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The high-resolution photoelectron spectra of Zr� were obtained via the slow-electron velocity-map
imaging method. The electron affinity of Zr was measured to be 3494.67(72) cm�1 or 0.433 283(89) eV.
The accuracy has been improved by a factor of 160 compared with the previous result. The fine struc-
tures of Zr� were also well resolved: 251.0(37) (4F5/2), 579.6(8) (4F7/2), and 971.7(12) cm�1 (4F9/2)
above the ground state 4F3/2. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4986547]

I. INTRODUCTION

Electron affinity (EA) is referred to as the energy differ-
ence between a neutral atom or a molecule and its negative
ion at their ground states. It is used to describe the ability of
an atom or a molecule to accept an electron. Negative ions, or
anions, are unique species and are also chemically important.
Their electronic structures and properties are generally differ-
ent from those of neutral atoms and positive ions. In addition to
the regime of gas-phase ion chemistry, areas such as interstel-
lar chemistry1,2 and molecular clusters3,4 have witnessed the
utility of EAs. Moreover, studies of the stabilities of free rad-
icals and anions can provide an insight into electron transfer
in biological systems,5–7 photosynthesis,8–10 and toxin chem-
istry.11 Consequently, numerous attempts have been made to
improve the accuracy of the experimental EA values as well
as the theoretical ones.

Thus far, there have been four main experimental tech-
niques used to measure EAs. A majority of EA values of transi-
tion metals were measured via the generic laser photoelectron
spectroscopy (LPES) method by Lineberger and co-workers
in 1981.12 However, the limited energy resolution of LPES
around 10 meV has impeded the improvement of the accuracy
of EAs.12–15 Another method named the laser photodetach-
ment threshold (LPT) method depends on the Wigner threshold
law,16 which predicts that the photodetachment cross section
σ is proportional to (Ek)l+1/2. Here, l is the angular quantum
number of the outgoing photoelectron after the detachment,
and Ek is its kinetic energy. Apparently, this method provides a
straightforward probe of EA values for an s-wave detachment
due to the sharp onset of the cross section near the thresh-
old. However, it becomes unreliable for a p-wave detachment
due to the zero-slope onset. Moreover, this method fails to
resolve the congested p-wave detachment channels that are
common for transition elements because of their unique elec-
tronic configurations. As a result, the LPT method is more
applicable to the EA measurement of the main group elements
than the transition metals.17–19 The uncertainty of EAs for the
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most transition elements still remains around 10 meV although
many efforts have been directed toward the improved accuracy
over the past half century.20 Only a few EA values of the late
transition metals were measured using LPT method, such as
Ni and Pd.21 Recently, Blondel and co-workers introduced
the laser photodetachment microscopy (LPM) method. The
uncertainties of O and C have been successfully reduced down
to sub-µeV level with the LPM method.22,23 However, the
kinetic energy of the outgoing photoelectron is restricted to be
lower than 1 cm�1 otherwise it cannot be derived via the inter-
ference patterns. The count rate of p-wave photodetachment
will become impractically low at such a low kinetic energy.
Therefore, the LPM method is not applied for transition met-
als either. Fortunately, the slow-electron velocity-map imaging
(SEVI) technique manages to improve the energy resolution
of low-energy electrons to a few cm�1 while maintaining the
signal intensity to an acceptable level.24–29 The reason lies in
that it generally measures the photoelectron with Ek around
100 cm�1. Therefore, the signal intensity is much higher than
that just above the photodetachment threshold. Neumark and
co-workers have demonstrated the features of this method in
the high resolution of photoelectron spectroscopy of molecular
anions.30,31

In our previous work, we have reported the EA val-
ues with high accuracy of some transition metals using the
SEVI method.29,32–36 In this paper, we employed this method
to measure the EA value of zirconium (Zr) and the fine-
structure splittings of Zr�. Zirconium is mainly used as a
refractory and an opacifier. Because of its chemical resis-
tance, zircon is also used in aggressive environments, such
as moulds for molten metals. The ground-state configura-
tion of Zr� is (4d35s2) 4F3/2, while the ground-state con-
figuration of Zr is (4d25s2) 3F2. Lineberger and co-workers
reported the EA value of Zr to be 0.427(14) eV with the LPES
method.12

II. EXPERIMENTAL SETUP

The experiment was conducted using a slow-electron
velocity-map imaging apparatus equipped with a laser ablation
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ion source. This apparatus has been described in detail previ-
ously.34 In brief, it can be roughly divided into three parts: a
laser ablation ion source, a Wiley-McLaren type time-of-flight
(TOF) mass spectrometer, and a photoelectron velocity-map-
imaging (VMI) system. The negative ions Zr� are generated
in the ion source by focusing a pulsed laser onto a continually
rotating and translating Zr metal disk. The ablation laser is the
second-harmonic output of a Nd: YAG laser (532 nm) (20 Hz,
∼15 mJ/pulse). In view of the fact that transition metals are eas-
ily oxidized, an in-line sodium oven releasing sodium vapor is
helpful to remove the contamination consisting of trace oxygen
and water. Otherwise, the zirconium oxide species are domi-
nant in the mass spectrum. After the skimmer, the anions are
extracted perpendicularly into a TOF mass spectrometer. The
anionic species are accelerated to 900 eV by a high-voltage
pulse and then are guided by a set of deflectors and focused by
a set of Einzel lenses into a 1.4-m-long TOF tube. The mass
resolution M/∆M of the current design is 300 for M ∼ 100.
Then the target ions are selected by the mass gate and detected
by an in-line microchannel plate detector. This rotatable ion
detector is supposed to be moved out of the ion path so that
the target ions can be overlapped with the detachment laser
beam after entering the VMI lens system. The detachment
laser beam is limited to 3 mm in diameter by passing through
a series of apertures. Finally, the detached photoelectrons are
projected onto a phosphor screen behind a set of microchan-
nel plates and recorded by a CCD camera. A real-time
intensity-weighted centroid program is applied to reconstruct
the position of each photoelectron. Typically, each photoelec-
tron imaging is an accumulated result of 50 000–200 000 laser
shots. The photodetachment laser is from a Spectra-physics
dye laser system (400–920 nm, linewidth 0.06 cm�1 at 625 nm)
pumped by a Quanta-Ray Pro 290 Nd: YAG laser (20 Hz,
1000 mJ/pulse at 1064 nm). The photon energy (hν) is fur-
ther measured by a HighFinesse WS6-600 wavelength meter
with an accuracy of 0.02 cm�1. The photoelectron spectrum
was reconstructed from the accumulated image using the max-
imum entropy velocity Legendre reconstruction (MEVELER)
method.37

III. RESULTS AND DISCUSSION

Figure 1 shows the photoelectron images and binding
energy spectra obtained at photon energies of hν = 14 910.71,
15 032.08, and 15 680.64 cm�1, respectively. The imaging
voltage is �150 V. According to the selection rules, there are
six allowed transitions between Zr� (4F) and Zr (3F), which
are labeled as a–f in Fig. 1. This assignment was made based
on the calculated energy levels of Zr� and the standard atomic
levels of Zr. The diagram of the transitions is illustrated in
Fig. 2. There are five peaks in Fig. 1(c). The first broad peak
consists of three transitions a, b, and c according to the theo-
retical simulations. Peak d belongs to the transition Zr (3F2)
← Zr� (4F3/2), which is the only channel originating from the
ground state of Zr�. Therefore, the transition Zr (3F2)← Zr�

(4F3/2) is selected as the channel to measure the EA value
in this work. Peaks e and f represent the transitions Zr (3F3)
← Zr� (4F5/2) and Zr (3F4)← Zr� (4F7/2), respectively. Since
the energy levels of Zr (3F2), Zr (3F3), and Zr (3F4) are

FIG. 1. Photoelectron images and spectra of Zr� ions at photon energies of
14 910.71 cm�1 (a), 15 032.08 cm�1 (b), and 15 680.64 cm�1 (c). The dou-
ble arrow indicates the laser polarization. The red sticks are the theoretical
simulations at the ion temperature of 800 K. Peak d is related to the Zr (3F2)
← Zr� (4F3/2) transition, which is used to measure the electron affinity of Zr
in this present work. The peak labeled with asterisk (*) is due to an unknown
contamination.

accurately known from the NIST database,38 the energy gap
between any two levels among Zr� (4F3/2), Zr� (4F5/2), and Zr�

(4F7/2) can be derived from peaks d, e, and f. In addition, the
binding energy of transitions b and c can also be extracted from
peaks e and f. The peak labeled with asterisk (*) is due to an
unknown contamination. In order to determine the energy level
of Zr� (4F9/2), we need a better energy resolution to resolve
transition a. One of the important advantages of SEVI is that
its energy resolution can be improved by lowering the kinetic
energy of photoelectrons. As shown in Fig. 1(a), peaks a, b, and
c can be partly resolved at a lower photon energy of 14 910.71
cm�1. The Gaussian function fitting procedure was used to
obtain the binding energy of transition a. Once the binding
energy of transition a is known, the energy level of Zr� (4F9/2)
is determined. The binding energies of all peaks and the energy
levels of all related states are summarized in Table I. The rel-
atively large uncertainty of the binding energy of peak c is
mostly attributed to the statistical fluctuations due to the very

FIG. 2. Energy levels of Zr and Zr � related to the present measurement. The
ground state of Zr is (4d25s2)3F2. The ground state of Zr� is (4d35s2)4F3/2.
The labels of each transition are the indices of the observed peaks in Fig. 1.
Transition d is used for the electron affinity measurement.
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TABLE I. Measured binding energies and fine structures of Zr� and the
electron affinity of Zr.

Peaks Levels (Zr← Zr�) Binding energy (cm�1)

a 3F4 ←
4F9/2 14 865.34(95)

b 3F3 ←
4F7/2 14 871.4(3)

c 3F2 ←
4F5/2 14 884.4(36)

d 3F2 ←
4F3/2 15 135.39(72)a

e 3F3 ←
4F5/2 15 200.0(36)

f 3F4 ←
4F7/2 15 259.0(34)

Fine structures of Zr� (cm�1)

Levels Extrapolated12 Experimental

4F5/2 ←
4F3/2 250(50) 251.0(37)

4F7/2 ←
4F3/2 580(86) 579.6(8)

4F9/2 ←
4F3/2 950(100) 971.7(12)

Electron affinity of Zr
Value Reference
0.343 eV Rakhlina et al.40 (calculated)
0.427(14) eV Feigerle et al.12 (measured)
0.433 283(89) eV or This work (measured)
3494.67(72) cm�1

aInformation in bold signifies the selected channel for EA measurement.

low count rate. The red sticks in Fig. 1 represent the calculated
intensity at the ion temperature of 800 K. The calculated inten-
sity has been rescaled according to Wigner’s lawσ∝ (Ek)3/2 for
p-wave detachment. It can be seen that the simulation agrees
well with the experimental spectra.

To accurately determine the electron affinity of Zr, tran-
sition d [Zr (3F2)← Zr� (4F3/2)] was further scanned around
its threshold. A fine energy calibration of the VMI system for
peak d was conducted by changing the photon energy from
15 171 cm�1 to 15 211 cm�1 with a ∼10 cm�1 step. The radius
can be obtained by performing the Gaussian function fitting.
The measured r2 versus the photon energy hν is plotted in
Fig. 3. The energy calibration parameters of the linear relation
between hν and r2 were determined by least squares fitting.
The binding energy of transition d and its uncertainty were
also obtained by this procedure. Figure 4 shows the measured

FIG. 3. Energy calibration of the photoelectron velocity-map imaging sys-
tem. Points with error bars are experimental data of transition d. The solid line
is the linear least squares fitting. The intercept 15 135.39 cm�1 is the bind-
ing energy of transition d. The rings above each point are the photoelectron
images.

FIG. 4. Binding energy of Zr (3F2) ← Zr� (4F3/2) transition measured as a
function of the kinetic energy of photoelectrons. The dotted lines indicate the
±0.72 cm�1 uncertainty.

binding energy versus the kinetic energy of photoelectrons. Its
mean binding energy is 15 135.39 cm�1 with an uncertainty of
0.72 cm�1. The uncertainty of 0.72 cm�1 included the contri-
bution of the laser linewidth 0.06 cm�1. The energy level of the
neutral Zr atom (4d35s) 3F2 is 11 640.72 cm�1 above its ground
state. Subtracting 11 640.72 cm�1 from the binding energy
15 135.39 cm�1 yields the EA value of Zr: 3494.67(72) cm�1

or 0.433 283(89) eV, which is consistent with the previously
reported value of 0.427(14) eV.12 The accuracy is improved by
a factor of 160. Note that 1 eV = 8065.544 005(50) cm�1, as
recommended by 2014 CODATA.39 The fine-structure split-
tings of Zr� are determined to be 251.0(37) (4F5/2), 579.6(8)
(4F7/2), and 971.7(12) (4F9/2) cm�1 above the ground state
4F3/2. In Table I, the previous extrapolated values of the split-
tings 250(50), 580(86), and 950(100) cm�1 are also listed for
comparison.12 As can be seen, the extrapolated values agree
with our measurement very well. As for the theoretical side,
Rakhlina et al. combined the superposition of configurations
and the determinant perturbation theory to calculate the EA
value of Zr to be 0.343 eV.40

IV. CONCLUSIONS

In conclusion, the electron affinity of Zr was measured to
be 3494.67(72) cm�1 or 0.433 283(89) eV via the slow electron
velocity imaging method. The accuracy was improved by a fac-
tor of 160 compared with the previous measurement. The fine
structures of Zr� were also successfully resolved. The accu-
rate value of the electron affinity of Zr and the fine-structure
splittings of Zr� determined in this study could serve as a
benchmark for developing more accurate theoretical methods
for transition metals.
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