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ABSTRACT

The electron affinity (EA) of atomic selenium, previously established as 16 297.276(9) cm™" based on the laser photodetachment microscopy
(LPM) measurements in 2012, exhibited a significant deviation from other earlier experimental values, yet it remained the accepted reference
standard for over a decade. In this letter, we re-examined the EA of Se using the slow-electron velocity-map imaging method and revealed a
substantial deviation in the LPM result. Measurements for the different isotopes of Se and the energy-level splitting of the neutral Se atom’s
3p,-3P; further verified the accuracy and robustness of our SEVI method. Based on this experimental evidence, we recommended a revised
EA(Se) value of 16 297.78(4) cm ™, which is in excellent agreement with the previous laser photodetachment threshold experimental results.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0311920

. INTRODUCTION

Electron affinity (EA), defined as the energy difference between
a neutral species and its corresponding anion in their respective
ground states, is a fundamental parameter for understanding the
behavior of atoms and molecules in diverse chemical and physical
phenomena.' ” The precise measurement of EAs for elements in the
periodic table remains an active research frontier in experimental
physics and chemistry.”* Notably, the most accurate EA measure-
ment to date is for the main group element oxygen (O): the laser
photodetachment threshold (LPT) method yielded an EA value of
1.461112972(87) eV, or 11784.6709 (8) cm™".”

Selenium (Se, atomic number Z = 34), a heavier group con-
gener of oxygen, has an experimentally controversial EA value. The
electron affinity of selenium was first measured as 16 297(2) cm™!
using the LPT method by Hotop et al.'’ in 1973. They also simulta-
neously determined the spin-orbit splitting between Py, and %Py
states of the Se™ anion to be 2279(2) cm™. Subsequent measure-
ments by Mansour et al.'' in 1988 achieved a tenfold improve-
ment in precision, reporting EA(Se) = 16297.8(2) cm™! through
tunable dye laser photodetachment spectroscopy combined with
a Penning ion trap. Another independent LPT measurement by
Thegersen et al.'” confirmed this EA value with a comparable pre-
cision [16297.7(4) cm™!], while refining the spin-orbital splitting
2ps;-2P1s to 2278.2(2) cm™! in both single-photon and multi-
photon absorption regimes. A notable discrepancy emerged when
Vandevraye et al."’ reported a significantly higher-precision EA(Se)

value of 16297.276(9) cm™ employing the laser photodetachment
microscope (LPM) method, which deviates significantly from the
previous LPT results. However, Vandevraye et al. claimed that inves-
tigating the reasons for a possible overestimation of the detachment
thresholds method was beyond the scope of their study, and they
maintained their conclusion.

Despite the ongoing debate surrounding the electron affinity
of selenium, the LPM measurement result has still remained the
primary reference standard for over a decade. This persistent contro-
versy of EA(Se) has motivated our re-examination of EA(Se) using
slow-electron velocity-map imaging (SEVI) spectroscopy.' ™" The
SEVI method has demonstrated its robustness in many EA mea-
surements thanks to its high energy resolution and ability to resolve
multiple photodetachment channels. The SEVI technique has been
successfully employed to accurately determine the EAs of the main
group elements such as O, S, As, Sb, and pb,Hio-t8 achieving accu-
racies typically better than 0.1 cm™". In addition, this method has
also been successfully applied to determine EAs across numerous
transitional elements, lanthanides, and actinides, with typical accu-
racies of 0.01-0.1 meV.”*"”*" Given these proven capabilities, we
present a reinvestigation of selenium’s electronic structure and its
anion, trying to solve the discrepancy using the SEVI spectroscopy.

Il. EXPERMENTAL METHODS

The experiment was conducted on our Cryo-SEVI apparatus,
as detailed elsewhere.”” ** In this study, Se” anions were generated
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via laser ablation of a molten selenium target with helium car-
rier gas delivered through a pulsed valve under a backing pressure
of around 3 x 10° Pa. The produced anions were then accumu-
lated in a radio frequency (RF) octupole ion trap,”” assisted by
a RF hexapole guide. The trapped anions lost their kinetic ener-
gies through continuous collisions with the buffer gas helium for
~45 ms. Subsequently, the anions were extracted from the ion trap
and mass-selected via a time-of-flight spectrometer.”® The selected
Se™ anions were then photodetached by a linearly polarized dye laser
(Spectra-Physics) in the photodetachment region, with the wave-
length monitored by a wavelength meter (HighFinesse WS6-600)
with an accuracy of 0.02 cm™. The detached photoelectrons were
analyzed via a velocity-map imaging (VMI) spectrometer,””* and
the imaging voltage was set as 75 V for the EA measurement. The
distribution of outgoing photoelectrons can be reconstructed from
the projected image using the maximum entropy velocity Legendre
reconstruction (MEVELER) method” because the photoelectron
distribution has a cylindric symmetry. The kinetic energy of the pho-
toelectrons was given by Ey = ar’, where r is the weighted center
radius of the reconstructed three-dimensional spherical shell and «
is the calibration coefficient. The center position of the peak (r) was
determined via Gaussian function fitting. The binding energy (BE)
of each transition was calculated using Einstein’s equation, BE = hv
— Ex, where hv is the photon energy of the detachment laser. The
SEVI setup runs at a repetition rate of 20 Hz. Each photoelectron
spectrum was acquired by accumulating 50 000 laser shots typically.

lll. RESULTS AND DISCUSSION
A. High-resolution photoelectron spectra of Se™

Figure 1 shows the photoelectron spectra of Se” anions
acquired at two different photodetachment wavelengths using a tun-
able dye laser. The spectra exhibit no observable contamination
from hydride species SeH™, despite Se having several natural iso-
topes (m = 74, 76, 77, 78, 80, 82). This spectral purity is attributable
to the significant EA difference between SeH [2.21(3) eV] and
Se [2.02067(2) eV], enabling complete spectral discrimination.*’
Figure 1(b) presents the corresponding schematic energy-level dia-
gram of anionic and neutral Se states. Three transitions from anionic
Se” to neutral Se (labeled A-C) were observed in the photoelectron
spectra. Peak A is the photodetachment transition from the anionic
ground state Se” (Ps/2) to the neutral ground state Se (3P,). Its bind-
ing energy was preliminarily determined to be 16 297.78(64) cm™,
directly representing the electron affinity of atomic selenium. More
precise measurements of this EA value will be detailed in Subsec-
tion III B. Peak B is the transition from the anionic ground state
Se™ (®P32) to the neutral first excited state Se (*P;), and its binding
energy was determined as 18 287.26(83) cm ™. Peak C is the transi-
tion from the first excited state of Se™ (2P1 12) to the first excited state
of Se (3P1), with a binding energy determined as 16 011(1) cm~!. The
weak intensity of peak C reflects the low population of the anionic
excited state 2Py,. It remains detectable thanks to the high energy
resolution and high sensitivity of our SEVI spectrometer. By sub-
tracting the binding energies of transitions B and C, the spin-orbital
splitting of 2Py /,-2P32 of the negative ion was determined to be 2276
(2) em™, which is consistent with the previously reported high-
precision value of 2278.2(2) cm™'.'> The peak widths of peaks A
and B, fitted with Gaussian functions, demonstrate our instrument’s
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FIG. 1. Photoelectron spectra of Se~ obtained at photon energies (a)
16299.29 cm~" and (b) 18290.37 cm~". The inset in (a) shows the magnified
view of peak C, and the inset in (b) shows the assignment of peaks A-C. The
kinetic energies (Ex) and FWHMSs for peaks A and B are also labeled.

resolution: the full width at half maximum (FWHM) of peak A is
0.64 cm™" with kinetic energy Ey = 1.51 cm™". Similarly, the FWHM
of peak B is 0.83 cm ™' with Fy = 3.11 cm™". The energy resolution
of our SEVI apparatus is comparable with the values reported by the
Wang group (FWHM = 1.2 cm™! at B = 5.2 cm )% and by the
Neumark group (FWHM = 1.1 cm ' at B =1.8cm ™).’

B. Precise measurement of the electron affinity of Se

To accurately determine the electron affinity of Se, the photon
energy hv of the detachment laser was carefully tuned slightly above
the photodetachment threshold of transition A. Sequential spectra
spanning from 16299 to 16 305 cm™! were acquired at 1 cm ™ inter-
vals. Since the kinetic energy of photoelectrons is proportional to
the squared radius (r*) of the photoelectron sphere, a linear regres-
sion analysis on the hv vs r* was implemented in Fig. 2 based
on Einstein’s photoelectric equation kv = BE + ar®. The binding
energy of the transition Se (Py) « Se= ((P3) was given by the
vertical-axis intercept. This analysis yielded a refined EA(Se) value
of 16297.78 + 0.04 cm™", equivalent to 2.020 667(5) eV using the
2018 CODATA conversion (1 eV = 8065.543937... cm™').>? The
total uncertainty of 0.04 cm™" includes a systematic uncertainty of
0.02 cm™ from the wavelength meter. To evaluate the isotope effects
on the EA measurement for the Se atom, we measured the bind-
ing energies of transition A for five primary isotopes of selenium:
76Se (abundance 9%), 7’Se (8%), "®Se (24%), 3°Se (50%), and %2Se
(9%). Our measurement suggested that the isotope shifts remain
below 0.03 cm™, within experimental uncertainty. In addition, we
also changed the imaging voltage from 75 to 150 V. No observ-
able difference was detected between the two imaging voltages. This
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FIG. 2. (a) Photon energy (hv) vs squared radius (r?) of photoelectron spherical
shells for the transition A. The red solid line represents a linear least-squares fit,
where the intercept, 16297.78 cm~", is the measured EA value of selenium. (b)
The binding energy (BE) of transition A as a function of the photoelectron kinetic
energy. The green dashed lines represent +0.04 cm=" uncertainty.

TABLE |. Measured EA(Se) values for various isotopes of Se with two imaging
voltages.
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FIG. 3. (a) Photon energy (hv) vs squared radius (r?) of photoelectron spherical
shells for the transition B. The binding energy of transition B is determined to be
18287.28 cm~" via a linear least-squares fit. (b) The binding energy (BE) of tran-
sition B as a function of the photoelectron kinetic energy. The green dashed lines
represent +£0.05 cm=" uncertainty.

subtracting the binding energies of transition A from that of B,
yielding a value of 1989.50(7) cm™". This splitting value is in excel-
lent agreement with the NIST reference result of 1989.497 cm™,

. -1
Isotope Imaging voltage (V) EA(Se) (em ) which further confirms the reliability of our experimental results
76ge 150 16297.77(6) of EA(Se). In other words, this alternative channel also yielded
76Ge 75 16 297.78(4) EA(Se) = 16297.78(5) cm™' by subtracting the reference splitting
77ge 75 16297.76(4) 1989.497 cm™" from the binding energy 18 287.28(5) C{n_l, which is
78ge 75 16 297.78(4) in excellent agreement with the value 16 297.78(4) cm™ obtained via
80g the transition Se CP;) < Se™ (*P32). All measured binding energies
¢ 75 16297.79(4) of transitions A-C are recorded in Table T1
52Se 75 16297.79(4) P

result further excludes so-called “quantum offset” effects'®”” in the
SEVI experiments, which incorrectly claimed that SEVT results have
field-dependent systematic deviations of 0.185 cm™" at 75 V and
0.292 cm™! at 150 V.** Table I lists the measured EA(Se) values for
various selenium isotopes and the corresponding imaging voltages.

C. Verification via an alternative transition

To verify the reliability of our EA(Se) measurement, we
also accurately measured the binding energy of transition B >P3/
(Se™)->Py(Se) using the same method. Since transitions A and B
are both from the same anionic ground state, the energy differ-

Figure 4 compares experimental EA values of Se with the pre-
viously reported results. For clarity, the early LPT result, EA(Se)
=16297(2) cm™! by Hotop et al. in 1973, is omitted due to their sub-
stantially large error bar, making the other small error bar invisible
when plotted on the same scale.'” Our SEVI measurement result is
consistent with the values of Thegersen et al.'> and Mansour et al."’
using the LPT method. The accuracy of our SEVI result represents
an improvement of an order of magnitude over previous LPT mea-
surements. A striking discrepancy emerges when comparing with
the previously accepted benchmark LPM EA(Se) = 16297.276(9)
cm™" reported by Vandevrage et al'’ Their reported value

TABLE II. Binding energies of observed transitions A-C.

ence between these two transitions equals the spin-orbital splittin " - a s -1
of the final states Se (°P,) and Se (® 1?1), which 112 well knowﬁ to b% Peak Transition (Se”~ Se) Binding energy (cm ™)
1989.497 cm™ according to the NIST atomic data.”*” As shown A 2Py - 3P, 16297.78(4)

in Fig. 3, the squared radius r* was plotted vs the photon energy B 2p,, — P, 18287.28(5)

hv ranging from 18289 to 18294 cm~!. The binding energy of the C 2p,, 3P, 16011(1)

transition Se CP;) < Se™ (®P3/,) was determined to be 18 287.28(5)
cm™'. The *P,—’P; energy-level splitting of Se was obtained by

*The electronic configuration of Se™ is 4s4p°, while that of Se is 45°4p".
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FIG. 4. Comparison of experimental EA(Se) values with error bars reported by
different groups. The blue dashed line represents a recommendation EA(Se) value
weighted by the SEVI and LPT measurements.

deviates by 0.50 cm™" from the consensus—50 times greater than
their claimed uncertainty, indicating LPM alone cannot benchmark
other methods.

Based on the above-mentioned evidence, we can safely con-
clude that there is a significant deviation in the previous LPM result.
Actually, Vandevrage et al."’ pointed out that their experimental
methodology employed for EA measurements exhibited systematic
energy shifts correlated with the electric field in the photodetach-
ment region. This estimated electric-field uncertainty reached ~2.5%
in their LPM measurements of EA(Se), while their earlier EA mea-
surements on phosphorus (P) demonstrated a markedly lower field-
induced error of —0.3%.°° Vandevrage et al.'* acknowledged that this
discrepancy between these two systematic errors observed in LPM
measurements remained a mystery.

IV. CONCLUSIONS

In summary, we have revisited the electron affinity of sele-
nium with the SEVI method and pointed out a significant deviation
from the previously reported LPM result of EA(Se). Based on our
new SEVI results and earlier LPT measurements, we updated the
recommended value of EA(Se) as 16297.78(4) cm™!, resolving the
longstanding discrepancies among prior EA(Se) measurements.
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