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To provide a comprehensive data set for track-structure-based simulations of radiation damage in DNA, doubly
differential electron-impact ionization cross sections of pyrimidine, a building block of the nucleobases cytosine
and thymine, were measured for primary electron energies between 30 eV and 1 keV as a function of emission
angle and secondary electron energy. The measurements were performed for secondary electron energies from
4 eV to about half of the primary electron energy and for emission angles between 25° and 135°. Based on the
experimental doubly differential ionization cross sections, singly differential and total ionization cross sections of
pyrimidine were determined and compared to calculations using the binary-encounter-Bethe model. In addition
to the measurements, a theoretical approach for calculating triply and doubly differential ionization cross sections
was developed, which is based on the distorted wave Born approximation, a single center expansion of molecular
orbitals, and an averaging of the 7' matrix over different molecular orientations. The calculated doubly differential
ionization cross sections of pyrimidine show qualitatively good agreement with the experimental results.
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I. INTRODUCTION

It is well established that DNA damage is the primary
mechanism associated with radiation-induced carcinogene-
sis [1]. Ionizing radiation can induce cellular damage either
through direct excitation and ionization of DNA or via sec-
ondary electrons. The latter are produced usually in large
numbers during the penetration of ionizing radiation in tissue.
The contribution of secondary electrons to radiation damage
becomes particularly significant in the case of low linear en-
ergy transfer (LET) radiations.

The biological impact of ionizing radiation is influenced
not only by the amount of energy deposited but also by its
track structure at a submicrometer scale [2]. Radiation tracks,
and consequently the biological effectiveness, vary signifi-
cantly with radiation type, and understanding this variation
is important for treatment optimization in radiotherapy, es-
pecially in modern treatment modalities using protons and
carbon ions. The biological effectiveness of radiation in hu-
man tissue has been often assessed through track-structure
simulations in water [3-5]. It is assumed here that human tis-
sue can be wholly represented by water of different densities.
However, several studies indicate that the electron transport
property of water is significantly different from that of other
biological media. For instance, electron kinetic calculations
by White et al. [6] showed distinct differences between the
transport coefficients of electrons in H,O and tetrahydrofuran,
a surrogate for deoxyribose. In addition, it was also shown that
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track-structure simulations based on water only underestimate
the damage induced by radiation in DNA [7].

For a more realistic modeling of radiation track structure
in human tissue, significant efforts have been made to obtain
comprehensive data sets for electron interaction cross sections
of biomolecules. A particular focus has been placed on the
electron interaction cross sections of the molecular compo-
nents of DNA. One of these components is pyrimidine (Py)
which is the core building block of the nucleobases cyto-
sine and thymine. Fuss ef al. [8] reported the total electron
scattering cross section of Py in the energy range between 8
and 500 eV. Maljkovi€ et al. [9] published differential elastic
scattering cross sections of Py for electron energies from 50
to 300 eV. Similar measurements were performed by Pali-
hawadana et al. [10], who focused on lower electron energies
ranging from 3 to 50 eV. Regarding the electron-impact ion-
ization of Py, Linert er al. [11] obtained the total ionization
cross section (TICS) of Py by collecting its ionic fragments
for electron energies from the ionization threshold to 150 eV.
Champion et al. [12] later developed a theory to calculate the
TICS of Py. Builth-Williams e al. [13] reported triply dif-
ferential ionization cross sections (TDCSs) of Py for selected
secondary and primary electron energies of 20 and 250 eV,
respectively, at a few scattering angles. They also calculated
the TDCS of Py using the molecular three-body distorted
wave approximation (M3DW), which was further improved
by Ali et al. [14], who implemented proper averaging in the
M3DW. There are also several works investigating elastic
and inelastic cross sections of Py at low energies. Masin and
Gorfinkiel [15,16] investigated and characterized several low
energy resonances of Py using the R-matrix method and time-
delay analysis. They further performed theoretical R-matrix
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calculations for elastic differential cross sections (DCSs) and
total inelastic cross sections below 10 eV. Furthermore, Masin
et al. [17] provided R-matrix theoretical studies on elastic
and integrated electronic excitation cross sections for elec-
tron energies up to 15 eV as well as experimental electronic
excitation cross sections from 15 to 50 eV. Measurements
of low energy differential electronic excitation cross sections
followed soon after by Regeta et al. [18], who measured the
inelastic DCS for electron energies up to 18 eV.

Following the measurement of total [19] and differential
elastic electron scattering cross sections [20], we determined
the doubly differential ionization cross section (DDCS) of
Py experimentally as well as theoretically as a function of
emission angle 6 and secondary electron energy E for primary
electron energies T from 30 eV to 1 keV. The measured range
of emission angles and secondary electron energies spanned
from 25° to 135° and from 4 eV to (T-1)/2, respectively, where
I is the ionization threshold of Py. The DDCS beyond the
measured angular range was obtained by extrapolating the ex-
perimental DDCS with the help of a semiempirical model. In
addition to the measurements, the DDCS of Py was calculated
using a theoretical approach that was derived based on the
distorted wave Born approximation (DWBA) and the single
center expansion [21] of multicentered molecular orbitals. In
the calculation, the DDCS was obtained by integrating the
triply differential ionization cross sections (TDCSs) that were
properly averaged over different molecular orientations. This
differs from many existing approaches [13,22-24], where
molecular orbitals (MOs), not the TDCS itself, were averaged
over various orientations. As pointed out by Gao et al. [25],
the orientation averaging of MO (OAMO) is only suitable in
the case when the MO is dominated by s-basis functions.

II. EXPERIMENTAL METHOD

The DDCS of Py was determined absolutely using an ex-
perimental method that has been explained in detail in our
earlier works [20,26,27]. Therefore, a brief recapitulation of
the experimental principle is given below. Figure 1 shows a
schematic view of the experimental setup. The DDCS was
measured using a crossed-beam apparatus where an electron
beam of primary energy T perpendicularly intersects an ef-
fusive molecular beam. The current / of the electron beam
was measured with a Faraday cup placed beyond the molec-
ular beam. Electrons emitted from the interaction zone were
analyzed according to their energy E using a hemispherical
deflection analyzer. The emission angle 6 of electrons to be
detected in the scattering plane is given by the angle between
the electron beam direction and the central view axis of the
hemispherical deflection analyzer. It could be changed by
rotating the electron gun that was mounted on a turntable.

The count rate AN/AE A per energy interval AE and
solid angle A is related to the DDCS d?c /dEdS2 via

1 AN®O) —L, d’o
1E)AEAQ e "dEAQ

0, E), (D

where n(E) is the energy-dependent electron detection ef-
ficiency, Iy is the primary electron beam current, e is the
elementary charge, and V. is the effective number of interact-
ing molecules per area. For the calculation of V., the spatial
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FIG. 1. Schematic view of the measurement arrangement, com-
prising several key components: an electron gun, a Faraday cup (FC),
a beam monitor, an effusive molecular beam, and an electron energy
analyzer. The electron gun, FC, and beam monitor were affixed
directly to a turntable, while the capillary for the molecular beam
could be concurrently rotated alongside the turntable, both revolving
around the same axis. The experimental setup was housed within a
scattering chamber constructed from 8§ mm thick permalloy to shield
against the Earth’s magnetic field.

distribution of electrons and molecules in the interaction zone
must be known [28,29]. As this calculation is hardly feasible
in practice, measurements of DDCS using a molecular beam
are commonly conducted by applying the relative flow tech-
nique [30]. Instead of using the relative flow technique, Vg
was assessed in the present work from the attenuation of the
primary electron beam current after it passed the molecular
beam:

N
e - e

iy
= —Wer x 01, 2)
e

where o, is the total electron scattering cross section of the
molecule of interest. Equation (2) simply states that the total
rate of electrons scattered out of the primary electron beam
in the interaction zone is equal to the loss of the number of
primary electrons per second in the forward direction.

For the determination of the detection efficiency 7(E)
its relative energy dependence 7,(E), defined by n,.(E) =
n(E)/n(20 eV) was first calculated by simulating electron
transport in phase space through the hemispherical deflection
analyzer. Here we made use of the fact that the calculation
of the analyzer transmission on a relative scale is much more
accurate than on an absolute scale. The absolute detection ef-
ficiency n(E) was then obtained by multiplying the computed
n,(E) with the measured detection efficiency nex at 20 eV:

N(E) =n,(E) X nex(20 V). 3)

The efficiency 7. (20 eV) was determined using elastic
scattering of 20 eV electrons by helium. As the inelastic
scattering cross sections of He are negligibly small for 7<
20 eV, the current loss of a 20 eV electron beam in He occurs
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almost entirely due to elastic scattering. Therefore, 7. (20 eV)
can be obtained from the measured integral elastic count rate

Ne and the current loss A/ via the relation
. ANy Al
Ney= | —dQ = nex(20eV) x —. (@))
AQ e

The determination of the detection efficiency was ex-
plained in detail in our earlier publications [26,27].

III. MEASUREMENT

The molecular target was produced by the effusion of
Py vapor through a cylindrical gas nozzle 2 mm in diam-
eter and 80 mm in length. The purity of Py stated by the
supplier, Aldrich Chemical Ltd., was better than 99%. The
molecular flow rate was adjusted by regulating the driving
pressure above the gas nozzle, typically set at 0.5 mbar. This
pressure resulted in an effective molecular area density on
the order of 5 x 10'3 cm~2, which was low enough to fulfill
the single collision condition, but sufficiently high to cause
attenuation of the primary electron beam by more than 3%.
When varying the electron detection angle, the gas nozzle was
rotated synchronously with the electron gun around the same
axis to avoid changes in V.; with 6. Temporal fluctuations
of Vi were monitored by counting electrons emitted from
the interaction zone with a channel electron multiplier (beam
monitor) that was placed at a fixed angular position relative to
the electron gun.

The molecular beam was crossed by the electron beam
1 mm below the gas nozzle. Depending on the electron energy
T, the primary beam current varied between 10 pA and 1 nA.
The beam current was raised at higher electron energies to
compensate for the decrease in DDCS with increasing 7. An
upper limit was set on the electron beam current to ensure
that the count rate did not exceed 10*s™!, as exceeding this
range resulted in a noticeable decrease in detection efficiency.
The energy width (full width at half maximum) of the electron
beam was less than 0.5 eV. It is noteworthy that the experiment
was conducted in a scattering chamber made of permalloy
of 8 mm in thickness. The residual magnetic field in the
scattering plane was lower than 1 uT.

As mentioned above, a hemispherical deflection analyzer
was used to measure the energy spectra of electrons origi-
nating from the interaction zone. The analyzer, with a mean
radius of 150 mm and a deflection angle of 180°, was
equipped with an array of five channel electron multipliers
for electron detection. The angular resolution as well as the
acceptance of the analyzer could be adjusted using an iris
aperture located at its entrance. For emission angles above
35°, the half acceptance angle of the analyzer was set to 1.5°,
whereas it was adjusted to 0.8° for 6 < 35°. The analyzer was
operated in the Constant-Retard-Ratio mode [31], in which
the ratio of the initial kinetic energy of electrons to the pass
energy was kept constant. Depending on the energy range,
different retard ratios were employed to achieve the energy
resolution between 1.7 eV at T =1 keV and better than
0.5 eV for T < 100 eV. The angle-positioning accuracy of
the electron gun was examined using the differential elastic
scattering cross section of Ar, which exhibits a resonancelike
structure at electron energies around 100 eV. It was found

that the positioning of the electron gun could be reproduced
within 2°.

Gaseous molecules effusing through the gas nozzle led
to an increase in the residual pressure within the scattering
chamber. Since incident electrons could also be scattered
by the residual gas, a background spectrum was measured
for each detection angle and subsequently subtracted from
the main spectrum obtained using the molecular beam. To
measure the background spectrum, Py vapor was diffusely
introduced not through the gas nozzle but through a separate
valve connected to a wide aperture situated on the wall of the
scattering chamber. The gas flow rate through the valve was
adjusted such that the pressure in the scattering chamber was
equal to the residual pressure during the measurement of the
main spectrum. The ratio of the count rates in the background
measurement to that in the main spectrum measured with the
molecular beam was approximately 4%.

IV. THEORETICAL METHOD

The DDCS as a function of the solid angle 25 and energy
Ep of the ejected electrons was obtained by integrating the
triply differential ionization cross section (TDCS) over the
solid angle €24 of the scattered electrons and summing over all
target orbitals. For a closed-shell molecule undergoing elec-
tron impact with initial momentum kg, the TDCS for ejection
of an electron from the ith molecular orbital (MO) in atomic
units can be expressed as [32]

&0,
S— P

kAkB n;
dQdQpdEs

o 3 ;(2s+ DI Ts(ko.ka, kp)I,

)
where k4 and kp are the momenta of the scattered projectile
and ejected electron, respectively; n; is the number of elec-
trons in the ith molecular orbital (MO), and Ty is the T matrix
for the two-electron spin S given by the spins of the projectile
and the collision partner. S can take the values O (singlet)
and 1 (triplet). Starting from the DWBA formalism for atoms
given by McCarthy and Xixiang [32], we derive a theoretical
approach for the orientation-averaged DDCS of polyatomic
molecules. The T matrix for the spin state S can be expressed
by

Ts(koka,kp) = (x (ka,ra)x " (kp, 18)|Vee[l + (—1)°P]
x [Wi(rg)x T (ko, 14)), (6)

where the final state is represented by the product of the
distorted waves x~ of the scattered projectile and ejected
electron. The initial state is given by the target electron wave
function v;(rp) times the distorted wave ™+ of the incident
projectile electron. V,, is the interaction potential between the
projectile and target electron and P, is the space exchange
operator [32]. The combination of Egs. (5) and (6) results in

d?o; n;kakp
— =)= Tuie|> + | Tox|* — Re(T To)],
dQudS2pdEs 2m) ko [ Taiel” + | Tex] e( dirle )]
@)
with
Tairex(ko, ka, kp) = (x " (ka,rag)x~ (kp, 7B a)Vee
X |Yi(rg)x " (ko, ra)). ®)
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The initial distorted wave function x+ of the projectile
with the kinetic energy Ej is the solution of the Schrédinger
equation for elastic scattering,

(Ko +Unx™ = Eox™, ©))

and the final distorted wave functions y,  are the solutions of
the Schrodinger equation,

(Kas +Up)xap = EaBXyp: (10)

where Ky, K4, and Kp are the respective kinetic energy op-
erators. In the DWBA, the spherically symmetric optical
potential of the molecule is usually employed as the initial
distorting potential U; for the incident electron wave. Simi-
larly, the outgoing electrons, i.e., the scattered projectile and
the ejected electron, are distorted by the spherically symmetric
electrostatic potential Uy of the residual molecular ion.

The computation of the 7 matrix can be simplified to a one-
dimensional problem by factorizing the wave functions into
angular and radial parts. The in- and outgoing electron wave
functions were factorized using the partial wave expansion
method:

-3 4n . iog, * (7 -
x=(k,r) = (2m) z(;)%zﬂe xr(k, )Y )Y (7),

Y

where Yy, is the spherical harmonics function. Likewise, the
two-electron Coulomb potential V,, was factorized using the
Laplace expansion:

1 dr rt R
> Y G e). (12)

Vee= —— = Yy
P
[ra —rg| A2t

A

with A2 =21 + 1 and r-, r- the lesser and greater of r4 and
rp.

Unlike atomic orbitals, the wave functions contributing to
the molecular orbitals are not centered on a single nucleus,
making it challenging to factorize them in angular and radial
parts. To facilitate this factorization, the multicentered orbital
wave function v;(rg, R) was expanded around the center of
mass using single-center symmetry-adapted angular functions
X0 (i) [33]:

1 : .
Vi(rg, R) = - ZMZI(FB)XZ”'(?B)- (13)
hl

For simplicity of notation, all coordinates of the nuclei are
denoted by R in Eq. (13). The functions X/} possess the
property that they transform under the symmetry operations of
the molecule’s point group in the same way as the irreducible
representation p;. The index u; distinguishes different com-
ponents of the representation, while £ distinguishes different
bases for given values of p;, w;, and /. For molecules like
Py belonging to the C,, point group, where all irreducible
representations are one dimensional, the distinction between
components of the representations by the index u; is un-
necessary. As molecular point groups are subgroups of the
full rotational group, and the spherical harmonics constitute
a basis of the full rotational group, the symmetry-adapted
angular functions X} can be expressed as linear combinations

of spherical harmonics Y},
Xli(ig) =Y bh, Yin(Pp). (14)

For the C,, symmetry group the different irreproducible
representations for a given / only refer to one value of m
[34]. In the following equations, we will therefore replace
the index & in the radial functions u},(rg) = u}, (rg) with the
associated value of m. The coefficients b]’ can be obtained
from the character tables of the irreducible representations
of the molecule’s point group. In the case of the C,, point
group, p; can take the values Ay, A,, By, and B,. The radial
functions ufm (rg) were computed using the library SCELib4.0
[33]. For conciseness of the main text, further derivations
of the computational form of the T matrix are provided in
Appendix A.

The above derivations refer to a coordinate system fixed to
the molecule, called the molecular frame (MF). It is assumed
that the nuclei in the molecule remain fixed; in other words, no
molecular vibrations and rotations occur during the ionization
process. However, since molecules in the gas beam are ran-
domly oriented, the cross sections defined in the MF must be
averaged over different molecular orientations to obtain the
cross sections in the laboratory frame (LF). When the same
origin is chosen for both the MF and LF, a change in molecular
orientation is equivalent to a rotation of the MF relative to
the LF. Since the radial parts are invariant against different
molecular orientations [see Appendix A, Eq. (A2)], only the
angular parts of the molecular wave functions described by
the corresponding spherical harmonics need to be transformed
from the MF to the LF. This transformation can be achieved
using the Wigner D matrix D! (a, B, ),

mp,m

!
Yim(©,9) = Y Dl (. By im0, %),  (15)
=

where «, B, and y represent the Euler angles, and the angles
in the MF are indicated by a tilde. In difference to OAMO,
the molecular wave function [Egs. (13) and (14)] is multiplied
with the Wigner D matrix according to Eq. (15) and the
absolute square of the resulting 7 matrix T}, is averaged over
different orientations:

Tl =
dir _87[2 )

2 T 2 L2
da/ sinB dﬂ/ dy [Ty . (16)
0 0

In principle, the DDCS can be computed by numerically
integrating the orientation-averaged TDCS over the solid
angle of scattered electrons. To expedite computation, we
analytically integrate the orientation-averaged 7" matrix over
kAI

d?%o; ikak, N e
m = (271)4% / dk4 |Ty:|* + exchange terms.
(17

The derivation of the computational form of Eq. (17) is
provided in Appendix B.

Using Eq. (17) [in numerical form in Egs. (A2) and (B1)—
(B3)] the DDCS was calculated for each molecular orbital and
summed up. The calculation was performed for the 15 valence
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FIG. 2. DDCS of Py as function of emission angle 6 for various primary electron energies 7. Experimental data points corresponding to
different secondary electron energies are indicated by distinct symbols: ((J) 5 eV, (o) 10 eV, (A) 20 eV, (A) 30 eV, (V) 50 eV, (V) 80 eV, ()
100 eV, (#) 150 eV, and (%) 200 eV. The solid and dashed curves represent calculations using the DWBA and the best fits with a semiempirical

formula (see below), respectively.

orbitals, i.e., excluding the four carbon and two nitrogen K-
shell orbitals. Molecular wave functions were obtained using
the GAUSSIAN 09 software [35] with the basis set 6-311++G.

V. UNCERTAINTY ANALYSIS

The uncertainties of the measured DDCS were evaluated
following the Guide to the Expression of Uncertainty in Mea-
surement [36]. The uncertainty of the effective number of
molecules per area V., determined from the current loss A7
of the primary beam current across the molecular beam and
from the TCS of Py, was estimated to be 15%. The same
uncertainty was attributed to the detection efficiency 1. The
uncertainty of the primary beam current I was determined
from the standard deviation of its temporal fluctuations during
the measurement, which amounted to 5%. Another source of
uncertainty stemmed from the statistical uncertainty of the
measured counts of the electron energy spectra, which was at
most 10%. Furthermore, the impurity of the Py vapor caused
an uncertainty of 2%. As the measured quantities in Eq. (1) are
not correlated, the overall relative uncertainty was determined
as the square root of the quadratic sum of the individual
relative uncertainties, resulting in a value of 24%.

VI. RESULTS AND DISCUSSION

Figure 2 displays the DDCS of Py as a function of the
emission angle 6 for various primary and secondary electron
energies. The present experimental results are represented by
different symbols (depending on secondary electron energy),
while the solid curves depict the theoretical values calculated
with Eq. (17). The dashed curves are semiempirical fits to
the experimental data, the details of which are elaborated
upon below. The complete experimental results are provided
in Appendix C.

It can be seen from Fig. 2 that the experimental DDCSs
for secondary electron energies around 10 eV exhibit a weak
angle dependence, particularly noticeable at high primary
electron energies. As the secondary and primary electron
energies increase, binary collision peaks become more pro-
nounced. This aligns with the DWBA calculation and with
the semiempirical formula proposed by Rudd [37]. According
to Rudd’s formula, the width I'; of the binary collision peak
decreases with increasing secondary electron energy E:

1 — cos6,\ /?
STt °> . (18)

I') = const x
E/B
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Here, B is the binding energy of the ejected electron and
6o is the position of the binary collision peak, varying with £
and T':

E4B\'2
COSQOE<+> ) (19)

Consistent with Eq. (19), the shift of the binary collision
peaks to lower angles with increasing E can be also observed
in the present experimental DDCS.

Overall, the results of the present measurement are sat-
isfactorily reproduced by the DWBA calculation within the
experimental uncertainties. However, it is somewhat surpris-
ing that the DWBA calculation, typically valid at primary
electron energies above a few hundred eV, matches the experi-
mental data as well as it does. Notably, significant differences
between both data were observed at emission angles below
30°, where the DWBA calculation tends to overestimate the
DDCS. The overestimate appears to be partially caused by
the neglect of postcollision interaction (PCI) between the scat-
tered and ejected electron in the DWBA approach employed
in this study. A preliminary assessment of the influence of PCI
suggests that this interaction leads to a reduction of the DDCS
at low emission angles. Since including PCI in the analytical
formula of DDCS was very difficult, this assessment was
made by comparing numerically integrated TDCS with and
without the inclusion of PCI according to the formulation
of Ward and Macek [38]. In the preliminary evaluation, the
integration was carried out with angular increments of 30° due
to large computation time required. The reduction increases
with decreasing emission angle and becomes significant when
the velocities of the scattered and ejected electron are simi-
lar. This scenario is frequently encountered for 7 < 60 eV
because the primary electron can lose up to about 36 eV
when ionizing the innermost valence orbital. In this work,
the impact of PCI on low-energy electrons was disregarded
as the uncertainties arising from the restricted applicability of
DWBA at these energies may be as substantial as the influence
of the PCI itself. The potential influence of PCI is, however,
most evident in the experimental data for 7 = 100 eV, where
the largest deviation from the DWBA calculation occurs at
secondary electron energies above 20 eV. In this energy range,
the velocity of the ejected electron approaches that of the
scattered projectile electron, which can suffer a kinetic energy
loss of up to about 40 eV depending on the binding energy of
the ionized MO.

Based on the experimental DDCS presented in Fig. 2, the
singly differential ionization cross section (SDCS) do /dE of
Py was determined by integrating the DDCS over the solid
angle. The DDCS beyond the measured angular range was
obtained by extrapolating the experimental data. For the ex-
trapolation, a semiempirical formula [37] was fitted to the
experimental data. The semiempirical formula comprises two
Lorentzian functions describing the binary collision peak and
the angular distribution of electrons ejected in the backward
direction, and a constant value denoting the contribution of
forward electron emission:

d*o

dedQ

0,e)=alfpe0, ) + arfp(0,e) +az], (20

with the dimensionless variable ¢ = E /B. The two Lorentzian
functions fgg and f; are given by

1
1 + [(cost — cosy)/T11*’

fee(0,€) = 1)

and
1

o6 ) = ot 7 /T

(22)

The quantities I'} and cosfy in Eq. (21) are defined by
Egs. (18) and (19), respectively, while the constants a;, ay,
and a3 in Eq. (20) are used as fit parameters. The value of I',
was fixed to 0.36. It should be noted that the semiempirical fit
should ideally be performed for each MO because the binding
energies of nondegenerate MOs vary. Since the contribution
of the individual MOs to the experimental DDCS could not be
resolved, the fits were carried out by substituting the individ-
ual binding energies with the ionization threshold 7 (9.8 eV)
of the molecule. As can be seen from Fig. 2, a successful fit to
the experimental data was achieved with this approach. This
success can be justified to some extent by the fact that a major
portion of secondary electrons is ejected from the outermost
MOs, with binding energies close to the ionization threshold.

The results of the best fits of Eq. (20) to the present ex-
perimental DDCS are depicted by the dashed curves in Fig. 2.
Based on Pearson’s chi-square test, the semiempirical formula
with the best-fit parameter values was found to be consistent
with the measured data within the confidence interval of 95%.
As is evident from Fig. 2, the semiempirical fits reproduce the
measured data quite well at all primary and secondary electron
energies within the experimental uncertainties.

The fit results were integrated over the solid angle to obtain
the SDCS of Py between 4 eV and (7-1)/2. The SDCS at E <
4 eV was determined by extrapolating the SDCS above 4 eV
to lower energies. The extrapolation was performed by fitting
a function based on the binary-encounter-Bethe (BEB) model
[39] to the SDCS:

3

gw, 1) =Y % Olue(w + 1) + et — w)], (23)
k=1

where 1t =T/B, w=E/B, u(w+1)=w+1)7¥ and
up(t—w) = (t—w)*. The coefficients z; are fit parameters.
The estimated uncertainty of the SDCS obtained in this way
amounts to 28%. Figure 3 shows the SDCS obtained in this
way in comparison to the values calculated using the BEB
model [39] for six primary energies. The required binding and
average electron kinetic energies in the MOs were calculated
again using the GAUSSSIAN 09 software [35] with the basis
set 6-3114++G. The calculated orbital kinetic and binding
energies for each MO are summarized in Table I. It should
be noted that the calculated ionization threshold (10.42 eV)
is larger than the experimental one (9.8 eV) and the use of
other basis sets (e.g., aug-cc-PVDZ) did not result in better
agreement. To be able to compare the BEB results to the inte-
grated SDCS, we used the experimental result for the binding
energy of the highest occupied molecular orbital (HOMO) and
scaled the orbital kinetic energy accordingly to adhere to the
virial theorem [40]. Unlike the SDCS determined from the
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FIG. 3. SDCS of Py as a function of secondary electron energy
E. To facilitate a clearer distinction of the results, the upper part of
the figure depicts the SDCS for the primary energies 60 eV (OJ),
200 eV (), and 600 eV (A), while the bottom part represents those
of the energies 100 eV (¢), 400 eV (o), and 1 keV (V). The dashed
curves were obtained by fitting Eq. (23) to the experimental SDCS.
For comparison, the values calculated using the BEB model [39] are
illustrated by solid curves.

experimental DDCS, the SDCS by the BEB model [39] was
calculated for each MO separately and summed up afterward.

The SDCS was further integrated over the secondary elec-
tron energy to obtain the TICS of Py. Figure 4 illustrates
these TICSs in comparison to the experimental data of Linert
et al. [11], as well as to calculations with the BEB model
[39,41], the spherical complex optical potential model [19],
and a quantum-mechanical model of Champion et al. [12].
Although the experimental data of Linert er al. [11] agree
with the results of this work within the experimental un-
certainties, the former appear to trend lower than the latter.
The BEB model reproduces the present results qualitatively
well within the uncertainties but are generally lower than
our experimental results. Wang et al. [41] postulated that
an additional acceleration correction based on the effective

TABLE 1. Calculated orbital binding and kinetic energies for
pyrimidine obtained with GAUSSIAN 09 using the 6-3114+G basis
set. The energies are given in eV. Additionally, the core and valence
effective charges Z<; and ZY;, respectively, defined by Wang et al.
[41] are given. The occupation number is 2 for each orbital. It should
be noted that the calculated ionization threshold (10.42 eV) is higher
than the experimental value (9.8 eV). Therefore, we replaced the
binding energy of the HOMO orbital, marked by an asterisk, with
the experimental ionization threshold / and the orbital kinetic energy
was scaled accordingly.

Molecular Binding Orbital kinetic

orbital energy energy Z&% ZY
la 423.79 601.97 39

1b, 423.79 601.96 39

2a, 307.85 435.96 37

3a, 307.50 435.93 33

2b, 307.50 435.93 33

4a, 306.18 435.80 31

Sa 36.23 48.87 29

3b, 3291 56.01 27

6a; 29.52 45.28 25

4b, 24.58 45.22 23

Ta, 24.53 45.45 21

8a; 20.37 28.90 7
5by 19.42 45.51 5
9a, 17.87 35.41 5
6b, 16.39 37.40 3
10q, 16.15 40.04 3
1b, 15.98 29.68 3
1lay 12.93 50.07 1
lay 11.69 36.87 1
7by 11.34 50.80 1
2b, 9.8* 28.66 1

core and valence charges ZG; and ZY; felt by the ejected
electron is needed to account for this underestimation of the
TICS. A calculation based on their generalized BEB (GBEB)
model indeed improved the agreement between theory and the
present experimental results. Additionally, the BEB model is
very sensitive to the input parameters used as can be seen
by the BEB calculations of Champion et al. [12], who did
a global rescaling of the binding energies with respect to
the experimental ionization threshold. Both the rescaled BEB
model of Champion et al. [12] as well as the GBEB using
the parameters from Table I agree well with our experi-
mental results. The maximum of the GBEB shows slightly
better agreement with our data. Our prior calculation [19]
using the spherical complex optical potential model appears
to slightly overestimate the TICS at electron energies below
100 eV. The latter describes inelastic scattering cross sections
which also includes excitations. While ionization processes
dominate the inelastic scattering at higher energies, these ex-
citations are no longer negligible below 60 eV and can lead
to an overestimation of the TICS below 60 eV. The quantum-
mechanical model of Champion et al. [12] agrees with our
experimental data at 7<100 eV but deviates from the latter
above 100 eV.
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T o
T (eV)

FIG. 4. Present TICS ({) of Py as a function of primary electron
energy 7 in comparison to the experimental data (o) of Linert et al.
[11], as well as to calculations using the BEB [39] (dash-dotted
line), the GBEB [41] (full line), BEB calculations (long dashed line),
and the theoretical model of Champion ef al. [12] (dotted line), and
the spherical complex optical potential model [19] (short dashed
line). The latter also includes rotational excitations; however, above
T > 60 eV the dominant contribution to the inelastic scattering cross
section comes from ionization processes.

VII. CONCLUSION

A qualitatively good agreement was found between the
DDCS of Py measured in this work and the calculations

J

based on the DWBA. As expected, the DWBA calculation
appears to better reproduce the experimental data at higher
primary electron energies. Notably, a considerable difference
between both data was observed at emission angles below
30°. In general, the emission of secondary electrons was
nearly isotropic at low energies (E < T). As the energy of
secondary electrons increases, binary collision peaks became
more pronounced, reflecting a decrease in their width. The
overestimate of the DDCS by the present theoretical approach
at low emission angles is in part caused by the neglect of
postcollision interaction between the scattered and ejected
electrons. A preliminary estimate suggests that postcollision
interaction may significantly reduce the DDCS at lower emis-
sion angles, particularly when the velocities of both electrons
are similar. Proper consideration of postcollision interaction
could therefore lead to better agreement between theory and
experiment.

The experimental DDCS obtained in this work was well
fitted by a three-parameter semiempirical formula which com-
prised two Lorentzian functions and a constant term. The
SDCS obtained by integrating the fitted DDCS over the solid
angle was satisfactorily reproduced by calculations using the
BEB model within the experimental uncertainties. This is also
the case for the TICSs, which were obtained by integrating the
SDCSs over secondary electron energy.
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APPENDIX A: DERIVATION OF THE COMPUTATIONAL FORM OF THE TDCS

In the following, the computational form of Eq. (8) and subsequent derivations are explained for 7g;. The derivation of
exchange terms can be performed in a similar way. Upon inserting Egs. (11)—(14) into Eq. (8) and employing the Gaunt formula,

we obtain

V2/7? M L\(l L
1o = ks IBLADIEC Z(o 0 ><m -M' M/—m>

Im LM
L/
>
0
L

with the radial integral

A L\(L A» L
0 oJ\mM M 0

)R,,,,LL/L,,AU«O, ka, kg) X Yiar (k) Yoy —m(kp), (A1)

A

-L—L'—L" (o NIF2T77 0 r
Ryppp i (kos ka, kg) = iFH7H vt LA x /drAfdrBXL’(kA,FA)XL”(kB,FB)TLMIm(FB)XL(ko, ra)- (A2)
>

The quantum numbers L', M’ and L”, M” belong to the electrons with momentum k4 and kg, respectively, and the expressions
in parentheses are Wigner 3j symbols. In Eq. (A1), the z axis is chosen as the electron incidence axis, meaning kj is parallel to

the z axis so that M = 0:

Yiko) = Y50 = 0, ¢)

NS (A3)

As explained in the main text, the molecular wave function [Eqs. (13) and (14)] is multiplied with the Wigner D matrix
according to Eq. (15) and the absolute square of the resulting 7" matrix is averaged over different orientations. Reevaluating
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Eq. (A1) within the laboratory frame, the direct amplitude 7. of a certain rotation v, 8, y reads

V2/m? i
T dir
dlr - k()kAkB Z Im Z Dml m(O(, :31 y)Slmml ’

Im my=—I1

with

dir M’ —m AL l A L’
Slmml—z( D lZ(O o oJ\my M M-m

oo
L 1 L L A L A A
X Z (O 0 0> <M/ M O>leLL'L”A(k0’ ka, kg) x Yo (ka)Yrag—m, (k).
I

It follows for |T}, |* that

| d1r| = (k kAkB)2 Z Z Z bfmbp Di; m Sf’lirzm) (Dinl mS;jrlnrml) +c.c.

Im,'m' my=—l m\=

The averaging of |Ty;;|> over different molecular orientations in the LF is given by

1 2 bd 2w )
| T )? = W do{/ sinB dﬂ/ dy Ty, |”.
0 0

Utilizing the orthogonality relation of the Wigner D matrices,
2

2141

5/’16m’lm1 5m/m»

/f/dadﬁdyd* (a,B,y) D, (. B.y)=

Eq. (A7) can be rewritten as

T2 2 dir
|Td1r| (kk k3)2 ZZZ—I—l Z |S1mml .

APPENDIX B: DERIVATION OF THE COMPUTATIONAL FORM OF THE DDCS
The DDCS can be obtained in analytical form by integrating the orientation-averaged 7 matrix over N
d 20’ i I’l'kAkB A T
— =(Qr 4'—/dk Tyir|* + exchange terms.
dQBdEB ( ) kO A | d1r| g

With |7Zﬁr|2 given by Eq. (A9) and the orthogonality relation of spherical harmonics, the integration results in

dhka |Tye|* = diy |0 |
'/ ol (kokAkB)222[+1 Z f A’ lmml

—ZZ/’" )3)>

my=—1 LM

Z Ormrrt mm (Ko, kas kg)Yery —m, (kB)

L’

with

—m AL l A L’
Qv imm, ko, ka, kg) = (=1 =) Z ( 0 > <m1 M M — ml)
L » L\(L r» L
x Z (0 0 O) (M’ M’ 0>leLL’L”A(kOv ka, kp).
L

APPENDIX C: DDCS OF PYRIMIDINE
The DDCS, SDCS, and TICS of pyrimidine are given in Table II.
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TABLE II. Experimental results of this work. The DDCS is given in units of 107® cm?/eV st, while the SDCS and TICS are presented
in units of 107 cm?/eV and 107!® cm?, respectively. The numbers in the parentheses are the powers of 10 by which the preceding number
should be multiplied. The estimated overall uncertainties of the DDCS, SDCS, and TICS are 24%, 28%, and 30%, respectively.

T =30eV DDCS

E(eV) 25° 35° 45° 60° 75° 90° 105° 120° 135° sDCs
4 8.79 8.35 8.41 8.13 7.35 7.23 7.22 4.63 5.08 87.1

5 8.71 7.71 7.81 7.42 6.68 6.53 6.48 4.66 4.78 80.0

6 8.37 7.21 7.26 6.72 6.03 5.93 5.75 441 437 72.7

7 8.03 6.88 6.91 6.24 5.55 545 5.23 418 4.04 67.4

8 7.99 6.69 6.66 5.89 5.20 5.03 4.84 3.99 3.83 64.1

9 7.97 6.61 6.45 5.62 492 4.70 453 3.83 3.68 635

10 8.07 6.61 6.32 5.35 4.68 442 427 3.72 3.53 61.4
TICS 8.62(+2)
T =40eV DDCS

E (eV) 25° 35° 45° 60° 75° 90° 105° 120° 135° SDCS
4 8.22 7.35 7.57 7.54 7.46 7.38 6.85 6.50 6.82 90.1

5 7.44 6.59 6.77 6.73 6.63 6.58 6.16 5.81 5.99 80.0

6 6.75 5.97 6.08 5.98 5.86 5.76 5.41 5.15 5.17 71.1

7 6.43 5.55 5.57 5.42 5.27 5.00 481 4.57 4.56 632

8 6.11 5.26 5.19 497 481 458 433 4.14 4.11 58.6

9 5.61 5.02 4.90 4.60 441 4.16 3.97 3.81 3.75 53.8

10 5.31 4.88 4.67 4.29 4.08 3.81 3.68 3.53 3.45 510

12 5.48 481 438 3.84 3.56 3.32 3.22 3.10 3.08 46.3

14 5.87 491 4.26 3.55 3.23 2.94 2.87 2.80 2.80 435
TICS 1.03(+3)
T =60eV DDCS

E (V) 25° 35° 45° 60° 75° 90° 105° 120° 135° sDCs
4 6.72 6.58 6.75 7.11 7.35 7.14 6.67 6.38 7.27 88.6

5 5.7 5.76 5.96 6.27 6.50 6.27 5.92 5.64 6.22 77.1

6 4.89 5.03 5.24 5.50 5.70 5.44 5.12 4.90 5.28 66.5

7 434 4.48 4.67 4.89 5.03 475 443 4.30 4.54 583

8 3.85 4.05 423 438 4.47 418 3.90 3.80 3.96 522

9 3.46 3.72 3.84 3.97 4.03 3.71 3.47 3.42 3.51 417

10 3.13 347 3.54 3.66 3.66 3.34 3.13 3.12 3.17 438

12 2.79 3.00 3.12 3.17 3.08 2.80 2.62 2.59 2.66 36.5

14 2.49 2.87 2.82 2.77 2.67 2.39 2.23 2.25 231 32.1

16 2.35 2.70 2.61 2.48 2.31 2.08 1.93 2.03 2.08 28.7

18 2.31 2.61 2.45 2.24 2.05 1.81 171 1.81 1.91 252
20 2.33 2.58 2.34 2.05 1.83 1.62 1.54 1.67 176 239

24 2.79 2.70 2.26 1.81 1.55 137 133 1.47 1.59 238
TICS 129(+3)
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TABLE II. (Continued.)

T =80eV DDCS

E(eV) 25° 35° 45° 60° 75° 90° 105° 120° 135° SDCS
4 6.43 5.97 6.21 6.41 6.33 6.47 6.18 6.26 6.07 78.4

5 5.73 5.18 5.44 5.62 5.52 5.61 5.28 5.35 5.22 68.1

6 4.56 4.52 472 4.87 4.79 478 4.49 4.50 4.40 58.6

7 3.68 3.94 4.18 427 421 4.11 3.86 3.83 3.74 50.4

8 3.29 3.50 3.75 3.82 3.74 3.63 3.36 3.31 3.25 45.1

9 3.09 3.16 3.36 3.45 3.34 3.25 2.96 2.90 2.86 39.8

10 2.74 2.86 3.08 3.14 3.03 2.92 2.65 2.56 2.54 36.2

12 2.07 247 2.62 2.67 2.54 2.36 2.14 2.08 2.06 29.1

14 1.85 2.17 2.29 2.28 2.15 2.00 1.80 174 176 25.6

16 1.61 1.91 2.01 1.98 1.82 1.67 1.50 1.47 1.52 216

18 150 1.72 177 171 156 140 1.27 1.25 130 18.5
20 136 1.56 1.60 1.50 1.33 1.20 1.09 1.09 1.14 16.2
24 1.28 143 139 1.22 1.04 0.93 0.86 0.88 0.93 13.5
28 1.38 1.42 129 1.06 0.87 0.77 0.72 0.76 0.84 12.5
32 1.67 151 129 0.98 0.76 0.67 0.64 0.71 0.79 1.9
TICS 1.21(+3)
T =100 eV DDCS

E (eV) 25° 35° 45° 60° 75° 90° 105° 120° 135° sDCs
4 6.62 6.48 6.66 6.59 6.63 6.64 6.28 6.05 5.66 79.0

5 5.65 5.71 5.93 5.86 5.84 5.83 5.42 5.19 4.89 69.4

6 4.71 4.93 5.09 5.08 5.09 4.95 4.62 4.37 4.10 58.9

7 3.85 4.34 4.48 4.46 4.40 425 3.95 3.71 3.40 50.2

8 3.25 3.84 4.00 4.02 3.90 3.76 341 3.22 2.93 44.4

9 2.88 3.46 3.58 3.61 3.54 3.35 3.00 2.82 2.56 39.4

10 2.58 3.11 3.27 3.26 3.19 2.97 2.66 2.50 2.26 35.1

12 1.99 2.64 2.73 2.74 2.62 2.46 2.15 1.97 1.82 29.1

14 1.58 2.22 2.38 2.34 2.24 2.04 1.80 1.65 1.52 24.6

16 1.35 1.89 2.01 1.96 1.87 1.66 1.47 1.35 1.29 205

18 1.16 1.63 1.73 1.68 1.57 1.37 1.21 113 1.06 17.1
20 0.98 143 1.51 1.45 1.33 1.18 1.03 0.97 0.91 15.0
24 0.81 1.19 120 112 1.00 0.86 0.76 0.72 0.70 115

28 0.78 1.07 1.04 0.92 0.78 0.68 0.61 0.60 0.59 9.51

32 0.86 1.05 0.96 0.80 0.65 0.56 0.51 0.52 0.52 8.33

36 1.03 1.07 0.94 0.73 0.57 0.48 0.45 0.47 0.48 8.09
40 1.26 115 0.95 0.69 0.53 0.44 0.41 0.44 0.46 8.01

44 1.56 1.26 0.98 0.67 0.50 0.41 0.39 0.42 0.45 7.92
TICS 1.24(+3)
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TABLE II. (Continued.)

T =200eV DDCS

E (eV) 25° 35° 45° 60° 75° 90° 105° 120° 135° SDCS
4 5.99 5.47 5.37 5.27 5.28 5.54 5.30 5.02 4.83 65.8
5 5.00 4.81 4.75 4.71 4.67 4.87 4.55 432 4.15 57.6
6 420 4.19 420 4.14 4.10 420 3.85 3.67 3.50 492
7 3.62 3.67 371 3.63 3.60 3.63 3.32 3.10 2.93 4.1
8 3.12 3.27 3.27 3.22 3.19 3.19 2.92 2.67 2.52 36.8
9 2.66 2.92 2.93 2.90 2.88 2.85 2.57 2.34 2.20 32.6
10 2.29 2.62 2.63 2.64 2.62 2.58 227 2.05 1.91 29.3
12 1.77 2.17 2.19 2.24 2.17 2.09 1.85 1.63 1.51 23.5
14 1.37 1.75 1.80 1.86 1.80 1.68 1.48 1.30 1.26 19.1
16 1.09 1.42 1.48 1.54 1.49 1.38 1.19 1.04 0.96 15.8
18 0.88 1.16 1.24 1.30 1.24 1.14 0.98 0.85 0.77 132
20 0.66 0.97 1.05 1.10 1.06 0.95 0.81 0.70 0.64 11.1
25 0.43 0.65 0.71 0.76 0.71 0.63 0.52 0.46 0.43 7.35
30 0.29 0.46 0.51 0.55 0.51 0.43 0.36 0.32 0.30 5.26
35 0.25 0.35 0.39 0.41 0.37 0.30 0.25 0.23 0.22 3.80
40 0.20 0.28 0.32 0.33 0.28 0.22 0.18 0.17 0.17 2.87
45 0.20 0.24 0.27 0.27 0.22 0.17 0.14 0.13 0.13 2.34
50 0.21 0.22 0.24 0.23 0.18 0.13 0.11 0.10 0.10 1.99
60 0.23 0.20 0.21 0.18 0.13 8.9(-2) 7.4(=2) 7.1(=2) 7.5(=2) 1.55
70 0.28 0.21 0.20 0.15 9.9(-2) 6.8(-2) 5.9(-2) 57(=2) 6.1(~2) 1.31
80 0.37 0.23 0.20 0.13 8.1(=2) 6.0(~2) 5.1(=2) 5.1(=2) 5.7(=2) 1.25
90 0.51 0.27 0.20 0.12 7.4(=2) 5.5(=2) 4.7(=2) 4.8(=2) 5.2(=2) 1.26
TICS 1.06(+3)
T =300eV DDCS

E (eV) 25° 35° 45° 60° 75° 90° 105° 120° 135° SDCS
4 4.72 4.37 432 436 423 430 4.13 3.93 3.89 52.5
5 4.16 3.89 3.86 3.90 3.76 3.82 3.61 3.42 3.35 46.2
6 3.58 3.38 3.35 3.41 3.28 331 3.08 2.90 2.81 39.6
7 3.08 2.92 2.90 2.98 2.87 2.88 2.63 2.43 2.35 34.0
8 2.68 2.58 2.56 2.63 2.55 2.53 2.29 2.09 2.00 29.6
9 2.33 2.32 2.29 237 2.29 2.25 2.01 1.83 1.73 26.2
10 2.05 2.08 2.07 2.17 2.08 2.03 1.80 1.62 1.52 235
12 1.57 1.63 1.72 1.78 1.75 1.67 1.49 1.33 1.25 19.3
14 1.27 1.38 1.42 1.48 1.43 1.37 1.20 1.03 0.97 15.6
16 1.06 1.15 1.18 1.26 1.19 1.15 0.97 0.83 0.77 12.9
18 0.85 0.95 0.98 1.06 1.01 0.95 0.80 0.68 0.63 10.7
20 0.69 0.78 0.82 0.91 0.87 0.80 0.66 0.57 0.52 8.97
25 0.43 0.52 0.56 0.63 0.60 0.54 0.44 0.37 0.34 6.03
30 0.29 0.36 0.40 0.46 0.44 0.38 0.30 0.26 0.24 431
35 0.21 0.27 0.30 0.36 0.33 0.28 0.22 0.19 0.18 3.20
40 0.16 0.21 0.24 0.28 0.26 0.21 0.16 0.14 0.14 2.46
45 0.13 0.17 0.20 0.23 0.20 0.16 0.12 0.10 0.10 1.93
50 0.10 0.14 0.17 0.20 0.16 0.12 9.1(-2)  79(2)  78(=2) 155
60 7.6(-2)  0.10 0.13 0.15 0.11 77(=2)  58(=2) @ 47(=2) 502  1.07
70 6.0(-2)  8.6(-2)  0.11 0.12 8.1(=2)  53(=2)  3.8(=2)  34(2)  36(=2) 081
80 53(=2)  7.8(=2)  94(-=2)  95(2)  59(-2)  39(=2)  27(-2)  24(2) 2.6(-2)  0.64
90 57(=2)  T4(=2)  8.6(-2)  8.0(=2)  4.6(-2)  28(=2)  2.0(-2)  18(=2)  2.0(-2) 054
100 56(=2)  75(=2)  83(=2)  7.0(=2)  37(=2)  22(=2)  17(=2)  15(2)  1.6(-2) 048
120 7.1(=2)  87(=2)  83(=2)  53(2)  2.5(-2) 1.6(-2) 12(=2)  L1(=2)  12(=2) 043
140 0.11 0.11 8.5(=2)  44(=2)  22(-2) 1.5(-2) 1L1(=2)  1.0=2) 11(-=2) 044
TICS 8.6(+2)
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TABLE II. (Continued.)

T =400 eV DDCS

E (eV) 25° 35° 45° 60° 75° 90° 105° 120° 135° SDCS
4 3.83 4.04 3.76 3.83 3.76 3.63 3.52 3.40 3.49 45.8

5 341 3.63 3.38 3.44 3.36 3.23 3.10 2.96 3.02 40.5

6 2.90 3.16 2.95 3.01 2.92 2.79 2.66 2.50 2.54 347

7 2.46 2.70 2.55 2.62 2.52 241 2.27 2.10 2.12 29.6

8 2.10 2.36 2.23 2.31 2.22 2.12 1.97 1.80 1.79 25.6

9 1.82 2.13 1.98 2.10 1.99 1.89 1.73 1.56 1.54 22.7

10 1.60 1.93 1.79 1.91 1.82 1.72 1.55 1.39 1.35 204

12 1.28 1.54 1.48 1.55 1.51 1.39 1.27 1.09 1.13 16.6

14 1.04 1.25 1.21 1.28 1.25 1.15 1.02 0.86 0.86 13.4

16 0.83 1.03 0.99 1.08 1.05 0.97 0.83 0.70 0.67 11.0
18 0.66 0.84 0.84 0.92 0.89 0.81 0.69 0.57 0.55 9.13
20 0.54 0.70 0.70 0.78 0.76 0.69 0.58 0.47 0.45 7.67
25 0.34 0.46 0.47 0.54 0.53 0.47 0.38 0.31 0.29 5.16
30 0.22 0.32 0.33 0.40 0.39 0.34 0.27 0.22 0.21 3.70
35 0.16 0.24 0.25 0.31 0.30 0.25 0.20 0.16 0.15 2.77
40 0.12 0.18 0.20 0.25 0.23 0.19 0.14 0.12 0.11 2.12
45 9.8(-2) 0.14 0.16 0.20 0.19 0.14 0.11 8.7(-2) 8.6(-2) 1.67
50 7.5(=2) 0.11 0.13 0.17 0.16 0.11 8.0(=2) 6.7(=2) 6.5(=2) 1.33
60 4.9(-2) 8.0(=2) 9.6(-2) 0.13 0.11 7.2(=2) 5.1(=2) 4.2(=2) 4.3(-2) 0.91

70 3.8(-2) 6.2(-2) 7.8(=2) 0.10 7.8(=2) 4.8(-2) 3.5(=2) 2.8(=2) 2.9(=2) 0.67
80 3.1(=2) 5.2(=2) 6.3(=2) 8.2(-2) 6.0(=2) 3.4(=2) 2.4(=2) 2.0(=2) 2.1(=2) 0.51

90 2.9(=2) 4.5(=2) 5.6(=2) 7.0(=2) 4.5(-2) 2.5(=2) 1.7(=2) 1.5(=2) 1.6(=2) 0.42
100 2.4(=2) 4.1(=2) 5.3(=2) 6.1(=2) 3.5(=2) 1.9(=2) 1.3(-2) 1.3(=2) 1.2(=2) 0.35
120 2.1(=2) 3.7(=2) 4.5(-2) 4.5(=2) 2.2(=2) 1.2(=2) 8.0(=3) 7.0(=3) 7.3(=3) 0.25
140 2.2(=2) 3.7(=2) 4.3(=2) 3.5(=2) 1.4(=2) 7.9(=3) 5.4(=3) 4.7(=3) 5.0(=3) 0.21
160 2.6(=2) 4.2(=2) 4.3(=2) 2.7(=2) 1.1(=2) 6.1(=3) 4.4(=3) 3.5(-3) 3.7(=3) 0.19
180 3.6(=2) 5.1(=2) 4.3(=2) 2.1(=2) 9.0(=3) 5.4(=3) 4.0(=3) 3.2(=3) 3.3(-3) 0.19
190 4.3(-2) 5.6(=2) 4.5(=2) 2.0(=2) 7.8(=3) 5.0(=3) 3.7(-3) 3.2(-3) 3.5(-3) 0.19
TICS 6.66(+2)
T = 600 eV DDCS

E (eV) 25° 35° 45° 60° 75° 90° 105° 120° 135° SDCS
4 2.60 2.78 2.82 2.96 3.01 3.23 2.78 2.20 2.26 33.2
5 2.19 2.48 2.51 2.65 2.68 2.87 2.45 1.92 1.97 29.3
6 1.80 2.14 2.17 2.28 2.31 2.46 2.09 1.63 1.68 25.0
7 1.52 1.82 1.84 1.95 1.99 2.09 1.78 1.36 1.44 21.3
8 1.28 1.57 1.61 1.71 1.74 1.82 1.53 1.16 1.25 18.5
9 1.12 1.40 1.45 1.54 1.56 1.63 1.36 1.02 1.08 16.4
10 0.99 1.26 1.33 1.42 1.43 1.47 1.23 0.92 0.94 14.8
12 0.76 1.01 1.05 1.14 1.16 1.20 0.96 0.72 0.72 11.7
14 0.60 0.82 0.85 0.95 0.96 0.99 0.79 0.57 0.55 9.50
16 0.47 0.67 0.71 0.79 0.80 0.82 0.65 0.46 0.44 7.81
18 0.38 0.56 0.59 0.67 0.69 0.69 0.54 0.38 0.36 6.52
20 0.29 0.46 0.50 0.57 0.59 0.59 0.45 0.31 0.30 5.49
25 0.20 0.30 0.33 0.40 0.41 0.41 0.30 0.21 0.19 3.73
30 0.13 0.21 0.23 0.29 0.31 0.30 0.22 0.14 0.13 2.69
35 9.7(=2) 0.15 0.18 0.23 0.24 0.23 0.16 0.11 0.10 2.03
40 7.2(-2) 0.11 0.14 0.18 0.19 0.17 0.12 7.6(=2) 7.4(=2) 1.56
45 6.3(=2) 9.0(=2) 0.11 0.15 0.15 0.14 8.8(-2) 5.8(=2) 5.6(=2) 1.24
50 4.8(-2) 7.1(=2) 8.8(-2) 0.13 0.13 0.11 6.8(=2) 4.4(=2) 4.3(-2) 0.99
60 3.7(=2) 4.9(=2) 6.5(=2) 9.5(=2) 9.3(-2) 7.3(=2) 4.4(=2) 2.8(=2) 2.9(=2) 0.70
70 3.0(=2) 3.7(-2) 5.0(=2) 7.6(=2) 7.2(=2) 5.0(=2) 2.9(=2) 1.9(-2) 1.9(-2) 0.52
80 2.3(=2) 2.9(-2) 4.0(-2) 6.3(=2) 5.6(=2) 3.7(=2) 2.0(=2) 1.3(=2) 1.4(=2) 0.40
90 2.1(=-2) 2.4(=2) 3.4(=2) 5.3(=2) 4.5(=2) 2.7(=2) 1.5(=2) 1.0(=2) 1.1(=2) 0.32
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TABLE II. (Continued.)

T =600 eV DDCS
E (eV) 25° 35° 45° 60° 75° 90° 105° 120° 135° SDCS
100 1.9(=2)  2.0(=2)  29(-2)  47(-2)  3.6(-2) 20(=2) 11(=2)  73(=3) 8.0(=3) 026
120 15(=2)  1.6(=2)  24(=2)  3.6(2) 24(2) 12(=2)  64(=3)  42(-3)  48(=3)  0.18
140 14(=2)  13(=2)  2.1(=2)  3.0(=2)  1.6(=2)  7.6(=3)  43(=3) 29(3) 33(=3) 0.14
160 13(=2)  12(=2)  19(=2)  25(2)  LI(=2)  54(3)  3.1(=3) 22(-3) 253) 0.2
180 13(=2)  12(=2)  19(=2) 20(2) 8.1(=3) 4.0(=3) 24(=3) 1.8(=3) 2.1(=3) 9.8(-2)
200 1.5(=2)  12(=2)  1.8(=2)  1.7(=2)  6.0(=3)  32(=3)  2.0(=3) 14(3) 17(3) 8.7(-2)
250 14(=2)  1.6(=2)  1.8(=2)  9.4(=3)  23(=3) 13(=3) 1.0(3) 65(4) 824  67(-2)
TICS 5.55(+2)
T =800 eV DDCS

E (eV) 25° 350 45° 60° 75° 90° 105° 120° 135° SDCS
4 2.87 2.99 2.40 2.35 2.43 2.43 2.14 2.20 2.24 29.9

5 2.48 2.56 2.13 2.07 2.15 2.14 1.90 1.93 1.96 26.3

6 2.09 2.15 1.86 1.79 1.86 1.84 1.63 1.63 1.65 224

7 1.76 1.80 1.61 1.53 1.58 1.56 1.38 1.38 1.37 18.9

8 1.52 1.52 1.43 1.35 1.37 1.35 1.19 1.20 1.16 16.4

9 1.32 1.31 1.24 1.21 1.22 1.19 1.06 1.06 1.01 14.4
10 1.15 1.15 1.05 1.07 1.10 1.08 0.95 0.91 0.95 12.9
12 0.87 0.90 0.85 0.86 0.89 0.87 0.75 0.72 0.73 10.2
14 0.67 0.71 0.70 0.71 0.74 0.71 0.61 0.57 0.55 8.10
16 0.52 0.57 0.58 0.59 0.62 0.59 0.50 0.46 0.43 6.61

18 0.42 0.47 0.47 0.50 0.53 0.50 0.41 0.38 0.35 5.49
20 0.34 0.37 0.40 0.42 0.45 0.42 0.35 0.31 0.29 4.59
25 0.21 0.24 0.26 0.29 0.32 0.29 0.23 0.21 0.19 3.08
30 0.14 0.16 0.19 0.22 0.24 0.22 0.17 0.14 0.13 2.22
35 0.10 0.12 0.14 0.16 0.18 0.17 0.12 0.11 97(=2)  1.66
40 75(-2)  89(-2)  0.11 0.13 0.14 0.13 9.1(-2)  7.8(-2)  73(=2) 127
45 57(=2)  7.0(=2)  83(=2)  0.11 0.11 0.10 70(=2)  59(=2)  53(=2)  1.00
50 44(=2)  5.6(=2)  67(-2)  89(=2)  97(-2)  82(=2)  55(=2)  45(=2)  42(=2) 08l
60 3.0(=2)  3.6(=2)  48(=2)  6.6(-2)  7.1(-2)  56(-2)  34(-2) 28(-2) 27(-2) 056
70 2.1(=2)  27(=2)  3.6(=2)  53(=2)  5.6(=2)  40(=2)  24(2) 20(=2) 19(=2) 040
80 1L6(=2)  2.1(=2)  28(2)  43(=2) 452  29=2) 17(=2) 14(=2) 13(=2) 032
90 12(-2)  1.6(=2)  23(=2)  3.7(=2)  3.6(-2) 22(-2) 12(=2)  99(-3)  98(-3) 025
100 1.0(=2)  14(=2)  19(2)  32(-2) 3.0(2) 17(=2) 9.0(3)  72(=3) 73(=3) 020
120 75(=3)  9.7(=3)  1.5(2)  26(-2) 22(-2)  10(=2)  55(3)  4.1(3) 453) 0.14
140 59(-3)  7.9(3)  12(-2)  22(-2)  15(2)  65(3) 37(3) 3.1(3) 303 0.1
160 51(=3)  6.6(=3)  1.1(=2)  1.8(=2)  LI1(=2)  47(3)  24(=3)  2.1(3) 23(3) 85(2)
180 48(-3)  59(3) 97(3)  1.6(-2) 85(3) 33(=3) 19(=3) 15(3) 1.8=3) 7.1(-2)
200 45(-3)  54(=3)  92(-3) 14(=2)  6.1(3)  26(=3) 1.6(=3) 13(=3) 1.6(-3)  6.0(-2)
250 40(=3)  45(3)  87(=3)  9.1(3)  29(3)  13(=3)  89(4) 794  9.1(4)  40(-2)
300 43(=3)  44(=3)  92(3) 58(3) 1.6(=3) 84(4)  57(4)  51(4) 584  32(-2)
350 55(-3)  5.6(=3)  9.8(=3)  3.7(=3)  LI(=3)  6.1(4)  43(4)  38(4) 414 292
TICS 4.81(+2)
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TABLE II. (Continued.)

T = 1keV DDCS

E (eV) 25° 35° 45° 60° 90° 105° 120° 135° SDCS
4 2.15 231 2.28 2.87 2.53 2.98 251 1.79 231 27.6

5 1.70 1.95 1.96 2.39 2.20 2.48 2.08 1.51 1.96 23.5

6 1.38 1.65 1.69 1.99 2.10 1.72 1.26 1.63 20.1

7 1.09 1.41 1.45 1.71 1.77 1.41 1.05 1.35 17.4

8 0.90 1.23 1.32 1.53 1.51 1.18 0.90 1.12 152

9 0.80 1.06 1.16 1.33 1.32 1.02 0.79 0.99 13.3
10 0.73 0.91 0.95 1.13 1.17 0.90 0.69 0.90 11.8

12 0.56 0.72 0.74 0.91 0.85 0.94 0.70 0.52 0.66 9.37

14 0.50 0.57 0.61 0.75 0.69 0.77 0.55 0.41 0.50 7.58

16 0.43 0.46 0.49 0.62 0.57 0.63 0.46 0.34 0.40 6.23

18 0.34 0.38 0.41 0.51 0.48 0.53 0.39 0.27 0.32 5.19
20 0.28 0.32 0.34 0.44 0.42 0.46 0.33 0.23 0.27 4.38
25 0.19 0.20 0.23 0.30 0.29 0.31 0.23 0.15 0.17 2.98
30 0.11 0.14 0.16 0.22 0.21 0.23 0.17 0.10 0.12 2.13
35 84(=2)  99(-2)  0.12 0.17 0.16 0.17 0.12 7.6(-2)  8.5(-2) 1.58
40 6.2(-2)  74(=2)  9.0(=2)  0.13 0.13 0.14 9.1(=2)  5.6(-2)  63(-2) 1.21
45 41(=2) 572  69(2)  0.10 0.11 0.10 6.9(-2)  42(-2)  4.8(-2) 095
50 3.6(=2)  44(=2)  5.6(-2)  87(=2)  8.9(-2)  84(=2)  56(-2)  32(=2) 3.7(=2) 0.6
60 24(=2)  3.0(=2)  39(-2)  64(2)  68(-2)  60(=2)  3.5(=2)  2.0(=2)  23(=2) 051
70 1.8(=2)  2.1(=2)  28(=2)  50(=2)  53(2)  44(=2)  24(=2)  13(=2)  16(-2) 037
80 12(-2)  1.6(=2)  22(=2)  41(=2)  43(=2)  33(=2)  16(=2)  9.6(-3) 12(-2) 027
90 8.8(=3)  12(=2) 1.8(=2)  35(=2)  34(=2) 252  12(=2)  7.1(3) 87(3) 021
100 74(-3)  1.0(=2)  1.6(-2)  3.0(2)  29(-2)  20(=2)  9.0(3)  52(=3) 6.6(3) 0.7
120 57(=3)  7.2(=3) 1L1(=2)  23(=2)  21(=2)  12(=2)  52(3) 33(=3) 40(3) 0.1
140 34(-3) 55(3)  8.8(-3) 1.9(-2) 1.5(=2)  74(=3)  35(3)  22(=3) 27(-3)  82(=2)
160 34(-3) 43(=3)  7.3(=3) 1.6(=2) L1(=2)  5.1(=3)  24(3) 15(3) 20(3)  63(=2)
180 2.8(-3)  37(=3)  6.4(=3) 14(-2)  82(=3)  3.6(3) 18(=3)  12(-3) 1.5(-3)  5.1(-2)
200 27(-3)  33(3)  5.8(=3) 12(=2)  62(=3)  27(3)  14(3)  9.8(-4) 14(=3)  42(-2)
250 2.1(-3)  25(3)  4.8(=3)  87(=3)  3.0(3)  13(=3)  68(4)  59(4) 744 322
300 2.6(-3)  24(=3)  45(-3)  62(=3) 17(=3)  8.1(4)  43(4)  32(4) 41  23(-2)
350 23(-3)  2.6(=3)  52(3)  43(3) 1.0(=3)  49(4)  33(4)  2.1(4) 284 1.9(-2)
400 26(-3)  29(=3)  55(=3)  25(3)  6.1(4)  33(4)  23(4)  16(-4)  1.9(-4) 1.7(=2)
450 35(=3) 39(3)  5.8(=3) 1.5(=3)  49(4)  3.6(-4)  1.6(-4)  14(-4)  2.4(-4) 1.7(=2)
TICS 4.38(+2)
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