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Systematic study of the stable states of G Si~, Ge™, and Sn™ via infrared laser spectroscopy
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The bound excited1p3 °D terms of Si, Ge™, and SA have been investigated with a combination of
single- and multiphoton tunable infrared laser experiments. The binding energies of thk=t8/@ andJ
=5/2 fine-structure levels were found to be 0.5272%4 and 0.525 48@0) eV, respectively for Si,
0.401 4410 and 0.377 2{®) eV for Ge, and 0.397 61@5) and 0.304 6385) eV for Sn. These results
constitute improvements in accuracy over previous experimental term energies of up to four orders of magni-
tude and further provide experimental values for #i fine-structure splittings: 14.080), 192.69), and
749.95(15) cm® for Si™, Ge™, and Si, respectively. In addition, the photodetachment thresholds of the
ionic 4S;, ground states have been reinvestigated. This resulted in improved electron affinities of
1.262 11920), 1.389 52120), 1.232 71215), and 1.112 06(@5) eV for C*, Si~, Ge , and Sn, respectively.
Various attempts towards an observation of the very weakly bou{di) and Si (?P) terms remain unsuc-
cessful.[S1050-29478)01910-9

PACS numbd(s): 32.80.Gc, 32.80.Wr, 32.10.Fn

[. INTRODUCTION The interest in multiphoton phenomena involving nega-
tive ions began with the early demonstration of nonresonant
Excited states of atomic negative ions that are bound withwo-photon detachment of Iby Hall [8] and with the reso-
respect to the atomic ground state have long been consider@dnt two-photon detachment of @y Lineberger and Patter-
as rare occurrences. For many ions, the experimental knowkon[9]. Over the past few years, several other multiphoton
edge of such states is still poor, despite considerable effohenomena have been observed in negative ions. Most stud-
over the past decadésee Refs[1, 2] for recent reviews  jes investigated nonlinear optical processes such as excess-
Excited negative-ion states that are embedded as resonanfifpton detachmerftlo], two-photon threshold detachment

in the energy continuqm apove the_atomic ground state havﬁ_l,lz, and ponderomotive threshold shifts3]. Negative
been extensively studied with a variety of experimental techjo g represent qualitatively different targets for such strong-

niques|3]. Most early investigations of bound excited States,| ser-field studies due to the absence of a Rydberg series of

on the other hand, were based on two techniques: laser phgfates, which is a result of the short-range potential that binds
todetached electron spectromettPES and threshold pho- the extra electron of a negative ion. However, some multi-

todetachment with conventional light sources. Both tech-

nigues are applicable to most stable negative ions, but th%thot(:n Stug'eti v;ere 3lmed_ta'ijth(i ?|UCId:<'EltI0n %f negat|vet-|on
energy resolution is often insufficient for a determination ofSructure. ‘5o ound excited stateht-1§ and resonan

fine-structure splittings. The energy resolution achieved irpt'Uctures in the continuum of negative-ion spe¢is 18
laser photodetachment threshdldPT) experiments is sig- have .bee.n probed via multiphoton schemes. Bound exc¢ed
nificantly higher and LPT studies of the more strongly bound"€gative-ion states almost always refer to the terms and fine
O, S, Se, and Te ions have provided accurate values Structure of the sam@round-statpelectronic configuration.
for the respectivéP fine-structure splitting§4]. LPT stud-  Hence single-photon electric dipolE1) transitions between
ies of weakly bound €1 eV) ions are more challenging as such levels are strictly forbidden as a result of the parity
they require tunable infrared laser sources. Nevertheless, agelection rule. A simultaneous absorption of two photons, on
curate ionic fine-structure splittings have been obtained fothe other hand, would be allowed in an electric dipole inter-
Li~ [5] and recently also for B[6] and Al” [7]. Both LPES  action and would give rise to a resonant enhancement in a
and LPT studies have to rely on an initial population of themultiphoton detachment spectrum. Recently, such a reso-
excited states to be investigated. This is generally not a corrance has been observed in the single-color three-photon de-
straint in measurements of the fine structure of the ionidachment spectrum of S 16] and previously in two-color
ground state, as the corresponding level splittings are typidetachment spectra of Seand Te where the two-photon
cally small. However, higher-lying excited terms or possiblybound-bound transition was realized in a Raman coupling
electronically excited configurations would be only very schemd14]. In addition to two-photorE1 transitions, small
weakly populated from a thermal ion source. In such caseqrobabilities often exist for single-photon transitions of mag-
resonant multiphoton detachment may provide an alternativeetic dipole M1) or electric quadrupoleH2) character.
approach. Such “forbidden” transitions have recently been reported
between fine-structure levels of Irand Pt [15] and also
between the fine-structure levels and terms of $b6]. In
*Also at Department of Engineering Physics, the Brockhouse Inthe latter case study of the antimony negative ion we have
stitute for Materials Research, and the Center for Electrophotonideen able to demonstrate that a combination of resonant mul-
Materials and Devices, McMaster University, Hamilton, Ontario, tiphoton techniques with traditional LPT spectroscopy can
Canada L8S 4M1. provide a complete knowledge of the stable states of an
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FIG. 1. Schematic diagram of the experimental sege the
text for detail3. 120-cm-long high-pressure hydrogen cell, where stimulated
Raman scattering of the dye-laser light causes the generation
atomic negative ion. It was the aim of the work described inof a first Stokes laser beam. In addition, coherent second
the present article to systematically apply these techniques Stokes and anti-Stokes radiation is emitted from the Raman
the negative ions of the carbon group:,CSi~, Ge', and  cell as the result of parametric four-wave-mixing processes.
Sn. Optogalvanic resonances of argon were utilized in a direct

The anions of the carbon group elements have been comeasurement of the first Stokes Raman shift. A value of
sidered particularly notable examples of negative ions witm155.197(20) cm® was obtained, which agrees well with
excited terms of the ground-state configuration that still liethe literature value of 4155.187(5) c¢h[23] for a cell pres-
below the first detachment threshdltll. Nevertheless, the sure of 221) bars. After the Raman cell, the beam is recol-
experimental knowledge of these excited terms is still rathefimated and then passed through dichroic mirrors to attenuate
limited, particularly for Geé and Sn where the relative ex- the undesired Wa\/e]ength components b:}QO% (anti_
perimental uncertainties are as large as 50%. In recent yearsiokes, residual pump, and also first Stokes radiation if sec-
C", Si", and Ge have attracted considerable attention byond Stokes light is to be usgdThe final optical filtering is
theorists as well as experimentalists for their photodetachachieved with Brewster-angle pairs of silicon or germanium
ment cross section close to thenp® °S, threshold, several plates. This laser system allows for the production of tunable
eV above the first detachment threshaiddnp? *Py). The- infrared laser light over the region of 1-&m (see Fig. 2
oretical workg 19] have predicted pronounced window reso- Finally, the laser light passes through a Gafewport into
nances for these three ions, but experimental studies havme ultrahigh vacuum interaction chamber where it crosses
found a resonance feature only in"Si20] and not in C  the ion beam at 90°. The laser light is monitored with a
[21] (to our knowledge, Ge has not yet been investigated in pulse-energy meter located after the exit port of the chamber.
that respegt In order to effectively eliminate absorption of the infrared
light in air, the entire optics table and the pulse-energy meter
can be sealed and purged with nitrogen gas.

Negative-ion beams are generated with a Middleton-type
high-intensity cesium sputter sour@4] and are accelerated

The experimental apparatus that was utilized in the photo energies of 13—15 keV. For ions possessing more than one
todetachment studies described herein is comprised of stable state, the relative population of these states depends on
negative-ion source, an infrared laser source, and an ultrdhe effective temperature of the sputter surface. Depending
high vacuum(UHV) interaction chamber. The setup is sche-on various ion source parameters, this temperature can be
matically depicted in Fig. 1 and is described in detail in Ref.varied between approximately 500 and 1500 K. A 30° bend-
[22]. ing magnet with magnetic fields of up to 0.52 T serves to

A Lumonics HD-300 dye laser is pumped by the secondseparate the atomic ion beam of interest from other atomic
harmonic of a 10-HzQ-switched Nd:YAG laser(where and molecular species. In order to minimize collisional de-
YAG denotes yttrium aluminum garneta Lumonics YM-  tachment, the ion beam is passed through a differential pres-
800. Tunability over th€680—980-nm region is achieved by sure tube into an UHV chamber with background pressures
utilizing a 1800-lines/mm grating and near-infrared dyes.of ~10"8 mbar. There the beam is charge-state analyzed
Over this tuning range the 8-ns laser pulses have a spectralwith a pair of electrostatic deflection plates, producing a de-
bandwidth of 0.1-0.06 cht. For wavelength conversion flection of 10°. The ions then enter a field-free region where
further into the infrared, the dye-laser beam is focused into ¢ghey interact with the collimated or focused laser

Il. METHODOLOGY

A. Experimental setup
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beam. A second pair of electrostatic deflection plates is em- Cn\/E——Sn for e>¢,

ployed to deflect the residual negative ions into a Faraday on=0,_1t+ 2

cup, while the photodetached neutral atoms are detected with 0 for e<en.

a discrete-dynode electron multiplier. The detector is oper-

ated in the analog regime, as the total number of detachment o )

events per laser pulse is typically larger than one. AfteHeren=0,1,2,... labels the individual thresholds in the se-

preamplification, the output signal of the detector is fed intofies. Such a simultaneous fit is found to work well if only

a gated integrator and boxcar averager. A gate width ofwo or three thresholds are present and if their relative inten-

~50ns is usually sufficient to ensure that all the neutralsities are not too different. However, if several thresholds or

particles produced during the laser pulse are collected. Sudhresholds with largely differing intensities have to be fitted,

narrow gating very effectively reduces the number of colli-this fitting routine may fail to converge properly. In such a

sional background events tel count per pulse, pewA of  case, a sequential threshold fit is performed by fitting (&Q.

beam current. Finally, the integrated signal for each pldse to the lowest-energy threshold first, subtracting the fit from

the average of a number of pulgésrecorded by a personal the data, then fitting the second threshold, again subtracting

computer. the fit from the data, and so on. This method is less rigorous

than the simultaneous fit as the coupling between the fitting

B. Data acquisition and analysis parameters is reduced. This may result in overoptimistic

A region of interest in the photodetachment cross sectiostandard deviations in the fitted parameters, which are there-

of a negative ion is typically investigated with a si§@0— o€ Verified on a case to case basis. o

30)-min] dye-laser scan. Depending on the signal-to-noise_ 1he range of validity of the Wigner lad) is limited to
ratio, the scan procedure is repeated up to ten times antﬁe photodetachment cross section close to threshold. For a
individual scans are summed. A poor signal-to-noise ratigeoretical description of the cross section higher above

can be due to a large photodetachment background, sm [jreshold, correction terms have to be taken into account
ion-beam currents, and/or low infrared pulse energies. Beanfo- However, in cases where a deviation from the Wigner
current and pulse energy are always recorded parallel to tH@W 1S observed, an inclusion of higher-order terms to the

neutral particle signal and are utilized to normalize the pholiting function (1) is avoided by restricting the final scan
todetachment data. range to a region over which the Wigner law is valid. Gen-

erally, this does not result in an increased uncertainty of the
1. Threshold fit fitted threshold value as the onset of sswave threshold is
steep and well pronounced. In contrast, fowave detach-

A theoretical description of the relative cross section forp,any the cross section higher above threshold is often essen-
photodetachment close 'to threshold is given by Wigner Sial for a determination of the threshold value from a fit to
threshold law 25]. It predicts a zero cross section for photon the datg22,27].

energies(e) below the threshold energy:) and a cross gy stematic deviations from the Wigner threshold behavior
section proportional tos(—&o)' "% for £>¢4, wherel’  may also result from épartia) saturation of the detachment
denotes the angular momentum of the detactied, freé  process by the intense laser pulse. Partial saturation should
electron. Hence detachment into awave continuum ex- not affect the near threshold data, i.e., the fitted threshold
hibits a threshold with a sharp onset# \Ae), whereas the value, but it may have an effect on the measured relative
onset of ap-wave threshold is smoothr<As*?). However, threshold intensities, particularly if different thresholds are
in most of the cases investigated here, the cross section dishserved that originate from the same ionic level. In mea-
plays a series of cascaded thresholds rather than just a singlarements of threshold strengths the linearity of detachment
threshold. Hence, for an accurate fit to any particular threshsignal versus pulse energy is checked at the high-energy end
old it is necessary to account for the effect of the other phoof the scan range.
todetachment channels. The contribution of these other chan-

nels to the total cross section in the vicinity of will be

. 2. Threshold strength
smooth and can be represented by a linear term, as long as d

the respective thresholds are not too closegoln this case, The various photodetachment channels are associated
the function that is fitted to an individuatwave threshold is  With different electronic configurations, terms, or fine-
given by structure levels in either the ion or the atom. The ions inves-
tigated here are stable only in tipé configuration. The re-
at+b(e—gg)+cove—go for e>eq sulting terms*S, 2D, and ?P are well separated in energy,
707 atb(e—sq) for e<zq. (D as are thé®P, !D, and 'S terms of thep? configuration of

the respective atoms. However, fine-structure splittings in

The fitting routine that is utilized here performs a nonlinearPoth the atom and ion are small and will therefore give rise
least-squares fit via a multi-parameter gradient-expansion al® closely spaced cascaded thresholds. Engelking and
gorithm. The fitting parameters, b, c,, ande, are opti- Lme'berg_er[28]' have presenteq a th'eory that quant|f|e§_ the
mized simultaneously. relative intensities of the various fine-structure transitions
For a series of closely spaced thresholds the linear pacihat constitute the photodetachment channels going from an
ground approximation is not valid. In this case, all thresholdgonic 25*L term to an atomi® "L’ term. In this frame-
are fitted simultaneously. The fitted function is then definedvork, the relative intensity of a fine-structure transitidn
recursively: —J’ is given by
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I+1/2 ous processes, the best resonant-signal-to-background-signal
1(J,3")e ; (2j+1)(23+1)(23'+1) ratio may be obtained with one or the other beam geometry
i=fi-172 or an intermediate geometry such as a cylindrical focus.
S L J)?
. 4. Energy resolution
x{z I i, &)

The resolution that can be achieved in photodetachment
s L J experiments with the present setup is limited by several fac-
tors. Most importantly, the finite bandwidth of the infrared
faser source £0.08cmY) gives rise to a predominantly
Lorentzian broadening of all spectroscopic features. Doppler
effects may cause an additional Gaussian broadening. For the
crossed-beam setup used here the angular divergence of the
ion beam is the major source of Doppler broadening. Geo-
fhetric considerations of the interaction chamber suggest that
the beam divergence angle should not be more than 0.5°. In
the case of photodetachment with visible light this angle may
very well cause a Doppler broadening larger than the laser
=1 - -1 bandwidth, but for a typical infrared photodetachment ex-
[AS|<z2, [ALI=I jadl=l+z. @ periment(2-um light, 15-keV beam energy, atomic mass of
The ionic fine-structure levels are populated according® @ broadening of only 0.03 cm results. Doppler broad-
to their statistical weights only if the level splittings €ning due to dtherma) tangential velocity spread in the ion
are much smaller thakT, where T is the effective ion Deam is even smaller and can therefore be neglected.
source temperature. If this is not the case, a Boltzmann factor [N Principle, the finite interaction time between the fast
exf —E(J)/kT] must be included in Eq3) to account for a 10N beam and the _pulsed Iaser beam cons'gltutes an additional
thermal population of the different energy levels. As |).  Source of proadenmg. In practice, for a collimated laser beam
is derived on the basis of tHeS-coupling approximation, a this time is given by the duration of the laser pulse
deviation between measured and calculated threshold intef=8 NS) and the resulting broadening is negligible. It is only

sities indicates the breakdown of this coupling scheme fofOr @ tightly focused laser beam, as may be used in multi-
the particular ion. photon detachment studies, that ion transfer times reach the

subnanosecond regime and then cause broadenings of
1
3. Resonances ~0.1cm-

As outlined in the Introduction, resonant multiphoton de-
tachment constitutes an alternative to threshold detachment
in the study of bound excited states. If a resonant enhance- In an attempt to minimize potential sources of systematic
ment in a multiphoton detachment spectrum is observed, aarrors we have performed various tests with the infrared laser
accurate determination of the corresponding excited level isetup prior to the actual photodetachment experiments. Very
rather straightforward. However, virtually all bound-bound well known transitions in argof29] were used as a calibra-
transitions in atomic negative ions are single-phdiinfor-  tion standard for the tuning control unit of the dye laser. The
bidden and therefore have only small transition probabilitiescalibrations were conducted with the aid of an argon-filled
of M1 and/orE2 character. The feasibility of the multipho- hollow cathode discharge lamfHamamatsy Discharge
ton approach for a particular excited state is therefore evaluamps yield an optogalvanic effect, i.e., a measurable change
ated in a computer simulation of the laser—ion-beam interacin the discharge impedance whenever the laser wavelength is
tion prior to the actual experiment. The simulation assumes & resonance with certain atomic transitions of the filler gas
Lorentzian laser bandwidth and Gaussian profiles for th¢30]. Discharge lamps constitute a very convenient and quick
temporal and spatial shape of the laser beam as well as feneans of wavelength calibration, but provide only relatively
the spatial shape of the ion beam. The number of detachmefdgw calibration lines. There are 25 optogalvanically active
events per laser pulse is calculated as a function of the variransitions available within th€680—980-nm dye-laser tun-
ous ion and laser source parameters and as a function afg range, with gaps between consecutive lines of up to 45
estimated bound-bound and bound-free transition probabilinm. Hence the wavelength calibration of most photodetach-
ties. Competing detachment channels such as single-photanent experiments would have to rely on an extrapolation
detachment of the initial excited level population and non-from the nearest argon lines, i.e., the calibration accuracy
resonant two-photon detachment of the ionic ground state argould strongly depend on the degree of nonlinearity in the
also included. It was found in the simulation as well as in thetuning mechanism. Figure 3 shows differences between tabu-
experiment that the success in driving a “forbidden” (1 lated[29] and measured argon line positions in wave-number
+1)-photon detachment process often depends on the effeonits. The lines span a wavelength range of 60 nm and were
tive suppression of these competing channels. While a collimeasured after the tuning control unit had been calibrated
mated laser beam gives rise to a large one-ph¢anited-  using only two lines. The data in Fig. 3 appear to fluctuate
statg and only a very small two-photoriground-state  randomly about the zero line by small amounts of less than
detachment background, the situation is reversed for a tightl9.05 cm . However, the deviation of any particular line is
focused beam. Depending on the cross sections of the vanieproducible ¢-0.01 cm'Y) in different measurements. The

as long as the spin-orbit coupling of the electrons can b
approximated by S coupling and the ionic levels are statis-
tically populated. Heré andj denote the orbital and total
angular momentum of the bound electron that is to be de
tached.(It should be noted that the angular momentiunof

the detached electron is not relevant here, although it dete
mines the shape of the threshol@he selection rules for
photodetachment are determined by the properties of dhe
symbol in Eq.(3):

5. Systematic errors
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- - - T T T the negative-ion levels involved. However, for the transitions

0.04 . investigated here the ion levels belong to the same electronic
[ 1 configuration and should therefore exhibit very similar Stark
. l 1 shifts. Hence the transition energy should remain unshifted

0.02 7 within experimental uncertainties. To be certain of this, we

I ] have measured the S{f'S;,—2Dj,) resonancegsee Sec.

Il D) with the three aforementioned focusing geometries.

No shifts in the resonance position were apparent.

l 1 A particular problem with the crossed-beam geometry of

0.00F — = ——————— =~ ———— —+

_0.02 ] the present experimental setup is its susceptibility to linear
’ 1 Doppler shifts. In the rest frame of the fast ion beam the laser
I l | frequency will appear shifted whenever the crossing angle
—0.04 - deviates from 90°. An alignment of this angle based on the
T geometry of the interaction chamber alone has an uncertainty
660 680 700 720 740 of about 2°, necessitating further alignment checks. For a
Dye laser wavelength [nm)] typical ion beam energy of 15 keV and a light element such
as oxygen with an electron affinity of 11 784.648(6) ¢m
FIG. 3. Differences between measured and tabulated optogal-1,31] a misalignment of 2° would result in a Doppler shift
vanic transitions in argon as a function of transition wavelength. of 0.6 cmi %, In addition to its extremely well known binding
energy, O is also a very prolific ion from a Cs sputter
fluctuations are therefore believed to be the result of smafource for almost any oxide cathode and furthermore de-
“local” nonlinearities in the tuning mechanism. In order to taches with a sharp-wave threshold. Hence a detachment
determine an upper limit for this effect amaton was em- experiment with O provides a sensitive test for Doppler
ployed to monitor the laser tuning over small regions effects. A careful measurement of the GP,—>P,) de-
(~2nm) at different wavelengths within the full tuning tachment threshold and a subsequemtave fit to the data
range. Deviations from linearity were very small, similar to resulted in a threshold value of 11 784.62(3) CmiThe un-
those found for the argon lines. Therefore, a dye laser calicertainty given here represents the standard deviation ob-
bration uncertainty of 0.05 cht is assumed for all experi- tained from the fitting routine and the calibration uncertainty
ments. for this particular wavelength range. Our value agrees with
In addition to nonlinearities, possible temperature driftsthe more accurate literature value within one standard devia-
are of some concern as certain threshold or resonance scdli@. We therefore deduce an upper limit of 0.03Cnior
can take several hours. The dye laser was found to requireRpssible Doppler shifts due to laser beam misalignment.
2-hour warmup period before a drift of less than 0.0T ém While the laser beam alignment is easily maintained between
per hour is established. In addition to the water cooling ofexperiments, some uncertainty remains regarding small de-
the laser dye, temperature gradients are minimized by conations in the beam path for different ions. Again, geometric
tinu0u3|y f|u5hing the laser housing with cool nitrogen gas_considerations of the interaction chamber suggest that this
A calibration performed on the temperature-stabilized lasepncertainty should not be more than 0.5°. Hence residual
would therefore remain valid throughout the experiment. ThéPoppler uncertainties are calculated on the basis of this value
laser is recalibrated for each experiment to eliminate the pogand the 0.03-cm'* uncertainty from the O experiment. Fi-
sibility of small day-to-day fluctuations. In very long experi- hal values range from 0.05 to 0.13 chmdepending on
ments that require the highest accuracy, laser calibrations aggomic mass and photon energy.
carried out before as well as after the detachment scans. This Finally, the uncertainty in the Raman shift has to be ac-
enables a correction of the data for possible wavelengtigounted for whenever first or second Stokes radiation is em-
drifts. ployed. Values of 0.02 and 0.04 crhare used, respectively,
As a pulsed laser source is utilized, with peak intensitiedased on the uncertainty of our experimentally determined
of ~10" and ~10Y W/cn? for a collimated or focused Raman shift(see Sec. Il A The uncertainties of the final
beam, respectively, the possibility of intensity shifts has toexperimental results given in this paper always include these
be considered. The threshold for photodetachment in stronggrious systematic errors in addition to the standard devia-
laser fields is shifted to higher energies due to the ponderdions obtained from the numerical fits to the data.
motive energy of a free electron in an electromagnetic field
[13]. We have therefore investigated th8;,— 3P, thresh- Ill. RESULTS AND DISCUSSION
olds of C and Gé with a collimated laser bean~3 mm A Carbon
diametey, a cylindrically focused bearf25 cm focal length :
and a spherically focused beda20 cm focal length While Despite the fact that carbon is a ligtiirst-row) element,
identical threshold values were obtained in the first twothere have been very few experimental investigations of its
cases, a threshold shift ef1 cm™* resulted in the third case. negative ion. The binding energy of the ionip®24s,,
To surely avoid possible intensity shifts, all photodetachmenground state was measured via LPES by Bennett and Hall
threshold experiments are conducted with collimated lasef32] and via infrared LPT by Feldmar{i33]. They obtained
light. The bound-bound transition of a multiphoton detach-values of 1.266) eV and 1.26288) eV, respectively. Feld-
ment scheme, on the other hand, may be shifted in the presaann used a laser-pumped optical parametric oscillator for
ence of a strong laser field as a result of an ac Stark shift dfis pioneering infrared LPT work. In addition to the ground-

Deviation from linearity [em™']




PRA 58 SYSTEMATIC STUDY OF THE STABLE STATES 6. .. 2849

I\ —
/ | | o
ID/Z h 5
| | . —
2 y a 80
C 2p | el
|
°p ¥ 5
2, | e .
Iy A | 8 40 -
o ——— ..o L., n L
a
|, n
T wn
5/2 o I
2r /872 O L
D - 20_
2
C 2p g
4S\ 10180 10200 10220 10240
3/2 Photon energy [em™]
FIG. 4. Schematic energy-level diagram of @nd C. Arrows FIG. 5. Measured photodetachment cross section oirCthe

indicate detachment thresholds, ordered by threshold energy. Thegion of the*S,,— 3P, thresholds. The result of a Wignemwave
horizontal spacing between arrows is proportional to the energyit to the data is indicated by the solid line. Individual thresholds are
separation of the respective thresholds. Only l‘f&\,ﬂa?’Py extrapolated with dashed lines.

thresholds(solid arrows$ could be measured in the present study.

For clarity of presentation, fine-structure splittings are not shown to _ . .
scale yorp piiting =<0.1 cm L In addition, a small modulation of the cross sec-

tion is apparent, which results from the presence of a weak

state detachment thresholds, his LPT spectrum also providezlectrostatic field. Although the current design of the UHV
evidence for an ionic 2 ?D term with a binding energy of interaction chamber provides for a shielding of the electro-
33(1) meV, which agreed with earlier values of By meV  static deflection plates, stray fields ef10 V/cm seem to
and 5@20) meV, obtained via field ionization measurementsremain. Fortunately, the effect of static electric fields on
[34] and LPES[32], respectively. Based on these previouss-wave thresholds has been thoroughly investigated in the
investigations, the energy level structure of &d the order past[41] and can be accurately modeled with a theory pre-
of photodetachment thresholds are depicted in Fig. 4. sented by Baructet al. [42]. If the cross section obtained

Since the recent LPT studies of Li35] and B™ [6], with this model is convoluted with a Lorentzian bandwidth
carbon has become the first-row element with the largedunction, the solid line in Fig. 6 is obtained. The excellent
uncertainty in its electron affinity, 0.3 meWersus 0.025 agreement between fitted and measured cross sections allows
meV for B™). Many calculations of the electron affinity for an accurate determination of the threshold energy:
(EA) of carbon have been performed to dfB6], but they 10 179.67(15) cm® [1.262 11920) eV]. The uncertainty
typically exhibit errors of several meV. On the other hand,given here includes possible systematic errors in the calibra-
recent large-scale multiconfiguration Hartree-Fock calculation or due to Doppler shiftésee Sec. Il B b It is important
tions of the EA of lithium[37] and boror{ 38] have indicated
that calculation errors of less than 1 meV might be achiev-—
able in futureab initio calculations of other first-row ele-
ments. Hence a more accurate determination of the EA ol3
carbon seems appropriate. ;

We have investigated the photodetachment cross sectio|
of C~ over the photon energy range of 10 160—10 580tm
or 1.260-1.312 eV[1 eV=8065.541024) cm ! [39]]. The
region that exhibits the threéS,,—3P; thresholds is
shown in Fig. 5. As can be seen, the thresholds follow the
Wigner s-wave behavior very closelgsolid line). The ratio
of measured transition strengths, 0.9:3.1:5.0, agrees we
with the ratio of statistical weights for the fine-structure lev-
els of the atomic ground state, 1:3:5. The intervals betweer
the three thresholds are 1628 and 26.8(2) cm?, also in
good agreement with tabulated values for the fine-structure
splittings of the atom, 16.40 and 27.00 ¢ respectively
[40]. A high-resolution scan of the EA-definints;,— P,
threshold is shown in Fig. 6. The scan range of 24tm  FiG. 6. High-resolution scan of the Gletachment cross section
corresponds to one standard deviation of the earlier result biy; the vicinity of the*S;,— 3P, threshold. An ideal Wignes-wave
Feldmann{ 33]. The observed photodetachment cross sectiofit is indicated by the dashed line, while the result ofsawave fit
deviates from the ideal Wignes-wave behavior(dashed that includes bandwidth and field effects is represented by the solid
line), primarily due to the finite laser bandwidth of line.

Cross Section [arb. units

e

Relat

10179 10180
Photon energy [cm™]
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to note that the same threshold value is obtained if the effects A 1[ev]
of laser bandwidth and electric field are ignored in the fit 1
(dashed line in Fig. 6 Hence the Wignes-wave fit (1)
remains valid.

Our value improves the accuracy of the EA of carbon by =~ _ Jos
a factor of 15, but the value lies outside the error margin of 5! SP N ]
Feldmann’s result of 1.2629) eV [33]. This seems to indi-
cate that a source of systematic error unaccounted for migh .
have been present in the earlier work. P

In an attempt to reproduce the wedR ;—'D, threshold
feature observed by Feldmann, we have carefully investi- Si™ 3p® D
gated the detachment cross section in {8d5-963-nm 1
range, which corresponds &® binding energies between 21 —-1.0
and 48 meV. No evidence for a threshold structure was 1g ]
found. There can be no doubt about the existence of the ]
’D,—!D, thresholds, as the positivéD binding energy (a) (b) (c) 15
was confirmed in five independent studigd2-34,43,44
Hence an insufficient population of tHé® ; levels from our
ion source is the most likely explanation for the absence of
the corresponding threshold features. Nonthermal populatioﬁ/
mechanisms cannot be ruled out for a sputter ion source, bu
if we assume a mainly thermal population, less than 0.1% of " L PRI L
the ions would be produced in the excitél; states. Thus a e\lf;lg ng;c;lrévli: transitions. For simplicity, fine-structure splittings
signal-to-noise ratio of better than 1000 would be required
for an unambiguous observation of tH#® ;—'D, thresh-
olds, due to the substantial photodetachment signal from th
ionic ground state. In the study of Feldmann the ions wer
produced via a discharge, which likely resulted in a highe
2D population. Recent LPES studies of the @etachment
cross section at 2.076 eV have shown that a fracticiial
population of 50% can be achieved if the ®eam is pro-
duced by charge exchanging & ®eam[43,44). Hence a
combination of this beam generation technique and infrare
LPT (and possibly state-selective detecjishould enable an
accurate determination of the two GD ) levels.

3 4
P Joo

FIG. 7. Schematic energy-level diagram of Sand the Si
round state. Arrows indicate the various detachment schemes that
ere attempted in the present studg) one-photon threshold de-
chment,(b) resonant two-photon detachment via one-phdibh
I E2 transitions, andc) resonant three-photon detachment via

jelded a threshold energy of 11207.24(15)¢m
1.389 52120) eV], in good agreement with our earlier
palue. A strong photodetachment background indicated a
useful population of the excited ion levels, approximately a
few nA out of the 2uA total Si— current. Hence an obser-
vation of the actuafD ;— 3P, thresholds seemed possible.
A subsequent scan over a photon energy range of
200-4500 cm!, shown in Fig. 8, revealed five nested
thresholds. We attempted to fit the data over the full range
shown using the Wignes-wave law and its leading correc-
tion term[26] (solid line in Fig. 8. As can be seen, the data
5. Silicon deviate from the predicted threshold behavior already after
' the third threshold D 3,—3P,). Similar deviations were
The energy level structure of Siwhich is schematically
shown in Fig. 7, is similar to that of G with the interesting
difference that for Si both the?D and the?P excited terms
of the p? configuration are bound with respect to the atomic
ground state. Early indications for this scenario were con-
firmed in an LPES study by Kasdat al.[46], which deter-
mined 2D and 2P binding energies of 528) and 295)
meV, respectively. For théP term a binding energy of
35(4) meV was also obtained by Oparét al. in a field ion-
ization measuremerj34]. To our knowledge, none of the
previous studies of these bound ionic terms have been able t g
resolve the respective fine structure. The binding energy of&
the #S;,, ionic ground state, i.e., the electron affinity of sili-
con, is well known from the LPES experiment of Kasdan
et al. [1.3855) eV [46]] and more accurately from our pre-
vious infrared LPT study of this system, which yielded
1.389 496) eV [47]. Since improved calibration procedures
now allow us to measure EA’s with uncertainties as small as
0.01 meV, we decided to reinvestigate the EA-defining FiG. 8. Measured photodetachment cross section ofiiSthe
*S3,—3P, threshold. (A determination of excited-state region of the?D ,— 3P, thresholds. For the first three thresholds
binding energies via bound-bound resonances hinges on ake result of a Wignes-wave fit including the leading correction
accurately known EA; see belowA high-resolution scan term is indicated by the solid line. Individual thresholds are ex-
over the (11205-11211)-cm photon energy range trapolated with dashed lines.
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FIG. 9. Si’ photodetachment data in the vicinity of tH®,
— 3P, thresholds.

e r TABLE I. Results of thes-wave fits to the Si photodetachment
= - data.

2]

’E - Threshold Relative strength

A I Transition Energy (cm?) Measured Calculated
c

S 1or Dg;—°Pg a a 0

*g I 2Dy— 3Py 4252.4325) 10(1) 10

2 8 D3Py 4315.5320) 11(1) 9

@ [ 2Dgp—°P; 4329.5420) 192) 21

5 L 2Dgp— 3P, 4461.4%15) 452) 45

o 6 2Dgp—3P, 4475.75) 5(1) 5

B L

T“j L &This transition is forbidden by thAJ selection rule.

r 4 I Ll I I I

4238.35(15) cm? [527.23425) and 525.48@20) meV] for
J=3/2 andJ=5/2, respectively. These values compare well
with the average binding energy of 533 meV measured by
Kasdanet al. [46]. The difference between our two values

gives aD fine-structure splitting of 14.08(20) crh, which

previously observed for Al photodetachment thresholds
[7,48]. Hence an accurate determination of threshold ener-
gies and strengths had to rely on the near-threshold dat
alone. The regions of théD ;—3P; and ?D;— 3P, thresh-

olds were therefore rescanned with higher resolution. Th
results are shown in Figs. 9 and 10, respectively. Threshol
energies and strengths that were obtained from a Wigné
s-wave fit to these data sefwhere the background was ap-
proximated linearly are summarized in Table I. Calculated
threshold strength&) are given for comparison. Separations
between thresholds of 77.11(25) chfor 2D g,— 3P, and

is in disagreement witt¥ (2) cm !, a value that was ob-
tained earlier from isoelectronic extrapolatiptb].
The very small binding energy of the $7P) term pre-
Qudes a determination of the detachment thresholds to the
tomic ground state. The thresholds for detachment to
§i(3p2 1D ,) would be within the tuning range of the present
pfrared laser source, but would suffer from a very unfavor-
able signal-to-background ratio, similar to tH®;—D,
thresholds in C (Sec. lll A). We have therefore attempted to
probe the?P; levels via resonant multiphoton detachment.
The various possibilities for resonant multiphoton detach-

145.92(20) cm® for 2Dg,—3P, , were found, in good ment from Si" are shown in Fig. 7. Probabilities for single-

agreement with 77.115 and 146.042 ¢mrespectively, the
tabulated values for the fine-structure splittings of the
Si(3p? 3P) term [40]. This proves that detachment to the
atomic ground state is observed. The presence b derm
as the initial ionic state is evident from the good agreemen
between measured and calculated threshold strengths, in p
ticular from the absence of thaJ-forbidden 2Ds;,— 3P,
threshold. The Si(?D;) binding energies that can be ex-
tracted from the threshold values are 4252248 and

photon bound-bound transitions can be extrapolated from
calculated EinsteirA coefficients for the phosphorous iso-
electronic sequendet9]. The number of detachment events
per laser pulse is then evaluated with a computer simulation

f the laser—ion-beam interactiofas described in Sec.
i}B 3). The results obtained for Siare summarized in Table

. Depending on scan speed and background counts, signal
enhancements as small as 0.1 events per pulse can be de-
tected with the present setup. We have therefore searched for
the 4S,,— 2P, resonances over a 30-meV-wide photon en-
ergy range (10 841-11 093 ¢i), which covers a & error

o'

-

5 40 TABLE I1l. Estimated probabilities for single-photon bound-
5 bound transitions in Si

5

- 35 Transition

9 Levels Typé A(sh Counts/pulsg
+

[9]

@ 30 Sy *Pap M1° 0.005 3

n 4Sy72Pupp M1¢ 0.002 1

e 2Dy-2Pyp E2 0.008 0.06

o R5r 2D 3 2Py E2 0.013 0.1

2 2D/ 2Py, E2 0.016 0.2

< 20 2Dy 2Py E2 0.008 0.1

o

4460 4470 4480 4490
Photon energy [cm™]

bound-free cross section of 18 cn?.

FIG. 10. Photodetachment cross section of $i the 2D,
—3P,, threshold region.

%Only the dominant character of the transition is indicated.
bCounts/pulse are calculated for a focal spot size of 0.1 mm and a

“These transitions violate th&S and AL selection rules. This re-
duces the accuracy of isoelectronic extrapolation.



2852 SCHEER, BILODEAU, BRODIE, AND HAUGEN PRA 58

1 T T T T T T T T 2 A 1[ev]
—_ P
[} r 1 AL | A E
:‘é 1.6_ 0 P ...¢.r - .l ........... 1‘...|....|.... —0.0
= - Ge 4p~°P | | L ]
3 | |
o I I S
& I b
< 147 L . I
E’ I 5/2 . : 1 I —-0.4
N 2n /8/2
2 L D | |
g 19k | | —-0.8
= . I
§ Ge™ 4p° SR S
S b - — S € =p I
I -—
/10 TR OH 7 I
. P RN R TR R N RS S | | -0
11000 11200 11400 11600 11800 4g | | ]
2 x photon energy [cm™] \3/2 L H-1e

FIG. 11. Measured two-photon 3i453/2)%5i(3!3) detachment FIG. 12. Schematic energy-level diagram of Gend the Ge
threshold. The solid line shows the result of a Wigpewave fitto  ground state. Arrows indicate expected photodetachment thresholds
the data. in order of increasing photon energy. Thresholds that were observed

are shown with solid arrows; others are dashed.

margin of the?P binding energy measured by Kasdainal.
[46]. No resonant features were apparent in this §edrich  photon transitions over the (5590—5400)-cnphoton en-

was conducted at a rate of 1000 laser pulses per'enThe  ergy range(at a rate of 500 pulses/cy revealed no reso-
resonances could be somewhat weaker than the estimateant enhancements over the detachment background. The
suggest and would then likely be hidden in the substantiahbsence of any resonance structure is likely due to a very
Si(°D) detachment background 6f50 counts per pulse. small transition probability. The transitions would be “spin
Similarly, a search for théD ;— 2P resonances over the forbidden” and although we previously succeeded in driving
(3925-4090)-cm’ range with the same scan rate remaineda spin-forbidden two-photon transition in the case of Sb
unsuccessful. The photodetachment background was mu¢h6], a spin change is a much more serious constraint for a
smaller in this case, but so were the estimated resonandgansition in a light system that is well described lb$ cou-
signals(Table 1l). Most importantly, the background signal pling, such as Si.

due to collisions of the Siions with rest gas molecules in

the UHV chamber was very high~1 event/pulsg This C. Germanium

collisional background is due to the large={ uA) Si~

e : An energy level diagram for Geand the Ge ground state
beam current and is likely responsible for the absence of the S T :
expected resonance features. As for(€D), these compli- IS presented in Fig. 12. Accurate G€Sy ) binding energies

cations could be avoided in future experiments if different(EA of Ge) of 1.2333) eV and 1.232 7) eV were previ-

ion-beam techniques such as charge exchange, an improv HSIy obtained in LPE$50] and infrared LPT[47] studies,

UHV system, and/or state-selective detection schemes Wei[gsspectwely. As with Si, we have remvespgated tHtSy,
employed. —°P, photodetachment threshold of Gen the present

; o ; " ; tudy. An improved value for the EA of Ge was obtained:
An alternative to driving a particular transition via an S Y .
E1-forbidden one-photon absorption is the possibility 0f9942'49(12) cm- [1.232 71215) eV], in good agreement

: . _ with the previous values.
E1-allowed two-photon absorption. Since the @P;) lev-
els are only weakly bound, thdS,,—2P; two-photon In contrast to the Ge ground state, there has been only

o 3 one previous observation of the excited @) term,
resonances are expected to lie just below #8g,—°Py  \yhich was reported by Feldmarat al. [51]. Their photode-
two-photon detachment threshold. This threshold was invesachment threshold experiment employed a conventional
tigated first in order to optimize the focusing geometry forlight source and indicated a low-energy threshold at 0.4 eV,
higher-order processes. The result is shown in Fig. 11. Thevhich was attributed to detachment from G&D). No un-
threshold for two-photon detachment at 11 370(15) tm certainties are given in the original paper, but the result is
and the expectep-wave threshold behavior are appardft. referenced in the 1985 Hotop-Lineberger tajiéswith an
two-photonp-wave threshold has been previously observedincertainty of 0.2 eV, which seems consistent with the typi-
in CI~ detachmenf11].) The observed threshold value com- cal errors of that experimental technique. Based on this av-
pares well with 11 357 ci, the average threshold value for erage 2D binding energy, the five’D ;—3P;, thresholds

an unresolved SiP) fine structure(although a ponderomo- would be expected in the (1800—6200)-chphoton energy
tive threshold shift of a few cmt may be preseitAt ener-  range, spread out over 1400 cm . Using the isoelectroni-
gies below the two-photon threshold a small photodetacheally extrapolated value of 160(30) crhfor the 2D fine-
ment signal is observed. This signal results from one-photostructure splitting[45], the thresholds would appear in the
detachment of Si(°D) and from three-photon detachment of order shown in Fig. 12. A scan of the (3184—5975)-¢m
Si~(*S). However, our final search for thtS;, —2P; two-  range revealed only two weakwave threshold features at
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FIG. 13. Measured photodetachment cross section ofiGé&e
region of the?D,— 3P, threshold. The result of a Wignerwave
fit to the data is indicated by the solid line. Error bars are estimate
on the basis of counting statistics.

FIG. 14. Schematic energy-level diagram of Sand the Sn
round state. Arrows indicatéD ;—3P;, photodetachment thresh-
Ids and resonant two-photon detachment schemes. For simplicity,

4S,,,— 3P, thresholds are not shown.

3795.48) and 4455.3(5) cmt, the latter of which is shown Aafiio 4 3 -
in Fig. 13. The substantially smaller signal compared to th .1'112 06715 eV] for the EA-defining“Sy,—"P, transi

. : : : : ion, in excellent agreement with the earlier works. The
equivalent experiment with Simust be attributed to the —300-nA S beam emploved here was derived from a
much lower total ion-beam current available here ploy

(~100nA). The signal obtained for the threshold atsolid metal sputter cathode. This cathode was found to per-

3795 cm! was in fact close to the detection limit of the form very poorly at higher effective sputter temperatures,

apparatus. Since the two thresholds are separated kyvhlch are essential for efficient detachment from excited

. 2 . . _
660.3(9) e, which does not match with any separation ¥nic levels. As a result:D detachment signals were disap

pointingly small.
git(\)léeggog (t:r:rsl focr;?]g()) 1Ie;(nalds 5 ((r)éspgfti?\}if;(l)]’) tﬁgd Unfortunately, the previous experimental knowledge of

. 2 . . .
thresholds must originate from different ionic levels. Thethe Sn("D) term is even less established than in the case of

only reasonable assignment for the two thresholds seems fge_' Again, the only previous investigation is the photode-
be 2D,3P, and 2Dg,—3P,, respectively. With this as- chment study of Feldmanet al. [51]. Photodetachment

signment, an ionic fine-structure splitting of 192.6(9) dm well below 1 eV is evident from their spectrum and is as-
signment, . " piiting of 132 . signed to the?D— 3P transitions. However, the identifica-
is obtained, which falls within a@ error margin of the iso-

electronic value of 160(30) ot Anv other assianment tion of actual thresholds is somewhat inconclusive; no final
: y 9 value for the?D binding energy is given. Nevertheless, the

would result in a negative splitting or in an unreasonablyHotop-Lineberger tables from 1985 quote a value of2).4

large value of 660 cm’ or more. The two assigned thresh-' eV, which is apparently an estimate based on the work of

olds also happen to be the strongest thresholds in the S€M8% | dmanret al. For the 2D splitting an isoelectronically ex-

which would suggest that the signal from the three remaininqrapolated value of 800(200) crhis available[45]. The re-
thresholds was simply too small for detection with the Cur'sulting energy level structure of Sris shown in. Fig. 14

rent setup. We therefore conclude that #,, and ?Dg;, . . .
levels of Ge are bound by 3237(8) and 3045.3(5) crmt |£1|§Iultl|\r;glsvarlous photodetachment schemes aimed at the
J .

Ei?éllélgoz:o?g?msggr.?? thmegg/],le\sgf%ice“rv?(lag vliJamcr(()arsu(;_rmnt The ionic *Sy,—Dap 5, M1 transition probabilities are
Y, 9 romising in this caseA coefficients of 0.2 and 0.0T°%,

multiphoton detachment is rather challenging, considerin espectively, are obtained by extrapolating from calculated

the very small’D 43,, transition probabilities of 0.01 : : .
and 0 %)/005 st (éft’?g;ﬂigd from calgulated isoelectronic yalues c_>f the Sb isoelectronic sequefisg], which translate;
! into estimated counts per pulse of 10 and 0.5, respectively.

. 2 .-
values[52]). Attempts to drive the*S;,—2Dg, M1 transi We have searched for théSy,»2D, M1 resonances by

tion remain unsuccessful. scanning the two-photon detachment spectrum of($8y),)
from high to low energies, starting at 7600 ¢l An en-
hancement in the signal 6f6 counts per pulse was found at
As for Ge, the S/, ground state of Snhas been accu- 5762.50(10) cm?. This resonance feature is shown in Fig.
rately measured in two previous studies. Milieral. [50] 15 and must be assigned to th®,,,— 2D, transition on the
obtained a binding energy of 1.1#2 eV from LPES data, basis of its strength. Apparently, the much weaks;,
while an infrared LPT study by Thyerseret al.[47] yielded —2Ds), transition had been missed. Therefore, an attempt
1.112 096) eV. Our initial experiments with Sh were was made at locating th&Ds,— 3P, thresholds.
aimed at a confirmation of this EA value. A high-resolution A tin oxide instead of a tin metal cathode was utilized and
scan provided a threshold value of 8969.42(12) tm found to perform much better at high effective sputter tem-

D. Tin
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T T TABLE Ill. Results of the Wigners-wave fits to the Sn(?D)

iy photodetachment data.
2]
E Threshold Binding energy of
n Transition Energy (cm?) ionic level (cm'})
o
§ 2D 43Py 3207.0420) 3207.0420)
: 2Dg—3P, 4148.8815) 2457.0815)
]
o 2Dgp—°P; 4898.9015) 3207.1@15
& 2Dg;p— 3P, 5884.6710) 2457.0Q10)
S, 2Dgp—13P, a a
g
g &This threshold was not observed due to a small transition strength.
=

pares well with the ratio of~20 for the extrapolated
Photon energy [cm™] transition probabilities given above.

Finally, subtracting the measured resonance energies from
the EA value yields a second set &, and 2D, binding
energies, 3206.935) and 2457.06(15) ci, respectively,
in excellent agreement with the values obtained from the
threshold measurements. Based on the average of the two
peratures, albeit with a somewhat lower total’31eam cur-  measurements we give findD, and ?Ds, binding ener-
rent of ~ 100 nA. The resulting increase fiD population of ies of 3207.00L2) and 2457.05(12) cit [397.61715) and
over an order of magnitude now enabled a determination 0804.63%15) meV], respectively, and a?D; splitting of
four out of the five?D ;— 3P, thresholds with a reasonable 749.95(15) cm™.
signal-to-noise ratio. ThéDg;,— *P, threshold is shown in The experimental results obtained here may be compared
Fig. 16 as an example. The threshold values that were olyyith the very recent relativistic configuration-interaction
tained from Wignes-wave fits to the four data sets are sum- (RCI) calculations by O’Malley and Becf54]. They report
marized in Table Ill. Binding energies of 3207(@6) and 4S5-?Dgp s Splittings of 5903 and 6493 cm, respec-
2457.04(10) cm' are obtained fofD 3, and “Ds,, respec- tively, compared to our experimental values of 5762188
tively, by subtracting from the threshold values the accu-and 6512.37(10) cit. This is very satisfactory agreement,
rately known energies of the atomiéP; levels (0, considering the complexity of the 51-electron systeni.Sn
1691.806, and 3427.673 cth[40]). It was now possible to  (Equally good agreement between measured and calculated
zoom in on the thus far unobservé8;,—?Ds;, M1 transi-  |evel splittings was previously found in the case of Sb
tion. The sum of several scans over a 1.5-¢mhoton en- [16].
ergy range is shown in Fig. 17. The weak but unambiguous The RCI calculation of O’Malley and Beck also provided
resonance feature is centered at 6512.37(10)'cnThe M1 transition probabilities of 0.744 and 0.00428 sfor
resonant signal amounts to only 20% of the background sig453/2<_2D3/2‘5/2, respectively [54]. These M1 transition

nal, which is about a factor of 15 less than the signal-toprobabilities strongly depend on a smait .1%) admixture
background ratio of théS;,— 2D, resonance. This com-

FIG. 15. Two-photon detachment yield of Sn in the vicinity of
the S;;,—2D3, M1 resonance. The result of a Lorentzian fit to the
data is indicated by the solid line.
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FIG. 17. Two-photon detachment yield of Sn in the vicinity of
FIG. 16. Measured photodetachment cross section ofisthe the #S;,,—2Ds, M1 resonance. The solid line represents a Lorent-
region of the?Ds;,— 3P, threshold. The result of a Wignerwave  zian fit. Each data point corresponds to the signal from 3000 laser
fit to the data is indicated by the solid line. pulses.
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TABLE IV. Summary of measured binding energies and fineenergies are now available for almost all stable states of the

structure splittings. carbon group negative ions. The remaining exceptions are
— the C (?D;), Si (°P;), and Pb (%S, levels. As outlined

"Sapp binding enerQJY_(e\/) earlier, these levels could be measured via infrared photode-

lon This work Previous works Ref. tachment threshold spectroscopy if alternative ion-beam pro-

c 1.26211920) 1.26293) 5] duction techniques such as charge exchange, and possibly

state-selective detection schemes were utilig@sicussed in

SI, 1.38952120) 1.389496) [47] detail in Ref.[22]).
Ge 1.23271215) 1.232735) [47] f multiphoton detachment, the observation of
s 1.11206715) 1.112096) [47] In, terms of multip . ’
_ the “Ss,—°Dspp resonance in Snh has demonstrated that
Pb a 0.3648) [56] laser-driven transitions into metastable ionic levels with
2D binding energiegeV) radiative lifetimes as long as 100 s are currently possible.
This work Previous works Different storage ringge.g., ELISA in Aarhus, Denmayk
lon J=3/2 J=5/2 (term average Ref. may in fact enable accurate lifetime measurements of such
long-lived ionic states. Further improved or alternative tun-
c a a 0.0381) [5]  able infrared laser sources such as optical parametric oscil-
Si” 0.52723425) 0.52548920) 0.5235) [46]  lators may provide wider tuning ranges, higher repetition
Ge  0.40144100  0.377576) 0.42) (4] rates, and/or more energetic pulses. Somewhat shorter
Sn- 0.39761715 0.304635%15) 0.4(2) (4] pulses, say, 100 ps, could provide higher intensities and thus

increase the probabilities of nonlinear processes, without

2D fine-structure splitting (cmt N . ) :
piiting (crmr) additional spectral broadening. In some of the cases investi-

lon Measured Extrapolated Ref. . -
gated here, resonant enhancements in multiphoton detach-
(o a 31 [45] ment spectra were expected on the basis of computer simu-
Si™ 14.0820) 7(2) [45] lations, but not observed due to a substantial
Ge™ 192.69) 160(30) [45]  photodetachment background from excited ionic levels.
sn 749.9515) 800200 [45] In such cases, a strong laser pulse could be employed
to deplete the excited level population of the ion beam
“Could not be measured in the present study. via saturation detachment, before the ion beam is electro-

statically deflected into the interaction region where the ac-

) ] 4 ] o ] tual multiphoton detachment takes place. So far, multiphoton
of “Dy, into the *Sy, state. With this in mind, they have eyperiments that were aimed at excited states of atomic
revised their transition rates by more carefully treating thenegative ions all employed photons in the optical regime.
correlation of the’Dy; level in the calculation of théSy,  However, many possibilities seem to exist for resonant
wave function. They report reviséd1 rates of 0.0791 and - getachment schemes that involve photons of very different
0.00431s as well as E2 rates of 0.00349 and frequencies, e.g., in the optical and microwave regime. Com-
0.00591§* for *Sy;—?Dgp s, respectively[55]. Based pinations of laser and microwave sources have been success-
on these numbers, which are somewhat smaller than the is@ully used in the past to study the hyperfine structure of
electronically extrapolated values given above, the two transsg- [57] and the threshold detachment of &nd CI” [42].
sitions should differ in strength by a factor of 8, whereas an
intensity ratio of 15 is observed.

IV. CONCLUSION

E. Summary and outlook This article has presented the results of a spectroscopic
study of the C, Si~, Ge ', and Sn ions. A tunable infrared
faser source and a combination of single- and multiphoton

carpon dg'I’OL_:_p Qlegﬁ;“(/e ||ons*CbStr., G def’ and .Sﬁ aré sum-  yetachment schemes were employed to very accurately de-
marized In 1able [V. Values oblained in previous EXperimense mine most of the stable states of these ions (

tal investigations or isoelectronically extrapolated values are_ ¢ meV). The C(2D,) and ST (2P,) fine-structure split-

given for comparison. The negative lon of Igad, the Ias} elefings now remain the only undetermined structural features
ment in the carbon group, was not investigated here. Pb

e | ) of the five carbon group negative ions.
beams are very difficult to produce with a cesium sputter group neg

source. In various attempts with lead metal as well as lead
oxide cathodes we were not able to produce more than
~10 pA of Pb, which was insufficient for a determination
of the EA-defining*S;,— 3P, threshold. However, the EA We gratefully acknowledge the Natural Science and En-
of lead has been measured previoyd§] and the?D and  gineering Research Council of CanadSERQ for their

2P terms of Pb are expected to be unstable, on the basis okupport of this work. We also wish to thank J. D. Garrett for
isoelectronic extrapolation. Hence highly accurate bindingnanufacturing the various sputter cathodes.
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