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Threshold photodetachment of Al': Electron affinity and fine structure
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Tunable infrared laser spectroscopy of ABp? 3P;) has yielded an improved value for the electron affinity
of aluminum and experimental data on the previously unobserved fine structure of the ionic ground state. The
electron affinity is determined to be 3491.0(4) ©ni432.835) meV], and the]J=0-1 andJ=1-2 splittings
are found to be 22(3) and 45.7(2) cm?, respectively. The result for the electron affinity is in substantial
disagreement with a very recent experimental investigation. Our work also indicates that isoelectronic extrapo-
lations for the ionic fine structure were accurate within uncertainties, and is in good agreement with recent
calculations of the electron affinityS1050-294{@7)50512-9

PACS numbsd(s): 32.10.Hq, 32.80.Gc, 32.10.Fn

The study of atomic negative ions continues to be an actermination of the electron affinity of aluminum. In addition,
tive area of investigatiofl] and many improvements in the the fine-structure splittings of the A(3p?3P;) term have
knowledge of electron affinities and ionic fine structure havebeen measured, to our knowledge, for the first time.
been obtained since the 1985 review of Hotop and An energy-level diagram of Al and the ground state of
Lineberger[2]. In part, the interest in atomic negative ions Al is shown in Fig. 1. The AI(3p?3P;) ground state is
stems from the qualitatively different features resulting fromexpected to have fine-structure levels with splittings esti-
the short range potential, and is due to the theoretical chamated from isoelectronic extrapolations, of 26(3) ¢nfior
lenges posed by the relativistic and strong electron correla3=0-1 and 76(7) cm’ for J=0-2[2]. The ground state of
tion effects. Nevertheless, negative ions are of practical inAl is a 3p 2P, state with a fine-structurg= 1/2-3/2 splitting
terest as well, including in the ultrasensitive detection ofof 112.061 cm? [11]. Our experimental approach to the de-
atoms and isotopes through accelerator mass spectrometgrmination of the EA of aluminum involves tunable infrared
[3]. The negative ion of aluminum has been the subject ofaser spectroscopy and keV-energy ion-beam technology.
substantial experimental and theoretical work. Utilizing lasemDetails of the apparatus are described elsewhé&gg13].
photodetachment electron spectrometry, Feigetlal. [4] Nanosecond-duration laser pulses in the 820—880-nm range
measured the electron affini(iA) of Al to be 44210) meV,  were generated using a dye laser, pumped by the second
and found the AI('D,) level to lie 33210) meV above harmonic of a 10-HzQ-switched Nd:YAG (neodymium-
ground-state Al, with a binding energy of 11Q0) meV.  doped yttrium aluminum garnetaser. The dye laser output
The latter value for thé'D, level agreed with the result of was converted into tunable infrared radiation via second
electric-field dissociation by Opariet al.[5], where a bind-  Stokes generation using stimulated Raman scattering in a
ing energy of~95 meV was obtained. As a result of subse-high-pressure hydrogen cell, with a measured Raman shift of
quent refined calibration$], an improved value for the EA  4155.2Q2)cm . The infrared light had a bandwidth of
of Ref.[4] was suggested to be 44D) meV [2]. Recently,

Calabreseet al.[7] measured the electron affinity of Al to be g3 — — — — — Pt Sl
440.94(+0.66/—0.48) meV by utilizing a tunablE-center Al 3p 2P<J=l/2
laser and a coaxial ion-laser beam apparatus. Although the -
were unable to investigate the actual threshold region and th

associated fine structure, they compensated for lack of dat:

in this region via extrapolating from higher photon energy

data. In the past few years, calculations have been reporte D,
by Arnauet al.[8], who used a configuration-interacti¢@l)

method with pseudopotentials, Woon and Dunri@l who

employed a Cl method with correlation-consistent basis sets

and Wijesunderd10], who utilized a multiconfiguration Al” 3p?
Dirac-Fock method. They obtained values of 450 ni&Y,

437 meV[9], and 433 me\10], respectively. The present

Rapid Communication reports an accurate experimental de

I=2
3p <J=1\

=0

*Present address: Department of Chemistry, University of Aarhus,
DK-8000 Aarhus C, Denmark. FIG. 1. Schematic energy-level diagram of Adnd Al. Arrows

"Also with the Department of Engineering Physics, the Brock-indicate photodetachment thresholds in order of increasing photon
house Institute for Materials Research, and the Center for Electroenergy. For clarity of presentation, fine-structure splittings are not
photonic Materials and Devices. shown to scale.
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FIG. 2. Photodetachment yield versus laser wavelength. The overall result of a \Wigree fit including the leading correction term
is indicated by the solid linéand extrapolated with a dotted linéndividual thresholds are extrapolated with dashed lines: short dashes for
a Wigners wave (first three thresholds onlyand long dashes for a Wignemwave with leading correction. These two lines define the upper
and lower limits ofs wave thresholds within the ZCC model.

~0.1cm! and pulse energies were0.5mJ at 3um. A threshold region for Al photodetachment. The sum of sev-
16-keV AlI” beam was extracted from a Cs sputter ioneral scans over the region of 3400—3650 ¢nis shown in
source. Ultrapure aluminum cathodes were utilized in ordeFig. 2. The data correspond to approximately 1200 laser
to greatly minimize the potential contamination from prolific shots per wave number. Five nested thresholds are seen in
Si~ impurity beams, although our mass resolution discrimi-the figure, corresponding to the following transitiofficom
nates quite effectively against mass 28 at mass 27. The beaow to high energy: P,— 2Py, P1—2Py), 3Po—2Py)p,

was then magnetically analyzed and deflected 30° into afP,—2P,,, and 3P;—2P,. Wigner s-wave thresholds
ultrahigh-vacuum chamber. There it was further charge-stateould be fitted very accurately to the data and the resulting
analyzed in an electric field before being crossed at 90° withhreshold energies are summarized in Table I. The same
a collimated infrared laser beam. The Aturrent at this threshold energies but a slightly closer fit to the data above
stage was typically several nA. The charge states created in
the interaction region were analyzed by a second set of
electric-field deflection plates. The photodetached neutral at-
oms impinged on a discrete dynode electron multiplier for Threshold

TABLE |. Results of thes-wave fits to the data.

Relative strength

analog data_ acq_uisition via a gated integrator and boxca_\r @V ansition Energy (crm) Measured Calculated
erager. Calibrations of the dye laser setup were routinely

performed using an optogalvanic cell, but rigorous compari-*P,—2P, 3422.62) 5.003) 5
sons of the wavelength of the second Stokes generated light,—2P,,, 3468.32) 8.57) 9

with known ionic energy intervals have also been performed3p,—2pP,,, 3491.@4) 4.809) 4
including in the cases of Te[14] and CS [2]. Various tests  3p,—2p,, 3534.42) 29(6) 25
indicate that the second Stokes wavelength calibration is re2p, .2p,, 3579.88) 8(2) 9
liable to at least 0.2 ci. 3py—2Ps, 2

We have conducted numerous infrared laser scans of the
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r T T T T T T T T ] the experimental values account for the fact that the two
35F < different s-wave fits give slightly different values for the
C 1 relative strengths of the thresholds.
30F ] Our experimental resufé32.835) meV] for the electron
. ] affinity of Al is in agreement with the earlier measurement of
Feigerleet al.[4,2] of 441(10) meV, but in definite disagree-
ment with the very recent result of Calabreseal.[7], who
obtained 440.94{ 0.66/-0.48) meV. The photodetachment
data of Ref.[7] have a signal-to-noise ratio ef10 while
- 1 ours is~100. This difference in statistics should be reflected
1.5 7] in the respective uncertainties of the final EA values, but the
C i two results still differ by about 16 standard deviations, based
10— — - - —-—-—-— - — - 3 on the lower error margin quoted in RET]. There are major
L S differences between the experiments, which we will there-
3420 3422 3424 3426 3428 fore outline briefly. Calabreset al. conducted their photode-
Photon Energy [em™'] tachment study with a cW-center laser, with a stated reso-
lution of ~0.13 cm'%, in a coaxial(3-keV) ion-laser beam
_ FIG. 3. High-resolution scan of théP,—?Py, threshold re-  configuration. Our laser resolution is very similar to theirs,
gion. The solid line represents a fittedvave. and our average laser power very comparable. Our typical
ion currents are two orders of magnitude higher than those of
threshold were obtained by including in the fitting routine theRef. [7], but our interaction region is also two orders of
leading correction term to the Wigner law, as derived bymagnitude shorter. More importantly, the setup of R&l.
Farley[15] on the basis of the zero-core-contributidCC)  was very prone to intracavity and extracavity water absorp-
model of photodetachmefit6]. The result of this fit is indi-  tion lines, such that their laser power was reduced to near
cated by the solid line in Fig. 2. The sixth and last thresholdzero in several wavelength regions. We are much less sus-
(®Po—2P3») could not be resolved due to a weak transitionceptible to this problem since our infrared light is generated
strength combined with the fact that it appears on top of thgust before the interaction region, and the remaining infrared
other detachment signals. The fit to the data was thereforiseam path is effectively purged with dry nitrogen gas. As
extrapolated beyond the sixth threshédidtted line in Fig. 2  Calabreseet al, we still normalize the data to the laser
using its calculated transition strendtti7] (see below. The  power transmitted through the ultrahigh-vacuum region. The
increasing deviation between the fit and the data in this remost striking difference, however, between the experiments
gion seems to indicate a limitation of the ZCC model, whichis that Calabreset al. were not able to make measurements
was also observed and discussed by Calabeesé. [7] (it  at or below the threshold region due to an upper limit of
should be noted, however, that some equations in Réf. 2820 nm on the wavelength scan for the KCI:Li color center
contain typographical erroxsThe first three thresholds were laser crystal. Thus they were unable to truly exploit the nar-
also scanned at a very slow rate of 8000 laser shots per wavyew linewidth of the cw laser, and in contrast to our mea-
number in order to improve the accuracy of the fitted threshsurements, could not explore the multiple thresholds due to
old values. As an example, the region of the first threshold igine-structure splittinggthe lower end of their scan range is
shown in Fig. 3, which also demonstrates the small but meag585 cm'Y). Fitting a singles wave to their data Calabrese
sureable signal resulting from photodetachment of thestal. obtain an approximate electron affinity of
weakly populated Al(*D,) level. The EA of Al is found  3580.5(2.0) cm’, which coincides with our value for the
from the 3Py—2Py, threshold, and is determined to be 3p,—2p,, threshold. Due to its small relative strength of
3491.q4)cmt or 432.835 meV (using 8.0655410 17%, it seems unlikely, however, that this threshold was ob-
cm YmeV [11]). The well-known fine-structure splitting of served alone, without substantial contributions from the first
the Al ground state can be extracted from the difference ofour thresholdgcompare Fig. 2 Therefore, Calabreset al.
the thresholds for théP,— 2Py, 5, transitions as well as extrapolate their data to threshold via higher-order fits and
3P1—>2P1,2,3,2. This yields experimental values of 11232  weighted averages over the transitions between all possible
and 111.5(8) cm?!, respectively, which are in excellent levels of the ion and atom, using the appropriate theoretical
agreement with the tabulated value of 112.061 ¢rfl1].  frameworks[15—-17. We have tested their procedures by
The first three threshold$®P ;—2P,,) provide values of the applying them to our data in the region above 3585tm
fine-structure splittings of the ion: 22.7(3) ¢ and  This yielded an electron affinity of 3480(15) ¢t which
45.7(2) cmit, respectively, forJ=0-1 andJ=1-2 [and agrees with the value for th&Py,— 2P, threshold within
68.4(3) cm! for J=0-2]. The next two thresholds error margins. Hence, the extrapolation procedures seem
(®P,1—2P3) enable a second determination of tde valid. All in all, it appears that the low-energy dafast six
=1-2 splitting of 45.0(8) cm'. The quoted uncertainties of pointy of Ref. [7] for some reason rise too steeply with
the values are largely associated with the fits to the nesteidicreasing photon energy if compared with our data for this
thresholds. The respective magnitudes of our threshold sigenergy region. The respective slopes differ by approximately
nals are in good agreement with thedry7], assuming a a factor of 3. We conclude that some systematic error has
statistical population of the ionic levels. The calculated val-probably arisen in the work of Calabrestal, in addition to
ues for the relative strengths of the transitions are shown ithe statistical errors incurred by the low signal-to-noise ratio
Table I, together with the experimental values. The errors irand the necessary extrapolation to threshold.
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Although much theoretical effort has been directed to cal-an electric-dipole-forbidden bound-bound resonance rather
culations on even lighter species, aluminum is sufficientlyunlikely [20]. Alternatively, one could use charge-exchange
light that advanced calculations are being attempted. Thergroduction techniques to maximize the population in the ex-
have been three recent theoretical works on the electron agited level, and employ resonant ionization spectroscopy
finity of aluminum. Arnauet al. obtained 450 meMV8],  [21] with detachment to an excited state of the aluminum
Woon and Dunning9] a value of 437 meV, and Wijesun- atom. In contrast, single-photon detachment from(AD )
dera 433 me\[10]. All three numbers, which have uncer- yyoyid be technically very demanding from a nonlinear opti-
tainties of the order of 10 meV, are in good agreement with| standpoint, requiring tunable midinfrared radiation.
experiment. Our experimental determination of the fine- |, summary, we have measured the electron affinity of
structure s.plittings of.m indicate; that the earlier values 4uminum with an accuracy of 0.05 meV, and have resolved
based on_1|soelectron|c extrapolatiof, 26(3) cm “and e fine structure of the ion. The measurement is in good
76(7) cm - for J=0-1 andJ=0-2, respectively, were es- aqreement with recent calculatiof@-10] but calls seriously
sentlally valid within quoted uncertainties. The negative ionjnyq question the very recent experimental result of Cala-
of aluminum has also been the subject of recent experimentglesent al.[7]. Several considerations would suggest that the

and theoretical studiegl8] in terms of the continuum far ,osent EA value be adopted. Perspectives for future work
above the detachment threshold. As regards future studies gk e also been briefly discussed.

Al~, a highly accurate value of the binding energy of the

1D, term might, in principle, be obtained via a multiphoton ~ We gratefully acknowledge the Natural Science and En-
detachment scheme. However, the expected low transitiogineering Research Council of CanaddSERQ for support
probability of the 3P—!D transition (~10 %s %) [19] of this work. We also thank T. Andersen for his helpful
would seem to make af1l1 photon detachment scheme via comments on the manuscript.
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