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Fine-structure-resolved laser-photodetachment electron spectroscopy of In2
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The electron affinity of indium has been measured using the laser-photodetachment electron spectroscopy
technique. Fine-structure-resolved photoelectron kinetic energy spectra of In2 were analyzed and the electron
affinity of In(2P1/2) was determined to be 0.40460.009 eV. The fine-structure splittings in the ground state of
In2(3P0,1,2) were determined to be 0.07660.009 eV (J50→J51) and 0.17560.009 eV (J50→J52).
This measurement is compared to several recent calculations of the electron affinity of indium.
@S1050-2947~98!04611-3#

PACS number~s!: 32.10.Hq, 32.80.Gc
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A number of recent investigations have reported calcu
tions and experimental measurements of the electron af
ties of the group 13 elements. However, the column cont
ing the group 13 elements is one of the few in the perio
table where experimental measurements of electron affin
are not available for comparison with calculations for all
the members of the group@1,2#. Theoretical investigations o
electron affinities are difficult due to the importance of t
treatment of electron correlation in the calculations. In g
eral, as the atomic numberZ of the negative ion specie
increases, calculations become more difficult due to the n
ber of electrons that must be considered and the increa
importance of relativistic effects in the calculations. The
fore, it is important to test the validity of the predictions
the calculations with experimental measurements for e
member in the group.

Boron, aluminum, and gallium are the only members
the group 13 elements for which electron affinities ha
been measured. The electron affinity of bor
@279.723(25) meV# @3# was measured using the lase
photodetachment threshold technique. Two recent meas
ments of the electron affinities of aluminum and galliu
have been reported. A very precise measurement of the e
tron affinity of aluminum@0.43283~5! eV# using tunable in-
frared laser spectroscopy was reported@4#, and the electron
affinity of gallium (0.4360.03 eV) was recently measure
@5# using the laser photodetachment spectroscopy techni
The recommended value@1# for the electron affinity of in-
dium (0.360.2 eV) was determined using the results o
semiempirical extrapolation@6# and a photodetachment, rela
tive cross-section measurement@7# that was unable to reac
the energy threshold for photodetaching In2.

Several recent theoretical investigations of the elect
affinity of indium, using different techniques, have report
calculations of the electron affinity of indium. Guo an
Whitehead@8#, in a study of the ionization potentials an
electron affinities of high-Z atoms, used a generalized
exchange local-spin-density-functional theory with a se
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interaction correction@9# to calculate the electron affinity o
indium as 0.371 eV. Arnauet al. @10# used a form of the
multireference single- and double-configuration interact
method to predict the electron affinity of indium to be 0.3
eV. Wijesundera@11# predicted the electron affinity o
In(2P1/2) to be 0.393 eV using the multiconfiguration Dira
Fock method. Also, Eliavet al.predicted the electron affinity
of indium to be 0.419 eV using a relativistic coupled-clus
method@12#.

In this paper, we report an experimental determination
the electron affinity of indium. The measurements we
made using the laser-photodetachment spectrometry t
nique. A detailed description of the experimental appara
has been given previously@13,14#, but a brief description
follows. Negative ions used in the experiment were produ
with a cesium-sputter negative ion source. In this ion sou
energetic Cs1 ions ~3 keV! were accelerated and focuse
onto a target, where negative ions were sputtered from
target material. The target for this experiment was a pres
pellet of In2O3 , Na2CO3, and Cu powders. The negativ
ions were extracted from the ion source by applying a b
voltage of210 kV to the ion source, which accelerated t
negative ions toward ground potential. The extracted ne
tive ion beam was focused onto the entrance slit of a 9
double-focusing, bending magnet that momentum selec
the negative ion beam for the experiment. The mass res
tion of the bending magnet was approximately 1:2
(Dm/m), thereby ensuring that an isotopically pure indiu
negative ion beam was directed into the interaction cham
The 115In2 beam was identified in the mass scan by locat
the copper dimer anions and the isotopes of tin anions
emitted from the negative ion source. The pressure in
beam line was on the order of 131026 Pa and the total
flight length of the beam line was 6.4 m.

After entering the experimental chamber, the negative
beam was crossed at 90° with a linearly polarized pho
beam produced by a 25-W argon ion laser. Photon wa
lengths of 514.5 nm~2.41 eV! and 488.0 nm~2.54 eV! were
3582 ©1998 The American Physical Society
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used in these experiments. The photon beam travers
Glan-laser polarizer and a double-Fresnel rhomb (l/2 phase
retarder! before crossing the negative ion beam. The po
izer set the linear polarization of the laser light with an e
tinction ratio of at least 105 to 1 and the double Fresne
rhomb was used to rotate the linear polarization vector of
light. The laser beam was monitored with a thermop
power meter following the crossing of the ion and las
beams. Typical laser powers were 7.0 W at 514.5 nm and
W at 488.0 nm.

Photodetached electrons were energy analyzed with
electrostatic 160° spherical-sector spectrometer and dete
with a channel-electron multiplier. The electron energy a
lyzer was operated in the constant pass energy mode. A
voltage was applied to the analyzer to accelerate the ph
electrons to a determined kinetic energy that permitted
acquisition of electron kinetic energy spectra. The entra
aperture of the spectrometer was located at 45° relativ
the ion beam velocity vector and in the plane perpendicu
to the plane containing the ion and photon beams. The
and laser beams crossed approximately 2.5 cm from the
trance aperture to the spectrometer. The spectrometer an
photon-negative ion interaction region were enclosed i
mu-metal box, and a set of mutually perpendicular coils
closed the experimental chamber to reduce the intensit
the Earth’s and stray magnetic fields in the experimen
chamber. Typical pressure in the experimental chamber
231027 Pa. The ion beam intensity was monitored with
electrometer connected to a Faraday cup in the experime
chamber. Voltage output signals from both the laser po
meter and the electrometer were digitized with voltage-
frequency converters and recorded for normalization of
electron signal.

A typical photoelectron kinetic energy spectrum for In2 is
shown in Fig. 1. The kinetic energy of the In2 ions in the
beam was 10 keV for this spectrum, and the ion curr
measured in the experimental chamber was approximate
nA. The photon wavelength was 514.5 nm and the powe
the photon beam was 6 W. The double-Fresnel rhomb
set so the polarization vector of the laser light pointed tow
the entrance aperture of the electron spectrometer for
particular spectrum. The data accumulation time for e
data point was 60 s and the spectrum took approximately
min to complete. The data points are plotted with error b
that represent their uncertainty due to counting statistic
one standard deviation. The solid line represents a weig
least-squares fit to six Gaussian functions with a linear ba
ground.

The energy scale for the In2 photoelectron kinetic energ
spectra was determined using the photoelectron energy s
tra of Na2. Photoelectron kinetic energy spectra of Na2

were taken with either 488.0 nm or 514.5 nm laser lig
before and after each In2 photoelectron energy spectrum w
collected. The electron affinity of Na@0.547 9309~25! eV#
was precisely determined by a laser photodetachment thr
old experiment@1#. Typical signal-to-noise ratios for th
present photoelectron kinetic energy spectra of Na2 were
20:1. The technique for determining the energy scale for
In2 photoelectron energy scale is described as follows.
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kinetic energy of the photoelectrons from the reference i
as measured in the laboratory frame, was determined u
the equation

El5~Ae cosu l1AEc2e sin2u l !
2, ~1!

where El is the laboratory frame energy of the photoele
trons, andu l is the angle between the velocity vector of a
ion in the beam and the collection direction for the pho
electrons (45° for this experiment!. The terme is the kinetic
energy of an electron with the same velocity as the ions
the beam, i.e.,e5(me /mi)E, where me and mi are the
masses of an electron and an ion in the beam, respectiv
andE is the kinetic energy of an ion in the beam.Ec is the
kinetic energy of the photodetached electrons in the
frame of the ion and is given byEc5Eg2Ea , whereEg is
the photon energy andEa is the electron affinity associate
with the Na reference atom. The laboratory frame ener
El , for photoelectrons from the reference ions was de
mined using Eq.~1!. The value of the energy centroid of th
Na2 reference ion photoelectron peak was determined us
a weighted least-squares fit to a Gaussian function wit
linear background. The fitted value of the energy centr
was then assigned the value ofEl for photoelectrons from the
reference ion for the experimental conditions.

The energy scale for the In2 photoelectron spectra in th
laboratory frame was then referenced to Na2 photoelectron
spectra. The In2 photoelectron spectra were then tran
formed into the rest frame of the indium anion using t
formula

Ec5El1e22AeElcosu l , ~2!

FIG. 1. Typical photoelectron kinetic energy spectrum for ph
todetaching In2. The ion beam energy was 10 keV and the phot
wavelength was 514.5 nm~2.410 eV! for this spectrum. The data
points are plotted with error bars representing counting statistic
one standard deviation. The solid line is a nonlinear least-square
to the data with six Gaussian functions and a linear backgrou
Prominent features in the photoelectron spectrum resulting from
photodetachment of In2 are labeledA–F and are identified in the
text. The energy levels of In2 and In corresponding to the six pho
toelectron peaks are shown in the accompanying energy-level
gram. The electron affinity of indium is the energy difference b
tween the In(2P1/2) and In2(3P0) levels.
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whereEc is the energy of the photoelectrons resulting fro
photodetachment of In2 in the ion rest frame. The electro
affinity of indium was then determined using the equat
Ec5Eg2Ea .

Six photoelectron peaks were observed in the photoe
tron kinetic energy spectra for In2 and are labeledA–F in
Fig. 1. The six peaks correspond to the photodetachm
channels due to the energy splitting of the fine-structure
els in the processhn1In2(3P0,1,2)→In(2P1/2,3/2)1e2. The
energy separation of the fine structure levels in the gro
state of In(2P1/2,3/2) is well known~0.274 eV! @15#, and was
used in the analysis of the photodetachment data. The
peaks in the spectra were fitted to Gaussian functions wi
linear background using a weighted least-squares fit to de
mine their energy centroids. The three higher-energy ph
electron peaks~D, E, andF! were due to photodetachme
into the 2P1/2 level of indium~peakF was due to the photo
detachment channel3P2→2P1/2; peakE was due to the pho
todetachment channel3P1→2P1/2; and peakD was due to
the photodetachment channel3P0→2P1/2). The three lower-
energy photoelectron peaks~A, B, and C! were a result of
photodetachment into the2P3/2 level of indium~peakC was
due to the photodetachment channel3P2→2P3/2; peak B
was due to the photodetachment channel3P1→2P3/2; and
peak A was due to the photodetachment channel3P0
→2P3/2). The photoelectron peak labeledD at ;2.0 eV was
due to the photodetachment channelhn1In2(3P0)
→In(2P1/2)1e2, which is the ground-state negative ion
ground-state atom transition, and was used to determine
electron affinity of indium. The fine-structure splitting i
In2(3P0,1,2) was also determined from the spectra, using
known fine-structure splitting in In(2P1/2,3/2) @15#. The rela-
tive intensities of the six photoelectron peaks in the spect
were a result of the initial-state populations of the fin
structure levels of In2, the relative probabilities of the ob
served photodetachment channels, and the photoelectro
gular distributions of each photodetachment channel,
,
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were not investigated for this study. No other peaks w
observed in the In2 photoelectron spectra, since the first e
cited state in indium lies 3.02 eV above the ground state@15#
of indium.

Twelve photoelectron spectra of In2 were collected and
reference photoelectron spectra of Na2 were collected before
and after each In2 spectrum. This technique yielded the ele
tron affinity of In(2P1/2) to be 0.40460.009 eV. The fine-
structure splittings in the ground state of In2 were deter-
mined as 0.07660.009 eV (J50→J51) and 0.175
60.009 eV (J50→J52). The total uncertainty in the
electron affinity and fine-structure splitting measurement
reported at one standard deviation. Included in the total
certainty were the uncertainties in the electron affinities
the reference ion, the uncertainty in determining the
beam energy, and the uncertainty in determining the ene
centroid of the photoelectron peaks in the spectra.

The measured electron affinity of In(2P1/2), 0.404
60.009 eV, is in excellent agreement with the previou
reported calculations@8,10,12,11# and in good agreemen
with the recommended value, 0.360.2 eV, of Hotop and
Lineberger@1#. The measured fine-structure splittings in t
ground state of In2, 0.07660.009 eV (J50→J51) and
0.17560.009 eV (J50→J52) are good agreement wit
recommended values (0.08460.009 eV and 0.192
60.019 eV, respectively! @1#, which were determined by
isoelectronic extrapolation. Future investigations of the el
tron affinity of thallium are planned so that a complete set
experimentally determined electron affinities of the group
elements will be available for comparison with theoretic
predictions.
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