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Based on our previous analysis of elec-

EA=hv - E,

tron affinities of atoms and structures of

atomic negative ions [J. Phys. Chem.
Ref. Data 51, 021502 (2022)], this re-
view provides a concise presentation of
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the electron affinities of atoms. We 6.30670 — |p

briefly describe and compare three com-

monly used experimental methods for Negative Ion

determining electron affinities to highlight their respective advantages and disadvantages. To
illustrate the features of the slow electron velocity-map imaging method utilized in our cur-
rent study, we conducted measurements on the electron affinity of As and excited states of its
anion. The electron affinity of As was determined to be 6488.61(5) cm™ ' or 0.804485(6) eV.
The fine structures of As  were well resolved, with values of 1029.94(18) cm™' or
0.12770(3) eV for 3P; and 1343.04(55) cm ™! or 0.16652(7) eV for Py above the ground state

3P2, respectively.
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I. INTRODUCTION

The electron affinity (EA) is a fundamental parame-
ter of an atom, defined as the amount of energy re-
leased when an electron is added to a neutral atom. It is
a measurement of the capability of an atom to form the
corresponding negative ion contrasting with the ioniza-
tion potential (IP) which measures the difficulty to re-
move an electron from an atom. Both IP and EA are
important for understanding chemical reaction and
chemical properties. The electronegativity of an atom
(x) is defined as y = (IP + EA)/2, and the hardness (n) is
calculated as n= IP — EA [1-6]. These values can be
used to derive the bonding energy of a molecule in dif-
ferent charged states. For instance, if the bonding ener-
gy (Ep) of a molecule AB for the dissociation channel
AB—A+B is known, the bonding energy E}," of AB™ for
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the channel AB"— A +B can be deduced using the for-
mula: Fy'=E,+EA(AB) — EA(A) [1]. In the late 20th
century, we had a good understanding of the negative
ion properties of main-group elements. However, our
knowledge about the atomic negative ions of transition-
al elements, lanthanide, and actinides was limited or
mostly qualitative due to the complex electronic struc-
tures arising from partially occupied d or f orbitals. Tra-
ditional experimental methods, like the laser photode-
tachment threshold (LPT) [3] and the laser photode-
tachment microscopy (LPM) [7] were inadequate for re-
solving the congested photodetachment channels. To
overcome this challenge, we introduced the slow elec-
tron velocity-map imaging method (SEVI). With SEVI,
we have accurately measured the EA values of most
transitional elements and part of lanthanides and ac-
tinides. Previous review has provided a comprehensive
summary of the historical background and the recent
progress [8], which we will not repeat here. Instead, we
present the EA value for each element in the periodic
table in a concise format, aiming to provide conve-
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nience for general readers. Furthermore, this work seeks
to compare the three main experimental methods used
to measure EA values of elements.

Another motivation of this study is to improve the
accuracy of EA value of arsenic (As, Z=33). Arsenic is
the only nonradioactive element in the p-block of the
periodic table with an uncertainty of EA value as large
as 1.7 cm ! [8, 9]. The current value for EA(As) was re-
ported as 6491.1(17) cm ! or 0.8048(2) eV. Further-
more, As™ has two excited states, namely 3Py and 3Py.
The energies of these excited states have been deter-
mined using the LPT method. The energy level for 3p;
was measured to be 1029.2(16) ecm™!, while 1325.2(81)
em™ ! for 3Py above the ground state 3Py [9]. Notably,
the uncertainties associated with these energy measure-
ments are significantly larger compared to the same
group elements, such as phosphorus (P) [10], antimony
(Sb) [11], and bismuth (Bi) [12]. Given the relatively
larger uncertainties and importance of accurate EA val-
ues, it is crucial to conduct a new measurement to im-
prove the accuracy of arsenic’s electron affinity.

The EA value of an atom A is determined by the dif-
ference in the total energies between the ground states
of A and its negative ion A~ [3]. Accurate experimental
EA values are primarily obtained through the powerful
photoelectron spectroscopy technique. In a typical pho-
todetachment experiment, a narrow-linewidth laser
beam intersects with a well-collimated anion beam.
This results in the detachment of the extra electron
from A”, which can be observed from either the neutral
atom A or the photoelectron e, depending on the spe-
cific experimental setup. This process can be represent-
ed as

A7 +hv = A+ e (By). (1)

Here, hv represents the photon energy and Fi repre-
sents the kinetic energy of the outgoing photoelectron.
The difference between the photon energy hv and the
kinetic energy Ei is referred to as the binding energy
(BE) of the specific photodetachment channel:

BE(AI_ — Af) = hv — Ek- (2)

Here A;” represents A~ at its state i, and At for the neu-
tral A at its state f. If both states i and f are their
ground states, BE is equal to EA. However, in a pho-
todetachment, the initial state of A~ and the final state

of A may not be their ground states. For example, A~
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may be at its metastable state i, and the final neutral
atom A may be at an excited state f. Since the energy
levels of a neutral atom is well-known with a high accu-
racy, any photodetachment channel from the ground
state of A~ can be used to measure the EA value with-
out limitation to the final ground state. If an atom can-
not form a stable negative ion, its EA is less than zero.
For example, EA(He) <0. It should be pointed out that
He can form a metastable state 1s2s2p 4P‘:1/2? 3/2, 5/25
which is well above the photodetachment continuum
limit [13—22]. This metastable state can decay into He
(180) +¢~ via autodetachment through spin-orbital and
spin-spin interaction [23].

Il. EXPERIMENTAL METHODS

The experimental determination of atomic EA val-
ues primarily relies on the photoelectric effect. The first
step of the experiment is to generate a sufficiently
strong negative ion beam. Various types of ion sources
are employed for EA measurements, including the gas
discharge, the electrospray ionization, the laser abla-
tion, and the cesium ion sputtering ion sources [24, 25].
The atoms with a high EA value can form negative ions
easily. It is readily to generate a strong negative ion
beam for these elements such as H, C°, O, F~, Cu".
However, generating atomic anions of the elements with
a very low EA value poses a significant practical chal-
lenge and remains a primary hurdle in these experi-
ments. To overcome this challenge, some of them can be
generated via the double charge exchange of the posi-
tive ion beam in an alkali vapor cell, such as Ca~, Sr~
[26, 27]. Notably, we have successfully generated atom-
ic anions of most of transitional elements [28—38], and
part of lanthanides using the laser ablation ion source
[39—42]. Recently, we have been able to produce atomic
anions for two nonradioactive actinides, Th and U
[43—45].

To determine the EA value as accurate as possible,
photodetachment experiments are typically conducted
near the photodetachment threshold [46, 47]. The pho-
toelectron yield near the threshold can be predicted us-
ing the Wigner threshold law, which is represented by
the following equation [48]:

Otot = {

In this equation, otqt is the total single-photon detach-

a(hv — BE)*F1/2,
0, hv < BE

hv > BE
(3)
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ment cross section, BE is the binding energy of the pho-
todetachment channel, [ is the orbital angular momen-
tum of outgoing photoelectrons, and « is a constant.
For an s subshell electron, the outgoing photoelectron
has a p-wave (I=1) due to the angular momentum # of
each photon carrier. In the case of a p electron, there are
two possible partial waves: s-wave (I=0) and d-wave
(I=2). However, the contribution of the d-wave is negli-
gible near the threshold. Similarly, for photodetaching a
d electron near the threshold, only the p-wave is observ-
able. In a typical LPT experiment, the yield of photo-
electrons and the neutral atoms were monitored by
scanning the photon energy around the photodetach-
ment threshold. Then, the threshold was obtained by
fitting the experimental data using Eq.(3). As shown in
FIG. 1, the s-wave has a very sharp onset as hv exceeds
BE, particularly at the zero baseline. Therefore, the
LPT method can determine the EA value very accu-
rately by scanning the photon energy if it is an s-wave
photodetachment [3, 49]. However, this method be-
comes less precise for a p-wave photodetachment due to
a zero-slope onset, especially when multiple photode-
tachment channels have very small energy gaps be-
tween them. For example, in FIG. 1(b), it is difficult to
distinguish the three p-wave channels with thresholds
located at 10000, 10010, and 10020 cm ! respectively.
The LPT method may prove optimistic for the error
bars if unknown baselines or non-Wigner threshold ef-
fects alter the behavior predicted by Eq.(3). The pres-
ence of nonconstant background counts contributed
from either the excited states of the negative ion or oth-
er species with the same mass may significantly affect
the EA measurement. It should be pointed out that the
cross-section for p-wave photodetachment is usually
much smaller than that for an s-wave near the thresh-
old. The cross section of p-wave photodetachment is
usually one order of magnitude lower than that of s-
wave at Ei=100 cm ™', and three orders of magnitude
lower at Ei=1 cm ', This is why the LPT method is pre-
dominantly used to measure EA values of main-group
elements. For the transitional elements, whose outer va-
lence electrons occupy either d or s subshell, only the p-
wave is observable near the threshold. The congested
photodetachment channels resulting from fine-struc-
ture splitting and the very low p-wave photodetach-
ment cross section make the LPT method unsuitable for
measuring the EA values of transitional elements.
Another experimental method used to measure EA
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FIG. 1 Simulated threshold behaviors of s-wave and p-
wave photodetachment according to the Wigner threshold
law. The arrows indicated four photodetachment channels
with thresholds located at 10000, 10010, 10020, and 10050
cmfl, respectively.
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FIG. 2 Scheme of the laser photodetachment microscopy
(LPM). The concentric bright and dark rings are the inter-
ference results between the forward and backward ways of
photoelectrons.

values of atoms is the LPM method [7, 50-54]. In this
method, the kinetic energy of photoelectrons is deter-
mined via measuring their de Broglie wavelength Aq. As
shown in FIG. 2, a low-energy photoelectron travels in a
uniform electric field, following a parabolic trajectory
similar to a free fall. Any point on the detector within
the electron’s reach has two possible ways for the pho-
toelectron to travel towards it. The interference be-
tween two ways results in a pattern of concentric bright
and dark rings. By analyzing this interference pattern,
the de Broglie wavelength Aq of photoelectrons can be
obtained. The kinetic energy of photoelectrons is given
by Ex=h%/(2meAq?), where m is the mass of an elec-
tron. In a typical LPM experiment, the uniform electric
field was generated by applying potentials to a few
dozens of parallel plates. The negative ions were pho-
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todetached in the uniform electric field, and the hitting
positions of outgoing photoelectrons were recorded us-
ing a charge-coupled-device (CCD) camera. The inter-
ference pattern was obtained by accumulating thou-
sands of laser shots. To observe a clear interference pat-
tern, the kinetic energy of photoelectrons is usually kept
below 0.1 meV. Only s-wave photodetachment exhibits
an observable photoelectron yield at such low kinetic
energy. Thus, the LPM method has proven to acquire
the most accurate EA values so far, typically with a 1-
peV uncertainty. However, this method is limited to the
main-group elements.

Our group utilizes the velocity-map imaging (VMI)
method to accurately measure the kinetic energy of
photoelectrons [55]. In this method, a set of electrostat-
ic lens accelerates photoelectrons toward a 2D position-
sensitive detector. Photoelectrons with the same kinet-
ic energy form a spherical shell, which appears as a cir-
cle when being projected onto the VMI screen. The ra-
dius of the circle is directly proportional to the velocity
of photoelectrons. The VMI method offers an excellent
energy resolution for low-energy electrons due to its in-
sensitivity to the residual electromagnetic fields in the
environment. For slow photoelectrons with kinetic ener-
gy of a few meV, the size of spherical shell is only a few
millimeters. While stray fields may shift the position of
the spherical shell globally, they do not distort its
shape. Additionally, the short time of flight of photo-
electrons, as they are accelerated to a few hundred of eV
by the VMI lens voltage before hitting the phosphor
screen, minimizes the impact of stray fields on their tra-
jectories. This stands in contrast to conventional spec-
trometers based on hemispherical electrostatic energy
analyzers or the magnetic bottles, which exhibit a poor
energy resolution for very slow electrons. A specialized
VMI technique called the slow electron velocity-map
imaging (SEVI) method has been developed recently
[56—58]. The underlying principle of SEVT is straightfor-
ward: if the relative energy resolution AE/FE remains
constant, the absolute energy resolution AF improves as
the kinetic energy F decreases. SEVI typically achieves
a AE/FE of 2%, resulting in an energy resolution AE of
0.2 meV for £=10 meV. An energy resolution of better
than 0.1 meV has been reported [59]. This high resolu-
tion, typically a few ecm ™!, for example, is crucial for
measuring EAs of the transitional elements, as it allows
for the resolution of fine structures. Notably, for p-wave
photodetachment, the cross-section of SEVI with
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Fy ~100 cm s significantly higher compared to that of
LPT or LPM with Ei~1 cm™! [8].

FIG. 3 depicts the schematic diagram of our Cryo-
SEVI apparatus, which is our second-generation spec-
trometer. The key difference between this and our first-
generation spectrometer lies in the addition of a cryo-
genically controlled ion trap. For a more detailed de-
scriptions of our spectrometer, please refer to our previ-
ous work [29, 35]. In summary, it consists of four main
components: the laser ablation ion source, the cryogeni-
cally controlled ion trap, the time-of-flight (TOF) mass
spectrometer, and the SEVI spectrometer. To generate
negative ions, a 532-nm Nd:YAG pulsed laser is fo-
cused onto a translating and rotating metal disk. These
negative ions are then accumulated in an octupole radio-
frequency (rf) ion trap. The ion trap is mounted on a
cryogenic refrigerator with a controllable temperature
within the range 5—300 K. Typically, the negative ions
are stored in the trap for 45 ms to ensure sufficient colli-
sions with the buffer gas. A mixture of 20% Hs and 80%
He is frequently used as the buffer gas. The cold ion
trap proves highly advantageous in enhancing the ion
beam intensity, identifying excited states, and reducing
the interference from molecular anions with the same
mass as atomic anions. The cooled ions are ejected via
pulsed potentials applied on the end caps and subse-
quently analyzed by the TOF mass spectrometer [60,
61]. Tons of interest are photodetached using a tunable
laser in the interaction zone of the VMI system. The re-
sulting photoelectrons are projected onto a microchan-
nel-plate enhanced phosphor screen by the electric field
of the VMI lens. A charge-coupled-device (CCD) cam-
era is employed to measure the position where the elec-
tron hits. Generally, each photoelectron usually trig-
gers around one dozen pixels, and the weighted center
of each hit is recorded in an event-count mode. This al-
lows the imaging system to achieve a position resolu-
tion beyond the size of the CCD pixel. An image is usu-
ally an accumulation of 50000 laser shots. The machine
operates at a repletion rate of 20 Hz. In our current
work, a tunable dye laser with a linewidth of 0.06 cm ™!
serves as the photodetachment laser. Its wavelength is
monitored by a HighFinese WS6-600 wavelength meter
with an accuracy of 0.02 cm™ .

In a typical SEVI experiment, the negative ion is
photodetached using a linear polarized laser with a po-
larization parallel to the phosphor screen. The resulting
photoelectron angular distribution (PAD) is described
by the following equation [62—68]:
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FIG. 3 (a) Schematic diagram of the Cryo-SEVI apparatus at Tsinghua University. One typical raw image from the pro-
jected photoelectron shells (b), the reconstructed image (c), and the velocity spectrum (d). The double-headed arrows indi-

cate the laser polarization.

do Otot

dQ ~ 4r

[1+ 8P (cos)] (4)

where Q is the solid angle, Po(cosf) is the second-order
Legendre polynomial, (3cos?0—1)/2, 6 is the angle be-
tween the velocity of the emitted photoelectron and the
electric field of the laser, and 8 (varies from —1 to 2) is
the anisotropy parameter. The value of 3 depends on
the kinetic energy of photoelectrons and the symmetry
of the electronic state. Measuring value of 3 proves ben-
eficial in assigning the electronic state. The distribution
of outgoing photoelectrons exhibits a cylindrical sym-
metry. As a result, the 3D photoelectron distribution
can be reconstructed from the projected 2D image us-
ing either an inverse Abel transformation [69, 70] or the
maximum entropy velocity Legendre reconstruction
(MEVELER) method [71, 72]. We often use the
MEVELER method as it avoids the central-noise issue.
Table I compares the characteristics of three experi-
mental methods: LPT, LPM, and SEVI. Both LPT and
LPM methods measure the EA value near the thresh-
old, requiring prior knowledge of the EA value. In con-
trast, SEVI offers a large dynamic range of the kinetic
energy, typically a few eV. SEVI can initially obtain an
approximate EA value for an element with an unknown
EA value through a preliminary measurement, and then
further enhance the accuracy by selecting a specific
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photodetachment channel. In contrast to LPT and
LMP, which operate near the threshold, SEVI allows
measurements at higher kinetic energies, around Fyx~

10 meV. This higher energy range results in a signifi-
cantly higher count rate, thanking to the Wigner
threshold law. This is a very important advantage for a
p-wave photodetachment.

It should be pointed out that the LPT method re-
quires scanning the photon energy and measuring the
relative intensity of photoelectrons or neutral atoms. It
is necessary to accurately measure the intensities of the
laser beam and the ion beam, while maintaining stable
overlap between two beams. On the other hand, LPM
and Cryo-SEVTI only require the measurement of photo-
electron intensity. LPT relies on the Wigner threshold
law and therefore is sensitive to unknown non-zero
baselines and non-Wigner effects. If certain systemic er-
rors are estimated incorrectly, it may underestimate the
measurement uncertainty. We have observed signifi-
cant deviation in the energy levels of Co™ [33], Ir™ [38],
and Os™ [73, 74] reported by the LPT method.

I1l. RESULTS AND DISCUSSION

In FIG. 4, the photoelectron image and binding ener-
gy spectra of As™ are presented at a photon energy of
hv=17407 cm™! using a dye laser (Spectra-Physics,
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TABLE I Comparison of three different experimental methods (laser photodetachment threshold, LPT; laser photodetach-
ment microscopy, LPM; cryogenic ion trap slow-electron velocity-map imaging, Cryo-SEVI) used for EA measurements.

Characteristics LPT LPM Cryo-SEVI

Resolving power Overlapped spectrum, excellent Discrete peaks if gap>1 meV,
(two adjacent transitions) resolution for s-wave, but poor  patterns, only s-wave be able to measure many
for p-wave. photodetachment with Fy~0.1 photodetachment channels
meV. simultaneously.

Overlapped interference

Availability to an element Need to know a rough EA value Need to know a rough EA value Measure a rough EA value first,

with an unknown EA in advance. in advance. and then improve its accuracy.
Typical accuracy 0.001-1 meV 0.001-0.01 meV 0.01-0.1 meV
Dynamic range ~10 meV ~0.1 meV A few eV

Immunity to interferences

Applicability

Elements with

recommended EA
values (in eV) ?

Sensitive to unknown nonzero
baselines and non-Wigner effects
and tends to underestimate the
measurement uncertainty.

Main group elements and partial
late transitional elements

Li 0.618049(22)
B 0.279723(26)
0 1.461112972(87)
Na  0.547926(25)

Al 0.43283(5)
cl 3.612725(28)
K 0.501459(13)
Ca  0.02455(10)
Cu  1.23578(4)
Br  3.36358%(3)
Rb  0.485916(21)
Sr 0.05206(6)

Rh  1.14289(20)
Pd  0.56214(12)
Ag  1.30447(2)
In 0.38392(6)

Sb 1.047401(19)
Cs  0.471626(25)
Ba  0.14462(6)
Pt 2.12510(5)
Au  2.30861(3)
Tl 0.320053(19)
Bi 0.942362(13)
At 2.41578(7)

Signal to noise ratio deteriorates
due to interferences from other
channels.

Elements in main groups
IITA-VIIA

C 1.2621226(12)
F 3.4011895(25)
Si 1.3895212(7)
P 0.746609(9)

S 2.0771042(6)

(
Ge  1.2326764(12)
Se 2.0206047(11)
Sn 1.112070(2)
I 3.0590465(36)
Pb  0.356721(2)

Strong immunity to
interferences thanks to discrete
peaks, be able to discriminate
the EA channel from excited
states and molecular species
with the same mass.

All elements

Sc 0.179378(22)
Ti 0.07554(5)

A% 0.52766(20)
Cr  0.675928(27

(27)
Fe  0.153236(34)
Co  0.662255(47)
Ni 1.157368(58)
Ga  0.301166(15)
As  0.804485(6)
Y 0.31129(22)
Zr 0.433283(89)
Nb  0.91740(7)
Mo  0.74723(8)
Ru  1.046270(20)
Te  1.970861(9)
La  0.557546(20)
Ce  0.600160(26)
Pr 0.10923(46)
Nd  0.09748(31)
Gd  0.212(30)
Tb  0.13131(80)
Lu  0.23882(62)
Hf  0.1780(6)

Ta  0.328859(22)
W 0.816500(82)
Re  0.060396(63)
Os  1.077661(24)
Ir 1.564057(11)
Th  0.607690(60)
U 0.31497(9)

& Recommended EA values for these elements are from our previous review [8] except the EA value of O from Ref.[49].
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FIG. 4 Photoelectron spectra and image for As~ at photon energy hv=17407 cm !. The double arrow indicates the polar-
ization of the photodetachment laser. The orange curve shows the weak peaks (a, b, ¢, d, e, and f) multiplied by a factor of
7. The red curve is the photoelectron spectra at photon energy hv=6757 cm L. The blue curve shows the weak peaks (a
and b) multiplied by a factor of 40. Peak g is related to the transition As™ (4524p4 3P2)—>As (4524})3 2D3/2), which is used

to measure the electron affinity of As in the present work.

linewidth ~0.06 cm_l). In the present work, the ion trap
temperature was maintained at 300 K, and the trap
time was set to 45 ms. To accurately determine the
binding energy of peaks a, b, and ¢, we further mea-
sured the spectra near the photodetachment threshold
at photon energy hv=6757 cm ! using an optical para-
metric oscillator (OPO) laser (Spectra-Physics pri-
moScan, 400-2700 nm, linewidth ~6 cm ™), as shown by
red and blue curves in FIG. 4. A total of eight distinct
peaks labelled a—h were successfully resolved, corre-
sponding to different transitions from 48%4p* 3P fine
structure. The spectra measured using the OPO laser
were employed to observe the overall features of photo-
electron energy spectra and to obtain the preliminary
values of the binding energies of peaks since the OPO
laser has a convenience for tuning its wavelength. The
dye laser with a narrow linewidth was used to further
enhance the accuracy. The assignment of these peaks
was supported by comparing the energy levels of neu-
tral As atom obtained from the NIST database, which
served as useful ‘“‘fingerprints” for state identification
[75]. The diagram in FIG. 5 illustrates these transitions.
The assignment and binding energy of each peak are
summarized in Table I. The first broad peak in FIG. 4
consists of two transitions: a and b, corresponding to
the transition As 453/2<—As_ 3Py and As 4S3/2<—As_
3py, respectively. Peaks c, g, and h are all associated
with the transitions from the ground state 4s?4p® 3Py of
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FIG. 5 Energy levels of As and As™ related to the present
measurement. The ground state of As™ is 4s?4p® *Py. The
ground state of As is 4s?4p® 483/2. The labels of each tran-
sition are the same as the peaks observed in FIG. 4. Chan-
nel g marked in red is employed for the measurement of
the electron affinity of As.

As™. While in principle, any transition from the anionic
ground state can be used to measure the EA value, the
photon energy for the threshold photodetachment of
peaks c is beyond the tuning range of our dye laser, and
peak h is close to the dead zone of our dye laser. Conse-
quently, we have chosen peak g, corresponding to the
transition As~ (4s?4p? 3Pg)—As (4s%4p? 2D3/2), as the
target channel for the EA measurement in this study.

To accurately determine the value of EA (As), a se-
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TABLE II Measured binding energies and optimized binding energies of transitions observed in the present work.

1

Peak Levels (As™ — As) Measured binding energy/cm™ Optimized binding energy®/ cm !
a 45?4p* °Py — 45%4p” 1839 5138.3(69) 5147.5(13)
b 45%4p* 5Py — 45%4p? 1839 5451.3(70) 5458.54(15)
c 45%4p? 3Py — 45%4p® 1839 6488.3(61) 6488.61(5)
d 45*4p* PPy — 4s*4p® *D3 2 15740.5(13) 15740.2(13)
e 4s?4p* °P1 — 45%4p® Dy 5 16051.53(73) 16051.21(15)
£ 4s%4p* 3Py — 45%4p® ?D5 5 16373.40(15) 16373.41(15)
g 4s?4p* °Py — 45%4p® ?Dy o 17081.30(7) 17081.28(5)
h 4s%4p* 3Py — 45%4p® Dy 17403.45(7) 17403.47(5)

& Deduced value according to the assignment, the measured EA value, the measured binding energy of peaks, and the

energy levels of the neutral atom As.

(a) 17092
. 17000
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S ]
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r* (pixel)
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(b) As (45%4p°°D,,)) « As (4s%4p*°P))

17081.40
~17081.35 |
E ] ]’
=
o, 17081.30 l
m ]
17081.25 J_ I I J

17081.20 T T : : . r
3 5 6 7 8 9 10
Photoelectron Kinetic Energy (cm™)

FIG. 6 (a) The photon energy hv vs. the squared radius
7 of the photoelectron spherical shell for transition g. The
solid line is the linear least squares fitting. The intercept
17081.30(7) c¢m™! is the binding energy of photodetach-
ment channel g. (b) The binding energy of transition g as

a function of the kinetic energy of photonelectrons. The
1

dashed lines indicate the uncertainty of £0.07 cm .
ries of spectra were measured near the threshold of peak
g at the imaging voltage of =150 V. The photon energy
was scanned from 17086 cm ™! to 17091 cm ™! with a step
of 1 em™!, slightly above the threshold. Consequently,
the kinetic energy Fy for channel g ranged from 4 em ™t
to 9 cm L. Since hv=BE+ar?, the experimental data
were plotted as hv vs. 12 in FIG. 6(a), where r is the ra-
dius of the photoelectron shell of transition g, « is the
slope, and the intercept of the fitted line indicates the
binding energy (BE) of transition g, which was deter-
mined to be 17081.30 c¢cm ! with an uncertainty
0.07 cm . FIG. 6(b) shows the binding energy of transi-
tion g measured at the different kinetic energy FEi. The

1

uncertainty 0.07 cm -~ includes the contribution of the
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laser line width 0.06 cm ™. Since the final state of transi-
tion g, As (4s%4p® *Dg9), is 10592.666(12) cm ! above
the ground state of As [76], the preliminary EA value of
As is determined to be 6488.63(7) cm ™! or 0.804488(9)
eV by subtracting 10592.666 cm ™' from 17081.30 cm ™.
Considering the observation of multiple transitions, the
EA value is further optimized to be 6488.61(5) cm ™' or
0.804485(6) eV via a global optimization analysis based
on covariance algebra [10, 77, 78], which is consistent
with the previously reported value of 0.8048(2) eV [79]
but exhibits an improved accuracy by a factor of 30. It
is worth noting that according to 2018 CODATA (com-
mittee on Data for Science
1 eV =8065.543937 cm ! [80].
Peaks d, e, and f become very weak near their thresh-

and Technology),

old due to the Wigner threshold law and the very low
population on the excited states 3P, and 3P0. To accu-
rately measure their energy level, a different technique
was employed. The local linear interpolation method
was utilized to determine the kinetic energy FEk using
the equation:

E,=Eg+a (7"2 — 7“02) , (5)

where ris the radius of the peak to be determined, Ej
and rq correspond to the kinetic energy and the radius
of a reference transition with a known accurate binding
energy, and « is the energy calibration coefficient. This
method reduces errors compared to the direct use of
Fy = ar? when r=ry. In the present work, the transi-
tion g was chosen as the reference transition. To en-
hance peak f, the kinetic energy was increased to ~60
cm . In Eq.(5), Fyxy can be considered as an accurate
value, as it is derived from hvy — BEg, where hig is
monitored via a wavelength meter with an accuracy
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FIG. 7 Periodic table of elements with recommended electron
ets are theoretic results.

TABLE III Summary of the fine structures of As™ and the
electron affinity results of As.

Fine structures of As™

Reference 3p, 3P, 3Py« Py
Ref.[92] 0.17 0.810(30)
Ref.[93] 0.125(3) 0.166(5)
Ref.[94] 0.127(16) 0.161(16) 0.814(8)

Ref.[79] 0.1276(2) 0.1643(10) 0.8048(2)
This work 0.12770(3) 0.16652(7)  0.804485(6)"
2.804485(6) eV=6488.61(5) cm ™.

EA of As / eV

0.02 cm ™! and the binding energy (BE) of transition g
has been precisely measured as 17081.30(7) cm™!. To
accurately measure the binding energy of peak f, we
tuned the photon energy hv to make r=~ry. The radius r
was determined through Gaussian function fitting, and
the binding energy (BE) of transition f was deduced as
BE = hv — Fy. The energy level of the fine-structure
excited state 3P1 was determined as 1029.94(18) cm ™!
or 0.12770(3) eV above the ground state *Py. Similarly,
the energy level of another fine-structure excited state
3Pg was measured as 1343.04(55) cm ™! or 0.16652(7) eV
above the ground state 3p,.
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affinities and first ionization energies. The values in brack-

The EA value and the fine structure levels reported
in this work are summarized and compared with previ-
ous results in Table III. Our fine-structure results agree
with Walter’ s measurement [79], but the accuracy is
improved by a factor of 10. To further compare our SE-
VI method with the LPT and LPM methods, the EA
values of different isotope of Te were also measured as
EA(PTe)=15896.07(7) ecm ',  EA(1®Te) =
15896.02(8) cm™ !, and EA(1?0Te) = 15896.05(7) cm ™!,
respectively. These values show marginal agreement
with EA(¥0Te) = 15896.18(5) cm ™! reported by Haef-
fler et al. using the LPT method [81]. Furthermore, we
previously also measured the EA values of S [59], Pb
[82], and I [59]. The EA(S) was measured as 16753.00(7)
cm ! using our second-generation apparatus, which
agrees excellently with the result 16752.9753(41) cm ™!
obtained using the LPM method [83]. The EA values of
Pb and I were measured on our first generation appara-
tus, yielding EA (?%®Pb)=2877.33(13) and
EA(T)= 24672.94(10) cm L. These values are consistent
with previous measurements from Blondel group using
the LPM method, except for a slight difference in the
SEVI result of 2°Pb compared to their isotope-aver-
aged result. Blondel group reported EA(I)=
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24672.874(29) cm™! [84] and the isotope-averaged re-
sult of 2877.149(15) cm ™! for Pb [85]. To investigate the
reason for the discrepancy, the EA value of Pb was re-
measured on our second-generation spectrometer. The
newly obtained EA(?%*Pb)=2877.14(9) cm ' agrees
with the recent measurement EA(?*®Pb)=2877.18(6)
ecm ' by Walter et al. using the LPT method [86] and
the previous LPM result. Compared with our first-gen-
eration spectrometer, the key difference for the new ap-
paratus is the ion trap, which decouples the ion beam
from the fluctuation of the laser-ablation ion source,
contributing to better stability of the intersection point
of the ion beam and photodetachment laser beam.
Moreover, a new phosphor screen with a higher gain is
used. The energy resolution of our new spectrometer
was improved with the aforementioned measures.

In FIG. 7, we provide a convenient reference for
readers by listing the recommended electron affinity
and the first ionization energy in the periodic table of el-
ements. The recommended EA values are primarily
from our previous review published in the Journal of
Physical and Chemical Reference Data, titled “ Elec-
tron Affinities of Atoms and Structures of Atomic Neg-
ative Tons” [8]. The recommended first-ionization-ener-
gy values, on the other hand, are sourced from NIST
Standard Reference Database 78, Version 5.10, 2022
[75]. This database is maintained by the National Insti-
tute of Standards and Technology (NIST) and provides
authoritative and accurate reference data for scientific
measurements [87]. These accurate experimental EA
values and fine structures of atomic anions can serve as
a reliable benchmark for developing more advanced the-
oretical calculations.

IV. CONCLUSION

In conclusion, we have compared three commonly
used experimental methods for determining electron
affinities, namely the slow electron velocity-map imag-
ing method (SEVTI), the laser photodetachment thresh-
old method (LPT), and the laser photodetachment mi-
croscopy (LPM). We have highlighted the respective
advantages and disadvantages of each method. To
demonstrate the capabilities of the SEVI method em-
ployed in our study, we measured the electron affinity
(EA) of As and the fine-structure states of As™. Our re-
sults revealed that EA(As) is 6488.61(5) cm ! or
0.804485(6) eV, and determined the fine-structure ener-
gy levels of As™ to be 1029.94(18) em ™! or 0.12770(3) eV

DOI: 10.1063/1674-0068 /cjcp2307071

Shuaiting Yan et al.

for 3P; and 1343.04(55) cm™ ! or 0.16652(7) eV for *Pg
above the ground state 3p,, respectively. The SEVI
method, with its high energy resolution and a large dy-
namic range for photoelectron kinetic energy, offers a
distinct advantage over LPT and LPM when studying
atomic anions with complex structures. It enables pre-
cise investigations into the properties of all elements,
and has been utilized to measure molecular ions [88—91].
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