
PHYSICAL REVIEW A 109, 042827 (2024)

Determining partial photoemission cross sections of methane with dedicated uncertainties
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Photoemission spectroscopy is used to quantitatively determine the partial cross section of the 1t2 and
2a1 subshells of methane. Photoelectron spectra are recorded using a hemispherical electron analyzer and
monochromatized synchrotron radiation. The corresponding emission peaks are analyzed to calculate the partial
cross sections with the associated uncertainties in a photon energy range from 16.5 to 70 eV. The presented results
cover this broad energy range with corresponding uncertainties and belong to the framework of photoemission
orbital tomography, aiming to bridge the experimental gap between simple single atoms and complex molecular
monolayers.
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I. INTRODUCTION

In this paper, we present partial photoionization cross sec-
tions (PCSs) of methane (CH4) on an absolute scale with
assigned uncertainties from photoelectron emission spectra
(PESs). CH4 is a chemical compound with relevance in
various domains such as combustion processes and clima-
tology. Our key focus is on the characterization of ordered
molecular monolayers on crystal surfaces using angular and
photon energy-dependent photoemission techniques. With
photoemission orbital tomography (POT), properties such as
the charge transfer [1], molecular geometry [2,3], reaction
intermediates [4], and molecular orbitals [5–7] have been
quantified in recent experiments. Particularly impressive is
the application of POT in reconstructing two- and three-
dimensional real-space molecular orbitals from measurements
in momentum space [8–10]. Although these results are re-
markable, they lack absolute units (e.g., in terms of the
electron density) since the absolute determination of all rele-
vant quantities and the straightforward uncertainty estimation
for such a complex experiment has been shown to be infeasi-
ble. However, a calibration standard could help to overcome
this limitation.

Very recently, the POT formalism was extended to gas-
phase atoms [11]. In particular, the radial electron densities for
neon subshells were successfully reconstructed on an absolute
scale with uncertainties, from absolute PCS data for 1s, 2s,
and 2p subshells. However, a noble gas is not suitable as a cal-
ibration standard for the POT apparatus, as its preparation as
a single surface layer is not feasible. A possible replacement
for neon is CH4, which has the same number of electrons in
its electronic shell, with a comparable electronic level struc-
ture and assignment. Thus, the previously mentioned absolute
reconstruction of radial electron densities may be transferable.
Additionally, CH4 is easily available and the preparation as a
single monolayer on a surface is in principle possible [12–21].
Hence, CH4 is a potential bridge from studying single atoms
to more complex molecules in particular on surfaces.

To reconstruct absolute radial electron densities of CH4,
the availability of reliable absolute PCS data available with

uncertainties is required. While absolute PCS data with
trusted uncertainties for neon atoms are well known from the
literature [22], the most recent data for methane dates back to
the 1970s [23,24], is confined in the energy range, and offers
only fragmentary uncertainties. Nevertheless, these dated val-
ues are still referenced in recent studies on PCS calculations
[25–27].

We attempt to obtain reliable absolute PCS data of the
CH4 states 1t2 and 2a1 from PESs with detailed uncertainties,
using monochromatized synchrotron radiation. The spectra
are recorded in the photon energy range from 16.5 to 70 eV,
exceeding the energy range from the literature. The resulting
PCSs are scaled to already known total photoionization cross
sections [28] to obtain absolute units.

II. EXPERIMENT

The measurements were conducted at the Insertion Device
Beamline of the Metrology Light Source [29], where linearly
polarized and monochromatic synchrotron radiation in the
photon energy range between 14 and 120 eV is supplied
[30–32]. The photon energy scale is calibrated, using pho-
toabsorption resonances of noble gases [31]. The beamline
is capable of providing an absolutely measured photon flux
�(hν), necessary for a reliably quantitative determination of
the photon-energy-dependent PCS. Thus, care must be taken
in the evaluation of �(hν), which is measured by means
of traceably calibrated reference detectors, i.e., silicon-based
photodiodes. These diodes would block the photon beam dur-
ing the experiment. In practice, the photon flux is therefore
monitored by a photoemission current monitor from the last
beamline mirror. For each energy step and independently of
the actual experiment, its mirror current IM (hν) is measured
and its photon yield η(hν) is calibrated to the reference
diodes. These two measurands are related to the photon flux
via �(hν) = IM (hν)η(hν). During the experiment, the photon
flux is then monitored by the mirror current IM .

The PESs were measured with a SCIENTA R4000 hemi-
spherical electron spectrometer [33] under an angle of 45◦
relative to the polarization axis of the synchrotron radiation.
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FIG. 1. Energy scale calibration, using Eq. (1) to fit the peaks
from neon 2p and 2s for different photon energies hν, represented by
markers � and �, respectively. The lines mark the fit function (1).

The pass energy was set to 5 eV and a slit of 800 was chosen,
which corresponds to a slit width of 2.5 mm and a slit length
of 30 mm. A titanium tube with an inner diameter of 0.35 mm
was used as the gas inlet to the analyzer chamber and the
pressure was carefully monitored using dedicated gauges to
ensure stability throughout the experiment. The purity of the
utilized CH4 was 99.95%.

III. PHOTOELECTRON SPECTRA AND BINDING
ENERGIES OF CH4

Before analyzing the measured spectra, it is necessary to
calibrate the energy scale of the spectrometer to achieve com-
parable results. We use the well-known binding energies of
neon 2s and 2p [34] as reference points.

The relation between the photon energy hν, the binding
energy EB of the respective state, and the kinetic energy Ekin

is Ekin = hν − EB, which defines the energy scale between hν

and Ekin as a linear function. While measuring the 2s and 2p
peaks of neon for different photon energies hν, deviations in
the form of a linear shift of the energy scale are noticeable.
This effect can be explained with a deviation of the applied
voltage at the input lens of the spectrometer from the preset
value, which controls the Ekin of the incoming photoelectrons.
We apply a corrective function

Ekin = (1 + m)hν + a − EB, (1)

with m an additional slope to unity and a the offset. Equa-
tion (1) is fitted to the peak positions of neon 2s and 2p to
evaluate the parameters m and a as the mean of both fits to
m = −2.1(2) × 10−2 and a = 0.1(1) × 10−1 eV (see Fig. 1).
Since just the slope m is of significant magnitude, we only

TABLE I. Binding energy EB of the CH4 states 2a1 and 1t2

obtained in the present paper compared to literature values [36].

EB (eV)

State Ref. [36] This work

2a1 23.0(4) 22.8(1)
1t2 14.5(6) 14.5(1)

apply this value to correct the energy scale for each CH4

spectrum.
An exemplary PES of CH4 is shown in Fig. 2, which was

acquired at a photon energy of hν = 45 eV. Two relatively
broad structures are visible, which are assigned to the emis-
sion from the 2a1 and 1t2 states of CH4. Figure 3 shows
a series of spectra of the 2a1 and 1t2 emission for photon
energies ranging from 16.5 eV (1t2) and 28 eV (2a1) up to
70 eV. All spectra are normalized to their respective maximum
and plotted versus the binding energy.

To validate our measurements by the literature, we first
estimate the binding energies EB of both states and com-
pare them to the results from Ref. [36], where EB was
provided with the full width at half maximum (FWHM).
We use a FWHM equal to

√
8 ln 2 σ̂ to calculate the stan-

dard deviation σ̂ as a comparable value to our uncertainty
estimation.

For the 2a1 emission we estimate E2a1
B = 22.8 eV from the

mean of all maxima with a standard deviation of 0.09 eV.
It can be seen from the spectra in Fig. 3, that the 1t2 peak
is broadened by substructures. We recognize two maxima at
about 13.5 and 14.5 eV, which can be assigned to the Jahn-
Teller effect [35]. To evaluate the binding energy, we choose
14.5 eV, which is closer to the overall centroid of the 1t2 peak.
We obtain E1t2

B = 14.5 eV from the mean of all maxima with
a standard deviation of 0.09 eV.

In addition to the standard deviation, we identify the
Fermi-Dirac broadening of the spectrometer with a gold spec-
trum. As a fit function we apply a Fermi-Dirac distribution
f (E ) ∝ {1 + exp[−β̂(E − EF )]}−1. The fit results in a broad-
ening of β̂−1 ≈ 0.05 eV.

Together with the aforementioned standard deviations of
0.09 eV, we estimate the uncertainty values to 0.1 eV
and present them with the evaluated binding energies
in Table I. The results are in fair agreement with the
literature [36].

FIG. 2. PESs of CH4 2a1 and 1t2, measured at hν = 45 eV. The peaks 1t2 and 2a1 show an underlying structure, assigned to vibrational
modes [35,36].
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FIG. 3. Normalized PESs of the CH4 peaks 2a1 and 1t2 for different photon energies hν.

IV. DETERMINATION OF PARTIAL CROSS SECTIONS
OF CH4 WITH UNCERTAINTIES

A. Partial-cross-section evaluation

The PCSs σi(hν), with i denoting photoionization from a
specific subshell i, are the constituent parts of the total pho-
toionization cross section σtot(hν) = ∑

i σi(hν). The latter can
be measured on an absolute scale in units of megabarns and is
known from the literature [28]. The PCSs σi(hν) are measured
on a relative scale and independently of σtot(hν). Absolute
units for the σi(hν) are realized by scaling the experimental
total photoionization cross section σ

expt
tot (hν) = ∑

i σi(hν) to
its equivalent from the literature σ lit

tot(hν) with a scaling factor
B [22,37] via

σ lit
tot(hν) = Bσ

expt
tot (hν). (2)

The energy- and angular-dependent differential PCS is
given for linearly polarized light by [22,25,38]

dσi

d�
= σ�

i (hν, γ )

= σi(hν)

4π
[1 + βi(hν)P2(cos γ )],

(3)

with σi(hν) the PCS and βi(hν) the asymmetry parameter,
describing the angular dependence. The angle between po-
larization and the wave vector of the radiation is represented
by γ , and P2(x) = (3x2 − 1)/2 is the associated Legendre
polynomial of the second degree.

Since the spectrometer is positioned at γ = 45◦, we need
to extract σi(hν) from Eq. (3) via

σi(hν) = 4π
σ�

i (hν, γ = 45◦)

1 + βi(hν)P2(cos(45◦))
. (4)

The cross section σ�
i at the angle of γ = 45◦is measured by

σ�
i (hν) = 1

Nη(hν)IM (hν)

A(hν)

nT (Ekin)
, (5)

where N is the number of measurement runs per spectrum,
η the photon yield, IM (hν) the mirror current, A the area
under the peak of the PES, n the particle density, and T the
transmission function of the spectrometer.

B. Uncertainty analysis

In the following, we attempt to evaluate the associated
measurement uncertainty contribution for each experimen-
tally determined parameter in Eqs. (4) and (5), as precisely
as possible in order to obtain a reliable total uncertainty for
the final result.

1. Photon yield and mirror current

The photon yield η(hν) is measured with photodiodes,
whose detection efficiency and uncertainty vary with the pho-
ton energy hν. The maximum value for the uncertainty is
about 6%.

The mirror current IM (hν) is measured with a dedicated
amperemeter with a minuscule accuracy better than 0.01%.
Per spectrum, IM (hν) is read out only once and approximated
to be constant over the typical measurement time of 10 min.
However, the ring current of the storage ring and thus the
resulting photon flux decays over time, leading to a deviation
in the readout of IM (hν), which is estimated to 1% and thus
defines the uncertainty for IM (hν).

2. Relative particle density

The relative particle density n is proportional to the pres-
sure p inside the vacuum chamber, which was measured with
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FIG. 4. Example of the pressure p during the acquisition of the
PES. The solid line gives the mean value, while the shaded area
denotes the standard deviation.

a Pfeiffer PBR 260 gauge and maintained at a constant value
with a needle valve, showing minor fluctuations. Figure 4
shows a typical example for the pressure data over 180 min
during the measurement of the PES series. The distinct steps
in the data are due to the resolution of the pressure gauge.
The mean value is p = 4.99 × 10−7 mbar with a relative
uncertainty of about 2%. For this limited range of pressure
measurement, the factor between the particle density n and
the pressure p can be reasonably assumed to be constant and
is later tacitly included to the scaling factor B in Eq. (2).

3. Relative peak area

To consistently evaluate the area A of each spectrum, the
baseline is subtracted systematically, by fitting a model of
skew-normal distributions with a polynomial background to
the spectra. As an example, Fig. 5(a) shows the 1t2 spectrum
gained at a photon energy of hν = 19 eV. These estima-
tions are merely a means to an end, aiming to determine

FIG. 5. (a) Spectrum and fit of the CH4 1t2 peak, assessed at
hν = 19 eV. (b) Absolute deviation 
C of the measured counts to
the fit.

FIG. 6. Relative spectrometer transmission function T (Ekin ) for
kinetic electron energies up to 65 eV with uncertainties.

the background as consistently as possible for all spectra, as
the actual peaks are much more complex, due to the vibra-
tional modes [35,36]. Despite this simplification, we could
obtain comparable small deviations 
C = |fit − counts| of
about two magnitudes less than the actual count rate, as shown
in Fig. 5(b).

The area A beneath each spectrum is assessed by numerical
integration after subtracting the background, acquired from
the fitting process. The relative uncertainty of A is estimated
via

∑

C/A to less than 0.1%.

4. Relative spectrometer transmission

The relative transmission T of the spectrometer is deter-
mined using neon with its 2p state as a reference gas, for
which the cross section σNe 2p [39,40] and the asymmetry
parameter βNe 2p [37,41–44] plus their respective uncertainties
of less than 5% are well known.

To obtain T (Ekin), Eqs. (4) and (5) are rearranged to

T (Ekin) = 1

Nη(hν)IM (hν)

A(hν)

n

× 4π

1 + βNe 2pP2(cos(45◦))
1

σNe 2p(hν)
. (6)

The parameters η, A, I , and n and their uncertainties are
evaluated similarly to those of the measurements for CH4,
as described before. The relative uncertainty contribution of
the relative spectrometer transmission is estimated to about
5%. Figure 6 shows the relative transmission function with
uncertainties up to about Ekin = 65 eV.

5. Asymmetry parameter β

An angular correction with the asymmetry parameter ac-
cording to Eq. (4) is in general necessary to calculate the PCS.
In the following we write just β instead of βi.

For photoionization of spherically symmetric s-like states
like the 2a1 state, β is constant and equal to 2 [38]. Thus, a
correction to β is not necessary and Eq. (4) can be simplified
to σi(hν) ∝ σ�

i (hν).
For states other than s-like states, however, this is not the

case. Experimental data for β of the 1t2 state in CH4 are avail-
able up to 30 eV with uncertainties from Marr and Holmes
[45]. Above 30 eV, no experimental data could be found in
the literature. Although calculated data are available in prin-
ciple [46], these however only match the experimental data
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FIG. 7. Angular distribution for different values of the asymme-
try parameter β, presented by the solid curved line. The arrows mark
the direction of the linear polarization. The scaling is such that 1
equals the PCS σi(hν )/4π . The straight lines mark angles of 45◦

(· · · ) and 54.7◦ (- - -).

qualitatively. They also come without an uncertainty, which is
essential for this work. Thus, we introduce an estimation for β

and its uncertainty instead, using the following method, which
covers the mentioned calculated results from [46].

The angular part in Eq. (3) is

�(hν, γ ) = 1 + β(hν)P2(cos γ ), (7)

where β can take values between −1 and 2 [38]. We plot �

for different β in Fig. 7. At the so-called magic angle of 54.7◦,
Eq. (7) becomes �(hν) = 1 and the angular dependence of
Eq. (3) vanishes, leading to σ�

i = σi. Measuring at a different
angle than the magic angle will introduce a deviation 
 from
σi(hν) for any β �= 0, which is used to estimate the uncertainty
for 45◦ via


 = ∣∣σ�
1t2(45◦)/σ�

1t2(54.7◦) − 1
∣∣

= |�(hν, γ = 45◦) − 1|. (8)

From the plots in Fig. 7 it can be seen that 
 is equal to zero
for β = 0 and peaks for β = 2. In [45] the last β value at
hν = 30 eV is β ≈ 0.9. We approximate the course of β above
30 eV up to 70 eV as a constant of β = 1 and estimate the
uncertainty to 
β=1 = 0.25, according to Eq. (8) and Fig. 7.
These β values are plotted together with the values from
[45,46] in Fig. 8.

To calculate the total uncertainty for σi(hν), we use propa-
gation of uncertainty and neglect covariances

u2
σi

=
∑ (

∂σi

∂xk
uxk

)2

, (9)

with xk denoting the variables of σi and uxk denoting its un-
certainty. For η, IM , A, n, and T the term in large parentheses

FIG. 8. Parameter β for σ1t2 as taken from Marr and Holmes [45]
up to 30 eV (•) with uncertainties. Above 30 eV we extrapolate β =
1 ± 0.25 (— and shaded area). The calculated values from Stener
and Decleva [46] are included for comparison (· · · ).

simply becomes a multiplication of σi(hν) with the relative
uncertainty urel

xk
= uxk /xk . However, for β we get, from Eq. (4),

(
∂σi

∂β
uβ

)2

=
(

uβ

∂

∂β

σ�
i

1 + βP2(cos γ )

)2

(10)

=
(

P2(cos γ )

1 + βP2(cos γ )
uβσi

)2

(11)

= (
ûrel

β σi
)2

. (12)

Here ûrel
β can be treated as a relative uncertainty of β, which

comes in handy in calculating the total uncertainty for σi (see
the next section). In the range below 30 eV, ûrel

β is 1%. Above
30 eV the value increases to 6.3%.

6. Resulting total measurement uncertainty

With the notation of ûrel
β in Eq. (12), Eq. (9) simply be-

comes the sum of all squared relative uncertainties (urel
σi

)2 =∑
k (urel

xk
)2. Table II provides a summary of all relative uncer-

tainties for exemplary energies.
The largest contribution for 1t2 arises from β with a

value of 6.3%. The second highest contribution is added
by the photon yield, amounting to approximately 6.1%. For
2a1, the highest contributions result from the spectrometer
transmission.

TABLE II. Exemplary relative standard uncertainties for σ2a1 and
σ1t2 for the hν = 20, 30, and 40 eV.

Relative uncertainty (%)

hν (eV) Orbital p IM A T η β
∑

20 1t2 2.1 1.0 0.1 3.7 6.1 1.0 7.6

30 1t2 2.4 1.0 0.1 4.5 0.8 1.0 5.4
2a1 2.4 1.0 0.1 3.3 0.8 4.3

40 1t2 1.0 0.1 0.1 5.2 0.8 6.3 8.6
2a1 1.0 0.1 0.1 5.4 0.8 6.1
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C. Absolute partial cross sections

To obtain the absolute PCS, the relative data of the pho-
toionization cross section has to be scaled to absolute data.
Usually, for such a scaling the Thomas-Kuhn-Reiche sum
rule is used, which however only holds for absolute pho-
toabsorption data [47–49]. Instead, we scale the relative
photoionization data to the total photoionization data from the
literature σ lit

tot [28], as explained in Sec. IV A. Up to 28 eV,
the total photoionization of CH4 is the sum of the main
peaks from the 1t2 and 2a1 molecular orbitals. Starting from
29 eV, additional satellite states need to be taken into account
[24,36,50], which are not considered in this work.

The scaling factor B from Eq. (2) is estimated from indi-
vidual factors Bj , evaluated for each photon energy hν j up to
28 eV. These factors are determined by

Bj = σ lit
tot(hν j )

σ
expt
tot (hν j )

. (13)

The overall scaling factor B is finally evaluated from the
weighted average of the individual factors Bj via

B =
∑

j w jB j∑
j w j

. (14)

Here the weightings are calculated from the uncertainties uj

of the respective Bj factors via w j = 1
u2

j
. The uncertainties u j

are calculated from error propagation of Eq. (13). The units of
B are megabarns per arbitrary units, thus assigning absolute
units of megabarns to the experimental data, initially given
in arbitrary units. The estimated value of B is assumed to
be constant, to exceed the starting point for the satellites at
a photon energy of 29 eV. The resulting data for σ1t2 and σ2a1

are summarized in Table III in comparison with the literature
data.

1. Subshell 1t2

The results for 1t2 are summarized in Fig. 9(a), where σ1t2

is marked with pluses plus uncertainties. Literature values for
σ1t2 are included from Backx and Wiel [24] (triangles) and
Wiel et al. [23] (crosses) for comparison, together with σ lit

tot.
The latter is represented by a thin filled area, denoting the
associated uncertainty range. Above 25 eV, the sum of σ1t2

and σ2a1 is additionally presented, marked by circles.
To better recognize differences, Fig. 9(b) shows the de-

viation between σ lit
tot and all other data, already presented in

Fig. 9(a). Our σ1t2 data are presented in Figs. 9(a) and 9(b)
with expanded uncertainties (k = 2) and agree fairly well with
the data from the literature. Starting from hν = 28 eV, the
sum of σ1t2 and σ2a1, marked by circles, has to be compared
to the literature data, as mentioned above. The associated
uncertainties are omitted here, to maintain clarity in the figure;
however, the main contribution to the sum’s uncertainty stems
from σ1t2, resulting again in good agreement with σ lit

tot.

2. Subshell 2a1

The PCS for 2a1 is approximately one order of magnitude
smaller than for 1t2. Therefore, we present the results sepa-
rately in Fig. 10, marked by circles and again with expanded
uncertainties (k = 2), similar to Fig. 9. We again compare our

TABLE III. Summary of the results for the PCS of CH4 2a1 and
1t2 and the total cross section σ lit

tot from [28]. Uncertainties are given
as expanded uncertainties with expansion factor k = 2 with 95%
confidence.

hν (eV) σtot (Mb) σ1t2 (Mb) σ2a1 (Mb)

16.5 44.63(3.79) 47.27(7.68)
17 43.24(3.67) 53.49(8.64)
18 39.92(3.39) 48.77(7.69)
19 37.08(3.15) 40.67(6.29)
20 34.39(2.92) 36.78(5.59)
23 26.32(2.23) 25.42(2.87)
25 22.06(1.87) 20.03(2.22)
28 16.95(1.44) 14.23(1.31) 1.03(0.10)
30 14.03(1.19) 12.03(1.29) 1.17(0.10)
33 10.76(0.91) 10.03(1.75) 1.12(0.09)
35 9.20(0.78) 8.29(1.45) 1.25(0.10)
38 7.38(0.63) 5.94(1.03) 1.21(0.13)
40 6.42(0.54) 4.98(0.85) 1.19(0.14)
43 5.24(0.44) 3.93(0.66) 1.09(0.13)
45 4.67(0.40) 3.46(0.58) 0.95(0.12)
50 3.54(0.30) 2.59(0.44) 0.79(0.09)
55 2.71(0.23) 1.74(0.29) 0.63(0.07)
59 2.22(0.19) 1.48(0.25) 0.57(0.06)
65 1.71(0.15) 1.11(0.18) 0.45(0.05)
70 1.39(0.12) 0.90(0.14) 0.40(0.05)

FIG. 9. PCS results for CH4 1t2 (+) with error bars representing
the expanded uncertainties (k = 2). Literature data from Backx and
Wiel [24] (�), Wiel et al. [23] (×) and σ lit

tot [28] (shaded area) are
shown for comparison. The data of 2a1 are added for photon energies
hν � 28 eV (•) as the sum σ1t2 + σ2a1. (a) A log-log plot of cross
sections. (b) Difference 
σ plotted with σ lit

tot as reference.
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FIG. 10. PCS results for CH4 2a1 (•) with expanded uncertain-
ties (k = 2). Literature data from Backx and Wiel [24] (�) and Wiel
et al. [23] (×) are shown for comparison.

findings with the data from [23,24]. Below 50 eV, our data
align well with these values.

Above 50 eV deviations of the presented results from the
data of Backx and Wiel [24] are visible, but a reliable com-
parison is problematic due to missing uncertainties from the
literature data. However, at 50 eV, Wiel et al. [23] reported a
value for σ2a1 at approximately 1.1 Mb, following the trend of
the data of Backx and Wiel. We believe this correlation is due
to the similar experimental methods of Backx and Wiel, using
electron impact measurements.

V. CONCLUSION

We evaluated the PCSs for the CH4 2a1 and 1t2 states
from PESs. The obtained binding energies of the 2a1 and 1t2
states are in fair agreement with the literature values. Further,
PCSs were extracted along with their associated uncertainties
in a photon energy range from 16.5 to 70 eV, which is an
improvement on the literature data, which do not provide any
uncertainty at all or are restricted in the energy range.

The experiments conducted in this study belong to the
framework of POT, aimed at a deeper understanding of the
photoemission process in CH4 with the general purpose of
being used for molecular orbital reconstruction. Absolute PCS
measurements with uncertainties serve as a next step to pro-
duce quantifiable results within POT and to promote it as a
reliable experimental method.

Future improvements to the experiment may involve in-
stalling the spectrometer at the magic angle of 54.7◦. Thereby,
the need for the correction by the asymmetry parameter β

is eliminated and leads to enhanced accuracy and increased
reliability in the measurements for the transmission function
and the PCS itself.
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