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A B S T R A C T

Photoelectron emission from the valence shell of biologically relevant tetrahydrofuran (THF) molecule is studied. Energy and angular distributions of photoelectrons
from THF ionized by a He(I) vacuum ultraviolet (VUV) photon source are measured. Theoretical calculations performed for the binding energies of orbitals and
photoelectron intensities are in reasonable agreement with measurement. The observed angular distributions show the determining role of dipole transition
mechanism.
1. Introduction

The radiation damage of DNA molecule is an actively studied
field [1,2] which is largely justified by the increasing importance of
cancer therapy. To better understand the radiation damage in biological
and other materials we need to study the photon, ion and electron
(including secondary electrons produced through primary ionization)
interactions with atoms and molecules. One way to get detailed in-
formation on the processes is to measure the energy and angular
distributions of electrons emitted during the collision. For simulation
of DNA-damages, e.g. on a level of cellular and subcellular scales, a
detailed knowledge of the atomic and molecular properties of the target
is needed. High energy resolution angle-resolved spectroscopy (HR-
ARPES) together with narrow bandwidth of He(I) vacuum ultraviolet
(VUV) radiation is one of the sensitive methods for investigating the
dynamical aspect of the ionization process such as electron correlation,
multipole and channel interactions, etc.

Tetrahydrofuran (THF, C4H8O) can be used as a model molecule
representing the deoxyribose group in DNA backbone and therefore
there is significant interest towards it [3–5]. The total ionization cross
sections of THF have been investigated previously both with electron
and positron impacts [6]. There is also a broad literature aimed at the
investigation of the properties of excitation and ionization processes
of THF induced either by electron collision [7–16] or by photoioniza-
tion [17–22]. The fragmentation of THF was also investigated by ion-
izing radiation [10,20]. It was also discovered that secondary electrons
induced by ionizing radiation with energies well below the ionization
threshold can cause strand breaks in the DNA [23]. This shows the
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importance of the properties of photoelectron emission from THF.
Although there are numerous research carried out to obtain the electron
energy spectra of THF, to the best of our knowledge no experiment has
been carried out where the angular distribution of the photoelectrons
were also measured.

The THF is not a planar but a puckered molecule which has 4
conformational isomers described by the 𝐶1, 𝐶2, 𝐶𝑠 and the 𝐶2𝑣 point
groups [24,25]. The most populated conformer of THF was identi-
fied as the 𝐶𝑠 conformer measured with electron momentum spec-
troscopy [26]. According to recent studies [16] 45% of THF are 𝐶𝑠
isomer meanwhile 55% belongs to the 𝐶2 isomer. Another group [18]
concluded that at room temperature (𝑇 = 298 K) the 𝐶𝑠 and 𝐶2 isomers
are accounting for the 44.5% and 55.5% of THF respectively.

In this work, we focus on the photoionization of THF induced by
He(I) VUV irradiation. Energy and angular distributions of inner and
outer valence shell photoelectrons are measured and compared with
other available experimental results. Up to our knowledge no previous
experimental study was aimed to measure the angular distribution and
energy spectrum of THF simultaneously. Theoretical calculation for the
process is also performed. Atomic units are used, if otherwise is stated.

2. Experimental setup

Energy and angular distributions of photoelectrons are measured
using our unique electrostatic electron spectrometer (ESA-22) [27].
ESA-22 consists of a spherical (SMA) and a cylindrical mirror analyzer
(CMA) and is able to detect electrons with energy selected in the 2 eV–
10 keV energy range over the entire angular range in a single run.
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Fig. 1. Experimental setup of the electron spectroscopic analyzer (ESA-22).

The experimental setup is shown in Fig. 1. THF molecules in gas phase
are injected to the collision region through a gas nozzle, where they
are ionized by photons with 21.218 eV provided by the He(I) vacuum
ultraviolet photon source. Electrons ejected from THF molecules are
extracted from the collision region and transported to the CMA by a
spherical mirror lens. Applying different voltages on the analyzer (SMA,
CMA) makes it possible to deliver electrons at different energies to the
detectors and therefore the electron energy spectrum can be measured.
The electrons are detected by 24 channel electron multipliers (CEM)
corresponding to electron trajectories on the left side depicted in Fig. 1.
Each CEM is placed on a round holder 15◦ apart each other. This layout
enables us to measure the angular distribution of the electrons in the
0◦−360◦ angular region, simultaneously. The detection angle of a CEM
is 1.7◦ vertically and 3.5◦ horizontally. The relative energy resolution
of the spectrometer is 2.5 × 10−3.

The UV lamp used in the experiment emits both linearly and cir-
cularly polarized light in almost the same proportion. The intensity
of the incident photons is measured by a photon detector consisting
of an electrically grounded metal plate and an electric current meter
with high sensitivity. The VUV photons induce photoemission from the
metal surface. This results an electric current between the plate and the
ground which is proportional to the VUV photon intensity. The pressure
in the vacuum chamber was in the order of 10−5 mbar with gas inlet
during the measurement and about 10−7 mbar without gas. A 3 mm
thick 𝜇-metal layer is mounted in the chamber to reduce the Earth’s
magnetic field resulting in less than 5 mG in the analyzer.

The geometry of the measurement is defined as follows: the 𝑧-axis
of the coordinate system is pointed into the propagation of the photon
beam, while the 𝑥-𝑧 plane is fixed by the plane of linear polarization.
Momentum of the photoelectrons are denoted by 𝐤𝑒 = (𝑘𝑒, 𝜃𝑒, 𝜙𝑒).
Electrons leaving the collision region are detected only in the 𝑥-𝑧 plane
in the present experiment. Namely distribution of electrons emitted
with 𝑘𝑒 (𝐸𝑒 = 1∕2𝑘2𝑒 ≥ 2 eV), 𝜃𝑒 = 90◦ and −180𝑜 ≤ 𝜙𝑒 ≤ 180◦, are
observed.

3. Theoretical calculations

The interaction of photon, possessing wave vector 𝐤, polarization
vector 𝐞𝐤𝝀 (𝜆=1,2) and angular frequency 𝜔𝐤, with an electron is
described by the operator

𝑉𝑖𝑛𝑡 = − 𝑒
√

2𝜋ℏ (𝐞𝐤𝜆 ⋅ 𝐩)𝐞𝐢𝐤⋅𝐫 , (1)
2

𝑚 𝜔𝐤𝑉
where e and m are, respectively, the charge and mass of an electron,
𝐫 and 𝐩 = −𝑖ℏ∇ are, respectively, the position vector and the mo-
mentum operator of the electron [28]. In the dipole approximation the
expansion

𝑒𝑖𝐤𝐫 = 1 + 𝑖𝐤 ⋅ 𝐫 − 1
2
(𝐤 ⋅ 𝐫)2 +⋯ (2)

is truncated after the first term. The dipole approximation is valid when
𝑘𝑟 ≪ 1, or 𝜆 ≫ 2𝜋𝑟𝑚 where 𝑟𝑚 is the linear size of the molecule and
𝜆 is the radiation wavelength. Although this condition is fulfilled by
applying 𝐸𝑝ℎ = 21.2 eV photon energy in the present study, however
the full perturbation operator Eq. (1) is applied in the calculation.

The differential cross section for the photoionization of an electron
emitted into solid angle d𝛺𝑒 (𝛺𝑒 = (𝜃𝑒, 𝜙𝑒)) can be written as [28]
d𝜎
d𝛺𝑒

= 4𝜋2 𝑒
𝑐𝑚2

1
𝜔𝑘

|⟨𝛷𝐤𝑒 |𝑉𝑖𝑛𝑡|𝛷𝑖⟩|
2𝜌(𝐸𝑒 = 𝐸𝑖 + ℏ𝜔𝐤), (3)

where 𝛷𝐤𝑒 and 𝛷𝑖 denotes the ejected electron in final and initial
orbitals respectively, the operator for the interaction between light and
matter is given by Eq. (1) and 𝐸𝑖 stands for the orbital binding energy.
Both the initial and the final molecular orbitals (MO) are expanded over
spherical harmonics around the center of mass of the molecule. 𝛷𝐤𝑒 (𝐫)
is written as

𝛷𝐤𝑒 (𝐫) =
1

𝑟
√

𝑘

∑

𝑙,𝑚
𝑖𝑙𝑒−𝑖𝛿𝑙𝑢𝑘𝑒𝑙[𝑌

𝑚
𝑙 (𝒓̂)]∗𝑌 𝑚

𝑙 (𝒌𝑒), (4)

where 𝑢𝑘𝑒𝑙(𝑟) is obtained from the numerical solution for the radial part
of molecular Hamiltonian, ℎm = 1

2𝛥r + 𝑉 +
m (𝒓), [29]. 𝑉 +

𝑚 (𝑟) denotes the
spherically averaged potential of the molecule obtained as [30]

𝑉 +
𝑚 (𝑟) = 𝑉𝑛(𝑟) + 𝑉𝑒(𝑟), (5)

where the contribution of electrons is evaluated as

𝑉𝑒(𝑟) = −
∑

𝑖
𝑛𝑖

1
4𝜋 ∫ d𝒓1

|𝛷𝑖(𝒓1)|2

𝑟>
, 𝑟> ∶ max(𝑟1, 𝑟) (6)

where 𝑖 runs over the molecular orbitals and 𝑛𝑖 denotes the number of
electrons in the ith orbital. 𝑉𝑛(𝑟) =

∑

𝑗 𝑉𝑛𝑗 (𝑟) denotes the contribution
from the nuclei with

𝑉𝑛𝑗 (𝑟) =

⎧

⎪

⎨

⎪

⎩

−𝑍𝑗
𝑅𝑗

if 𝑟 < 𝑅𝑗 ,

−𝑍𝑗
𝑟 if 𝑟 > 𝑅𝑗 ,

(7)

where 𝑍𝑗 stands for the nuclear charge for the jth nucleus having 𝑅𝑗
distance from the center of mass of the molecule.

Ground state geometries and electronic structural calculations for
the ground state configurations of the tetrahydrofuran molecule with
𝐶𝑠 and 𝐶2 symmetries are performed using density functional the-
ory [31] incorporated in the GAUSSIAN 09 package [32]. We employed
the nonlocal hybrid Becke three-parameter Lee–Yang–Parr functional
(B3LYP) [33,34], and Dunning’s correlation consistent polarized va-
lence basis set of double-𝜁 quality (cc-pVDZ) [35]. The prominent peaks
in the energy spectra of photoelectrons (PES) are identified according
to their binding energy and symmetry with the help of outer valence
Green’s function (OVGF) calculations. Table 1 shows the results for
the 𝐶𝑠 and 𝐶2 conformers for the ground electronic states that were
considered in the present work.

4. Results

Doubly differential photoelectron spectra are presented in Fig. 2.
Various bands can be observed in the energy distributions, whose
intensities change almost uniformly with the observation angle. The
prominent peaks in the PES can be identified according to their binding
energies with the help of OVGF calculations, see Table 1. Each peak in
the PES can be associated with a band of molecular orbitals at least in
the outer valence region. Full Width at Half Maximum (FWHM) of the
observed peaks are few tenth of eV and their broadening are due to
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Fig. 2. Photoelectron distribution differential in ejection energy and emission angle
with fixed 𝜃𝑒 = 90◦ polar angle.

Table 1
Molecular orbitals and photoionization cross sections for THF. The OVGF estimates of
binding energies are obtained using the cc-pVDZ basis set. CS1 is the total cross section
and CS2 is the values of cross section differential in angle 𝜃𝑒 = 90◦, see Eq. (3).

MO Point
group

OVGF
(eV)

CS1
10−19 cm2

CS2
10−19 cm2

rad

Label used in
Fig. 3

5b C2 −16.803 16.52 8.165 9
7a′ C𝑠 −16.802 16.71 9.501 9
7a C2 −16.488 13.01 9.119 8
8a′ C𝑠 −16.317 18.59 11.58 8
5a′′ C𝑠 −15.288 32.69 18.91 7
6b C2 −14.773 15.57 8.627 6
8a C2 −14.654 31.80 18.79 6
9a′ C𝑠 −14.437 22.45 12.97 6
7b C2 −14.056 38.69 22.68 5
6a′′ C𝑠 −13.784 50.24 29.31 5
9a C2 −12.419 43.12 28.08 4
10a′ C𝑠 −12.304 53.22 34.81 4
8b C2 −12.270 42.24 26.92 3
7a′′ C𝑠 −12.188 52.39 33.04 3
10a C2 −12.022 41.74 22.05 3
8a′′ C𝑠 −11.793 62.40 34.27 2
11a′ C𝑠 −11.564 65.58 38.09 2
11a C2 −11.341 56.71 33.61 2
9b C2 −9.820 53.34 30.50 1
12a′ C𝑠 −9.580 48.47 27.90 1

the Franck–Condon overlap of vibrational states. In the inner valence
region satellite peaks, due to configuration interaction between quasi
degenerate states with a single or multiple hole configurations in the
valence region further modify the intensities and positions of the peaks.

Positions and magnitudes of the different bands can be identified
much better from Fig. 3, where the PES shown in Fig. 2 integrated over
the observation angle is presented. Labels of the peaks assigned to the
OVGF energies are given in Table 1. The highest energy peak (band 1)
is observed at E𝑒 = 11.54 eV corresponding to E𝑖 = −9.678 eV binding
energy lying between binding energies of the 9b and 12a′ orbitals.
Although the difference of binding energies between these two orbitals
is 𝛥E = 0.24 eV their separate contributions to the peak cannot be
observed due to the relatively large spot of the VUV beam used in our
experiment. It has a significant influence on the present experimen-
tal resolution and unfortunately affects also the identification of the
other peaks. It should also be noted that the vibrational distribution
3

Fig. 3. Energy distribution of photolectrons. Experiment: present result (+ in blue).
Present calculations: convoluted cross sections of Eq. (3) integrated over 𝛺𝑒 with
𝜃𝑒 = 90◦ (red solid lines), see the text. The calculation was fitted at 8.75 eV to the
experimental result for better comparison.

of the two ionic states can also hampers the separation of the two
peaks [17,20]. Here it should be mentioned that we have to look for
the possibilities for applying a more focused beam in our forthcoming
studies to get a much better resolution. Three additional group of peaks
can be observed in the spectrum that were dominated by bands labeled
with (2, 3, 4), (5, 6, 7) and (8, 9) respectively.

Fig. 3 shows also the present theoretical result. The differential cross
sections of Eq. (3) for the different 𝐸𝑖 orbital energies are integrated
over 𝜙𝑒 with 𝜃𝑒 = 90◦. Result of this calculation is convoluted with
Voigt profile that was approximated with the sum of Gaussian and
Lorentzian functions given by Wertheim et al. [36]. We decided to
choose 0.4 eV FWHM as it was in the best agreement with experiments.
The calculated and the experimental results were normalized at 8.75 eV
energy for better comparison. The convoluted results agree well with
measured data on the low energy range. The theory underestimates the
measured intensities by a factor of two or two and a half for band 1 and
overestimates band 4 by a factor of one and a half. It cannot resolve
the separate contributions of bands 3 and 4 as well. The theory predicts
almost the same cross sections for orbitals that contribute to bands 3
and 4, however the differences in the orbital binding energies are small
compared to the width used in the convolution.

Experimental results of Kimura et al. [37], Giuliani et al. [18] and
Schmidt et al. [38] where the electrons are collected from the full
angular range (not only for 𝜃 = 90◦ as in Fig. 3) and the corresponding
theoretical calculation of the present study are presented in Fig. 4. For
the sake of better comparison we normalized the different results at
8.75 eV, as in Fig. 3. Considering Figs. 3 and 4 we found that the
theory presents almost the same shape for the photoelectron energy
distribution integrated over the full and the restricted (𝜃𝑒 = 90◦)
angular ranges. Regarding the measurements it can be seen that our
measurements are resembles the most to the results carried out by
Schmidt et al. [38]. That is the two experiments provide a very similar
energy distributions. This is not the case when result of the present
measurement is compared to the one of Kimura [37] and by Giuliani
et al. [18]. The theoretical result differs both in the low and higher
energy regions. In the outer valence region the present results predict
a more pronounced decrease of cross section with decrease of 𝐸𝑒 than
that of Kimura [37] and by Giuliani et al. [18]. The first band in the
measurement by Kimura et al. [37] is composed of more features in
agreement with the results of Giuliani et al. [18]. The lowest energy
peak corresponds to 𝐸𝑒 = 9.433 eV binding energy, and the further
peaks are attributed to vibrational excitations [18]. We must point out
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Fig. 4. Energy distribution of photoelectrons. Result of Kimura et al. [37] (+ in blue).
Results of Giuliani et al. [18] (× in red). Results of Schmidt et al. [38] (⋅ in black).
Present calculations: convoluted cross sections of Eq. (3) integrated over 𝛺𝑒 (red solid
lines). The different results were normalized at 8.75 eV.

Fig. 5. Angular distribution of photoelectrons corresponding to bands 8–9 (a); 5–7
(b); 2–4 (c) and 1 (d) depicted in Fig. 3. Dots: present measurement. Lines: present
calculation.

that the experiments performed by different groups [18,37,38] signif-
icantly differ from each other and our measurements are in the best
agreement with the measurements performed by Schmidt et al. [38].

One of the main advantages of the ESA-22 spectrometer is that it
allows the measurements of the photoelectrons to the full 4𝜋 angular
region. However, as it is noted above the present measurement was
performed only at one given polar emission angle (𝜃𝑒 = 90◦), namely
we measured the electron distribution in the 𝑥-𝑧 plane. The recorded
angular distributions of photoelectrons for some ejection energies are
presented in Fig. 5. The presented four angular distributions were
measured in a limited energy range corresponding to bands 1, 2–4, 5–7
and 8–9 depicted in Fig. 3. Good agreement can be observed between
the measured and calculated data. However, it should be noted that
the uncertainty of experimental data increase with the decrease of
energy of the emitted electrons as the absolute detector efficiencies
are decreasing with the measured electron energy depicted by Ábrók
et al. [27]. We can conclude that the dipole transition dominates
4

Table 2
The 𝛽 asymmetry parameters for different energies.

Corresponding bands 𝛽

Experiment Error Theory

8–9 1.200 0.180 1.112
5–7 0.781 0.139 0.795
2–4 0.772 0.088 0.839
1 0.893 0.086 0.689

the transition in the whole ejection energy region considered. This is
supported by the theoretical calculations, where the contributions of
non-dipole terms were less than 0.1%. In dipole approximation the
angular distribution can be described by the 𝛽 asymmetry parameter
defined as 𝑑𝜎

𝑑𝛺𝑒
= 𝜎0

4𝜋 [1 + 𝛽𝑃2(𝑐𝑜𝑠𝜃)] [39], where 𝜎0 is the total cross
section and P2 is the Legendre polynomial of second order. The 𝛽
parameters can be obtained by fitting the experimental and calculated
data with the above formula. Table 2 shows the 𝛽 parameters for
different bands.

Our future goal is to measure the full 3D angular distribution of the
photoelectrons measured from tetrahydrofuran that can be achieved
with the rotation of the spectrometer. This aim will be supported
by using Position Sensitive Detector (PSD) instead of CEMs, see the
electron trajectories on the right side in Fig. 1. By employing PSD,
measurement times can significantly be reduced compared to CEMs
as PSD is capable of measuring an energy interval simultaneously in
contrast to the CEMs. This method also enables us to measure more
detailed angular distribution.

5. Conclusion

In this paper we present a measurement for the energy and angular
distributions of the photoionised electrons from tetrahydrofuran using
a vacuum ultraviolet photon source. We were the first group having
measured the angular distribution from THF in the 0◦–360◦ angular
region and determined the 𝛽 asymmetry parameters. Numerical calcu-
lations are also performed to study the process. Bands in the energy
distributions of the emitted electrons are identified using binding en-
ergies provided by the OVGF method. Except for bands 1 and 4 the
measured photoelectron intensities are in reasonable agreement with
the calculated ones.

The present experimental energy distribution, obtained on a lim-
ited angular region (𝜃𝑒 = 90◦), is compared with the results of other
groups [18,37,38] corresponding to the whole angular emission range.
Our experimental result is in the best agreement with the one carried
out by Schmidt et al. [38]. Measurements by Kimura and Giuliani
et al. [18,37] reveal more fine details in the structure of the different
bands. Interestingly, the calculation also overestimates the measured by
Schmidt et al. [38] for band 4 and underestimates for band 1. The same
can be concluded regarding our experimental result and calculation
obtained on limited angular range.

The observed angular distributions reveal the character of dipole
transition in the whole electron ejection energy range in agreement
with the theoretical calculation. In order to improve experimental
resolutions both for the energy and the angular distribution, a more
focused photon beam will be required in our further experimental
studies.
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