to its higher content of O than in other
nucleobases.

The mass attenuation factor for thermal and fast
neutrons was calculated using NGCal [29] software
and is shown in Fig. 8a. Among the investigated
nucleobases, guanine has lower values of the mass
attenuation factor, as observed in Fig. 8a. It may
be due to the lower H content in guanine. Mass
attenuation factor values for nucleobases are listed
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in the following order: thymine > cytosine > ade-
nine > uracil > guanine. Figure 8b depicts the mass
attenuation factor versus the weight fraction of H.
It is noticed in Fig. 8b that the weight fraction of
H for investigated nucleobases increases with an in-
crease in the mass attenuation factor for thermal
and fast neutrons.

4. Conclusions

In this study, the gamma and neutron interac-
tion parameters of DNA and RNA nucleobases such
as adenine, cytosine, guanine, thymine, and uracil
were studied using EpiXS, Py-MLBUF and NG-
Cal software. Also, the gamma and neutron radi-
ation interaction parameters of DNA and RNA nu-
cleobases were compared with those of water. The
present calculated MAC values of DNA nucleobases
were compared with available values generated with
FLUKA code. From the data it is observed that
guanine has the highest LAC values among nucle-
obases and water in the energy region from 0.015
to 15 MeV. Uracil has higher Zeff and Zeq values
than other nucleobases in the energy region from
0.015 to 15 MeV. Among the nucleobases, uracil has
lower buildup factor values up to 200 keV. Moreover,
uracil has higher buildup factor values than water,
up to 200 keV. Mass attenuation factor values for
nucleobases are in following order: thymine > cyto-
sine > adenine > uracil > guanine. It is observed
that as the mass attenuation factor increases, the H
wt% of nucleobases also increases.
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