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Radiobiological effectiveness of iodouracil and the influence of atomic giant resonance
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Hadron therapy combined with nanotechnology has been proposed as an elegant alternative for cancer
treatment. Internal amplification of electron emission causing radiobiological effectiveness in nanoinserted
biomolecules is of prime importance and has been measured here for the iodouracil molecule. Our experiment
involves the measurement of angle and energy resolved double differential cross section (DDCS) of electron
emission from iodouraciil and uracil (and also water) in collisions with fast C6+ ions. The electron emission
from iodouracil is substantially enhanced over that from uracil or water. The enhancement is much larger
than the state-of-the-art model for Coulomb ionization based on the continuum distorted wave-eikonal initial
state (CDW-EIS) approximation. The electron sensitizing factor (≈ 2.4) is in excellent agreement with the
strand-breaking sensitizing factor (≈ 2.0) for metal nanoparticle embedded in a DNA. The enhancement is
explained in terms of collective excitation of strongly correlated 4d electrons, known as atomic giant dipole
resonance (GDR) in I atoms. The GDR contribution to the enhancement is derived, which is in excellent
agreement with recent theoretical prediction, thereby providing conclusive experimental evidence of the crucial
role of collective excitation in radio sensitization.
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I. INTRODUCTION

Hadron therapy, which relies on charged-particle beams to
treat large cancerous tumors or those resistant to conventional
therapies, can be elegantly combined with nanotechnology
through the use of nanosensitizers to increase cancer cells’
sensitivity toward radiotherapy [1,2]. The study of interaction
of the biomolecules and water with fast ions is of immense im-
portance for its application in radiobiology as well as molec-
ular collision physics [3–15]. The high-energy ion-beam
induced cancer therapy has the added advantage of delivering
a higher dose directly to the target region, in comparison to the
conventional photon therapy. A large number of low-energy
electrons are emitted in such interaction with biological matter
including biomolecules and water. Most of these secondary
electrons are emitted near the end of the projectile’s trajectory
where the energy loss exhibits a peak known as the Bragg peak
[16]. It is now well known that the lowest energy electrons (up
to about 30 eV) are efficient at breaking the DNA or RNA
strands of the cancerous cells through dissociative electron
attachment (DEA) [17–20]. A major goal of radiotherapy is
to enhance the radiobiological effectiveness, i.e., to generate
the same or required amount of damage to the cancerous
cells with relatively lower dosage of the ion-beam radiation.
Metal nanoparticles (NPs), made of hundreds or thousands
of Pt or Au atoms, have been proposed as candidates for
radio sensitizers; for example, see, Refs. [21–23]. The most
important parameter is the sensitizing factor, i.e., the ratio of
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the single-strand break (SSB) (or double-strand break, DSB)
event with and without an NP in the DNA.

This factor is closely related to the enhancement of low-
energy electron emission in the presence of such inserted
atoms. The sensitizing factor or radiobiological effectiveness
for the isolated Pt atom attached in a plasmid DNA is found
to be ≈ 1.6 [21] and that for inserted Au NP is ≈ 2.0 [22].
The influence of plasmon excitation to provide enhancement
in e-emission has been addressed in experiments involving
C60-fullerene [24–26] as well as in models involving metal
nanopartciles by Solovyov and coworkers [2,27]. This model
has also predicted enhancements due the atomic giant reso-
nance (GDR) for which there has not been any quantitative
measurement. It was shown that insertion of a 3-nm-diameter
Pt NP provides an efficient way to induce lethal damage in
DNA. However, the sensitizing effect, in terms of the enhance-
ment of electron yields for such inserted NPs or a metallic
atom, has yet to be investigated experimentally. We present
here the measurement of the sensitizing factor FS using an
iodouracil molecule.

The class of 5-halouracil molecules (C4H3XN2O2, X = F,
Cl, Br, I) are structurally similar to uracil (C4H4N2O2), which
is one of the RNA base molecules. Iodouracil is obtained
by replacing one of the H atoms of uracil by an I atom.
Collision studies using iodouracil (as well as other halouracil
molecules) can be enlightening toward the search for a radio
sensitizer. A few studies on the low-energy electron induced
radio sensitivity through DEA [28–31] are available in the
literature. The dehalogenation of halouracils by proton impact
has been studied by Champeaux et al. [32]. The e-emission
spectra from the uracil molecule in collisions with fast protons
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and bare carbon ions have been studied by Itoh et al. [33] and
Agnihotri et al. [34].

Iodine is known to exhibit atomic giant dipole resonance
(GDR) involving the 4d → ε f excitation in response to the
electromagnetic field [35–39]. Similar GDR has been known
to exist also for Xe [40–42] and has been predicted [2] for
other metal elements such as Ag, Au, and Pt. The resonance is
associated with the collective dipolar oscillatory motion of the
entire 4d-shell electrons [35]. Such resonances are strongly
damped and decay typically within one period of oscillation
[43]. The resonance primarily decays by emission of low-
energy electrons. For iodine [39], the GDR occurs at an energy
around ≈ 90 eV with a width of ≈ 40 eV which is also studied
in other I-based compounds (i.e. CH3I, I2, HI, etc.) [39].

In this article, the e-emission cross sections from 5-
iodouracil as well as uracil upon the impact of 5.5-MeV/u C
ions are presented. The angular and energy distributions of the
e-DDCS (d2σ/d�dε), i.e., ionization cross sections differen-
tial in both the solid angle (�) and the ejected electron energy
(ε) are measured. Experimental results are compared with
the ab initio and state-of-the-art quantum mechanical model
based on the continuum distorted wave-eikonal initial state
(CDW-EIS) approximation [44]. The total electron emission
cross section (TCS), derived by integrating the DDCS over
electron energy and emission angles, are also compared with
that for the similar results for ionization of water molecule,
measured recently.

II. EXPERIMENTAL PROCEDURE

The details of the experimental techniques are given else-
where [24,34,45]. In brief, a well-collimated beam of bare C
ions with 5.5 MeV/u of energy was obtained from the BARC-
TIFR Pelletron accelerator which collided with the targets
of iodouracil in a scattering chamber with a base pressure
less than 1 × 10−7 mbar. The target was prepared by heating
the powder sample in an oven assembly inside the scattering
chamber. A nozzle of aspect ratio (length-to-diameter ratio)
10 and of diameter 1.5 mm was used to obtain the effusive
vapor jet. The temperature of the oven was raised very slowly,
i.e., over a period of ≈ 24 hours to ≈ 120◦C to get a suf-
ficient vapor density. Under dry conditions, complete DNA
degradation occurs at above 190◦C [46]. Previous studies [32]
on fragmentation of different halouracils clearly indicate that
there is no thermal decomposition of the sample at ≈ 120◦C.
The uniform flow of molecules is ensured by monitoring the
deposition rate on a quartz crystal based thickness monitor.
The variation in the deposition rate is found to be less than
10%.

The ejected electrons are energy analyzed and detected
using an electrostatic hemispherical analyzer with a channel
electron multiplier (CEM) detector [47]. A positive voltage
of 100 V is applied to the CEM front in order to achieve a
uniform detection efficiency (≈ 0.9) throughout the detection
energy range. The residual electric and magnetic fields, in the
interaction region, which were reduced drastically can affect
the trajectories of the very-low-energy electrons (< 5 eV). In
order to increase the collection efficiency of these electrons,
a small preacceleration voltage of 6 V is applied to the en-
trance and exit apertures of the spectrometer. Additionally,

two μ-metal sheets are placed inside the chamber along its
inner surface in order to reduce the Earth’s magnetic field
drastically. The energy resolution of the spectrometer depends
mainly on the exit-slit width and the acceptance angle of the
entrance slit and is found to be 6% of the detected electron
energy.

Electron yields are measured in the range from 1 to 340 eV
at different emission angles ranging from 20◦ to 160◦. Back-
ground spectra are also recorded. A separate set of experiment
was performed with the CH4 gas under static pressure condi-
tion and the carbon KLL Auger electron spectrum has been
used for the normalization to obtain the absolute DDCS values
for the iodouracil, as given in Refs. [24,34,45]. The total
uncertainty in the deduction of the absolute values of the
DDCS is ≈ 25–30%, primarily arising from the vapor density
fluctuation ≈ 10%, the normalization procedure (15–18%),
the statistical uncertainty (≈ 5%), solid-angle path length (8–
10%), etc.

III. THEORETICAL DESCRIPTION

An independent particle approximation is employed to de-
scribe the single ionization reaction. The treatment of the case
of atomic targets [48] is extended to the case of molecular
ones. It means that only one electron of each one of the molec-
ular orbitals is considered to be promoted to a continuum state
whereas all the other target electrons (the passive electrons)
are considered to remain as frozen in their initial states. This
procedure is then applied to each one of the molecular orbitals.
The dynamics of the process is described within the prior
form of the continuum distorted wave–eikonal initial state
(CDW-EIS) formalism. The straight line version of the impact
parameter approximation is used for the calculations [49].

The interest is focused only in the spectra of the final
ejected electron parameters (energy and angle), considering
that the contribution of all molecular orientations are aver-
aged. Thus, it is assumed that the interaction between the
projectile and the passive electrons does not affect the ion-
ization process itself and the corresponding potentials can be
eliminated from the total electronic Hamiltonian [48].

Into the CDW-EIS model the initial and final distorted
wave functions for each one of the molecular orbitals are
chosen as

χ+
i = ϕi exp

[
−i

ZP

ν
ln(νs + �ν · �s)

]
exp(−iε jt ) (1)

and

χ+
f = ϕ f (�x)N∗(Z∗

T /k)1F1(−iZ∗
T /k, 1; −ikx − i�k · �x)

× N∗(ZP/p)1F1(−iZP/p, 1; −ips − i �p · �s)

× exp

(
−i

k2

2
t

)
. (2)

In these equations, ϕi and ϕ f are the initial orbital and final
plane-wave functions. The vectors �x and �s are the position
of the electron with respect to the target nucleus and pro-
jectile respectively, and ε j is the initial orbital energy of the
j-molecular orbital. Also, �ν is the collision velocity, �k and
�p = �k − �ν are the momentum of the electron with respect
to the target and projectile respectively, with ZP being the
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FIG. 1. A geometrical representation of the ground-state equilib-
rium structure of the 5-iodouracil.

projectile nuclear charge and Z∗
T being an effective target

nuclear charge to describe the interaction of the active electron
with the residual target with an effective Coulomb potential.
N (a) = exp(πa/2)	(1 − ia) with Z∗

T /k and ZP/p are normal-
ization factors, with 	 representing the Gamma function.

In order to describe ϕi, each molecular orbital was ex-
pressed as a linear combination of the atomic orbitals
(LCAO). A geometrical representation of the ground-state
equilibrium structure of the 5-iodouracil molecule is given in
Fig. 1. The atoms are labeled with a number that allows us to
identify which of them correspond to each one of the different
molecular orbitals. Ab initio calculations were performed in
the gas phase using the restricted Hartree-Fock (RHF) method
implemented in the GAUSSIAN 09 software [50]. The C, O,
H, and N atoms were represented using Pople’s split-valence
triple-zeta basis set 6-311G, while iodine was described using
a Douglas-Kroll-Hess (DKH) contracted Gaussian basis set of
triple zeta valence quality plus polarization functions (TZP),
including explicitly all electrons and scalar relativistic effects
[51]. The resulting ionization energy is 9.69 eV, which is very
close to the 9.93-eV experimental value.

No symmetry constraints were applied in the relax-
ation calculation; the resulting equilibrium structure of the
iodouracil molecule adopts the Cs point group symmetry
(mirror plane). A population analysis of all occupied orbitals
was carried out using the self-consistent field (SCF) den-
sity, with the minimum contribution percentage to include
in individual orbital population analysis set to 1%. For each
j-molecular orbital, the effective number of ξ j,i electrons, rel-
ative to the atomic component i, was obtained from a standard
Mulliken population analysis. Then, taken into account that
experimentally the orientation of the molecular target is not
distinguished, an average over all initial positions appears as
necessary. In order to simulate this average, all atomic com-
pounds of the molecular orbitals are considered centered on
a unique center, but preserving the corresponding population
analysis described above. Thus, the calculation for the differ-
ent target orientations is avoided. This approximation has been
previously employed with success to describe the existing
experimental spectra for ionization and electron capture in
ion impact on DNA nucleobases and Uracil (see, for example,

FIG. 2. Angular dependence of DDCS of electron emission from
5-iodouracil and uracil induced by 5.5-MeV/u C6+ ions.

Refs. [52,53]). The final continuum wave function associated
with each one of the atomic components of the different
molecular orbitals is described using an effective target charge
Z∗

T = Zji = (−2n2
i jε j )1/2, where n ji is the principal quantum

number corresponding to the quantum state of the considered
atom.

Proceeding in the same way as Galassi et al. [53], we
obtained double differential cross sections d2σ j/d�dε corre-
sponding to each molecular orbital, as a function of the energy
ε and the solid angle � subtended by the ejected electron,
using the expression

d2σ j

d�dε
=

Nj∑
i=1

ξ ji
d2σ ji

d�dε
, (3)

where ξ ji corresponds to the population of the i atomic compo-
nent of the j molecular orbital and d2σ ji/d�dε represents the
double differential cross section for ionization of this atom.
Nj is the total number of the atomic components of each j
molecular orbital. Then, the double differential cross section
of the complete molecule can be calculated summing over all
molecular orbital contributions,

d2σ

d�dε
=

N∑
j=1

d2σ j

d�dε
. (4)

In this equation, N is the total number of molecular or-
bitals. Population and binding energies of the uracil molecular
orbitals as well as a representation of their equilibrium geome-
tries were given in Galassi et al. [53].

IV. RESULTS AND DISCUSSION

The angular dependence of the observed DDCS are plotted
and compared with the values calculated from the CDW-EIS
model at four selected energies (i.e., 21, 40, 100, and 180 eV)
in Fig. 2. The observed data show broad peaks around 80◦ at
all the energies and such a peaking behavior is well explained
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FIG. 3. Energy dependence of DDCS of electron emission from
5-iodouracil and uracil induced by 5.5-MeV/u C6+ ions. The DDCS
below 40 eV for uracil at forward angles are shown in insets.

in terms of binary-collision mechanism in ion-atom collisions.
Accordingly, the behavior is consistent with the CDW-EIS
model as shown in Fig. 2.

Ejected energy dependence of the e-DDCS for the
iodouracil and uracil at four different emission angles are
shown in Fig. 3. The DDCS spectra starting from a few eV
to 330 eV are displayed. The carbon KLL Auger electron
peak is observed at ≈ 240 eV. The DDCS spectra show a
rapid decrease, i.e., by ≈ 3 orders of magnitudes, with the
increasing electron energy (cf. Fig. 3) indicating the dominant
contribution of the low-energy electrons. For iodouracil the
experiment-theory agreement is not so good, but for uracil
the agreement is reasonably good. In particular, the model
(dashed lines) explains the uracil data quite well for back-
ward angles over the whole energy range. For the forward
angles, the theory agrees with the data quite well above 30 eV.
Even at lower energies, the calculations fall slightly higher
than the data but remain within experimental uncertainties.
To explain this, we have used two insets (for the forward
angles) in which the low-energy data (up to 40 eV) are plotted
for uracil. The larger disagreement with the iodouracil data,
particularly at lower energies in the case of forward angles, is
interesting since this energy range is quite important for the
hadron therapy. This different could be related to the atomic
GDR which is not included in the model calculation (see
below). The angular dependence of the iodouracil-to-uracil
DDCS ratio is plotted in Fig. 4(a). The CDW-EIS model
underestimates the DDCS ratio values at all four energies. The
observed energy dependence of iodouracil-to-uracil DDCS
ratios are plotted in Fig. 4(b) for fixed emission angles. The
enhancement of e-DDCS is found to be almost independent

FIG. 4. (a) Angle and (b) energy dependence of the DDCS ratio
of iodouracil to uracil. The dashed lines represent the ratio value of
one.

of e-emission angle. The average ratios at the forward and
backward angles are about 2.3. This implies that the intro-
duction of the I atom in the uracil molecule enhances the
e-emission from iodouracil substantially, giving rise to sensi-
tizing factor F el

S ≈ 2.3. However, according to the CDW-EIS
model which includes all the orbitals (29 for uracil and 55
for iodouracil), the calculated (Fig. 5) ratio is less than 1.05
for around 3 eV. Then it increases to about 1.05–1.10 for
10 eV, 1.10–1.15 for 15 eV, and 1.15–1.23 for 25 eV. For
30 eV energy, this ratio is between 1.17 to 1.30. An average
enhancement of fionz ≈ 1.15 is estimated for the energy range
of 1 to 30 eV, which is relevant for the present purpose. There-
fore, experimentally measured F el

S ≈ 2.3 cannot be explained
in terms of the CDW-EIS based on independent electron ap-
proximation. The Auger cascade can contribute only little, i.e.,
≈ 12%, considering only the N4,4OO Auger lines [54], giving
the Auger factor fA ≈ 1.12

The atomic GDR of the 4d electrons decays by the emis-
sion of the low-energy electrons, causing an enhancement

FIG. 5. Angle dependence of the theoretical DDCS ratio of
iodouracil to uracil in low emission energies.
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as predicted in Refs. [2,27]. The GDR induced enhance-
ment fGDR is thereby derived from the total enhancement
as, 2.3/( fionz. fA), i.e., fGDR ≈ 1.8. This is also close to the
observed enhancement due to collective plasmon excitation in
C60 fullerene for which the enhancement factor was about 1.5
[24,55,56]. In the present study, any structure in the electron
DDCS spectrum due to the deexcitation of the GDR (with en-
ergy EGDR) is not visible. Such electron peak should appear at
an energy lower than EGDR since some energy must be spent to
ionize these bound electrons. The width of the GDR peak (i.e.,
about 40 eV) is too large for the resonance to be observable
on top of the steep energy dependence of the DDCS.

The measured TCS for iodouracil and uracil are 8.51 ×
10−15 and 4.44 × 10−15 cm2, respectively. To understand the
radio-sensitizing effect one important aspect is to compare
the DDCS or TCS with that for the water molecule, since
water constitutes about 60% of the human body. The TCS
for e-emission from iodouracil is found to be ≈ 15 times
larger than that for a water molecule having a TCS, ≈5.6 ×
10−16 cm2 [57]. If one normalizes the TCS for the equal
volume of water and iodouracil, then the sensitizing factor
(F el

S ) becomes 15/6 = 2.5 since the volume of iodouracil is
six times larger than that of the water molecule. However,
the theoretical (CDW-EIS) prediction [14], based on Coulomb
ionization alone, for the iodouracil-to-water molecule ratio
[fionz] is only 6.2[= 5.47 × 10−15 cm2/8.8 × 10−16 cm2] and
≈ 1.0 based on the volume-normalization. Assuming the rest
of the e-emission process is mostly governed by the GDR in I
atom (apart from Auger cascade) one again obtains the GDR
contribution as fGDR = 15/(6.2 fA), i.e., about 2.20 ± 0.44
(which is independent of single molecule since molecules
of same volume are considered). This value is in excellent
agreement with that derived above, i.e., 1.80 ± 0.36 from the
iodouracil-to-uracil ratio. Since they are very close to each
other one may use an average value of fGDR ≈ 2.0. It may
also be noted that the sensitizing factor F sb

S , measured from
the DNA strand-breaking statistics, for an isolated Pt atom
embedded in a plasmid DNA was found to be quite close, i.e.,
≈ 1.6 [21] and that for an inserted Au NP of bigger size was
≈ 2.0 [22], again in excellent agreement with the measured
F el

S of 2.3 ± 0.5 between an iodouracil and uracil and 2.5
between iodouracil and water. We may therefore conclude that
F sb ∼ F el

S .
To get insight into the derived value of fGDR (≈ 2.0) involv-

ing iodine, we may refer to the predicted values [2] for the Ag
atom. In both the atoms, all 10 electrons in the 4d-subshell
contribute to the atomic GDR. However, in real application
with nanoparticle (NP) inserted in a DNA a large number of
atoms are involved. For example, in the case of the Ag NP
of diameter 1 nm the predicted enhancement (over water of
same volume) was about 15 to 30 times in the e-energy range
of 0 to 25 eV due to the atomic GDR exited by protons of
velocity (v) 6.35 a.u. This implies an enhancement of a factor
of ≈ 1.0 to 2.0 (over 0 to 25 eV) per Ag atom since the

number of contributing Ag atoms were about 1/3 of the total
of 40 atoms [58] in the NP based on the impact parameter
(b) consideration [2]. This enhancement was re-estimated for
the present collision velocity using the scaling approach. At
v ≈ 15 a.u., the range of b and therefore the fraction of Ag
atoms contributing to the GDR increases to about 85–90%.
The reduction in the GDR cross section was also accounted
for by using Eqs. (18) and (19) in Ref. [27]. Finally, the
reduction in the TCS of water was also considered using the
v−1.7 scaling rule [57]. Thus, the enhancement per Ag atom
over water would be a factor of ≈ 3.0 [2,27,58] at 25 eV.
Therefore, over the e-energy 0 to 25 eV, this factor will be
1.5 to 3.0, giving an average value of f Ag

GDR ≈ 2.25. This value
is in excellent agreement to that derived f I

GDR ≈ 2.0 ± 0.4 for
the I atom and thereby confirming the theoretical prediction
on the GDR contribution to the sensitizing effect.

V. CONCLUSIONS

In conclusion, the DDCS and TCS of e-emission from
iodouracil and uracil upon the bombardment of 5.5-MeV/u
bare C ions have been measured. The measured radio-
sensitizing or electron enhancement factors of 2.3 and 2.5 over
uracil and water, respectively, are in excellent agreement with
the radio-sensitizing factors measured in the case of Pt or Au
NP embedded in a DNA from the strand-breaking studies. The
enhancement is substantially large compared to the prediction
of the state-of-the-art CDW-EIS model but the atomic GDR
of the strongly correlated 4d electrons in the I atom is shown
to play a crucial role. The GDR contribution provides an
enhancement of a factor of 2.0 ± 0.4, which is in excellent
agreement with the theoretical prediction based on the GDR
in an atom with filled 4d subshell (such as Ag). This provides
conclusive experimental evidence of the crucial role of the
collective excitation in radio sensitization. It is evident that
introduction of a single halogen atom, I, in the biomolecule,
can indeed cause a substantial nanosensitizing effect. There-
fore, the halouracil molecules, in particular, iodouracil, may
have potential as a prototypical system for the radio sensitizer,
provided it satisfies other practical considerations.
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