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Absolute doubly differential cross sections for ionization of adenine by 1.0-MeV protons
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Double-differential ionization cross sections of adenine (CsHsNs) by 1.0-MeV protons have been measured
using a vapor-phase adenine target. Ejected electrons were analyzed by a 45° parallel-plate electrostatic
spectrometer in an electron energy range from 1 to 1000 eV at electron emission angles from 15° to 165°.
The effective target thickness of adenine was determined by a Rutherford forward scattering method and a vapor
deposition method. Present data are in good agreement with recent calculations. Comparisons were made with
other data on various hydrocarbon molecules. It was found that the ionization cross sections of these molecules
can be scaled fairly well in terms of the total number of valence electrons.
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I. INTRODUCTION

Ionization of atoms and molecules by energetic charged
particles is the basic nature of fundamental atomic processes
in matter and has been extensively studied to date [1-4].
In particular, an increasing number of experimental studies
have been devoted recently to biological molecules such as
amino acids and nucleic-acid-base molecules [5-7] as well as
water molecules [8—11]. Theoretical investigations have also
been performed extensively for nucleic-acid-base molecules
[12—-16] and water [17-20].

One of the primary interests in these studies is to know
the spatial distributions of energy deposition in matter from
various radiation species. It is known that high-energy incident
particles lose their kinetic energies, forming ion tracks along
their trajectories, and result in the formation of a so-called
Bragg peak. A large number of secondary electrons with
various energies are produced along ion tracks, especially in a
Bragg peak region.

Therefore, reliable experimental data on ionization cross
sections as well as stopping powers as a function of the
incident energy are needed to achieve accurate evaluation
of track structure and radial dose distributions. In general,
ejected electrons are produced from a variety of ionization
processes designated such as soft collisions, binary-encounter
collisions, electron capture or loss to the continuum, and Auger
processes (see,e.g., [4]). The dominant ionization among these
processes arises from soft (distant) collisions which produce
predominantly low-energy electrons of below 50 eV [21-23].

Ejected electrons are, on the other hand, known to play a
decisive role in biological effects. Low-energy electrons may
induce single- and double-strand breaks of DNA and RNA
via dissociative electron attachment (DEA) reactions through
the formation of shape resonances [24,25]. On the contrary,
high-energy electrons like Auger electrons and é rays can cause
molecular fragmentation directly via excitation and ionization.

In this work we present absolute double-differential ioniza-
tion cross sections (DDCSs) of vapor-phase adenine molecules
(CsHsNs) by 1.0-MeV proton impact. Measurements were
also made for an Ar target to check the reliability of our
experimental methods by comparing our cross section data
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with those reported by Rudd et al. [26]. Present results for
adenine are compared with recent theoretical values reported
by Lekadir ef al. [15]. Comparison is also made with other
experimental cross sections for hydrocarbon molecules [27],
and the scalability of ionization cross sections among these
molecules is discussed.

The paper is organized as follows. In Sec. II the experi-
mental apparatus and procedure for deducing cross sections
are described in rather detail. In Sec. III, experimental data
of adenine molecules are presented and examined in terms
of the classical Rutherford ionization cross sections. The
scaling property of cross sections among various polyatomic
molecules is discussed. Concluding remarks are given in
Sec. IV.

II. EXPERIMENTAL PROCEDURE

A. Apparatus

The experiment for ionization of adenine molecules was
performed at the Quantum Science and Engineering Center
heavy-ion accelerator facility of Kyoto University. Figure 1
shows a schematic drawing of the experimental arrangement.
A beam of 1.0-MeV protons produced by a Van de Graaff ac-
celerator was carefully collimated to a size of about 1 x 3 mm?
by a magnetic triplet quadrupole lens and charge-purified by a
magnetic charge selector before entering a scattering chamber.
After collision with a gas-phase target in the chamber the
beam was collected by an electrically shielded Faraday cup at
the end port of the beam line. A typical beam current used
in the experiment was about 100 nA. A PIPS (passivated
implanted planar silicon)-type solid-state detector (Canberra
PD-25-12-100-AM) was also installed to measure projectile
particles scattered into forward angles of 2.5° in collisions
with target molecules. The inner wall of the collision chamber
was covered by double permalloy magnetic shields to reduce
residual or Earth magnetic fields to less than a few milligauss
inside the chamber.

A molecular beam target of adenine (CsHsNs) was pro-
duced from crystalline adenine powder of 99 at% purity
contained in a 5.3-cm-long stainless-steel (SUS304) oven
placed inside a copper container equipped with two cylinder-
shaped heaters. Prior to measurements of secondary electrons
the powder substance was heated at about 393 K for 4 h in order
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FIG. 1. (Color online) A schematic diagram of the experimental setup for ejected electron spectroscopy. The chemical structure of adenine

is also shown.

to achieve a water- and impurity-free condition. Measurements
were carried out at the oven temperature of 473 K. An effusive
molecular beam of adenine was ejected through an outlet
aperture 1 mm in diameter placed at the top of the oven and
was trapped effectively by a water-cooled copper plate placed
100 mm above the proton beam line. The position of the outlet
aperture was 3 mm below the beam line. The spot size of
the molecular vapor target at the position of the beam line
was measured prior to the experiment by a vapor deposition
method. The observed vapor spot deposited on a cold copper
plate placed at this height was about 3 mm in diameter.

A base pressure of the collision chamber, evacuated by
two turbomolecular pumps with pumping speeds of 600 and
300 L/s, was kept below 2 x 10~ Torr during the experiment.
The background contribution from residual gases to cross-
section data was found to be negligibly small.

Ejected electrons were analyzed by a 45° parallel-plate
electrostatic spectrometer [28,29] mounted on a turntable
controlled by a pulse motor. Electrons were detected by
a channel electron multiplier (CEM). Measurements were
carried out for an electron energy range from 1 to 1 keV and
an emission angle range from 15° to 165° at 15° intervals with
respect to the incident HT beam direction. A gap distance
between the upper and the lower electrode plates of the
spectrometer was 15 mm. The width and length of the electron
entrance and exit slits located at a distance of 49.5 mm
apart from each other were 2 and 10 mm, respectively. The

space between the plates was surrounded by five rectangular
electrodes connected to resistors to ensure a uniform electric
field between the two plates. The energy resolution Ae/e
was 8% at FWHM. In order to collect efficiently low-energy
electrons of a few electron volts, a positive bias of 40 V was
placed on the lower electrode plate.

The experiment was conducted with a computer-controlled
data acquisition system. The analyzing voltage placed on
the upper electrode of the spectrometer was supplied by a
high-precision power supply (Kepco Inc.; BOP1000M). The
channel advance was made automatically after collecting a
constant amount of proton beam current with the Faraday cup.
All experimental parameters such as electron signal counts,
analyzing voltages measured by a digital multimeter, pulse
heights of forwardly scattered protons measured by the PIPS
detector, and pressures of the collision chamber were stored
digitally in each channel.

B. Differential cross sections

DDCSs for the ejection of electrons with energy € and

emission angle 6 were obtained from the equation
d’c  y(e.0) — yp(€.0)
dedo ~ IpnAeAwNpl,’

o(e,0) = (1)

where y(e,0)and y,(€,0) are, respectively, the number of
electrons detected with and without a vapor target, Ip is
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the number of incident protons, Ae = 0.08¢is the energy
spread at €, Aw is the solid angle of the spectrometer, and
n = 51.8% is the total detection efficiency given by the product
of the spectrometer transmission, the open-area ratio of four
meshes, and the CEM efficiency. N7 is the number density
of the vapor target and ¢,(~3 mm) the length of the target
seen by the spectrometer. It should be noted here that ¢,
is smaller than the length of the proton beam seen by the
spectrometer (£p = 6 mm) at 8 = 90°. Thus, the target length
is the same irrespective of 6 in the present work. The product
Nrt, gives the effective target thickness and was determined
simultaneously by Rutherford forward scattering as described
in Sec. II C (below).

Single-differential cross sections (SDCSs) were obtained
by integrating the DDCS over the solid angle as

do T .
ole) = — = 271/ o(€,0)sin6d6. 2)
de 0

Data extrapolated to § = 0 and 7 were used in the integration.
The total ionization cross sections (TICSs) were obtained from

o, = /62 o(e)de, 3)

€]

with €; = 1eV and ¢, = 1000 eV.

C. Measurements of the effective target thickness

The effective target thickness Ny ¢, was determined by the
use of Rutherford forward scattering of projectile ions into
a 2.5° direction. A circular aperture 2 mm in diameter was
placed in front of the PIPS detector. As the vapor target in the
beam line was restricted to a spot about 3 mm in diameter,
the acceptance angle of the detector for scattered particles was
limited to 2.5 +0.1°.

The effective target thickness was obtained from the
following equation,

Y(0,) = Yp(0p) = IpNrtyor(0,)AL2,, “)

where Y (6,,) and Y;,(6,) are the scattering yields measured with
and without a vapor target at the scattering angle 6,(=2.5°),
or(8)) is the Rutherford scattering cross section per unit solid
angle and AQ, is the solid angle of the PIPS detector. It
is noted that o(6,) is the sum of scattering cross sections of
constituent atoms of adenine. The scattering cross section used
in this work is described in the Appendix.

D. Measurements for Ar

As a system check of our experimental apparatus, we
carried out measurements for an Ar target for which previous
experimental data are available in the literature [26]. An argon
gas was introduced into the chamber through a fine-needle
valve welded to a flange of the scattering chamber. In this
measurement, the pressure distribution along the proton beam
line inside the chamber was practically homogeneous. Ejected
electron measurements were made at a target pressure of about
5 x 10~ Torr measured by a calibrated ionization gauge. The
number density Ny of Ar atoms was calculated by applying
the ideal-gas model at room temperature.

It is noted that, in this case, the effective target length seen
by the spectrometer is given by £,/ sin 6 instead of £,, in Eq. (1).
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FIG. 2. Double-differential cross sections (DDCS) for ejection
of electrons by 1.0-MeV protons in Ar. The uppermost energy
distribution is the single-differential cross section (SDCS) obtained
by integrating the DDCSs, which are plotted by multiplying scaling
factors as shown in parentheses. Data from Ref. [26] are shown by
open symbols for comparison.

Absolute DDCSs measured for Ar by 1.0 MeV protons
are shown by filled squares in Fig. 2. Data at different angles
are scaled by multiplying appropriate scaling factors, shown
in parentheses, to avoid confusion. The uppermost energy
spectrum, shown by filled circles, presents o(e) obtained
from Eq. (2). Comparison with other data tabulated by Rudd
et al. [26] shows that the present data are in good agreement
with them.

III. RESULTS AND DISCUSSION

A. Cross sections for adenine

DDCSs for electron emission from adenine impacted
by 1.0-MeV protons are presented in Fig. 3 and in the
Supplemental Material [30]. Data were taken for electron
energies from 1 to 1000 eV at 11 emission angles between
15° and 165°. SDCSs o (€) are also shown as the uppermost
energy spectrum in Fig. 3.

One can see that all the DDCS spectra exhibit broad humps
below 10 eV, which is largely different from the case of an
Ar target. This hump structure was confirmed by repeating
measurements under various conditions of heater currents and
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FIG. 3. Double-differential cross sections (DDCSs) for ejection
of electrons by 1.0-MeV protons in adenine. The uppermost energy
distribution is the single-differential cross section (SDCS) obtained
by integrating the DDCSs, which are plotted by multiplying scaling
factors as shown in parentheses. Two peaks, at approximately 250
and 400 eV, are the K-LL Auger electrons from carbon and nitrogen,
respectively.

heights of the oven. The measurement was also made under a
power-off condition of the oven heaters after reaching 473 K.
Nevertheless, the humps were always reproduced fairly well,
indicating no magnetic field effects from the oven. From the
fact that the hump structure does not change at different gas
densities measured at different oven temperatures, loss of
low-energy electrons (¢ < 10 eV) due to elastic scattering by
adenine molecules may be ruled out, although somewhat large
scattering cross sections of low-energy electrons by pyrimidine
bases of DNA are reported [31]. As the second feature, we
found that low-energy electrons with € < 30 eV are ejected
nearly isotropically. Two peaks, located at about 250 and
400 eV, are K-LL Auger electrons emitted from carbon and
nitrogen, respectively. The classical binary encounter peaks at
€(eV) = 4T cos? @ appear at emission angles 6 < 75°, with
T = 544 eV the energy of electron with the incident proton
velocity.

Since no other experimental results are available for
adenine, we examined the present results in the following
way. As described in experimental work [32] and in the
review article by Rudd [2], it may be possible to check the
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FIG. 4. Top: A comparison of our SDCS for adenine with the
Rutherford cross section calculated with I; = 8.32 eV. Bottom:
Platzman plot of the SDCS obtained as the ratio of o(€) to the
Rutherford cross section. The abscissa Q/R is the energy transfer

Q = € + I divided by the Rydberg energy R. The horizontal dotted
line shows the total number of valence electrons of adenine.

reliability of our measured cross sections by comparing them
with Rutherford cross sections between an incident particle
and a bound electron in the target molecule. The ratio Y of the
experimental SDCS o (¢) to the Rutherford cross section per
electron is given by

P <2>2 © )
_471a§ R oleh

where Q = € + [ stands for the energy transfer to an electron
with binding energy I, ay the Bohr radius, and R = 13.6 eV
the Rydberg energy. Plotting the ratio Y as a function of Q/R is
called a Platzman plot [2,33], and the value of Y for sufficiently
high electron energies is supposed to approach the effective
number of electrons in the target which participate in the
ionization event of interest. Figure 4 shows the Platzman plot
of our SDCS for the ionization of adenine by 1.0-MeV protons.
Here we used I} = 8.32 eV as the first ionization potential of
adenine [15]. Similarly to the interpretation by Rudd [2] made
for Arionization by protons, it is possible to state that the lower
part, below Q/R < 20, represents the contribution from the
dipole term. Two peaks, at Q/R = 18-26, arise from K-LL
Auger electrons. As the dipole interaction term diminishes
with increasing Q/R, the ratio Y approaches the effective
number of target electrons in the participating shells [2].
Actually, the present result is close to 50, the number of valence
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FIG. 5. Angular distribution of ejected electrons for electron
energies of € = 15, 30, 50, 200, and 500 eV. Data are plotted
by dividing the DDCS by n,. Data for other molecules are taken
from [36] for H, and [27] for five hydrocarbon molecules. Numbers
in parentheses represents the n, of molecules.

electrons of adenine, shown by the horizontal dotted line in
Fig. 4.

B. Scaling properties of differential cross sections

Wilson and Toburen investigated the scalability of the
DDCS and SDCS for various hydrocarbon molecules
[27,34,35]. They found an excellent scalability of these cross
sections in terms of the number of valence electrons n, in
molecules. Here, tightly bound 1s-shell electrons of atoms ex-
cept for hydrogen are excluded. This scalability is reasonable
because ionization of a molecule by a fast charged particle is
dominated by weakly bound outer-shell electrons. The DDCSs
of our adenine data divided by n, = 50 are shown in Fig. 5
as a function of the electron emission angle 6 at electron
energies € = 15,30, 50, 200, and 500 eV, respectively. Figure 5
also shows the o (¢,0)/n, of other hydrocarbon molecules of
methane (CHy,;n, = 8), acetylene (C,H;; n, =10), ethylene
(CyHy; ny, =12), ethane (C,Hg; n, =14), and benzene (C¢Hg;
n, =30) measured by Wilson and Toburen [27]. Although
the number of valence electrons and the chemical structures
of individual molecules are considerably different from one
another, overall angular distributions of all these molecules
are in relatively good agreement at all the emission angles.
Note that the data on H, deviate significantly from those for
other polyatomic molecules.

A fairly good scalability is also seen for SDCSs as a function
of the electron energy as shown in Fig. 6. It shows clearly
that the scalability holds fairly well for an electron energy
€ > 10 eV. The binding energies of valence electrons are well
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FIG. 6. SDCSs divided by n, for adenine and other various
hydrocarbon molecules. Data are taken from [36] for H, and [27]
for hydrocarbons.

confined below 40 eV irrespective of the molecules [2,15].
This fact may be the main reason why the scalability holds so
well among these molecules.

C. Total ionization cross section

Figure 7 shows TICSs o, of various polyatomic molecules
obtained for 1.0-MeV proton impacts [1,27,35], where all the
data are plotted as a function of n,. One can see that all these
cross sections lie on a straight line fairly well. Applying the
least-squares fit to these data gives a relationship of

o,[cm?] = 0.172n,1071°. (6)

Here, the coefficient 0.172 x 10~!'¢ [cm?] should be equivalent
to the TICS of a single-valence electron. It is pointed out that
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FIG. 7. Total ionization cross sections versus 7, of adenine and
various molecules obtained for 1.0-Mev proton impact. Data are taken
from [1] for H, and from [27] and [35] for other molecules. All data

points are well on the straight line of 0.172n, x 1071% cm?.
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the classical Rutherford TICS, approximated by 4walR*/T1,
gives the same value if we use I ~ 7.0 eV. The present value
multiplied by 2 also compares the recommended TICS of
0.375 x 1071¢ for H, given by Rudd [1]. Note that their
recommended TICS for atomic hydrogen is 0.192 x 1076,
which is about 10% larger than our value.

Finally, the present TICS is compared in Fig. 8 with recent
theoretical results obtained by classical trajectory Monte Carlo
(CTMC) calculations [15]. The present result is about 10%
larger than their value at 1.0 MeV. This may be attributed
to the large contribution of low-energy electrons due to the
dipole interaction, which is not considered in their CTMC
calculations.

IV. CONCLUSION

Ionization cross sections of adenine by the impact of
1.0-MeV protons have been measured by ejected electron
spectroscopy. To obtain accurate cross-section data, care was
taken to reduce uncertainties as much as possible arising
from various sources such as the Earth’s magnetic field
in the chamber, stray magnetic fields induced by heater
currents of the oven, and the effective target length of effusive
adenine molecules. In particular, the effective target length
was determined by a vapor-deposition method and by the
Rutherford forward-scattering method. As a check of the
reliability of our experimental apparatus, we measured DDCSs
for an Ar target. Our data were found to be consistent with
previous data obtained by Rudd ez al. [2].

The Platzman plot of experimental cross section o (€) vs
O/R reasonably reveals the total number of target electrons
contributing to the ionization cross sections. Furthermore,
the cross sections of various polyatomic molecules including
adenine are found to be scaled fairly well by using 7, the num-
ber of outer-shell electrons of target molecules. Namely, the
cross sections divided by n, are nearly equivalent to those of
various hydrocarbon molecules, despite different values of n,
and chemical structures of individual molecules. The TICS is
well scaled by o, = 0.172n, x 107'¢ cm? for these molecules.

PHYSICAL REVIEW A 84, 032704 (2011)

This is due to the fact the binding energies of outer shells are
not greatly different among these polyatomic molecules and
the contribution from inner-shell ionization can be practically
ignored. Extension of measurements to different incident
proton energies is needed to examine theoretical calculations.
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APPENDIX A:RUTHERFORD SCATTERING
CROSS SECTION

As for the forward-scattering cross section of incident
protons, we used the modified Rutherford cross section [37],
given in the laboratory frame by

2
or(0.22) = F(23) <;‘—§f)

2
(cos@ + /1 — y2sin? 0)
X .
sin*0/1 — y2sin2 0
Here, or(0,22) is the scattering cross section per unit solid
angle for an incident particle with nuclear charge z; and energy
E| by a target atom with nuclear charge z,, y = m/m; is the
mass ratio between the two particles, and 6 is the scattering
angle in the laboratory frame. F(z;) is the correction factor

arising from the screening of z, by target electrons and, for
0 < 90°, is expressed as

Few = (14 Y
@)= 2Eem

L Vi il A2
% +Ecm+(2Ecmsin(®/2)> » (A2)

where Ecm = E;/(1 4+ y) and ® are the incident energy
and the scattering angle in the center-of-mass system and V
denotes the increase in the kinetic energy of the projectile due
to the screening effect,

(AL)

172

VilkeV] = 0.04873z12 (2% + 227%) (A3)

Note that we used the following simple relationship between
0 and © obtained for pure Rutherford scattering between two
bare ions:

cos ©® = —y sin> 0 + cos /1 — y2sin? 6.

The total Rutherford cross section per adenine molecule is the
sum of cross sections for constituent atoms of H, C, and N in
the molecule, as obtained by

or(0) = Y N(z2) F(22)08(0,220),

22i

(A4)

(AS5)

where N(zy;) is the number of each atom in the molecule.
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