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The high-resolution photoelectron energy spectra of atomic titanium and its hydride anions were
obtained on a slow-electron velocity-map imaging spectrometer equipped with a cold ion trap. The
cold ion trap employed in the present measurement was found to be very helpful for reducing the
interference from the titanium hydride anions. The electron affinity of Ti was determined to be
609.29(34) cm™! or 75.54(4) meV. The accuracy was improved by a factor of 350 compared with the
previous result. The fine structures of Ti~ were clearly resolved: 70.0(12)(*Fsp), 165.2(15)(*F7p),
and 285.2(15) cm™! (*Fop) above its ground state *F3/,. Moreover, the measured electron affinity and
vibrational frequency of TiH can be reproduced well using the high level calculations. Published by

AIP Publishing. https://doi.org/10.1063/1.5049629

. INTRODUCTION

Titanium has excellent physical, chemical, mechanical,
and biological properties. The highest strength-to-density ratio
in the metallic elements, along with high corrosion resistance,
high fatigue resistance, and high melting point, makes titanium
and its alloys widely used in aircraft, naval ships, spacecraft,
and missiles. Titanium is biocompatible and is the primary
material of some surgical implement and implants. More-
over, titania (TiO;) is an important semiconducting material
with widespread applications in photovoltaics,'™ pollution
management,’ and heterogeneous catalysis.>® These mag-
ical properties are closely related to the unique electronic
structure of the Ti atom. In contrast to the extensive stud-
ies and widespread applications of titanium and titania,’!3
our knowledge is rather limited with the atomic anion Ti".
For example, electron affinity (EA) is a fundamental param-
eter of an element, which measures the capability of an atom
to form the corresponding negative ion. EAs of most ele-
ments have been accurately measured with an accuracy of
~0.1 meV.'*1° However, the best reported EA value of Ti
is 80 meV with a large uncertainty of +14 meV.!” Here, we
present the high-resolution photoelectron spectra of the Ti~
anion in order to measure its EA and fine structures with high
accuracy.

The EA values are mainly measured using the photo-
electron spectroscopy of anions. That is, an electron in an
anion A~ is detached by a photon: A~ + Aiv = A + e~. Given
the photon energy hv and the measured kinetic energy of
the outgoing electron eKE, the EA is derived by a simple
relation: EA = hy — eKE. Generally, there are four exper-
imental methods for EA measurements: laser photoelectron
spectroscopy (LPES), laser photodetachment threshold (LPT),
laser photodetachment microscope (LPM), and slow-electron
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velocity-map imaging (SEVI). A majority of primal EAs of
elements were obtained with uncertainty around 10 meV by
Lineberger and co-workers in 1970s and 1980s.!7-!° The semi-
spherical analyzer used for measuring the kinetic energy of
electrons is the bottleneck of this method. Later, many EA
values were updated by Haugen and co-workers via the LPT
method.'®?? The total photodetachment cross section o is pro-

portional to eKE!'* according to the Wigner threshold law,>!
where [/ is the angular quantum number of the outgoing pho-
toelectron. The LPT method scans the photon energy while
recording the cross section o at the same time. Obviously,
when hv < EA, o should be zero, and there is an onset of
o near the threshold #v = EA as hv increases. This method
provides an accurate approach to the EA measurement for an
s-wave detachment as the onset is quite sharp. By contrast,
when it comes to a transition element where a p-wave detach-
ment usually occurs, this method becomes less reliable due to
a zero-slope onset near the threshold. In addition, the transition
element atoms usually have complicated electronic structures,
especially the excited states of anions, which makes the situ-
ation even worse. The ability of LPT to resolve the congested
photodetachment channels is rather limited due to the zero-
slope onset.?> Therefore, the LPT method is more suitable
to measure EAs of main-group elements than transition ele-
ments. Several late transition elements were measured using
this method, such as Cu® and Pt.!> Another method, LPM,
was established recently by Blondel and co-workers.>*2® The
eKE is measured through the interference patterns of elec-
trons. This method is able to obtain the most accurate EA
values by far, usually with 0.01 cm™" uncertainty, for exam-
ple, 1°0 11 784.676(7),>” 328 16 752.975 3(41),”® and Ge
9942.206(10).2° However, to observe a clear interference pat-
tern, eKE must be lower than 1 cm™!. At such a low electron
kinetic energy, only s-wave detachment has a large enough
photodetachment cross section. For this reason, the LPM
method is also limited to the main-group element. Recently,

Published by AIP Publishing.
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our group has measured EAs of a few transition metal elements
via the SEVI method. SEVI has a very impressive energy res-
olution for electrons with a low kinetic energy, which was
originally developed by the Neumark group to resolve the
electronic and vibrational structures of molecular anions.3%-3*
With SEVI, EAs of several transition elements have been
improved to ~0.5 cm™! uncertainties by our group,'#22-35-40
such as Zr 3494.67(72) cm™', Nb 7399.35(50) cm™!, and
Re 487.13(51) cm™.

The ground state of Ti~ is 3d34s?*F3. It has three fine-
structure bound excited states, i.e., J = 5/2, 7/2, and 9/2.
The EA value of Ti was first reported to be 80(14) meV by
Feigerle et al. utilizing the LPES method in 1981.'7 The fine-
structure splittings were not resolved but were estimated to
be 72(7) em™', 171(12) cm™!, 295(15) cm™! via the linear iso-
electronic extrapolation.!”*! In 1987, Ilin ez al. reported its EA
as 87(7) meV using the electric field detachment method.*?
Later, Liu et al. studied the photoelectron spectra of Ti,~
(n = 1-130) clusters with a similar energy resolution.*?

The prerequisite for measuring EA of an element is to gen-
erate the corresponding negative ions. The Ti~ anion beam is
usually very weak in a laser ablation ion source due to the low
EA value of Ti. The situation becomes even worse due to the
contamination of titanium hydride anion TiH™. The intensity
of TiH™ is much stronger than that of Ti~. No indications are
observed that the hydride negative ion signals become weaker
after a prolonged laser ablation, presumably due to the high
reactivity of titanium with the small mass hydrogen atoms,
which can easily diffuse into the metal lattice. The other pos-
sible source of hydrogen is the residual H; in the vacuum
chamber, which can react immediately with the fresh sur-
face created by the laser ablation. Actually, titanium is the
working medium of titanium sublimation pumps for absorb-
ing H,. Titanium has five stable isotopes “°Ti (8.25%), *"Ti
(7.44%), *3Ti (73.72%), *°Ti (5.41%), and °°Ti (5.18%). In our
mass spectra, the dominant composition of anions with a mass
m =48 is ' TiH™. The anion m = 46 is pure Ti~, but it is too
weak to achieve a high statistic accuracy. The negative ions
produced by laser ablation are usually quite hot. The ther-
mal broadening and hot bands make the energy spectra of
molecular anions almost a continuous distribution, which over-
laps with the energy spectra of atomic anions. Consequently,
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the signal-to-noise ratio is not good enough for an accurate
measurement. The situation frequently happened in our previ-
ous experiments for the early transition metal elements. One
solution to the hydride contamination is a cryogenically cold
ion trap, which can make the energy spectra of molecular
anions clean and sharp. As demonstrated recently, we suc-
cessfully measured the EA of hafnium using the cryo-SEVI
method.*” Hafnium is a heavy element in the same group as
titanium. Similar to titanium, hafnium also has a significant
hydride contamination problem.

In the present work, we first describe our cryo-SEVI appa-
ratus in detail and then use it to improve the accuracy of the
EA of Ti to the sub-cm™! accuracy.

Il. EXPERIMENTAL SETUP

Compared with our first-generation apparatus, the main
improvement of our second-generation machine is the
cryogenic ion trap. The detailed description of the first-
generation apparatus can be found in our previous stud-
ies.> Figure 1 shows the schematic diagram of the second-
generation machine. It has four major sections: a laser abla-
tion source, a cryogenic ion trap,*** a Wiley-McLaren type
time-of-flight (TOF) mass spectrometer,* and a photoelectron
velocity-map imaging (VMI) system.*”*8 The apparatus runs
at 20-Hz repetition rate. Anions are generated by focusing a
laser beam onto a translating and rotating metal disk. The abla-
tion laser is the second-harmonic output of a Nd:YAG laser
(532 nm, ~10 mJ/pulse). The generated ions fly through an
Einzel lens and are accumulated in an ion trap. The ion trap
is filled with the buffer gas (He 80%, H, 20%). The anions
lose their kinetic energy through collisions with buffer gas
and are confined radially by a suit of linear radio frequency
(RF) octupole and axially by two electrodes at the entrance
and the exit. The frequency of our homemade RF power can
be tuned from 0.9 MHz to 3.1 MHz. The amplitude of RF can
be adjusted from 50 V to 1000 V (peak to peak). 1.3 MHz
is routinely used for heavy anions (m > 100), and 3.1 MHz is
used for light anions (m < 100). The ion trap is mounted on the
second stage of a liquid helium refrigerator (SHI Cryogenics
Group, F-50). It can reach 5 K temperature in around an hour.
A 40-K copper shield in contact with the first stage of the
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FIG. 1. Schematic view of our cryo-
SEVI apparatus. The mass gate and the
ion detector before the VMI lens are not
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refrigerator is used to isolate the ion trap from the thermal
radiation of the surrounding environment. One silicon diode
thermometer (Lake Shore, DT-670C-CU) and two heating
resistances (Lake Shore, HTR-25) are attached on the wall of
the ion trap, which can control the ion trap at any temperature
between 5 and 300 K with a temperature controller (Sandford
Research System, CTC100). The ions are usually stored in the
ion trap for 45 ms. The internal freedoms of ions can be effec-
tively thermalized through collisions with the buffer gas. The
operating temperature is usually set to 15 K in order to avoid
condensation of Hj. It can run at the lowest temperature 5 K
for several hours without serious condensation of H,. Consid-
ering the RF heating effect, the real temperature of ions may be
slightly higher than the nominal temperature. After stored for
up to 45 ms, the ions are extracted and focused into the TOF
mass spectrometer, where they are accelerated by a —1000 V
high-voltage pulse. The ions are detected by an ion detector
with a pair of micro-channel plates. The ion detector can be
rotated away from the ion flight path as for the subsequent
photodetachment experiment. Because the ion trap provides
temporally and spatially more compact ion packets, the mass
resolution (m/Am) is improved greatly from 300 to 1000 for
m ~ 200. The anions of interest are selected out via a mass gate
and then photodetached in the interaction zone of the VMI sys-
tem. The detachment laser is from a Spectra-Physics dye laser
system (400-920 nm, linewidth 0.06 cm™!) pumped by the
Quanta-Ray Pro 290 Nd:YAG laser (20 Hz, 400 mJ/pulse at
532 nm). The linearly polarized laser beam intersects with the
anion beam orthogonally. The outgoing photoelectrons with
the same kinetic energy form an expanding spherical shell.
The photoelectron shell is projected onto a home-built phos-
phor screen by the electric field of the VMI system. A pair of
microchannel plates is used to enhance the phosphor screen.

(a) 300 K

hv=13539.14cm™
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The phosphor screen of our new machine has a larger sen-
sitive area (80 mm in diameter), which significantly extends
the measurement range of photoelectrons kinetic energy. The
raw photoelectron images are captured in real time frame by
frame via a CCD camera, and the hitting position of each pho-
toelectron is recorded in the event-counting mode. Typically,
a photoelectron image is an accumulated result of 50 000—
200000 laser shots. The wavelength of the dye laser is con-
tinuously monitored by a HighFinesse WS6-600 wavelength
meter with an accuracy of 0.02 cm™!. The polarization vec-
tor of the detachment laser is parallel to the phosphor screen.
Therefore, the imaging system has a cylindrical symmetry.
The 3D photoelectron shell can be reconstructed from the pro-
jected 2D image. In the present work, the maximum entropy
velocity Legendre reconstruction (MEVELER) method® is
used. The kinetic energy of photoelectrons eKE is propor-
tional to the square of the radius of shell r, i.e., eKE = ar?.
The coefficient @ can be determined via the energy calibra-
tion procedure, which is usually done by measuring atomic
anions with known energy levels or by varying the photon
energy hv.

To test the cold ion trap, we acquired the energy spec-
tra of ZrO,~ at hv = 13 539.14 cm™! at room temperature
300 K and at a low temperature 15 K, respectively. As Fig. 2
shows, the cold ion trap can effectively eliminate hot bands of
anions at 15 K. Moreover, the remaining two peaks become
much narrower because of the less population on the rotation-
ally excited state of ions. Our result for ZrO,™ is consistent
with that reported by Kim et al. recently.'? This ability to cool
molecular ions to ~10 K temperature is very helpful for the EA
measurement of Ti in the present work. Moreover, the ion trap
can accumulate the anion beam to enhance its intensity. This
is an important feature for the anions with a low EA value.
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lll. RESULTS AND DISCUSSION

Considering the isotope abundance of titanium, the
Ti"/TiH™ ratio for ions with m = 48 is maximum. The
signal from Ti~ is more notable in the energy spectra for
m =48. The dominant composition for m = 49 is TiH™, which
is chosen for measuring the energy spectra of TiH™. The sig-
nals from Ti~ can be revealed through the comparison between
the energy spectra for m = 48 and that for m = 49. Figure 3
shows the photoelectron images and binding energy spectra
for ions with m = 49 (almost all ®*TiH~, *°Ti~ is barely visi-
ble) and m = 48 (*’ TiH™ + *8Ti") obtained at photon energies
12 353.91 cm™! and 12 304.39 cm™!, respectively. The VMI
imaging voltage is —300 V. Three common peaks X1, X2, and
Al appear in the spectra for both m = 48 and m = 49, sug-
gesting that they are related to the transitions from TiH™. Six
narrow peaks labeled as a—f around 12 150 cm™! appear only
in the spectrum for m = 48, as shown in the inset. It is rea-
sonable to assign the six peaks to Ti~. The vertical sticks in
the inset represent the calculated intensity. The calculation has
considered Wiger’s law o~ o (eKE)*? for p-wave detachment.
It should be noted that the ion temperature 800 K is used to
estimate the population of excited states in the ion source. The
population would not change much during the 45-ms storage
in the ion trap since the transition from excited states down
to the ground state is parity-forbidden. Based on the photode-
tachment selection rules and the energy levels of the neutral Ti

X1

Min I T Max X2

Relative Intensity

—
0 1000 7000 8000 9000 10000 11000 12000

(b) “TiH + ®*Ti hv
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atom, peak g is related to the transition from the ground state
of anion Ti~(*F3/2) to the ground state of neutral Ti(’F,). Peak
d is assigned to the transition from the ground state Ti~ (*F312)
to Ti(*F,). Peaks a and e represent the transitions from the
common initial state Ti"(*Fs;) to the final states TiCF,)
and Ti(*F3), respectively. Similarly, peaks » and f corre-
spond to the transitions from Ti~ (*F7)2) to Ti(*F3) and Ti(Fy),
respectively. Peak ¢ corresponds to the transition from
Ti~(*Fop) to Ti(’F4). The related transitions, energy levels,
and anisotropy parameters () to peaks a—f are summarized
in Table I. The measured g values are close to 2, which are con-
sistent with the behavior of p-wave detachments as expected.
The mass spectrum indicates a very weak signal of TiH,™.
46TiH,~ is mixed with **Ti~ and *’ TiH™, similar to the prob-
lem we faced in the experiment of Hf.** The peak Mx is likely
due to the contamination of *°TiH,".

Since the energy levels of neutral atoms are accurately
known, the EA measurement is no longer limited to the tran-
sition from the ground state of anions to the ground state of
neutral atoms. Any transition from the ground state of anions
can be used for the EA measurement. This flexibility is impor-
tant for the elements with an EA value lower than 0.5 eV
because a tunable laser with a narrow linewidth in the infrared
range is luxurious. As illustrated in Fig. 4, transition d is the
only transition from the ground state of Ti~ in the present work.
Therefore, transition d is selected for measuring the EA of Ti.
To accurately determine the binding energy (BE) of peak d, the

(a) ®*TiH hv=12353.91 cm™

A1

FIG. 3. Photoelectron images and
spectra for anions with m =49 (a) and
m =48 (b) at 15 K. The inset shows the
expanded view of peaks a—f related to
Ti~. Peak g is obtained using a higher
VMI imaging voltage, —650V. The

13687.72 cm™
12304.39 cm™

X1

double arrow indicates the polarization
of the photodetachment laser. The
peaks X1, X2, A1 are related to TiH™.
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TABLE I. Measured binding energies and fine structures of Ti~.

Levels Binding energy
Peak (3d34s Ti « 3d34s? Ti") (cm™h) Beta
a 3F, « 4Fsp 12 070.6(7) 1.7
b 3F; « YFop 12 083.5(6) 1.8
c 3F, « *Fop 12 100.9(12) 1.7
d 3F, « 4F3p 12 141.05(34) 1.9
e 3F; « *Fspp 12 179.6(7) 1.7
f 3F, « 4Fyp 12 221.2(9) 15
Fine structures of Ti~ (cm™!)

Levels Extrapolated® Experimental

4Fspp — *Fap 72(7) 70.0(12)

“Frp « *Fap 171(12) 165.2(13)

4Fopp « “F3p 295(15) 285.2(15)

Electron affinity 609.29(34) cm™! or 75.54(4) meV

2Information in bold signifies the selected channel for EA measurement.
bReferences 17 and 41.

photon energy hv is varied from 12 194 cm™" to 12 354 cm™!,
slightly above the threshold, with a step of ~30 cm™!. Since
hv = BE + ar?, the experimental data points are in a line if
hv is plotted versus 2. As Fig. 5 shows, the intercept of the
fitted line is the BE value. The BE value is measured to be
12 141.05 cm™!. The linear fitting is conducted via the least
squares method. The radius 7 is obtained via a Gaussian fitting
to peak d. Figure 6 shows the measured binding energies ver-
sus the kinetic energies of photoelectrons. The uncertainty of
BE is estimated to be 0.34 cm™!, which has included the laser
linewidth 0.06 cm™". The final state of transition d, Ti(3d>4s
3F,), is 11 531.761(2) cm™' above the ground state of Ti.
Hence, the EA of Ti is determined to be 609.29(34) cm™' or

Energy
(cm’1) Ti
11776.812 3d%s °F,
11700
11639.8109 3d%4s °F,
11600
11531.761 3d%s °F,
11500
04 0.000 3d%4s” °F ) —o—
[==] [==] [==] [==] [} [==] T
d| a|l e| b| f|] ¢ g
3007 285.2(15) Fyp §
250 3
200 Q
150] 165:2(15) o %
1
100 . <
5] 700012 Fop
0- 0.0 “Fan X
Tio (3d%s?)

FIG. 4. Energy levels of Ti and Ti~ related to the present measurement. The
labels of each transition are the indexes of the observed peaks in Fig. 3.
The transition d, TiCF;) « Ti~(*F3p), is used for the electron affinity
measurement.
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FIG. 5. The photon energy hv versus r> for transition d. The solid line is the
linear least square fitting. The intercept 12 141.05 cm™! is the binding energy
of transition d.

75.54(4) meV by subtracting 11 531.76 cm™! from 12 141.05
cm~!. Note that 1 eV = 8065.544 005(50) cm™!, as recom-
mended by 2014 CODATA.*® The EA is consistent with that
measured by Feigerle ef al., but the accuracy is improved by a
factor of 350.!

The coefficient « obtained in the linear fitting is used to
determine the binding energies of transitions a, b, c, e, and f.
The fine structure splittings of the Ti~ can be derived from the
binding energies of transitions a—f according to the relation-
ship illustrated in Fig. 4. For example, the energy difference
between transitions a and d yields the position of the first
excited state *Fs;. Of course, it can also be determined via
the transitions d and e with the help of the energy level of the
neutral atom Ti. The values given by two methods are very
close, so an averaged value is used. Finally, the energy levels

1

Ti (3d4s °F,) < Ti (3d’4s”°F, ) = 12141.05+0.34 cm™

T T T T T T T T T
12141.4 1 - -

12141.2 4 E
N
g T l T l 1']
N—"
S 12141.0- I ]_ 4
<

12140.8 1 -

—
0 50 100 150 200 250

Photoelectron Kinetic Energy (cm™)

FIG. 6. Binding energy of TiCF,) « Ti‘(4F3/2) transition as a function of the
kinetic energy of photoelectrons. The dashed lines indicate the +0.34 cm™!
uncertainty.
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FIG. 7. The spin-orbit energy shift versus J(J + 1) for the fine structures of
Ti~.

of the three fine-structure excited states are determined as
70.0(12) em™!, 165.2(13), and 285.2(15) above the ground
state, respectively. The measured values are consistent well
with those given by the linear extrapolation. The measured
energy levels are summarized in Table I and are illustrated in
Fig. 4.

In addition, Ti (Z =22) is not a heavy element, so the rel-
ativistic effect is relatively weak. The fine-structure splittings
can be described well using Russell-Saunders coupling (LS
coupling). The energy shift from the uncoupled state is given
by

Ey):%A[J(J+1)—L(L+1)—S(S+l)], (1)

where L, S, J, A are the orbital quantum number, the spin
quantum number, the total angular momentum quantum num-
ber, and a coupling constant, respectively. Figure 7 plots the
spin-orbit energy shift versus J(J + 1) for the four states of
Ti~. It can be seen that the four points are in a straight line.
This further confirms our assignments for peak a—f.

The assignments of peaks X1, X2, A1, and A2 of TiH™ are
summarized in Table II. The assignment is based on the calcu-
lations reported by Burrows ez al.>! The ground state of TiH™ is
3® according to our multi-configurational self-consistent field
(MCSCF) calculations using the Molpro package.’> Peak A2,
not shown in Fig. 3, is observed at a higher photon energy. The
EA of TiH is determined to be 7106(124) cm™'. It should be
mentioned that peaks X1 and X2 are notably boarder than a
typical molecular peak at the eKE region. The unresolved fine

TABLE II. Peak assignments, positions (cm’] ), shifts from the origin (cm’1 ),
and calculated results for TiH™ SEVI spectra.

Binding Offset  Calculated

Peak Electronic ~ Vibrational energy (em™) (em™!) offset* (cm™!)

X1(EA) X 40 « X3 0-0 7106(124) 0

X2 X 4D X3 1-0 8604(97) 1498 1548.9
Al A4A —X30 0-0 11282(46) 4176 4231.0
A2 A4N X3 1-0 12792(18) 5686 5630.0

4Reference 51.

J. Chem. Phys. 149, 134304 (2018)

structures predicted by theoretical calculations may account
for the boarder width. As for the theoretical side, we have
calculated the EA of TiH to be 6700 cm™! using the Gaus-
sian program>? at the CCSD(T)/aug-cc-pvtz level. Geometry
optimization and vibrational zero-point energy corrections are
conducted at the B3LYP/aug-cc-pvtz level. The calculated EA
value agrees well with the measured value. The vibrational fre-
quency of TiH(*®) is measured to be 1498(157) cm™!, which
is consistent with the reported value 1385.3 cm™! via infrared
spectroscopy.™*

IV. CONCLUSION

In conclusion, we obtained the high-resolution photo-
electron energy spectra of Ti~ and TiH™ on our newly built
cryo-SEVI apparatus. The electron affinity of Ti was mea-
sured to be 609.29(34) cm™! or 75.54(4) meV. The accuracy
was improved by a factor of 350 compared with the previously
reported result. In addition, the fine structures of Ti~ were well
resolved, and its energy levels were determined. It is found
that the cryogenically cold ion trap can effectively solve the
hydride contamination problem. At present, the electron affin-
ity of most lanthanides is still unknown. We are planning to
use this cryo-SEVI method to measure the electron affinities
of lanthanides.
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