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Triple differential cross section measurements for the electron-impact ionization of the highest occupied
molecular orbital of tetrahydrofuran (THF) are reported. Experimental measurements were performed
using the (e,2e) technique in asymmetric coplanar kinematics with an incident electron energy of
250 eV and an ejected electron energy of 20 eV. With the scattered electrons being detected at �5�,
the angular distribution of the ejected electrons was observed. These measurements are compared with
calculations performed within the molecular 3-body distorted wave (M3DW) model, and against previ-
ous measurements on THF and tetrahydrofurfuryl alcohol to further understand the role that kinematics
and structure play in electron-impact ionization.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

There have been a number of recent studies on positron-in-
duced and electron-induced phenomena in biologically relevant
molecules (see [1,2] and references therein). This stems from the
fact that such studies are required to develop models to simulate
charged-particle induced damage to biological systems. Electron
scattering is particularly important in this sense, as a large number
of low-energy secondary electrons (LESEs) are produced from a
single high-energy ionizing particle [3], and these, in turn, can effi-
ciently induce DNA damage through single and double strand
breakages [4]. Further, such damage has been found to result from
localized electron-interactions with the sub-units of DNA, rather
than the bulk structure [5,6]. This has created a pressing need to
characterize the electron scattering mechanisms for key structural
moieties found in biological systems. Of particular importance is
substantiated knowledge of the electron-impact cross sections that
describe the probability of the electron-induced scattering
phenomena. Here experimental and theoretical cross sections are
particularly useful in simulating charged-particle interactions in
the media resembling biological systems.

Given the complex composition of DNA and other biologically
relevant compounds, it is clear, that if charged-particle induced
damage in these macro-molecules is to be accurately simulated,
we need to identify and understand the role of isolated chemical
structures within them. In this context, it is also particularly
important to identify the most suitable model compounds that
can allow for accurate simulations of the radiation induced DNA
damage facilitated by LESEs.

In an effort to provide a better understanding of the role of
molecular structure in electron scattering dynamics we have thus
expanded some recent studies on electron-impact ionization of
individual biomolecules such as water [7], formic acid [8], pyrimi-
dine [9] and thymine [10] by performing an investigation on the
ionization of the structurally-related compounds tetrahydrofuran
(THF) and tetrahydrofurfuryl alcohol (THFA). In this respect, an
understanding of the sensitivity of the scattering behavior from
specific species over a range of kinematical conditions is also
pertinent.

In this Letter we consider electron-impact ionization of THF and
THFA as both of these molecules resemble structural units of the
phosphate deoxyribose backbone of DNA (see Figure 1). Indeed, this
fact has led to a number of recent studies of electron scattering phe-
nomena from both THF and THFA, which included measurements of
electron-impact total [11–15], elastic [15–21] and inelastic [21–23]
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Figure 1. Schematic diagram of tetrahydrofuran (THF) and tetrahydrofurfuryl alcohol (THFA) as structural analogues to the phosphate deoxyribose backbone found in DNA.
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Figure 2. Schematic diagram of the kinematics employed for the TDCS measure-
ments of (a) THF (present work) and THFA [29] and (b) THF (work of Coyler et al.
[26]). The dashed line in each figure displays the range of ejected electron
momentum values with the variation in polar angles. See text for further details.
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scattering cross sections and dissociative electron-attachment
processes [24,25]. Furthermore, Colyer et al. [26–28] have also per-
formed triple differential cross section (TDCS) measurements for
the electron-impact ionization of the highest occupied molecular
orbital (HOMO) of THF under asymmetric coplanar kinematics. In
that body of work [26–28] angular distributions of the ejected elec-
tron, with energy Eb = 10 eV, were measured for the electron-im-
pact ionization of the HOMO when the scattered electron was
detected at the angles of ha = �5�, �10� or �15�, respectively, while
the incident electrons energy was E0 = 250 eV. Recently, we per-
formed an electron-impact ionization study of the HOMO of THFA
(28a) under similar asymmetric coplanar kinematics [29], although
in that study the angular distributions of the ejected electron were
measured for an ejected electron energy of 20 eV while the scat-
tered electron was again detected at ha = �5�, �10� or �15�. Most
noticeably, the measurements for both THFA and THF showed sig-
nificant recoil peak intensity when the scattered electron was de-
tected at ha = �5�. This observation is intriguing as it suggests that
the behavior for electron-impact ionization of the HOMOs for THF
and THFA may be similar. This result may however be rationalized
as the ionized orbitals in both cases are expected to be dominated
by contributions from the lone-electron pair located on the oxygen
atom forming the five-member ring. We note in this context, that
the HOMO for conformationally versatile THF is either the 12a0
(Cs) or 9b (C2) orbital. Nonetheless, the different kinematical condi-
tions employed in the THF [26–28] and THFA [29] measurements
(see Figure 2) restrict our ability to fully differentiate between the
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role of structure and kinematics in the electron-impact ionization
phenomena. To resolve this issue, we have thus performed new
measurements for THF under kinematical conditions that match
those employed for our recent measurements on THFA [29]. Specif-
ically, angular distributions for E0 = 250 eV and 20 eV ejected elec-
trons were measured while the detected scattered electron angle
was fixed at ha = �5�. By comparing the new TDCS measurements
to the earlier measurements of THF [26] we can gain insights into
the sensitivity of the electron-impact cross section to the ejected
electron energy. Further, we can make a direct comparison of the
new measurements with the existing data for THFA [29] to under-
stand the importance of the exocyclic hydroxyl group in the scatter-
ing dynamics.
2. Experimental methods and theoretical details

Triple differential cross sections for the kinematically-complete
electron-impact ionization of THF, described by

e�0 ðE0;p0Þ þ THF! THFþð2i;qÞ þ e�a ðEa;paÞ þ e�b ðEb;pbÞ; ð1Þ

have been measured under coplanar asymmetric kinematical condi-
tions using a (e,2e) coincidence technique. In Eq. (1), Ej and pj (j = 0,
a or b) are the energies and momenta of the incident, scattered and
ejected electrons, respectively. Here the conservation of energy dur-
ing the collision allows the binding energy of the ionized orbital (2i)
to be determined,

2i ¼ E0 � ðEa þ EbÞ: ð2Þ

Likewise, to conserve momentum the recoiling ion has
momentum

q ¼ p0 � ðpa þ pbÞ; ð3Þ

after the collision. The direction of the scattered electron defines the
momentum transferred to the target,

K ¼ p0 � pa: ð4Þ

Under the conditions where the electron is ejected in a direction
close to the momentum transfer direction (+K), all momentum
transferred to the target is absorbed by the outgoing electron. In
this region the magnitude of the momentum of the recoiling ion
is at its minimum, and the collisions are said to be binary. When
the electron is ejected in the direction anti-parallel to the
momentum transfer (�K), however, substantial momentum may
be transferred to the recoiling ion. The recoil momentum is then
near its maximum, and the collisions are said to be recoil in nature.

The full details of our experimental apparatus and measure-
ment procedure have been described previously [26,30], so that
only a brief summary is presented here. An electron beam of fixed
energy, E0 = 250 eV, is generated with an electron gun consisting of
a tungsten filament and a 5-element cylindrical lens stack. In the
scattering region, the electron beam crosses a beam of high-purity
THF, degassed by repeated freeze-pump-thaw cycles, introduced
into the system by a capillary. During the measurements, the vac-
uum chamber and sample gas lines were heated to �40 �C. Scat-
tered and ejected electrons produced though ionizing collisions
with the target beam were detected in separate analyzers. Using
standard coincidence timing techniques, the arrival times of the
electrons detected in each analyzer were used to determine if the
electrons originated from the same ionization event. In this study
the obtained binding energy resolution was 1.1 eV (FWHM), as
determined from measurements of the Helium 1s binding energy
peak. To obtain the coincidence angular distribution of the ejected
electron, the scattered electron analyzer was fixed at ha = �5�,
while the ejected electron analyzer was rotated in the scattering
plane.
The present experimental data is compared to theoretical calcu-
lations obtained within a M3DW (molecular 3-body distorted
wave) framework [31–33]. These calculations have been described
elsewhere, so only a brief description is repeated here. The TDCS
for the M3DW is given by

dr
dXadXbdEb

¼ 1

ð2pÞ5
kakb

ki
ðjTdirj2 þ jTexcj2 þ jTdir � Texcj2Þ; ð5Þ

where ~ki;
~ka; and ~kb are the wave vectors for the initial, scattered

and ejected electrons, respectively, Tdir is the direct scattering
amplitude, and Texc is the exchange amplitude. The direct scattering
amplitude is given by

Tdir ¼ v�a ð~ka; r1Þv�b ð~kb; r2ÞCscat�ejectðrave
12 ÞjV � Uij/OA

DYðr2Þvþi ð~ki; r1Þ
D E

;

ð6Þ

here r1 and r2 are the coordinates of the incident and the bound
electrons, vi;va; and vb are the distorted waves for the incident,
scattered, and ejected electrons respectively, and /OA

DYðr2Þ is the ini-
tial bound-state Dyson molecular orbital averaged over all orienta-
tions. Under the frozen orbital approximation, the Dyson orbital can
be approximated using the initial bound Kohn–Sham orbital. The
molecular wave functions were calculated using density functional
theory (DFT) along with the standard hybrid B3LYP [34] functional
by means of the ADF 2007 (Amsterdam Density Functional) program
[35] with the TZ2P (triple-zeta with two polarization functions) Sla-
ter type basis sets. The factor Cscat�ejectðrave

12 Þ is the Ward–Macek
average Coulomb-distortion factor between the two final state elec-
trons [36], V is the initial state interaction potential between the
incident electron and the neutral molecule, and Ui is a spherically
symmetric distorting potential which is used to calculate the ini-
tial-state distorted wave for the incident electron vþi ð~ki; r1Þ. For
the exchange amplitude Texc , particles 1 and 2 are interchanged in
Eq. (6).

The Schrödinger equation for the incoming electron wave-func-
tion is given by:

T þ Ui �
k2

i

2

 !
vþi ðki
!
; rÞ ¼ 0; ð7Þ

where T is the kinetic energy operator and the ‘+’ superscript on
vþi ð~ki; rÞ indicates outgoing wave boundary conditions. The initial
state distorting potential contains three components Ui ¼ Usþ
UE þ UCP , where Us contains the nuclear contribution plus a spheri-
cally symmetric approximation for the interaction between the pro-
jectile electron and the target electrons which is obtained from the
quantum mechanical charge density of the target. The charge den-
sity is obtained by summing 2j/DY j

2 over all occupied orbitals (the 2
is for double occupancy and the original non-averaged Dyson orbi-
tal is used). The nuclear contribution to Us is the interaction be-
tween the projectile electron and all the 17 nuclei averaged over
all orientations. Averaging the nuclei over all orientations is equiv-
alent to putting the nuclear charge on a thin spherical shell whose
radius is the distance of the nuclei from the center of mass (CM). For
THF, there is no nucleus at the CM and the 4 carbon nuclei and one
oxygen nucleus are all about the same distance from the CM. The
closest nucleus to the CM is the oxygen at 2.35 a0. Consequently,
the first nuclear sphere has a charge of 8 with a radius of 2.35 a0.
The next sphere has 2 carbon nuclei with charge 12 and a radius
of 2.36 a0. The next sphere has another 2 carbon nuclei with charge
12 and a radius of 2.37 a0. The 8 hydrogen nuclei are on 4 spheres of
charge 2 located at 3.69, 3.75, 4.10, and 4.21 a0 respectively. UE is
the exchange potential of Furness–McCarthy (corrected for sign er-
rors) [37] which approximates the effect of the continuum electron
exchanging with the passive bound electrons in the molecule, and
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UCP is the correlation-polarization potential of Perdew and Zunger
[38] (see also Padial and Norcross [39]).

In Eq. (6), the final state for the system is approximated as a
product of distorted waves for the two continuum electrons
ðv�a ;v�b Þ times the Ward–Macek average Coulomb-distortion factor
Cscat�eject . The final state distorted waves are calculated the same as
the initial state except that the final state charge density is used to
calculate Us. The final state charge density is obtained the same as
the initial state except that unity occupancy is used for the active
electron orbital. Additional details can be found in Madison and
Al-Hagan [40].

In order to offer more quantitative comparisons between THF
and THFA, the calculated TDCS for THF are weighted by a 1:1,
Cs:C2 conformer ratio that is close to the recently observed exper-
imental values [41–43] at room temperature, and is thus represen-
tative of the conditions used in our experiments. Lastly, in order to
facilitate further quantitative understanding of the observed
behavior, spherically averaged orbital momentum profiles have
been generated [44] for both THF and THFA from Kohn–Sham orbi-
tals calculated with GAUSSIAN [45].
3. Results and discussion

In Figure 3, the newly measured binding energy spectrum (BES)
for THF is presented. This spectrum was obtained for an incident
electron energy E0 = 250 eV, with the scattered electron being de-
tected at ha = �10� in coincidence with an ejected electron with
Eb = 20 eV at hb = 75�. Here the data is accumulated by recording
the number of true coincident events as the scattered electron en-
ergy was scanned. Note that the features observed in this spectrum
are in good accord with results obtained in ultraviolet photoelec-
tron spectroscopy (UPS) [46,47], Penning ionization electron
spectroscopy (PIES) [47], and electron momentum spectroscopy
[42,43]. Interestingly, the BES from the earlier dynamical (e,2e)
study [26] shows marked differences to the present spectra. Here
those variations relate to the relative intensity of each spectral fea-
ture, which highlights the importance of the kinematical condi-
tions to the spectral behavior. Specifically, the BES of Colyer et al.
(Figure 3 of Ref. [26]) and the present spectrum are obtained in
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the binary region with recoil momentum values, |q|, of �0.3 and
�0.5 a.u., respectively. The shift from a low to higher recoil
momentum value probes different parts of the momentum profile
of the ionized orbital. As such, the nature of the ionized orbitals
momentum profile dramatically influences the relevant state’s
contribution to the spectrum [48].

In Figure 4 (a), measured TDCS for the HOMO of THF (12a0 + 9b)
are presented for ha = �5� and Eb = 20 eV. Initially, we compare the
present TDCS for THF shown in Figure 4 (a) with the results mea-
sured previously for THF under different kinematics, i.e. Eb = 10 eV,
(Figure 5 of Ref. [26]). Here we see a significant reduction in the ob-
served binary to recoil ratio as the ejected electron’s energy has in-
creased from 10 to 20 eV. Comparing these results with those from
the M3DW calculations, we see that the theory gives a much better
prediction of the shape of the binary feature when the ejected elec-
tron energy is 20 eV. However, the M3DW still fails to reproduce
the significant recoil peak intensity observed experimentally in
both this work and that of Colyer et al. [26].

In order to qualitatively understand this behavior, we expand
on the ideas proposed by Xu et al. [48]. Here we make reference
to the kinematical conditions detailed in Figure 2 and the momen-
tum profiles for the HOMO (12a0, 9b and conformational averaged
12a0 + 9b) of THF which are presented in Figure 5. In both measure-
ments the momentum transfer is small, being �0.4 a.u. However,
this momentum transfer is significantly less than the outgoing
electrons momentum, being |pb| = 0.86 and 1.21 a.u for Eb = 10 eV
and 20 eV, respectively. The ionization process must therefore al-
ways rely on linear momentum contributions from the internal
momentum of the particles within the target. Note that in the
impulsive limit, where no momentum is transferred to the recoil-
ing ion, the momentum of the ionized electron is equal and oppo-
site to the recoil momentum (this is the so-called electron
momentum spectroscopy experiment [49]). The momentum
profile and recoil momentum magnitude may therefore have a
large influence on the scattering dynamics.

In the two kinematical conditions with Eb = 10 or 20 eV the
magnitude of the recoil momentum belongs to the ranges of
0.45–1.26 and 0.77–1.66 a.u, respectively. As the THF 12a0 + 9b
momentum profile has a minimum at |q| � 0.4 a.u and a maximum
at |q| � 1.0 a.u. we may expect a weak intensity for the binary peak
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and a more significant recoil peak for Eb = 10 eV. Conversely, under
conditions where the ejected electron leaves with 20 eV, the max-
imum in the momentum profile coincides with the recoil momen-
tum value when the electron is ejected along the momentum
transfer direction. The TDCS should therefore be at its maximum
in this binary region. As the momentum distribution decreases in
going to higher recoil momentum values, it might be expected that
the recoil peak intensity is reduced from that found in the binary
region for Eb = 20 eV. Such observations are consistent with the
experimental binary-to-recoil ratios observed by Colyer et al.
[26] and in the present work. Thus, the behavior of the momentum
profile over the recoil momentum values studied through the de-
fined kinematics provides a qualitative rationale for the experi-
mentally observed binary-to-recoil peak ratios.

The TDCS for THF and THFA, measured under identical scatter-
ing conditions and shown in Figure 4(a) and (b), are now discussed.
It is immediately apparent from Figure 4 that the recoil peak for
THF is somewhat smaller than that observed previously for THFA.
Specifically, the recoil peak of THF is roughly a third of the inten-
sity of the binary peak while for THFA the recoil peak is about half
the intensity measured for the binary peak. This behavior is some-
what surprising as the HOMOs for both THF and THFA are structur-
ally expected to be quite similar. Indeed, the momentum profiles of
the HOMOs of both THF and THFA, shown in Figure 5, are essen-
tially identical over the range of recoil momentum values covered
by the relevant kinematical conditions, |q| � 0.8–1.7 a.u, of both
experiments. With the identical kinematical conditions, the ob-
served variation in the binary-to-recoil ratios suggests that the
dynamics of the ionization process must clearly influence the scat-
tering behavior. In this respect, comparisons between M3DW and
distorted-wave Born approximation calculations for both THF
(not shown) and THFA [29] have revealed that post-collision inter-
actions between the two outgoing electrons are unimportant un-
der the present kinematics. This perhaps suggests that a better
description of the post-collisional interaction between the two-
outgoing electrons and the residual ion may therefore be required.

4. Conclusions

By supplementing earlier studies on electron-impact ionization
of THF [26], with new experimental measurements and theoretical
calculations under kinematical conditions that matched those em-
ployed in our previous study of THFA [29], significant insights into
the nature of the observed binary-to-recoil ratios have been re-
vealed. The present results for THF, when compared against previ-
ous results measured under different kinematical conditions [26],
suggest that the relevant orbital momentum profiles may assist
us in understanding the observed binary-to-recoil peak ratios for
a particular target. However, when the TDCS measurements of
THF were compared to those from THFA, it was also apparent that
a quantitative understanding of the collision dynamics is also re-
quired to explain the observed scattering phenomena.
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