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Measurement of the electron affinity of the lanthanum atom
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Atomic lanthanum anion La™ is the best candidate for laser cooling of any atomic anions found so far. The
bound-bound electric dipole transitions of La~ have been identified and measured. Theoretical studies have
shown that La™ has a very complicated electronic structure, which cannot be well resolved by the traditional
photoelectron spectroscopy. In the present work, we report high-resolution photoelectron spectroscopy of La™
via the slow-electron velocity-map imaging method in combination with an ion trap. The electron affinity of La
was determined to be 4496.97(20)cm™! or 0.557 553(25) eV. In addition, the energy levels of La~, 3Ff, 3F4”,

'Ds, 'Ds, 3P§, 3Pf, and 3PZ", were also determined.
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I. INTRODUCTION

Negative ions usually have very few bound states in con-
trast with their neutral and positive counterparts due to the
weak binding of an extra electron. Only a few atomic anions
have bound excited states of opposite parity to their ground
states, which is required for the electric dipole transition used
for laser cooling. Laser cooling of anions was proposed by
Kellerbauer and Walz to sympathetically cool antiprotons and
then enhance the production of antihydrogen [1]. Moreover, it
is possible to produce ultracold negative ions by sympathetic
cooling with the help of laser-cooled anions, opening up a
brand new field of ultracold physics [2].

So far, only Os™ [3-6], La™ [7,8], and Ce™ [9,10] are
confirmed to have opposite parity bound states by exper-
iments. The previous experimental and theoretical studies
have shown that La™ is the most promising candidate for
laser cooling of any atomic anions. Several electric dipole
transitions of La™ have been identified via tunable infrared
spectroscopy [8,11], and the resonant frequency of the laser-
cooling transition *Ff — 3D¢ has been determined to be
96.592 713(91) THz [12]. However, the electron affinity (EA)
of La still remains poorly measured. EA is a fundamental
parameter that measures the capability of an atom to form
the corresponding negative ion. The measurement of EA is
essential for understanding the electron-electron correlation
in negative ions.

The photoelectron energy spectrum of La™ is very com-
plicated due to the partially filled 5d subshell. In 1998,
Covington et al. measured the EA value of La via the
traditional laser photoelectron energy spectroscopy (LPES)
method [13]. Their experiment indicated that the EA of La
should be 0.47 + 0.02 eV and there should be at least one
exited state bounded by 0.17 = 0.02 eV. However, most
of the fine structures were not resolved in their spectrum
due to the limited energy resolution. In 2009, O’Malley and
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Beck [14] carried out relativistic configuration interaction
(RCI) calculations in which seven even states (5d26s2) and
eight odd states (5d6s>6p) were predicted. They also showed
that the ground state configuration of La™ was 5d%6s? instead
of 5d6s%6p as previously believed [15-17] and the EA value
was calculated to be 0.545 eV.

Later, the LPES experiment by Covington et al. was rein-
terpreted by Pan and Beck via RCI calculations in 2016 [18].
The EA of La was revised to be 0.550 eV. Binding energies
of other states were also revised. The calculated energy levels
agree well with the previous experimental results.

Once the EA of La is determined, all binding energies of
the odd states except *Pg, as well as the even states *Fy and
3F¢ recognized by O’Malley and Beck’s calculations [18], can
be obtained based on the experiment of Walter et al. [8]. In the
present work, we utilize the slow-electron velocity-map imag-
ing (SEVI) method [19-21] in combination with an ion trap to
measure the EA value of La. SEVI has a very high-energy
resolution, typically a few cm™! near the photodetachment
threshold. This is an essential ability for resolving the dense
electronic states of La~. With SEVI, we have successfully
determined the EA values of several transitional elements with
uncertainties typically less than 1 cm™! [22-25]. Recently, a
cryogenically controlled ion trap [26,27] was installed on our
apparatus. As demonstrated in our recent works for measuring
the EAs of titanium [28] and hafnium [29], the cryogenic ion
trap can effectively enhance the intensity of negative ions.
This is an important feature for acquiring a strong enough
negative ion beam for elements with very low EA values. In
addition, an ion trap is helpful for identifying the excited states
with ~10-ms lifetimes since their intensities will change dur-
ing the trapping period. The excited states with long lifetimes
usually have no allowed electric dipole transitions to the
ground state. Therefore, they cannot be directly observed via
the infrared resonant spectroscopy. The states observed in the
present work are complementary to the previous investiga-
tions. Moreover, the cryogenic ion trap can effectively cool
molecular anions down to a temperature as low as ~10 K,
which can substantially improve the sharpness and cleanness
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FIG. 1. Photoelectron spectra of La™ at photon energy hv =
11595.57 cm™! obtained with the trap-on mode (a) and the trap-off
mode (b). In the trap-on mode, the ions are trapped for 45 ms, and
are then thrown out for further analyzing. In the trap-off mode, the
ions directly fly through the ion trap as the trap is turned off. The red
curve shows the weak peaks multiplied by a factor of 6 for a clearer
view. The sticks below the spectra indicate the binding energy of
photodetachment channels from the states labeled on the left or right
sides. The related transitions are illustrated in Fig. 2.

of the photoelectron energy spectra of polyatomic molecular
anions [28,29]. The precooled La™ with a temperature ~10 K
can also significantly reduce the cooling time to reach Doppler
temperature [12].

II. EXPERIMENT SETUP

Our SEVTI apparatus has been described in detail previously
[28,30]. Briefly, the apparatus consists of a laser ablation ion
source, a cold ion trap, a Wiley-McLaren type time of-flight
(TOF) mass spectrometer [31], and a photoelectron velocity-
map imaging (VMI) system [32]. The La™ ions are produced
by focusing the second-harmonic output of a Nd: YAG laser
(532 nm, 20 Hz, ~10 mJ/pulse) on a rotating and translating
lanthanum metal disk. The negative ions are accumulated and
trapped in an octupole radio-frequency ion trap for 45 ms. The
ion trap is mounted on the second stage of a liquid helium
refrigerator with a variable temperature 5-300 K. The trapped
ions lose their energy through collisions with the buffer gas
(a mixture of H, and He with a ratio 20:80). The ion trap
can be turned off, so that ions can directly fly through it.
The extracted ions are accelerated by a —1000-V high-voltage
pulse in the TOF mass spectrometer. The ions of interest are
selected by a mass gate and then photodetached by a tunable
dye laser (400-920 nm, linewidth 0.06 cm™!' at 625 nm)
pumped by a Quanta-Ray Pro 290 Nd:YAG laser (20 Hz,
1000 mJ/pulse at 1064 nm). The photoelectrons are projected
onto a phosphor screen behind a set of microchannel plates
and recorded by a charge-coupled device (CCD) camera.
A real-time intensity weighted centroid program is applied
to reconstruct the position of each photoelectron. Typically,
30000-50000 laser shots are assembled to form one pho-
toelectron image. The photon energy (hv) is further mea-
sured by a HighFinesse WS6-600 wavelength meter with an
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FIG. 2. Partial energy levels of La and La™. The transitions’ labels are corresponding to the peaks observed in Fig. 1. Transition a is used

to measure the EA value of La.
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FIG. 3. The photon energy hv versus the squared radius 2 of the
measured electron spherical shell for transition a. The solid line is
the linear least squares fitting. The intercept 11508.88 cm™! is the
binding energy of photodetachment channel a (a). The binding en-
ergy of transition La(zFSe/z) <« La~(Fy) as a function of the kinetic
energy of photoelectrons. The dashed lines indicate the uncertainty
of £0.20 cm™~! (b). The uncertainty includes the statistical and fitting
error. The systematic error is estimated to be 0.1 cm™!

accuracy of 0.02cm~!. The maximum entropy velocity Leg-
endre reconstruction (MEVELER) method is used to recon-
struct the photoelectron spectrum from the raw image [33].

III. RESULTS AND DISCUSSION

Figure 1 shows the photoelectron energy spectra of La™ at
the photon energy 7v = 11959.57 cm~'. The imaging voltage
is —650 V. In Fig. 1(a), La™ ions were stored in the trap for
45 ms at room temperature, so only states with lifetimes com-
parable with 45 ms can appear in the spectrum. In Fig. 1(b),
more peaks were observed when the ion trap was turned
off. The extra peaks are related to the short-lived excited
states. In the trap-off mode, it takes about 0.4 ms for the La™
ions to fly from the ion source to the photodetachment zone.
Therefore, the short-lived excited states have more chance to
survive compared with the trap-on mode. It should be pointed
out that the higher state 3D‘f of the potential laser-cooling
transition cannot be observed in the present experiment due
to its relatively short lifetime 22.1 us [12]. According to the
trends of peak intensity, the energy levels of neutral La [34],
and the well-known energy gaps of La™ determined by the
infrared resonant spectroscopy, as well as the calculations by
Pan and Beck [18], most of the peaks observed in Fig. 1 can
be identified except the weak peak labeled with an asterisk (*).
This peak is not likely from a molecular contaminant with the
same mass as the La atom because there is no thermal broad-
ening in the spectra. The generated ions from our laser abla-
tion ion source are usually very hot. The typical temperature

TABLE I. Photodetachment transitions observed in the present
work.

Transition
Peak La- — La

Measured binding
energy (cm™')

Assigned binding
energy (cm™')?

a Ff — °F¢), 11508.88(20) 11508.88(20)
b Ff — ’Ff), 11154.68(25) 11154.68(35)
c Ff — °F¢), 10831.82(29) 10831.82(38)
d 'D§ — °Ds), 10553.68(30) 10553.68(30)
e Py — Pf, 10449.5 (30) 10449.5(30)
fi Py — 7P, 10171(60) 10171(60)
f Py — Py, 10111(60) 10111(60)
g 'Ds — “P¢, 9788.9(27) 9787.57(30)
h 'Dg — °Ff, 9712 (60) 9718.71(24)
i P — D5, 9678(60) 9636(60)
j Pg — *Pp, 8636.7(50) 8636.7(30)
k Pp— 4Py, 8261(60) 8298(60)
l Py — P, 8161(60) 8132(60)
m - FS, 7505.1 (61) 7506.97(20)
n Fy — F), 7321(16) 7314.44(38)
s Ff — *Fy, 7240(33) 7224.09(35)
ns B — F, 7180(16) 7165.16(20)
0 Ff — *F¢, 6825.9(61) 6829.91(38)
P FE— *Ff, 6590(11) 6597.05(35)
q Ff — D¢ 1 5549.3(83) 5550.13(20)
r SFf — D¢ P 4870(13) 4873.07(38)
s SFy — D¢ P 4498(10) 4496.97(20)
t Fg — D¢ P 4156(35) 4155.68(35)
u SFf — D £ 3820(35) 3819.91(38)
v 'p§ - ’D3, 3192(37) 3160.79(30)
wb 'Dg — D 2 2726(40) 2706.80(24)
By — Dy, 2778.09(31)
x 'Dg — D¢ P 2087(45) 2107.63(30)

“Deduced value according to the assignment, the measured EA value,
the optimized binding energy of transitions measured in the present
work, the relative energy gaps measured by Walter et al. [8], and the
energy levels of neutral La [34].

PPeak w may include the contribution from transition *F? — *D¢ 12
as suggested by the theoretical calculations [18,37].

of ions is ~800 K [30]. It should be noted that the bind-
ing energy of peak “* is 7995.4(58)cm ™!, which matches
that of the transition La (5d%6s 4Ff/z) <« La™ (5d%6s**Fy)
(7991.50 cm~"). However, this transition is forbidden by the
selection rule within LS coupling [35] and is not predicted by
Pan and Beck [18]. Peaks a, m, ns, ¢, and s are contributed
by the photodetachment from the ground state of La™ (3F2€).
In the present work, the strong peak a, which corresponds to
the transition La(2F5€/2) < La~(*Fy), is chosen to measure
the EA of La because its photodetachment threshold is in the
tuning range of our dye laser. See Fig. 2.

To determine the binding energy of peak a as accu-
rately as possible, a series of spectra were obtained near the
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TABLE II. The binding energy of bound states of La™, and the energy levels of La™.

Binding energy (cm™")

Relative energy (cm™")

Theory Theory Theory Experiment®
State [18] This work [12] [18] [8] This work
6525d> *Ff 4436 4496.97(20) 0 0 0 0
’Ff 3799 3819.91(29) 675.5 637 677.0 677.06(35)
*Ff 3081 3102.52(25) 1409.9 1355 1394.2 1394.45(32)
'D; 2170 2107.63(30) 2646.3 2266 2389.34(36)
’p¢ 1113 1405.3(30) 3308.5 3323 3091.7(30)
3ps 952 1067(60) 3552.1 3484 3430(60)
ps 524 452(60) 4070.7 3912 4045(60)
6525d6p 'Dg 2549 2700(60) 1757.5 1887 1797 (60)
3Ry 1702 2789.1 2734 2772.0
SFY 1299 3138.3 3137 3096.1
DS 1178 3281.9 3258 3221.5
’Dg 557 3859.4 3880 3795.2
SFp 476 4056.2 3960 4002.0
3pg 153 4424.8
3Dy 2549 4430.4 4283 4345.7

1

*The uncertainty of the measurement by Walter ez al. [8] is 0.24cm™".

threshold of transition La(2F56/2) <« La’(3F2“) at the imaging
voltage of —350 V. The photon energy hv was scanned from
11525cm™" to 11575cm™! with a step ~10cm™!, slightly
above the threshold. The photoelectrons with the same ki-
netic energy will form a spherical shell before hitting the
phosphor screen and the radius r of the spherical shell is
proportional to the velocity of the electrons. Thus, the kinetic
energy of photoelectrons Ey o< 2. Since hv = BE + ar?, the
experimental data points are in a straight line if hv is plotted
versus 2. Here BE is the binding energy of the observed
state, and « is a coefficient to be determined via the en-
ergy calibration. As Fig. 3 shows, the intercept of the fitted
line is the BE value. Thus, the binding energy of transi-
tion La(2FSe/2) <« La~(3Fy) is determined to be 11508.88 +

0.20cm~". As a result, the EA value of La is determined to
be 4496.97(20) cm ™! or 0.557 553(25) eV by subtracting the
level energy 7011.909 cm™" of the final neutral La 5d%6s *F5),

state from 11508.88 +£0.20cm™! [34]. Note that 1eV =
8065.544 005(50) cm ™', as recommended by 2014 CODATA
(Committee on Data for Science and Technology) [36].
According to the known information of La~ and La,
peak n is composed of three transitions. The transitions
La(zF;/z) <« La~(Fy) (peak n;) and La(zFf/z) <~ La~CF)
(peak ny) are not resolved from the transition La(zFf/z) <~

La~ (3F2‘?) (peak n3). As the EA value of La is determined,
the binding energies of peaks c, nj, o, r, and u, which are
all from state 3F§, can be accurately settled, and similarly
for peaks b, ny, p, and t, which are all from state 3Ff.
The binding energies of (3F3e) and 3F4€ are determined to
be 3819.91(29) cm~! and 3102.52(25) cm~!. Peak d belongs
to the transition La(5d6s2D5 ) < La” (5d°6s>'D5), and
the binding energy is 10553.68(30) cm~!. Thus, the energy

level of La™ (IDS) is determined to be 2107.63(30)cm™".
State (IDE) also contributes to peaks g, v, and x. Note
that the spacing between e and j (1812.8cm™!) is ex-
actly the same as that between sz/z and 4Pf/2 of lan-
thanum (1812.807 cm™"). The assignments we obtained are
as follows: La(5d*6s °Pf ;) < La~ (5d%6s>*Pg) contributes
to peak e, and La(5d%6s 4Pf/2) <~ La~ (5d%6s*3P¢) for
peak j. The binding energy of 3Pg is determined to be
1405.3(30)cm™~'. According to Pan and Beck’s calculations
[18], peaks f, i, and k belong to *Pf, states. State 'DS
contributes to peak A, which is buried within peaks g and i.
The binding energies are estimated as 452(60)cm™! (3Pf),
1067(60) cm™! (3Pf), and 2700(60)cm™~! (ng) by means
of Gaussian multipeak fitting. Peak w is mainly due to the
transition La(5d6s> 2l~)§/2) <« La™ (5d6s*6p ' D3). It may in-
clude a contribution from the transition La (5a’6s2 2D§ /2) <«
La~ (5d6s°6p °FY). The lifetime of *Fy is approximately
1 ms according to O’Malley and Beck’s calculations in 2010
[37]. Therefore, 3F2” can contribute to the spectrum in this
regard. Table I lists the assignment in detail. Figure 2 shows
the transitions from La™ states which are precisely measured
in this work. The states *Pf , are not included for the sake of
conciseness. See Table II.

In conclusion, the electron affinity of lanthanum is de-
termined to be 4496.97(20)cm™~! or 0.557 553(25) eV. The
binding energies of La™ (5d6s%) *F¢ and *F are measured
to be 3819.91(29) cm~! and 3102.52(25)cm™!, respectively.
The binding energies of ' D5, 3P, and ' D are also measured:
2107.63(30)cm ™! for D5, 1405.3(30)cm~! for *P¢, and
2700(60) cm™! for 1D§. The photoelectron spectra also indi-
cate the existence of the states 3Pf and 3Pf, and their binding
energies are estimated as 1067(60) cm ™! and 452(60) cm™!.
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As can be seen, the combination of SEVI and ion trap can
provide abundant information of complex anions with bound-
bound transitions. This method can be adopted to investigate
the complicated electronic structure of other lanthanide and
actinide anions.
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