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We report a combined experimental and theoretical study of the ionization dynamics of tetrahydrofuran
induced by 250 eV electron impact in which the highest occupied molecular orbital is ionized leading to the
stable parent ion. Experimentally a reaction microscope was used, covering nearly the entire 47 solid angle for
the ejected slow electron. We present the triple-differential cross sections for the projectile scattering angles of
0, = —10° as a function of the emission angle of the ejected electrons with energies of E, = 10, 15, and 20 eV,
i.e., for asymmetric energy sharing between the scattered and ejected electrons. The measured triple-differential
cross sections are internormalized across the three ejected energies. The experimental data are compared with
predictions from the molecular three-body distorted-wave (M3DW), the multicenter distorted-wave (MCDW)
approaches, and a modified MCDW-WM method which includes the postcollision interaction using the Ward-
Macek approximation. Generally, the M3DW cross sections show better agreement with experiment than
the MCDW calculations except for the emission angles near the projectile forward direction. The MCDW
and MCDW-WM calculations do not reproduce the recoil lobes and show very small intensity for the cross
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sections outside the scattering plane.
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I. INTRODUCTION

Electron-impact-ionization cross sections are relevant in
many fields of science and technical applications. For ex-
ample, the study of the ionizing collisions between incident
electrons and atoms or molecules enabled scientists for many
years to explore the few-body quantum dynamics, and to ob-
tain electronic structure information of gaseous or condensed
matter [1-3]. On the other hand, these studies can give rele-
vant data for modeling collision processes, not only in natural
environments such as the upper atmosphere and interstellar
space, but also in technical plasmas, nuclear reactors, and in
medical radiation therapy [4-7]. It has been well established
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that lesions, e.g., in DNA, are not only caused by the high-
energy primary radiation, but also by the abundant secondary
electrons which have been found to effectively induce strand
breaks in DNA and the subunits [7-10]. Providing cross sec-
tions of processes involving the interactions of electrons with
biomolecules is essential for understanding the biological
damage induced by ionizing radiation.

Complete information on the ionization dynamics can be
obtained by kinematically complete experiments, or so-called
(e, 2e) studies, in which the linear momentum vectors of
all final-state particles are determined [1,2]. The quantity
measured in such experiments is the triple-differential cross
sections (TDCSs), which serves as a powerful tool to test
theoretical models that account for the quantum-mechanical
few-body interactions. Experimental techniques like reaction
microscope allow one to access a large fraction of the entire
solid angle and a range of energies of the continuum electrons
in the final state [11-13], and for the measurement of absolute
cross sections [14]. Thus, theories can be tested more compre-
hensively over a large range of the final-state phase space.

For simple atoms and molecules, the measured TDCSs can
be well reproduced by the most sophisticated nonperturbative
theories [15-22]. On the other hand, advanced perturbative
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models are more tractable, and can be applied to larger
systems including biomolecules (see, e.g., [23-35]). Addi-
tionally, they give information about which interactions are
relevant and which reaction mechanisms occur. TDCSs are
now also being considered as input parameters for Monte
Carlo simulations of track structures of energetic ionizing
particles or radiation to predict the damage done to living
tissues. Consequently, there have been recent systematic in-
vestigations of the ionization dynamics of biomolecules, e.g.,
for tetrahydrofuran (THF, C4HgO), which can be regarded
as a molecular analog of the deoxyribose sugar ring in the
DNA backbone [30-35]. Experimentally, studies of THF have
been performed in the coplanar asymmetric geometry at £y =
250eV using a conventional (e, 2¢) spectrometer [34,35]. A
number of theoretical models were developed to compare
with the experimental TDCSs [30-33], where the different
theories show larger discrepancies with experiment and also
between each other, particularly for the recoil pattern and the
relative magnitude between binary and recoil lobes [33]. It
is difficult to reflect on the quality of the theoretical models
since the experiments do not show a sufficient good statistical
significance.

In the present work, we perform a kinematically complete
experiment of electron-impact ionization of THF at 250 eV
projectile energy using a reaction microscope [11-13], in
which the three-dimensional (3D) momentum vectors of two
outgoing electrons and the recoil ion were measured in triple
coincidence. Here, ionization of 956 and 124’ orbitals, corre-
sponding to the highest occupied molecular orbital (HOMO)
of C, and C; conformers of THF, respectively, are observed,
which lead to an intact C4HgO™ ion in the final state [36].
The TDCSs were measured by covering a large part of the
full solid angle for the emitted electron. The measurements
reported here cover a range of ejected electron energies (E, =
10, 15, and 20 eV) with a projectile scattering angle of 6; =
—10°. The obtained TDCSs are internormalized for different
ejection energies, which means that a single scaling factor is
sufficient to put the experimental cross sections on an absolute
scale. The experimental data are compared with theoretical
predictions from both the multicenter distorted-wave [31] and
the molecular three-body distorted-wave approaches [33].

II. EXPERIMENTAL METHOD

Experiments were carried out using a multiparticle mo-
mentum imaging spectrometer (reaction microscope) com-
bined with a photoemission electron source and a heatable gas
jet. This technique was described in detail elsewhere (see, e.g.,
[11-13]), so only a brief outline will be given here. The well-
collimated electron beam with the energy of Ey = 250eV is
crossed with a supersonic gas jet. Different from the previous
gas targets (argon, neon, etc.), the sample in this experiment
is liquid, with a vapor pressure sufficient to generate a seeded
expansion of He gas (1 bar) [37].

The pulsed electron beam (AT =~ 0.5ns and AE) =
0.5eV) is produced by a pulsed ultraviolet laser beam (A =
266 nm) irradiating a tantalum photocathode [36]. After
collision the fragment ion and electron are extracted by ho-
mogeneous magnetic and electric fields toward two position-
and time-sensitive microchannel plate detectors equipped with

fast multihit delay-line anodes. The unscattered primary beam
is dumped to the central bore in the electron detector without
inducing a signal. For single ionization of THF, we use the
triple-coincidence detection of two outgoing electrons and
one recoil ion constituting a kinematically complete measure-
ment. The 3D vectors of the final-state electrons and ions are
determined from the measured times-of-flight and positions.
The detection solid angle for the C4;HgO™ ion is 4m. The
acceptance angle for detection of electrons up to an energy
of 20 eV is also close to 47, except for the acceptance holes
at small forward and backward angles where the electrons
end up in the detector bore. The momentum vectors of two
outgoing electrons were measured directly without relying on
the recoil-ion momentum. This allows for (e, 2¢) studies on
heavy and warm targets with the reaction microscope.

For the present focus diameter of 1 mm and the pulse
width of 0.5 ns the momentum resolution of electrons is better
than 0.1 a.u. [38]. As a result, for the angular resolution
the following upper limits are obtained (full width at half
maximum): A¢ = 6° for the azimuth angles of both the fast
and slow final-state electrons and Af; = 2° and A6, = 6°
for the polar angles of the fast and slow electrons, respec-
tively. The coincidence binding energy (Ep, = Ey — E| — E»)
resolution is determined to be AEj, ~ 8.0 eV, which is not
sufficient to uniquely identify the ionized molecular orbital.
On the other hand, the coincident detection of the residual
ion provides a restriction on the contributing orbitals. Here,
the intact C4HgO™ ions are solely attributable to the HOMO
ionization of THF [36].

III. THEORETICAL MODELS

In the theoretical calculations, we used three different
methods to describe the present electron-impact-ionization
process, namely, the molecular three-body distorted-wave ap-
proach (M3DW), the multicenter distorted-wave (MCDW)
approximation, and a modified MCDW-WM method. De-
tails about the calculations have been discussed previously in
Refs. [23,33] for M3DW and Refs. [28,31] for the calculations
based on MCDW. The M3DW model contains the final-
state Coulomb-distortion factor between the two electrons,
normally called the postcollision interaction (PCI) exactly.
In the MCDW method, the incident and scattered electrons
are described by plane waves and the ejected electron is
described by a multicenter distorted wave calculated using
an anisotropic distortion potential. The MCDW retains the
nuclear term in the Bethe integral and does not include PCI.
We have also introduced the PCI effect into the MCDW-WM
calculation by the so-called Gamow factor using the Ward-
Macek approximation [39]. More information can be found in
the references given.

IV. RESULTS AND DISCUSSIONS

The THF molecule has two conformers; their relative
populations are dependent on the temperature [40]. The C,
conformer is the dominant one close to zero temperature and
its population decreases with increasing temperature. In this
experiment, the average temperature of the target is estimated
to be roughly 30 K, which corresponds to a branching ratio of
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FIG. 1. Experimental TDCS in three-dimensional representation
for the HOMO ionization of THF (0.8 x 9b + 0.2 x 124’) by inci-
dent electrons with energy of Ey, = 250eV. The scattering angle is
0, = —10°, and the ejected electron energy is E, = 10eV.

about 80% : 20% for the C, to C; conformer [40]. Moreover,
the coincident detection of the residual ion provides a restric-
tion on the number of contributing orbitals. Here only the
production of intact C4HgO™ cations is considered. Therefore,
the experimental data represent the summed TDCS for the
HOMO ionization of the two conformers [36], i.e., ionization
of 95 (80%) and 124’ (20%).

Figure 1 presents the experimental TDCS as a 3D po-
lar plot for a projectile scattering angle of 8; = —10° as
a function of the emission direction of a slow ejected elec-
tron with E; = 10eV energy. In this 3D image, the TDCS
for a particular direction is given as the distance from the
origin of the plot to the point on the surface, which is in-
tersected by the emission direction of the ejected electron.
The projectile (pg) enters from the bottom and is scattered
to the left with a momentum vector p;. The plane where
the vectors po and p; are located is defined as the scatter-
ing (x — z) plane as indicated by the solid frame in Fig. 1.
The momentum transfer to the target is indicated by the
arrow labeled g, which is determined as py — p;. In the
discussion below, the two electrons generated in the (e, 2¢)
process are defined as follows: the slower one is called the
ejected electron, and the faster one is called the scattered
electron.

In the 3D TDCS, the emission pattern of the ejected elec-
trons can be roughly classified into two main features. The
binary lobe is oriented along the momentum transfer g cor-
responding to electrons emitted in a single binary collision
between the projectile and target electron. In the opposite
direction the recoil lobe is formed, where the ejected electron
additionally backscatters in the molecular potential. Com-
pared to the 3D TDCS for argon atoms at a similar impact
energy [38], the present result depicts a significant change of
the shape and the relative size of both binary and recoil lobes.
The two lobes tend to merge or are partially superimposed
on one another and thus fill the minimum separating the
binary from the recoil lobe, leading to a somehow isotropic

distribution. This might result from the multicenter nature of
the residual C4HgO™ ion potential. Furthermore, the ejected
electron is repelled by the scattered projectile due to the
long-range nature of the Coulomb force. This PCI effect can
rotate the binary peak to larger scattering angles relative to the
momentum transfer g direction. At the present intermediate-
to high-energy regime, the influence of PCI can be compara-
tively smaller than in the case of low-impact energy collisions
[14,40].

For a quantitative study of TDCS over a large range
of the measured phase space, we present cuts through the
3D TDCS for the three orthogonal planes of the ejected
electron as indicated in Fig. 1 by the solid, dashed, and
dotted frames. In addition to the x — z scattering plane
mentioned above, the perpendicular plane (dotted frame)
and the full-perpendicular plane (dashed frame) are defined
as follows: The perpendicular y — z plane contains the in-
coming beam axis and is perpendicular to the scattering
plane. The full-perpendicular x —y plane is perpendicu-
lar to the incoming projectile beam direction. The results
discussed below are for a projectile scattering angle of
01= —10°, and for the ejected electron energies of E, = 10,
15, and 20 eV.

The experimental TDCSs are presented in Figs. 2-4 as a
function of the ejected-electron emission angles, and are com-
pared with calculations from the M3DW and MCDW methods
in the scattering, perpendicular, and full-perpendicular planes,
respectively. The experimental cross sections are not absolute.
The scaling factor used to normalize the experimental data
to the theories was found by achieving a good visual fit of
experiment and the calculations for the TDCS in the scattering
plane at ;= —10° and E, = 20eV [Fig. 2(c)]. This factor
was subsequently applied to all other kinematics and planes,
i.e., the experimental data are consistently cross normalized
to each other. The MCDW theoretical results are multiplied
by a factor of 0.5 in order to compare with the results from
experiment and other calculations.

Figure 2 shows the TDCSs in the scattering plane, which
cuts through the binary and the recoil lobes and contains the
momentum transfer vector ¢ indicated in the diagrams by
arrows. In this plane, the well-known binary and recoil pat-
terns are more clearly revealed at the higher ejected energy of
E, = 20eV [Fig. 2(c)], whereas for the lower ejection energy
of E; = 10eV these two patterns tend to overlap, making it
difficult to distinguish between them [Fig. 2(a)]. In addition,
the binary lobe often exhibits a minimum or dip around the
q direction. This is the result of the characteristic momentum
profile of p-like orbitals; in particular, the 95 orbital of the C,
conformer has a node for vanishing momentum [3].

Comparing the experimental data to the two sets of theoret-
ical results, we see that the M3DW predictions are generally
in good agreement with the experimental results, particularly
regarding the angular dependence in the recoil region and
the relative magnitude between binary and recoil lobes. In
the binary region, the M3DW predicts a minimum near the
q direction, which is much deeper than the experiment. The
minimum position is slightly shifted to larger angles with
respect to the g direction possibly due to the PCI effect, which
is accounted for by M3DW. There are noticeable systematic
discrepancies between M3DW and experiment observed for
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FIG. 2. Experimental and theoretical TDCSs in the x — z scat-
tering plane for the ionization of THF (0.8 x 956+ 0.2 x 124’) as
a function of the ejected electron’s emission angle for a scattering
angle of 6; = —10°. (a)—(c) show the TDCSs for the ejected electron
energies of £, = 10, 15, and 20 eV (from top to bottom panels). The
solid circles with error bars represent the experimental data. Green
solid lines: M3DW; red dotted lines: MCDW; blue dashed lines:
MCDW-WM.

emission angles near 0° and 360°, where the M3DW predicts
a maximum while the experimental data show a minimum.
On the other hand, the MCDW and MCDW-WM calculations
show a reasonable agreement with the shape of the binary
lobe, in particular for the ejection energy of E, = 15eV in
Fig. 2(b). Here, the MCDW-WM predicted cross sections for
emission angles near 0° and 360° is lower than MCDW cal-
culations due to the effect of PCI, which is accounted for in
MCDW-WM via the Ward-Macek approximation [39]. The
differences from the M3DW and the experiment are that the
binary peak produced by these two calculations shows only
a single peak for the energy conditions analyzed and the
predicted magnitudes are higher for E; = 20eV and lower
for E; = 10eV than in the experiment. Additionally, we have
found that the MCDW and MCDW-WM calculations predict
either no recoil peak or a much smaller one, which is not
consistent with the experimental results.

(a) y-z perpendicular plane E,=10eV

,,,,,,,,,, MCDW (x 0.5)
- - -MCDW-WM

0.0 T T T T T T T T T T T
0 60 120 180 240 300 360
6, (degree)

FIG. 3. Same as Fig. 2 but for the perpendicular plane.

Figure 3 shows a comparison between experiment and
theory for the y —z perpendicular plane. For this plane,
symmetry considerations require the cross sections to be sym-
metric about 180°, which can indeed be seen in both theory
and experiment. This plane cuts through the binary lobe which
results in two symmetric maxima at 6, near 60° and 300°
due to the high-order projectile-target interactions [38]. In
addition, there is an indication of a rather flatter distribution
of the cross sections in the angular range from 90° to 270°,
which is particularly visible for the case of E, = 10eV. Here,
the M3DW is in much better agreement with experiment than
the MCDW, where the magnitude and the angular dependance
of the cross sections are rather well reproduced by the M3DW,
especially when considering the two symmetric maxima. We
note that the M3DW predicts some small peaks in the central
region, which are also indicated in the experimental results
in particular for the ejection energies of £, = 10 and 15 eV
shown in Figs. 3(a) and 3(b), respectively. The M3DW also
reveals a peak at 6, close to 180°; however, the cross section in
this region is not accessible in the experiment. According to
Ali et al. [33], these small peaks are a result of interference
effects contained in the theoretical approach. Problems for
the M3DW remain at 6, near the projectile forward direction
(around 0° and 360°), where the predicted strong maxima are
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FIG. 4. Same as Fig. 2 but for the full-perpendicular plane.

not indicated by the experiment. This finding is similar to
that noted above also for the scattering plane. The MCDW
and MCDW-WM binary and recoil peaks are not contributing
significantly to the y-z plane cross section and, consequently,
all panels show that the predicted cross section is significantly
smaller than observed experimentally. In this plane PCI can
play a role for emission angles near 0° and 360° and, thus, the
MCDW-WM predicted cross sections are lower than MCDW
in the forward direction.

Figure 4 shows the comparison between experiment and
theory for the full-perpendicular plane (i.e., the x — y plane).
Here, the polar angle (6,) of the ejected electron is fixed to
90° and the azimuthal angle ¢, is varied. The experimen-
tal angular acceptance covers the entire 0°-360° range, but
the cross sections are again symmetric with respect to 180°.
The binary and recoil peaks are observed in the vicinity of
¢> = 0° and 180°, respectively. The binary pattern contains
two maxima at ¢, near 60° and 300° for the ejection energy
of E; = 10eV, which becomes a broad maximum centered at
¢, close to 0° and 360° for the cases of E; = 15 and 20 eV.
For the recoil pattern, the cross sections show a maximum
located at ¢, = 180°. These features are well reproduced by
the M3DW calculations, in particular for the recoil peak and
the two symmetric maxima for the binary lobe. The MCDW

and MCDW-WM calculations show a broad peak for the
emission angles close to 0° and 360°, which is in reasonable
agreement with the shape of the binary lobes observed in
Figs. 4(b) and 4(c) for the ejection energies of E; = 15 and
20 eV, respectively. However, these two calculations do not
reproduce the recoil peak and show much smaller intensity
in comparison with the experimental and M3DW results. In
addition, it is seen that the cross sections predicted by the
MCDW and MCDW-WM calculations are almost identical in
this plane, which means that the influence of PCI appears to
be small over the entire angular range.

V. CONCLUSION

In summary, we have reported a comprehensive study
of the electron-impact-ionization dynamics of THF for a
projectile energy of 250 eV and a scattering angle of
0; = —10°. Experimentally, the three-dimensional momen-
tum vectors of the final-state particles are determined for a
large part of the solid angle for the slow emitted electron.
Thus, full three-dimensional representations of the cross sec-
tions are accessible. The measured triple-differential cross
sections for ionization of the HOMO of THF were internor-
malized across three ejected electron energies E, from 10 to
20 eV, thus providing a rigorous test bed for the theoretical
models.

The experimental data are compared with results from the
M3DW, MCDW, and MCDW-WM models. There is overall
better agreement between the M3DW predictions and the
experimental data than the MCDW calculations concerning
both the angular dependence of the cross sections and the
relative magnitude over the entire range of angle and energy
conditions analyzed. Noticeable systematic discrepancies oc-
cur in the scattering and perpendicular planes (Figs. 3 and 4),
where the M3DW predicted cross sections are significantly
higher than that observed experimentally for the emission
angles near the projectile forward direction. The MCDW and
MCDW-WM calculations predict reasonably the shape of the
binary lobes in the scattering and full-perpendicular planes;
however, these two calculations show either no recoil peak or
a very small one, which is not consistent with both experi-
ment and M3DW results. Furthermore, in the perpendicular
plane the cross sections from MCDW and MCDW-WM pre-
dictions show much smaller intensity and do not reproduce
the structures observed experimentally. The fact that the two
calculations using MCDW and M3DW models differ strongly
with each other indicates that the theoretical treatment of
the electron-impact ionization of larger biomolecules is very
complex and the results are very sensitive to the details of the
model employed. The present experimental data substantially
enhance the still very limited set of data currently available
to thoroughly test theoretical methods for more accurately
describing the electron track structures in biorelevant systems
[41,42].
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