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Abstract

A pulsed. tunable infrared laser sonree (0.6 5.2 g has beens developed on
the hasis of a commercial dve Taser and non-linear optical conversion technigues. Fhis
Faser sonree wis combined with o ke neeative jon bhean apparatus mea crossed - heann
ceotmetiv, with the ainn to susternatically study <everid atomie neeative ions thironal
a variety of stnele and nimdiphoton detachment experiments,

Photodetachment threshold spoectra ol 21 1ome \[n‘t"lt‘\ 0 AN G © R ¥ I ¥
CrLCo NI Cu L Ge oMo U RE L Pd D Ne s oshi o le Ot ot P

Cand

Bi~ 1 have been recorded. in most cases resulting i very acenrate determinations of
onic binding enercies, marking substantial improvements over previons experimental
vithies. To fact. several ionie states investizated here had not heen observed previonsty.

Ditferent schenes for resonant multiphoton detachment ol atomic negative
ons were demonstrated for the tiest time, Phese studies were condueted with several
anjons 1517, 8oL Sh Fe s e sand Peoy providing highly accurate ionie eneray level
<plittines and elearly demonstrating that multiphoton probes are senerally applicable

1o negative on striacture.
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e ontline of the Thesis is as follows:
After o brief introduction to the history and various aspects of negative fon researclvin
Chapter 1. a more detailed deseription ol the quantum mechanics of atomic negative
ions and their interactions with photons will be given in Chapter 2. Chapter 3 then
discusses the experimental setup and procedures utilized at MeMaster University, A
summary of the results that were obtained in photodetachment threshold studies of
negative jons which detach into s-wave continna is given in Chapter 4 including a

detailed discussion of some sample cases. Similarly. our efforts with ions detaching



into p-wave contina are deseribed in Chapter 50 Finallve Chapter 6 disensses and
summarizes the results that were obtaned nstudies of varions negative ions hy means
of resonant multiphoton detachiment. a technigne that has been lareely pioneered by
the MeNMaster wronp. The Thesis coneludes wirth a sumumary and an ontlook to futare
[H‘l‘.\“n‘('l.l\(‘.\' ol the field.

Fhis 1 iesis provides ooseli consistent and cotpretiensive cotptiation of e
experimental work that T hive conducted dnrine s PhBD procram ar MeMaster
University, Nevertheless. for the conventence of the reader who mielin be interested
HEoTe \l)('('“i(' details ol a 1):!1'1i(‘lllill' ('\]n'l'illlt‘lil . l‘upit',\ of the 11 _il)lll'llill articles on

which the Thests is based are included as an appendiy,
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Chapter 1

Introduction

Fhe existence of atomic negative lons, Les atomie svstems in which the mnnber of
clectrons in the shell exceeds the number of protons in the rnelens, nay at first seem
surprising, -\ nentral atom possesses no permanent electric monopole o dipole mo
ments, and as such exerts no forces on a free cdistanty electron. This conclusion i
based on the assiumption that the clectron itself has no intluence on the atom. which
is the approximation made in the so-called independent-particle model. Within this
model, the electron would fecl the electrostatio attraction of the nuclens only at very
short distances. as the eleetron beains 1o penetrate the electron shell of the atom.
However. even the Hartree-Fock niodel. the most sophisticated independent - particle
model. which is very successtul in the calenlation of neutral and positively eharged
atomic svstems, generathy fails at predicting stable negative ions. On the other hand.
most atoms form stable anjons™ {1, heneel the stability of negative ions mnst be
fargely due to a correlated rather than independent motion of the electrons. The -
plementation of such electron correlations into nmumerical models is rather challenging

and vet fundamentally important to atomic theory. Accurate experimental data on

"Notable exceptions are the noble gases and many of the elements with elosed onter subshells. In
these cases, the extra electron would have to oecupy a higher shell resulting in a reduced correlation
energy. insulficient to overcome the electrostatic repulsion between the electrons.



nevative tons, the atomic svstems with the stroneest correlation etfects, 1= therefore
crucial for an evaluation of ditferent theoretical approaches,

Ihe absence of o tong-ranee Conlombie attraction between the atomie core
and the extra electron = also responsible for the most characteristie strnetaral featires
of nevative wons. The loneest -panee electrostatio interaction hetween the electron and
the atomie core s an inducod dipole reraction which results from o polarization
of the clectronie <hell By the distant electron vrhins s the classieal Tunie o electran
correlationsi. Snch an induced-dipole potential is too short raneed 1o support Ry
bere states. henee the number of stable tonie states st he hinres In fact, atomie
negative jons possess onhv very few or even no bonnd excited states inaddition to
the ionie eronnd state [1 Fven the ground state binding enereieswhicl define the
clectron allinities (1A of the corresponding atoms. are tvpicallv small v~ 1 V) ¢
bete the most <ll‘ull‘.3,|}‘ bound atomic on with 3.6 ¢V Photon-amaon interactions
therefore generally result in bound -free rather than hound-bound transimions. eoin a
removal of the extra electron, zo-called photodetachment. Henceo negative won spee-
Lroscopy often reduces to a \lll(l)' ol 1relative) [)huhul('l;u'llln«‘nl crossscctions. he
shape of detachment eross seetions at threshold ditfers substantiadly from thresholds
of fonization spectra. but the phenomenon is well understood theoreticallve To faet,
negative ion detachment constitutes an important example tor Wigner’s threshold
Law. which applies here sinee the induced dipole potential falls off more rapidiy than
a centrifugal potential [2]. The shape of the photodetachment coutinnum above the
first threshold. particularly in the proximity of excited atomic statescis often strongly
influenced by the presence of unstable (excited) jome states. Such states are mani-
fested as resonance structures in photodetachment as well as electron-atony scattering

cross sections. The shape, width and strength of a particular resonance depends on
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whether the jonie state is metastable or rapidly antodetachine . aud whether i is
located above or helow its atomic parent state,”

Despite their exotic nature, negative ions have Jone heen recoenized to play an
important role ina variety of phvsical phenomenas As carly as 1939 Wild sngpested
that the presence of 1173 the solar photosphere mav bhe o najor contribintor 1o the
opacity in the near infraced 10 Similarlv newarive ons are Knoven to cantribure 1o
the photochemistey ol the carth’s tonospheres aethermaores move recent sinmlations
of the chemistey of interstellar vas clonds indicate thar of all chareed particles newa:
tive tons plav the dominatine role. Neeative ons are also relevant to varions plasima
phenomena that are accessible on o laboratory scales For examplesin thermonuelear
fusion rescarch negative tons are used 1o produce imtense atonmie beams for injee
ton heating of tokimak fusion plsmas, Sinmbariys nltra-sensitive isotope detection
throueh accelerator mass spectrometry s a hranch of applied phvsies thin depends on
acenrate knowledoe of negative ton steacture, Last but not easto some bhiochenical
processes, certain chemical reactions. and the electrolviie [)l‘u[n‘l‘!i('.\ ol <ohutions l‘('l_\'
on the presence of anions as well as cations.

Nevertheless, the experimental investigation of negative jons. particnlarly in
the cas phase. remains challengine. \vatlable production schemes snch s molecnlar
dissociation or electron attachment are rather delicaie. and high ionie concentra-
tions are difficult to obtain,  Farthermore, negative ions are verv fragile and are
casily destroved in collisions with other particles. Heneeoin was not nutil the $9507s,
when ultra-high vacuum (UHV) and negative ion-heam techinologios were developed.

that negative ion experiments were attempted tlargely ploncered by Branscomb’s

PIhe study of continuu resonances constitites an important branch of negative ton physies of
which an exhaustive review was recently given by Buckman and Clark [31 A further disenssion of
continuuny resonances, which would be relevant to only one of the many tons mvestigated e this
thesis, s therefore omitted.
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aroup D Technological improvements that have advanceed the field <inee then -
chide high-intensity sputter sonrees. charge exchange cellssfon traps. and collinear
la=er-ion heam apparatises,

However. even with the ;1\'£lilil|)ilil}' of |m\\'('l'flll 1OIL SOUTCeS, |)l't)|n‘\ ol neeative
ion strncture are sienificant v ditferent from those nrilized inothe stady of nemral or
positively chiareed atomic or molecular species. The tradivional techngues of ernission
and il|v~ul'|v| IO ~pectroscopy are ol .||)|)|it';\lbl(‘ toneeative ions due to the veneral ok
ol <table clectronically exeited states. Information on negative on strnetare, honnd
relative 1o the atomic cround ~state, is therefore larecehy derived from photodetach
ment spectras Althoneh some carly investizations were hased on conventional lieht
conrees, acenrate and svstematic studies were not possible unil commeraial Laser
sonrees became available. Two laser-based technigues ave particularly noteworthy
here. laser photodetached electron speetrometry i LPES) and faser photodetachment
threshold (LPT) spectroscopy. LPES emplovs a fixedswavelenath laser withe photon
energies well above the threshold for photodetachiment. fonie binding eneraies are
then derived from ('Il“l"—{)“l"‘&()l‘.'(‘11 measurements of the detached electrons., ;n'('l)l'(“Im
to B = Faog = Eoyn LPES 154 powerful technique, as it can he applied to
virtnally any stable negative ion, irrespeetive of the binding eneray to be measired.
Fhe acenracy of measured energy values s however, limited to the resolution of the
cleetron spectrometer. which is tvpically a few meN [ EPT measurements, on the
other hand. utilize tunable laser sources i order to locate the actual photodetach-
ment thresholds.  Acenracies range from 0.1 to 0.001 me\ o as they are often only
Hinited by the laser bandwidih, The constraint on LPT studies involving detachment
to the atomic ground state is that the tunable photon energies have to mateh the

ionic binding energies. Most previous LPT studies have utilized visible laser light
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and have therefore heen restricted to svstems with electron aflinities lareer than 1.1
eV This major constraimt on LP T stadies can be removed it intrared laser sonrees
are utilized. However, sneh sourees arve not readily availables and only very few in-
frared LPT measurements are reported i the Titerature.s T herefores a laree portion
of the work deseribed i this thesis was devored 1o the development of an infrared
LT svatem and s systemanie applicarion toa laree nimber of atomie neeative jons,
Strnilardy, the vrem l)t)lt'!lli;sl ol Hllllli[)'lulul\ pl‘u|n'\ ol GnonIe STreture wis fecog
nized L early ong bt resonant mudtiphoton detachiment of atomic negative ions,
avain lareely depending on intense infared Liser sources, was not attempted prior 1o

the collaborative efforts of the MeMaster and Narhus aronps deseribed i this thesis,

"Notable exceptions are the alkali and alkaline carth negative 1ons, where detachiment to exeited
states of the respective atotns and state selective detection schemes were employed. [7.6]

Ylhese are Feldmann s study of Lim. C7 0 and P~ ousing an optical parametric oscitlator [R. 9] and
Lykke of al’s investigation of H™ based on an F-center laser [10].






Chapter 2

Theory of Atomic Negative Ions

2.1 A semi-classical negative ion model

A quahitative understanding of the existence of atomic negative ons can be gained
from scmi-classical considerations, Tnoa crade modell the atom may be viewed as
composed of a mielens with positive charee Z snrronnded Hhy a spherically syt rie
cloud of clectrons of equal negative charee. Such an atom has a net charge of zero
and no permanent electrostatic multipole moments, bhat it will have 4 non-vanishing
polavizability. oo Heneeoa free electron would indnee i dipole moment of maenitude
P~ ol in the atom, where s the magnitnde of the electron’s electrie tield a
the position ol the atome £~ Loess Due to this induced dipole potential, &~
P ~ca/rt s the electron would experience i weak attraction by the atom resulting
i a positive binding energy and thus @ stable negative ton, Of course. as this simple
negative ion modelis based on classical monopole-dipole interactions. it is only valid in
the classical ot Les at large distances. At short distances, where the extra electron
begins to penetrate the atom’s electron eloud. the guantum-mechanical nature of the
svstem can no longer be neglected, A quantitative negative ion model therefore has

to consider the (correlated) motion of the Z+1 electrons simultancousty, as discussed



hefow. However, some characteristic negative 1on features can be understood on the
hasis of the present model. The quantnme-mechianieal treatment of o particle honnd
by oo bor potential shows that an mdinite nnmber of hound states oniy exists in the
cases o= | and 20 Shorter rineed potentials siuch as the indueed-dipole porential
too= b support ondya finite muomber of bonnd states: o particular. there is no series
of hound stares convervine towards the continmum, the onset of free particle states,
Henee, the cross <ection tor necative ion photodetachiment st he zera pust helow
llll'('.\ll(ll(l ;l!ltl ‘.lll'lllt'l'lllul‘(‘ nl)('\'\ III(‘ \\”l‘_’lll'l' (lll"‘.\llultl lil\\'. s (li\('ll,\\( (l i|1 (lﬂlilil ill

Sec, 201

2.2  Quantum mechanics of atomic systems

A quantitative model of atomic svstems. including neeative 1ons. s provided within
the framework of nonrelativistic quantnm mechanies.” Hereo particles sneh as elee
trons are deseribed as waves and the dyvnamie evolution of @ partienlar svstem s

determined by the Scehrodinger equation,
: ,‘) :
HWiN = b =W N (2
(I

which is shown here in coordinate representation with N standing tor a tudl set of
svstent coordinates, W denotes the wave function of the svstem and the Hamilton
operator [ represents its total energy. For an atom or ion consisting of N electrons

and a nuclens with charge Z the Hamiltonian is given by

o2 N 2 .

ne : N e ‘ -
=g sy | g = e |+ (22)

2o, S\ 2w r = Ny | =

"Ounly a brief sumimary of the most relevant coneepts of quantum mechamies shall be given here,

The reader should refer 1o standard text books on quantum niechanies or atomic physies for Jdetails,
e Refs (12,130 14).
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where the subseripts noand o0 of the momenta g and position coordinates 7 stand

for “nnelens” and “i-th electron” respeetively (1270 A this Hamiltonman has no explici

time dependence.

‘U(ITI.....I?\./. = I“HTI.....IT\ e

2.3
1~ acsobuion of the time dependent Schrodineer equation (2 0000 0 is acsobition of the

e ilulvln'lltlt‘lll Schradineer r'(|lmliull.
Hloece ooy = Fear oo, 2.0

Henee, the possible states of the svstem are eiven by the cleenstates of the Hhamilton
operator 1227 with enerey cigenvalues [0 However, solvine this cieenvalue problem.

re.dinconalizing the Hamilton operator remains a ereat challenee.
2.2.1 Omne-electron systems

.\Hill)’li(' solutions of [‘:q. (20 are ulll_\' |)u.\.\il>|<‘ for one clectron Systenns tN=1
. 2200 namely atomie ivdrogen and hydrogenic tons, I this case the most prob-
lematic ternn in the Hamiltonian ¢2.2). the dielectronic nteraction term which rep-
resents the mutual repulsion of pairs of clectrons. does not exist. and the remaining
terms can be sitplitied by soing over to spherical centre-of mass coordinates. The
Hamiltonian then reduces to that of @ point particle ina radially svinmetrie poten-

ttal for which the angular momentum operator 1= 7 commtes with /{0 The

elgenstates of /1 are then of the form

R ‘:)u.(r) . -
l-'(’f) - _._1___¥[.m((‘)":' . (-)-'”

,.
where the spherical harmonies Yy, (0. 2) are the eigenstates of the angular momentum

operators 7 and L (with eigenvalues (U + D and mh vespectively) and where the
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radial wave funetions o, or which are basically eeneralized Laguerre polvnomials,
are solutions of the radial Schirodinger equation
)

IS E Il o+ e ! ,
(— - - —_— ) O e =k e R

2y RITIE r

[t i~ important to note that even the radial motion of the clectron i~ wlfecred by s
ancular momentuine which appears iere i the formof a repudsive centritnead porential
ol b7 2t The thieee quantn mnnbers ! - 20 < L faand i arve traditionally
used Gand are sutheienty to identify the spatial state of @ one-clectron atomie svstem.”

A state s labetled ol where Jetters are used for e, .w./'.l/. /.-,‘l./l. Lotoroe

and numbers for for o and roocalthoneh e s most often omitted .
2.2.2 Electron spin

I lectrons Possess il additional. |;lll‘l"\ nrnesic property, the so-called \|)ill ~owhieh
obevs the commmtation relations of an anenlar momentim operator. \ riearons
theoretical treatment of the electron <pin has 1o take the ofully relativistien Dirae
equation rather than the non-relativistic Schrodinger eqnation as its starting point.
Vhe algebra of the Dirae equation is fairly involved. but in the weakly relativistie
case the equation can be expanded 1o vield the Sehrodinger eqnation with correetion

terms in the Hamiltonian (120 The lowest-order terms are a relativistic correction

term to the kinetie energye the so-catled Darwin teein, and the spin-orbir rerm

| LV iirm -
M, = —— e ———] . 3. (2.7
[ Inted o dr

The contributions of the spin-orbit interaction. which is magnetic in nature. and of

the other correction terms are usually small and can therefore he calenlated with

""Fhe use of the principal quantum number n’ = 2n + { instead of the radial (or nodal) quantum
number nis advantageous, as the epergy cigenvalues are then only dependent on n',
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perturbative methods after the cigenstates of the non-relativistic Hamiltonian (2.2

are found.

2.2.3 Many-electron systes

e to the presence of the dielectronie interaction termoan g 0220 the elgenstates
ol iy clectron systems can only he fotnd with nnnerical methiods invoivinge cet

taine approximations. Most common is the independent particle approsination which
constders cach electron as moving il|t11'[)('lltlt'll1l_\ i the attractive Coulomb field of
the nuelens and the repulsive tadial mcan tield due to the averace chiaree distribn

nion constituted by the other electrons. This mean-hicld approach is the lowest-order
approximation to clectron interactions and does nor take acconnt o residial two
body interactions (1210 However, the NVeeleetron Hamibtonian 12.20 15 now redneed
to N coupled one-clectron Hamiltonians whose cigenstates can bhe tound with an b

erative method developed by Hartreeo The wave fanetion of the V-electron svsten
ix therefore given as a direet product of one-clectron wave funetions which are st
lar to hvdrogenic wave functions, An N -clectron state is consequentlyv denoted as

configuration of one-clectron states te.e, 122-2p" for the ground <tate of oxveen).
Pauli principle and angular momentum coupling

The Hartree method is very successtul in predicting the energetic order of different
confignrations. i.e. the shell and subshell stracture of atoms, hut it cannot calenlate
the next level of substructnre, the so-called terms. as the electron spin and the an-
anlar part of the spatial wave function are ignored. Flectrons are fermions and as
such obey the Pauli principle which states that the total wave function of a svstem
consisting of fermions must be antisvmmetric with respect to an exchange of any

two electrons. Hence, within the independent particle model the V-electron svstem
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shondd he represented as a properly antisvinmetrized divect prodinet of one-electron
wave functions inchiding the spin and aneular parts (Such a representation has the
alechrate form of a Slater determinant), Fhis is the tmportant moditication of the
Hartree method leading 1o the Hartree-Fock method. However, the effects of in-
chndine anenlar momentum and <pin Ve antisvimetric wave fnnetions can also he
_— . : o . - :
nnderstood qualitatively 1 one electron spin orbit interactions g, 270 are tenored

the total orbital anenlar momentum and the total <pin,

\ \
[ =S"1 . 8§ N0 VN
r=1 =y

provide good quantum munbers. Loand N respectivelv, A sinuele contiguration iy
then give vise 1o several termis, denoted as <> depending on how the individial
anaular momenta and spins couple together. The enereetic arder of ditferent terms
i~ expressedn Huand's raless OF adl terms beloneine 1o one conticnration those with
the Targest value of S cor largest mnltiplicite 25 = 1 are lowest in cnerev, and of
the terms with the same multiplicity the terme with the Lgest valne of £ois the
energetically Towest {12]. This energetic order ix a result of the so-called exchange
interaction which in turn originates from antisvinmetrisation. For example, maxinmm
S means parallel individaal spins and @ svimmetrie spin wave fuuction. The <patial
wave function must then be antisvimetrie, which gives rise to an increased average
separation between electrons, which in turn lowers the electrostatic repulsion. Henee,
the forees behind the exchange interaction and the formation of £ and S are primarily
clectrostatic in nature and are in most cases much stronger than the (magnetic) spin-
orbit interaction [13]. The effect of the N individual spin-orbit interaction terms
(which are ol the form shown in Fq. (2.7)) can then be treated approximately by

considering only the coupling between L and S (through an interaction term similar

—
[}

to kg 2.7) resulting in a total momentum J = L + 5. As a result of this so-called
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LS-coupling” a =37V vern will split ap into of = N = L = ST+ 1 fine-<structure levels
ditfering in their vadne for  and Labelled as <7000 Facl dine structure level finally

consists of 2 4+ 1 states which are degenerate in the absence of external fields and

are labelled with the quantum muomber V¢

Electron correlations

Fhe gqruantam mechanical vy electron model presented <o fur s very siecesstal
calenlating wronnd states as well as sinely excited states of atoms and positive jons,
but e fails o the case of negative tons. This is due to the fact that necative jons
owe their stability Lareely 1o electron correlations, oo the residual two-hody imterac:
tions between electrons, that are tenored in the independent-particle approximation.
Henceoa negative won gquantum state is not well deserihed hyasinele electron contie-
nration tor a sinele Stater determinant )y, Itomav, however, he represented as o linear

cotubination of ditferent confignrations cwith the same valnes for the cood quantum

numbersi. since the (one-clectron) Slater determinants form a l'ulll[)h'l(' hasts et of

the full Hithert space of an N-electron atomic system (1210 Heneeo the problem of

imehnding electron correlations reduces to the task of linding the correet coeflicients
in this lincar combination of confivurations. Fhis can be done with the mualticontivu-
ration Hartree-Fock method (¢ MCHE ) where a snbset of configurations 1s chosen il
where the coetlicients and one-electron wave functions arve optimized simultanconsly
through variational methods. Alternativelyv, diagonalization of the Hamiltonian (2.2)
with respect to a sufliciently large basis set of conligurations may also provide acen-

rate energy eigenvalues and states. This approach is called conliguration interaction

"The LS-coupling approximation breaks down for atoniie systems with large Z for which other
coupling schemes such as jj-coupling may be o more appropriate deseription.

PAnalogousiy, if a nuclear spin [ s present. it will couple weakly to J resulting in a total mo-
mentum F = J + [ and a hyperfine splitting of each line strueture level J.
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2.3 Interaction between atomic systems and light

Iy the classical theory of clectromagnetisin a radiation lield is represented by a vector

lmlt‘lll'ml A which solves the wave equation

TR

g 0
[ (l/'

U RN
and which relates to the electrie and maenetic field throngh the equations
Y = N 2

where the Coulomb gange s assumed. The plane wave solutions for 4 are of the form

-

Wit = i.r’”':"“' 12

with 4 L= 0 for transversality. The electromagnetic field is then introduced into
the Hamiltonian of a svstem of chareed particles by replacine the individual particle
motnenta g, with g, u/w"l,ﬂ Footy Performine this replacement on the Hannlronian
of an Neclectron atomic svatem 2220 and dropping terms guadratic i Awill viekd

the orteinal Hamibronian plus an interaction term

¢ Mo
Hy=—=—>" A7 p . (202

e =1
Before the effect of 11 on the atomic svstem can be evalnated quantitatively, the
classical veetor potential v must be converted into a quantum mechanical operator.
This requires quantization of the radiation field which is the subject of the theory of

quantum electrodynamics. Only the result shall be given here:

- j /) oo
A(F ) (-1v‘k\/~r,~rk(f“*"v"~” . (2.13)

TExamples for electron aflinity caleulations with these two methods are given in See E3.
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Here Tois the polarization vector of photons with wave veetor b aned the factor [
cquals | ne+ 1 and B in emission and alworption: respectivelys where nyis the
mumber photons with wave vector I i a volume |

Now. i the contribution of [, s small e if the interaction between atom and
lieht field i< weak the dynamie evolution of the artomie svstem due to the presence
of s well deserihed In lillh‘—tl('pt‘lltl('ll! |n'|'|lil'|);lliul| thearyve Tnothis fraomework
irst order effects are evaduated with Fermi's Golden Rnde.

-
I" L= —7’-» !_'lf'!//l‘llﬁ ‘-/)/ . |_’l 1]

which aives the probability per unit thime for o transition between the cunpertirbedy

states o and o caused by a perturbing operator /o where peois the density of final

states,

[norder to evaluate this equation it s advantaceons to expand the exponential
term in the expression for /1y into a power series of A« expeedh 7)o b=k -

T -

(h- @t = L For optical tramsitions in atoms waveleneths o~ 1 Ay are mneh laveer

than atomic dimensions (~ ) and the so-called dipole approximation. expth -/ x|,

~

i valid, Using the commmtator identity p0o~x =07 07 the matris element

i

et o i equation €201 s then found 1o be
ox -
’\‘:)fillllf.'),‘> = l[;\\/ — I — /'.l, |7 ".'lfi/)l«.‘),\ . (2.1
: ' hoel '

where the energy ditference between initial and final states Fy = £ must equal the

photon energy he. and where

—

D=—) F (2161

=1

"An operator deseribing the interaction between an atomie systen and a radiation field quste be
the product of two terms, one operating on the atomie wave function. the other operating on the
wave function of the quantized field. In the expression given here, the latter operation hias already
been carried out. The tield operator is a one-photon creation (etnission) or annihilation (absorption)
operator, henee the factors g + 1 and Vg respectively,
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denotes the electrie t]i[m](' operator, With these t'qll;niun.\' and an ;||)pl‘n|il‘i;ll(' chotee

. \‘- Py . e ..

for py (el pdt) = IT.—T“/Qi the probability for specific transition processes sueh as
spontancons emission. stinntlated emission. or absorption are casily derived. For ex-
ample, the probabiliny for spontancons emission G any divection Q and with arbitrary

polarization 710 the so-called Finstein 4 coefticientis found 1o he

f

l*.

Ve oo - i
h :;/il"

I /)‘4; -'~ |‘_’.l|-'

where the subseript B stands for selectere dipole™ 120 Similarly most eleereie dipole
~election rales which are sunmmmarized o Table 2000 are castly derived from the fan
damental properties of the operator: ) has odd partty. lience the two atomie states
ntst be ol opposite parity: 1 can be expressed as o rank 1 tensor operator in spliert

cal coordinates to which the Wigner Fekart theorem applies, henee the selection rules
revarding Joand My 131

In cases where clectrie dipole transitions are forbidden, hieher order terins
in the expansion of the interaction term Iy become velevant. The derivation of the
resultiitg operators s more involved than o the electric dipole case. The matry
clement of the fiest order term can he transtormed into a s of matris clements of
the magnetic dipole and electrie quadrupole operators.

\
=gl +25) 0 Q==Y S Br e -8, 5 (2N
=1

o

respectivelyve which are vector (ies rank-1 tensor) and rank-2 tensor operators re-
spectively (1, and o denote cartesian components of A, Expressions for transition
probabilities are again derived utilizing Fermi's Golden Rule. For example. the prob-
abilities for spontancous emission via magnetic dipole (M) and eleetrie quadrupole
(12) transitions are

t w‘:$ » l «.'-‘
A = ——_l % —“('( S oAy = — — ('(\‘ : . 2.1
ML ..””',,|<)f|/119>l £2 !)()/u"‘l< 1 1Ql) ] (2.14)
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respectively [HIL s for 1 transitions most selection rules for M1 and 2 transitions.
which are given i Table 201 are casily derived from the tindamental propertios of
the respective operators. Finallv, hased on Fags<o 02070 and 12,19 order-of-maenitude
estimates for relative transition probabilities can be derived: Ay, 4y ~ 1077 and
A Uy~ 107 s Heneed NI and B2 rransitions are of comparable strenuth,
but hoth are stennficantly weaker than Fitensitions, Optical atomie transitions die
to heher novipole motments oNE20 S0 cvenwhiel acise il even hieher terms o the
expansion ol My are considered. would he several arders of maenitude weaker than
MU and E2 transitions and are almost™ impossible to observe,

The phulullﬁllulll iteractions deseribed ‘)) Iy are u||¢‘-|)|lnlull pProcesses,
Iransition probabilities derived on the hasis ol fivst order perturhbation theory o200 b
therefore always refer to single-photon transitions. Multiphoton transition probabili-
ties ave obtained if the heher- order terms i the time-dependent perturbation series
are evalnated. This task s rather involved. o onlv the result most relevant 1o the
present work, the probabiliny for a stimulated two-color (e <01 two-photon transition
<hall be given here [17]:

)
— — |-

Vo, oo, iy - Do, cod T o o T /)‘\v,'), |
FU DR S |

, o= = heey w0 B b, = hey w1l 2

(r, + 12

N A (2.20)
‘I','r*‘l'.,—..'l—w';"+(|!+'l‘fb"‘

Hereo I denotes the nataral width of a state, and the suunmation goes over all possible
intermediate states o, For two-photon transitions in negative jons intermediate
states would he primarily continmwm states, With the convention that o, is positive
il a photon is absorbed and negative if it is emitted. equation (2.20) may represent

two-photon absorption. stimulated emission. as well as Raman processes. The most

"lhe first successful observations of atomie octupole transitions were only recently reported [16].
However, multipole transitions play an unportant role in nuelear physies [15].
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mportant selection rales for two-photon transitions are listed in Table 201,

Lable 2.1 Selection rules for radiative transitions in atoms  twith anpolarized
lichoy (HEAT] The rades for 0 My oand parity apply rigoronsive the other rules apply
onlyv i the atomie system is well deseribed by acsinele conticuration and LS coupline.

l\rlll(‘ i Hlll‘»[)||(;(nll I\\'U-I;)lAmlull
11 A\ } (B
AJ - 0. -1 0. +1 IR ST TR TS
Y RS L e U ) s Ui e 2 e |20 e oy e
AV, = 0. =1 0. +1 ., =1, 2 0, =l 2
Parity change 0 Yes No No No
Flectron jumps I (0 0.1 0.1.2
AVEES + | 0 0, =2 =2
AL = 0. ¢l 0 0.« 1.2 BNV I
ll, o [,I} ) s O ) e ) o+ |1 10 e 1
AV, = 0. =1 ) 0, =l =2 o=l 2
AN = L0 0 0 0

2.4 Photodetachment thresholds

At analvtic expression for the photodetachment cross section” close to threshold
may be obtained from Fermi's Golden Rule {Fq. 2,110, Due to the absence of a
converging Rvdberg series of states the tinal state density is zero below threshold and

the transition probability vanishes. The density of continuum states above threshold

Ttn absorption the transition probability P depends on the photon density poand thus oo the
hoton flux @ = pe. Therefore, the cross section @ = £/ 15 a more appropriate quantity to
! / / pproj | A
characterize absorption.



Pheory of Mtowe Negatiee Tons

i= given by the free-clectron density of states pobydie db where b denotes the
maenitiude of the free-electron wave vector. With £ A and pohadh = polhd Il
this gives il 1~y T the state (lt‘|1>il)' as a fnction of the elerey above threshold.
I = II 4o T l'-‘r/'.rr»-/‘. dfe

Close to threshold £ s <tnallaned Tence the final state wavelenetl od 1y £
i~ taree compared to the extent of the nitial chonndy stare wave Tunetions Npart from
a normalization factor Nof ol the inal ~tate wanve fnnerion, the matrs element
Fo. 20 hs then only weakly dependent on B and may he expanded into aseries of

. Henee the photodetachiment eross section close to threshold nay be written as
TN ENTE L Ok 1220

Lhe factor NeE i derived on the hasis thar tinal state iteractions hetween the
detached electron and the atomie core must vanish cat feastrassvinptotieathy as ther
separation increases. o other words. normalization is achieved by demanding that the
final state wane finction approaches a free electron wave funetion at Tavee distances,
Fhe longest range interaction between detached electron and atomic care s therefore
responsible for the leading termm the expression tor Nl

In atomic negative jon detachiment the longest-range interactions are given
by the repalsive centrifugal potential, 18+ DA7 200 which the detached electron
feels if it carries £ units of angular momentum with respect 1o the atomic core. In
this case. the leading term in the expression for NOE) is found 1o be £ Tnserting

this result in Fq. (2.21) and dropping higher order terms tinally vields

g~ i (2.22)

for the photodetachment cross section at threshold. as tirst derived by Wigner {18].

Fq. (2.22) is plotted in Fig. 2.1 for [ = 0.1.2. i.e. for detachment into s-. p-. and
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d-wave continma, respectively. As can be seen. the onset of an s-wave threshiold is
sharp and sudden tintinite derivativey whereas the onset ol powave and higher order

thresholds s smooth and <low 1zero derivativer, This result is casilv understood

qualitatively: While the sawave cross section is solely determined by the densiny of
states available 1o the free clectron il [ENTEN \ v the cross ~ection for detachment

illlu/ = .20 vom inH;l ill\n inrlll(h-\ | h«' l)rulml)ilil\ l.ul' 1||1‘1‘l¢‘(‘1 roy to l|lllllt‘| !‘ll‘n!lull

the centrifneal barrier: This probability i zero for £ 0 where the harvier is intinireh

wide and inercases onlv Slowlv with mmercasing encray £

S wave

e

/
) v

; / -

[

O. — - - -

— e

Photodetachment cross section larb umts]

Fthrushold )
Photon energy [arb. units]

Figure 2.1: Schematic diagram of the cross section for photodetachment it -, p-.
and d-wave continua,

The approximations made in the derivation of the Wigner threshold law
(P 2.22) restrict its validity to the region very close to threshold, A quantitative

analysis of the cross section higher above threshold requires the inelusion of higher-



Pheory of Vtowie Negalive Jons

order terms. Auanalvtie expression for the tirst order ternin Fq 22000 OCF ). was
recently derived by Farleyv TH9]0 Farliers O Malley had obtained the leadine correetion
term in the expression for Vot by inelnding the effecr of the indueed dipole poten
tal (o ey i the normalization of the final state wave funetion 200 This term s

particnlarly relevant it the polarizability o of the atomic core is laroc.

2.5 Multiple detachment thresholds

For any particular negative ton more than one photodetachment channel may e
present due to the existence of different electronie contignrations. terms, or fine strice
ture levels i either the ton or the atom. The relative streneths of ditferent detachmen
chianuels at threshold vary <ienihicanthy dependine on the staristical wetelins of the
cHerey levels nvolved and also the ceometrice prropert ies of the l‘t‘\])«‘("i‘.v aneilar
wavefunetions. For an tonie electron conficnration with oely one open shell the i
tensity for photodetachment from an ionie <7 rerm to an atomic =Y e s
given hy
X3

FLSOLSY o SLUSTLRE ST D 2, 12,23

R

Heveo g is the number of elecirons i the open shell of the fone SL{NLRE s the
fractional parentage coetlicient (see coes Reft 130 for the decomposition of the ionie
S term into an atomic 2L term and an eleetron. and DI s the redueed
matrix element of the electrie dipole operator for the photodetachiment of 4 bound
[-electron into the 2/ continuum (21, 221 This 250 20 Bhotodetachment
transition is further composed of up to (25 4+ 125" 4+ 1) fine structure transitions,

fn the case that the spin-orbit coupling of the clectrons can be approximated by



[.N-coupline. the refative intensity of a hne straeture transition J — ' is eiven by
LR,
led. 0y~ Z LR NTRLN R RTRLN LS
pli= 12
S LY .
[ | 1 ~ iy

S exXD

L

where fand podenote arbital and total aneular thomentnm ol the bhound electron

/"'l'

—
— -
———

i~ to he detached, o Note that the aneadar momentan 7 ol the detachied electron.
which determines the shape ol the thiresholdy s nor velevant hieresy The propertios of

the 9 svimbol i B o220 determine the selection mles for photodetachment:

AN = N L AT e

Fhe Boltzmann factor expe=Foy D i g 0220 aeconnts for a thermal pop:
nfation of the ditfferent jonie enerey levels and mast heinchided nndess the level
splittines are mnch smaller than A7 where T is the effective jon souree temperature
rsee Secs 3o I ean be evaluated from Fgo 222008 1t is possible to experimentally
determine two line strocture thresholds for a given touie term, I the relative inten
sities of more than two thresholds are micasured. @ comparison with the theoretical
predictions of Fa. 1220 will indicate the validity of the LS-coupling approximation

for the particular jon,
2.6 Photodetachment in static electric fields

is altered, This phenomenon has been discussed in the literature for both s-wave [23)
and p-wave thresholds [21]. However sinee the effeet is more pronounced for s-wave
thiresholds and since the theoretical description of the p-wave case is complicated due

to the anisotropy of p-wave detachment. only the s-wave case shall be considered
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herelT In this cases an accurate quantitative deseription ol the phenomenon can he
obtained fromy a very simple modell Tu this model the extra electron s bonnd
short ranee potential tapproximated by a S-functiont to which the sloping potential
of a constant clectrie field i added. Heneeo for photon enereies helow the zero-field
threshold there now exists a linite probability for electron detaeliment throneh tane
neline, For photon enereies above the zero ekl thresholds on the orher hand, an
imterference ocenrs hetween the free electron wave packet< that tranvel e the down
ward direction of the potential ill and those tha iniviallyv travel upward and are then
reflected. This interference aives rise to an oscillatory madulation of the eross ~section
as a function of cneray,

Auanalvtie expression for the modified cross section may asain be obtained

from an inteeral version of Fermi's golden vude oFq. 201 e
P /,«.‘,m W o 8CE = E g E e (226

which allows the nse of a convenient representation for the final states Inothe present
case, the final stare coaab o Fao 22260 0s the wave function of o free electron i a

static electrie field which, in cartestan coordinates. is proportional to

S costhrreosth g Nic == (

where Abix the Airy funetion and =+ s defined by~ = 00 = oo P2 b)Y with
I as the electrie tield strength and ¢, as the eleetron’s Kinetic energy in the divection
of the field [23]. Close to threshold the final state wavelength is large compared to
the extent of the initial state. Within this limit the term Hylo,) i g (22260 may

be approximated with the o-function. fLeo Hpolr oy 2) x Steidyid( o). which leads

tA consideration of statie field effects was originally not intended, but beeame necessary i the
analysis of some high-resolution s-wave thresholds due to the presence of weak stray ficlds in the
laser-ion interaction region.

-
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Finallv, Fen 022260 st be intearated over all

])us.\'il)lv valnes of ¢ estfrom =~ to [ = /, e =B vielding

7 \/ Nitl=~te,0z = 0ide, (2.2N)

for the photodetachment eross section in the presence of a statie electric field.



Chapter 3

Experimental Setup

Fieo 3.0 eives a schematic overview of the experiinental apparatus that wis used inthe

photodetachment stadies described i this thesis, The setup consists of a necative jon

heanm apparatus and an infraved laser sonree arranged ina crossed hean ceometry,

[he beam apparatus is comprised of a cesiim sputter sonree. a hendine magnet. an

mteraction chamber. and detection electronies, The infrared Taser souree ineludes a

N YAG faser. o dve Taser. and varions optical components for wanvelength conversion
. bl

and tHiterine,

3.1 The ion beam apparatus

e ton sonree is a home-built version of the high-intensity cesium sputter souree
tlt'\'(‘ln[)('(l l»}' Middleton. The pl‘il)('il)h‘uf operation of this type ol negative 1on source
is deseribed in detail elsewhere (26]0 In briefl a continnons low of cesium vapor is
admitted into the evacuated (pressure < 107 mbar) source chamber where some of
the cesinm atoms condense on the cooled surface of the sputter target while others
are tonized by a heared tantalum cotl. The target 1s negatively biased with respect

to the jonizer such that the Cs*ojons are accelerated and electrostatically focnsed
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Fioure 3000 Schematie diagram of the experimental setip. See test for details,

onto the target, The coestim laver on the tareet reduces the effective work tunetion
of the sputter surface and thereby greatly enhances the probability that an aton tor
moleanler of the target material picks up an extra clectron as it s sputtered from the
surface. Onee formed. the negative 1ons are aceelerated throneh the jonizer and a
subsequent extraction anode. Typical voltage settines in the experiments deseribed
here were F RV for the target bias and 10 KV tor the extraction anode. The extracted
o beam s collimated with the aid of an electrostatic Finzel-lens inot shown i
Fre. 3.0 and then magnetically detlected thironeh 307, The magnet is operated at
ields of < 0.52 T which enables a reasonable mass separation of the various jon
heam components (AM/M = 577). Since cesium sputter sources operate with solid
targets the beam composition can indeed he manifold. Tnaddition to atomic negative
ons. the jons of diters and trimers are often present. as well as the jons of oxides

and various compounds which result from target impurities or from reactions of the
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tareet with the backeround gas of the sonree. Incases where the masses of atomic and
molecular wns cannot he separated. the problem is often adleviated by the faer th
most profific molecnlar ions are 1oo ~stronely bound 1o he photodetached by infrared
Hohr 1277

While the vartous source parameters are cenerally optimized 1o vield maxi
i heam enrrents of the on species of interest stidies of tons with honnd exeited

“tates also have 1o bhe concerned with the fractional popnlation of the ditferent tonie

levels, The temperature of the sputter area gives rise to o Boltziann population of
i o]

the tonie eneray fevels: based on the assimption that the necative ons are able 1o
thermalize hetore I(‘u\'illu the \|)lll1<‘l' sirface. This temperatnre <honld ~|t‘|)('ll(| On
the enerey and enrrent of the sputter beam: 260 bt also o the size of the sputter
arci, he fatter can be easily varied by moving the tareet hack or forth, Tt was fonnd
that this has onlv a small effect on the total beam current bt o <stanilicant effect on
the population of excited on levels: s expected. liree excited level populations are
obtained with the sputter target on focns, whercas the excited ion heanm cnrrents are
up to two orders of magnitude simaller with the tareet off focus, These tests indicate
a range of 300 1500 K for the elfective temperatire of the spiutter sonree .

Negative tons from a keV ion beam are casilyv detached in collisions with rest
gas molecules: hienee the backeround signal in @ measurement off photodetachment
events strongly depends on the collisional detachiment rate. As this rate is propor-
tional to the rest gas pressure, the photon-ion interaction is carried ont inan ultrahich
vacunm (UHV) chamber at pressnres of less than 107" mbar. The jon beam ix fod
into the interaction chamber through a ditferential pressure tube. Although the trans-
mitted beam current is typically reduced by a factor of two to five, the reduction in

rest gas pressure of over two orders of magnitude still warrants a significant net im-



provement in the sienal-to-hackeround ratio. In the UHV chiamber the jon bheam is
deflected throngh 107 by o pair of electrostatie delection plates which removes any
neutral particles from the hean and brings the heam on axis with the detector, The
ot beam then passes through the interaction region where it s erossed at 90 by
i [)lll.\'('(l laser heam. .\ second |).|il‘ of clectrostatio detlection [ll«'lll'\ locarted hehind
the interaction reaion deflects the residnal fon bean into o Faradas cnp. while ne
tral particles that were produced i the phoron fon interaction remain anatfected ad
finadly tmpinee on the open cathode of a diserete-dvnode clectron mndtiphier. 1 he
stenal from the electron mudtiplicr is passed throueh o fast preamplifier 1o minimize
clectronic noise and s then fed into o cated integrator and hoxcar averasger. The sate
is typically <set to 30 ns which provides a sutficiently Laree window for the deteetion
ol all photodetachment events resnlting from o =N ns aser pulsesand at the <ame
time facilitates a substantial suppression of the collisional backaronnd connt. down
to ~0.1 events for a tvpieal beam current of 100 0\ The data acquisition window
15 defaved by 12 s relative 1o the Taser pulse in order 1o accomodate the fheht time
of the ])llnlmlt‘lm‘h('(l nent ral Imrli(‘l(‘\‘ from the interaction region to the detector,
[he time-of-tlicht ditfference hetween species of <lighthv ditferent mass in fact enables
a factor of two improvement in mass separation (Y = 2000 0 narrow gates and
a tightly collimated tor focused) Taser heam are used. In the experiments deseribed
here the nnmber of photodetachiment events per pulse was nsually larger than one.
which is the reason the data acquisition was conducted via analog signal integration
rather than digital pulse connting. Consequently. special care had to he taken that
the eleetron multiplier would operate in a lincar regime. The data are finally read

from the boxcar averager by a personal computer for further processing,

"in experiments with a collimated laser beam the minimun gate width s dietated by the ion
transfer time through the laser beam. which is of the order of a few tens of nanoseconds,
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3.2 The infrared laser source

Flie generation of tunable infrarved Leht is hased on o NdE YA tncod vy ttrinm:
alnminm-earnet ) laser.a Lumonies YNISOO. The Laser is operated with a (-switched
cavity, Lesina pulsed mode with a 10 Hz vepetivion raves 1 is optimized 1o provide
s ontnnt s V2 o vhe secand heornonie G rhe Tndiment DY VO v
feroth, with np to 100 e of enerey g 2N s [Pll!\l‘. [he plse eneray s stabiliced
avatnst temperature defts by poreine the Liser honsine with cool nitrogen vas. The
D32 1 Laser palse s used o pamp o Lamonies D300 dve faser. This Taser 1S op
erated with o IS00 Boes i eratine racher than the more commmon 2400 fines
erating i order to enable tinability over the 680 950 o ranee. For this taning
vanee the spectral handwidth of the Taser ranees from 0.1 1o 0.06 cin -t Neenrate dve
faser wavelenuth calibrations are rontinely !)«‘l'f&)l‘lllt'(l with a hollow cathode discharoe
lamp tsee Sees 3082 helow .

Fhe dyve faser s optimized to achieve maxinunn pulse enereies which results
i somewhat reduced qualiny of the spatial pulse protiles Tvpical pulse encraies are
S0 ) at 00 nmcand 25t at 950 oy Phe associated peak powers of ~ 107 W oare
sutficient to achieve frequeney conversion throneh the non-lincar optical properties
of various media. In the present cases conversion ol the dyve laser pulses farther into
the infrared was tested with two different methods. difference-frequeneyv-mising in
non-lincar optical ervstals, and stimudated Raman scartering in a single-pass high-
pressure hvdrogen cell, The latter approach was finally chosen as it provides a broader
infrared tuning range with a simpler and less delicate optical <etup. A 120 en long.
S diameter cell is used. filled with Hy at a pressure of =22 bar. Good conversion
of the dye laser pulse into first Stokes radiation (with quantum etliciencies of up to

109 is achieved by focusing the =3 mm diameter beam into the center of the cell.

24
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A Galilean telescope ¢ fi=-5 e fo=10 cimy with an effective focal Teneth of 290 em
was ntilized for this purpose. s stimnbated Raman scattering is o coherent optical
process. spatial. spectral. aud temporal properties of thie dve faser pilse are generally
adopted by thie first Stokes pulse twith allowanee tor the nonlinear aspectsis For a
measnred coll pressure of 22000 bar a Raman <shift of HI3INT00 e 7 is expected”
hised onacenrate studies of the pressure dependence of the fnndamental Raman
Band fo H,o 2970 T addition. for fivst Stokes wavelenaths <horter thane FEW i the
optocalvanic Lanp conld be used for o divect calibration of the Raman shifred lieht.
Uhis vielded a shift of 11350970200 e ' excellent aereement with the fiveratare
vidne, The dve laser tuning range of 650950 mn translates into a0 9500 1650 nm
tuning range for the first Stokes Heht, althoneh the nse of different dves is required
for ditferent regions of the tanine ranee. This s dlustrated o e 302 which shows

prlse enerey curves for the ditferent dyves and their tirst and second Stokes conversions,

Conversion to seeond Stokes radiation hecomes necessary whenever tunabil-
ity bevond 1630 nm is required. Raman scattering o the tirst Stokes radiation. 1.e.
stequental stinlated Raman scattering would appear 1o he the most likely process
for the eencration of second Stokes radiation. However. the sequential scattering pro-
cess has to compete against another non-lincar process. namely parametrie four-wave
mixing. where the nonlinear susceptibility A9 of the medinm acts as the mixing pa-
rameter. Parametrie four-wave mixing exhibits a somewhat different intensity and
wavelength dependence than stimulated Raman scattering. s a result. it has been

shown that Raman cells of sophisticated design are capable of suppressing the para-

"Wive mumbers, em ™' are the energy units traditionally used in spectroscopy. whereas it oas
customary to give jonic binding energies and electron aflinities i clectron volts, eV where 1oV =
8065 5410(21) em™! 28]
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metrie process or at least some of 1t nndesired properties. Such cellsare Herriott pe
multi-pass cells with refocusing ceometry 130] or sinale pass colls with capillary con
finement of the foensed laser heam 31 Both these designs relv ona sianifican
extension of the foensed path lenethe which cannot be achioved with a simple single-
pass cetll Henceo with the present setup sceond Stokes generation s 1o proceed
via parametrie fonr-wave mixing. Fhe disadvintages of this process are an inevitable
generation of varions anti-Stokes orders. a lower theoretically achievable conversion
efficiency. and the requirement of phase-matehing between the mixed waves, Despite
the small dispersion of H, gas. the phase-matching requirement noticeably affects the
spatial heam profiles: in contrast 1o the essentially Gaussian profiles of the dye laser
and first Stokes beams. the second Stokes and anti-Stokes heam profiles are donut-
shaped. with almost zero intensity at the center. Commensurate with its high order

of nonlinearity the four-wave mixing process is found to be strongly dependent on the

31
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laser prlse eneruy, the beam qualitv, and the foeusine eeometey, hut only moderately
dependent on the cell pressures inagreement with other studies 23200 For the 3 mm
diameter dve laser beam used herel hest resnlts are obtained with “solt loensing”,
namely a focal lenath aronnd 120 e and o focal position close to the exit window of
the cell The inereased path Teneth hefore the foens is helieved 1o enliance the aener
ation ul. first .\‘lnl\'t'\ |)|luln|l\ ln'['u!'t' Illv l.m'lh' i\ I‘«';u'll«‘tl. \\‘llit'll lh«'ll l't‘\llli\ .!Il o lnore
cllective seeding of the fonr wanve mining process 32 0 For adve Taser himme ranee of
650950 e a second Stokes wavelenath ranee of 1.6 5.2 00 is obtained as <hown in
Fieo 3220 Quantum conversion eficiencies of up to 2370 are realised at shorter wave
lenaths, which is only o factor of two Tess than the efficieney achieved with mnltipass
t't‘“.\ {:m‘;. .\l'llulli_{ll 1||(' CONVerston (‘Hi(‘i(‘lll')‘ (ll‘np\ Y.UI' lullul‘l' \\'il\'("(‘ll‘_‘lll\ Qtlu\\'ll 1o
200 at g it was still found to be sutlicient i most of the photodetachment <studies.

Farther Raman conversion, Le. the eeneration of third Stokes radiation s
expected to be rather nefficient ina single-pass cell. T faetowe fonnd no evidenee
for the presence of a third Stokes component in the Raman cell ontpurseven lor the
most eneregetie pulses at 680 o, Heneeo the use of Taser dves that operate in the near
ifrared rather than the visible regime is of great advantaee whenever o single-pass
cell s utilized.

Various combinations ol optical ilters are cimploved to eliminate the nnwanted
wavelength compouents from the Raman cell output, Tn experiments that reguire the
use of first Stokes radiation long-pass filters made from Schott glass are often sutli-
cient 1o remove the dve laser and anti-Stokes wavelengths, Two rectangular tilters are
nsed. tilted i opposite directions, and arranged at Brewster's angle. This minimises
rellection losses without introducing a lateral bheam displacement. [n cases where

the second Stokes wavelength falls within the transmission range of the glass filter,
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no further filtering is deemed necessary, as the presence of second Stokes radiation
should not atfect an experiment thar ases the first Stokes heam. Whenever dve Taser
waveleneths bevond SO0 nm or first Stokes radiation have to he <uppressed. pairs
of 15 dichroie mirrors are wtilized 1o attenate the nnwanted heam components by
2907 The finad filterine i< then achieved with o Brewster anale pane of scimieandne
tor plates: made fronn etther sthicon or cermaninm Inadl caseso o Cals dens with o
appropriate Tocal feneth s ased ro recollinare the Raman coll ontpon siel that the
destred wavelenath component wonld have a beam diamererof 305 o The infrared
laser heam os tinallv transmitted v Caly viewports throneh the interaction chiam
hero where it crosses the jon beany perpendicularive The alienment of the crossing
angle is crnctal bt biad to he carried ont ondy onee tas deserthed in Secs 3012 helow,
Fhis s a major advantave of using filters vather than dispersing prisins or aratines
as wavelenath seleetive components: the laser heam alicnment becomes wavelenath
independent. N pyroclectrie enerey meter located hehind the exit window i~ utilized
to monitor the enerey of the faser pulses. The eneray meter as well as the entire
infraved optics table are scaled off and purged with dey nitrogen sas.as infrared ab-
sorption bauds of atmospheric molecnles sueh as COLor HLO would otherwise fead

to a substantial laser heam attenuation.

3.3 Data acquisition

A region of interest in the photodetachment cross section of a negative ion is typically
ivestigated with a slow (20 30 min) dyve laser scan. Depending on the signal-to-
noise ratio, the scan procedure is repeated up to ten times, and individual scans are
summed. Poor signal-to-noise can be due to a large photodetachment hackgroundd.

small ion beam currents. and/or low infrared pulse energies. Beam current and pulse
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energy are alwavs recorded parallel 1o the neatral particle stenal and are arilized
to normalise the photodetachment data. Depending on the tvpe of dara ta-wave
thresholds. p-wave thresholds, or resonancesy different analvses and fitting procedures

are utilized. These methods are deseribed in Chapters 100 and 6 respectively.

3.4 Experimental uncertaintices

Statistical nneertaintios iniitted parianeters such as threshiold or resonanee position
naturallyv arise from <tatistical thietaations in the photodetachment davas Tncaddition.
the aceuraey of erossed heam photodetachment experiments s altimately fimated by
a nuinber ol factors <uehax the calibration uncertantyv, the kser bandwidth, Doppler
hroadening. and possible Doppler shifts or thermal wavelenath drift<s These varions
contribntions to the experimental uncertainty are deseribed inthis seetion. The
uncertainties of the final experimental results given i this thesis alwavs include the
varions <vstematic errors inaddition to the standard deviations obtained from the

nmumerical fits 1o the data.

3.4.1 Energy resolution

Fhe linite bandwidth of the infrared laser sonree t<0.08 em ™M gives rise to o pre
dominantly Lorentzian broadening ol all spectroscopic features. Doppler effects may
canse an additional Gaussian hroadening. For the crossed-heam setup used here the
angular divergence of the ion beam is the major source of Doppler broadening. Ge-
ometric considerations of the interaction chamber suggest that the beam divergenee
angle should not be more than 0.5, Tn the case of photodetachment with visible light
this angle may very well cause a Doppler broadening larger than the laser bandwidth.

but for a tvpical infrared photodetachment experiment (2 o light. 15 keV bheam en-
A | / !
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erav. atonnic mass of 607 a broadening of onlv 0.03 cin =" resulrs, Doppler broadening
die toa (thermaly tangential veloeity spread in the ion heam is even smaller and can
therefore he Il('g](‘i‘t('(l,

In principles the tinite interaction vime between the fast ion beam and the
pulsed Taser heanm constitntes an additional sonree of hroadening, In practice, tor a
collimated laser heam this tiine s eiven by the dararion of the Taser palse 122yt
)ll](l 1]1(- 1'('\illlillu I;I‘Lv;ltlt‘llill'_' i\ Il"u‘.l‘_’.lllltn [l i~ lrlll\ t.ul‘ ot Iiullll\ t'«n‘n\ml 'l;|\(-|' |num],
as may he nsed i multiphoton detachment svadiess that jon transfer tiimes veach the

<ub-nanosecond restme and then canse broadenines of <01 e 7,
3.4.2 Systematic errors

fnan attempt to mininnize potential sonrces of svstematic errors we have performed
variots tests with the infrared laser setap prior to the actual photodetachment ex

periment s,
Calibration uncertainty

Very well kKnown transitions i argon 53} in the 6700 T30 mm range were used as a
calibration standard for the tunine control anit of the dve laser. The calibrations
were conducted with the aid of an argon-filled hollow cathode diseharee Lamp cHama-
matsu). Discharge Lamps vield an optogalvanic effect, oo a measnrable change in
the discharge impedance whenever the faser wavelength is in resonance with certain
atomic transitions of the filler gas 31, Dischiarge lamps constitute a very convenient
and quick means of wavelength calibration. but provide only relatively few calibration
lines. There are 25 optogalvanically active transitions available within the 630 980
ni dye laser tuning range. with gaps between conseentive lines of up to 1H un. Henee,

the wavelength calibration of most photodetachment experiments would have to rely
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ot an extrapolation from the nearest argon lines, e the calibration aceuracy would
strongly depend on the dearee of nonlincarity in the tanine mechanism. Fieo 3.3
shows differences between tabulated [33] and measured arcon line positions in units
ol wave numbers. The lines span o waveleneth ranee of 60 nmand were measnred
atter the tanine control unit had been calibrated nsine only two lines. The data in
Fioo 3.3 appear to lectiate sandomiy about the zero Bine by small amonnts of less
than .05 e ' Howevers the deviation of any pacticndar line s reproducible i dif
ferent measurements to within £0.00 cin U7 The thictiations are therefore helieved
to be the result of small “local” nonlinearities in the tnnine mechanism. tn order 1o
determine an apper limit for this etfect an etadon was crnploved 16 monitor the laser
tanine over small regions 122 nimg at different wavelenwths within the ftall tanine
range. Deviations from linearity were very <mall, <imitlar 1o those found for the araon
lines. Therefore. o dve Taser calibration nneertainty ol .05 ¢ ' is assumed for all
CeXperinents,

[n addition. the uneertainty in the Raman shift has 1o be aceonnted for when-
ever first or second Stokes radiation is emploved, Values of 0.02 and 001 e ™! are
nsed respectively, based on the nneertainty of our experimentally determined Raman

<hift (see See. 3.2,
Temperature drifts

[ addition to nonlinearities. possible temperature drifts are of some concern as certain
threshold or resonance scans can take several hours. The dve laser was found 1o
reguire a two hour warm-up period hefore a drift of Tess than 0.01 e ™" per hour is
established. In addition to the water cooling of the taser dyve. temperature gradients

are minimized by continuously {flushing the laser housing with cool nitrogen gas.

"The residual luctuations of £0.01 em =" are dikely due to a stall jitter in the tuning mechamsn,



Faeporimental Sctup

0.01 -
0.02-
0og- - -

(a2 *

. 1
Deviation from hnearitty Jom

001 )
660 680 700 720 70
Dve laser wavelength {nm

l'”l'.’lll‘(‘ 4.3 l)i”-l‘l'ﬂlll'(‘\ between measured and tabolated H[)ll".lill\illli(' transittions 1
argon as a function of transition wavelenath,

A calibration performed on the temperature-<tabilized laser wonbd therefore remain
valid throuehont the experiment. The laser s vecaitbrated for cach experiment 1o
chiminate the possibibity of small dav-to-day flnctnations, Tn very long experiments
that require the highest acenraey, laser calibrations are carried out bhefore as well
as after the detachment scans. This enables a correction of the data tor possible

wavelenoth deifts,
Intensity shifts

As a pulsed laser souree is utilized. with peak intensities of ~107 and ~10™ W/ em?
for a collimated or focused beam respectively, the possibility of intensity shifts has 1o
he considered. The threshold for photodetachment tn strong laser fields s shifted to
higher energies due to the ponderomotive energy of a free electron in an electromag-

netic tield {35}, We have therefore investigated the 'Sy, — Py thresholds of €7 and
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Ge™ with a collimated Taser heam (=3 mm diameteri. a eviindrically focused bheam
(25 em focal lengtho, and o spherically foensed bheam 20 cme focal lenetho. While
identical threshold valnes were obtained in the first two casesca threshold shifr of x|
cin ™! resnlied in the thind case. To with certainty avold possible intensity shifts: all
photodetachiment threshold experimentsare condueted with collimared Taser hiehr,
[he Dhound-bound teansition of o multiphoton detachment schemes on the
other hand, may bhe shifted o the presence of w strone Taser heldas woresalr of o
Stark <hift of the newative ton levels involved . However, for the transttions investigated
here the ton levels helong to the <ame electronie conticuration and <shonld therelore
exhibit very similar Stark <hift~. Henee, the transition enerey should reman Laroely
nnshifted. To he cortain of this, we have measared the Sno0'S L — 200 1 resonance

fsee Paper 5 with the three adorementioned foensing seometries, No <hilts in the

resotlalice l)().\ili()ll were ill)[)}l“‘l“.
Doppler shifts

A particnlar problem with the crossed-hean geometry of the present experimental
«etup is its susceptibility 1o linear Doppler shiftse o the rest frasne of the Tast on
heam the laser frequency will appear <shifted whenever the crossing anaele deviates
from 90°. An alignment of this anele based on the geometry of the interaction cham
ber alone has an uncertainty of =22, necessitating further abignment checks: For o
tvpical ion beam enerey of 15 keV and a light element sueh as oxveen with an electron
atfinity of THTRLGING) e~ 1336, 37) a misalignment of 27 would result in a Doppler
shift of 0.6 em ™ T addition 1o /its extremely well known binding energy. O7 s also
a very prolitic ion from a Cs sputter source for almost any oxide cathode, and fur-
thermore detaches with a sharp s-wave threshold. Heneeoa detachment experiment

with O provides a sensitive test for Doppler effects. A careful measurement of the
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O P, — " detachment threshold which is presented in detail in the following
chapter vielded a threshold valune of TIESEG2030 ™' The uncertainty iven here
represents the standard deviation obtained from the fittine rontine and the cahbration
uncertainty for this particntar waveleneth ranee, Our valne agrees with the more ace-
curate Hterature value within one standard deviation. We therefore dedncee annpper
it of 003 ¢! for possible Doppler <hifts due o laser heam misalienment. While
the Taser heawm alicnment b castlv nuantaimed hetween experiment <o some aneertainty
remains recardine simall deviations i the beam path for ditferent jons. Neain. eeo
metric constderations of the interaction chamber sucoest that this nineertainty should
not be more than 0.5 Henee, residual Doppler wneertaintios are calenlated on the
hasis of this value and the 0.03 e uneertainty from the O7 experiment. Final

vabies range from .05 to 013 et depending on atomic mass and photon eneray,

349
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Chapter 4

Threshold Photodetachment into
s-wave Continua

As outhined in Seco 2000 the [)llnlml(‘lm'hlll(‘!ll Cross sectiolnn s [)ru|ml'liulli|| to the
reduced matrix clement of the (sinele-electrony electric dipole operator. For detach-
ment into an s~ wave continm this matrix element is approximately constant . anid
the enerey dependence of the cross section near threshold is proportional to the final
state density, Heneesa detachment threshold with a sharp onset dintinite derivatives
15 expected, as the cross section is zero for photon cnergies () helow the threshold
cnergy (1) aned [n'ulml‘!iullnl to . 7 = 7y for = . However. the olectrice (li[ml(‘ ap-
crator hias odd paritv: heneesdetachment into the veven) s-wave continnam can only
ocenr if the bound electron to he detached oeenpies an odd parity orbital. o a e or
S-orbital. but only the prorbital is allowed by the A = £1 seleetion rale ¢ Table 201,

Nevertheless, atoms with valence f-clectrons, namely the fanthanides and
actinides could possess stable negative ions that detach into s-wave continna. he
theoretically predicted binding energies of these jons are small 1<0.5 e\') and their
production is rather challenging. particularly for sputter-tyvpe ion sources. LT stud-

tes of these systems have not yet been attempted. but recent theoretical works {38]
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indicate that the extra eleetron might he hound ina pe or - vather than an f-orbirval,
which wonld resnlt in s-wave or p-wave thresholds respectively, A similar anomaly
exists for the antons of scandinm and vt which are predicted to he stable i
the (o = Didus"np confignration. bt not in the 1 = Did=ns" confignration of 1he
respective soclectronme atoms, titaninne and Zivconi,” Heneeothese jons <shonld ex
hibit sowave mnstead of powave detachment thresholds, While Se and Y have heen
studied via LPES, no data fromn LP T sondies isover available tocontirny the assiened
clectron contignrations,

.\[)éll'l from the somewhat “exotie” sswave detaching ions disenssed this Tar.
the vast Illil.'jul'.ll_\' ol the tons ln‘lnlluill‘_’ to This class 1s [)l'l)\i‘l(‘(l l))‘ Ntin Qronp cle
ments, aamely eronps HHEA 1o VT The atoms of these gronps possess only valenee
[H'l(-u‘l rons. the Ulll(‘l' onter subshells |n'il|l_1 [.””‘ Henee, stable llt‘g;tli\'t‘ 1O Call otly
arise from attachment of an extra p-electron, Core-exeited jome conlignrations mieht
be bonnd relative 1o the respective core-excited contiguration of the atom, bt would
he embedded in the detachment contimuonm above the atomie Ql'ullll(l state doe to the
laree difference hetween core-excitation energies and ionie binding energies for these
svstems. Despite the fack of stable electronieally excited states: the jons ol eroups
I to VEX provide very prominent examples of anions possessing more thin one sta-
hle state. The excited states arise from the different terms and fine steneture levels
that are assoctated with p" electron contignrations. Thetons of the B- and N-gronp
clements exhibit P and "D ters, 'S0 A0 and 2P terms are found in the Cogroup

. . . . . . '
ons, and the jons of the O-group exist i a single term, = /7.

The very weakly bound ground states of Ca=™. Se™ . and Ba™ also result from p-electron attach-
tent.
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4.1 Threshold fit

he ditferent onie as well as atomie terms associated with p* configurations are well
separated in energy. The thresholds of the varions photodetachment channels are
therefore fonnd at very different photon enereies. Fine straetnre splittines o both
atorm and don on the other Bamd. arve smadl and oive vise 1o series ol closely <paced
cascaded thiresholds. Heneeo for an aecnrate 5t to am lml'litlll(ll‘ threshiold oo
i~ necessary to account lor the effecr of the other photodetactiment clammels. The

contribution of lll«'.\(' other ('llilllllt‘l.\ 1o the 1otal cross section 1 the vicmity of T
\\'i” ln' wllluulll nll«l call ln' n‘l)l'(‘\('m:'tl In\' o lilu'ul‘ Ter, as Inll‘_‘ A= l!lt' l‘(‘.\‘)('(‘ii\l‘

thresholds are not 1oo ddose to -, In this cases the function that i Hoed to an

mdividual s-wave threshold is aiven by

(o + /;i R B Coy - T i.nx‘
r’T” =

1l

o~ b= for

[he titting routine that is atilised here performns a non-hnear least squares fit via a
multi-parameter gradient-expansion aleorithm. Fhe finting parameters a. heoegoand
so are optimized simultancousiy,

For a series of closelv-spaced thresholds the Tinear backeround approximation
1= not valid, Tn this cases all thresholds are fitted simubrancously, The fitted funetion

is then defined recnrsively:

Con D™ The tor - = T

rr” = n”.— - . ‘ '-2
L 0 for < - )

Here, n=0.1.2.... labels the individual thresholds in the series, Such a stmnaltancous
it is found to work well if only two or three thresholds are present and if their
relative intensities are not too different. However, if several thresholds or thresholds

with largely differing intensities have to be fitted. this fitting routine may fail to



converge properlyve Tnosueh a cases asequential threshiold it s performed by fintine
Fa. LD o the Jowest enerey threshold firstosubrractine the fic from the datac then
fitting the second threshold, aeain subtracting the tiv from the datas and so on. This
method is less rigorous than the simultancous fit as the coupling between the tittine
pararmeters < reduced. Phis may resalt i over-optimistic standavd deviations in the
frted parameters, which ave therefore verthed onacase 1o case hasis,
e ranee of validity of the Wiener v B 222200 Bnited to the photode
tachment cross <scection close to 111!'('.\'|lulil. For o theoretical tit'\l'l'i]illnll ol the cross
<ection hicher above threshold, correction terms have 1o he taken o aceonnt vas
discussed in Secs 2000 However, in cases where a deviation from the Wiener faw s
abserved. an inelusion of higher-order terms to the fitting fnetion ol L can be
avoided by restrictine the final <can range to a region over wiineh the Wiener Law s
valid, Generallv, this does not resalt i an inereased nneertainty of the fitted threshold
vilue as the onset of an s-wave threshold is steep and well prononneed. Tn contrast.
for powave detachment the cross seetion hteher above threshold s often essential for
a determination of the threshold value from i fit to the data tsee Chapter 5i
Svstematie deviations fron the Wigner threshold hehavior mav also resnlt
from a (partialy <aturation of the detachment process by the intense faser prlse val
thongh cross sections close to threshold are typically very small. ~ 1077 cin) Partial
satnration should not atfect the near threshold daca, ves the fitted threshold valoe.
but it mayv have an etfect on the measured velative threshold intensities, particnlarlyvat
ditferent thresholds are observed that originate from the same ionie level, Tnmeasure-
ments of threshold strengths the linearity of detachment signal versus pulse energy s

therefore checked at the high energy end of the scan range.
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4.2 The oxygen anion: a sample case

A schematic eneroy level diaeram of O7 and the the eround state of O i~ shown in
ll‘.l 1. Hll' I)IIUHHIM2\('llllll‘lll CToss \'(‘('lil)ll 1= (‘()Illl)u.\(‘(l ()[. .\'i_\ 1';\.\1';1111'(1 ||ll'(h\1|u|tl,\'_
indicated by arrows inthe ienres Phe relative strenaths of these <ixcothresholds can

be evaluated wirh Faoe22 0 vieldine ofrom low 1o bieh ecneretesi 5925 1902 for o
statistical lese] !m["ll;«linn ol o Phe thivd threshold, <P, oo owhiel detines

the electron atlinity of oxyveen is particondarly <strone.
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Figure L1 Schematic enerey level diagram of O~ and O, Arrows indicate detachmem
thresholds, ordered by threshold energy. The horizontal spaciug between arrows is

proportional to the energy separation of the respective thresholds, For elarity of

presentation. the diagram is shown with a broken energy axis.

Fhe threshold region of the O7 detachment cross section was previonsly in-

vestigated by Neaumark of al. [36] resulting in the most accurate binding energies
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ever measured ina negative ot Fhey report an electron athinite of TITS LGN

e~ and 4 O7 ¢ ) fine stracture sphitting of 177.08(0) cm 7 Gafter sabseqrent cor-
rections [37. H].

Dne 1o its well established eneray level structiree and duae 1o the Taet tha
the detachment thresholds ocenr in the near-imfrarved recime. O 7Gx the tdeal won for a
calibration of the present inivared LR T setap A~ discussed inomare detatl in Seec 30102
a crossed Laser-ton bhean ccotietey s particnlarhy sisceptible 1o systematic errors die
to Doppler <shifts. For a lieht element snch as oxveen and a1y pical jion heam eneres
of 15 keV o deviation from the 907 crossing ancle by onlv T wonld result in o Doppler
Shift of 0.3 em !

Fie. 1.2 shows the photodetachment cross section of O~ over the region off
the first four thresholds: as measured with the present setup. O is aovery prolific
negative ton from a Cs sputter sonree: the =1 .\ obtaimed i the UHN section and
the =20 md ol pulse energy avatlable around S50 i provided for a high sienal to-
notse ratio in the datac The observed threshold intensity ratios closely match the
caleulated valves if the thermal population ol the jonie levels is taken into aceonnn
(lgg. 2.2,

For an acenrate measurement of the tonie binding energios the two <% — 12,
thresholds (first aud third threshold in Fig, L2) were also investigated separately,
with high-resolution laser scans. The results are shown in Figs. Land B30 Phe ob-
served photodetachment eross sections deviate from the ideal Wigner s-wave behavior
{dashed line), primarily due to the finite laser bandwidth of =0.08 em =t Tnaddition,

<small modulations of the cross sections are apparent. which result from the presence

ol a weak electrostatic tield. Although the current design of the UHV interaction

TThese aceuracies have been matehed ina subsequent LPT study of 87 by the same group [1].
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Fioure 120 Measured photodetachiment cross <ection o O~ in the region of the
Py = P thresholdss The vesult of seqnential Wigner <awiave tits 1o the data

soindicated by the solid Bines Individoal thresholds are extrapolated with dashed
lines.

chamber provides for a shielding of the electrostatic detlection plates. strav lields of

=10 Viem seem to remain, Fortunately, the effect of static electrie tiolds on s-wave
thresholds has been thoroughly investieated in the past 23] and can be aceurately
modelled (as discussed in detail in See. 22600 1 the cross seetion obtained with this
model is convoluted with a Lorentzian handwidth fnnetion. the solid lines in Figs, 1
and L3 are obtained. The excellent agreement between ftted and measnred cross
sections allows for an acenrate determination of the respective threshold energies:
FETRL62(3) and T1607.65(5) e ™! for Py 0,0 — P respeetively, The uncertaintios
given here elnde the standard deviation obtained from the fitting routine and the

laser calibration uncertainty. It is important to note that the same threshold valnes
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are obtained if the effects of Taser handwidth and electrie tield are ignored in the ti
Cdashed Tnes in Fieso ©and 830 Henee, the Wigner s-wave Hit (g L) remains
valid, The agreement between onr valine for the 217, hindine enerey and the <ub-

stantially more acenrate literatnre value indicates that no sianiticant Doppler shifts

were present i our experimnent.
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Figure 13: High-resolution scan of the O~ detachiient cross section in the vicinity
of the "[’._/_; — "/’_\ threshold.  An ideal \\“lg'll(‘l‘ s-wave is indicated I)_\' the dashed
line. while the result of an s-wave fit that includes bandwidth and field effecrs s
represented by the solid hine,

The extremely high resolution in the collinear-beam LPT experiment of Neu-
mark ¢f al. was achieved with a ew infrared dye laser. operated in a single-mode
ring-cavity confignration.  Unfortunately. they nsed this configuration ouly for the

2 N ’ . . .
2Py = Py threshold scan. whereas a multi-mode standing-wave configuration was



Phreshold Photodetachnient into ~-wave Conlinua

120

100

8O-

~¢ tion [nl'b Ulli(.\‘]

60

[ B

-—
[

Re-lative
i

11607 0 116075 116080 116085 116090
Photon enerygyv [cem |

Fronre 1 Hieh resolntion scan of the O7 detachment eross section in the vicinity
of the 200 0 — iy threshold, A ideal Wigner < wave is indicated by the dashed
line. while the result of an s-wave it that ineludes handwidth and field effects s
l‘v[n'(‘s('lll('(l by the solid line.

atilized for the <02 - P threshold scan. This Gact <cems primarily responsible for
Hie Tareer iuneertainty of their valine for the fine strnetare splittine, 1770850 cin - o
comparison. the ditference of our two threshold vadues vields a value tor the splitting
of similar accuracy. 17697061 em ™' The two resnlts just agree within one standard

deviation.

4.3 Boron-group anions

Previous experimental investigations of the boron-group negative ions have found

small binding energies (<0.5 V) for all five ions. These studies emploved LPES

(for B~ and Al7) and threshold spectroscopy with conventional light sources (for
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Ga~ In7. and TU7) resalting in experimental nneertainties of 10 and =150 meV
respectivelv, Tnall cases, the tine straeture of the jonie P term remains unresolved,

Fhns tars we have conducted suecessful infraved LPT studies of B~ and AL,
dizenssed in some detail below. These jons, partienfarly B70are prolific from a O
sputter sonrees Beam cmrrvents of =100 0N for B oand =10 X for A7 provided
a cood basis tor [)il(llH(i(‘lill'illlﬂ‘lll eNperinett s, in contrast. in and |m|'11('11i(ll'i\
G and T e notorionshy dithients to produce with sputrer sanrees 39 0 We have
experimented with varons mdim metal cathodes hut were never able 1o obran
more than ~100 p AL This was sutlicient to observe detachment tor photon eneraies
well above threshold hut the threshold for detachment could not bhe locared. To <ome
extent. these difficultios may be assoctated with the very low melting pomt of indinm,
Further experiments are therefore planned with cathodes made of componnds sueh

as Inl? and Ga s,
4.3.1 B~

Our LPT <study of B7 was motivated by the fact that this on plavs o special role
among the antons of the lieht elements most of which have heen studied extensively
i the past, The electron atfinnies of HoCL O and B owere measured via tanable Taser
threshold photadetachment leaving the nentral atom in its eround state 10090 36, 101
whereas the binding energies of Li7 (60 1] and the metastable He™ 712] and Be ™ {13
ons have been determined through laser photodetachment involving an exeited state
of the atom and state-selective detection schemes. Necuracies of experimental 1A'
for these seven elements range from 0.3 me\ (C7) to 0.000 meV (071 In strong
contrast. the 1A of boron still relies on an carly laser photodetached electron spectrum
recorded by Feigerle of al. [1] which resulted ina value of 277(10) meV (after a

subsequent recalibration [36]). Furthermore. no experimental data is available on the
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fine <tructure of the jonie 2p7 7P around state. Phe 2p7 1D and 2p7 P8 termis of the
o, ou the other hand, are likelv vnbound: a recent commumication on resonance
structures in collisionally detachied electron spectra of B rentatively identitied 1he
D term with o resonance located 101N me\ above the sronnd <tate of horon ;l'—"f-
Henee, the three "/'/ fevels are the :»lll\ stable states of 137,

Varions approaches tathe ab anbio calenlation ol electron attinities of the ol
clements have been attermpted i recent vears W60 17 0 bt even these smadl svarens
remain challeneing as clectron correlations playv o dominant role. This is partienlarh
trire for boron which forms the most weaklv hound ~stable fon wmone the Tight ele-
ments. OF the numerons theoretical studies of the . of horon fa 170 I8N0 190530,
three recent works were aimed at acenracies hetter than 10 me\N - Noro of al. 17 ob-
tatned an EX of 278 e\ as the resalt of o laree-hasis-set mudtiveference sinaly and
doubly excited contienration-interaction (Ch calenlation. Laree-scale liite element
multiconticnration Hartree-Fook o NICHE b calentations. which do not <affer from basis
set limitations have been performed by two groups. Snndholnn and Olsen 1N aud
Froese Fischer of alo 1190 Thev report KA of 26560070 and 2732020 me\ respee-
tively as the result of an initial valence correlation NICHE calenlation that neglects
core polarization cffeets. Sundholm and Olsen estimate core-valence correlations 1o
fower the Ao 26780200 meN whereas Froese Fischer of all predict the A to inerease
1o 279.5020) meV through the inclusion of core-valence and core core correlations (the
latter via core rearrangement ). However. the experimental A of 277010) meV [H]
agrees with all of the above values within uncertainties: hence the fundamental ques-
tion as to the effect and strength of core-valence and core-core correlations in B~
remains open and controversial.

Threshold detachment of B™ to the atomic ground state is expected to be



rather challenging, as the small hinding energies involved necessitate tunabihity of the
laser source over the 3.5 1o L) o region. However, threshold detachment 1o the first
excited state” of horon is even less favourable. primarily due to the wneertainmy of 15
cin”hin the separation hetween the doublet and quartet svstems of the atom 510,

Our infrared LPT spectrmm of the B70 P = B0 threshold reaion® re.
vealed ive closelyvspaced cascaded thresholdsenabline o vervaconviate determination
of the A ol boron as well as the ione tine stractnre sphttines v - 03 e\ v The
results are sununarized in Lable L1 below. The new A vadne, 279723025 me\.
<o excellent avreetnenl with the very recetl theoretical resnult of Froese [ischer
o al. T bat in delinire disagrecnent with the value calenfared by Sundholm and
Olsen TN Heneeo the present result confirms the importance of cove-valence and
core core correlation for the acenrate treatment of the sixceleerron svstem B

Details of the experimental work as well as it implications for the competing

theoretical models are disenssed i Paper 3 in the appendix.
4.3.2 Al

Fhe negative jon ol alumimom has been the subject of several previous experimen-
tal and theoretical studies, Utilizing laser photodetachiment electron spectrometry,
Feigerle of al. 1] measured the electron atfinity of Al to be PE20100 meV s and fonnd
the AU level to lie 3320100 me\ above sround state AT70 with o binding of
LLOC10) meV. The latter value for the U0y levelagreed with the result of electrie field
dissociation experiments by Oparin of al. [52]. where a binding of 2= 95 meV\ was ob-

tained. As a result of subsequent retined calibrations [36]. an improved value for the

UI'he binding energies of some weaklv-bound alkah and alkaline carth negative tons have in fact
been aceurately measured via detachment to the fiest exeited state of the atom {6, 7).

Note that the energy level structure here is conceptually identical o that of O™ and O shown in
Fig. 1.1, except that atomie and ome terms are mterchanged. which has no bearing on the relative
threshold intensities.
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A of Refo T 1 was snggested 1o be FHCLO meN T Recenthv, Calabrese ef al, 153
measured the electron atlinity ol AL to be PO T+0.660 001N e\ by atilizine a
tunable F-center taser and a coaxial 1won-laser beam apparatus. \lthoneh they were
nnable to investicate the actual threshold region and the assocrated tine strneture,
thev compensated for Tack of dava in this recion via extrapolating from hicher pho-
ton enerey data, I the past tew vears, calenlations have heen reported by Aran
of el S0 wha nsed acontienration-mteraction cChonethod wirly prendopotentiads,
Woon and Dunnine 550 who emploved o O method with correlation consistent ba-
sis ~etssand Wijesundera :_f)l);. who ntilized a multiconticuration Divac Fock merthod.
Fhiev obtained values of 150 meN 500 137 me\” 5570 and 133 me\” 307 respectively,

A= with B onr investication of A7 was aamed at the 02 — =P threshold
region. Neatn. the first live thresholds conld bhe resolved i the TP specteam. Due to
the approximately ten times larger fine steneture splittines compared to B0 the hirst
three thresholds were also measured individually e lieh-resolntion seans, vieldine
more acenrate threshold values, The results are summarized in Table L1

['hie theoretical results quoted above are in good agrecient with onr valne for

the KA ol AL 2328309 mieV . constdering that the aneertaintios in 15\ calenlations of

second-row elementsare still of the order of TO meN. However i substantial disagree-
ment with the recent experimental resnlt of Calabrese of al. 133] is found. After a
careful comparison of the two experimental works we conclude that some systematic
error has probably arisen in the work of Calabrese of al..in addition 1o the statis-
tical errors incurred by the low signal-to-noise ratio of their data and the necessary
extrapolation to threshold. Details of this comparison and a complete acconnt of our

results are given in Paper 1
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4.4 Carbon-group anions

Flic anions of the carbon sroup elements have heen considered famons examples of
neeative ions with excited terms of the aronnd state contignration that <till e helow
the tirst detachment threshold 2370 Nevertheless: the experimental knowledoee of
these excited terms i~ <t rather Bimired, particalariv for Ge ™ and Sno where the
relative experimental aneertaintios are as laroe as 50000 Tuaddition to the 'S rerm
ol the p' conticuration. which provides the fonie aronnd stare. previons ~tudies hiave
condirmed a bound =0 term for €0 S0 Gesand St s whereas a bhonnd <7 rerm
WS t)lll)' found in the case of S0 For the necative ton of fead. which i fess stronaly
hound than the other anions of this eroup. the =0 and <1 terins are expeeted to be
nnbound, on the basis of soclectronie extrapolation. \s an example of the ener
level struetiure of these svstems the level diagram of Sn™ s <shown in Fieo 100 also
indicating varions photodetachiment thresholds.

e electron atlinities ol Sio Geo and Snowere the tareet of the fiest 1P
studies condueted by the McMaster aroup. Necurate values (7 <0 0.06 me\V 1 were
obtained in all three cases (Paper 101 Our recent efforts with the carbon eronp
antons have resulted o <hiehthy improved 1A for these three elements oo - 002
me\N ) due to relined and more rivsorous calibration procedures. The final valnes are
siven in Table L1 T addition, we obtained an accurate E for carbon as well as the
first fine-structure-resolved binding energies for the 205 fevels of Si70 Ge™oand S~
Fhese measurements are deseribed helow.

Fhe aceuracy in the 1A of lead (o = X meV) conld not e improved inex-
periments with the MeMaster setup. Ph™ beams are very difficult 1o produce with a
cesium sputter source, [ various attempts with lead metal as well as lead oxide cath-

odes we were not able to produce more than =10 p\ of Ph™. which was insuificient
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Froure 1.0 Schematio enerey level diaeram of Sn™ and the Snoeronnd states Nrrows
indicare detachment thresholds, ordered by threshold enerav, The horizontal spacing

between arrows is proportional to the enerey separation of the vespective thresholds.

for a determination of the EA-definine 'S, — ) threshold, Stmilariy, varions at-

tempts towards an observation of the Co 2D and S Py levels were nnsieeessful,
While the term-averaged binding enereies of these levels were established i previons
studies, the tine structure has never been resobved, Henee, the 02 Dy and St i< 02
fine structure splittings remain the only nndetermined structural features of the tive

carbon-group negative ions.
44.1 C-

Despite the fact that carbon is a light (first row) element. there have been very
few experimental investigations of its negative on. The binding of the jonie 2pt Y8y,

sround state was most aceurately measured via infrared LPT by Feldmann [9] vielding
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2629030 eV Feldmann used o laser pumped optical parametrie osciflator for his
pioncering infrared LPT work. Tn addition to the wronnd state detachment thresholds,
his LPT spectoim also provided evidenee for an ionic 2p* <0 term with o binding
cnerey of 33011 me\ . which agreed with an carlicr value of 37030 me\ . obtained via
feld Tonization measurement s Z.')(il.

Since the recent LR stwdies of B by Haettler o af0 1 and o invest
vation of BooSecs AL Paper 30 carbon frias hecome the finst row clement with
the Tareest nneertainty in its electron aflinity, 0.3 me\ vversus 0,025 meN for 1370
Many caleultions of the A of carbon have heen performed 1o date 570 hut they
tpicallv exhibit errors of several me\. On the other hand, recent Taree-seale NCHE
calendations of the FA of Tithinm 195 aned boron (19 ave indicared that caleulation
crrors ol less than one meN might be achievable in fivare ab oot calenlations of
other tirst row clements, Henee, a more acenrate detemination of the B\ of carbon
seets appropriate.

A high-resolution scan of the EA-detinine 'S0 — 0, threshold and a subse
quent ~wave it to the data resulted ina threshold eneray of 12621190200 e\ This
value improves the acenracy of the FA of carbon by a factor of 150 bt the valne
lies outside the error margin of Feldmann™s resalt of 1262903 o\ 910 This seems to
indicate that a sonrce of svstematic error unaccounted for might have been present
in the carlier work.

[n an attempt to reproduce the weak *D; — D, threshold feature observed
by Feldmann. we have carefully investigated the detachment eross section in the
9145 965 nm range. which corresponds to 1) binding energies between 21 and IS
me\. No evidence for a threshold structire was found. An insutlicient population of

the 2Dy levels from our ion source is the most likely explanation for the absence of
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the corresponding threshold features. (Please refer 10 Paper 5 for a more detailed

discussion of our experiments with €70
4.4.2 Si, Ge , and Su~

[ addition to highly acenrate eronnd stare thresholds PN, — D most of the

P to

Do ¥ | ) () ' [ . v | .
(7 -~ o THEesHolts ot be fipeasiteo o Sy Cic D aha D

Fho inajoi thata
tion for threshold detachment fran exeited fonie states iesperiment~ with o spatter
sonrce s the small fractional |)u|)lll;l1inll that i~ obtained inexeited levels. Henee,
I;tl"_u' total heam currents are essential.

[n the case of Si70a very laree total current of SRITA resulted i an exeited
level population of a few w AL which provided o cood stenal-to-noise ratio even i
a sinele scan. M fve allowed <05 -« P20 thresholds could e measared. vieldine
accurate =0 hinding energies (7 - (L03 meV, Lable L.

I the cases of Ge™ and S exetted level populations were very sinall due 1o
the substantially smaller total heanm crrrents of ~ 100 0 A Inaddition the previous
experimental values for the term-averaged =1 binding energies have nneertaimties ol
200 me\ . necessitating search scans over very large photon-cneray ranges. Neverthie-
less. twa and fonr of the possible tive <)) — *Pp thresholds were fonnd for Ge™ and
Su” respectively, Signal-to-noise ratios remained poor even alter repetitive scans of
these threshold features. The chavacteristically steep onset of s~ wave thresholds sull
enabled aceurate fits to the data (a7 < 0.1 meV). As an example for s-wave thresholds
involving excited jonie states, the weakest of the Su=(21;) thresholds, 205, — PPy
ix shown in Fig. L6, The poorer signal-to-noise compared to ground state thresh-
olds (g, Figs. L3 and L1 is evident. 2D, binding energies that resulted from the
threshold fits are summarized in Table 1.1, A detailed deseription of the experiments

is given in Paper 5.
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Fieure L6 Measured Sn™ photodetachiment cross section i the vicinity of the
SO = P threshold, The resalt of a Wigner s-wave Ht s indicated by the solid
lne.

Fhe * 2 termof SU7and the <0 term of Su™ were also mvestigated via resonant
multiphoton detachiment schemes. Those experiments are discussed in Chapter 6 and

are presented in detail in Paper 5.
4.5 Nitrogen-group anions

The atomic ground state of the nitrogen-group elements is the pt A8y, evell At
tachment of a fourth electron to three spin-parallel prelectrons is energetically less
favonrable the Jectron attachment to the p? or pt configurations of the carbon-
avourable than p-clectron attachiment to the p= or p° conhgurations ol the carbon
or oxvgen-group atoms. respectively. It is therefore not surprising that the s of
nitrogen-group elements are lower than the EA's of the elements in the neighboring

groups. Paticularly noteworthy is nitrogen itself which does not form a stable nega-
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tive jon [11 The remaining four elements of the gronp. P A< Shoand Bi form stable
negative fons in the ptconfiguration with electron atlinities raneing from 0.75 10 105
e\ O the three terms assoctated with pt contignrations, *P20 D and 'S0 the term

with the highest mnltiplicite, 220 lies Towest in enerey and exhibits an inverted order

ol the tine structare levels,
4.5.1 P and As’

PPoisoneof the three wons tthe others beine Lioand O than Peldmann mvesticated
in hix pioneering infravred LPT work N He obramed acenrate values for the A as
well as for the /2 fine stracture splittines o =03 meN L The A of AsCon the other
hand, <till relies onan carly photodetachment experiment with a conventional light
<onree which vielded o valne of 03130 ¢V 61 Howeverothe Xm0 P fine strneture
splittings were recent Iy measnred i an LPES stady with an aceuraey of - 9 meV 62,
Furthermore. the singlet terms for hoth P7oand A<7 are expected 1o he unbonnd on
the hasis of isoelectronic ext l';l[)nlill o, Heneeo the stable states of these two svstenns
are reasonably well established. althongh an investigation with the MeNMaster setap

wonld likelv provide more acenrate valnes particularly for the 1A of Ax
4.5.2 Sb-~

[n contrast to P77 and As7. the energy level structure of Sh™ has not vet heen es-
tablished experimentally. To onr knowledge. only two photodetachiment experiments
with this system have been reported previouslye Feldmann of al. [61] used a con-
ventional light source and obtained a ' binding energy of S630(-100) cim™' and a
P, — P dine stracture splitting of 2710(600) em ™' Fhe J = 1.0 levels remained
unresolved. The o = 2—1 and J = 20 fine structure and * P, = 1D, term split-

tings have been predicted to be 2700(500). 3000(500) and ~7600 cm™" on the basis
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ol isoclectronic extrapolation (63, G4, Polak «f ol 765] devived an electron atlinity of
SIB6CH0Y em T frons a laser photodetached clectron spectrum and reported that no
evidence of hot bands (1.eo of the P, and "1L levels) was observed,

Onr intrared LPT study of this svstem revealed three s-wave thresholdso the
strong SHT P20 — Shoo'sSy o aronnd state threstiold ar STIZNGO S e and 1w
steniticantlv weaker thresholds at photon enereies of 376330310 avd H617.0050 em '
| e Farrer two detachimment thresholds orieinate from the two upper levels ol the 7
term and enable the tirst determination of the "2 fine strnetaee <plittines, 268150 1
and 28005610 e for o= 2= and o2 2 -0 vespectively af a J=2 10 level or
dor s assumed s The most likelv order of the 72 levels is certainly 210 bar the
Lree nneertaintios of isoclectronie extrapolations leave o <mall probability for a2
0 1 order which is found thronehout the isoclectronic sequence e 10 ereo The
altimate contirmation for a 2-1-0 level order is tinally obtained trom a1 =1 two-color
photodetachment experiment which is deseribed in See 02280 The previonsiy nnob-
served Sh="Do) level is too weakly bound for a direet observation of the threshold
for detachiment into Sh ‘A\'-”_vl. However, this level could he |)l‘u|u~(l Vi Hl‘llli]l‘lnlull
schemes (Chapter 61, .\ complete account of our sinele- and multiphoton detachment

experiments with Sh™ may be fonnd in Paper 1.
4.5.3 Bi-

Fhe negative jon of bismuth, the heaviest non-radioactive element. has a miecasured
clectron atlinity of 946(10) meV., determined by LPES {11}, Heneeo BiT s abowm
three times more strongly bound than T17 and Ph=. the two other s-wave-detaching
heavy jons. and is therefore the only hopeful candidate for an anion with a tip*
conliguration that possesses more than one stable state. In fact. a very recent RCT

caleulation indicates that the 2 £y level is located 617 meV above the PPy ground state,
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Losthat it is bound by 2949 meV {661, This binding eneray corresponds to an infrared
wavelength of 115y and would be within the tuning range of the current infraved
laser setup. N LPT <tudy of the P4 level should thus be possible. provided that a
sufficient {mlnllzlli(m of this level can be obtained from the sprtter source, The "/’!
level, on the other hand, is expected 1o die several hundred me\ above the 72 Tevel
and i likelv anbonnd.

Onr initiad L l'\in‘l'illl«‘lll\ with B were attned at o more acenrace deter
mination of the “02 varonnd state) bindine enerev. Despite a surprisinely low beam
current ol =3 1\ cood sienal-to-notse was achioved i the By "/’_»l — B l'."':, o
threshold scans, resulting in a threshold vidne of 9123700200 meN o\ small detach-
ment signal below threshold provides some evidence for the existence of a bhonnd Y
<tate. Unfortunatel. the population of this state was insutficient for an observation
of the actnal detachment threshold.

Uhe experiments were performed with o sputter cathode made of bisiiith
metal which has a low melting point of 2737C0 Tt is concevable for a Cs-sputter ion
source that the use of metal cathodes with relatively Tow melting points conld result
in inercased sputter rates for neatral particles and thervefore in reduced jon beam
cnrrents. This might be particnlarly eritical af high elfective sputter temperatures
are utilized, which in tarn are essential for an etficient excited level population. In
the LT experiments with Su™ (Sece L12)0 for examples detachment signals from
excited jonie levels were improved by two orders of magnitude by switching fron a
metal to an oxide cathode. Henee, it is hoped that the use of a bhismuth oxide cathode
in future experiments will finally enable a measurement of the Bim(P 1) — Bi (15y),)

threshold.

H1
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4.6 Oxygen-group anions

Fhie negative ions of the oxveen-sroup clements are more <stronels bhound than the
tons of the three wronps dicussed thus far. Binding enercies ranee from approximately
L5 to 2.0 eV Heneed LPE studies of these sestems can be performed with tanable
1]»\«‘ lasers without the need for infraved conversion, Conseqguenthv, the enerey fevel
sSrnctire o O oS oSe s and Te has been extensivelv stndied i the past and s
now extremely acenrately kuown.,

Prior to our infrared LP T stndies of Tess aeenrately known ions we fave niea
sured the LU spectrmm of O 7 with the aim vo test the experimental setap for possible
svstematic errors. Lhese experiments are deseribed as o benchmark case i See. 12

We have also investigated the |)||Ulml(‘l;u‘]llll«'lll threshold of the npper line
stracture level in Feo on two ditferent occasions. The Te 2P and Sem 2 20 fine
strietures were the fiest tareet of resonant maltiphoton detachiment ol atomice negative
ions (Sec o and Paper e e addition, the observation of the maanetic - dipole tine-
structure transition in e provided altimate evidence for forbidden transitions
negative ions (See. 6.2.2 and Paper 71 o these contexts, the threshold micasnrements

served as an independent contiemation of the <7 fine structure splittine.
4.7 Fluorine-group anions

The atoms of the hiorine group are one electron short of shell closure. Henee, at-
tachment of an extra electron results i an energetically very favourable noble gas
configuration. It is therefore not surprising that these elements form the most strongly
bound atomic negative ions. with binding energies ranging from 3.0 to 3.6 e\ The
thresholds for single-photon detachment of these fons lie in the ultraviolet and have

been accurately measured in the past with the aid of frequeney-doubled dye lasers [37].
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In terms of wfrared LPT studies the fluorine-gronp anions constitnte inter-
sting targets tor multiphoton threshold detachment. Virions aspects of mualtiphoton
detachment from negarive ions have heen investizated in the past 7370 but there are
only two previons studies of multiphoton detachiment threshotds, namely the nwo-
photon thresholds of - ?3\1: aned CF° il'n—f. However, the resolntion that was achieved
in these studhies didd nor allow for o quantitative anadssis of the cross section ar thresh
old.

With the mfraved capabilities of the carrent setup.an observation of the three-
photon detachment threshold of €7 ieht be possible and would in fact provide the

tirst example of a three-photon threshold. This experiment and two-photon detach-

ment of the Xu™ jon are the subject of a current study by the MeMaster negative jon

IO,

4.8 Summary and outlook

Negative lon binding energies that were devived from sowave fits to infrarved LPT
data are summarized e Table L1 together with previons experimental results for
comparison. [l most cases. improvemnents in accuracy over previons vialues of one to
four orders of maenitude were achioved. Several bound excited states were an et
observed for the tirst time. Henee, the application of infrared LPT 10 the anions of
group HIA to VI elements was overall very suceessful.

Ouly relatively few tasks remain regarding the experimental knowledge of
these tons: The EA's of Ga, In,and 11 are only very poorly determined (7 2 150
meV) and may in principle he accurately measured via infrared LPT: alsoo the [ s

ol Ph and As could still be improved: finally. a more aceurate determination of the



Table L1 Summary of 1onie bindine eneraies derived from ~-wave thresholds,

Binding cneroy e\
il =L i

lon  Level This work Previous works  Ref.
B~ P 0.27972.3025) 0277010 36
P 0.2793230 201
P (L2768 120
AT, O B3NS0 R RV N PR a3
P 01300103
0 0. 1213003
CooNN L 22 e ey i
STt FANIL2 120 F.ANTOY) il
Dy, 0527281125 0523050 il
-1, 0525 1N 20 0528000 oY
Go™ Iy 2327200 IERRINE ]
1)y IRTIRRIRVN 0. 12 s
-, 0377571600 0. h2 al
b ITRR L112067010) L2 0]
1y, B.39761 70100 042y s
- 0,30 16350151 02y 1
SLET T2 Lo s
e OTHIA6 T 073" Gl
" 0.7001 1t 0.73i5)" Gl
Bi- 1, 042870020 0916010 ]
O Py, LIGHI0TG) LAGLEIOTIS) 36 371
ARE L 396G 6 LABOIS66) 36, 1]
TR L P30SR (20) L1996 at

P e structure would be possible for P~ oand As™.

Further itproved or alternative tunable infrared faser sources such as opti-
cal parametric oscillators may provide wider tuning ranges, higher repetition rates.
and/or more energetic pulses. An extension of the lower limit of the tuning range
from the currently 5 g tol save N jan may already be safticient for LPT studies of

the more “exotic” s-wave-detaching ions discussed at the heginning of this chapter.

“Terme-averaged value.
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mamely Se” oY 70 La7 s and the antons of the lanthanides: These jons have attracted
considerable attention by theorists over the past few vearssas some ol these jons, par-
ticularly La™ and Ce™Jmay constitute the onlv examples of atomic negative ions that
Prossess <table states of ul)[m.\'ih‘ lml‘iL\‘ Leompare the discussion of Cs7 i See. 5201
and l';l[N'I‘ 200 The tonie states ol these svstenms have odd [ml‘il\‘ i the extra electron
i~ bonnd nea poorbiral, whereas the parity s evennwhenever the exrra electron ocen
pies o dorbival T Herees detachiment from odd parioy states will exhibar ane s winve
threshold hehavior, while p-wave thresholds will he observed af the inital jonie states
has even parity, Infravred LP T stadies conld thas provide convineing evidence for

the parity and the electronie contienration of the wonic levels inaddition to acenrate

hinding energies,

INote that the s shell of these systems s full and that an oceupation of an [ orbital is predicted
to be energetically unfavourable.
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Chapter 5

Threshold Photodetachment into
p-wave Continua

Whenever the photodetached electron carries one unit of aneular momentum relative
to the atomic core a JEWAve cross ~ection I observed, Fhe frec J-wWave clectron
experiences acentrifngal barrier close to the atom Hhe fact that this bharvier has 1o
be penetrated in the detachment process is responsible for the shape of the pwave

eross section close to threshold. as onthined i Sees 2000 The Wiener threshold Law

enerey. . whereas a cross section proportional 1o (2~ <7< is predicted for =+ .
Due to the odd parity of the electrie dipole moment operator. detachient into a
p-wave continuum via a one-cleetron process can ocenr onlv it the bonnd electron 1o
be detached has even parity tecif it is an = or d-clectron.

H ™ is certainly the most prominent ion possessing valence s-electrons, In fact.
the Ho(1s"'Sy) — Hils “Nyy2) detachment transition provides the most accurately

.

measured p-wave threshold to datec 0.75 11950201 eV {10]. The alkali inetals. the

other elements of group AL also form stable negative tons 1 the nss configuration

with similar binding energies. ~0.5 eV These binding energies have been aceurately

n
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measured inprevions LR <tudies, bt i contrast to o detachment into the s-wave
continuum associated with the first excited state of the atom, np 2P0 was cinploved
here, rather than powave detachiment into the atomie gronnd states ns =5, T

The vast majority of p-wave detaching atomie neeative jons s provided by
the transition metal elements, However, of the 25 transition metals vhat are expected
or known to form stable necative ions, only the stronedy bhonnd b6 2 Pc o 70071
and N l tons e heen lll‘t‘\i<)|l\|_\' investimated via LML

I photodetachment <tudies hoth the enerey levels of the don and the Tow
Iving levels of the awrom are relevant, In the case of transition metals. the atomie
cnerey level structure can be rather complex due to the pear deseneraey ol cp = 1id™,
t = D" s and (o= Dd® 0SS confignrations that is often found in these svstenms.
Heneeo in several cases. stable anions may be tormed by bindineg the extri electron
i either an ~ or a d-orbital.’ Farthermore, the faree number of valence electrons
in both atom and jon mav give rise to several terms for cach electron conlignration,
<ometimes with Taree multiphicities: Les many fine strncture fevels: Togenerall the
photodetachiment cross section of o transition metal anion will therefore exhibit o
series of caxcaded thresholds rather than just a sinele threshold, Cascaded thresholds
were already discussed in the previous chapter for the case of main eronp anions
with p* contignrations. However, an acenrate determination ol the higher-lving fine
structure thresholds was possible in those cases primarily due to the sudden and
conspicuous onset of s-wave thresholds, In the present case of prwave thresholds the
onset of detachment is smooth and slow. and @ determination of the actual threshold
depends sensitively on a pwave fit to the data above threshold (see helow). Series of

cascaded p-wave thresholds are thus expected to be challenging and. to onr knowledge,

INotable exceptions are Se™ and Y~ where the extra electeon is bound i a p orbital (see Chap-
ter 1),
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have not heen studied previons]y,
5.1 Threshold fit

For the powave it 1o any particular photodetachment threshold located ar an eneroy
=, other open detachiment channels have to be taken into acconnt. A~ lone as the

thresholds of these other chiannels are not tao close 1o " therr contribntions to the

total cross ~ection i the vicmity of - are cenerallv siooth and can he represented
by a lincar terins Therefore, the function that is hivted 1o the measured

T Closs e 1.1nll

ix wiven by

[ T RN TS B TR Y BRI TH I (P AR

L thy *- ’l[' 3

I'wo different methods of fitting this equation to the dara are arilized. Vhe firs

T . oL
- ol for -
method emplovs a mnlt-parimeter eradient expansion aleorithin to perforin a non-
lincar least-squares fit, Fheditting parameters ag. . ascand g are optimized <simol
taneousiv, In the s<ccond method a Tinear Teastsquares it to the data below threshold
is carried out first. in order to determine the photodetacliunent hackeronnd. The fit
ted hackeround is then subtracted from the data which are subsequently Tinearized
by expouentiating with 230\ dincar least-squares fit finally provides the threshold
value -,

[ previons studies of p-wave thresholds either one or the other fitting merhod
was used. For example. of the two previous LPT studies of the EA of platinum the
more recent work [T emploved the fivst method while the carlier study [70] ntilized
the second method. The results of these studies differ by more than the respective
error margins would suggest,

In comparison. the tirst fitting method constitutes a more rigorous approach

and also provides well defined standard deviations for the fitted parameters. We

HY)



Al

found. however, that this method wonld also overcompensate for small svstematic

deviations from a pwave curvature above threshold throngh o small <hift of the
backeround line.  This effeer s due to the very slow nerease of the pwave eross
section at threshold and results ina small svstematie shift of the fitred threshold vadie.
I'he second method. on the other hand, tends 1o llll1l(‘l‘runll)(‘ll.\’&llt‘ for S\ Stetiat e
deviations in the above threshold davas Heneeothe averaoe of the two livted threshold
valies iy adopred as the tinal resades Brs aneertainny s evaduated fron the ditference
hetween the two titted values and from the standard deviation obtained with thie fivs
method,

Althongh Fog. 5.0 is an exact deseription of the photodetachment cross sec:
tion close to threshold, svstematic deviations mav ocenr at the hich-enerey end of o
threshold scan. i this case. correction terms to the Wigner Taw would have 1o he
taken into account, as disenssed in Chapter 20 However, previons studies of prwave
thresholds 700 72) have shown that the ranee of validity of the Wigner Taw s elearly
lareer for powave than for s-wave detachment. Heneeo an inchusion of higher-order
terms to the fitting function (Fq. 5.0 is not deeed neceessary heres O more concern
are possible svstematic deviations from the Wigner threshold behavior due to a sati-
ration of the detachment process. tea depletion ol the jonie Tevels by the intense laser
pulse. The linearity of detachment sigral versas pulse energy is therefore checked on
a case to case basis. o some cases it is possible to optimise the signal-to-hackground
ratio by adjusting the (average) pulse intensity such that the backaround channels

are saturated while the threshold channel s still finear.
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52 Hydl‘ogen-gl‘oup alliOlIS

H™ s one of the most extensively stadied negative ions. Most experimental studies
have focnsed on the rich spectrim ol antoionizing, t|ull|i|)'~«‘.\'«’ilt't| states embedded
i the contimunm 7300 7 constitntes w quantume-mechanical three-hody svsteny and.
as ~nchs has attracted mneh attention by theorist<s Abthoneh the Sebivadimeer equa-
ton tor o three hody svsten cannor he solved anabyvniealbv s imimerieal ~olnnions are
|h11\>ilil(' to very hioh l)l’(‘("l\'ll'll. s ;l[){)l'n,\illmliulh ale nob jpecessary, n l'l)lll[)&ll'i\llll
with the helinm atom, clectron correlations are partiendariy tmportant in the case
of 10 sinee the two electrons have to <hare the attraction ol a single proton. Two
acenvate ab o caleulations of the electran atlinite of hvdrocen have vielded valnes
ol OSN30 and GUSB09 con ' respectively TED with a reported acenracy of - 0,01
it whereas the most accurate experimental vadue is 60299015 i determined
man infraved LPT measurement 1100 The uneertaimty of the expertmental value is
too large for a conclusive distinetion between the two caleulated values: henee aomore
acentate experimental value would he highly desirables Unfortunately. the accuracy
of @ measurement of the s Y Sy — Hols 2500 F =00 threshold s limited by the
presence of the upper hyperfine level (F7 =11 in hydrogen and the notorionsiy slow rise
ol prwave thresholds, Heneel the MeMaster setup would not allow a more acenrate
determination of the A of Hoeven it the ser handwidth wonld he further redieed,

The alkali negative ions are peenliar in the respeet that their second detachi-
ment threshold is associated with the atomic np state and henee an s-wave continmmin,
As mentioned above, this fact has enabled very aceurate 12\ measurements for all al-
kali atoms. Infrared LPT studies of the p-wave-detaching lirst thresholds for the sole
purpose of A determinations are therefore obsolete.

Alkali negative ions also exhibit interesting H™-like properties. This is due



to the fact that these svstems are well approximated with two correlated electrons
that arce bound by a positivelv-chareed polarizable corec Within this approximation,
a theoretical treatment of alkali negative ions is comparatively simples and precise
calenlations are possible even for the heavier svstems: RE7 and Cs7 Owhere relativistic
elfects plavan important roles A< in the case of ivdrvosen, the tonie and atomie eronnd
states are the s 'S and s 75,

| L devels respectivelvs T addition. onie nsip 11,

states are giantinn - mechantealiv possible for alkali anons.
5.2.1 GCs-

Fhe MoeMaster efforts with alkali negative tons were focused on the anton of cestun,
(<7 has been mneh discussed in numerous theoretical studies as potentially the only
Known candidate for a stable atomie negative ion that possesses an ercided hound
confiquralion of opposite paridy to the ground state. Tniviadlve several calenlations on
Cs7t6atip P indicated that the 2 <tate might be slightlv hound. by aomaximumeof
a few tens of me\” 75076, 770 I8 althoueh Fabrikant (761 and Krause and Berey 77
expressed that this might not hold trae i their calenlations were vetined. Maore re-
contlv, a relativistic scattering caleulation based ou the Divac Ranatrix inethod by
homm and Noreross l)l'(‘(“("l‘(l the J = 0.1.2 levels to be narrow \ll(l[n' resonances
just above the Csetisy threshold [79). This resalt contradicted carher seattering caleu-
lationx [SO] which emploved a semi-relativistic Breit-Paunli R-mateix formalism, and
which did not show any low cnergy resonance structure. This diserepaney was par-
tially resolved in a subsequent theoretical study by Bartschat [N in favour of the
concliusions by Thumm and Noreross. This study compared the two ditferent methods
directiv. but the carlier Breit-Pauli formalism was modified. in particular through the
inclusion of a dielectronic core polarization term.

[nitially, we performed a series of careful experiments with tunable infrared
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laser lieht ina T+1 (two-photon detachment schemes in search of @ pos<sibly: hound
tistip "0 level I the level were bound. @ strong resonamt enhancenent ol the
two-photon detachinent vield due to the gspin-forhiddeny 'Sy — 7 electrie dipole

transition would be expected. No indication of such a resonance feature was observed,

Subsequenthy we condieted one-photon mifrared Laser detachment spectroseopy

above the Csisy threshold, We ohtamed cood stenals for the Wiener powvinve thresin
old and also explored the relanive sinele photon detachiment eross section ta an eneray
of 7O e\ above the [)Ilulml«'l;l(‘lllllt‘lll threshold. The results are shown i e, 501,
A feature which represents an enhancement ol = 2370 over the divect powiave pho-
todetachment vield s seen centered at o photon enerey of 1796030 meN O S 0ed me\
above threshold, with oo width of 5005 meN ofall-width-halfnrasunm according 1o
a Lorentzian lit. A blownp of the resonant feature, with the photodetachiment ~hack-
ground” subtracted, s shown i the nset of Fies 5000 We arteibme this relatively weak
resonant feature to the Cs™ios6p 2P0 Tevel embedded in the continuom, Althougeh
we cannot probe the o= 002 Tevels of the PP termin the Taser-based experiments,
the theoretical predictions on fine structure splittines (79, ST wonld <uggest that
J o= 0 s also unbound. hased on oar [)us’ilinll for ./ = 1. Heneeowe conclude that €<
PUSNSESNES 1O stable states other than the i l,‘lv.. ‘_"l'ulllli‘ tates N detatled llt'\‘(‘l'i])! 1on
of our experiments with Cs7 is given in Paper 20 inclnding a disenssion of supporting

storage ring experiments performed at the University of Narhuse Denmark.

5.3 Transition metal anions without fine structure

As outlined above, the farge number of valenee electrons found in transition metal

atoms and ions generally results in complex energy level stenctures. Simple structures

"Due to the selection rules for radiative transitions (Table 2.1} the faser-hased experiment is only
sensitive to the J = 1 level of Gstip 2Py
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Fiegure 5.0 37 photodetachiment vield versus faser waveleneth, The solid Tine repre-
<ents a fitted Wigner powave threshold Inset: Blowup of the one-photon detachment
scan showing the resonant feature with the powave “hackeround™ subtracted. The
result of a Lorentzian fit s indicated by the sohid line.
wottld ulll_\' be (‘X])('('[i‘(l |l the \'2||(‘ll(‘(‘ o -<shell 1< halt H”(‘(l or fll“. Ihe Tatter 1s the
case for Cuo Neoand Au. These elements form stable negative lons by attaching an
leetr 10 M . - . , e t A ele | '
~-cleetron to the (= Dd™ns =5 5 atonae gronnd state, vesulting ina single joni
LSy state. s for the alkali negative ions, photodetachment into the atomie ground
g |
state will therefore exhibit only one threshold. For Au™ this E\-defining threshold
has been 21('(’|ll‘ill(‘l}' measured in the past, as it can be pruln'(l with visible light, The
'Sy == NS¢/, thresholds of Ca™ and Ag™ . on the other hand. require near-infrared
) 1/2 5 |
light and have not been previously investigated. Both jons are very prolific from a
cesiumn sputter source: enrrents of several hundred 1\ are rontinely obtained. s a

result, we achieved exellent signal-to-noise ratios inour C'n™ and Ag™ threshold scans.
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cnabling verv accurate powave fits. Fhe fitted threshold valnes ave 12355000 o\ and
L3072 e\ respectivelvo which constitnte sienificant improvenents in acenracy over
the previous experimental values of 123505 eV Sl and 130207 eV INT) respectively,
obtained from LPES .\[)('('ll'il. In fact. the acenrvacies realised here are (ulllp&!l';ll;l(‘ ta
the accuracy of the T LP T measurement by Linebereer’s aroup 100 discussed above,

Fhiere are tour transition metals with o half flled vidence o <helb i the aromae
around states Cro Mo Mocand Reo M and Re possess two valence s elecrrons i
their wronnd states. Henceo the extra eleciran of the respective neeative jon wonld
have 1o occupy a d-orbital tor possibly o prorbitalr The resultine ionic terms would
then exhibit fine structure and are furthermore predicted to be cither nnstable or only
very weaklv bhound 300 meN il which precludes infrared LPT with the carrent
~etup. Croand Mo, on the other hand, form stable negative jons in the vr = D 'ns”
confignration.  'his was established in LPES stadies of these svstems, which vielded
FATS of 06660120 N2 and 071820 oV N3E for Creoand M respeetively, Naain,
the absenee of tine stracture shouldin principle enable a very acenrate determination
of the EA-detining "S5 —7 Sy threshold, Unfortunatelv, Cr= and Mo~ are not very
prolilic from a Cs sputter source. Beam enrrents of ondyv o few n\ resulted in poorer
Aenal-to noise ratios of the threshold scans, In addition. the stenal-to-hackeronnd
ratio was worse than in the experiments with Ca™ and Ng7. In the absence of excited
states of the atomic ion under investigation photodetachiment backgronnd signals may
still arise from small amounts of mass-coincident or nearly mass-cotneident impurity
molecules, such as hydrides, The fraction of sueh molecular imparities in the ion beam
may have been higher in the case of Cr7 and Mo ™. The tnereased background can be
compensated to some extent by inereasing the scan range, but a larger nncertainty

in the it to the data is inevitable. Our tinal values for the EX's of Cr and Mo
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are 06738120 oV and 07172020 oV respectivelyv, which agree well with, and are
sibstantial improvements over. the previons experimental values gquoted above. A
more detailed presentation of onr experiments with Cr7o Mo70 Cusand e may

be fonnd i Paper 11

5.4 Transttion metal anions with fine structure

Nnone the atomie neeative ions that possess hownd fine stracetnree levelsceand

exhibit the Targest fine strneture splittings, Due to this fact these sestems were chosen
i our first attempts at maltiphoton detachiment via forbidden transitions, which are
deseribed in the nexst chapter. In the context of these experiments. the sinale photon
detachment threshiolds of the tonte eronnd states were also investivated. While the
[T work on Pt has heen pablishied in Paper 10 the Ir work s nnpublished to

date. as some initial ditficnlties with the LT spectra conld only be solved vecently,
5.4.1 Ir : A sample case

An enerey level diagram of Tr™ and the Te ground state is shown in Fie. 520 Tnaddition
to the 5627 onie gronnd state for which a previous LP T study reports acbinding
ctergy of TGS eV i the =3 level of the " rerm and a2 levelwhich is of
P character are also predicted 1o bhe hound on the basis of multiconfignration Divae-
Fock calenlations (Paper 815 The same caleulations indicate that the J=2 level of
the *F term might be slightly unbonud., As the two exeited levels are predicted to
fie 5920 and 6671 cin™! above the onie eround state, they cannot be expected to be
sufliciently populated by the sputter souree fora direet abservation of the respective p-
wave thresholds. These levels mav, however, give rise to a noticable photodetachment

background in an LPT measurement of the ionice gronnd state.

"Note that the L and S quantum munbers have only a limited meaning in such heavy systoms,
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Fienre 5.2 Fnerey level diagram of Ir™ and the Ir aronnd states The calenlared
eneregy values are used for the excited iouie levels,

[ onr initial experiments with Ir™ a0 3 mm diameter widinn metal pelles

was nsed as the sputter target. mounted ina copper cathode. Beam currents of

=100 1\ were obtained at the average mass of Ir. However, the photodetachment
scan of the ' — VL threshold region did not reveal a powave threshold feature.
but a very strong and almost constant detachment signal throughout the entive scan

range. shown in Fig, 5.3 (upper curve). As this strong signal cannot result from Ty~

detachment (ground or excited states) it is likely due 1o an nnusually stong molecular

impurity. Since the Ir target is monnted in a Cu cathode some amount of Ca trimer

anions might be present in the jon beam. and would be mass-coineident with fr. We
therefore attribute the observed signal to detachment of (.

A subsequent reinvestigation of the *Fy — VEy, threshold region employed a
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Fioure 5.3: Ir7 photoderachment vield versus Taser wavelength, Upper carve: signal
obtained with a Ir Cu cathode, Lower curve: signal obtained with a Ie Al cathiode.
[he solid line represents a fitted Wiener powave threshold. Over the Targe cneray
range shown here there appears to he a small systematic deviation between the data
and the itted cnrve, Henee, for the FA determination only the data elose 1o threshold
were nsed.,

iridinm petlet mounted i an aluminnm cathode, The careent obtamed at the niass
of Ir was again =100 AL but this time,a clear p-wave threshold teature was observed
in the detachment sean (lower corve i Fie, 5300 prwave dit 1o the data vields a
threshold value of 12618.0(15) em ™! [1.956 113(20) eV in agreement with the previ-
ons experimental value. Only a small photodetachment background remains i the
scan and might be due to detachment from the the excited levels of 7. Despite
the large beam current. the pwave detachment signal is relatively weak.  This is
not unexpected, since a bound d-clectron is removed from the jon in the detachment

process.  As discussed in detail in Paper 6. the cross seetion for d-electron detach-
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ment is approximately an order of magnitude smaller than for s-electron detachment.
Unfortunately, in the case of Tem the first s-electron detachment threeshold is Jocated
23000 cm ™ above the gronnd state threshold investizated here, Henee, the respee-
tive threshobd would be superimposed on o very laree detachment backeronnd. A\
stall F — L detachment cross section also explains why the threshold <tenal

conld be completely obsenred by the stenal frone Ca, devachinent
5.4.2 Co and Rh

Cobalt and rhodinin appear i the sime cobim of the periodic table as ridium.
I hev form stable necative tons also o the v = Dl s conticnration. For both Co -
and R all three tine <structare fevels of the PF term have been [)l'n‘\'iulhly observed
i LPES spectra and are reported to he the onlyv ionie levels bound with respeet 1o
the atomie ground states Fine straeture splittines are smaller than i the case of e 7.
such that a sutheient population of the upper levels mav he expected from the s
sputter souree,

Onr infrared LPT stadies of Co™ and R are deseribed in detail in Paper 6
and the vesults are summarized i Fable 5000 Neaurate ground <tate bhinding ener-
sies were obtained for hoth ons. Fine structure ineasurements, on the other hand.
were cotplicated by nnfavonrable cross sections for the relevant thresholds in the
case of Co™and by surprisingly low jon bheam currents i the case of Rh™. These

meastirenents remain incomplete,
5.4.3 Ni~, Pd7, and Pt~

Nickel, palladinm. and platinum form one column of the periodic table. vet their
atomic and ionic energy level structures display some interesting irregularities. Ni~

and Pt~ possess two stable states. namely the line structure levels of the (n—1)d"s <D

Y
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termn. Incontrast, the jonic aronnd state of Pd™ is aiven by the 1085280, level
and the first excited state s the =572 level of the W00 term: the =3 2 level

i~ Tikely nnbound.

Our infrared photodetachment experitients with these three ons have re-
silted inacenrate binding energies for all of the atorementioned hound levelss The

valines and their aneertaintios are listed in Fable 5000 A< an exinnple of cascaded

RS thresholds, a [ml'lil)ll ol the |)llnlml"l.u'lllllt'lll cross ~ection ol N1 shown

i Fies 5o The P work on N7 and Pd s presented o derail i Paper 60 The

" "1"/)*. 2 detachment threshold is discussed in l’;l[n'l' 1O whereas the observation of

the Poois Dy o level via resonant mualtiphoton detachiment s described i Paper s,

Relative Cross Section [arb units]

() M > T -

8600 8800 9000 9200 9400 9600
Photon Encrgy [cm ']

Figure 5.1: Photodetachment eross section of Ni™ over the region of the 21, — 1,
and <D+, = YDy thresholds.
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5.5 Summary and Outlook

Table 300 summarizes negative ion binding eneraies that were derived from p-wave fits
to our LPT dara. and also aives previous experimental valnes for comparison. \sx can
he seen. iimprovement < in aceuraey of iup to two orders of macnirnde were realised for
ot h «_'l'ulnl«l ~tate and vxrilwl State |>ill(li|lu cliersies, Idrared 1P shectroscapy s
thins proven 1o be a valuable tool for the study of necarive tons that exhibi JrWanve
thresholds. However, the t'\[)(‘l‘illll'lll\ have also tehicated some ot the Timitarions
of the technique. The Tinirations mostly vesalt from the fuct that the present e
perimental setup wilised neateal particle detection 1o monitor the phaotodetachment
process. Newtral atoms produced via different photoderachment cliannels cinnor he
separated. Leconly the total cross seetion for photodetachiment is meisured. Consee
ntive channels thus appear as a ccascade” of thresholds in the uentral particle sienal

of an LP U <tndy. as opposed to the series of individual peaks observed i the electean

Nl

spectrum of a LPES measurement. This is not necessarily ac limitation in the case off

~-wave detachiment (Chapter D bt for powave channels: the detachment sienal
threshold s notortously small, The experiments presented i this chapter have shown
1hiau ulll_\' the two or three strongest thresholds swithin a seqienee ol cascaded JEwWave
thresholds can be measured with an acenraey that is clearly superior to accuracies
achioved with LPES. In cases such as Co™. where o laree mmber of thresholds s
present. most thresholds cannot be resolved. as their strength refative 1o the pho-
todetachment backeground is too small. In such cases an wnambignous interpretation
of the LPT spectrum has to rely on previous LPES results in addition to calenlated
threshold strengths, Fortunately, the s of most of the remaining transition metal
negative jons that could be studied in LPT experiments have heen previously mea-

sured via LPES. so the average term energies are known.
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Fhe imitations deseribed above conld be removed by inplementing teelinigues
for a channcl-sclective detection of the photodetachment prodners. An approach
which seems particubarly promising was nsed in the LP T study of alkali negative jons
with visible licht (6] Thereo the photodetached electrons were monitored through an
clectron spectometer as the laser was tuned. Eleetrons vesulting trom ditferent detich
ment channels then appear as separated peaks in the spectrum. and the dependeney
ol a particular peak on the photon enerey is divectly proportional to the partial cross
section of the respective detachment channel. Henceoa combination of this detection
scheme with the infrared LPT technigues demonstrated here should o principle al-
low a resolution of dense threshold manifolds as found in Co™. In practiceion bheam
energies higher than those used here would probably be required i order to provide

threshold electrons with sufticient energy for detection. I necessary. the signal-to-
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notse ratio conld alwavs he improved by using an interaction recion with collinear
rather than crossed faser and jon beanis. Resonant jonisation spectroscopy «R1S)
constitites an alternative approach for state-selective detection. Tn recent vears, this
technique has been very suecesstully apphied to the study of atkaline carth necative
ons 7L The exeellent sianal-to-noise ratio achievable with RIS enables the detection
of even the weakest detachiment channels. On the other handd, the atomne enerey level
srneture of the element woder investicarion st provide for o practical resonant
wonization scheme, which micht not bhe the case for some transition metals,

A very ditferent approach to the stndy of the fine struetnure ol teansition metal
negative dons conld involve two-phaton rather than sinele photon threshold spee-
Lruscopy. Ihe observation of !\\‘nr[)hululi detachment thresholds has heen |'v[mrlml
for three main eronp negative jons, mamely 1H7 76300 CH 6T and SiiSee. 632,
Paper 51 This detachiment seheme is particnlarly interesting for trmsition metal
negative ons. as their two-photon thresholds follow the Wigner s wave L withe s
characteristic sharp onset. Cascades of even eloselv spaced sawave thresholds as i the
case of BT (Sees 1301 have proven to be an accurate measure of jonie fine strueture,
he threshold shifts that are inevitable with the high Taser intensities necessary for
the two-photon process would he the same for all fine structure thresholds and thins
the splitting would remain unchanged.

Both LT and LPES studies depend onan mmitial population of the 1ome
levels to be investigated, Henee, for a sthermal” jon source. bound states that lie
more than ~0.5 e\ above the jonie ground state tyvpically remain nndetected.
study of such high-lving bound jonic states wonld have 1o employ a “non-thermal’
ton source (e.g. a charge exchange chamber) or resonant multiphoton schemes in the

detachment process. Various possibilities for resonant multiphoton detachment from

N3
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atomic negative tons have been suecessfully demonstrated thus fars These experiment s

are disenssed i the following chapter.



Chapter 6

Resonant Multiphoton Detachment

Laser ])llnlml('l;H‘hlll('lll threshold studies, as disenssed i the two [)l‘(‘\'iuih l‘Ilil[)lt'l'\.
have to relv on an minal population of the fonte <states 1o bhe investivated, This s
cencrallv not a constramt o measurements of the tonie eronnd <tate and 1 e
<tructure, as the corresponding level sphittines are tvpieatly small, However, hieher
Ivine excited terms or possihlv electronieally excited contignrations wounld he only very
weakhy populated from a thermal” jon souree. In such cases. resonant mnltiphoton
detachment mav provide an alternative approach.

Fhe mterest in mudtiphoton phienomena involvine negative jons hegan with
the carly demonstration of non-resonant two-photon detachment of 17 by Hall S~
and with the resonant two-photon detachment of C37 by Lineberger and Patrerson [T,
Over the past few vears: several other mualtiphoton phenomena have been observed
in negative jons,

Most studies investigated non-linear optical processes suech as execess-photon
detachment [N9]. two-photon threshold detachiment [67. 68]. and ponderomotive thresh-
old shifts [35]. Negative jons represent qualitatively different targets for sneh strong-

laser-field studies.  In comparison. multiphoton ionization spectra of atoms often

-t



exhibit comples structures, ax they are stronely intlienced by the presenee of an in-
finite series of Rvdbere states converging 1o the jonization limit, These states aet
as Cintermediate” states ina multiphoton transition teompare Feogo 222000 and even af
the transition is not in resonance with the nuperturbed levels of the atom. the strong
lields needed to drive o mnltiphoton transition will ofren <hift some Ryvdbera fevels
into resonance. Multiphoton detachment spectra of atomic neeative ions on the other
haned. are coneeptually ~stmple due ta the absence of sneh o Rvdbere series of states
As disenssed in more detail in Chapter 20 the Tack of Rudbery states s aresalt of the
<hort range pult'll!i&\l thiat binds the extra electron of o neeative 1on, Heneeo atomae
negative jons are ideal tareets whenever the nonresonant character of mnttiphoton
phenomena is of interest,

While the virlons non-resonant nmlliphnlun detachment l)ll(‘llullll‘ll«l ien:
tioned above were investicated by several ditferent groups over the past [0 vears,
resonant multiphoton detachment ol atomic negative jons was only recenty demon-
strated for the first time. o collaborative effort between the Narhus and MeMaster
gronps (Ref 190}, Paper 9. This may seem surprising considering that the struetural
knowledge of atomie species is primarily derived from observations of bound-honnd
transitions. I partienlar. resonant multiphoton jonisation tREMPD of atoms. 1o
which resonant multiphoton detachment is the negative ion analogy, has beena very
siecessful speetroscopic teelmigue. The fundamental ditference between antonie and
atomic svstems is that excited of negative schemes. bound excited negative ion states
almost alwayvs refer to the terms and fine structure of the same (ground state) elec-
tronie configuration.  Heunee, single photon electrie dipole (121) transitions between
sueh levels are strictly forbidden as a result of the parity selection rule. .\ simulta-

neous absorption of two photons. on the other hand. would be allowed inan clectrie
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dipole interaction and wonld give rise to a resonant enhancerent inoa mltiphoton
detachment speetrime.” The “eross sections™ for such second-order processes are very
stall but the transition probabilities scale with the square of the laser intensity ieon-
pare Fqg. 22000 Heneeoa tightly focused faser pulse mav very well compensate for a
small two-photon eross section. detachiment spectra in a

[n addition to two-photon BT rransitions hetween states of the same parity,
sl probabilities olten exise for sinele photon transitions of maenetic dipole N
or clectrie quadrpole (120 character, Such “forbidden™ transitions have very <sinall
probabilities tEinstein A4 coetficients of ~ 1 <7 Mandy o absorption. depend only i
carlvon the faser intensitve Nevertheless, forbidden transitions are aowell known
phenomenon in atomie spectroscopy and are readily observed i laree sacanple volumes
can be made availables as for example inmualtipass absorption cells or interstellar gas
clonds, To contrasts sample volumes available i negative 1on studies are very limited
due 1o the fragile nature of this speciess Both jon traps and on beam machines pro-
vide at most a few cm’ ol sample vohume with low fon densitios (~ 10 con =50 Due
to these Tinntations, resonant multiphoton detachiment via forbidden transitions was
initially considered less likely than via two-photon transitions. The tirst observations
of such forhidden transitions in negative jons were made only recently and so far ondy

by the MeMaster gronp. as deseribed i derail helow.

6.1 241 photon detachment in a Raman coupling
scheme

As binding energies of atomice negative ions are often small (<1 eV) and the splittings

hetween hound levels are even smaller, single photon transitions between such levels

TSelection rules for one- and two-photon transitions are listed in Table 2.1,



NN

would tepically require tunable infrared sources. Sinele color twa-photon transitions
would he even more demanding i terms of infrared tunabilite and polse eneray, Of
conrse. two-photon transitions are also possible for photons of unegual frequeney., e,
i two light ficlds of different colors are present. and even il the second light tield
canses a stimulated emission rather than an Elli\()l'l)li()ll ol [)lmlull. he ditference
between i strateht two-photon transition stwo absorptions and o two-photon Raman
transitiot tabsorption and stinmbated ernission i~ stonphy eiven by oo sien chanee i the
grantam mechanical expression for a two-photon trausition tlq. 22000\ two photon
Raman transition s therefore a very attractive scheme for fine ~strnetnre studies via
resotant multiphoton detachment fparticalariy it the tine stenetnre cannot be resolved
i LT measurementsi,

Seand Tem are wood candidares for a tirst application of this detachment
scheme. Both ions are stable only in the p* conlignration which gives rise to a sin-
ale <L term. The enerey level diagram of Te™ is shown in Fieo 6.1 as an example.
Fhe /=32 12 fine structare splitting is reasonably well known fron previons 1P 1
stidies which vielded values of 2279020 and S00805) e ™' for Se” and Te™ respee-
tivelv (L Heneeo no ambignity would remain if the corresponding resonanees conld
be observed in the 20Raman) +1 photon detachiment spectra. Farthermore, due to the
large grovund stare binding energies o these ions (=2 eV the multiphoton experiments
can be carvied ont without the need for tunable infrarced Lieht,

The Tem experiment was tirst conducted by the Narhus gronp [90] utilizing
tunable Heht around 694 nm and the fundamental radiation ol a Nd: Y AG laser (=106
nm). 2\ clear resonance structure was observed in that study corresponding to a fine
strueture splitting of 5000.7(2) cm™ The resonance feature and its position were

confirmed in a subsequent study by the MeMaster group which vielded a splitting
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Fieure 6l Sehematic enerey level diveram ol Te and Teo Ditferent photodetach
ment <chemes aimed at a determination of the fine strueture splitting are indicated
by arrows: () three-photon detachiment via two-photon Raman F1 resonance: (h

one-photon detachment thresholds: e two-photon detachment via one-photon M1

resotianee,

ol 0006051 et This experiment and the analogous study ol Se ™ condueted a
Narhns are deseribed in detaal in Paper 9 in the appendix.

While the 2(Ramani+1 scheme is very effective in cirenmventing the need for
tnnable infraved hiehr, ic stll rematns a challengine maltiphoton experiment. Special
care st be taken 1o assure good spatial and temporal overlap of the two ditferent
laser pulses. which also have 1o he focused tightly in order to drive the two-photon
transition efficiently. Furthermore, an aceurate fine steneture measurement depends
on a reliable and accurate calibration of both laser sources. The small differences
that are found between the 2(Raman)+1 measurements and the 141 measurement

(see helow) of the Tem fine strncture splitting are in fact believed to be due 1o small

svstematic errors in the laser calibration of the 2(Raman)+! experiments.
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6.2 141 photon detachment via magnetic dipole
transitions

[he 2iRamani+1 <cheme disenssed above s well suited in cases where donie fine
structure splittings are onlv o few thowsand co™ or lessc o particular if the jon
I~ \H'ullg’l\' bonnd, However, for the antons of the heavy elements ot ]N‘l'iwll e
strneture splittines s hecome vt her Tree vees ~ 10000 con = for Procswiiel makes
an tmplementation of the 20Ranvan =1 ~scheme mereasinely diffiondt. Farthermore,
this scheme s not usetnd for resonant multiphoron detachiment viae weakly hoaned
excited statese by sneh cases 1 =1 photon detachment via forbidden transitions may
provide an aliernative schieme, This approach is particularly attractive if the exeited
state under investigation is bonnd by less than half of the eround state bindine eneroy,
as the T4 photon detachment process can then be realised with only w sinele color,
Nevertheless, the T+1 photon detachiment process remains challenging even i these
favourable cases.as virtually all bound-hound transitions in atomic negative ions are
<ingle-photon 1 forbidden, and therefore have only small transition probabilities of
M1 andior 12 character,

Fhe feasibility of the T+1 photon approach for a particular exeited state s
therefore evaluated ina computer simulation of the laser-ion hean interaction prior
to the actual experiment. The simulation assumes a Lorentzian laser bandwidih. and
Gaunssian profiles for the the temporal and spatial shapes of the Taser beam as well
as for the spatial shape of the ion beam. The number of detachment events per laser
pulse is caleulated as a function of the varions ton and laser source parameters and as
a function of estimated bound-bound and bhound-free transition probabilities. Com-
peting detachment channels such as single photon detachment of the initial excited

level population and non-resonant two-photon detachument of the ionie ground state



Besonant Mualtiphotan Detachnnt

are also inchided. Tt was found in the stimudation as well as o the experiment that the
success in driving a Sforbidden™ T+ 1 photon detachment process often depends on ef-
fective suppression of these competing channels While a collimated laser heam aives
rise to a large one-photon texcited state) and onlyv i very small two-photon teronnd
state) detachiment hackeronnd, the sitnation 1 reversed for a tehily foensed heann,
Depending on the cross sections of the viarions processes. the hest resonant <ienal o
hackaround stenal ratio may bhe obtained with one or vhe other hegm ceomnetey, or an

mtermediate geometry such as a eviindrical foens,
6.2.1 Ir~ and Pt~

Ounr fiest investigation of mudtiphoton detachment via forbidden transitions was car
ried ot on the negative ons of iridinm and platinnm. Phe eronnd states of these
ons. M6 and Sd'6s7 T D L respectivelysare stronely honnd 1 1261500150 and
L71 6 am s Table 5000 Yetsisocleetronically extrapolated vialnes of 7600015004
cin 7 for the TF = Y tine straetinre splitting in Poooand TO000CT000Y e~ for the
D+ =Dy splitting in Ir 7 indicated that T+ 1 photon devachment might he achieved
with a single. near infrared color. We therefore scanned the single-color two-photon

detachment spectrum of hoth jons over wide photon enerey ranges. For hoth. {r”
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and Pt assingle, sharp resonance featnre was eventually found at a photon energy of

TOST30 and 9710.9(5) cm ™! respectively, The interpretation of these resonances as
being due 1o magnetic dipole fine structure transitions was supported by multicon-
lignration Dirac-Fock caleulations (performed by W PO Wijesundera) which provided
transition energies of 6671 and 9335 cin™! and probabilities (Einstein A coeflicients)
of Tand LEs™! respectively, Using these transition probabilities the above-mentioned

photon-ion interaction simulation predicted resonant signals of the order of several

connts per laser pulse. in agreement with observed signal levels. Unfortunately, some



nncertainty in the interpretation remained due to the faet thar stenals could neither
he obtained for the corresponding 2(Raman)+1 processes. nor for sinele photon de-
tachment from the excited levels, The Tatlure of the 2t Raman)+ 1 experiments might
well he vxplninml by small cross sections for such Processes m these \l)t'(‘i«‘\'. [he
streneth of o two-photon transition depends sensitively on imtermediate states which
ne the case of atomic neeative tons. are primmrily contimnn states Heneeo it miay
Lo relevant vhat e and Prodetach imto powive continma whereas Se o and Felor
\\‘lli('}l '_'{ R‘:llll.lll)‘r‘] resofiaiices were u‘).\(‘l'\t‘«]. (l('l;ll‘h illln SoWane cottl illllil. l ||(‘ |;l(‘|\'
of sinele photon detachment from the excited fevels, on the other hand, s readily
explained by the fact that the highly excited levels are essentially anpopulated in
species derived from the sputter ion sonree. N detaiied deseription and anadvsis of

our experiments with Ir ™ and Proois given i Paper s,
6.2.2 Te~

Due to the small nneertainty regarding the interpretation of the resonances observed
in I and Poan attempt was madde at driving the magnetic dipole <0, = “P
fine structure transition in Fe” o Incoutrast 1o the two previons cases, the Te™ dine
strneture s overy well known from the 20Ramani =1 experiment deseribed above as
well as from carlier LPT stadies {17,

Laser wavelength scans of the region expected to vield the T+1 (M1 photode-
tachment resonance were carried ont by eliminating from the Raman cell output all
cotponents except the residual dyve faser and second Stokes heams and then focussing
the fight on the on beam utilizing a 60 cm focal-length lens. While the second Stokes
light provides for the fine stracture transition the residual laser light is needed for the
subsequent detachment process, as depicted in Fig. 6.1, An example of the resonant

signal is shown in Fig. 6.2, The sharp resonant feature is seen to be 0.16(2) em ™! wide
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|‘.'IL{1\1':' 6H.2: Two colour l\\'u—plmh)ll detachiment sienal of e versus intrared Laser

photon eneroy in the vicimity of the magnetic dipole tine structure resonanee. he
solid line represents o Ganssian .

and the signal-to-hackeronnd ratio is about L1 The resonance is clearly resolved and

exhibits hieh signal to-noise. The background level is primarily due 1o one-photon
detachment of the excited Tem(3p® 212,50 1ons sinee the thermal population fron the
sputter jon source leads 1o an initial population of this level of ~ 17, The resonance
position is found 1o he 30005360100 cin ="

The new value for the fine structure splitting can be compared with the values
obtained from the 2{Raman) +1 experiments, 500-0.7(2) em ™! (901 and 500 L605) em !
(Paper 9. Althongh the values are close and misinterpretation of the resonance in
Fig. 6.2 can be ruded ont, it was of some concern that the present value ditfers from
that of Ref. [90] by about three standard deviations. given the fact that we assume

that an accuracy of = 0.2 em™" can be routinely obtained in our respective pulsed

laser measurements. Henee, numerous checks were conducted on the laser calibration
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and other experimental parameters in the present work. In order to obtain an inde-
pendent measure of the line structure splitting, we condoeted a careful measnrement
of the single photon detachment threshold from the apper Te™ level as deseribed i
Chapter 1 Phis experiment vielded o vadue of 3005350167 et for the fine struetare
~plitting, in excellent agreernent with the result from the 1+1 experiment. \ more
detatled disenssion of the present and previous Te o experiments was be tonnd in
Paper 7.

[he clear demonstration of o two-photon detachment via o -1 masnetie
dipole resonance oo case where the mterpretation s perfectly elears vertties the
perspectives which were ontlined at the beginning of this chiapter. The NI iransition
in e is expected to he ol ondy moderate streneth. havine an Finstein 4 coctliciem
ol = 257 estimated on the hasis of isoclectronie extrapolation. The fact that many
other atomie negative ons are expected to possess ine steucture transitions of ~sinlar
streneth sneeests that the F+1 photon detachment seheme mayv indeed be eeneralls

applicable.
6.2.3 Sb~

SHh™ is a rather interesting negative jon. as it is expected to have four bound states,
namely the tine structure levels of the 7 and YD terms of the Spb conhgnration,
Nevertheless. the previous knowledge of these states is very Timited (as ontlined i
Sec. 1.5.2). Our LPT studies of this svstemowhich are discussed in Sec. 1520 provided
accurate binding energies for all three PP, levels: hut did not conclusively contirm a
J=2-1-0 order of the levels. The thresholds from the two apper levels had similar
strengths and were separated by only 116.3 cm ™! Considering the large uncertainties
of 1soelectronic extrapolations. this left a small probability for a 2-0-1 order which is

found throughout the isoelectronic sequence (Teo 17, etel). Henceo a 141 two-color
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]Jllulu(l('li\(‘lllll(‘m (‘X[)«‘I'illlt‘lll was condncted which (‘llli>|u)'~‘<l secotd Stokes radiation
around 3.6 g tor the resonant transition and Hirst Stokes radiation for the siubse-
quent detachment. Ouly one resonance was fonnd at 2685 L3701 e ™ and nnst be
assigned to a transition hetween B0, and ) based on estimated transition probahil-
ites, conlirming a 2-1-0 level order.

\\Ailll lhv ain to lnl'nl" lllt' |ll"‘\"ll)|l\|>\ |1ntl|)\"l'\('tl I)IH lm\\ilnl\ lmllllll l/).‘
term. the \iIIL‘Il' color l\\‘n—[)llulull detachment ~pectri ol Sh o “/’_,n wWas recorded,
Fhe 20Raman) =1 photon detachment scheme wonld not be suitable here as the ',
level is onlyv weakly bound, The U= 1 maenetic dipole resonance which has anisoele
tronically extrapolated transition probability of 11 <7 was tound at a photon eneray
of 7392955015 e 7 aiving a 0L bindine enerev of TO35 3025 L

Fhe MU resonanees observed i Shoexhibit a ine broadening that could not
he ('.\[JIEIilil‘(I until the etfects of onie ll_\ln'rhnn' strnctinre were considered. \While
the hvpertine structure of numerons nentral and positively charged svstems has heen
studied in the optical regime. studies of this Kind do not exist for negative jons.
The measured T+1 M1 resonance peak profiles were therefore modelled on the hasis
of caleulated hyperfine structure 4 and 13 constants, These refativistic configuration
interaction caleulations tperformed by DL R. Becksand the hvperfine strocture model

are described in detail in Paper 1.
6.2.4 Si", Ge , and Sn~

Ourinfrared LPT studies of the excited 2D states in the antons of stlicon, germanium
and tin (See. 11.2) provided acenrate binding energies in all three cases. Nevertheless,
an attempt was made to confivm and possibly improve these vatues (listed in Table 1.1}
via [4+1 photon detachment. Unfortunately. M1 as well as 12 probabilities for the

'.\';,/43 — 21, transitions are very small. as the (approximate) selection rules AL =10
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and AN =0 are violated, Transition probabilities of ~1 <7 are only expected in the
case of Sn7oa svstem that s not well deseribed by the LS-coupling approximation.
Consequentiv, no resonance featires were found in the two-photon detachment spectra
ol S17 ;|]|(l (e, whereas ‘N)lll ',\'v.‘,_. — -,[),I resolidanees ('u|1|(1 hrer ;n'('lll'i\l(‘l)’ located il
the case of Sn™ at photon eneraies of 3762500101 and 6312370100 cn b respectively,

OF the five carbon aronp antons only 817 s V\‘]H'('h‘ll Lo possess i honnd =
ternn As the very small hindine enerev of this termn prechudes aodetermination of the
detachment threshold to the atomic ground <tate, we have attempted to probe the
1 levels via resonant multiphoton detachment. Various possibilities for resopant
multiphoton detachiment exist in this case imvolving cither the 'S0 orthe 20 states
as the initial level, However, no resonant features were apparent in any of the two-
photon detachiment scans, Phis inegative resnlt s disenssed n detadl i Paper 5
andd is primarily attributed the substantial St 00 photodetachment and Simetsy
collisional detachment backeround levels,

G Land

6.3 Single-color 2+1 photon detachment

As onthned at the beeinnine of this chapter. an alternative 1o dreiving a transition
between states of the same parity via an El-forbidden one-photon absorption is the
possibility ol El-allowed two-photon absorption. However, i the case of weakly
bound excited states the 2(Raman)+1 approach diseussed above is not <nitable. [n-
stead. the bound-bound transition nmnst be realised here ina straight 1wo-photon

absorption. requiring very intense infrared pulses. of Sh™.
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6.3.1 Sbh~

[ order to coufirm position and parity of the weakly hound "Dy evel found o SH-
via [+ 1 photon detachment. the ' — YD transition was also driven via an eleetrie
dipole allowed two-photon absorption. As the ', bindine enerav is dess than half
the "0, = YDy splittineg enerev, the transition conld he observed ws w2+ 1 resonanee
i the sinele color three photon detachiment spectram off Shoct 0 This resonamee,
which s the fiest l‘\illll‘)li‘ of w sitnele color 2 [)llnlull detichiment. s shown i
Fiw. G230 The <ignal-to-hackeronnd ratio of the resonance was sienihicant v improved
by retaining o fraction of the first Stokes radiation in the iufraved pulse. Tndoine <o,
the probability for absorption of the third and detachine photon was substantially
increased and only a small sinele photon detachment hackeronnd from the npper *17
levels was introduced. A photon energy of 36963515 cin P aives o splitting cneray
of 7392700300 cm 7' which aerces well with the value obtained from the 1= N

resotanee,
6.3.2 Si-

The Si7217)) Tevels. which conld not be located in the T+1 photon experiments are

M

only very weakly bound. Henee, the 'S0 = <) two-photon resonances are ex-

pected to die just below the threshold for two-photon detachiment. 'S, Lo,
This threshold was investigated firste in order to optimize the foenssing geometry
for higher-order processes, The result is shown in Fig. 6.8 The threshold for two-
photon detachment at 11370(15) em ™ and the expected pawave threshold heliavior
are apparent. (A two-photon p-wave threshold has been previousiy observed in €17

detachmient [67].) The observed threshold value compares well with 11357 e ™4

the average threshold value for an unresolved Sic? P) tine structure (althongh a pon-
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Fienre 6.3: Sh™ Hp, ==

- DL B resonance i the three-photon detachment vield,
Fhie solid Tine represents o Lorentzian it

deromotive threshold shift of a few e ™b may be presenti. At energies helow the

two-photon threshold o small photoderachment signal is observed. This sianal re-

stlts from one-photon detachment of Si7620) and {rom three-photon detachment of
(R I
ST

However, no resonant features were found. Phe absence of anyv resonance

strneture is likely due to a very small transition probability. The transitions would
be sspin-forbidden’. and although this is also the case for the ') == '), transition

observed in Sh7, a spin change is a much more serions constraint for a transition in

a light svstem which is well deseribed by LS-coupling. such as Si~.
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Figure 6.8 Measured two-photon Stmorsy o0 =< Sic'Py detachment threshold, The
solid Tine <hows the result of & Wigner powave Hit 1o the data,

6.4 Summary and outlook

Fliree different resonant multiphoton detachment schemes were suceessfully applied

in onr stadies of bonud excited negative ion states. 11 photon detachiment via

forbidden transitions was proven to be applicable in cases where farge fine structare
splittings (Tem. Ie7s Pr7y or exeited terms 15070 Sh7 ) are present. 2+1 photon

detachment via two-photon Raman transitions was found 1o work well for smaller
line stracture splittings (Se™. Te™) and finally, straight (single color) 2+1 photon
detachment was demonstrated for the case of weakly bound excited states (Sh™.
The results of these experiments are summarized in Lable 6.1,

[n terms of future studies. the observation of the 'Sy, = *D5,, resonance in

Su~ has demonstrated that laser-driven transitions into metastable ionic levels with
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Table 6.1: Summary of eneregy Tevel splittings derived from mualtiphoton detachiment

experiments,

lon Levels Scheme Splitting (HT'—II
Snt TNy =Dy, |+ ST2o00
R LT [ =1 6312370100
Sh- A [~1 20N 13Ty
AR Y P -1 FA92 0000
2 T392. 700300
le S AR L bl SO0 300 10
2 Ramany « 1 SO0 1650
lv~ AT O | -1 TONT 30 b
Po Dy, D I+ G0N

radiative lifetimes as long as ~100 < are currently possible, Novel storage rings 1e.e,
FLISY v Narhus, Dennsarky mav an fact enable acenrate liftime measurements of
sich Tone-lived jonie states: Fuether improved or alternative tanable infrared Taser
sonrees such as optical parametric oscillators may provide wider tunine ranees, hivher
repetition rates, and or more eneraetic pilses. Somewhat shorter pubses: iy 100
ps. conld provide higher intensities and thus inercase the probabilities ol nonlinear
PrOCesses, with l)lll)‘ moderate .\'[)(‘l'“‘&ll l)l‘t)il(lt‘llillu.

Althonels onr attempts to observe 2(Ramani+1 fine structure resonances i
[t~ and Pt7 were not successtul, i is still believed that this detachment scheme tas
prove very valuable in future fine steneture measurements of transition metal anions,
Most of these svstemns have tonic gronnd states of large multiplicity, often with only
small and vet undetermined fine structure splittings. These svstems furthermore
exhibit p-wave detachment thresholds, which makes a fine structure determination
based on LPT spectra of cascaded thresholds very challenging (compare Chapter 5).

The only single-color two-photon FI transition observed thus far, /P

— l[)_z

in Sh™. was also driven as a one-photon M1 transition. However. cases exist where
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hoth Ull(“[)}lU:UIl oL and MU transitions are \H‘i(‘ll_\' forbidden |)} the <election miles
(Table 2,00, eao. the vet unobserved 'Fy — F, transition in le”. A one-photon

transition wounld then be of electrie quadrupole character and therefore extremelv

weak. bhut o two-photon transition mieht he <atficiently strong i some cases. n

particular. the near deaeneracy of the vn — b oo =1 Vs and o = DT st
t‘nnliulll'illinll\ found n most transition metal atoms sneoests that the l't*-~|)"t'li\«'
fols Tady exist I thore than one ~stable electron confienration. However, Pd s
the onlv experimentally proven case thus far (Sees 500300 Such excited even pariny
configurations of transition metal anions arve likely weakly bound. Heneeosinele color
241 photon detachment might be the only feasible detachment scheme here.

[ some of the cases investigared here, resonant enhancements in mmltiphoton
detachment spectra were expected on the basis ol computer stmulations. bt not
observed due to acsubstantial one-photon detachment hackeronnd from excited jome
levels, Inosuch casesa strong Liser plll.\'l' could he (‘Hl[)l()\('(l 1o 1[('])[("(‘ the exeited
level population of the jon beam via saturation detachment. before the ion heam s
clectrostatically detleeted into the interaction region where the actnal mmltiphoton
detachiment takes place.

So tar, multiphoton experiments that were aitned at excited states of atonne
negative ions all emiploved phiotons in the optical regime. However, many possibilities
seemn to exist for resonant detachment schemes that involve photons of very ditferent
fequencies. e.g. in the optical and microwave regime. Combinations of faser and
microwave sources have heen siuecessfully used in the past to study the hypertine
structure of MS7 1911 and the threshold detachiment of 87 and €17 [25].

Finally, as already mentioned in Chapter 5. a very ditferent approach to the

stiudy ol the fine structure of transition metal negative jons could involve two-photon
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rather than single photon threshold spectroscopy. The observation of the two-photon
detachment threshold of S17 i 60H0 a necative jon of average binding energy, in-
dicates that this scheme might be sencrally applicable. This detacliment scheme is
particularly interesting for transttion metal negative ions. as their two-photon thresh-
olds follow the Wigner sowave Tow with s characteristic sharp onset. Cascades of
even (‘l(N‘l\ \Ihl('(‘(l ~owave threshiolds as i the case of B oSees 1300 hie prosen
to be an accurate measure of onie fine straetare, Phe threshold shifts that are in
evitable with the high laser intensities necessary for the two-photon process would
likely be the same for all fine strneture thresholds and thas the splitting wonld retain

nnchanged.



Chapter 7

Conclusion

Fhis Thesis has deseribed the desien and initial testing of o pulsed. tanable inivared
laser source and its application in photodetachment studies of atomie negative jons.
I alle 20 elements and three distinet aspects of negative ion spectroseopy fave heen
nvestizated sestematically,

A laree subset of the elements of the periodie table tnamely the main wroup
HIA-VIEA elements) form stable negative jons which detach mto s-wave continna.
Several ol these svstems have been studied here by means of infrared laser photade-
tachment threshold spectroscopy. resulting in hiehly acenrate values for ionie binding
energios and new information on excited fonie states, The stadies have Tead to a
substantial proliferation of the experimental knowledege of these svstems 1o an extent
that only very few questions remain regarding their bound energy level strueture.

Another major group of stable atomic anions is characterized by photode-
tachment into p-wave continua. These jons are primarily given by transition metal
clements which had not been studied previously via photodetachment threshold spec-
troscopy (with the exception of Ir™. Pt and Au7j. Ten systems were investigated in

the present study, and accurate binding energies for the respective tonie ground states
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and their fine structure levels were obtained in most cases, Hereoa primary goal was
to investizate the structure of “cascaded” prwave thresholds, which had not heen done
previousive Although negative fon fine structare splittinegs could he determined from
such cascaded thresholds, some Timitations of the l('(‘lllli(lm' became apparent, For-
tunately, these mitations could he removed i future experinents if state-selective
detections sehiemes were eniploved. Infrared photodetachiment threshold spectroscapy
would then provide a promising tool for the imvestisation of the T remamine stahle
transition metal antons. which are Laroelv unexploved o date.

Finaflyv. the possibility for resonam multiphoton detachment of negative ons
was nvestigated. Resonant mnltiphioton schemes are new 1o the stady of atomie
neaative wons. hiree detachiment sehiemes could be established: T+ |)llnlull derach
ment via magnetic dipole resonances, and 2+1 photon detachment via two-photon
clectrie (“|)(>l(‘ resonances i either a <trateht (sinele-colort or a two-color Raman
coupling regime. Fach scheme was fonnd 1o be hest suited for o different enerey
level structare, henee their combination may provide i complete set of multiphoton
probes of jonic structure, The studies were condncted with several different anions
providing highly accurate ionie energy level splittings and clearly demonstrating tha
multiphoton probes are senerally applicable to negative jons.

Many possibilities exist for further and novel laser-based negative jon studies,
Fxcept for the case of Cs7 0 tonie strueture embedded in the detachment continnm
has not been addressed in the present work. However, the continnum straeture of
negative jons has been an area of active and extensive rescarch over the past few
decades. The infrared techniques demonstrated in this Thesis conld. in fact. be
applied to a region of the continuum of many ionic species that has not vet been

explored. In particular. the negative ions of heavy transition metals may be expected



C'onclusion

to possess interesting continm structures (somewhat similar to Cs750 Some of
these svstems conld alzo provide the tirst example of an atomic anon with opposite
parity bound states. Resonant multiphoton schemes could be ntilized in this context
to probe narrow (Le. metastablei continunm states. as has been done in the case
of alkaline carth anions (7. Ns ver unexplored seems to he the possibility of nsing
~hort tpreosecondyr oprical pulses which. in mnltiphoton transitions 1o hieher Iving
contimnn stractres, conld prevent the ton from prematare” detachiment. Fhe hieh
mtensitios assoctated with such short pulses wonld also provide a powerfnl ool for
studies of negative fons i strong fields. Muoltiphoton detachment thresholds and
imterferences hetween ditferent multiphoton detachment channels are verv interesting
phenomena that have not vet heen studied quantitativelv. Multiphoton threshold
spectroscopy could also provide an alternative probe of lonie striucture, a prospect

that s currently being mvestigated by the MeMaster group.
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A combination of single- and multiphoton tunable infrared laser experiments is utilized to accurately
and conclusively determine the bound terms and fine structure of Sb™(5p*). The 'P; binding energy is
determined to be 8447.86(15) i ™' (electron affinity of antimony) and the previously unobserved P,
Py, and ' Dy levels are found at 2684.37(15), 2800.8(6), and 7392.55(15) cm ! above the 'Py ground
level, respectively.  Relativistic configuration interaction calculations predict these splittings to he 2516

2831, and 7628 ¢m ',

PACS numbers: 32.80.Ge, 31.25.0f, 31.30.Jv, 32.80.Wr

The spectrescopy of negative ions has been an arey of
considerable interest for the past two decades (for recent
reviews, see Ref. [1]). Recently. multiphoton techniques
have been successtully established in this field.  Stud-
ies either addressed tundamental optical phenomena since
negative tons, due to their short range potentials, represent
qualitatively different targets for strong-laser-fields stud-
ies [2], or they were aimed at the elucidation of negative
1on structure.  Both resonant structures in the continuum
of negative ion species {3} as well as bound excited states
[4.5] have been probed via multiphoton schemes. The
energy levels of a negative ion below its first detachment
limit almost always refer to the terms and fine structure of
the same (ground state) electronic configuration and are
still only poorly determined in many negative ion systems.
Optical transitions between such levels are torbidden in a
conventional single photon electric dipole scheme as a re-
sult of the parity selection rule. However, a simultancous
absorption of two photons would be allowed in an electric
dipole interaction and has been demonstrated in negative
1ons for the case where the two photons have different
energies and are absorbed via a Raman coupling scheme
(4]. In addition, small probabilities exist for single-photon
transitions of magnetic dipole (M1) or electric guadrupole
(E2) character between most bound negative ion levels.
Such “forbidden™ transitions have very recently been re-
ported between fine structure levels of Ir™ and Pt”, al-
though the lack of a4 confirmation via a two-photon Raman
transition left the M1 interpretation somewhat open [S].
In this paper we present a case study where a combination
of one-, two-, and three-photon detachment experiments is
utilized to completely and accurately determine all bound
terms and fine structure levels of the antimony negative
ion. The results fully contirm the potential of forbidden
transitions in optical studies of negative ions (5]. Also, a
single-color 2 + 1 photon detachment scheme is demon-
strated for the first time, suggesting prospects for the study
of some weakly bound excited states in other systems. In

4104 0031-9007/97/79(21)/4104(4)$10.00

Widths and shapes of resonances observed in two-photon detachment yields are
modeled on the basis of calculated hyperfine structure constants.

[S0031-9007(97)04614-0]

addition, we present RCI calculations of fine structure and
term splittings and of hyperfine structure constants, Fi-
nally. these constants are used to simulate the observed
thresholds and M1 resonance peak profiles.

The experimental setup is described in detail elsewhere
[+-6]. Nanosecond pulses in the 0.7-1.0 um range are
generated using a dye laser which is pumped by the second
harmonic of a 10 Hz Q-switched Nd:YAG laser.  Stimu-
lated Raman scattering in a single pass high pressure hy-
drogen cell is employed to convert the dye laser output into
tunable infrared radiation via first and second Stokes gen-
eration, with a measured Raman shift of 4155.202) em '
Infrared pulse energies range from 10 mJ at | gm to
0.0 mlatd gm. A 15 keV Sb ™ beam is extracted from a
Cs sputter 10n source, magnetic tield analyzed. and further
charge state analyzed in an ultrahigh vacuum chamber and
then crossed perpendicularly with a collimated or focused
infrared laser beam (for single photon or multiphoton de-
tuchment, respectively). The photodetached neutral atoms
impinge on a discrete dynode electron multiplier for ana-
log data collection.

A schematic energy level diagram of the negative ion
of antimony is shown in Fig. 1. To our knowledge, only
two photodetachment experiments with this system have
been reported previously. Feldmann ef al. [7] used a con-
ventional light source and obtained a *P1 binding energy
of 8630(400) cm ! and a Py - "Pl‘() fine structure split-
ting of 2740(600) cm ™', The J = 1,0 levels remained
unresolved. The J =2~1 and J = 2 -0 fne strue-
wre and ‘Py — 'D; term splittings have been predicted
to be 2700(500), 3000(500), and ~7600 ¢cm ~' on the ba-
sts of isoelectronic extrapolation (8.9]. Polak et ul. [10]
derived an electron affinity of 8436(40) ¢cm ™! from a laser
photodetached electron spectruin and reported that no
evidence of hot bands was observed.

The photodetachment spectrum of Sb™ in the vicin-
ity of the Sb™(*P2) — Sb(*S3,2) threshold is shown in
Fig. 2. Wigner's threshold law which applies to the

© 1997 The American Physical Society
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FIG. I, Schematic energy level diagram of Sb . Armows

indicate different photodetachment schemes: (a) single photon
detachment thresholds; (b) two-photon detachment via single
photon M1 resonances; (¢) three-photon detachment via two-
photon El resonance.

photodetachment of negative ions predicts the cross section
to be proportional to £ /2 where ¢ is the energy of the de-
tached electron and ¢ its angular momentum. Detachment
of a bound p electron therefore exhibits an y-wave thresh-
old which has been fitted to the experimental data (dashed

line in Fig. 2). From this fit, a Sh™(*P3) binding encrgy of

R447.83015) cm ™! is obtained. (Uncertainties will always
include possible systematic errors due to laser calibration
and Doppler shifts.) This result is in good agreement with
the previous measurements, but exhbits a nearly 360-told
mcrease in accuracy.  The foot right at the onset of the
threshold in Fig. 2 indicates line broadening effects due to
hyperfine structure (see below) in addition to the effects
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FIG. 2. Measured Sb™(*P3) — Sb(*$3,2) photodetachment

threshold. Wigner s-wave fits with and without the inclusion
of line broadening eftects are indicated by the solid and dashed
line, respectively.

of laser bandwidth and Doppler broadening, the latter two
of which, if combined, are typically less than 0.2 ¢cm™!.
Two more, although significantly weaker, thresholds are
found at photon energies of 5763.3(3) and 5647.0(5) ¢cm ™!
which results in fine structure splittings of 2684.5(4) and
2800.8(6) cm ! between the Py ground level and the two
upper levels of the *P term.  The most likely order of the
*P; levels is certainly 2-1-0 but the large uncertainties
of isoelectronic extrapolations leave a small probability
for a 2-0-1 order as it is found throughout the isoelec-
tronic sequence. To be sure, a 1 + | two-color photode-
tachment experiment is conducted which employs second
Stokes radiation around 3.6 um for the resonant transi-
tion and first Stokes radiation for the subsequent detach-
ment.  Only one resonance is found at 2684.37(13) cm ™!
as shown in Fig. 3 and must be assigned to a transition be-
tween *Ps and 3Py, confirming a 2-1-0 level order. This
assignment is based on estimated transition probabilities
of 0.4 s " MD and 0.9 X 107 s HED for S =1 =2
and 2 X 107 s71 (E2) for J = 0 — 2 which are derived
from probabilities for forbidden transitions in the Sp* con-
tigurations, calculated by Biémont er «l. [11]. According
o that, a J = 2 — 0 electric quadrupole transition would
be about 200 times weaker than the dominantly magnetic
dipole J = 2 — | resonance, too weak to be observed un-
der the given experimental conditions.,

In order to locate the previously unobserved but possi-
bly bound 'D; term, the single-color two-photon detach-
ment spectrum of Sb™(*P1) was recorded.  Isoelectronic
"Dy — Py transition probabilities of 1.1 s ' (M) and
3 <1077 571 (E2) (based on Ret. [11]) suggest that a
f ~ I resonance should be of M1 character and observ-
able under the given experimental conditions.  Figure 4
shows this resonance which was found at a photon en-
ergy of 7392.55(15) em ™! giving a 'D; binding cnergy
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FIG. 3. P, — 'P, MI resonance in the two-photon detach-

ment yield. The solid line represents the simulated resonance
profile (see text), and the vertical lines indicate positions and
relative strengths of individual hypertine components.
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FIG. 4. 'Py — 'D; MI resonance in the twao-photon detach-
ment yield. The solid line represents the simulated resonance
prolile (see text), and the vertical lines indicute positions and
refative strengths of individual hypertine components.

of 1055.3(2) cm ™', In order to check the level parity,
the *P> — 'Ds transition was also driven via an elec-
tric dipole allowed two-photon absorption.  As the 'D,
binding energy is less than half the Py - 'D; splitting
energy, the transition could be observed as a 2 + 1 reso-
nance in the single-color three-photon detachment spec-
trum of Sb(*P,).
this resonance was significantly improved by retaining
a fraction of the first Stokes radiation in the infrared
pulse. In doing so. the probability for absorption of the
third and detaching photon was substantially increased
and only a small single photon detachment background
from the upper *P; levels was introduced. A photon

energy of 3696.35(15) em ™! gives a splitting energy of

7392.7(3) em™' which agrees well with the value ob-
tained from the 1 + | MI resonance.

All three resonances observed in Sb ™ exhibit a line
broadening that cannot be explained on the basis of laser
bandwidth and Doppler ettects alone. A comparison with
the equivalent transitions in isoelectronic Te and 17 [12]
and transitions between levels of the Sp* configuration
in Sb [13] indicates that Sb™ hypertine structure could
give rise to a broadening of a few tenths of wave
numbers. The hyperfine structure of numerous neutral and
positively charged systems has been studied in the optical
regime, but studies of this kind do not exist for negative
ions. Therefore, the measured | + 1 M1 resonance peak
protiles have been modeled on the basis of calcuiated
hypertine structure A and B constants (see below). The
energy Er of a hyperfine sublevel F belonging 1o a fine
structure level J with average energy £ is given by

C
E[.'=E/+A-;'

3CC + 1)~ HJU + H(J + 1)
81721 — 1)(2J - 1) )

4106

The signal-to-background ratio of

where C=F(F+1)-JUJ +1)~-1U+1). The
relative intensity of a hypertine component (F — F’) of a
fine structure transition (aJ — a'J’) can be expressed as
J F r

F/ j! .

where j = | for dipole transitions (or j = 1/2,3/2 for
s-wave thresholds; see below). In the case of Sb~
the spectral profile of a single component could not
be measured directly but it is inferred to be mainly
Lorentzian with a width of 0.16(2) cm™' (FWHM) based
on previously measured M1 resonances [5]. The best
overlap of measured and calculated profiles is found by
performing a least square fit using AE = E; — E; and
the peak height as fitting parameters. Unfortunately, the
measured profiles do not exhibit enough structure for
hyperfine A and B constants to be included as parameters
in the fit which would result in cxperimental values for
these constants.  Instead, the calculated values are used.
Figures 3 and 4 show the fitted data including line spectra
which indicate the individual hyperfine components. The
transition energies AE obtained from the it are those
given in the preceding paragraphs. The situation was
complicated due to the fact that the antimony used in
the sputter cathode contained both isotopes '*'Sb uand
'23Sb in their natural abundances of S7% and 43%. As
a result, the two M1 resonances were composed of 18
and 26 hypertine components, respectively. Nevertheless,
the good agreement between measured and calculated line
profiles 1s a convincing indication of hyperfine structure in
the bound levels of Sb™. The interpretation 1s consistent
with the fact that the previously observed bound-bound
transitions in Ir™ and Pt™ (5] and high resolution threshold
spectra of other negative ions [ 1] did not exhibit additional
line broadening as the corresponding nuclei have zero spin
or only small magnetic dipole and electric quadrupole
moments or the electronic angular momentum J is zero.

As mentioned above, the Sb (*Pi) — Sb(*53,2)
threshold appears broadened as well. It is composed of
several closely spaced thresholds due to the hypertine
structure in both the neutral atom (13} and negative ion
states. The threshold was modeled using the above equa-
tions, convoluted with the line shape function, and then
fitted to the data (solid line in Fig. 2). This resulted in an
average Sb™(*P,) binding energy of 8447.79(15) cm ™',
RISh=(*Py, F = 1/2)and '**Sb™ (PP, F = 3/2) binding
energies of 8447.87(15) and 8447.85(15) em ™! (relative
to the lowest hyperfine level of the respective atom),
and finally an isotopically averaged electron affinity of
antimony of 8447.86(15) cm™'.

Since the experimental conditions did not allow for a
discrimination between the two isotopes of Sb, the pos-
sibility of isotope shifts should be considered. Calcu-
lated values for the normal mass shifts of the observed
M1 transitions are 6 MHz for 3Ps — ‘P, and 15 MHz for
3P, — 'Dy [14). Buchholz et al. {15] measured isotope
shifts in transitions between the Ss*5p’ and 5s525p26s

S;.‘;." * (2F + lH:F, + l)lj
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configurations of neutral antimony. The residual isotope
shifts in these transitions are smaller than 300 MHz and
indicate that residual shifts in transitions between the P
and *D terms of the 5p* configuration would only be of
the order of 30 MHz. We therefore conclude that isotope
shifts in the ‘P> — 'Py and ‘P> — "D, transitions of
Sb™ should be no larger than 100 MHz (or 0.003 cm™"),
i.e.. 2 orders of magnitude smaller than the caleulated hy-
perfine splittings.

Relativistic configuration interaction (RCI) calculations
were carried out by first obtaining a Dirac-Fock wave func-
tion for 5p* using the program of Desclaux [16]. The
Dirac-Coulomb Hamiltonian was used during the varia-
tion, and Breit effects added perturbatively. The Dirac-
Fock solution was then correlated, using our RCI program
1171, by including single and double excitations from the
55 and 5p subshells, and single excitations from the 3d
subshell.  To substantiully reduce the amount of excita-
tion needed. all energies were referenced to the negative
ion ground stite. For energy differences the most impor-
tant excitations were Sp — v f Sy — vd, and 4d — vy,
where the virtual tunoccupied) subshells are represented
by relativistic screened hydrogenic functions.  Further de-
tails of the methodology may be found elsewhere {18,191
The calculations predict the *Pp. PPy, and "D levels to
lic 2516, 2831, and 7628 ¢cm ' above the 'Py ground
level, respectively. These values are in good agreement
with the expenmentally determined energy splittings given
above. In addition. RCI results indicate the 'Sy level
to lie =16700 cm ' above 'Pa. il 1o be unbound by
=8350 cm ' Using the RCI wave functions, hypertine
structure constants were calculated.  The magnetic dipole
A constants are -292. 489 and 1264 MHz for the ‘P,
Pooand 'D; levels of FISh o respectively. and - 158, 265,
and 68+ MHz for the corresponding levels of '*'Sb . For
these three fevels caleulated B/Q values are -321, 647,
and - 1423 MHz/b from which the electric quadrupole B
constants are obtained using 1> = —0.36 band Q) =
—0.49 b [15]. Results for matrix elements of hvpertine
structure operators can be tound in Ret. [20].

In summary. infrared laser experiments have provided
accurate binding energies for all four bound levels of
Sh . The *Py. ‘P and 'Ds levels were observed
for the first time.  Level splittings obtained from RCl
calculations support the experimental results. The studies
have clearly confirmed that magnetic dipole transitions in
negative 1ons can be observed under typical experimental
conditions with pulsed laser sources and keV ion beams.
Resonance peak profiles have been successtully modeled
on the basis of calculated hyperfine structure constants.
indicating the potential of multiphoton spectroscopy in
the experimental determination of negative ion hyperfine
structure.  In addition. a single color two-photon (bound-
bound) transition was demonstrated for the first time in
negative ions. In the study of other negative ion systems

this transition scheme may provide a probe tor weakly
bound excited states which often cannot be addressed
otherwise.  To conclude, the combination of single and
multiphoton techniques illustrated in this work provides a
complete approach to the study of bound levels of atomic
negative ions.
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An expenmental study of the previously unobserved and controversial Cs (6s6p *PY) states has been
conducted using a combination of infrared laser and storage ring experiments.  This first application of
photodetachment spectroscopy to the study of low-lying resonances in atomic negative ions has resulted
in the observation of a narrow resonance structure, lying only 8.0(3) meV above the first detachment

threshold of Cs

The storage ring experiments suggest that all fine structure levels of the 6s6p

conliguration are unbound. thereby eitminatng possibly the only serious candidate 1or a stable atomic

negative on with opposite parity bound states.
PACS numbers: 32.80.Ge. 32.80.Dy

Atomic negative ions are a topic of considerable cur-
rent interest [1]. in part motivated by a number of prac-
tical implications.  Negative ions play an important role
in a variety of atomic and plasma phenomena, and in a
more specialized context, they provide the basis of ultra-
sensitive atom and isotope detection through accelerator
mass spectrometry (AMS) {2} In a general context, the
interest in negative ions stems from the fact that they are
qualitatively different in their structure tfrom neutral atoms
and positive ions. To a large extent these differences are
a result of the short runge interactions between the extra
electron and the atomic core: in a mean field treatment the
electron is bound in the dipole potential that it induces in
the atom. Negative 1ons therefore offer the unique oppor-
tunity to study short range potentials on an atomic scale,
which are of fundamentd importance to other fields such
as nuclear physics. In contrast to a Coulomb potential, a
short range potential cannot support an infinite number of
bound states: in fact. most negative ions have only one.
On the other hand, all negative 1ons possess many unsta-
ble excited states which are embedded as resonances in the
energy continuum associated with an atom and a free elec-
tron. The extensive theoretical and experimental work on
atomic negative ion resonances was recently reviewed by
Buckman and Clark [3]. Resonances involving the atom in
its ground state occur when the extra electron is trapped in
a potential well resulting from the overlap of the attractive
short range potential of the polarized atom and the repul-
sive centrifugal potential.  Traditionally, these low-lying
shape resonances have been investigated via electron-atom
scattering or ion-atom colisions, but the study of very low-
lying resonances has proven to be rather challenging with
these techniques. Despite considerable efforts on various
atomic ions the recently observed Li " (252p ?P) resonance
at 50(6) meV [4] is the lowest-lying feature previously re-
ported. The present work therefore employs photodetach-
ment spectroscopy which is new to the study of low-lying
atomic shape resonances.

684 0031-9007/98/ 80(4)/684(4)$15.00
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The cesium negative ion. which is the important
example of a H™-like two-electron system with a polar-
izable core and strong relativistic effects, has been the
subject of considerable investigation in the past. both
experimental and theoretical. - A diagram of the energy
level structure of Cs - and Cs, up to Cs(6p), is given in
Fig. 1. Two decades ago. laser-based experiments [5]
of the Cs continuum just below the Cs(6p) threshold
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FIG. 1. Schematic energy level diagram of Cs ™ and Cs. For

clarity of presentation level splittings are not to scale.
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revealed a narrow window resonance. Recently, Greene
(6] conducted an extensive theoretical study of Cs™, in
part reproducing the window feature. Also, multiphoton
studies have incorporated the narrow window resonances
in Cs™ and Rb™ [7]. The cesium negative ion has
been much discussed in numerous theoretical studies as
potentially the only known candidate for a stable atomic
negative ion that possesses an excited bound configuration
of opposite parity to the ground state. Initially, several
calculations on Cs™(6s6p *PY) indicated that the P9
state might be slightly bound, by a maximum of a few tens
of meV [6,8-10}, although Fabrikant [8]. and Krause and
Berry [9] expressed that this might not hold true if their
calculations were refined. More recently, a relativistic
scattering calculation based on the Diruc R-matrix method
by Thumm and Norcross predicted the J = 0, 1,2 levels
to be narrow shape resonances just above the Cs(6s)
threshold [11]. This result contradicted earlier scatter-
ing calculations [12] which cmployed a semirelativistic
Breit-Pault R-matrix formalism. and which did not show
any low energy resonance structure.  This discrepancy
was partially resolved in a subsequent theoretical study
by Bartschat [13], in favor of the conclusions by Thumm
and Norcross.  This study compared the two different
methods directly, but the carlier Breit-Pauli formalism
was modified, in particular through the inclusion of a
dielectronic core polarization term.  The work reported in
the present Letter is the first experimental investigation
aimed at resolving this long-standing issue.

The experimental approach involved tunable infrared
laser spectroscopy at McMaster University. and heavy ion
storage ring experiments at Aurhus University using the
ASTRID [14] storage ring. The experimental setup at
McMaster s described in detail elsewhere [15,16]. A
tunable laser source consisting of 4 Nd:YAG pumped
dye laser and nonlincar optical conversion equipment
provided nanosecond infrared pulses with energies of
=0.5 mJ at 3 um. In an ultrahigh vacuum chamber the
infrared laser beam was crossed at 90° with a 10 keV Cs~
beam, which was extracted tfrom a Cs sputter ion source.
Photodetached neutral atoms were detected by a discrete
dynode clectron multiplier.

A series of careful experiments was conducted with tun-
able infrared laser light, eitherna | + | (two-photon) de-
tachment scheme, in search of a possibly bound 6s6p * P{
level, or aimed at observation of a resonant feature above
threshold in the one-photon detachment spectrum. A reso-
nant enhancement of the two-photon detachment yield
due 1o a spin-forbidden 'S§ — ‘P{ clectric dipole tran-
sition would be expected in the | + | photon detachment
regime. The laser-based experiment is only sensitive to
the / = 1 level of 656p *PJ. Greene [6] predicted bind-
ing energies of 32, 25 and 11 meV forthe J = 0. 1,2 lev-
els, respectively, while Fabrikant [8], Krause and Berry
[9]. and Froese Fischer and Chen [10] determined the av-
erage binding energy for the *Pj term to be 27, 12, and

Lto 11 meV, respectively. In addition, Greene predicted
an Einstein A coefticient for the 656p 3P} level of 77 5!
but other theoretical estimates indicate that the A coeffi-
cient would be substantiaily larger [17]. Since we have
previously demonstrated [ 18] that we can readily observe
signals for resonantly enhanced 1 + | wransitions via mag-
netic dipole transitions with A coefticients of ~1 s}, then
a large signal. in the case of 4 bound excited level, would
be expected in the present case.

We have performed a series of experiments in the near-
threshold region of Cs™ without observing any indication
of a bound 656p YP, level. The experiments were carried
out under a wide range of experimental conditions, utiliz-
ing a tightly focused laser beam or an unfocused beam in
order to allow for a range ot osaillator strengths and de-
tachment cross sections. The expected experimental sig-
nals were modeled on u computer program.  Both analog
and digital data collection methods were utilized. In all,
the first 100 meV below threshold were probed.

Subsequently, we conducted one-photon infrared laser
detachment spectroscopy above the Cs(6s) threshold. We
obtained good signals for the Wigner p-wave threshold
and also explored the relative single photon detachment
cross section o an energy of 75 meV above the photode-
tachment threshold. The results are shown in Fig. 2. A
feature which represents an enhancement of =25% over
the direct, p-wave photodetachment yield is seen centered
at a photon energy of 479.6(3) meV, 8.0(3) meV above
threshold, with a width of S.0(5) meV (full width at halt
maximum) according to a Lorentzian fit. We attribute this
relatively weak resonant feature to the Cs (6s6p 'PY)
level embedded in the continuum. A blowup of the reso-
nant feature, with the photodetachment “background™ sub-
tracted. 1s shown in Fig. 3. Numerous checks were done
in an attempt to venfy the validity ot this teature. In or-
der to remove the eftects of atmospheric absorption of the
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FIG. 2. Photodetachment yield versus laser wavelength. The
solid line represents a fitted Wigner p-wave threshold.
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FIG. 3.

Blowup of the one-photon detachment scan showing
the resonant feature with the p-wave “background” subtracted.
The result of a Lorentzian fit 1s indicated by the solid line.

infrared light the laser path was purged with dry nitrogen
and the data normalized to the laser power in the inter-
action region. We do not believe that this results in any
artifact in the final data for the tollowing reasons: the ab-
sorption features are small and much narrower than the
observed feature, they do not coincide with the proposed
resonance, and variations in purge quality in different ex-
periments have led o the same result. It is also possible

that a molecular impurity ion. with a mass close to that of

Cs 7. could lead o a talse resonance, but the relative size
of the feature was constant in measurements separated by
a few months. Moreover, this is the only feature which we
observe in the entire spectral region, including a 100 meV
region below threshold where o cunstructured ) very weak
background was obtained.  We consider it very unlikely
that a single impurity-ion-based feature would manifest it-
selt solely at this photon energy.

In addition, our infrared photodetachment data enable
an accurate determination of the electron affinity (EA)
of Cs. We obtain a final value of 471.64(6) meV.
A somewhat more accurate value, 471.630(25) meV,
which was determined by Lineberger and co-workers via
photodetachment to Cs(6p) using visible cw faser light,
was only tabulated in the Hotop and Lineberger review
(19] from 1985. Our tnable infrared laser work provides
a second and entirely complementary measure of the EA
of Cs with high accuracy.

The absence of a | + | resonant signal in our laser
based studies, combined with the observation of a resonant
feature in the single-photon detachment yield, which we
attribute to the 656p 3PY level, is in excellent agreement
with the theoretical work of Thumm and Norcross [11] and
Bartschat [13]. These advanced theoretical works predict
the resonant structure in the case of electron scattering on
Cs, and seem to have achieved a high level of accuracy.
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Thumm and Norcress calculated the J = 0, 1,2 levels to
lie 1.78,5.56, and 12.76 meV above threshold with widths
of 0.42, 242, and 9.32 meV, respectively (Bartschat ob-
tained very similar results), compared to our values for the
J =1 photodetachment resonance, 8 and 5 meV for posi-
tion and width, respectively. Our increased width would
appear o be qualitatively consistent with the increased
energy above the Cs(6y) threshold.  The excellent agree-
ment of theory [11,13] and the present experiment on the
J =1 resonance energy is even more convincing when
presented with respect to the energy of the Cs™ ground
state: 477.2 meV versus 479.6 meV, respectively. We do
not yet have theoretical input on the expected magnitude of
the feature due to an unbound * P{ level in the optical case,
since the existing theoretical results apply to electron scat-
tering. Crude extrapolations from the isoelectronic neutral
Ba atom might suggest an order of magnitude of a few per-
cent enhancement in the photodetachment yield.
Although we cannot probe J = 0,2 in the laser-based
experiments, the theoretical predictions on tine structure
splittings would suggest that J = 0 is also unbound, based
on our posttion for J = 1. Greene {6], Thumm and Nor-
cross {H1]and Bartschat [13] predict the J = 0 — 1 split-
ting to be 7, 378, and 3.33 meV (Breit-Pauhi approach),
respectively. In order to make an entirely separate check
on the possibility of bound excited levels in Cs  (espe-
cially J = 0), we conducted a series of storage ring experi-
ments at the ASTRID facility in Aarhus. The Cs  ions
were produced in either of two ditterent ways, which en-
hanced the probability of effectively populating a weakly
bound Cs * level. In one run, the ions were extracted di-
rectly from a cesium sputter (negative) ion source.  Sub-
sequently, ina separate run, Cs© ions were extracted from
4 positive jon source at a Kinetic energy of 100 keV. and
were charge exchanged in a K metal vapor cell to produce
Csions, which were then injected into the storage ring.
The Cs beam currents were a few nA.  Neutral atoms
stemming from either collisional or blackbody-radiation-
induced detachment were detected at one corner of the stor-
age ring. The measured 1.1 s lifetime of the Cs ~ ground
state was consistent with the expected collisional detach-
ment rate. Blackbody-radiation-induced photodetachment
on a short ms time scale would provide a sensitive measure
of a weakly bound level, up to a binding =150 meV. A
description of the blackbody-radiation effects on weakly
bound negative ions can be found in Ref. [20]. We ob-
served no signal associated with a weakly bound level, de-
spite a sensitivity of =5:10* or better [20]. The storage
ring experiment has limitations, but offers a very useful
double check. The most notable limitation in the present
context is that the experiment is insensitive for binding
energies less than =3 meV. Our calculations, based on
Ref. [21] indicate that the Lorentz force generated during
passage of the 90° bending magnets would destroy more
weakly bound ions before they could be observed [14,20].
Hence our final conclusion that J = 0 is likely unbound
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depends on the validity of the earlier fine structure cal-
culations [11,13]. In contrast to the magnetic field strip-
ping effect, our simulations predict no serious limitation
due to an excessive blackbody detachment rate for very
weak bindings since the Planck radiation flux drops off
rapidly at long photon wavelengths —-corresponding to an
ionic binding of a tew meV.

In summary, we have reported the first experimental evi-
dence that the J = | level of the Cs™(656p *PY) state is
a shape resonance, rather than a bound state of opposite
parity to the Cs ™ (652 'S§) ground state. We have further
obtained substantial evidence that the / = 0 and J = 2
levels are also unbound, although the conclusion for J = 0
hinges on earlier calculations of the *PY fine structure.
To this extent, Cs can be ehminated as possibly the only
known good candidate for a stable atomic negative ion
with a second bound state of opposite parity to the ground
state [22], thereby resolving a long-standing controversy.
With regards to future experimental work, the successful
application of photodetachment spectroscopy to the study
of low-lying shape resonances in the present work strongly
suggests similar investigations in other atomic negative
ion systems.  For Cs . Thumm and Norcross [11] and
Bartschat {13,23] have also predicted the existence of a
6p° P state embedded in the continuum., below Cs(6p).
A multiphoton experiment aimed at the first optical
observation of these levels might proceed using Raman
coupling via the window resonance. ideally using
picosecond-duration optical pulses. We finally note that
the cesium negative ion is forming the basis of a relatively
new tracer in AMS [24]. and that knowledge of its excited
states is of practical importance.
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An investigation of the B (2p*'P;) — B(2p*P;) photodetachment thresholds using a tunable
infrared laser source has yielded a substantially improved value for the electron affinity of boron
and the first experimental data on the fine structure of the ionic ground state. The J = 0-1 and
J = -2 splittings are found to be 3.23(15) ecm ' and 5.18(15) cm ™', respectively, and the electron

affinity is detenmined to be 225

2256.12020) cm ! [(279.723(25) meV]. The present result for the electron
affinity is the first to challenge the extensive and controversial theoretical studies of this system.

[S0031-9007(98)05630-0]

PACS numbers: 32.80.Gie. 32,10 Fn. 32,10 Hy

Present day high-performance computers enable sophis-
ticated ab initio calculations of increasingly complex sys-
tems with unprecedented precision. Within the realm of
atomic physics, negative ions are currently a subject of
intensive studies (for recent reviews see Ref. [1]). In
general, the fundamental interest in negative ions is mo-
tivated by a number of features which are qualitatively
difterent from neutral or positively charged systems; shont
range interactions lead to a finite number of bound states,
and strong electron correlations give rise to correlation
energies which are often larger than or comparable to
the binding energies in these systems.  New experimental
techniques now allow the determination of binding en-
ergies, fine structure, and excited states in a number of
negative ion systems with very high accuracy (2], The
interplay of high-resolution experiments on negative ions
and state-of-the-art theoretical calculations provides an
important platform for advances in atomic physics. Fi-
nally, in terms of applications. negative ions play a role in
a variety of atomic and plasma phenomena, as well as in
some advanced experimental techniques (e.g.. accelerator
mass spectrometry).

The negative ions of the light elements, hydrogen
through fluorine, have been studied extensively. The
electron affinities (EA) of H, C. O. and F were mea-
sured via tunable laser threshold photodetachment leav-
ing the neutral atom in its ground state [3-6], whereas
the binding energies of Li~ [7.8] and the metastable He™
[9] and Be™ [10] ions have been determined through
laser photodetachment involving an excited state of the
atom and state-selective detection schemes.  Accuracies
of experimental EA’s for these seven elements range
from 0.3 meV (C7) to 0.001 meV (O7). In strong con-
trast, the EA of boron still relies on an early laser pho-
todetached electron spectrum recorded by Feigerle er al.
(11] which resulted in a value of 277(10) meV (after a
subsequent recalibration [5]). Various approaches to the
ab initio calculation of electron affinities of the light ele-
ments have been attempted in recent years [12,13], but
even these small systems remain challenging as electron

2562 0031-9007/98/80(12)/2562(4)$15.00

correlations play a dominant role. This is particulurly
true for boron which forms the most weakly bound stable
ton among the light elements. Of the numerous theo-
retical studies of the EA of boron [12~16], three recent
works were aiming at accuracies better than 10 meV.
Noro et al. [13] obtained an EA of 278 meV as the re-
sult of a large-basis-set multireference singly and doubly
excited configuration-interaction calculation.  Large-scale
finite element multiconfiguration Hartree-Fock (MCHF)
calculations, which do not suffer from basis set limita-
tions, have been performed by two groups, Sundholm
and Olsen [14], and Froese Fischer er al. [15]. They re-
port EA's of 268.6(17) and 273.2(2) meV, respectively, as
the result of an initial valence correlation MCHF calcula-
tion that neglects core polarization effects. Sundholm and
Olsen estimate core-valence correlations to lower the EA
to 267.8(20) meV. whereas Froese Fischer et al. predict
the EA 1o increase to 279.5(20) meV through the inclu-
ston of core-valence and core-core correlations (the latter
via core rearrangement). However, the experimental EA
of 277¢10) meV [11] agrees with all of the above values
within uncertainties: hence the fundamental question as
to the effect and strength of core-valence and core-core
correlations in B™ remains open and controversial. The
work reported in this Letter is the first experimental in-
vestigation aimed at resolving this important issue, and
furthermore provides the first experimental values for the
fine structure splittings of the B™(2p23P,) ground state.
An energy level diagram of B~ in the vicinity of
the ground and first excited states of boron is shown
in Fig. 1. The B™(2p?3P;) ground state is expected to
have fine structure levels with splittings estimated from
isoelectronic extrapolations of 4(1) ecm™! for J = 0-1
and 9(1) em™! for J = 0-2 [17). The !D and 'S terms
of B™(2p?) are likely unbound; a recent communication
on resonance structures in collisionally detached elec-
tron spectra of B™ tentatively identified the 'D term
with a resonance located 104(8) meV above the ground
state of boron {18]. The latter is a 2p2P/ state with
a fine structure J = 1/2-3/2 splitting of 15.254 cm™!

© 1998 The American Physical Society
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FIG. 1. Schematic energy level diagram of B~ and B. Arrows

indicate photodetachment thresholds in order of increasing
photon energy. For clarity of presentation, level spacings are

not shown to scale. Parity labels on term symbols as shown
here are omitted in the text.

(19]. The core excited 25s2p> configuration gives rise to
the first excited state of boron, a *P; term which is lo-
cated 3579(2) meV above the P, atomic ground state as
derived on the basis of isoelectronic extrapolation [20];
as yet no intercombination lines between the doublet and
quartet systems have been observed. The EA of the first
excited state, i.e., the binding energy of the metastable
252p?3S, negative ion level, was the subject of a recent
theoretical study and predicted to be 1072(2) meV [21].
One experimental [22] and two theoretical [23,24] studies
of the B™ photodetachment cross section in the vicinity of
the *P threshold find the *P and *D terms of the 252p?
configuration quasibound and responsible for a resonance
structure in that energy region. An accurate determina-
tion of the *P threshold would still be possible if state-
selective detection (as in Li~ [7]) and tunable light around
320 nm were employed. and would, in fact, seem to be
more convenient than the experimentally challenging in-
frared photodetachment around the - P threshold. Unfor-
tunately, the uncertainty in the *P energy would prevent
a determination of the EA of boron to a high accuracy.
Therefore, our experimental approach involves tunable in-
frared laser spectroscopy in the 3.8 to 4.5 um region,
The experimental setup is described in detail elsewhere
[25]. Nanosecond laser pulses in the 920-950 nm range
were produced with a dye laser, pumped by the second
harmonic of a 10 Hz Q-switched Nd:YAG laser. Raman
scattering in a high pressure hydrogen cell was employed
to convert the dye laser output into tunable infrared ra-
diation via second Stokes generation, with a measured
Raman shift of 4155.20(2) cm™'. The infrared pulse en-
ergies were =120 uJ, and the bandwidth was =0.1 cm™!.
Calibrations of the dye laser setup were routinely per-
formed using an optogalvanic cell filled with argon. Sec-
ond Stokes photon energies were also calibrated directly
against. well known transitions in N;O using an absorp-
tion cell. A Cs sputter ion source with a cathode prepared

from '°B powder provided a 17 keV B~ beam. The ion
beam and infrared laser beam were crossed at 90° within
an ultrahigh vacuum chamber. At this stage the "B~ cur-
rent was =60 nA. Neutral atoms resulting from photode-
tachment were detected with a discrete dynode electron
multiplier.

Numerous infrared laser scans of the 2P threshold
region have been conducted. Figure 2 shows the sum
of several scans over the region of 2240-2280 cm™!.
Approximately 5000 laser shots were utilized per wave
number. Five nested thresholds are evident in Fig. 2,
corresponding to the following transitions (from low to
high energy): >Py — *Pyj2, Py — 2Py, 3Py — 2Py )3,
3Py — P35, and 3Py — 2Py, It was possible to fit
Wigner s-wave thresholds very accurately to the data,
and the resulting threshold energies are summarized in
Table I. The quoted uncertainties on the values are
largely associated with the fits to the nested threshoids
but also allow for systematic errors in the calibration
and potential Doppler shifts. The sixth and last thresh-
old (*Py — 2P3,3) could not be resolved due to a weak
transition strength and the noise in the other detach-
ment signals. Thus, the fit was extrapolated beyond the
sixth threshold using its calculated transition strength
(26]. The Py — 2P, 5 threshold provides the EA of B
and yields 2256.12(20) cm ™! or 279.723(25) meV (with
8.065541 cm™!/meV [27]). The well-known fine struc-
ture splitting of the atomic ground state can be obtained
from the difference of the threshold values for the Py —
2P|/3'3/3 as well as ‘P, — *Py,23,2 transitions. This
leads to values of 15.19¢15) and 15.24(20) ¢cm "', respec-
tively, which are in excellent agreement with the accepted
value of 15.254 ¢cm ™! [19]. The fine structure splittings of
the ion are obtained from the first three thresholds (*P; —
“Pi/2): 3.23015) em ™! and S.08(15) em ™', respectively.
for / =0-1and J = 1-2 jand 84120 em ™! for J =
0-2}. A second determination of the J = 1-2 splitting
of 5.23(20) em ™! is provided by the next two thresh-
olds PP, — *Pyy). The respective magnitudes of our
threshold signals are in good agreement with theory [26],
assuming a statistical population of the ionic levels. The
calculated values for the relative strengths of the transi-
tions are shown in Table [, together with the experimental
values. The relative photodetachment cross section fur-
ther above threshold was investigated by scanning the
laser over the full tuning range of the dye used (LDS
925). The result of this scan, after correction for varia-
tions in the infrared pulse energy, is shown in the inset of
Fig. 2. A single Wigner s wave has been fitted to the data
(dashed line) as well as an s wave including the leading
correction term to the Wigner law (solid line), as derived
by Farley [28] on the basis of the zero-core-contribution
(ZCC) model of photodetachment [29]. The latter curve
fits the data well; hence, the ZCC model seems to be ap-
plicable here. In contrast, a limitation of the ZCC model
was found in the case of Al™ photodetachment [30,31].
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Photodetachment yield versus laser wavelength. The overall result of a Wigner s-wave tit is indicated by the solid line
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wave with leading correction.  These two lines define the upper and lower limits of s-wave thresholds within the ZCC model

The present result for the electron affinity of boron
[279.723(25) meV] is in agreement with the earlier mea-
surement of Feigerle et al. {11,17] of 277(10) meV, in ex-
cellent agreement with the very recent theoretical result of
Froese Fischer et al. [15] who obtained 279.5(20) meV,
but in definite disagreement with the theoretical result of
267.8(20) meV obtained by Sundhoim and Olsen [14).
Both theoretical works employ iterations of systematic
MCHF calculations with orbital sets of increasing size.
Thus, for a given model they are able to obtain the EA

TABLE I. Results of the s-wave fits to the data.
Threshold Relative strength
Transition Energy [cm '] Meausured Calculated

3Py — 2P, 2247.71(15) 404 3
3Py — 2Py, 2252.89(15) 8.6(6) 9
3Py — 2Py 2256.12(20) 4.2(4) 4
3py — ipy, 2262.90(15) 2703) 25
3P, — 2P, 2268.13(25) 8(2) 9
3P0"2P1/2 2

as the series limit with an uncertainty due to the necessary
extrapolation.  But even with an inactive 1s° shell (i.c.,
valence correlation only) a complete active space calcu-
lation cannot be sustained to the limit, and some restric-
tions to the number of active orbitals need to be applied.
This problem was handled differently by Sundholm and
Olsen, and Froese Fischer et al. which seems to be respon-
sible for their different results at this level, 268.6(17) and
273.2(2) meV, respectively. The choice of model restric-
tions becomes even more important if core polarizations
are included through excitations of one of the Is elec-
trons. This was demonstrated by Froese Fischer er ul.
who treated core polarizations with two slightly differ-
ent models, resulting in EA's of 273.1 and 279.5 meV,
respectively (after a relativistic correction of —1.1 meV).
Froese Fischer er al. consider the second core polarization
model which increased the EA by 6.3 meV the more accu-
rate one as it included core-valence correlation to a higher
degree and even some core-core correlation via core re-
arrangement. Nevertheless, they estimated the uncertainty
on their final EA value to be 2 meV, mainly due to the
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uncertainty associated with the choice of a particular
model. Sundholm and Olsen used yet another core po-
larization model which lowered the EA by 0.8 meV. It
should be noted that the calculated EA's above represent
weighted averages over the levels of each term and have
to be reduced by 0.56 meV to give the EA of P, relative
to *Py;> (which would be the conventional defi-nition for
the EA of B). The final EA of Frocse Fischer er al. would
then be 279(2) meV, a value that is only 0.7 meV lower
than our experimental result. Earlier values for the fine
structure splittings of B~, 4(1) and 9(1) cm~! for J = 0-1
and J = 0~2, respectively, which were based on isoelec-
tronic extrapolations [17], are valid within quoted uncer-
tainties if compared with our experimental values [3.23(15)
and 8.41{20) cm ™", respectively]. Unfortunately, Froese
Fischer et al. perform a full Breit-Pauli calculation of the
fine structure only in the context of their valence calcu-
lation. This calculation was later refined {32] yielding
B~ (3P,) splittings of 2.92 and 7.79 ¢m~" for J = 0~ and
J = 0-2, respectively. These values are too small in com-
parison with experiment, but they are expected to increase
in a Breit-Pauli calculation that includes core-valence cor-
relations [32]. [t is hoped that the present results will
stimulate renewed theoretical interest in B™.

In summary, we huve obtained the first experimental
values for the fine structure of the B~ (*P) ground state
and have determined the electron affinity of boron with
a 400-fold increase in accuracy over the previous experi-
mental value. The new EA is in very good agreement
with the most recent calculation [15] and thereby confirms
the importance of core-valence and core-core correlation
for the accurate treatment of this six-electron system.
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Tunable intrared laser spectroscopy of Al (3p* 'P;) has yielded an improved value for the electron affinity
of aluminum and experimental data on the previously unobserved tine structure of the ionic ground state. The
electron affinity is determined to be 3491.0(4) cm ™' (432.83(5) meV], and the J=0-1 and J=1-2 splittings
are found to be 22.7(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 1onic fine structure were accurate within uncertainties, and is in good agreement with recent
calculations of the electron affinity. [S1050-2947(97)50512-9]

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

The study of atomic negative ions continues (o be an ac-
tive area of investigation [1]} and many improvements in the
knowledge of electron affinities and ionic fine structure have
been obtained since the 1985 review of Hotop and
Lineberger {2]. [n part, the interest in atomic negative ions
stems from the qualitatively different features resulting from
the short range potential, and 1s due to the theoretical chal-
lenges posed by the relativistic and strong electron correla-
tion effects. Nevertheless, negative ions are of practical in-

terest as well, including in the ultrasensitive detection of

atoms and isotopes through accelerator mass spectrometry
[3]. The negative ion of aluminum has been the subject of
substantial experimental and theoretical work. Utilizing laser
photodetachment electron spectrometry, Feigerle er al. [4]
measured the electron aftinity (EA) of Al to be 442(10) meV,
and found the Al7('D,) level to lie 332(10) meV above
ground-state Al™, with a binding energy of 110(10) meV.

The latter value for the 'D, level agreed with the result of

electric-field dissociation by Oparin er al. [5], where a bind-
ing energy of =95 meV was obtained. As a result of subse-
quent refined calibrations {6, an improved value for the EA
of Ret. [4] was suggested to be 441(10) meV [2]. Recently.,
Calabrese er al. [7] measured the clectron affinity of Al to be
440.94( +0.66/-0.48) meV by utilizing a tunable F-center
laser and a coaxial ion-laser beam apparatus. Although they
were unable to investigate the actual threshold region and the
associated fine structure, they compensated for lack of data
in this region via extrapolating from higher photon energy
data. In the past few years, calculations have been reported
by Amau er al. [8], who used a configuration-interaction (CI)
method with pseudopotentials, Woon and Dunning [9], who
cemployed a CI method with correlation-consistent basis sets,
and Wijesundera [10], who utilized a multiconfiguration
Dirac-Fock method. They obtained values of 450 meV (8],
437 meV [9], and 433 meV [10], respectively. The present
Rapid Communication reports an accurate experimental de-
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termination of the electron affinity of aluminum. In addition,
the fine-structure splittings of the Al7(3p**P,) term have
been measured, to our knowledge, for the first time.

An energy-level diagram of Al™ and the ground state of
Al is shown in Fig. 1. The Al (3p*’P,) ground state is
expected to have fine-structure levels with splittings esti-
mated from isoelectronic extrapolations, of 26(3) em”! for
J=0-1and 76(7) cm ' for J=0-2 [2]. The ground state of
Alisa 3p *P, state with a fine-structure J = 1/2-3/2 splitting
of 112.061 cm ' [11]. Our experimental approach to the de-
termination of the EA of aluminum involves tunable infrared
laser spectroscopy and keV-energy ion-beam technology.
Details of the apparatus are described elsewhere [12.13].
Nanosecond-duration laser pulses in the 820-880-nm range
were generated using a dye laser, pumped by the second
harmonic of a 10-Hz Q-switched Nd:YAG (neodymium-
doped yurum aluminum gamnet) laser. The dye laser output
wis converted into tunable infrared radiation via second
Stokes generation using stimulated Raman scattering in a
high-pressure hydrogen cell, with a measured Raman shift of
$155.20(2)cm ', The infrared light had a bandwidth of

Al 3p 2p(?

=32 - - == f "ﬂs}i - =
Mim1/2 —_—

ﬁF—TTL_"—"‘ - =

Al” 2p?

\
\

\ap<i:f§

1=0

FIG. 1. Schematic energy-level diagram of Al™ and Al. Arrows
indicate photodetachment thresholds in vrder of increasing photon
energy. For clarity of presentation, fine-structure splitiings are not
shown to scale.

R1493 © 1998 The American Physical Society



R1494

SCHEER, BILODEAU, THOGERSEN, AND HAUGEN

ILII
)

r T T T T
250
" L
-
£ 200 —
5 200
. L
|58
a
=
3
[ [
o]
15601
o |
2
o -
U
N
0 L
o |
[ 00—
5 1)01
v "
Z ;
z L
& |
r.‘
| ’Pz * TP
5071~
-
|
|

(@]
7

I

3400 3450 3500

3600

3550

Photon Energy |[cm ')

FIG. 2. Photodetachment yield versus laser wavelength. The overall result of a Wigner s-wave it mcluding the leading correction term
is indicated by the solid line (and extrapolated with a dotted line). Individual thresholds are extrapolated with dashed lines: short dashes for
a Wigner 5 wave (first three thresholds only), and long dashes for a Wigner s wave with leading correction. These two lines detine the upper

and lower limits of s wave thresholds within the ZCC model.

=0.1 cm™" and pulse energies were ~0.5mJ at 3 pm. A
16-keV Al" beam was extracted from a Cs sputter ion
source. Ultrapure aluminum cathodes were utilized in order
to greatly minimize the potential contamination from prolific
Si” impurity beams, although our mass resolution discrimi-
nates quite effectively against mass 28 at mass 27. The beam
was then magnetically analyzed and deflected 30° into an
ultrahigh-vacuum chamber. There it was further charge-state
analyzed in an electric field before being crossed at 90° with
a collimated infrared laser beam. The Al™ current at this
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
analog data acquisition via a gated integrator and boxcar av-
erager. Calibrations of the dye laser setup were routinely
performed using an optogalvanic cell, but rigorous compari-
sons of the wavelength of the second Stokes generated light
with known ionic energy intervals have also been performed,
including in the cases of Te™ [14] and Cs™ [2]. Various tests
indicate that the second Stokes wavelength calibration is re-
liable 1o at least 0.2 cm ™",

We have conducted numerous infrared laser scans of the

threshold region for Al photodetachment The sum of sev-
eral scans over the region of 3400-3650 cm ™" is shown in
Fig. 2. The data correspond to approximately 1200 laser
shots per wave number. Five nested thresholds are seen in
the figure, corresponding to the following transitions (from
low to high energy): *Py—*P 5, 3P\ = Pn. *Py—P\p.
3p,—2Py,. and *P,—1Py,. Wigner s-wave thresholds
could be fitted very accurately to the data and the resulting
threshold energies are summarized in Table 1. The same
threshold energies but a slightly closer fit to the data above

TABLE [ Results of the s-wave fits to the data.

Threshold Relative strength
Transition Energy (¢cm ') Measured Calculated
3P, =3P 3422.6(2) 5.0(3) 5
- 3468.3(2) 8.5(7) 9
3Pe—2Pn 3491.0(4) 4.8(9) 4
Py—Py, 3534.8(2) 29(6) 25
PPy, 3579.8(8) 8(2) 9
‘Py— Py 2
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FIG. 3. High-resolution scan of the 'P,—2P,, threshold re-
gion. The solid line represents a fitted 5 wave.

threshold were obtained by including in the fitting routine the
leading correction term to the Wigner law, as derived by
Farley [15] on the basis of the zero-core-contribution (ZCC)
mode! of photodetachment [ 16]. The result of this fit is indi-
cated by the solid line in Fig. 2. The sixth and last threshold
('Py—2P4) could not be resolved due 1o a weak transition
strength combined with the tact that it appears on top of the
other detachment signals. The fit to the data was therefore
extrapolated beyond the sixth threshold (dotted line in Fig. 2)
using its calculated transition strength [17] (see below). The
increasing deviation between the fit and the data in this re-
gion seems to indicate a limitation of the ZCC model, which
was also observed and discussed by Calabrese er al. [7] it
should be noted, however. that some equations in Ref. [7]
contain typographical errors). The first three thresholds were
also scanned at a very slow rate of 8000 laser shots per wave
number in order to improve the accuracy of the fitted thresh-
old values. As an example, the region of the first threshold is
shown in Fig. 3, which also demonstrates the small but mea-
sureable signal resulting from photodetachment of the
weakly populated Al7('D,) level. The EA of Al is found
from the *Py—>P,, threshold, and is determined to be
3491.0(4)cm™' or 432.83(5) meV (using 8.0655410
c¢m”/meV [11]). The well-known tine-structure splitting of
the Al ground state can be extracted from the difference of
the thresholds for the ‘P, —2P 5 » transitions as well as
3P, —*P n3n- This yields experimental values of 112.2(3)
and 111.5(8) cm™!, respectively, which are in excellent
agreement with the tabulated value of 112.061 cm™' [11].
The first three thresholds (*P,—*P,,) provide values of the
fine-structure splittings of the ion: 22.7(3) cm™' and
45.7(2) cm™', respectively, for J=0-1 and J=1-2 [and
68.4(3) cm™' for J=0-2]. The next two thresholds
(JPZ_,—lem) enable a second determination of the J
=1-2 splitting of 45.0(8) cm~'. The quoted uncertainties of
the values are largely associated with the fits to the nested
thresholds. The respective magnitudes of our threshoid sig-
nals are in good agreement with theory [17], assuming a
statistical population of the ionic levels. The calculated val-
ues for the relative strengths of the transitions are shown in
Table I, together with the experimental values. The errors in
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the experimental values account for the fact that the two
different s-wave fits give slighty different values for the
reliative strengths of the thresholds.

Our experimental result [432.83(5) meV] for the electron
aftimity of Al is in agreement with the earlier measurement off
Feigerle er al. {4.2] of 441(10) meV, but in detinite disagree-
ment with the very recent result of Calabrese er al. {7], who
obtained 440.94( +0.66/-0.48) meV. The photodetachment
data of Ref. [7] have a signal-to-noise ratio of == 10 while
ours is = 100. This difference in statistics should be reflected
in the respective uncertainties of the final EA values, but the
two results still differ by about 16 standard deviations, based
on the lower error margin quoted in Ref. [7]. There are major
differences between the experiments, which we will there-
tore outhne brietly. Calabrese er af. conducted their photode-
tachment study with a cw F-center laser, with a stated reso-
lution of =0.13¢m™', in a coaxial (3-keV) ion-laser beam
configuration. Our laser resolution is very similar to theirs,
and our average laser power very comparable. Our typical
ion currents are two orders of magnitude higher than those of
Ret. {7], but our interaction region is also two orders of
magnitude shorter. More importantly, the setup of Ret. {7]
was very prone o intracavity and extracavity water absorp-
tion lines. such that their laser power was reduced o near
zeroin several wavelength regions. We are much less sus-
ceptible to this problem since our infrared light is generated
just before the interaction region, and the remaining infrared
beam path is effectively purged with dry nitrogen gas. As
Calabrese er al.. we still normalize the data to the laser
power transmitted through the ultrahigh-vacuum region. The
most striking difference, however, between the expeniments
is that Calabrese er al. were not able to make measurements
at or below the threshold region due to an upper limit of
2820 nm on the wavelength scan for the KCL:Li color center
laser crystal. Thus they were unable to truly exploit the nar-
row linewidth of the cw laser, and in contrast to our mea-
surements, could not explore the multiple thresholds due to
tine-structure splittings (the lower end of their scan range is
3585 em ') Fitting a single s wave to their data Calabrese
etal. obtiin an  approximate electron  affinity  of
3580.5¢2.0) em ', which coincides with our value for the
'P,—*Py- threshold. Due to its small relative strength of
17%, it seems unlikely, however, that this threshold was ob-
served alone, without substantial contributions from the first
four thresholds (compare Fig. 2). Therefore, Calabrese et al.
extrapolate their data to threshold via higher-order fits and
weighted averages over the transitions between all possible
levels of the ion and atom. using the appropriate theoretical
frameworks [15-17]. We have tested their procedures by
applying them to our data in the region above 3585 ¢m ™.
This yielded an electron affinity of 3480(15) cm ', which
agrees with the value for the *Py—7P . threshold within
error margins. Hence, the extrapolation procedures seem
valid. All in all, it appears that the low-energy data (first six
points) of Ref. [7] for some reason rise too steeply with
increasing photon energy if compared with our data for this
energy region. The respective slopes differ by approximately
a factor of 3. We conclude that some systematic error has
probably arisen in the work of Calabrese et al., in addition to
the statistical errors incurred by the low signal-to-noise ratio
and the necessary extrapolation to threshold.
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Although much theoretical effort has been directed to cal-
culations on even lighter species, aluminum is sufficiently
light that advanced calculations are being attempted. There
have becn three recent theoretical works on the electron af-
finity of aluminum. Amau ef al. obtained 450 meV [8],
Woon and Dunning {9] a value of 437 meV, and Wijesun-
dera 433 meV [10]. All three numbers, which have uncer-
tainties of the order of 10 meV, are in good agreement with
experiment. Our experimental determination of the fine-
structure splittings of Al™ indicates that the earlier values
based on isoelectronic extrapolations [2], 26(3) cm™' and
76(7) em™! for J=0-1 and J=0-2, respectively, were es-
sentially valid within quoted uncertainties. The negative ion
of aluminum has also been the subject of recent experimental
and theoretcal studies {18] in terms of the continuum far
above the detachment threshold. As regards future studies of
Al", a highly accurate value of the binding energy of the
'D. term might, in principle, be obtained via a multiphoton
detachment scheme. However, the expected low transition
probability of the *P—'D transition (~107*s7Y) [19]
would seem to make a 1+ 1 photon detachment scheme via
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an electric-dipole-forbidden bound-bound resonance rather
unlikely [20]. Alternatively. one could use charge-exchange
production techniques to maximize the population in the ex-
cited level, and employ resonant ionization spectroscopy
[21] with detachment o an excited state of the aluminum
atom. In contrast, single-photon detachment from Al 'D,)
would be technically very demanding from a nonlinear opti-
cal standpoint, requiring tunable midinfrared radiation.

In summary, we have measured the electron affinity of
aluminum with an accuracy of 0.05 meV, and have resolved
the fine structure of the ion. The measurement is in good
agreement with recent calculations [8~-10] but calls seriously
into question the very recent experimental result of Cala-
brese er al. [7]. Several considerations would suggest that the

present EA value be adopted. Perspectives for future work
have also been briefly discussed.

We gratefully acknowledge the Natural Science and En-
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comments on the manuscript.
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The bound excited np® 2D terms of Si~, Ge~
single-

=35/2 fine-structure levels were found to be 0.527 23
0.401 44(10) and 0.377 27(6) eV for Ge™, and 0.397 617(15) and 0.304 635(15) eV for Sn™. These results
perimental values of up to four orders of magnitude and
D fine-structure splittings: 14.08(20), 192.6(9), and

» Ge™, and Sn” respectively. In addition, the photodetachment thresholds of the ionic
‘Syz ground states have been reinvestigated. This resulted in im

1.389 521(20), 1.232712(15), and 1.112067(15) eV for C~, Si7, Ge™, and Sn~
&mpis towards an observation of the very weakly bound C™(*D) and Si(

constitute improvements in accuracy over previous ex

further provide the experimental values for the
749.95(15) em™! for Si~
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L INTRODUCTION

Excited states of atomic negative ions that are bound with
respect to the atomic ground state have long been considered
as rare occurrences. For many ions, the experimental knowl-
edge of such states is still poor, despite considerable effort
over the past decades (see Refs. [1, 2] for recent reviews).
Excited negative-ion states that are embedded as resonances
in the energy continuum above the atomic ground state have
been extensively studied with a variety of experimental tech-
niques [3]. Most early investigations of bound excited states,
on the other hand, were based on two techniques: laser pho-
todetached electron spectrometry (LPES) and threshold pho-
todetachment with conventional light sources. Both tech-
niques are applicable to most stable negative ions, but the
energy resolution is often insufficient for a determination of
fine-structure splittings. The energy resolution achieved in
laser photodetachment threshold (LPT) experiments is sig-
nificantly higher and LPT studies of the more strongly bound
07, S7, Se”, and Te~ ions have provided accurate values
for the respective 2P fine-structure splittings {4]. LPT stud-
ies of weakly bound (<1 eV) ions are more challenging as
they require tunable infrared laser sources. Nevertheless, ac-
curate ionic fine-structure splittings have been obtained for
Li~ [5] and recently also for B~ [6] and Al™ (7]. Both LPES
and LPT studies have to rely on an initial population of the
excited states to be investigated. This is generally not a con-
straint in measurements of the fine structure of the ionic
ground state, as the corresponding level splittings are typi-
cally small. However, higher-lying excited terms or possibly
electronically excited configurations would be only very
weakly populated from a thermal ion source. In such cases,

resonant multiphoton detachment may provide an alternative
approach.
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. and Sn™ have been investigated with a combination of
and multiphoton tunable infrared laser experiments. The binding energies of the two J=3/2 and J

4(25) and 0.525 489(20) eV, respectively for Si~

proved electron affinities of 1.262 119(20),

. respectively. Varjous at-
‘P) terms remain unsuccessful.

The interest in multiphoton phenomena involving nega-
tive ions began with the early demonstration of nonresonant
two-photon detachment of I~ by Hall {8] and with the reso-
nant two-photon detachment of C; by Lineberger and Patter-
son [9]. Over the past few years, several other multiphoton
phenomena have been observed in negative ions. Most stud-
ies investigated nonlinear optical processes such as excess-
photon detachment [10], two-photon threshold detachment
(11,12], and ponderomotive threshold shifts [13]. Negative
lons represent qualitatively different targets for such strong-
laser-field studies due to the absence of a Rydberg series of
states, which is a result of the short-range potential that binds
the extra electron of a negative ion. However, some multi-
photon studies were aimed at the elucidation of negative-ion
structure. Both bound excited states [14-16] and resonant
structures in the continuum of negative-ion species (17,18]
have been probed via multiphoton schemes. Bound excited
negative-ion states almost always refer to the terms and fine
structure of the same (ground-state) electronic configuration.
Hence single-photon electric dipole (E 1) transitions between
such levels are strictly forbidden as a result of the parity
selection rule. A simultaneous absorption of two photons, on
the other hand, would be allowed in an electric dipole inter-
action and would give rise to a resonant enhancement in a
multiphoton detachment spectrum. Recently, such a reso-
nance has been observed in the single-color three-photon de-
tachment spectrum of Sb™~ [16] and previously in two-color
detachment spectra of Se™ and Te™ where the two-photon
bound-bound transition was realized in a Raman coupling
scheme [14]. In addition to two-photon E1 transitions, small
probabilities often exist for single-photon transitions of mag-
netic dipole (M1) or electric quadrupole (E2) character.
Such ‘‘forbidden” transitions have recently been reported
between fine-structure levels of Ir™ and Pt~ [15] and also
between the fine-structure levels and terms of Sb™ 16]. In
the latter case study of the antimony negative ion we have
been able to demonstrate that a combination of resonant mul-
tiphoton techniques with traditional LPT spectroscopy can
provide a complete knowledge of the stable states of an

1 © 1998 The American Physical Society
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FIG. 1. Schematic diagram of the experimental setup (see the
text for details).

atomic negative ion. It was the aim of the work described in
the present article to systematically apply these techniques to
the negative ions of the carbon group: C~, Si~, Ge~, and
Sn”.

The anions of the carbon group elements have been con-
sidered particularly notable examples of negative ions with
excited terms of the ground-state configuration that still lie
below the first detachment threshold {1]. Nevertheless, the
experimental knowledge of these excited terms is still rather
limited, particularly for Ge™ and Sn™ where the relative ex-
perimental uncertainties are as large as 50%. In recent years,
C~, Si7, and Ge™ have attracted considerable attention by
theorists as well as experimentalists for their photodetach-
ment cross section close to the nmp3 582 threshold, several
¢V above the first detachment threshold (n.\'znp2 3Po). The-
oretical works [19] have predicted pronounced window reso-
nances for these three ions, but experimental studies have
found a resonance feature only in Si™ [20] and not in C™
[21] (10 our knowledge, Ge ™ has not yet been investigated in
that respect).

II. METHODOLOGY
A. Experimental setup

The experimental apparatus that was utilized in the pho-
todetachment studies described herein is comprised of a
negative-ion source, an infrared laser source, and an ultra-
high vacuum (UHV) interaction chamber. The setup is sche-
matically depicted in Fig. 1 and is described in detail in Ref.
[22].

:l Lumonics HD-300 dye laser is pumped by the second
harmonic of a 10-Hz Q-switched Nd:YAG laser (where
YAG denotes yttrium aluminum gamet), a2 Lumonics YM-
800. Tunability over the (680-980)-nm region is achieved by
utilizing a 1800-linesymm grating and near-infrared dyes.
Over this tuning range the ~8-ns laser pulses have a spectral
bandwidth of 0.1-0.06 cm™'. For wavelength conversion
further into the infrared, the dye-laser beam is focused into a
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FIG. 2. Pulse energy curves for selected laser dyes and for the
associated first and second Stokes conversions findicated with the
labels (S1) and (52), respectively].

120-cm-long high-pressure hydrogen cell, where stimulated
Raman scattering of the dye-laser light causes the generation
of a first Stokes laser beam. In addition, coherent second
Stokes and anti-Stokes radiation is emitted from the Raman
cell as the result of parametric four-wave-mixing processes.
Optogalvanic resonances of argon were utilized in a direct
measurement of the first Stokes Raman shift. A value of
4155.197(20) em™' was obtained, which agrees well with
the literature value of 4155.187(5) cm™' [23] for a cell pres-
sure of 22(1) bars. After the Raman cell, the beam is recol-
limated and then passed through dichroic mirrors to attenuate
the undesired wavelength components by ~90% (anti-
Stokes, residual pump, and also first Stokes radiation if sec-
ond Stokes light is to be used). The final optical filtering is
achieved with Brewster-angle pairs of silicon or germanium
plates. This laser system allows for the production of tunable
infrared laser light over the region of 1-5 um (see Fig. 2).
Finally, the laser light passes through a CaF, viewport into
the ultrahigh vacuum interaction chamber where it crosses
the ion beam at 90°. The laser light is monitored with a
pulse-energy meter located after the exit port of the chamber.
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 source [24] and are accelerated
to energies of 1315 keV. For ions possessing more than one
stable state, the relative population of these states depends on
the effective temperature of the sputter surface. Depending
on various ion source parameters, this temperature can be
varied between approximately 500 and 1500 K. A 30° bend-
ing magnet with magnetic fields of up to 0.52 T serves to
separate the atomic ion beam of interest from other atomic
and molecular species. In order to minimize collisional de-
tachment, the ion beam is passed through a differential pres-
sure tube into an UHV chamber with background pressures
of ~107% mbar. There the beam is charge-state analyzed
with a pair of electrostatic deflection plates, producing a de-
flection of ~10°. The ions then enter a field-free region
where they interact with the collimated or focused laser
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beam. A second pair of electrostatic deflection plates is em-
ployed to deflect the residual negative ions into a Faraday
cup, while the photodetached neutral atoms are detected with
a discrete-dynode electron multiplier. The detector ijs oper-
ated in the analog regime, as the total number of detachment
cvents per laser pulse is typically larger than one. After
preamplification, the output signal of the detector is fed into
a gated integrator and boxcar averager. A gate width of
~50ns is usually sufficient to ensure that all the neutral
particles produced during the laser pulse are collected. Such
narrow gating very effectively reduces the number of colli-
sional background events to ~1 count per pulse, per uA of
beam current. Finally, the integrated signal for each pulse (or

the average of a number of pulses) is recorded by a personal
computer.

B. Data acquisition and analysis

A region of interest in the photodetachment cross section
of a negative ion is typically investigated with a slow [(20-
30)-min] dye-laser scan. Depending on the signal-to-noise
ratio, the scan procedure is repeated up to ten times and
individual scans are summed. A poor signal-to-noise ratio
can be due to a large photodetachment background, small
ion-beam currents, and/or low infrared pulse energies. Beam
current and pulse energy are always recorded parallel to the

neutral particle signal and are utilized to normalize the pho-
todetachment data.

1. Threshold fit

A theoretical description of the relative cross section for
photcdetachment close to threshold is given by Wigner's
threshold law [25]. It predicts a zero cross section for photon
energies (g) below the threshold energy (eq) and a cross

section proportional to (e=¢q)" *2 for £>eq, where I’
denotes the angular momentum of the detached (i.e., free)
electron. Hence detachment into an s-wave continuum ex-
hibits a threshold with a sharp onset (ox \/E), whereas the
onset of a p-wave threshold is smooth (0= Ae3?). However,
in most of the cases investigated here, the cross section dis-
plays a series of cascaded thresholds rather than just a single
threshold. Hence, for an accurate fit to any particular thresh-
old it is necessary to account for the effect of the other pho-
todetachment channels. The contribution of these other chan-
nels to the total cross section in the vicinity of gg will be
smooth and can be represented by a linear term, as long as
the respective threshclds are not too close to &4. In this case,

the function that is fitted to an individual s-wave threshold is
given by

a+b(e—eg)+coVe—g, for E>gg

To= a+b(e—egq)

for ese,. ()
The fitting routine that is utilized here performs a nonlinear
least-squares fit via a multi-parameter gradient-expansion al-
gorithm. The fitting parameters a, b, ¢4, and gg are opti-
mized simultaneously.

For a series of closely spaced thresholds the linear back-
ground approximation is not valid. In this case, all thresholds

are fitted simultaneously. The fitted function is then defined
recursively:
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c.ve—e, for e>e,

=G -t
TnT =170 for e<e,. 2

Here n=0,1.2,. .. labels the individual thresholds in the se-
ries. Such a simultaneous fit is found to work well if only
two or three thresholds are present and if their relative inten-
sities are not too different. However, if several thresholds or
thresholds with largely differing intensities have to be fitted,
this fitting routine may fail to converge properly. In such a
case, a sequential threshold fit is performed by fitting Eq. (1)
to the lowest-energy threshold first, subtracting the fit from
the data, then fitting the second threshold, again subtracting
the fit from the data, and so on. This method is less rigorous
than the simultaneous fit as the coupling between the fitting
parameters is reduced. This may result in overoptimistic
standard deviations in the fitted parameters. which are there-
fore verified on a case to case basis.

The range of validity of the Wigner law (1) is limited to
the photodetachment cross section close to threshold. For a
theoretical description of the cross section higher above
threshold, correction terms have to be taken into account
(26]. However, in cases where a deviation from the Wigner
law is observed, an inclusion of higher-order terms to the
fitting function (1) is avoided by restricting the final scan
range to a region over which the Wigner law is valid. Gen-
erally, this does not result in an increased uncentainty of the
fitted threshold value as the onset of an s-wave threshold is
steep and well pronounced. In contrast, for p-wave detach-
ment the cross section higher above threshold is often essen-
tal for a determination of the threshold value from a fit to
the data [22,27].

Systematic deviations from the Wigner threshold behavior
may also result from a (partial) saturation of the detachment
process by the intense laser pulse. Partial saturation should
not affect the near threshold data, i.c., the fitted threshold
value, but it may have an effect on the measured relative
threshold intensities, particularly if different thresholds are
observed that originate from the same ionic level. In mea-
surements of threshold strengths the linearity of detachment

signal versus pulse energy is checked at the high-energy end
of the scan range.

2. Threshold strength

The various photodetachment channels are associated
with different electronic configurations, terms, or fine-
structure levels in either the ion or the atom. The ions inves-
tigated here are stable only in the p* configuration. The re-
sulting terms S, 2D, and 2P are well separated in energy,
as are the *P, 'D, and 'S terms of the p? configuration of
the respective atoms. However, fine-structure splittings in
both the atom and ion are small and will therefore give rise
to closely spaced cascaded thresholds. Engelking and
Lineberger [28] have presented a theory that quantifies the
relative intensities of the various fine-structure transitions
that constitute the photodetachment channels going from an
ionic 25*!L term to an atomic 25'*!L’ term. In this frame-

work, the relative intensity of a fine-structure transition J
—J' is given by
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as long as the spin-orbit coupling of the electrons can be
approximated by LS coupling and the ionic levels are statis-
tically populated. Here [ and j denote the orbital and total
angular momentum of the bound electron that is to be de-
tached. (It should be noted that the angular momentum /' of
the detached electron is not relevant here, although it deter-
mincs the shape of the threshold.) The selection rules for
photodetachment are determined by the properties of the 9J
symbol in Eq. (3):

|as|=<1i, |AL|=1, |AJ[si+1L. (4)

The ionic fine-structure levels are populated according
to their statistical weights only if the level splittings
are much smaller than kT, where T is the effective ion
source temperature. If this is not the case, a Boltzmann factor
exp{ —E(/)/kT] must be included in Eq. (3) to account for a
thermal population of the different energy levels. As Eq. (3)
is derived on the basis of the LS-coupling approximation, a
deviation between measured and calculated threshold inten-
sities indicates the breakdown of this coupling scheme for
the particular ion.

3. Resonances

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-
ment in a multiphoton detachment spectrum is observed, an
accurate determination of the corresponding excited level is
rather straightforward. However, virtually all bound-bound
transitions in atomic negative ions are single-photon E1 for-
bidden and therefore have only small transition probabilities
of M1 and/or E2 character. The feasibility of the multipho-
ton approach for a particular excited state is therefore evalu-
ated in a computer simulation of the laser-ion-beam interac-
tion prior to the actual experiment. The simulation assumes a
Lorentzian laser bandwidth and Gaussian profiles for the
temporal and spatial shape of the laser beam as well as for
the spatial shape of the ion beam. The number of detachment
events per laser pulse is calculated as a function of the vari-
ous ion and laser source parameters and as a function of
estimated bound-bound and bound-free transition probabili-
ties. Competing detachment channels such as single-photon
detachment of the initial excited level population and non-
resonant two-photon detachment of the ionic ground state are
also included. It was found in the simulation as well as in the
experiment that the success in driving a *‘forbidden"’ (1
+ 1)-photon detachment process often depends on the effec-
tive suppression of these competing channels. While a colli-
mated laser beam gives rise to a large one-photon (excited-
state) and only a very small two-photon (ground-state)
detachment background, the situation is reversed for a tightly
focused beam. Depending on the cross sections of the vari-
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ous processes, the best resonant-signal-to-background-signal
ratio may be obtained with one or the other beam geometry
or an intermediate geometry such as a cylindrical focus.

4. Energy resolution

The resolution that can be achieved in photodetachment
experiments with the present setup is limited by several fac-
tors. Most importantly, the finite bandwidth of the infrared
laser source (~0.08cm™!) 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-
metric 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
bandwidth, but for a typical infrared photodetachment ex-
periment (2-um light, 15-keV beam energy, atomic mass of
60) a broadening of only 0.03 cm™" results. Doppler broad-
ening due (o a (thermal) tangential velocity spread in the ion
beam is even smaller and can therefore be neglected.

In principle, the finite interaction time between the fast
ion beam and the pulsed laser beam constitutes an additional
source of broadening. In practice, for a collimated laser beam
this time is given by the duration of the laser pulse
(~8 ns) and the resulting broadening is negligible. It is only
for a tighty focused laser beam, as may be used in multi-
photon detachment studies, that ion transfer times reach the

subnanosecond regime and then cause broadenings of
~0.lcm™'.

S. Systematic errors

In an attempt to minimize potential sources of systematic
errors we have performed various tests with the infrared laser
setup prior to the actual photodetachment experiments. Very
well known transitions in argon [29] were used as a calibra-
*ion standard for the tuning control unit of the dye laser. The
calibrations were conducted with the aid of an argon-filled
hollow cathode discharge lamp (Hamamatsu). Discharge
lamps yield an optogalvanic effect, i.e., a measurable change
in the discharge impedance whenever the laser wavelength is
in resonance with certain atomic transitions of the filler gas
{30]. Discharge lamps constitute a very convenient and quick
means of wavelength calibration, but provide only relatively
few calibration lines. There are 25 optogalvanically active
transitions available within the (680~980)-nm dye-laser tun-
ing range, with gaps between consecutive lines of up to 45
nm. Hence the wavelength calibration of most photodetach-
ment experiments would have to rely on an extrapolation
from the nearest argon lines, i.e., the calibration accuracy
would strongly depend on the degree of nonlinearity in the
tuning mechanism. Figure 3 shows differences between tabu-
lated {29] and measured argon line positions in wave-number
units. The lines span a wavelength range of 60 nm and were
measured after the tuning control unit had been calibrated
using only two lines. The data in Fig. 3 appear to fluctuate
randomly about the zero line by small amounts of less than
0.05cm™". However, the deviation of any particular line is
reproducible (0.0l cm™!) in different measurements. The
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FIG. 3. Differences between measured and tabulated optogal-
varic transitions in argon as a function of transition wavelength.

fluctuations are therefore believed to be the result of small
“local’* nonlinearities in the tuning mechanism. In order to
determine an upper limit for this effect an étalon was ern-
ployed to monitor the laser tuning over small regions
(=2nm) at different wavelengths within the full tuning
range. Deviations from linearity were very small, similar to
those found for the argon lines. Therefore, a dye laser cali-
bration uncertainty of 0.05cm™' is assumed for all experi-
ments.

In addition to nonlinearities, possible temperature drifts
are of some concern as certain threshold or resonance scans
can take several hours. The dye laser was found to require a
2-h warmup period before a drift of less than 0.01 cm™! per
hour is established. In addition to the water cooling of the
laser dye, temperature gradients are minimized by continu-
ously flushing the laser housing with cool nitrogen gas. A
calibration performed on the temperature-stabilized laser
would therefore remain valid throughout the experiment. The
laser is recalibrated for each experiment to eliminate the pos-
sibility of small day-to-day fluctuations. In very long experi-
ments that require the highest accuracy, laser calibrations are
carried out before as well as after the detachment scans. This
enables a correction of the data for possible wavelength
drifts,

As a2 Pulscd laser source is utilized, with peak intensities
of ~10" and ~10' W/em? for a collimated or focused
beam, respectively, the possibility of intensity shifts has to
be considered. The threshold for photodetachment in strong
laser fields is shifted to higher energies due to the pondero-
motive energy of a free electron in an electromagnetic field
[13]. We have therefore investigated the 4S37—3P thresh-
olds of C~ and Ge~ with a collimated laser beam (~3mm
diameter), a cylindrically focused beam (25 ¢m focal length),
and a spherically focused beam (20 cm focal length). While
identical threshold values were obtained in the first two
cases, a threshold shift of ~ 1 cm™! resulted in the third case.
To surely avoid possible intensity shifts, ail photodetachment
threshold experiments are conducted with collimated laser
light. The bound-bound transition of a multiphoton detach-
ment scheme, on the other hand, may be shifted in the pres-
ence of a strong laser field as a result of an ac Stark shift of
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the negative-ion levels involved. However, for the transitions
investigated here the ion levels belong to the same electronic
configuration and should therefore exhibit very similar Stark
shifts. Hence the transition energy should remain unshifted
within experimental uncertainties. To be certain of this, we
have measured the Sn™(*S;,—2D,) resonance (see Sec.
II D) with the three aforementioned focusing geometries,
No shifts in the resonance position were apparent.

A particular problem with the crossed-beam geometry of
the present experimental setup is its susceptibility to linear
Doppler shifts. In the rest frame of the fast ion beam the laser
frequency will appear shifted whenever the crossing angle
deviates from 90°. An alignment of this angle based on the
geometry of the interaction chamber alone has an uncertainty
of ~2°, necessitating further alignment checks. For a typical
ion beam energy of 15 keV and a light element such as
oxygen with an electron affinity of 11 784.648(6) cm™!
[1,31] a misalignment of 2° would result in a Doppler shift
of 0.6 cm™". In addition to its extremely well known binding
energy, O is also a very prolific ion from a Cs sputter
source for almost any oxide cathode and furthermore de-
taches with a sharp s-wave threshold. Hence a detachment
experiment with O provides a sensitive test for Doppler
effects. A careful measurement of the O~ (2P,,—3P,) de-
tachment threshold and a subsequent s-wave fit to the data
resulted in a threshold value of 11 784.62(3) cm™'. The un-
certainty given here represents the standard deviation ob-
tained from the fitting routine and the calibration uncertainty
for this particular wavelength range. Our value agrees with
the more accurate literature value within one standard devia-
tion. We therefore deduce an upper limit of 0.02 cm™! for
possible Doppler shifts due to laser beam misalignment,
While the laser beam alignment is easily maintained between
experiments, some uncertainty remains regarding small de-
viations in the beam path for different ions. Again, geometric
considerations of the interaction chamber suggest that this
uncertainty should not be more than 0.5°. Hence residual
Doppler uncertainties are calculated on the basis of this value
and the 0.03-cm™" uncertainty from the O~ experiment. Fi-
nal values range from 0.05 to 0.13cm™' depending on
atomic mass and photon energy.

Finally, the uncertainty in the Raman shift has to be ac-
counted for whenever first or second Stokes radiation is em-
ployed. Values of 0.02 and 0.04 cm™! are used, respectively,
based on the uncertainty of our experimentally determined
Raman shift (see Sec. I A). The uncertainties of the final
experimental results given in this paper always include these
various systematic errors in addition to the standard devia-
tions obtained from the numerical fits to the data.

OI. RESULTS AND DISCUSSION
A. Carbon

Despite the fact that carbon is a light (first-row) element,
there have been very few experimental investigations of its
negative ion. The binding energy of the ionic 2p3 ‘Sm
ground state was measured via LPES by Bennett and Hall
(32] and via infrared LPT by Feldmann [33]. They obtained
values of 1.268(5) eV and 1.2629(3) eV, respectively. Feld-
mann used a laser-pumped optical parametric oscillator for
his pioneering infrared LPT work. In addition to the ground-
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FIG. 4. Schematic energy level diagram of C™ and C. Arrows
indicate detachment thresholds, ordered by threshold energy. The
horizontal spacing between arrows is proportional to the energy
separation of the respective thresholds. Only the *Sy,—3P,,
thresholds (solid arrows) could be measured in the present study.

For clarity of presentation, fine-structure splittings are not shown to
scale.

state detachment thresholds, his LPT spectrum also provided
evidence for an ionic 2p° 2D term with a binding energy of
33(1) meV, which agreed with earlier values of 37(3) meV
and 50(20) meV, obtained via field ionization measurements
[34] and LPES [32), respectively. Based on these previous
investigations, the energy leve! structure of C™ and the order
of photodetachment threshoids are depicted in Fig. 4.

Since the recent LPT studies of Li~ [35] and B~ (6],
carbon has become the first-row element with the largest
uncertainty in its electron affinity, 0.3 meV (versus 0.025
meV for B7). Many calculations of the electron affinity
(EA) of carbon have been performed to date [36], but they
typically exhibit errors of several meV. On the other hand,
recent large-scale multiconfiguration Hartree-Fock calcula-
tions of the EA of lithium [37] and boron [38] have indicated
that calculation errors of less than 1 meV might be achiev-
able in future ab initio calculations of other first-row ele-
ments. Hence a more accurate determination of the EA of
carbon seems appropriate.

We have investigated the photodetachment cross section
of C™ over the photon energy range of 10 160- 10 580 cm ™"
or 1.260-1.312 eV [1eV=8065.5410(24) cm™~" [39]]. The
region that exhibits the three *S;,—3P,, thresholds is
shown in Fig. 5. As can be seen, the thresholds follow the
Wigner s-wave behavior very closely (solid line). The ratio
of measured transition strengths, 0.9:3.1:5.0, agrees well
with the ratio of statistical weights for the fine-structure lev-
els of the atomic ground state, 1:3:5. The intervals between
the three thresholds are 16.3(2) 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 cm™!, respectively
(40]. A high-resolution scan of the EA-defining *S;,—3P,
threshold is shown in Fig. 6. The scan range of 2.4 ¢m™!
corresponds to one standard deviation of the earlier result by
Feldmann [33]. The observed photodetachment cross section
deviates from the ideal Wigner s-wave behavior (dashed
line), primarily due to the finite laser bandwidth of
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FIG. 5. Measured photodetachment cross section of C~ in the
region of the “Sy,—3P . thresholds. The result of a Wigner s-wave
fit to the data is indicated by the solid line. Individual thresholds are
extrapolated with dashed lines.

~0.1 cm™". In addition, a small modulation of the Cross sec-
tion is apparent, which results from the presence of a weak
clectrostatic field. Although the current design of the UHV
interaction chamber provides for a shielding of the electro-
static deflection plates, stray fields of ~10 V/icm seem to
remain. Fortunately, the effect of static electric fields on
s-wave thresholds has been thoroughly investigated in the
past (41] and can be accurately modeled with a theory pre-
sented by Baruch er al. {42]. If the cross section obtained
with this model is convoluted with a Lorentzian bandwidth
function, the solid line in Fig. 6 is obtained. The excellent
agreement between fitted and measured cross sections allows
for an accurate determination of the threshold energy:
10 179.67(15) em™"' [1.262 119(20) eV]. The uncertainty
given here includes possible systematic errors in the calibra-
tion or due to Doppler shifts (see Sec. II B 5). It is important

Relative Cross Section [arb. units]

10180
Photon energy [em™']

FIG. 6. High-resolution scan of the C~ detachment cross section
in the vicinity of the *Sy,— 2P, threshold. An ideal Wigner s-wave
fit is indicated by the dashed line, while the result of an s-wave fit

that includes bandwidth and field effects is represented by the solid
line.
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to note that the same threshold value is obtained if the effects
of laser bandwidth and electric field are ignored in the fit
(dashed line in Fig. 6). Hence the Wigner s-wave fit 1)
remains valid.

Our value improves the accuracy of the EA of carbon by
a factor of 15, but the value lies outside the error margin of
Feldmann's result of 1.2629(3) eV [33]. This seems to indi-
cate that a source of systematic error unaccounted for might
have been present in the earlier work.

In an attempt to reproduce the weak 2D s—'D, threshold
feature observed by Feldmann, we have carefully investi-
gated the detachment cross section in the (945~-965)-nm
range, which corresponds to 2D binding energies between 21
and 48 meV. No evidence for a threshold structure was
found. There can be no doubt about the existence of the
’D,—'D, thresholds, as the positive 2D binding energy
was confirmed in five independent studies (33.34,32,43,44].
Hence an insufficient population of the 2D ;7 levels from our
ion source is the most likely explanation for the absence of
the corresponding threshold features. Nonthermal population
mechanisms cannot be ruled out for a sputter ion source, but
if we assume a mainly thermal population, less than 0.1% of
the ions would be produced in the excited 2D s states. Thus a
signal-to-noise ratio of better than 1000 would be required
for an unambiguous observation of the 2D s—'D, thresh-
olds, due to the substantial photodetachment signal from the
ionic ground state. In the study of Feldmann the jons were
produced via a discharge, which likely resulted in a higher
’D population. Recent LPES studies of the C~ detachment
cross section at 2.076 ¢V have shown that a fractional 2D
population of 50% can be achieved if the C~ beam is pro-
duced by charge exchanging a C* beam [43,44]. Hence a
combination of this beam generation technique and infrared
LPT (and possibly state-selective detection) should enable an
accurate determination of the two C™(2D,) levels.

B. Silicon

The energy level structure of Si~, which is schematically
shown in Fig. 7, is similar to that of C~, with the interesting
difference that for Si~ both the 2D and the 2P 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 Kasdan er al. [46], which deter-
mined 2D and 2P binding energies of $23(5) and 29(5)
meV, respectively. For the 2P term a binding energy of
35(4) meV was also obtained by Oparin et al. in a field ion-
ization measurement [34]. To our knowledge, none of the
previous studies of these bound ionic terms have been able to
resolve the respective fine structure. The binding energy of
the “Sy,, ionic ground state, i.c., the electron affinity of sili-
con, is well known from the LPES experiment of Kasdan
et al. [1.385(5) eV [46]] and more accurately from our pre-
vious infrared LPT study of this system, which yielded
1.389 49(6) 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
“S32—>Py threshold. (A determination of excited-state
binding energies via bound-bound resonances hinges on an
accurately known EA; see below.) A high-resolution scan
over the (11205-11211)-cm™' photon energy range
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FIG. 7. Schematic energy-level diagram of Si~ and the Si
ground state. Arrows indicate the various detachment schemes that
were attempted in the present study: (a) one-photon threshold de-
tachment, (b) resonant two-photon detachment via one-photon
M1-E2 transitions, and (c) resonant three-photon detachment via
two-photon El transitions. For simplicity, fine-structure splittings
are not shown.

yielded a threshold energy of 11 207.24(15) cm™!
(1.389 521(20) eV], in good agreement with our earlier
value. A strong photodetachment background indicated a
useful population of the excited ion levels, approximately a
few nA out of the 2 uA total Si~ current. Hence an obser-
vation of the actual 2D;—3P,. thresholds seemed possible.
A subsequent scan over a photon energy range of
4200-4500 cm™', shown in Fig. 8, revealed five nested
thresholds. We attempted to fit the data over the full range
shown using the Wigner s-wave law and its leading correc-
tion term [26] (solid line in Fig. 8). As can be seen, the data
deviate from the predicted threshold behavior already after
the third threshold (*D;,—3P,). Similar deviations were

T T T T T L
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FIG. 8. Measured photodetachment cross section of Si~ in the
region of the 2D,~3P,. thresholds. For the first three thresholds
the result of a Wigner s-wave fit including the leading correction
term is indicated by the solid line. Individual thresholds are ex-
trapolated with dashed lines.
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FIG. 9. Si™ photodetachment data in the vicinity of the D,
—3P, thresholds.

previously observed for Al™ photodetachment thresholds
[48,7). Hence an accurate determination of threshold ener-
gies and strengths had to rely on the near-threshold data
alone. The regions of the 2D, —3P, and *D,~3P, thresh-
olds were therefore rescanned with higher resolution. The
results are shown in Figs. 9 and 10, respectively. Threshold
energies and strengths that were obtained from a Wigner
s-wave fit to these data sets (where the background was ap-
proximated linearly) are summarized in Table I. Calculated
threshold strengths (3) are given for comparison. Separations
between thresholds of 77.11(25) em ™! for 2Dm—o3P0_, and
145.92(20) cm™' for 2Dg,—3P,, were found, in good
agreement with 77.115 and 146.042 cm™', respectively, the
tabulated values for the fine-structure splittings of the
Si(3p? *P) term [40]. This proves that detachment to the
atomic ground state is observed. The presence of a 2D term
as the initial ionic state is evident from the good agreement
between measured and calculated threshold strcn%ths, in par-
ticular from the absence of the AJ-forbidden Dsp—° Py
threshold. The Si~(2D ;) binding energies that can be ex-
tracted from the threshold values are 4252.43(20) and

9 A T M & T
b

Relative Cross Section [arb. units]
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TABLE L. Results of the s-wave fits to the Si~ photodetachment
data.

Threshold Relative strength
Transition Energy (cm™) Measured Calculated
IDa—3Pg a a 0
1Dy, =3P, 4252.43(25) 10(1) 10
Dyp—3P, 4315.53(20) 1i(1) 9
2Dyy—3p, 4329.54(20) 19(2) 21
Dsp—3P, 4461.45(15) 45(2) 45
2Dyy—3P, 4475.1(5) 5(1) 5

*This transition is forbidden by the AJ selection rule.

4238.35(15) em™' [527.234(25) and 525.489(20) meV] for
J=3/2 and J = 5/2, respectively. These values compare well
with the average binding energy of 523(5) meV measured by
Kasdan et al. [46]. The difference between our two values
gives a 2D fine-structure splitting of 14.08(20) cm™", which
is in disagreement with 7(2) cm™!, a value that was ob-
tained earlier from isoelectronic extrapolation [45).

The very small binding energy of the Si~(*P) term pre-
cludes a determination of the detachment thresholds to the
atomic ground state. The thresholds for detachment to
Si(3p* 'D,) would be within the tuning range of the present
infrared laser source, but would suffer from a very unfavor-
able signal-to-background ratio, similar to the “D,—'D,
thresholds in C™ (Sec. Il A). We have therefore attempted to
probe the P, levels via resonant multiphoton detachment.
The various possibilities for resonant multiphoton detach-
ment from Si~ are shown in Fig. 7. Probabilities for single-
photon bound-bound transitions can be extrapolated from
calculated Einstein A coefficients for the phosphorous iso-
electronic sequence [49]. The number of detachment events
per laser pulse is then evaluated with a computer simulation
of the laser-ion-beam interaction (as described in Sec.
[1B 3). The results obtained for Si~ are summarized in Table
[I. 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 4Sm—ozP s Tesonances over a 30-meV-wide photon en-
ergy range (10 841-11 093 cm™"), which covers a 3o error

TABLE II. Estimated probabilities for single-photon bound-
bound transitions in Si~.

Transition Rate
Levels Type® A(s™hH Counts/pulse®
‘S17-3Py Mi¢ 0.005 3
4S12-2P 1 Mi© 0.002 1
D33Py E2 0.008 0.06
Dp-2P E2 0.013 0.1
2Dsp-2Py, E2 0.016 0.2
Den-2P 1y E2 0.008 0.1

4460 4470 4480

Photon energy {em™']

FIG. 10. Photodetachment cross section of Si™ in the 2D,
—3P, threshold region.

*Only the dominant character of the transition is indicated.
®Counts/pulse are calculated for a focal spot size of 0.1 mm and a
bound-free cross section of 10~!7 cm?.

“These transitions violate the AS and AL selection rules. This re-
duces the accuracy of isoelectronic extrapolation.
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FIG. I1. Measured two-photon Si™(*Sy7) —Si(’P) detachment

threshold. The solid line shows the result of a Wigner p-wave fit to
the data.

margin of the 2P binding energy measured by Kasdan et al.
(46]. No resonant features were apparent in this scan (which
was conducted at a rate of 1000 laser pulses per cm™'). The
resonances could be somewhat weaker than the estimates
suggest and would then likely be hidden in the substantial
Si~(*D) detachment background of ~50 counts per pulse.
Similarly, a search for the 2D,—‘2P,: resonances over the
(3925-4090)-cm ™! range with the same scan rate remained
unsuccessful. The photodetachment background was much
smaller in this case, but so were the estimated resonance
signals (Table IT). Most importantly, the background signal
due to collisions of the Si~ ions with rest gas molecules in
the UHV chamber was very high (~1 event/pulse). This
collisional background is due to the large (=1 uA) Si~
beam current and is likely responsible for the absence of the
expected resonance features. As for C™(2D), these compli-
cations could be avoided in future experiments if different
ion-beam techniques such as charge exchange, an improved
UHV system, and/or state-selective detection schemes were
employed.

An alternative to driving a particular transition via an
E1-forbidden one-photon absorption is the possibility of
E1-allowed two-photon absorption. Since the Si~ (2P ) lev-
els are only weakly bound, the *S;, 2—h»v2P, two-photon

resonances are expected to lie just below the threshold for
two-photon  detachment, *S,, 'ZE’ng°‘ This threshold

was investigated first in order to optimize the focusing ge-
ometry for higher-order processes. The result is shown in
Fig. 11. The threshold for two-photon detachment at
11370(15) em™! and the expected p-wave threshold behay-
ior are apparent. (A two-photon p-wave threshold has been
previously observed in CI~ detachment (11].) The observed
threshold value compares well with 11 357 cm™!, the aver-
age threshold value for an unresolved Si(}P) fine structure
(although a ponderomotive threshold shift of a few cm-!
may be present). At energies below the two-photon threshold
a small photodetachment signal is observed. This signal re-
sults from one-photon detachment of Si~(*D) and from
three-photon detachment of Si~(*S). However, our final
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FIG. 12. Schematic energy-level diagram of Ge™ and the Ge
ground state. Arrows indicate expected photodetachment thresholds
in order of increasing photon energy. Thresholds that were observed
are shown with solid arrows; others are dashed.

search for the “S;;, —2P, two-photon transitions over
g T P

the (5590-5400)-cm™' photon energy range (at a rate of
500 pulses/cm™!) revealed no resonant enhancements over
the detachment background. The absence of any resonance
structure is likely due to a very small transition probability.
The transitions would be **spin forbidden'’ and although we
previously succeeded in driving a spin-forbidden two-photon
transition in the case of Sb™ [16), a spin change is a much
more serious constraint for a transition in a light system that
is well described by LS coupling, such as Si~.

C. Germanium

An energy level diagram for Ge™ and the Ge ground state
is presented in Fig. 12. Accurate Ge™(%S,,) binding energies
(EA of Ge) of 1.233(3) eV and 1.232 73(5) eV were previ-
ously obtained in LPES [50] and infrared LPT [47] studies,
respectively. As with Si~, we have reinvestigated the 4Sin
—°P, photodetachment threshold of Ge™ in the present
study. An improved value for the EA of Ge was obtained:
9942.49(12) em™' [1.232712(15) eV], in good agreement
with the previous values.

In contrast to the Ge™ ground state, there has been only
one previous observation of the excited Ge (D) term,
which was reported by Feldmann er al. [S1]. Their photode-
tachment threshold experiment employed a conventional
light source and indicated a low-energy threshold at 0.4 eV,
which was attributed to detachment from Ge ~(2D). No un-
certainties are given in the original paper, but the result is
referenced in the 1985 Hotop-Lineberger tables [4] with an
uncertainty of 0.2 eV, which seems consistent with the typi-
cal errors of that experimental technique. Based on this av-
erage 2D binding energy, the five *D,—3pP s+ thresholds
would be expected in the (1800-6200)-cm™! photon energy
range, spread out over ~ 1400 cm™!. Using the isoelectroni-
cally extrapolated value of 160(30) cm™! for the 2D fine-
structure splitting (45), the thresholds would appear in the
order shown in Fig. 12. A scan of the (3184-5975)-cm™!
range revealed only two weak s-wave threshold features at
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FIG. 13. Measured photodetachment cross section of Ge ™ in the
region of the 2D,— P, threshold. The result of a Wigner s-wave
fit to the data is indicated by the solid line. Error bars are estimated
on the basis of counting statistics.

3795.0(8) and 4455.3(5) cm™!, the latter of which is shown
in Fig. 13. The substantially smaller signal compared to the
equivalent experiment with Si™ must be attributed to the
much lower total ion-beam current available here
(~=100nA). The signal obtained for the threshold at
3795 cm™' was in fact close to the detection limit of the
apparatus. Since the two thresholds are separated by
660.3(9) cm™!, which does not match with any separation
between the Ge(*P,) levels (0, 557.1341, and
1409.9609 cm™! for J=0, 1, and 2, respectively [40]), the
thresholds must originate from different ionic levels. The
only reasonable assignment for the two thresholds seems to
be 2Dy, —3P | and *Dy,—3P,, respectively. With this as-
signment, an ionic fine-structure splitting of 192.6(9) cm™!
is obtained, which falls within a 2¢ error margin of the iso-
electronic value of 160(30) cm™'. Any other assignment
would result in a negative splitting or in an unreasonably
large value of 660 cm™' or more. The two assigned thresh-
olds also happen to be the strongest thresholds in the series,
which would suggest that the signal from the three remaining
thresholds was simply too small for detection with the cur-
rent setup. We therefore conclude that the 2D,, and 2Dy
levels of Ge™ are bound by 3237.9(8) and 3045.3(5) cm™!
[401.44(10) and 377.57(6) meV], respectively. Unfortu-
nately, a confirmation of these level energies via resonant
multiphoton detachment is rather challenging, considering
the very small 2Dy, 5,—*S5, transition probabilities of 0.01
and 0.0005s™" (extrapolated from calculated isoelectronic
values [52]). Attempts to drive the *S;,—2Dy, M1 transi-
tion remain unsuccessful.

D. Tin

As for Ge™, the *S;, ground state of Sn™ has been accu-
rately measured in two previous studies. Miller e al. [50]
obtained a binding energy of 1.112(4) eV from LPES data,
while an infrared LPT study by Thégersen er al. [47] yielded
1.11209(6) eV. Our initial experiments with Sn~ were
aimed at a confirmation of this EA value. A high-resolution
scan provided a threshold value of 8969.42(12) ¢cm™"
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FIG. 14. Schematic energy-level diagram of Sn™ and the Sn
ground state. Arrows indicate 2D,—3P,. photodetachment thresh-

olds and resonant two-photon detachment schemes. For simplicity,
Sy3—P,. thresholds are not shown.

[1.112067(15) V] for the EA-defining *Sy,—3P, transi-
tion, in excellent agreement with the earlier works. The
~300-nA Sn”~ beam employed here was derived from a
solid metal sputter cathode. This cathode was found to per-
form very poorly at higher effective spulter temperatures,
which are essential for efficient detachment from excited
ionic levels. As a result, 2D detachment signals were disap-
pointingly small.

Unfortunately, the previous experimental knowledge of
the Sn™(’D) term is even less established than in the case of
Ge™. Again, the only previous investigation is the photode-
tachment study of Feldmann eral. [51). Photodetachment
well below 1 eV is evident from their spectrum and is as-
signed to the 2D —3P transitions. However, the identifica-
tion of actual thresholds is somewhat inconclusive; no final
value for the 2D binding energy is given. Nevertheless, the
Hotop-Lineberger tables from 1985 quote a value of 0.4(2)
eV, which is apparently an estimate based on the work of
Feldmann er al. For the 2D splitting an isoelectronically ex-
trapolated value of 800(200) cm™! is available [45]. The re-
sulting energy level structure of Sn™ is shown in Fig. 14,
including various photodetachment schemes aimed at the
D, levels.

The ionic “Sy~2D3,5, M1 transition probabilities are
promising in this case; A coefficients of 0.2 and 0.01 s7!,
respectively, are obtained by extrapolating from calculated
values of the Sb isoelectronic sequence [53], which translates
into estimated counts per pulse of 10 and 0.5, respectively.
We have searched for the S,,—2D + M1 resonances by
scanning the two-photon detachment spectrum of Sn~(*S3p)
from high to low energies, starting at 7600 cm™'. An en-
hancement in the signal of ~6 counts per pulse was found at
5762.50(10) cm™'. This resonance feature is shown in Fig.
15 and must be assigned to the *S,,— 2D, transition on the
basis of its strength. Apparently, the much weaker “Sin
—Dy, transition had been missed. Therefore, an attempt
was made at locating the *Ds,— 3P, thresholds.

A tin oxide instead of a tin metal cathode was utilized and
found to perform much better at high effective sputter tem-
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FIG. I5. Two-photon detachment yield in the vicinity of the
*S37—2D3; M1 resonance. The result of a Lorentzian fit to the
data is indicated by the solid line.

peratures, albeit with a somewhat lower total Sn™ beam cur-
rent of ~100 nA. The resulting increase in 2D population of
over an order of magnitude now enabled a determination of
four out of the five 2D;—3P,. thresholds with a reasonable
signal-to-noise ratio. The zDs,z—-o3P2 threshold s shown in
Fig. 16 as an example. The threshold values that were ob-
tained from Wigner s-wave fits to the four data sets are sum-
marized in Table III. Binding energies of 3207.06(15) and
2457.04(10) cm™" are obtained for 2Dy, and 2Dy, respec-
tively, by subtracting from the threshold values the accu-
rately known energies of the atomic 3P ;o levels (0,
1691.806, and 3427.673 cm™! [40]). It was now possible to
zoom in on the thus far unobserved *S;,—2Dy, M1 transi-
tion. The sum of several scans over a 1.5-cm ™! photon en-
ergy range is shown in Fig, 17. The weak but unambiguous
resonance feature is centered at 6512.37( 10) cm™!. The
resonant signal amounts to only 20% of the background sig-
nal, which is about a factor of 15 less than the signal-to-
background ratio of the *S;,—2D,, resonance. This com-
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FIG. 16. Measured photodetachment cross section of Sn~ in the
region of the ?D,— P, threshold. The result of a Wigner s-wave
fit to the data is indicated by the solid line.
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TABLE 1II. Results of the Wigner s-wave fits to the Sn™(2D)
photodetachment data.

Threshold Binding energy of
Transition Ene:gy (cm™") ionic level (em™")
D3P, 3207.04(20) 3207.04(20)
=P, 4148.88(15) 2457.08(15)
Dya—3P, 4898.90(15) 3207.10(15)
2D q—3P, 5884.67(10) 2457.00(10)
Dyp—P, a a

*This threshold was not observed due to a small transition strength.

pares well with the ratio of ~20 for the extrapolated
transition probabilitics given above.

Finally, subtracting the measured resonance energies from
the EA value yields a second set of 2Dy, and 2D, binding
energies, 3206.93(15) and 2457.06(15) ecm™!, respectively,
in excellent agreement with the values obtained from the
threshold measurements. Based on the average of the two
measurements we give final 2D, and D¢, binding ener-
gies of 3207.00(12) and 2457.05(12) cm™! (397.617(15) and
304.635(15) meV], respectively, and a 2D, splitting of
749.95(15) cm™!

The experimental results obtained here may be compared
with the very recent relativistic configuration-interaction
(RCI) calculations by O'Malley and Beck [54]. They report
'S12-?Dynsn splittings of 5903 and 6493 cm™!, respec-
tively, compared to our experimental values of 5762.48(10)
and 6512.37(10) cm™!. This is very satisfactory agreement,
considering the complexity of the 51-electron system Sn~.
(Equally good agreement between measured and calculated
level splittings was previously found in the case of Sb~
(16].)

The RCI calculation of O'Malley and Beck also provided
M1 transition probabilities of 0.744 and 0.00420s~! for
'S37—D3psn, tespectively [54]. These M1 transition
probabilities strongly depend on a small (~0.1%) admixture
of 2Dy, into the *Ss, state. With this in mind, they have
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FIG. 17. Two-photon detachment yield in the vicinity of the
‘S32—2D s M1 resonance. The solid line represents a Lorentzian

fit. Each data point corresponds to the signal from 3000 laser
pulses.
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TABLE IV. Summary of measured binding energies and fine
structure splittings.

*S1, binding energy (eV)

Ion This work Previous works Ref.
(on 1.262119(20) 1.2629(3) (5]
SiT 1.389521(20) 1.38949(6) (47
Ge™ 1.232712(15) 1.23273(5) [47)
Sn~ 1.112067(15) 1.11209(6) [47]
Pb~ a 0.364(8) (561
2D binding energies (eV)

This work Previous works
fon J=3/2 J=5/2 (term average) Ref.
(o a a 0.033(1) (5]
Si~ 0.527234(25)  0.525489(20) 0.523(5) (46]
Ge™  0.40144(10) 0.37757(6) 0.4(2) (4]
Sn~ 0.397617(15)  0.304635(15) 0.402) 4]

2D fine-structure splitting (cm ™)
Ion Measured Extrapolated Ref.
ol a 3(1) [45]
Si” 14.08(20) 7(2) [45]
Ge~ 192.6(9) 160(30) (4s]
Sn~ 749.95(15) 800(200) [45]

*Could not be measured in the present study.

revised their transition rates by more carefully treating the
correlation of the *Dy, level in the calculation of the *Sy,
wave function. They report revised M1 rates of 0.0791 and
0.00431s™" as well as E2 rates of 0.00349 and
0.00591 57! for *S;,2Dy,5n, respectively [SS5]. Based
on these numbers, which are somewhat smaller than the iso-
¢lectronically extrapolated values given above, the two tran-
sitions should differ in strength by a factor of 8, whereas an
intensity ratio of 15 is observed.

E. Summary and outlook

The results of our infrared photodetachment studies of the
carbon group negative ions C~, Si~, Ge™, and Sn~ are sum-
marized in Table IV. Values obtained in previous experimen-
tal investigations or isoelectronically extrapolated values are
given for comparison. The negative ion of lead, the last ele-
ment in the carbon group, was not investigated here. Pb™
beams are very difficult to produce with a cesium sputter
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;,— P, threshold. However, the EA
of lead has been measured previously [56)] and the 2D and
2P terms of Pb™ are expected to be unstable, on the basis of
isoelectronic extrapolation. Hence highly accurate binding
energies are now available for aimost ali stable states of the
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carbon group negative ions. The remaining exceptions are
the C™(*D,), Si"(*P,), and Pb™(*Sy,) levels. As outlined
earlier, these levels could be measured via infrared photode-
tachment threshold spectroscopy if alternative ion-beam pro-
duction techniques such as charge exchange, and possibly
state-selective detection schemes were utilized (discussed in
detail in Ref. [22]).

In terms of multiphoton detachment, the observation of
the *Si,—2Ds, resonance in Sn™ has demonstrated that
laser-driven transitions into metastable ionic levels with ra-
diative lifetimes as long as ~100s are currently possible.
Different storage rings (e.g., ELISA in Aarhus, Denmark)
may in fact enable accurate lifetime measurements of such
long-lived ionic states. Further improved or altemative tun-
able infrared laser sources such as optical parametric oscii-
lators may provide wider tuning ranges, higher repetition
rates, and/or more energetic pulses. Somewhat shorter
pulses, say, 100 ps, could provide higher intensities and thus
increase the probabilities of nonlinear processes, without ad-
ditional spectral broadening. In some of the cases investi-
gated here, resonant enhancements in multiphoton detach-
ment spectra were expected on the basis of computer
simulations, but not observed due to a substantial photode-
tachment background from excited ionic levels. In such
cases, a strong laser pulse could be employed to deplete the
excited level population of the ion beam via saturation de-
tachment, before the ion beam is clectrostatically deflected
into the interaction region where the actual multiphoton de-
tachment takes place. So far, multiphoton experiments that
were aimed at excited states of atomic negative jons all em-
ployed photons in the optical regime. However, many possi-
bilities seem to exist for resonant detachment schemes that
involve photons of very different frequencies, e.g., in the
optical and microwave regime. Combinations of laser and
microwave sources have been successfully used in the past to
study the hyperfine structure of S~ [57] and the threshold
detachment of S~ and C1~ [42].

IV. CONCLUSION

This article has presented the results of a spectroscopic
study of the C7, Si”, Ge™, and Sn™ ions. A tunable infrared
laser source and a combination of single- and multiphoton
detachment schemes were employed to very accurately de-
termine most of the stable states of these ions (o
<0.1 meV). The C™(*D,) and Si~(*P,) fine-structure split-
tings now remain the only undetermined structural features
of the five carbon group negative ions.
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A tunable infrared laser source is utilized to study the photodetachment threshold spectra of the transition-
metal negative fons Co™, Ni™, Rh™, and Pd~. The binding energies of the respective ome ground states are
found to he 663.3(6). 1157.16(12), 1142.89(20), and 562.14(12) meV. In addition, a 'F, - 'F, fine-structure
splitting of 875(15) cm ™' is measured for Co~, and the Din-1Dyp splitting of Ni 15 determined to be
1485(3) em ™', For Pd ", the electronically excited 44552 2Dy state is found to lie | 137(4) cm ' above the
4d"''55 S ionic ground state, ie., it is bound by 422.4(5) meV. The results agree with previous values
obtained from laser photodetached electron spectra, but constitute improvements in accuracy of up o two

orders of magnitude. [S1050-2947(98)05009-4]

PACS aumber(s): 32.80.Ge, 32.10.Hg, 32.10.Fn

L INTRODUCTION

Over the past three decades negative ions have attracted
considerable attention from theorists as well as experimen-
talists due 1o both their tundamental and practical implica-
tons. More recent efforts have invesugated vanious species
and phenomena such as moltecular ions [ 1], continuum reso-
nances { 2], metastable states { 3], ions i strong tields [4], and
resonant multiphoton detachment [5-7]0 Progress in the
knowledge of binding energies in atomic negative ions hds
continued  since the 1985 review article by Hotop and
Lincberger {8]. Still, the stable negative 1on states of many
elements remain only poorly known, and in some cases even
totally unknown.

Most expenmental determinations of negative 1on binding
energies are based on either laser photodetachment threshold
(LPT) studies or laser photodetached electron spectrometry
(LPES) LPES 1s a powertul techmique, as it can be applied
to virtually any stable negative wn, irrespective of the tind-
ing energy o be measured. The aceuracy of measured energy
values 1s, however, Limited to the resolution ot the electron
spectrometer, which is typically a few meV. Accuracies of
LPT measurements, on the other hand. range from 0.1 to
0.001 meV, as they are often only limited by the laser band-
width. The constraint on LPT studies mvolving detachment
to the atomic ground state is that the wnable photon energies
have to match the ionic binding energies. Most previous LPT
studies have utilized visible laser light and have therefore
been restricted to systems with electron affinitics (EA’s)
larger than 1.4 eV. (A notable exception are the alkali-metal
and alkaline-carth negative ions, where detachment o ex-
cited states of the respective atoms and state selective detec-
tion schemes were employed [3,9].) In particular, of the 25
transition metals that are expected or known to form stable
negative ions, only the strongly bound Ir . Pt | and Au’

*Also with the Department of Engineering Physies. the Brock-
house Institute for Materials Research, and the Center for Electro-
photonic Materials and Devices.
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ons have been previousty mvestigated via LT methods,
The applicability of infrared LPT 10 the study of weakly
bound negative ions (the EA 15 fess than 1 eV) was first
demonstrated by Feldmann {10]. This invesugation of P
and our recent studies of B [11] and Al [12], have shown
that infrared LPT spectroscopy can provide accurate electron
atfinities as well as onie tine-structure splittings

The fine structure of the imtal wme and the tinal atomic
state s manifested in the photodetachment spectrum as 2
series of cascaded thresholds. For cach of these thresholds,
Wigner's threshold law tor photodetachment [13] predicts a
partial cross section proportional o & Y7 where & is the
energy of the detached electron and # iy its angular momen-
twm. In the above cases of ons with valence pelectrons, the
detached electron carnies no angular momentum. This makes
the onset of detachment sudden and consprcuous. and an
accurile  determinatton even of  the  higher-lying  ine-
structure thresholds becomes possible. The suuation s sig-
mficantly different for transiton-metal negative ions. since
they detach into a p-wave continuum. The onset ot detach-
ment is smooth and slow, and a determination of the actual
threshold depends sensitively on a p-wave it to the data
above threshold. Series of cascaded p-wave thresholds are
thus expected to be challenging and, 10 our knowledge, have
not been studied previously.

It is the aim of the present paper o deternune the feasi-
bility of LPT spectroscopy for fine-structure measurements
in transition-metal negative tons. Co , Ni7, Rh™, and Pd~
are chosen, as the fine structure of these systems has been
previously investigated with LPES; a comparison of the two
techniques is therefore possible. Early theoretical treatments
of these four ions have employed semiempirical methods
[14] such as horizontal analysis [15] or isoelectronic extrano-
lation {16] to obtain estimated EA values. Ab initio calcula-
tions of atomic EA’s for systems with an open  shell are
extremely challenging. Both electron correlations and rela-
tivistic effects play an important role [17]. To our knowl-
edge, the errors associated with the EA calculations pre-
sented to date [18] are sull significantly larger than the
uncertainties of the respective experimental (LPES) values.

2051 © 1998 The American Physical Society
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FIG. 1. Schematic diagram of the experimental setup. See text
tor details,

Il. EXPERIMENTAL PROCEDURES

Figure 1 gives a schematic overview of the expernnental
apparatus that was used in the photodetachment studies de-
scribed herein. The setup consists of a4 negative won beam
apparatus and an infrared laser source, arranged in a crossed-
beam geometry. The beam apparatus is comprised of a ce-
stum sputter source, a bending magnet, an mteracuon cham-
ber, and detection electronies. The itrared laser source
includes a Nd:YAG (neodynuunvyttrium-alununum-garnet)
laser. o dye laser, and various opucal components for wave-
length conversion and filtering.

A. lop-beam apparatus

The ion source is a home-built version of the high-
mtensity cesium sputter source developed by Middleton. The
principle of operation of this type of negative 1on source 18
descnibed in detail elsewhere [19]. In brief, a contnuous tlow
of cestum vapor is admitted into the evacuated (pressure
<107 mbar) source chamber, where some of the cesium
atoms condense on the cooled surface of the sputter target,
while others are ionized by a heated tantalum coil. The target
1s negatively biased with respect to the ionizer such that the
Cs" ions are accelerated and clectrostaticaily tocused onto
the target. The cesium layer on the target reduces the effec-
tive work function of the sputter surface, and thereby greatly
enhances the probability that an atom (or molecule) of the

target material picks up an extra electron as it is sputtered off

the surface. Once formed, the negative ions are accelerated
through the ionizer and a subsequent extraction anode. Typr-
cal voltage settings in the experiments described here were 4
kV for the target bias and 10 kV for the extraction anode.
The extracted ion beam is collimated with the aid of an elec-
trostatic Einzel lens (not shown in Fig. 1), and then magneti-
cally deflected through 30°. The magnet is operated at fields

of 5.2 kG, which enables a reasonable mass separation of

the various ion-beam components (AM/M = 5% ). Since ce-
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SIUM sputter sources operate with solid targets, the beam
composition can indeed be manifold. In addition 10 atomic
negative ions, the ions of dimers and trimers are often
present, as well as the ions of oxides and various compounds
which result from target impurities or from reactions of the
target with the background gas of the source. In cases where
the masses of atomic and molecular ions cannot be sepa-
rated, the problem is often alleviated by the fact that most
prolific molecular ions are too strongly bound to be photo-
detached by infrared light [1].

While the various source parameters are generally opti-
mized to yield maximum beam currents of the ion species of
interest, the present study also had to be concerned with the
fractional population of different negative ion levels. The
temperature of the sputter area gives rise to a Boltzmann
population of the ionic encrgy ievels, based on e assump-
tion that the negative ions dre able to thermalize betore leav-
g the sputter surface. This temperature should depend on
the energy and current of the sputter beam [19], but also on
the size of the sputter area. The latter can be casily varied by
moving the target back or forth. It was found that this has
only a small effect on the total beam current but a sigmficant
elfect on the population of excited 1on levels. As expected,
large excited level populatons are obtuined with the sputter
target on focus, whereas the excited ion-beam currents ase up
to two orders of magnitude smaller with the target off focus.
These tests and estimates based on previous photodetach-
ment studies of Se and Te [20] indicate a range of 300-
500 K for the effecuve temperature of the sputter source.

Negative ions from a keV ion beam are casily detached in
collisions with rest gas molecules, henee the background Sig-
nal in a measurement of photodetachment events strongly
depends on the collisional detachiment rate. As this rate s
proportional to the rest gas pressure, the photon-ton interac -
ton is carried ont in an ultrahigh vacuum (UHV) chamber at
pressures of less than 10 ¥ mbar. The wn beam s fed nto
the interaction chamber through a differenual pressure tube.
Although the transmitted beam current is typically reduced
by a factor of 2-5 the reduction m rest gas pressure of over
two orders of magnitude stll warrants a signiticant net im-
provement in the signal-to-background ratio. In the UHV
chamber the ion beam is deflected through 10" by a pair of
electrostatic deflection plates which removes any neutral par-
ticles trom the beam, and brings the beam on axis with the
detector. The ion beam then passes through the interaction
region where it is crossed at 90° by a pulsed laser beam. A
second pair of electrostatic deflection plates, located behind
the interaction region, deflects the residual ion beam nto
Faraday cup, while neutral particles that were produced in
the photon-ion interaction remain unaffected and tinally im-
pinge on the open cathode of a discrete-dynode electron mul-
tiplier. The signal from the electron multiplier is passed
through a fast preamplifier to minimize electronic noise. and
is then fed into a gated integrator and boxcar averager. The
gate is typically set to 50 ns, which provides a sufticiently
large window for the detection of all photodetachment events
resulting from a =8-ns laser pulse, and at the same time
facilitates a substantial suppression of the collisional back-
ground count, down to ~0.1 events for a typical beam cur-
rent of 100 nA. The data acquisition window is delayed by
I -2 ps relative to the laser pulse in order to accommodate
the flight time of the photodetached neutral particles trom the
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interaction region to the detector. The time-of-flight differ-
ence between species of slightly different mass in tact en-
ables a factor of 2 improvement in mass separation ( =2%) if
narrow gates and a tightly collimated (or focused) laser beam
are used. In the experiments described here, the number of
photodetachment events per pulse was usually larger than
one, which is the reason the data acquisition was conducted
via analog signal integration rather than digital pulse count-
ing. Consequently, special care had to be taken that the elec-
tron muitiplier would operate in a linear regime. The data are
finally read from the boxcar averager by a personal computer
for {urther processing.

B. Infrared laser source

The generation of tunable infraced light is based on a
Nd:YAG laser, a Lumonics YM-800. The laser is operated
with a (J-switched cavity, i.e., in a pulsed mode with a 10-Hz
repetition rate. [t is optimized to provide maximum output at
332 nm, the second harmonic of the fundamental YAG
wavelength, with up to 400 mJ of energy in a :8 ns pulse.
The pulse energy s stabilized agatnst temperature dnfts by
purging the laser housing with cool nitrogen gas. The
332-nm laser pulse is used to pump a Lumonics HD-300 dye
laser. This laser is operated with a 1800 lines/mm grating
rather than the more common 2400 hines/mm grating i order
o cnable tunability over the 080-980 nm range. For this
tuning range the spectral bandwidth of the faser runges from
0.1 10 0.06 em ', Accurate dye laser wavelength calibrations
are routimely performed with a hollow cathode discharge
famp (made by Humamatsu). Discharge lamps vield an op-
togalvanic effect, e, 4 measurable change n the discharge
impedance whenever the laser wavelength is 1 resonance
with certain atomie transitions of the tiller zas [21] In hght
of the near-mfrared tuning range of our dve luser setup, ar-
gon 1s chosen as the filler gas as it otfers many accurately
known and optogalvanically active transttions ranging trom
670 to 1150 nm [22].

The dye laser is optimized to achieve maximum pulse
energies which results in o somewhat reduced qualuy ot the
spatial pulse profile. Typical pulse energies are 30 mJ at 700
nm, and 25 mJ at 950 nm. The associated peak powers of
~10" W are sufficient to achieve frequency  conversion
through the nonlinear optical properties ot various media. In
the present case, conversion of the dye laser pulses further
into the infrared was tested with two difterent methods, dif-
terence frequency mixing wn nonlinear optical crystals. and
stimulated Raman scattering in a single-pass high-pressure
hydrogen cell. The latter approach was finally chosen, as it
provides a broader infrared tuning range with a simpler and
less delicate optical setup. A 120-cm-long, 8-mm-diameter
cell 1s used, filled with H; at a pressure of =22 bar. Good
conversion of the dye laser pulse into first Stokes radiation
(with quantum efficiencies of up to 40%) is achieved by
focusing the = 3-mm-diameter beam into the center of the
cell. A Galilean tetescope (f1=-5 cm, f,=10 c¢m) with an
effective focal length of =90 cm was utilized for this pur-
pose. As stimulated Raman scattering is a coherent (although
nonlinear) optical process, spatial, spectral, and temporal
properties of the dye laser pulse are generally adopted by the
first Stokes pulse. For a measured cell pressure of 22(1) bar
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FIG. 2. Pulse energy curves tor selected laser dyes and for the
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labels (S1) and ($2), respectively].

a Raman shift of 4155.187(5) cm ' s expected, based on
accurate studies of the pressure dependence of the fundamen-
tal Raman band in H, [23] In addition, for first Stokes wave-
lengths shorter than 1150 nm the optogalvane famp could be
used for a direct calibration of the Raman-shitted light. This
yielded a shift of 4155.197020) cm ' excellent agreement
with the literature value. The dve laser tuning range ol 680 -
Y80 nm translates into a Y30 - 630-nm wmng range tor the
first Stokes light, although the use of ditferent dyes s re-
quired for difterent regions of the tuning range. This s illus-
trated in Fig. 2. which shows pulse enerav curves tor the
difterent dyes and their first and second Stokes conversions,

Conversion to second Stokes radiation becomes necessary
whenever tunability bevond 1650 am s required. Raman
scattering of the first Stokes radianon, te.. sequential stmu-
Lated Raman scattering would appear to be the most likely
process tor the generation ol second Stokes radiatton. How-
ever, the sequential scattering process has to compete aganst
another nonlinear process, namely, parametne four-wave
mixing, where the nonlinear suscepubihty ' of the me-
dium acts as the mixing parameter. Parametric four-wave
mixing exhibits a somewhat ditferent ntensity and wasve-
length dependence than sumulated Raman scautering. As a
result, it has been shown that Raman cells ot sophusticated
design are capable of suppressing the parametric process or
at least some of uts undesired properties. Such cells ure
Herriott-type multipass cells with refocusing geometry {241,
or single-pass cells with capillary continement ot the focused
laser beam [25]. Both these designs rely on a significant
extension of the focused path length, which cannot he
achieved with a simple single-pass cell. Hence, with the
present setup second Stokes generation has to proceed via
parametric four-wave mixing. The disadvantages of this pro-
cess are an inevitable generation of various anti-Stokes or-
ders, a lower theoretically achievable conversion efficiency,
and the requirement of phase matching between the mixed
waves. Despite the small dispersion of H, gas, the phase-
matching requirement noticeably affects the spatial beam
profiles: in contrast to the essentially Gaussian protiles of the
dye laser and first Stokes beams, the second Stokes and anti-
Stokes beam profiles are donut shaped, with an almost zero
intensity at the center. Commensurate with its high order of
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nonlinearity, the four-wave mixing process is found to be
strongly dependent on the laser-pulse energy, the beam qual-
ity, and the focusing geometry, but only moderately depen-
dent on the cell pressure, in agreement with other studies
[26]). For the 3-mm-diameter dye laser beam used here, best
results are obtained with a focal length around 120 ¢cm and a
focal position close to the exit window of the cell. The in-
creased path length before the focus is believed to enhance
the generation of first Stokes photons before the focus is
reached, which then results in a more effective seeding of the
four-wave mixing process [26]. For a dye laser tuning range
of 680-980 nm, a second Stokes wavelength range of 1.6-
5.2 pm is obtained, as shown in Fig. 2. Quantum conversion
efficiencies of up to 25% are realized at shorter wavelengths,
which o uily a factor of 2 ess than ihie efficiency acineved
with multipass cells [24]. Although the conversion efficiency
drops for longer wavelengths (down to 2% at 5 um), it wus
still found to be sufficient in most of the photodetachment
studies.

Further Raman conversion, ie., the generation of third
Stokes radiation is expected to be rather inefticient in a
single-pass cell. In fact, we found no evidence of the pres-
ence of a third Stokes component in the Raman cell output,
even for the most energetic pulses at 680 nm. Hence, the use
of Jaser dyes that operate in the near infrared rather than the
visible regime s of great advantage whenever a single-pass
cell s utlized.

Various combinations of optical filters are emploved to
eliminate the unwanted wavelength components from the
Ruuman cell output. In experiments that require the use of tirst
Stokes radiation long-pass tilters made from Schott glass are
often sufticient to remove the dye laser and anti-Stokes
wavelengths. Two rectangular filters are used, tlted in oppo-
site directions to Brewster's angle. This nunmimizes reflection
losses without introducing a lateral beam displacement. In
cases where the second Stokes wavelength falls within the
transmussion range of the glass tilter, no further filtering is
deemed necessary as the presence of second Stokes radiation
should not affect an experiment that uses the first Stokes
beam. Whenever dye laser wavelengths heyond 800 nm or
first Stokes radiation have to be suppressed, pairs of 45°
dichroic mirrors are utilized to attenuate the unwanted beam
components by =90%. The final filtering 15 then achieved
with a Brewster-angle pair of semiconductor plates, made
from either silicon or germanium. In all cases, a Cal¥, lens
with an appropriate focal length is used to recollimate the
Raman cell output such that the desired wavelength compo-
nent would have a beam diameter of 3-5 mm. The infrared
laser beam is finally transmitted via CaF, viewports through
the interaction chamber, where it crosses the ion beam per-
pendicularly. The alignment of the crossing angle is crucial
but had to be carried out only once (as described in Ref.
[33]). This is a major advantage of using tilters rather than
dispersing prisms as wavelength-selective components; the
laser-beam alignment becomes wavelength independent. A
pyroelectric energy meter located behind the exit window is
utilized to monitor the energy of the laser pulses. The energy
meter as weli as the entire infrared optics table are sealed off
and purged with dry nitrogen gas, as infrared absorption-
bands of atmospheric molecules such as CO, or H.O would
otherwise lead to a substantial laser-beam attenuation.
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C. Data acquisition and analysis

The photodetachment cross section in the vicinity of a
given threshold is recorded by performing a slow dye laser
scan (20-30 min) over an appropriate wavelength range. The
wavelength range is usually adjusted to provide sufficient
information for both the region below and the region above
threshold. which is particularly important in the case of p-
wave detachment (see below). Depending on the ion-beam
currents and infrared pulse encrgies available for a particular
experiment, the signal-to-noise ratio of a single scan is often
sufficient. The scan procedure is then repeated up to ten
times, and individual scans are added together. The photode-
tachment data are finally normalized against ion-beam cur-
rent and infrared pulse energy, which are recorded 1n all
scans paraliet o the neutral particle signal,

1. Threshold fit

After conversion of the scan range from dye laser wave-
length o infrared photon energy, Wigner's p-wave threshold
law {13] is fitted o the data. For any p-wave photodetach-
ment channel the threshold law predicts a vanishing cross
section for photon energies, &, below the threshold energy.
£, Whereas a cross section proportional to (e - £4) V= is pre-
dicted for & =~ e, However, in most of the cases investigated
here other open photodetachment channels have to be taken
mto account. As long as the thresholds of these other chan-
nels are not too close to . their contributions o the total
crosy section m the vicinity of £ are generally smooth and
van be represented by a linear term. Therefore, the function
that is fitted to the measured cross section 1s given by

42 -
| dy rdple ey cade - e o e ey

0Ty . (1)
\dl, aple ey tor -+

Iwo different metheds of fitting this equation to the data are
utthzed. The first method employs o multparameter
gradient-expansion algorithm to perform a nonlinear least-
squares fit. The fitting parameters a,y, a,. a., and £, are
optimized simultaneously. In the second method a linear
least-squares fit to the data below threshold s carried owt
first, in order to determine the photodetachment background.
The ftted background is then subtracted from the data,
which are subsequently linearized by exponentiating with
2/3. A linear least-squares fit finally provides the threshold
vialue gy.

In previous studies of p-wave thresholds either one or the
other method was used. For example, of the three indepen-
dent LPT studies of the EA of platinum, the two more recent
works [27,28] employed the tirst method while the earlier
study [30] utilized the second method. The results of these
studies differ by more than the respective error margins
would suggest.

In comparison, the first fitting method constitutes a more
rigorous approach, and also provides well-defined standard
deviations for the fitted parameters. We found, however. that
this method would also overcompensate for small systematic
deviations from a p-wave curvature above threshold, through
a small shift of the background line. This effect is due to the
very slow increase of the p-wave cross section at threshold,
and results in a small systematic shift of the fitted threshold
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value. The second method, on the other hand, tends to un-
dercompensate  for systematic deviations in the above-
threshold data. Hence the average of the two titted threshold
values 1s adopted as the final result. Its uncertainty is evalu-
ated from the difference between the two fitted values and
from the standard deviation obtained with the first method.
Although Eq. (1) is an exact description of the photode-
tachment cross section close to threshold, systematic devia-
tions may occur at the high-energy end of a threshold scan.
In this case, correction terms to the Wigner law would have
to be taken into account [29]. However, previous studies of
p-wave thresholds [30,10] have shown that the range of vu-
lidity of the Wigner law is clearly larger for p-wave detach-
ment than for s-wave detachment. Hence an inclusion of
hioher-arder terms 1o the fitting function [Eqg. (D] §o not
deemed necessary here. Of more concern are possible sys-
tematic deviations from the Wigner threshold behavior due
to 4 saturation of the detachment process, i.e., a depletion of
the ionic levels by the intense laser pulse. The linearity of
detachment signal versus pulse energy is therefore checked
ona case o case basis. In some cases it is possible 1o opu-
mize the signal-to-background rato by adjusting the taver-
age) pulse intensity such that the background channels are
saturated while the threshold channel is sull linear.

2. Threshold strength

The presence of more than one photodetachment channe!
ts due o the existence of different electronic configurations.,
terms, or tine-structure levels in either the ion or the atom.
For an ionic electron configuration with only one open shell
twhich is the o shell for most transition metal 1ons) the in-
tensity for photodetachment from an ionie %' term to an

atomic > THLT termas given by

LSS 2 [(SLYLS LD
[

D ) ()

oo

Here ny 15 the number of electrons in the open shell of the
o0, (SL[STL 1) 1s the fractional parentage coefticient for
the decomposition of the ionic > 1L term into an atomic
UL rerm and an {electron, and () fl’) is the reduced
matrix element of the electric dipole moment operator for the
photodetachment of & bound / electron into the &/’ con-
tnuum  [31.32) This 5ttL o3 -1 photodetachment
transition is further coniposed of up 1o (28+ 1)(28' +1)
fine-structure transitions. In the case that the spin-orbit cou-
pling of the clectrons can be approximated by LS coupling,
the relative intensity of a fine-structure transitton J—J" is
aiven by
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where { and j denote orbital and total angular momenta of the
bound electron that is to be detached. (Note that the angular
momentum !’ of the detached electron, which determines the
shape of the threshold, is not relevant here.) The properties
of the 9/ symbol in Eq. (3) determine the selection rules for
photodetachment:

|AS|=<i. |AL<t, |AJl<i+ L (4)

For transition metals with both s and d valence electrons, /
can be either 0 or 2. Typically, a large number of thresholds
is allowed in the detachment of a d electron, but for s-
electron detachment the number is clearly limited by the se-
lection rules. The Boltzmann factor exp(— E(N/KT) in Eg. (3)
accounts for a thermal population of the different wnic en-
ergy levels, and must be included unless the level splittings
are much smaller than &T, where T is the effective 1on source
temperature (see Sec. 1T A). T can be evaluated from Eq. (3)
if 1t is possible to determine experimentally two fine-
structure thresholds for a given ionic term, as the relative
mtensities are then given by the fitting parameter «, in Ey.
{1 I the relative intensities of more than two thresholds are
measured. a comparison with the theoretical predictions of
Eq. £3) will indicate the validity of the LS coupling approxi-
mation for the particular ion.

3. Experimental uncertainties

The accuracy of a crossed-beam photodetachment expen-
ment s ulimately mited by a number of factors such as the
calibraton uncertainty, the laser bandwidth, Doppler broad-
ening, and possible Doppler shifts or thermal wavelength
dntts. However, these various sources ol error, which are
deseribed i detail in Reft [33], typically give rise to an un-
certamty of only 0.1 cm ' or less. In the present study o
cascaded p-wave thresholds, this contribution o the ttal ex-
penmental uncertannty s clearly dwarted by the stansucal
uncertunty associated with the p-wave fit to the data, which
s Lem ' or more (see below).

IL RESULTS AND DISCUSSION
A. Nickel

Previous experimental studies of Nio i Refs. [34] and
[35] have found the J =1 levet of the 3d"45°°D term 1o be
the 10onic ground state with binding energies of 1 1537(10) and
LI5(15) eV, respectively. The authors of Ref. [ 34] also mea-
sured a value of 1470(100) em ' for the fine-structure split-
ting of the “D term. (Note that [ eV = 8065.5410(24) cm ™!
[36].) No indication was found for the existence of other
bound ionic states. Due to this simple and well-established
cnergy-level structure, Ni™ seemed to be a suitable candidate
for a first atlempt at photodetachment threshold spectroscopy
with cascaded p waves. Unfortunately, the situation is com-
plicated by the many low-lying energy levels of the atom,
which arise from a near degeneracy between the 3¢”4s and
3d%4s° configurations. This can be seen in Fig. 3, which
shows a schematic energy-level diagram for Ni ™ and Ni. In
addition to the 'F term of the 3d%45° conliguration, of
which the /=4 fevel constitutes the atomic ground state,
tour other levels are present which betong to the 0D and 'D
terms of the 3d”4y configuration. According to the selection
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FIG. 3. Schematic energy-level diagram of Ni and Ni. Arrows
indicate photodetachment thresholds expected to lie within the in-
vestigated photon energy range. Dashed or sohd lines are used de-
pending on whether a threshold s predicted 10 be weak or strong,
respectively (see text). The honzontal spacing between arrows is
proportional to the energy separation of the respective thresholds.

rules for photodetachment [Eq. (4], the cross section of Ni
should thus exhibit 12 thresholds within the near-infrared
regime; the first eight are indicated by arrows in Fig, 3.

We have measured the photodetachment cross section off

Ni~ over a photon energy range of 7500-10400 ¢m
Pulse energies ranged from S to 9 mJ (compare Fig. 2), and
an 1on-beam current of =250 nA was obtained from a sput-
ter target made of high-purity nickel. Although the scan
range covered eight of the 12 infrared thresholds, only two
were observed. The part of the scan that displaved these two
p-wave features is shown in Fig. 4. The result might seem
surprising, but four of the possible ereht thresholds were ex-
pected to be very weak, namely, those where a o electron is
removed from the ionic contiguration. Various LPES studies
of transition-metal negative 1ons, including the investigation
of Niin Ref. {34]. have indicated that photodetachment pro-
cesses which involve the removal of a o electron are typi-
cally about an order of magnitude weaker than processes
where an s electron is detached {32.34.37). Hence, all of the
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FIG. 4. Photodetachment cross section of Ni . Only the portion
of the mvestigated phaton energy range that exhibited threshold
structures is shown.
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TABLE 1. Calculated mtensities of Nt thresholds.

Threshold® Refative intensity”
T=x T=650 K T=1300 K

*Dyp— D, 200 1.2 5.7
Dp—'D, 10.7 759 68.%
Dyp—'D, 200 1.2 57
Dn—1D, 133 217 19.7
Dy F, 43 0.3 1.2
Dyp—'F, 16.7 1.0 438
IDip—3F, 380 62.7 56.9
DR, 19.0 (2 5.5
Dp—F, 167 271 240
Dep—'F, 48 7.7 7.0

*The thresholds within each group are ordered from low 1o high
energies.

PThe relative intensitics within each RIOUP Are given i percent of
the total transition strength

1[),—«‘[’,, thresholds texcept J =5~/ =4, the threshold
with the lowest energy, see helow) are likely to be hidden in
the detachment cross section resulting {rom the other thresh-
olds. This suggests in particular that the Do, D thresh-
old (fifth arrow in Fig. 3) rather than the EA-detining 1)
—'F threshold (fourth arrow in Fra. 3 should be the first
noticable threshold that onginates from the ionic ground
state. This Dy~ D, threshold can only be the second
threshold seen in Fig. 4. as the tirst one oceurs at 4 photon
energy clearly smaller than the A and must therefore result
from the °D i ~-‘I)3 transittion. However, due o the near
comcidence  between the "0, DL and Dyt
thresholds, their relative intensities must be considered be-
fore an unambiguous assignment can be made. Table 1 com-
prises the relative mtensities of the first ten infrared thresh-
olds for a pure staustical population of the wnic levels (7 =
=), and for populattons resuling from a eool” (T
=050 K) as well as a “hot 7 = 1300 K) sputter source
According to these numbers, the contribution of the D W
—'Dy transition 1 the second threshold feature in the de-
tachment cross section is at a negligible level of - - 26 for
a cool source while itis at a critical tevel of = 10% for a hot
source. Hence special care was taken that the source would
operate at a relatively low temperature (as described in Sec.
I A).

Both thresholds were finally scanned at 3 higher resolu-
tion to enable an accurate detenmination of the threshold en-
ergies. Values of 8728(3) and 9537.9010) cm ', respec-
tively, were obtained from a p-wave fit to the data. The scan
over the region of the 31);,2—-"01 threshold is shown in
Fig. 5. A single p wave [Eq. (1] tits the data well, indicating
that the contribution of the :[)1,3~"D, threshold is indeed
negligible. The accuracy of the it is mainly limited by the
strong and sloped photodetachment background that origi-
nates from the *D 5, —'D . transition, and would have been
worse for a higher ion source temperature. By subtracting the
accurately known energies of the atomic levels involved [38]
from the threshold values. the electron affimity of nickel is

determined 0 be 9333.1(10) em ™' {1.15716(12) eV] and a




PRA 58

T ——— e

1

Relative Cross Section [arb. units]

1 L H
9500 9520 3540 9560 39580
Photon energy [cm ']

FIG. 5. Photodetachment cross section of Ni
the “D.y— "Dy threshold. The sold line mdicates the result of a
p-wave it to the data.

tine-structure splitting of 1485(3) cm ! is obtained for the
Ni (*D) term. These values are in excellent agreement with
the results of Ref. [34], but constitute an improvement in
accuracy of almost two orders of magnitude.

Since two thresholds were measured here, their relative
mtensities may be compared with the caleulated values given
i Table Linorder to obtain the effective source temperature.

A measured intensity ratio of 0016023 vives a temperature of
) B l

650030) K, commensurate with the above considerations.
More interestingly, the relative strengths of s-electron versus
d-electron detachment can be evaluated from a comparison
between the signal and the background of the (y-electron
detaching) “D -+ ‘D5 threshold. The background must be
due o the d-electron detaching “0.» - F, transition, <900
cm ' above its threshold. (The threshold wself s o weak
for a direct observation.) Under the assumption that the p-
wave law s apphcable 109% above threshold (as seeins o be
the case for the °D va— D5 threshold m Fag. 4) the actual
threshold coefficient can be calculated, and an intensity ratio
ot 0.029(5) 1s obtained for the two thresholds. Normalizing
this ratio with the relative threshold itensities (Table 1) and
with the appropriate coetticients trom Eq. (2) tinally yields a

vitlue of 22(6) tor s-electron versus d-electron detachment of

Ni . This number agrees with the range of 5-20 quoted in
LPES studies {32.34.37], but the present value has the ad-
vantage of being a direct measure tor the ratio of the reduced
matrix elements (sllullp) and (dllg2lip) at threshold (where
(dlllfy 1s negligible), without the need 1o take energy de-
pendencies (other than Wigner's law) into account [34].

[t should be noted that the above derivations could be
subject to a small systematic error as a result of the weak
perturbation of the atomic *D, level by the 'D, tevel. Cor-
derman, Engelking, and Lineberger discussed this perturba-
tion 1n detail. and showed that it may explain the increased
strength of the 2D¢n—'D5 LPES peak that was observed in
their study. If that is the case, the *Dy,—3D, transition
should be proportionally weakened. However, a quantitative
evaluation of this effect would have (o rely on a comparison
of *D,—*D,. and *D,— "D, intensities, the latter of which
cannot be derived from the present measurements of total
Cross sections.
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FIG. 6. Schematic energy-level disgram of P4 and Pd. The
unobserved ionic “1 s level 1s probably unbouad, as shown here.
Solid arrows indicate observed photodetachment thresholds: dashed
arrows represent thresholds too weak tor observation with the

present setup
B. Palladium

Despite the fuct that palladium appears i the same col-
umn of the Periodic Table as nickel. the energy-level strue-
ture of both the atom and the negatve on s sgniticanty
different. The situation s illustrated i Fig, 6. In contrast to
N1, the order of the ™7 s, and " configurations s re-
versed for Pd: the ground state s siven by 44" 'S and the
‘D and 'D erms of the 4d7Sy contiguration 2ive rise to the
first four excited levels. The level structure of the 1on was
established by Feigerle eral {37] m the only previous ex-
perimental study of this system. The analysis of therr spec:
trum ot LPES peaks revealed two tinalstate seguences.,
which indicated the existence of two bound enerey levels m
the ion. Based primanily on the detachment selecuon rules
[Eq. (D] these levels were identitied as 44073, ° Dy and
4d'55 78, the latter being the 1onie ground state, This is a
stnking contrast to the fevel structure of N1 and constitutes
the rather spectal case of 4 negative 1on with two stable elec-
tronic configurations {albert of the same panty). Feigerle
et al. did not observe any LPES peaks that could have been
assigned to the J = 5 level of the 1onte “0 term. Based on an
1soclectronic extrapolavon, they estimated a binding energy
of 643 meV for this level, hence 1t iy not established
whether this level 1s weakly bound or slightly unbound with
respect to the atomic ground state.

From the point of view of photodetachment threshold
spectroscopy, the case of Pd s relatively straightforward.
The first allowed threshold that can originate tfrom the jonic
ground state is °S,,, —'S,. which also defines the EA of
palladium. This threshold involves the detachment of an s
electron, and 1s thus expected 1o be strong. Figure 7 shows
the result of a photodetachment scan m the vicimty of this
threshold. (A Pd ™ current of 30 nA and pulse energies of
= 1.5 mJ were available in this experiment.) The p-wave it
to the data yields a threshold value of 4533.0010) em !
(562.14(12) meV]. This value for the EA of Pd agrees with
Feigerle er al.’s value of 558(8) meV, and marks a near 70-
fold improvement in accuracy. The background stgnal seen
in Fig. 7 is approximately three times larger than the purely
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i'iL. 7. Photodetachment cross secton of Pd around the
*S12— 'S, threshold which defines the EA of Pd.
collisional background that is observed when the laser is
blocked. It is attributed to the “*forbidden™ 4475y* Dy,
—4d""'S, photodetachment transition. This transition 11
volves a two-electron process, and most likely draws s
strength from a configuration interaction between the "D
level und higher-lying resonance states of Pd [37). It was
also observed as a small peak in the LPES spectrum of
Feigerle er al. The energy dependence of the cross section
for such a forbidden detachment process s not known. It
may very well display a slightly negative stope. as the back-
ground signal in Fig. 7 suggests.

The first allowed photodetachment transiion nvolving
the :1)5,3 level of the ion is the s-electron detaching transi-
tion 1o the atomic *Dy level. Its threshold occurs at stenifi-
cantly higher photon energies than the “8,. - 'S, threshold
discussed above. Therefore, the cross section in the vicinty
of the 3[)5,3~« ‘D5 threshold will likely extubit a substanual
background due to the *5,,— 'S, transiion. This s clearly
seen in the photodetachment scan over that region, shown
Fig. 8. Although a threshold is undoubtedly present. ity con-
tribution to the total cross section amounts (o only 2090 for
photon energies 200 cm™ ' abore threshold. An accurate de-
termination of the threshold energy 15 nevertheless possible,
primanly because the background is extremely fat. This cir-
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FIG. 8. Photodetachment cross section of Pd  in the region of
the *Dsn— D, threshold, far above the EA-detining *§,,,-'S,
threshold.
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cumstance might be due w a relatively lat cross section for
the *Sy;3— 'Sy transition over this particulur photon energy
range, and/or due to a saturation of that transition by the
intense laser pulse. A threshold energy of 9971(d) em ™! is
obtained from the p-wave fit 1o the data. Subtracting the
energy of the atomic “[)1 level [29] finally results in a bind-
ing energy of 3407(4) cm ' [422.45) meV] for the ionic
*Dsp level. This value compares favorably with the result of
Feigerle ef ul., 422(8) meV.

The relative detachment cross sections found in our
threshold measurements unambiguously confirm the assign-
ment of Pd™ energy levels made by Feigerle er al. The
4d'"%55 28 4 level must be the ionic ground state, with the
41”557 2Dy level lying 1127¢3) em ! above it

The single remaining question recarding the stahle stares
of the ton is whether the J = ¢ level of the 447557 2D term is
also bound. If that were the case, the wtal cross section
should in principle exhibit a threshold due to the detachment
of thermal D4 population into the ', fevel of the atom
{which ts the first allowed detachment channely. In practice,
the thermal population would be rather small teven for a hot
1on souree). and its detachmentinte "N+ would be compet-
g against the torbidden detachment into the atomic eround
state and would also be subject 10 a strong background re-
sulting from the *S,, 'S, ransiion. Hence the lack of
observation of the "I)‘,,z - 'D < threshold s not conclusive,

We therefore attempted o locate the "Dy level via the
:I)</': D y2 magnetic dipole ¢ M Dy tansition. 1t shouald oc-
cur at photon energies between 3100 and 3800 cm ', based
on the tsoelectrome extrapolavon by Feygerle of al, | 37 The
applicability of laser-driven M1 transitions to the stndy of
negative ion tine structure has been demonstrated previously:
first in an nvestigaton of Ir and 1 jo]and recently
experiments on Te  [40]and Sb [ 7] The 447551 term
under mvestigaton here s most simular o the Sd%052°0
term that was studied w0 Pro owhere the observed tine-
structure M1 transtion: was 1 fact tarly strong. However,
allowance has to be made for the fact that the tine-structure
splitting in Pt is about three tmes larger than in Pd ; hence
pulse energies were about 20 tmes larger than the - 0.5 mJ
available in the present case. Furthermore, the Einstein 8
coethicient for the transition i Pd - should be about a factor
of 3 smaller than in Pt L as M1 rates roughly scale with the
square of the nuclear charge. Also taking the ditference in
beam currents into account, resoninee signals of less than
one count per laser pulse were estimated tor a tight tocus of
~30 pm. A tight focus was considered necessary, as for a
bound (stable) *D wr level the detachment after the resonant
transition had to proceed via a forbidden transition into the
atomic ground state. An unbound /) v level, on the other
hand, would be metastable with respect to autodetachment,
and is therefore expected to show Up as 4 nArow resonance
feature as well. We have searched for the Pd - M | transition
in the photon energy range of 3050~ 3Yx() em ' owith a scan
rate of 200 laser pulses per cm ' (15 pulses per laser band-
width). No evidence of a resonance structure was found. Un-
fortunately. this result remains 1nconclusive as well, fu s
conceivable that the actual M| (ransition strength (s some-
what smaller than the above estimates suggest, perhaps too
small for the sensitivity of the current setup. Further im-
provements of the experimengal apparatus (or an entirely dif-
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FIG. 9. Schematic energy-level diagram of Co ~ and Co. The
many nfrared photodetachment thresholds of this system are indi-
cated with arrows whose horizontal separation is proportional to the
energy separation of the thresholds. The three thresholds that were
measured here are shown with sohd arrows.

ferent approach) seem therefore necessary for a determina-
tion of the ~Dy, binding energy.

C. Cobalt

An energy-tevel diagram for the negative ion of cobalt
including the cight lowest-energy levels of the atom 1s shown
in Fig. 9. The atomic levels are grouped into two *F terms
(denoted as a and b) which belong to two different electron
configurations, 3d’4s% and 344y, respectively. Unlike the
situation found in nickel, the average term energies are well
separated here. The negative ion structure was first investi-
gated in Ref. [34]. They identified the three fine-structure
levels of the 3¢*45° *F term, and found no evidence for the
existence of any other stable ionic states.

The major complication for a photodetachment threshoid
study of this system results from the fact that detachment o
the first four atomic levels involves the removal of a d elec-
tron, and is thus expected to be weak. Strong channels of
s-electron detachment, on the other hand, do not open up
until photon energies are reached weli above the threshold
for ground-state detachment. Hence we expect that the cor-
responding (s-electron) threshold signals will have to com-
pete against a substantial photodetachment background from
the 12 open d-electron detachment channels.

The most promising thresholds for a LPT study were cho-
sen on the basis of their calculated relative intensities. These
intensities are listed in Table 11, ordered by threshold ener-
gies. Again, values for a pure statistical level population
(T'==), and for populations resulting from a *‘cool"
(T=650 K) as well as *hot’" (T=1300 K) sputter source
were calculated. The EA of cobalt is defined by the *F,
—a*Fyp threshold, the sixth threshold in the sequence. For-
tunately, the intensities of the first five thresholds are rela-
tively small, particularly for T=650 K. Figure 10 shows the
photodetachment signal that was recorded in the region of
the sixth threshold, with the source operated at a low effec-
tive tlemperature, providing 350 nA of Co™. In contrast to the
thresholds studied in Ni~™ and Pd~, the photodetachment
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TABLE 1. Calculated intensities of Co ™ thresholds.
Threshold® Relative intensity”
T=w T=650 K T=1300 K

Fyra'Fon 1.0 0.0 0.2
y—atFun 2122 28 78
Fy—atFap 159 0.5 2.
oy —a'F oy 311 1.0 55
VFy-eatFy, 455 6.1 16.6
Fy—d'Fopn 100.0 100.0 100.0
‘Fy—a'Fop 335 i1 6.0
By mat 327 4.4 12.0
WA Su4 304 36.4
FymatF s 4.7 20 sS4
oyt F s 9.6 9.6 9.0
By dtF s 0.7 0.7 0.7
LS A 26.7 0.8 1%
T A S 60.0 8.0 214
[P oy SO 100.0 100.0 100.0
[ AT 0.0 1.3 7.1
[ SN IR S 333 1.5 122
NIRRT A 20.0 20.0 200

“Thresholds are ordered trom low to high encrgies.

"Relative intensities are given in percent of the strongest transition
within each group.

background here 1s strongly sloped. which is the limiting
factor for the accuracy of the p-wave fit. .\ value of 3350(5)
cm ' {663.306) meV] was obtained, which COMPAres very
well with the EA value of 662(3) meV that was measured by
Leopold and Lineberger via LPES [41] The other three
'Fy—a*F ;. thresholds have smaller relative intensities than
'Fy-wa?Fy, and can therefore not be expected to allow a
more accurate EA measurement. The *F,—b*Fy, thresh-
old, on the other hand, which is the first and also the stron-
gest s-electron detaching  threshold involving the ionic
ground state. might be strong enough to allow at least a
confirmation of the above EA value. A photon energy region
of 8750-8950 ¢m ™! was scanned. and the threshold was

Relative Cross Section [arb. unils]

5300 5350 5400 5450

Photon energy [ecm™']

5500

FIG. 10. Measured photodetachment cross section for the *F,
—a*Fqp threshold of Co™, which defines the EA of cobalt.
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found at 8845(15) cm™'. As expected, the threshold was
superimposed on a very large photodetachment background,
which s the reason for the large uncertainty in the fitted
value. Upon subtracting the b*Fy, energy [38], an electron
affinity of 5362(15) cm™' [664.8(20) meV] is obtained, in
agreement with the other values.

A determination of the negative ion fine structure seemed
straightforward, as the two thresholds that are lowest in en-
ergy involve the two upper fine-structure levels. Unfortu-
nately, the relative intensity of the first threshold, F,
—a'Fyn is extremely small, only about 1% of the F,
—a'Fyn intensity at T== (Table 11). [This is a significant
deviation from the 55% that onc would expect on the basis of
level degeneracies alone, without taking Eq. (3) into ac-
counl.| The detaciunent signals measured tor this channel
were in fact so small that a determination of the threshold
became impossible. The ‘I-';—»a‘F(,f_» threshold, on the other
hand, could be measured, as its relative intensity is clearly
higher (21% at T==x). Signal levels were still small, and
even after several hours of scanning the signal-to-noise ratio
remained poor. A threshold value of $475(15) cm ' was
measured, which translates mto a J/ =4-3 fine-structure split-
ung of 875(15) em ', 1n good agreement with Corderman,
Engelking, and Lineberger's value of 910(30) em ' [34]. A
further investigation of the ionic fine structure via other (in-
cluding y-electron detaching) thresholds was not attempted,
as the caleulated threshold intensities indicated rather unfa-
vorable signal-to-background ratios.

D. Rhodium

Rhodium is found in the same group of the Periodic Table
as cobalt and also forms a stable negative ion only n the
(n = Dyd®ns® electron configuration. This was established 1in
4 LPES measurement by Feigerle er al. [37], which is. to our
hnowledge, the only previous study of this systent. That -
vestigation determined a binding energy of 1.138(8) ¢V for
the (44%55%) *F, ionic ground state and J =3 -4 and 2-3
fine-structure splittings of 2370(65) and 1000(65) em ', re-
spectively. These values have been used in the schematic
energy-level diagram of Rh™ and Rh shown in Fig. 11. In
comparison to cobalt. the situation is simplified here due to
the different order of energy levels in the atom. The (n
= D)’ ns?*F term, which gave rise to the manifold of weak
Co~ thresholds, is located above the 4355 'F term of Rh.
Hence the low-energy region of the photodetachment cross
section of Rh™ is characterized by only six (s-electron de-
taching) thresholds.

An initial investigation of the cross section in the vicinity
of the EA-defining ‘F,,—o*Fm threshold revealed a clean
p-wave threshold, but the signal-to-noise ratio was poor due
10 a surprisingly low ion-beam current. The beam current in
the UHV interaction chamber was only 6 nA. Based on a
comparison of the Co™, Ni™, and Pd”™ currents obtained here
with the ion currents reported by Middleton [42], a substan-
tially higher Rh™ current of ~50 nA was expected. We are
unable to provide a satisfactory explanation for this poor
performance of the ion source, which was also observed for
the transition metals chromium and molybdenum [43].

Nevertheless, after scanning the *F,—a*Fy, threshold
for several hours, a p-wave fit to the final data yielded a
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FIG. 11 Schematic energy-level diagram of Rk and Rh. Ar-
rows indicate the first six detachment thresholds of which only the
EA-defining *Fy - *F,,, threshold was measured (solid arrow).
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threshold energy of 9218.0(15) em ' [1.142 89¢20) eV
This result for the EA of rhodium is i good agreement with
the value of 1.138(8) eV found by Feigerle ef al. [37], but
constitutes a 40-fold improvement in accuracy. In hight of the
small 1on-beam current, special care was taken 1n optimizing
the position of the sputter cathode for 4 high effective tem-
perature. Sull, the detachment signal measured below the EA
threshold remained small. This signal must be attributed to
detachment from the two upper fine-structure levels. Tt was
stmply too small for an accurate deternunation of the actual
thresholds, namely, 'F, ~a*F;; and 'Fy- «a'FL,y . which
are expected at photon energies of approximately 8330 and
8400 ¢m ™!, respectively. Provided that better Rh - currents
can be obtained, it should at least be possible to measure the
first of these two thresholds. For a hot ion source this thresh-
old would appear with ~5% of the intensity of the EA
threshold, which is comparable to the situation found for Ni
(Sec. HEA). The second of the two thresholds has a relative
intensity of only 0.5%, and wil! probably always be obscured
by the detachment signal of the first threshold.

E. Summary and outlook

Table [l summarizes the results of our infrared LPT stud-
ies of the Co ™, Ni”", Rh™, and Pd™ negative ions, and also
gives the values obtained in previous LPES studies for com-
parison. As can be seen, improvements in accuracy of up to
two orders of magnitude were realized for both electron af-
tinities and ionic fine-structure splittings. Infrared LPT spec-
troscopy has thus proven to be a valuable tool for the study
of negative ions that exhibit multiple p-wave thresholds.
However, the experiments have also indicated some of the
limitations of the technique. The limitations mostly result
from the fact that the present experimental setup utilized
neutral particle detection to monitor the photodetachment
process. Neutral atoms produced via different photodetach-
ment channels cannot be separated, i.c., only the total cross
section for photodetachment is measured. Consecutive chan-
nels thus appear as a *‘cascade” of thresholds in the neutral
particle signal of an LPT Study, as opposed to the series of
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TABLE Ml Summary of measured binding energies and fine-
structure splittings.

Binding energy (meV)

lon Level This work Previous works  Refl
Co~ F 663.3(6) 662(3) {41]
Ni~ Dsn 1157.16(12) 1157(10) [34]
Rh v, 1142.89(20) 1138(8) (37]
pd- Sin 562.14(12) 558(8) [37)
Den 422.4(5) 422(8) [37]
Fine-structure spliting (em ™)

lon Levels This work Previous works Ref.
Co VR RTS(1S) QLSO [34}
- E * 650(50) [34]

Ni- Dsa= D0y 1485(h 14700100) (34]
Rh' AP : 2370065) (37]
-, ' 1000(63) [37]

*Could not be measured in the present study.

individual peaks observed n the electron spectrum of a
LPES measurement. This 1s not necessartly a himitation in
the case of s-wave detachment, but, tor p-wave channels, the
detachment signal at threshold s notonously small. The
present study has shown that only the two or three strongest
thresholds within a sequence of cascaded p-wave thresholds
can be measured with an accuracy that s clearly supertor o
accuracies achieved with LPES. In cases such as Co , where
a large number of thresholds 1s present, most thresholds can-
not be resolved, as their strength relative to the photodetach-
ment background is oo small. In such cases an unambiguous
interpretation of the LPT spectrum has to rely on previous
LLPES results in addition to calculated threshold strengths.
Fortunately, the EA's of most ot the remaining transitton-
metal negative ions that could be studied in LPT expenments
have been previously measured via LPES, so the average
term energies are known.

The hmitations described above could be removed by
implementing technigues for a channel-selective detection of
the photodetachment products. An approach which seems
particularly promising was used in the LPT study of alkali
negative ions with visible light [9]. There the photodetached
electrons were monitored through an electron spectometer as
the laser was tuned. Electrons resulting from ditferent de-
tachment channels then appear as separated peaks in the
spectrum, and the dependency of a particular peak on the
photon energy is directly proportional to the partial cross
section of the respective detachment channel. Hence a com-
bination of this detection scheme with the infrared LPT tech-
niques demoastrated here should in principle allow a resolu-
tion of dense threshold manifolds as found in Co™. In
practice, ion-beam energies higher than those used here
would probably be required in order to provide threshold
electrons with sufficient energy for detection. If necessary,
the signal-to-noise ratio could always be improved by using
an interaction region with colhinear rather than crossed laser
and ion beams. Resonant ionization spectroscopy (RIS) con-
stitutes an alternative approach for state-selective detection.
In recent years, this technique has been very successfully
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applied to the study of alkaline-carth negative ions (3] The
excellent signal-to-noise ratio achievable with RIS enables
the detection of even the weakest detachment channels. On
the other hand, the atomic energy-level structure of the ele-
ment under investigation must provide for a practical reso-
nant ionization scheme, which might not be the case for
some transition metals.

A very different approach to the study of the tine structure
of transition-metal negative ions could involve two-photon
rather than single-photon threshold spectroscopy. The obser-
vation of two-photon detachment thresholds has been re-
ported for three main group negative ions, namely, H™ [44].
Cl1” [45], and Si™ [33]. This detachment scheme is particu-
larly interesting for transition-metal negative ions, as their
two-photon threshelds fellow the Wigner v wave law with ity
characteristic sharp onset. Cascades of even closely spaced
s-wave thresholds have proven to be an accurate measure of
ionic fine structure { 11]. The threshold shitts that are inevi-
table with the high laser intensities necessary tor the two-
photon process would likely be the same tor all tine-structure
thresholds, and thus the splitting would remam unchanged.

Both LPT and LPES studies depend on an mitial popula-
ton of the wonic levels o be investigated. Hence, for a *ther-
mal™ 1on source, bound states that lic more than ~0.5 ¢V
above the 10me ground state typicatly remain undetected. A
study of such high-lying bound iome states would have to
cmploy a “nonthermal™ 1on source (e, a charge-exchange
chamber) or resonant multuphoton schemes i the detach-
ment  process. Resonant muluphoton  detachment from
dtomic negative 1ons was only recentdy demonstrated. These
expernments located the excited state under investigation via
4 laser-driven two-photon electric-dipole {3] or single-
photon magnetic-dipole {6] transtuon from the (same parity)
onic ground state. (There 1s yet no expernimental evidence
that any atomie negative won would exist in two stable con-
tigurations of opposite panty [46}) Although the present
study of the Pd - jon was unsuccesstul i the attempt to drive
the *D fine-structure transition, we still believe that multi-
phaton techmiques are very pronusing for further invesniga-
tions of transttion-metal ions. In several systems an accurate
fine-structure  determination seems  possible  via o a
2(Raman) + 1 photon detachment scheme, as it was used 1n a
study of Se and Te ™ {20]. In addition, the near degeneracy
of (n=1)d™, (n—1)d™ "ns. and (n— 1)d™ “ns* contigu-
rations found in most transition-metal atoms suggests that
the respective jons may exist i1 more than one stable elec-
tron configuration. However, Pd ™ is the onlv experimentally
proven case thus far. A single-photon transition between two
such configurations will be of electric quadrupole nature and
therefore extremely weak, but a two-photon transition might
be sufficiently strong in some cases.

IV. CONCLUSION

This paper has described photodetachment threshold ex-
periments on transition-metal negative ions possessing more
than one stable state. A case study of the Co ., Ni , Rh ',
and Pd” ions has resulted in signiticantly improved values
for the electron aftinities of these elements, and in most cases
has also provided accurate measurements of ionic fine-
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structure splittings. The experimental approach was based on
a tunable infrared laser source, and is believed to be appli-
cable to most of the remaining transition-metal negative ions.
The limitations of the technique, as well as possible im-

provements and alternative detachment schemes, have been
discussed.
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Abstract. Two-colour two-photon detachment of Te™(5p° 2Py2) via the Pya — P
magnetic dipole wansition has yielded an accurate value for the fine-structure spliting of the
ton: 5005.36(10) cin™! (0.620586(13) eV). The work clearly demonstrates the applicability
of forbidden transitions in the study of the structure of negative ions. One-photon detachment
from the Te " (Sp* *P,2) level also provided a threshold value which, 1n combination with the

well known :Pj/z binding energy. served as an independent measurement of the fine-structure
splitting

Multiphoton techniques have been applied to the study of negative ion structure only quite
recently [1-5]. With regard to bound energy levels, stable atomic negative ions typically only
exhibit terms and fine structure corresponding to the ground electronic configuration (6, 7].
Hence, the study of bound levels most often reduces to a study of levels of the same parity.
The binding of these levels can be determined by single-photon detachment experiments
based on electron spectrometry or tunable laser photodetachment threshold spectroscopy (7).
Electron spectrometry experiments do not achieve the same ultimate accuracy as tunable
laser spectroscopy. Also, single-photon detachment cxperiments exhibit serious limitations
in cases where the levels arc closely spaced, particularly for thresholds other than Wigner
s-wave features, and in cases where the levels are not effectively populated in the ion source
(5]. Multiphoton approaches utilizing pulsed laser technology can largely overcome these
problems. Three-photon detachment via resonantly enhanced stimulated Raman processes
has been demonstrated as a superior approach in determining the fine-structure splittings of
Se” and Te™ (2, 5]. In the two-photon stimulated Raman process, the transition between
levels of the same parity is electric-dipole allowed. The application of (electric-dipole)
‘forbidden’ transitions to the study of negative ions was also reported recently [4]. In
that work, magnetic dipole transitions between fine-structure levels of Ir~ and Pt~ were
discussed, but some uncertainty in the interpretation remained due to the fact that signals
could neither be obtained for the corresponding 2 + 1 Raman process, nor for single-photon
detachment from the excited levels. The failure of the 2 + | Raman experiment might
well be explained by small cross sections for such processes in these species, and the lack
of single-photon detachment from the excited level is readily explained by the fact that
the highly excited levels are essentially unpopulated in species derived from the sputter ion

t Also with the Depantment of Engincering Physics, the Brockhouse Institute for Materials Research and the
Center for Electrophotonic Materials and Devices, McMaster University.
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source, but some uncertainty remains. In contrast, in the present experiment on Te™, the fine
structure is very well known from a number of earlier experiments incorporating (2 + 1)-
photon Raman approaches and single-photon detachment schemes (2, 5, 8]. Therefore there
can be no doubt in this case as to the interpretation of the experiment, which involved
photodetachment of Te~ via (1 + 1)-photon absorption, with a magnetic dipole transition
between the fine-structure levels as the first step. The situation 1s depicted in figure 1, a
simplified energy level diagram of Te~™ and the ground state of Te. In addition, in order
to verify the fine-structure splitting, a standard single-photon detachment experiment was
conducted from the upper fine-structure level. We did not measure the binding energy of
the lower level (EA of Te) as it was recently determined by Haeflier et af with very high
accuracy: 15896.18(5) cm™' (1.970876(7) eV) [9].

: 1 .
of R SR
Te 5P4 3P2 o 1\ 1\ 4
1-05
~5000 - 1
: ﬁj—l 0
~10000L i ;
d=1/2 j—-l 5
Te™ 5p° %P ;
-15000 - Ja3/2. j-eo
[em™] (a) (b) (c) (ev]

Figure 1. Schematic energy level diagram of Te™ and Te. Different photodetachment schemes
aimed at a determination of the fine-structure splitting are indicated by arrows: (a) three-photen
detachment via the two-photon Raman E| resonance; (b) one-photon detachment thresholds; (c)
two-photon detachment via the one-photon M1 resonance.

The details of our experimental approach are described elsewhere {5, 10]. Laser pulses of
nanosecond duration at a wavelength of =751 nm, emitted from a 10 ns duration Q-switched
Nd:YAG laser pumped dye laser, and the corresponding second Stokes light at 21998 nm,
obtained from an H; Raman shifter, were utilized in the 1 + | photodetachment experiment.
The infrared beam (1998 nm) drives the magnetic dipole (M1) transition, while the dye laser
light (751 nm) ensures the subsequent detachment from the excited J = % level. Infrared
pulse energies were =2 mJ at 2 um. The single-photon detachment threshold of Te~ (2P 3)
was obtained by employing the output of the pulsed dye laser directly. Routine calibrations
of the dye laser set-up were conducted using an optogalvanic cell, which was also used in
a direct measurement of the Raman shift yielding 4155.20(2) cm~'. Rigorous comparisons
of the wavelength of the second Stokes light with known ionic energy intervals have also
been performed. Various tests indicate that the second Stokes wavelength calibration is
reliable to at least 0.2 cm™'. A 12 keV Te~ beam was extracted from a Cs sputter ion
source, magnetically mass-analysed, and then charge-state analysed in an ultra-high vacuum
chamber, where the Te™ beam currents were typically about 150 nA. There the ion beam
was crossed at 90° with the two coaxial and focused laser beams, or the collimated dye laser
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Figure 2. Two-colour two-photon detachment signal versus infrared laser photon energy in the

vicinity of the magnetic-dipole fine-structure resonance. The full curve represents a Gaussian
fit.

beam in the case of single-photon detachment. The photodetached neutral atoms impinged
on a discrete dynod~ electron multiplier which was operated in an (linear) analogue regime.
Data collection involved a gated integrator and boxcar averager.

Laser wavelength scans of the region expected to yield the 1+ | (M1) photodetachment
resonance were carried out by eliminating from the Raman cell output all components
except the residual dye laser and second Stokes beams and then focusing the light on the
ton beam utilizing a 60 cm focal length lens. An example of the resonant signal is shown
in figure 2. The sharp resonant feature is seen to be 0.16(2) cm~! wide and the signal-
to-background ratio is about 1:1. The resonance is clearly resolved and exhibits a high
signal-to-noise ratio. The background level is primarily due to one-photon detachment of
the excited Te™(5p® *P)/3) ions since the thermal population from the sputter ion source
leads to an initial population of this level of ~1%. The resonance position is found
to be 5005.36(10) cm~' (0.620586(13) eV). The uncertainty is attributed largely to a
combination of the uncertainty in the second Stokes wavelength calibration and a possible
systematic error due to a Doppler shift. This new value for the fine-structure splitting can
be compared with the earlier values of Slater and Lineberger, 5008(5) cm~' [8]; Kristensen
et al, 5004.7(2) cm™~' [2] and Thagersen er al, 5004.6(5) cm™' [5]. Although the values
are close and misinterpretation of the resonance in figure 2 can be ruled out, the present
value differs from that of [2] by about three standard deviations and from that of [5] by
1.5 standard deviations of the earlier measurements, respectively. Although the differences
are not large, the discrepancy with [2) was of concemn, given the fact that we assume
that an accuracy of ~0.2 cm™' can be routinely obtained in our respective pulsed laser
measurements. Hence, numerous checks were conducted on the laser calibration and other
experimental parameters in the present work. In order to further investigate the source of the
difference, we conducted a careful measurement of the single-photon detachment threshold
from the upper Te~ level. While earlier investigations [5] had not obtained high accuracy
signals from the J = '5 level of the ion, improvements in the experimental parameters
combined with greatly increasing the number of laser wavelength scans allowed a highly
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Figure 3. Relative cross section versus laser wavelength for single-photon di taclunent from the

J = § level of Te~(Sp* ?P). Error bars were estimated on the basis of courting statistics. The
full curve represents a Wigner s-wave fit.

accurate binding energy to be obtained from the detachment scan of the excited level. The
results of the scan are shown in figure 3. The binding energies obtained for the J =
level is 10890.80(15) cm~! which, if subtracted from the EA of Te (15896.(8(5) cm
[9]), yields an energy difference of 5005.38(16) cm™!, in excellent agreement with the
new value extracted from the (1 + 1)-photon detachment measurement. Subsequently, it
was realized [11] that a calibration error probably existed in the earlier Te~ (2 + [)-photon
detachment experiment [2], leading to a minor systematic error not accounted for by the
error bars. Various considerations indicate that the present value for the Te™ fine-structure
splitting should be adopted.

The clear demonstration of a two-photon detachment via a 1 + | magnetic dipole
resonance in a case where the interpretation is perfectly clear verifies the perspectives
which were outlined in [4]. The M1 transition in Te™ is expected to be of moderate strength
[12], having an Einstein A coefficient of =2 s~', estimated on the basis of isoelectronic
extrapolation from neutral I [13, 14] by accounting for the difference in wavelength. The
fact that atomic negative ions generally possess fine structure which might be studied using
‘forbidden transitions’ suggests that the present approach may be extensively utilized in the
future. Indeed, in a very recent study of the negative ion of antimony we were able to
investigate previously unaobserved structure through the incorporation of magnetic dipole
transitions [15]. Developments in laser technology (e.g. through infrared optical parametric
oscillators) leading to perhaps two orders of magnitude more infrared light intensity than in
the present case, would serve to greatly increase available signal levels. Backgrounds,
due to single-photon detachment from the excited level as in the present work, could
be reduced in the future. This might be achieved via an ion source with a much lower
effective temperature, via novel charge-exchange-based ion-beam preparation, or probably
most effectively by a scheme to selectively pre-deplete the ions in the upper level or levels

via saturated laser-induced photodetachment prior to the actual multiphoton detachment of
the ground level.

L
2
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In summary, we have measured the Te™(5p® ?P,) fine-structure splitting via a magnetic-
dipole (1+ 1)-photon detachment scheme. The experiment clearly establishes the feasibility
of such experiments, under typical negative ion beam and pulsed laser conditions, in a
case where the interpretation of the resonance is beyond question. In addition, a minor
systematic error in an earlier stimulated-Raman (2 + 1)-photon detachment measurement

of the same splitting has been noted. Perspectives for future developments have also been
briefly discussed.

We gratefully acknowledge the Natural Science and Engineering Research Council of

Canada (NSERC) for support of this work. T Andersen and V V Petrunin are also thanked
for their comments on the manuscript.
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Two-photon detachment spectroscopy of the Ir

(54%s” 'Fi) and Pt (54%657Ds,n) ions is

conducted ustng laser intensities ~10" W/em*. Sharp resonances in the two-photon detachment
yields, atributed to magnetie dipole transitions, are observed at photon energies of 7087.3 = 0.4

and 97409 + 05 cem ! for It and P

respectively.
predict tine structure splittings of 6671 and 9535 cm ! for Iy

Muiticontiguraton Dirac-Fock caleulations
o= 4-Dand Pro(J = 5/2-3/2). and

A coeticients ot Zands 14 s L respectively, tor the upper fine structure levels of the ions.

PACS numbers: 32.50.Ge, 12.80.Dz, 32.80.Rm

The study of negative 1ons has been an area of con-
siderable interest over the last few decades [1]. More
recently multiphoton studies have attracted considerable
attention since the negative ion species. with their short
range potentials, represent qualitatively different targets
for strong-laser-fi=ld studies {2]. In addition to the study
of fundamental optical phenomena. multiphoton experi-
ments are beginning to play a role in the elucidation of
negative ion structure. . Multiphoton Raman experiments
have been directed to the very accurate determination
of ionic fine structure {3.4]. In addition, the study of
Stapelfeldt et ul. [S] has illustrated the application of mul-
tiphoton studies to resonant structure in the continuum
of negative ion species. Since the bound states of nega-
tive ions almost exclusively refer to the terms and fine
structure levels of the same (ground) electronic configu-
ration. the study of states below the tirst detachment
limit most often reduces to a study of states of the same
parity. Hence two-photon absorption, in an allowed elec-
tric dipole scheme, is useful in clucidating ionic struc-
ture via Raman or other 2 + | photon absorption schemes
[3.4]. However, “torbidden” transitions —in particular, of
magnetic dipole (M 1) or electric quadrupole (E2) charac-
ter—could also be applicable to such investigations. In
these cases, a single-photon resonant absorption process
would be required between states of the same parity [6].
In the present Letter, we demonstrate 1 + | photon de-
tachment processes in Ir~ and Pt™. where the resonant
enhancements in the detachment vields are attributed to
M 1 transitions. This would be the first application of for-
bidden transitions in negative ions in an optical regime {7]
and many prospective applications exist for negative ions
of intermediate and heavy mass. In addition, we present
calculations on the fine structure splittings and theoretical
results on Einstein coefficients for fine structure levels of
negative ions.

The experimental setup is described in detail elsewhere
[4]. A 10 Hz Q-switched Nd:YAG laser with an associ-

2870 0031-9007/96/76(16)/2870(4)$10.00

ated dye laser is employed in the work. The output of
the dye laser is converted to tunable near-infrared radia-
tion via first and second Stokes generation using stimu-
fated Raman scattering in a single-pass high pressure
hydrogen cell. and infrared laser pulse energies are only
=1 ml. The negative ion beam is derived from a sput-
ter ton source, and the jons are accelerated to a final ki-
netic energy 6-10 keV. A magnet with a maximum
field ~6 KG deflects the ions through 30°. The ion beam
subsequently travels through a differential pumping re-
gion and 15 then charge state analyzed by electric field
deflection through an angle of 10°. The beam then propa-
gates through a field-free region and is crossed perpen-
dicularly with a focused infrared laser beam with focal
intensity - 10" W/ecm*. Subsequent charge-state analy-
sis separates the photodetached neutral atoms which then
impinge on 4 discrete-dynode electron multiplier. Analog
data collection is achieved using a gated integrator and
boxcar averager.

Schematic energy  level diagrams of the negative
ions of indium and platinum are shown in Fig. |. Ir~
(54%6s7 'F3) has a binding energy of 12622(41) cm ™" [8]
with respect to Ir (5d 7652 *Fy,3). The J = 4-3 fine struc-
ture splitting of Ir™ was predicted to be 7600(1500) ¢m !
on the basis of isoelectronic extrapolation [8]. Pt~ has a
5d%6s” 2Ds y ground state [9] and the J = 5/2-3/2 split-
ting of the *D term has been predicted. also on the basis
of isoelectronic extrapolation, to be 10000(1000) ¢m !
(10]. The binding energy of Pt™ is 17 141(4) cm™" with
respect to Pt (5d%6s5 *Dy) [4,11], so that absorption of a
second photon at the resonant M| transition energies for
both the Ir™ and Pt™ jons can lead to photodetachment
via I + 1 photon absorption processes.

Sharp resonances in the neutral atom yields are
observed. as shown in Fig. 2. The Ir~ resonance is
found at an energy of 7087.3(4) cm~! while for Pt~ the
energy is 9740.9(5) cm™!. The energy uncertainties are
associated with possible calibration errors, in particular,

© 1996 The American Physical Society
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FIG. 1. Schematic energy level diagrams of (a) Ir ™ and (b)
Pt showing the | + i M1 resonant photon absorption and
the 2 + | Raman absorption schemes. The ordering of the
levels in the Ir  1on follows the current calculations (see text).
Only the | + | photon absorption scheme has been observed
experimentaily in the present work.

due to a potential residual Doppler shift [3,4]. The back-
ground signals are attributed to a combination of non-
resonant two-photon detachment processes, collisional
detachment, and possibly photodetachment of weak
molecular ton impurity beams.  The peaks illustrated
in Fig. 2 exhibit widths ~-0.2 cm™!, which is mainly
due to a combination of the Doppler widths expected
from the effects of the divergences of the ion and laser
beams, and the bandwidth of the laser light. The photon
energy scan regions for Ir™ and Pt™ are, respectively,

5895-9234 and 8328-10951 cm™!.  Experimental
100 100

5

H

2l
0 70865 70870 70875 70880 70885 0 7400 97405 97410 97415

Energy (cm') Energy (cm’)
FIG. 2.

The resonances in the two-photon detachment yields
for (a) Ir™ and (b) Pt~

scans below the current lower photon energy limit are
much more ditficult, given the present nonlinear optical
conversion scheme. Moreover, below 6311 cm ™! in Ir-
and 8571 em ' in Pt7, a |+ | absorption process is
not possible, and a second tixed photon energy which is
sutticiently energetic would have o be incorporated in
order to maintain a second order process. The intensity
dependence of the Pt signal is found to scale as ~J'7
{where [ is the laser intensity), which supports the
proposed | + 1 absorption scheme under only moderate
saturation.  Attempts to observe a 2 + | detachment
process in a Raman coupling regime [3.4] are also made
by utilizing two laser beams, a tunable red dye laser beam
(which is Raman converted for Ir™), and the first Stokes
output of a (Ha) Raman-converted Nd:YAG fundumental
beam at a wavelength of 1.9 um. These etforts to obtain
resonances via this second technique, which provides for
the allowed two-photon electric dipole transition between
the J levels, are unsuccessful to date. This might be
explained by the increased complexity of the Ir™ and Pt~
Raman experiments, and smaller cross sections for the
2+ 1 photon absorption processes as contrasted with
carlier work on Se ™ and Te ™ [3.4,12].

The GrRAspe2 multicontiguration Dirac-Fock (MCDF)
program [13] is used to perform extended optimal level
(EOL) [14] calculations to determine relevant energy
differences in the Ir ™ and Pt ions. The EOL procedure
is utilized since it provides a common set of wave
functions for all the levels considered.  All levels are
thus treated in a consistent manner.  Qur approach allows
the correlation energy among valence electrons to be
accounted for in both the ground and excited states.
For the Ir  ion, the 6s, 6p. Sd, 7s, Tp, 6d. and
5f worbitals are included.  For the Pt™ ion, the same
orbitals are included, with the extra addition of the 5g
orbital.  Calculated wave functions are used to obtain A
coefficients for M1 transitions. A detailed description
of our method is provided in Ref. [1S]. the ground
state of Ir™ is found to be the 5d%6s%, J = 4 Jevel
and is of *F character . A S5d4%s?, J = 2 level of P
character is the first excited level, and it lies 5920 ¢m ™!
above the ground state. The 5d%6s*, J = 3 level is the
second excited level and it is found to lie 6671 cm™!
above the ground state, which is close to the previous
estimate of 7600(1500) cm ™" [8]. The third excited level,
at an energy of 12861 cm™!, is found to be a 54%6s2,
J =2 level of *F character, and a fourth excited level
(J =0) is found at an energy of 14653 cm™'. The
energy of the second J = 2 level is close to that obtained
earlier, 12000(1200) cm™', derived from isoelectronic
extrapolation [8]. It is therefore expected to be unbound
on the basis of our calculations [8]. The A value for
the M1 transition between the J = 3 and J = 4 levels
is calculated to be 7 s™'. The ground state of the Pt™ ion
is found to be the 54°6s*, J = 5/2 level. The J = 3/2
level is the first excited level and it lies 9535 cm™!
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above the ground state. This is also close to the previous
estimate of 10000(1000) ecm ™' [10}]. The A value for
the M1 transition between these levels is found to be
457! The 54'6s, J = 1/2 level is found to be the
second excited state, and it lies 11301 cm™! above the
ground state. Previous work [10] predicted this °S) »
level to lie 12850 em ™! above Pt~ (:Ds/l). The accuracy
of the energy level calculations cannot be readily derived
from first principles, but comparisons with known valucs
indicate a level of accuracy of a few percent (see below).

The arguments supporting the current M | interpretation
of the resonances are now considered. The present calcu-
lations on the M | transition probabilities are in qualitative
agreement with values taken from neutral atom species
of compariable mass [16], and the cnergies of the iso-
lated resonances are very close to the theoretical values.
The observed intensity dependence for the Pt™ case also
supports the conclusions. Indeed, our computer simu-
lations of the laser-ion interaction—which incorporate
Gaussian functions for the temporal, spectral, and spa-
tial variations of the laser pulse —indicate that the 1 + 1
photon detachment process via an M1 resonance shoutd
be readily observable under the present experimental con-
ditions. The signal simulations are based on the calcu-
lated values for the A coefficients and order-of-magnitude

values for the single-photon detachment cross section of

the excited 2Dy, level. Some saturation of the signal is
clearly predicted, such that the slope for signal-versus-
intensity relationship is less than 2, but the many un-
certainties in the various experimental parameters do not
warrant detailed deductions from this first work. We
also performed additional calculations on the fine struc-
ture splittings in neutral Au and 1. as well as Te . in
order to further evaluate the likelihood of the present
M1 interpretation being correct.  Our calculated value
for the 54°6s* 1D J = 5/2-3/2 splitting for Au is found

to be 11987 em™!, compared with a literature value of

12274 em™" [17). The ground state fine structure split-
tings for [ and Te ™ are found, respectively, to be 7445 and
4879 cm~!, which can be compared with literature values
of 7603 (17] and 5005 cm™' [3]. The calculated values
lie below experimental values to an extent which is com-
parable to that described above for Ir™ and Pt™, which
lends further support tor the M1 interpretation of the ob-
served peaks.

The possible role of other states should be considered.
If the Pt™ energies are shifted downward from the theo-
retical values, it is possible that the *Ds;; level lies be-
low our lower (two-photon detachment) scanning range
of 8571 cm™', and that the 2Ds;5-2S),2 transition is ob-
served instead. However, given the fact that this would
be an electric quadrupole transition, the much lower tran-
sition probability [6,16] would suggest that this explana-
tion is unlikely. Similarly, in the Ir™ case. a single photon
J = 4-2 transition (for either J = 2, of *P or *F charac-
ter) is assumed to be too weak for our present experiment

2872

to detect. A scan aimed at detection of a 1 + | photon
detachment resonance via the second J = 2 level is con-
ducted on Ir” in the range of 11042-12539 cm !, but
no peak s observed. Either the E2 transition is too weak
or the second / = 2 level is unbound, as our calculations
suggest. The failure of the 2 + | photon Raman experi-
ment could suggest that the excited state is of the opposite
parity to the ground state. However, an allowed electric-
dipole transition should then lead to an enormous single-
photon absorption probability, and this is not the case
here.  This conclusion might be modified for a strongly
spin-forbidden electric-dipole transition, but no states of
this character are expected in these energy regions. Reso-
nant enhancement after two-photon absorption via a state
embedded in the continuum of the ion is also possible.
Narrow continuum states have been observed previously
(see, e.g., Rets. [5] and [18]). We consider this prospect
more relevant to Ir™ where there are more levels. A two-
photon transition at the resonant Ir™ energy would lie
at 14175 cm ™! which is 478 cm ™! below our calculated
J = 0 level. but a two-photon transition from the ground
J = 4 level would be precluded in this case. Similarly,
twice the resonant energy is 1314 cm ™! above the see-
ond calculated J = 2 level, which represents about 2 10%
energy difference—a significantly larger difference than
seen in the above comparisons with well-known expert-
mental values. Moreover, our current understanding does
not support a long-lived (hence narrow) J = 2 level in
the continuum.  Finally, the possibility of ions. other than
the ground Ir™ and Pt™ species, leading to the observed
resonance can be considered.  Excited levels can be ruled
out on the basis that, for excitations of ~5000 ¢m ! and
above, the thermal population in these other levels is so
low that it can be neglected [4] in these two-photon ex-
periments.  The isolated and sharp resonances observed
are also not expected to be associated with weak molecu-
lar impurity ions. The negative jons of iridium and plati-
num are highly prolific from a sputter ion source and the
observed signal strengths are very reproducible over long
periods of time.

The observation of electric-dipole-forbidden transitions
in an optical regime is of course not uncommon in neu-
tral atoms and positive ions. They play a very important
role in astronomical and astrophysical phenomena. and
form the basis of some of the more powerful lasers [19].
Multiphoton processes involving electric-dipole-forbidden
transitions can greatly improve the knowledge of fine
structure in negative ions. In addition, the M1 pumping
scheme might provide values for the lifetimes of excited
fine structure levels of some atomic negative ions for the
first time, provided that the intensity and other experimen-
tal conditions can be accurately calibrated in future work.
Alternatively, novel preparation techniques for highly ex-
cited levels, together with ion storage schemes, may be
required to obtain some first experimental knowledge of
these lifetimes [20]. Lifetimes of ~100 ms, as suggested
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by the current experimental and theoretical effort, are ac-
cessible to accurate measurement via storage rings (21].

Analogous studies of a number of other negative ions of

intermediate and heavy mass in the regime of tunable two-
photon detachment could reveal as-yet-unknown aspects
of negative ion structure.  Moreover, new optical para-
metric oscillator technology will yield laser pulse energies
2 orders of magnitude higher than utilized in the present
work. Finally, species such as Ir™ and Pt™ could pro-
vide model targets for strong-laser-tield studies on atomic
species which exhibit only a single resonant interaction,

In summary, the possibilities for resonant multiphoton
detachment of negative ions via magnetic dipole transi-
tions have been outlined.  Experiments conducted on both
Ir and Pt are used to support the M | interpretation of
the resonances observed in the present work. Our theo-
retical calculations on the ionic properties and computer
simulations on the expected experimental signals further
support the magnetic dipole interpretation and indicate
that such resonances should be readily observed under
typteal experimental conditions with pulsed laser sources
and keV jon beam technology.
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This paper comprises a comparison of experimental methods used for determining fine-structure splittings in
negative atomic ions. The comparison is based on experimental data for the fine-structure splittings of the
4p3 P term of Se” and 5p® *P term of Te ™ obtained by single-photon detachment and three-photon detach-
ment in a Raman coupling scheme. The result for the /= %— l splitting in Se” is found to be 2278.2(2) em”!,
while the J=%—lj splitting in Te ™ is 5004.6(5) cm™'. A variety of experimental approaches to fine-structure
measurements are briefly discussed. In many atomic negative ions the perspectives for improvements in the
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determination of tine-structure splitings are 1n the range ot two to three orders ot magnitude.

PACS number(s): 32.10 Fn, 32.80.Fb, 32.80.Rm, 32.80.Dz

INTRODUCTION

The spectroscopy of negative ions has been a topic of
considerable interest for the past two decades (for recent re-
views, see Refs. [1-3)), stimulated by the fact that negative
ions exhibit qualitatively different properties from those of
neutral atoms and positive ions. The additional electron of a
negative ion is bound by a short-range potential rather than
by a Coulomb potential. This implies that most negative ions
only exist in one bound electronic configuration as opposed
to the infinity of Rydberg states present in neutral atoms and
positive ions. Progress in the knowledge of negative-ion
structure has primarily been achieved from laser-ion interac-
tion experiments and from ab initio calculations. In particu-
lar, tunable laser photodetachment spectroscopy has been
used extensively to determine binding energies, the position
and width of autoionizing states in the continuum, and prop-
erties of bound electronic configurations such as term or
fine-structure splittings [4,5]. The determination of the en-
ergy of bound levels has mainly been accomplished by mea-
suring the threshold energy of the transition from the
negative-ion level either to the ground level or to an excited
level of the corresponding neutral atom. However, this tech-
nique may not be well suited for studies in which the fine-
structure or term splittings exceed many hundred cm™' due
to the typically very low populations in the higher-lying ex-
cited states. Recently we demonstrated a method for accurate
determination of fine-structure splitting in ions which does
not rely on the initial population of the excited level [6]. This
technique is based on population transfer from the lower-
lying to the upper-lying fine-structure level via stimulated

*Also with the Department of Engineering Physics, the Institute
for Materials Research, and the McMaster Accelerator Laboratory
of McMaster University.

"Present address: Steacie Institute for Molecular Sciences, Na-

tional Research Council of Canada, Ottawa, Ontario, Canada
K1A OR6.
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Raman transitions induced by two strong laser fields (see
Fig. 1).

This paper addresses tunable laser techniques used to de-
termine term and fine-structure splittings in negative ions.
The expenimental efforts involve collaborative studies be-
tween the University of Aarhus and McMaster University.
Both single-photon detachment studies and multiphoton Ra-
man experiments are conducted. Single-photon detachment
studies are conducted on the ground and excited levels of
Se ™ and Te . The results are compared with the three-photon
Raman results, and the advantages and disadvantages of the
techniques are analyzed. A broader discussion of the current
status of knowledge of fine-structure splittings in atomic
negative ions is also given, and additional experimental pros-
pects such as direct multiphoton absorption experiments are
outlined briefly. These alternative techniques are also under
development in the laboratories at the University of Aarhus

and at McMaster University and will be reported in detail
separately.

EXPERIMENTAL SETUPS

The experimental setups involved in the efforts at the Uni-
versity of Aarhus and McMaster University are conceptually
identical. In the following, the experimental setups are de-
scribed, and the differences are noted later, where significant.
Only the Se” Raman experiments are performed at the Uni-
versity of Aarhus, while the Te” Raman result and all the
single-photon results stem from the McMaster University
setup.

The experimental setup at the University of Aarhus (as
seen in Fig. 2) consists of a fast ion beam crossed perpen-
dicularly with two focused laser beams. The Se” ions are
produced in an ANIS (Aarhus Negative lon Source) sputter
source with a selenium-based cathode. A beam is then cre-
ated by extracting and accelerating the ions to a final energy
of 30 keV. The beam is mass analyzed in a magnetic field,
and prior to the interaction region is deflected by a set of
electrostatic plates in order to remove any neutral atoms
which are produced by collisions between the negative ions

3023 © 1996 The American Physical Society
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FIG. 1. Schematic energy-level diagram of Se ~ and Te ™ illustrating the three-photon and single-photon detachment leading to production

of neutral Se and Te.

and the restdual gas. The beam 1s charge-state analyzed just
after the interaction region by a second set of deflection
plates. The laser-detached ncutral atoms are then detected by
a discrete dynode electron multiplier in a fixed time window
after each laser pulse, corresponding to the time it takes the
neutral atoms to reach the detector. The open electron mul-
tiplier which is used for detection of the neutral atoms takes
advantage of the large linear dynamic range and the data are
acquired by a boxcar integrator. The laser system for the Se”
Raman work consists of two dye lasers—one operated
around 714 nm with a bandwidth of 0.1 ¢cm ' and another
around 614 nm with a bandwidth of 0.3 cm ™', both pumped
by the second harmonic of the same Q-switched YAG
(yttrium-aluminum-garet) laser which operates at a repeti-
tion rate of 10 Hz. The laser beams are focused with a 40-cm
focal-length lens and are crossed at 90° with the ion beam,
although a small angle of 2.2° exists between the laser
beams. An optical delay line ensures optimum temporal
overlap between the two laser beams.

The experimental setup at McMaster University is very
similar to the Aarhus apparatus. A Middleton sputter ion
source provides the negative-ion beams which are typically
run at ~10 keV energy. The resolution of the magnet (~5%)
is lower than the one in Aarhus, but this is not a limitation
where the ions are prolific and the spectral features are un-
ambiguous. The Nd:YAG laser is operated at 10 Hz and has
a pulse length of 8 ns and a linewidth of 1.1 cm™". A pulsed
dye laser with a linewidth of ~0.03 cm™! and a pulse length
of 6 ns is utilized ulone or together with a Raman conversion
cell with high-pressure hydrogen gas at 17-21 bar of pres-
sure. At this pressure the Raman shift in H, is 4155.20(4)
cm ™' [7]. Finally, the laser-ion interaction regions in both the
Aarhus and the McMaster setups are operated at pressures of
~10"* mbar. Therefore collisional detachment within the

time-gated window of the boxcar integrator (~50 ns) is al-
most entirely negligible.

RESULTS

Energy level splitting between the fine-structure levels
of Se”: Raman experiment

Since a detailed description of the technique for the de-
termination of the fine structure was given in a previous pa-
per [6], our presentation here is brief, The yield of Se atoms
is recorded while scanning the wavelength of the red laser
around 714 nm. The wavelength of the orange laser is fixed
at 614.476 nm. The pulse energies of the red and the orange
laser beams are 36 and 2.8 mlJ, respectively. and the pulse
duration of both lasers is ~8 ns. The result is shown in Fig.
3. The strong resonance observed at 714.529 nm corresponds
to the wavelength at which the Raman condition for coupling
the two fine-structure components of Se” is fulfilled
[ECP1n) +hwynge ~fiweg=ECP )] (see Fig. 1). The pho-
ton energy of the orange laser is chosen such that single-
photon detachment of the P, ground level of Se” cannot

Sputter lon Source Power metor
Accelention Interaction
Zone
yzing Magnet L Faraday Cup
$ = Electron
Multiplier
Lens
Dye Laser 7
1
N | e

FIG. 2. Experimental setup in the Aarhus experiments. The Mc-
Master apparatus is entirely analogous.
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FIG. 3. Plot of ihe neutral Se signal obtained in the Raman-
based experiment versus wavelength of the red laser (~714) nm is
shown in the lower trace. The wavelength of the second laser is
fixed at 614.476 nm. See Fig. | for a schematic illustration of the
Raman experiment. Signal from optogalvanic calibration lamp is
shown in the upper trace.

occur, but sufﬁcnenlly large to allow single-photon detach-
ment of the upper Plp level. Thus the peak is the result of
population transfer from the lower to the upper fine-structure
level by a stimulated Raman process followed by single-
photon detachment by the orange laser. Away from reso-
narice, a fraction of the background can be attributed to two-
photon detachment of the ground level Qhw,y, -f‘“’omnge
ﬁwm,+ftwom e) However since a small fraction of the ions
(=5%) exists in the Pm upper fine-structure level, the di-
rect single-photon detachment by the orange laser is believed
to be another significant contribution to the background sig-
nal. Considering the three-photon nature of the Raman peak,
it might seem surprising that this process is at least as effi-
cient in detaching the ground level as the lower-order pro-
cesses contributing to the backg-ound. The reason is that the
lower-order processes are nonresonant two-photon processes
whereas the Raman peak results from a resonant two-photon
process followed by a strongly saturated one-photon detach-
ment process. As evident from the Raman condition, the po-
sition of the peak will give information about the fine-
structure splitting if the wavelengths of the two laser fields at
the resonance are known. Absolute calibrations of the two
wavelengths are performed using optogalvanic discharge
cells. The position of the Raman peak is found to appear at a
wavelength A4=714.529(10) nm. Consequently, the fine-
structure splitting of Se™, when correcting for the angle be-
tween the two laser beams, can then be determined to be
ECPy)—E(*Pp)=2278.3(3) cm™'. This value improves
the accuracy by a factor of 6 in comparison with the previous
reported value [2279(2) cm™'] [8]. The main contribution to
the uncertainty of the fine-structure splitting in this case is
the uncertainty in the angle between the two laser beams. It
is clearly possible to reduce this error source, so the uncer-
tainty can be diminished by a factor of 2.

Fine-structure splitting in Se™: Single-photon detachment
experiment

An initial set of measurements is made using the negative
ion of sulphur. The binding energy of the fine-structure levels
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FIG. 4. Plot of the neutral Se sngnal from single-photon detach-
mcm of (a) the ground level 4p3 'Pm and (b) the excited level
4p3 P,,, of Se” fitted with a Wigner s-wave threshold.

in S~ are very well known and the S™ study is conducted to
search for possible systematic errors in the McMaster single-
photon detachment studies. The experimental value obtained
for the electron binding energy of S™ is 16 753.1(6) cm ™',
which is in good agreement with the previously known value
of 16 752.966(8) cm ' [4]. No unexpectedly large systematic
effects are evident from the S calibration.

The binding energy of the 4p° 2P, and 2P, levels of
Se " are determined by tunable laser photodetachment spec-
troscopy. The fine-structure splitting is then determined as
the difference between the respective binding energies. A
scan in the region of the ground-level detachment threshold
is shown in Fig. 4(a). The measurements are done with a
sufficiently low laser-pulse intensity such that saturation of
the laser-ion interaction is negligible, and the data are then
fitted to the appropriate Wigner threshold. The fit is restricted
1o a region sufficiently close to threshold such that the limits
of applicability of the Wigner law are found to be satisfied
empirically. The dye laser is calibrated via use of an opto-
galvanic cell. The electron affinity is measured at two differ-
ent Kinetic energies of the ion (8.5 and 12 kV) in order to
investigate the possible influence of Doppler effects. (If the
ion and laser beams do not cross at exactly 90°, the Doppler
effect will lead to a systematic error.) The two results are
identical within the experimental uncertainty, and the final
result for the bmdmg energy of the ground 2Py, level is
16 297.7(4) cm™". This result is in excellent agreement with
the electron afﬁmty of 16 297.8(2) cm ™! reported by Man-
sour ef al. [9]. A scan in the region of the excited-level elec-
tron detachment threshold is shown in Fig. 4(b). The small
deviation near the foot of the s-wave threshold results from
the finite resolution of the experiment due to the Doppler
width and the bandwidth of the pulsed laser. Two separate
runs and fits to the excited-leve! detachment data yield bind-
ing energies of 14 019.67 and 14 019.50 cm™!. The final re-
sult is 14 019.6(4) cm™'. Thus the fine-structure splitting be-
comes 2278.1(3) cm™'. A separate measurement of the
photodetachment of Se ™ (%P ,) is conducted in the vicinity of
the Se(3P ) threshold. Since the thermal population in
Se” (*P,) is low, and since the detachment to Se(*P,) is
substantial in this region, the signal-to-noise is rather poor. A
value of 16 009.7(20) cm ™' is obtained for the transition en-
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FIG. 5. Plot of the neutral Te signal obtained in the Raman-
based experiment versus wavelength of the dye laser. The fixed
frequency laser is the Nd:YAG laser fundamental beam (1064.43

nm). See Fig. 1 for a schematic illustration of the Raman experi-
ment.

ergy. By takin% into account the known fine-structure energy
splitting (*P,->P,) in the selenium atom of 1989.45(1) cm !
(10], one obtains a binding energy for Se” (*P,,) with re-
spect to Se(*P,) of 14020.3(17) ¢m ' This is consistent
with the more accurate results above, and reflects the limita-
tions due to low population in the excited level, and due to
accessing an excited level threshold of the neutral atom.

Iine-structure splitting in Te”: Raman experiment

A three-photon Raman experiment is conducted at Mc-
Master University with the negative tellurium ion. An energy
level diagram is shown in Fig. 1. An analogous experiment
on Te” has been performed previously at the University of
Aarhus [6], and a fine-structure splitting of 5004.7(2) cm ™!
was obtained. The McMaster University experiment serves
to establish the accuracy which can be readily achieved in
such work, and provides a comparison of results for totally
independent, yet technically analogous systems. In the Mc-
Master experiment, the main technical difference (versus the
Aarhus Te™ and above Se™ work) is that the two laser beams
are in this case overlapped collinearly via a dichroic mirror
and focused with an 18-cm focal-length lens. Approximately
100 nA of Te™ current is employed in the ultrahigh-vacuum
section of the apparatus. Using a 15-mJ dye laser beam
where the photon energy is calibrated via an optogalvanic
lamp, and 30 mJ of the fundamental Nd:YAG laser beam, we
find a Raman resonance with a center wavelength of 694.472
nm {(vacuum) as shown in Fig. 5. The Nd:YAG laser
(vacuum) wavelength is measured to be 1064.43(5) nm with
a pulsed laser wavemeter. This leads to a value of the fine-
structure splitting of 5004.6(5) cm™'. This is in very close
agreement with the earlier result from Aarhus [6] of
5004.7(2) cm™', and the previous best result of S008(5)
cm™!' [11]. The scan shows a 3:1 signal-to-background ratio.
The background is attributed to two-photon nonresonant pro-
cesses and one-photon detachment from the excited elec-
tronic state, as discussed already for Se”.
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FIG. 6. Plot of the neutral Te signal from the single-photon
detachment process Te™ (Sp* *P ) —Te(5p* *P,) fited with a
Wigner s-wave threshold.

Fine-structure splitting in Te™: Single-photon detachment
experiment

Single-photon detachment experiments are conducted to
measure the ground- and excited-level energies of the
SpS P term. As in the case of Se ', saturation effects are
avoided and the computer fits to the data are restricted to a
region close to threshold, where the Wigner threshold law 1s
expected to apply. A high signal-to-noise ratio is achieved on
the single-photon detachment experiment on the ground-state
ions, as in the case for Se”. The bindin¥ energy of the 2Py,
level is found to be 158969(4) ¢cm ', which is in good
agreement with the literature value of 1.9708(3) eV, or
15895(2) cm ' The excited-level data, displayed in Fig. 6,
shows a low signal-to-noise ratio due to the low excited-level
population. The small population also results in a low signal-
to-background ratio, since photodetachment of impunity ions
contribute substantially to the detected signal. This reflects
the key point in the limitation for single-photon experiments
in the present regime. Also only a relatively low laser power
is available in this case, ~0.9-1.6 mJ per pulse, due to the
low Raman conversion in this wavelength regime. The bind-
ing energy is found to be 10 890.8(20) cm™'. This value
together with the binding energy of the ground level
(15896.9(4) c¢m '], gives a fine-structure splitting of
5006(2) cm ™.

DISCUSSION

Comparison of Raman and single-photon detachment results
in Se” and Te™

The results of the three-photon Raman and single-photon
experiments for Se” and Te™ can now be compared directly.
In the case of Se ™. the two techniques yield results which are
mutually consistent and are of the same level of accuracy.
Since the fine-structure splitting in Se” is still not too large,
a serious limitation on the single-photon work is not encoun-
tered. The situation is very different in Te .

In this case, the Raman approach is clearly superior. The
population of the upper 2P, level is sufficiently low that
this clearly affects the accuracy which can be obtained with
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the single-photon technique. The McMaster Raman experi-
ment on Te™ is not pushed to the limit of accuracy that is
possible (as illustrated in the earlier Auarhus work), and in
this current instance is limited by the wavemeter calibration
on the Nd:YAG laser wavelength, and not by factors intrin-
sic to the technique. Thus the level of accuracy which can be
readily obtained (~0.2 cm™") with the Raman work can be
compared with the uncertainty of the single-photon study in
this case, which is 2 cm™',

It is instructive to consider the implications of a Boltz-
mann temperature distribution for the populations in various
fine-structure levels. Although level populations cannot be
rigorously associated with a thermodynamic temperature, for
assumed ion-source temperatures in the range of 1000--1500
K, the level populations are expected to drop o1f very rapidly
for fine-structure splitting greater than ~1000 cm™'. Thus
the Se™ splitting is in the range of 2-3 kT, while the splitting
in Te™ is about twice that, which explains the poor signal-
to-noise in the Te™ single-photon data. This aspect is further
illustrated by single-photon detachment studies on the nega-
tive ions of Si~, Ge ', Sn™. and Pt™, which will be reported
scparately [12]. As discussed further below, the higher-lying
terms and higher-lying fine-strucwre levels in these species
are in the range of ~6500-10 000 cm ' above the respective
ground levels. In our single-photon work, aimed at improv-
ing the electron affinity (EA) values for these species [12],
we have not yet been successful in observing adequate
single-photon signals from the higher-lying states.

The most significant sources of experimental uncertainty
in the present work stem from possible Doppler shifts, and
the effects of the finite linewidth of the laser sources and
possible errors in their calibration. Even in transverse geom-
etry, the characterization of Doppler effects could be im-
proved at least by a factor of 2 or 3, and pulsed laser sources
with somewhat narrower linewidth could be wtilized in future
work. With a further increase in accuracy. yet other effects
should be taken into account. Possible complications from
hyperfine splitting should be considered at the level of 0.1
cm™! [13] and transit-time broadening can be important for
the Raman work with pulsed laser beams [14]. For the
present experimental conditions, the transit-time effect alone
contributes 2 width <0.1 cm ™', but for higher beam energies
and strong focusing conditions, this effect may not be negli-
gible. The main thrust of the paper, however, is not to sug-
gest improvements beyond the present level of accuracy.
Rather, we suggest experimental schemes for the very sub-
stantial improvement of negative-ion data, as is outlined in
the following section.

General perspectives for fine-structure measurements
in atomic negative ions

The pioneering work of Hotop and Lineberger [4] and
others provided an excellent overview of the EA’s of the
elements, and Lineberger's group has conducted selected
single-photon detachment experiments with cw lasers of very
high spectral resolution. Other species have been measured
via electron spectrometry, while still other results rely on
isoelectronic extrapolations. The binding energies of the
ground levels of selected negative species such as hydrogen,
oxygen, and sulphur are known to very high accuracy and
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some fine-structure splittings are also very well determined.
However, the fine-structure splittings of many atomic
negative-ion species are poorly determined including many
intermediate mass and heavy species. Not only the fine-
structure splittings. but also the EA’s of many rare-carth spe-
cies are unknown. Heavy species such as Ir and Pt~ have
large uncertainties in the energy of various terms as well as
for the fine-structure splittings of specific terms. For ex-
ample, the J=3-1 splitting of the *D state of Pt is given as
10 000(1000) cm ! [15.16].

It was seen via the Se ™ and the Te™ studies that the three-
photon Raman technique could be very useful in cases where
there is limited population in the excited level of the negative
ion, and where the laser wavelengths required can be conve-
niently oblained. In addition, the Rauman experiment yieids a
sharp peak as opposed to a Wigner threshold. Thus there is a
potential additional advantage of the Raman approach over
the single-photon case even where all states are fairly well-
populated. especially where p-wave thresholds would be ob-
tained in the single-photon detachment as opposed to s-wave
thresholds. In transition-metal ions, where there are many
fine-structure states which ure relatively closely spaced, the
Raman approach may therefore be quite attractive. There are
limitations of the Raman approach beyond the wavelength
issues noted above. Focused laser beams are required in the
multiphoton experiments and therefore a much smaller target
volume is involved as contrasted with single-photon experi-
ments. In addition, the signals depend in part on the cross
sections for the Raman process, and these cross sections are
not known at present. Therefore precise extrapolations be-
yond the Se and Te™ cases are not possible. For higher-
lying levels which are very weakly bound with respect to the
neutral-atom ground state, the Raman technique would re-
quire access to midinfrared laser-based sources. If a Raman
experiment is attempted with photon energies such that the
virtual level 15 lving in the continuum, the ion can be photo-
detached directly from the ground level via absorption of a
single-photon. The three-photon Raman signal is then ex-
pected to be lost in an enormous background due to single-
photon absorption, especially for long (nanosecond) laser
pulses. A similar wavelength restriction would exist for
single-photon studies if detachment to the ground state of the
neutral atom is required. However, wavelength restrictions
might be solved if the single-photon detachment is con-
ducted to an excited-state threshold of the corresponding
neutral atom. The limitations of this variation of single-
photon work, as well as a possible solution, are noted below.

Negative-ion species where the greatest advances in the
accuracy of data are possible typically involve very weakly
bound states. With most negative-ion production techniques,
both the single-photon and Raman approaches encounter dif-
ficulties in these cases. This comprises ions where all levels
are weakly bound as in the alkaline-earth species such as
Ca’, and those in which only the higher-lying levels are
weakly bound such as in Si™, Sn™, and Ir™. Si~ is known to
possess several levels which are bound: a Sy, level bound
by 1.385(5) eV: a D term bound by 0.523(5) eV and a °P
term bound by 0.029(5) eV [17]. Both the *D and the *P
terms would be weakly populated in a beam extracted from a
sputter source exhibiting near-thermodynamic-equilibrium
conditions. Even the *D term would require a substantial IR
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laser capability in order to conduct Raman experiments or
single-photon threshold laser experiments to the ground state
of the corresponding neutral atom. The P term would be
ruled out in this context. The situation is worse in the analo-
gous case of Sn~ where the corresponding uncertainties are
much larger [4,18)]. Cases such as Ir ™ are also difficult in the
context of the two techniques outlined in this paper. The
binding energy of Ir™ is 1.565(8) eV or 12 622(65) em” !,
and the fine-structure splittings of the *F term are given, via
isoelectronic extrapolation, as J=4-3, 7600(1500) em™!;
J=3-2, 4400(900) cm ™', and J=4-2, 12 000(1200) cm™"
[19]. The J=4-3 splitting may be amenable to a Raman
experiment, but the single-photon work is likely not feasible.

There exist techniques which can greatly extend and
complement those which are utilized in the present work.
The approaches presented here are (1) multiphoton experi-
ments in a more general context, (2) application of resonant
ionization spectroscopy (RIS), and (3) selective charge-
transfer mechanisms. The above examples of Si~, Sn™, and
Ir™ might be addressed by alternative multiphoton studies.
The *D term in Sn~ could be explored via a 2+ 1 photon-
absorption experimcm in a spin-changing absorption process
from the ground *S term. An dnalogous 2+1 photon-
absorption experiment is possible in ir ™ "F(J/=4-2) with no
spin change. Other multiphoton schemes using relatlvely in-
tense tields may be applied in other cases. For very weakly
bound species such as Ca and many rare-earth ions the EA’s
can be determined by performing detachment spectroscopy
to excited states of the corresponding neutral atom, thereby
facilitating use of favorable laser wavelengths. However, this
typically leads to a very small threshold feature on top of a
large background. Very recently the application of resonant
ionization spectroscopy to negative ions has pointed toward
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substantial solutions for these cases [20]. By detecting posi-
tive ions in a RIS arrangement, sensitive and selective moni-
toring of the population in the excited states of the neutral
atom is provided. Finally, it should be noted that one could
populate excited levels by selective charge-exchange mecha-
nisms, such that thermodynamic equilibrium mechanisms are
not limiting. Many charge-exchange mechanisms may be of
interest in populating highly excited states in negative ions
since these collisional processes may offer advantages over
the pseudo-thermal-equilibrium distribution which is associ-
ated with the sputter ion sources.

CONCLUSIONS

The accuracy of the fine-structure splitting as well as the
electron athmues in Se  and {e have been improved by a
combination of tunable laser spectroscopic studies in both
single-photon and multiphoton absorption regimes. The
pulsed laser techniques, along with associated nonlinear op-
tical conversion mechanisms, provide a means to achieve
very substantial progress for a large number of atomic
negative-ion species. The pulsed laser experiments often fa-
cilitate improvements in data by one to three orders of mag-
nitude, readily access new wavelength regions in the IR, and
allow for multiphoton as well as single-photon experiments.
Finally, some of the techniques discussed here may also find
applications in the future for work with negatively charged
molecules and clusters.
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Abstract.  The electron affimties of silicon, germanium, un and plaunum are measured by
tunable laser photodetachment spectroscopy via detection of the neutral atomic species. The
binding energy values obtained for Si™. Ge™ and Sn~ (electron configuration np? withn = 3 10
5)yare 11207.0(5) em™', 9942.6(4) cm "' and 8969.6(5) cm ™', respectively. The improvements
in accuracy over the existing values in the literature for these three species lie between one and
two orders of magnitude. The binding energy of the 5d%6s* *Ds,2 ground level of Pt~ is found
to be 17141(6) cm ™! This result 1s 1n relatively good agreement with the two existing results

n the hterature. Finally, the prospects for further studies of atomuc negative 1ons are briefly
discussed

1. Introduction

Negative ions have been the topic of considerable study in the past two decades due to
both their fundamental and practical implications. One decade ago, Hotop and Lineberger
reviewed the existing data on atomic negative ions [1]. Since that time, progress has
continued on atomic negative ions, but much effort has been directed to molecular and
cluster species [2.3]. Although most elements form negative ions, many electron affinities,
clectron contigurations and quantum states are either poorly known or totally unknown.
The situation is most notable for species of medium and heavy mass and particularly where
very weakly bound states are involved. A substantial improvement in the knowledge of
the atomic negative 1ons will require input from a variety of complementary experimental
techniques.

In the present paper, we report the electron affinities of silicon, germanium, tin
and platinum. The first three species form negative ions with an np*, n = 3-5 outer
subshelil configuration. The measured electron affinities of these species can be improved
considerably by utilizing tunable laser photodetachment spectroscopy in the near infrared
region of the spectrum. Nonlinear optical conversion of the visible light from a pulsed dye
laser via stimulated Raman processes is employed to probe the ionic species. The Wigner
threshold law [4] provides for an s-wave behaviour at the photodetachment threshold in
the case of Si™, Ge™ and Sn™, and a very accurate determination of the threshold is
possible. The electron affinity of platinum is also reported and the Wigner p-wave behaviour
associated with photodetachment of Pt~ provides a distinct contrast with the above three

t Also with the Department of Engineering Physics, the Institute for Materials Research and the Center for
Electrophotonic Materials and Devices at McMaster University, Hamilton, Ontario, Canada.
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ions. Some broader perspectives for further work in these and other atomic negative ion
species are briefly discussed.

2. Experimental technique

A schematic of the McMaster University set-up is shown in figure 1. A sputter ion source
provides beams of the required negative ions. Si~, Ge™, Sn~ and Pt~ are all prolific
ions from this source and this greatly reduces beam contamination issues. The ions are
accelerated to an energy of ~8-12 keV and are subsequently charge and mass analysed
by a magnet with a bending angle of 307 and a magnetic field restricted o a maximum ot
~0.6 T. The ion beam then passes through a differential pumping section which provides for
a differential vacuum of between two and three orders of magnitude. The beam then enters
an ultra-high vacuum (107°~10~% mbar) section where the beam is first charge-state analysed
via electric field deflection through an angle of ~10°. The ion beam is then subsequently
crossed perpendicularly with the pulsed laser beam. Another set of clectric field deflection
plates separates the charge states. The residual negative ion beam is monitored in a Faraday
cup, while the photodetached neutral atoms are monitored via a discrete dynode eclectron
multiplier of wide dynamic range.

The basic laser system is comprised of a pulsed Nd:YAG laser operating at 10 Hz and
an associated dye laser. The frequency-doubled output of the Nd:YAG laser at 532 nm
pumps the dye laser which has a linewidth of ~0.03 ¢cm~' and a tning range from 540-
730 nm. The lincarity of the dye laser wavelength scan is determined with an optogalvanic
cell containing neon [5] to be 0.02 nm over a range from 589-725 nm (i.c. a slope of
~0.15 pm nm~"). In a separate experiment the reproducibility of the wavelength scan is
tested by measuring an optogalvanic line in neon in a 2 nm wide scan 15 times. The
result shows that the reproducibility of the scan (and therefore the error introduced by
adding several scans) is within a fraction of the dye laser linewidth. In every measurement
presented below, the dye laser is calibrated with at least one optogalvanic line close to the
detachment threshold. In much of the current work the output of the dye laser must be
Raman shifted in order to obtain laser light in the infrared region. The first and second
Stokes outputs of the stimulated Raman conversion in a high pressure hydrogen cell are
utilized for this purpose. The cell is 86 cm long and operates at a H, pressure of ~20
bar. At this pressure the Raman shift is 4155.20(4) cm™' [6]. A dispersion prism or filter
system is used to separate the wavelengths exiting the Raman cell. Typically a few mJ of

electron
multiplier

-
ST
-

A Raman cell dye

Figure 1. Experimental set-up.
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first Stokes Raman output is obtained from the nonlinear optical conversion, but the amount
of light utilized in the experiment is also dictated by saturation considerations, as discussed
further below. The laser beams are utilized in the ultra-high vacuum chamber as collimated
beams with a cross sectional area of ~0.25 cm®. The accuracy of the electron affinity data
is determined in part by the bandwidth of the laser light as well as the absolute calibration of
the laser wavelength. Since the wavelength is calibrated via the optogalvanic cell, the fact
that a fast ion beam is employed requires extra considerations due to the possible influence
of Doppler effects. The geometry of the set-up is arranged such that the laser and ion
beams cross at 90°, and as outlined below, checks are done on the possible magnitude of
systematic errors due to residual Doppler effects.

The data acquisition is based on a boxcar averager and gated integrator, combined with a
personal computer and associated softwar:. The time delay for data acquisition is adjusted
to account for the flight time of the neutral atoms between the laser-ion interaction and
their detection at the electron multiplier, and it is time gated with an acquisition window
such that the signal from all the photodetached neutral atoms is collected. The pulsed laser
experiment facilitates a large signal-to-noise ratio despite the fact that the vacuum in the
UHV section is above 10™° mbar, since the majority of the collisional detachment events
in the UHV section do not enter the data collection window. The voltage on the electron
multiplier detcctor is adjusted such that the analogue pulse which is obtained from the device
is proportional to the number of photodetached neutral atoms impinging on the detector
The required limitation on the gain of the detector, as well as further restrictions on the
taser light intensity such that the light-ion interactions are far from saturation, ensure that
the behaviour of the cross section versus wavelength 1s not compromised due to technical
aspects.

The accuracy of the experimental approach is evaluated by conducting electron affinity
(EA)} measurements on a very well known ion. The negative ion of sulphur is chosen
for this calibration as the electron affinity of S has been previously determined to be
16752.966(8) cm™' [1]. This value was determined by CW laser photodetachment threshold
spectroscopy under very well determined kinetic and geometric conditions. In the current
experimental effort, a calibration run is conducted utilizing a 12 keV S~ beam. From a
computer-based fit to the Wigner s-wave behaviour (4], the binding energy of §™ (*P3j2)
is found to be 16753.1(6) cm™}, which is in excellent agreement with the literature. The
light S~ ion has a rclatively large Doppler shift compared with the other species, so it
provides a good test for unexpected systematic errors. In addition, the excellent agreement
between new data from a parallel effort {7] on the fine structure of Se™ and Te™, and the
corresponding literature values, further serves to indicate that the experimental uncertainties
are well represented by the associated error bars.

3. Results
3.1 Sit

An energy level diagram for the photodetachment experiment in Si™ is shown in figure 2.
In addition to the ground *S37 level, Si™ also has excited *D and ?P terms. The latter two
terms are predicted to be bound by 0.523(5) eV and 0.029(5) eV, respectively [1,8]. The
corresponding Wigner s-wave threshold fit to the experimental data is shown in figure 3.
The fit to the data is made using an analytical function which satisfies the Wigner threshold
law, plus a linear slope to allow for possible linear changes in the background. Different
regions for the fits are chosen and the accuracy of the fits is noted. The fit is restricted to
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Figure 2. Energy leve! diagram for Si~. Figure 3. Photodetachment signal of Si™ fitted with

Wigner s-wave detachment law

a sufficiently small region near threshold such that the Wigner threshold law is found to be
satisfied empirically. The finite resolution of the experiment 1s mainly determined by the
laser linewidth and the Doppler width and shows up as a *foot’ close to the detachment
threshold. The error made by using the Wigner threshold faw without including the finite
experimental resolution is estimated by comparing this fit with the convolution of a Gaussian
response function and the Wigner threshold law. The result shows that the error is less than
% of the width of the response function and therefore negligible in this context. In addition,
considerations are given to the potertial saturation issues which have been discussed above.
The computer fit gives a value of the EA of 11207.0(5) cm™', which compares favourably
with the previous value of 11 170(40) cm™" (1, 8], but is considerably more accurate. The
background signal in figure 3 is attributed to collisionally detached neutral atoms, thermal
population in the excited states of Si™ ions, electronic noise, and to the possibility of
molecular ion contamination. The latter may stem from species such as AIH™ since the Si
source material is contained in an Al cathode. The background is sufficiently small to be of
litle consequence, and molecular impurity ions are expected to lead to complications only
if the contaminant beam is large and if the photodetachment threshold associated with this
impurity beam happens to fall in the region of the desired threshold.

3.2. Ge~

The relevant energy level diagram of Ge™ is very analogous to Si~ and is not shown here.
In addition to the *S ground term, Ge™ possesses a 2D term which is bound by 0.4(2) eV [1].
It is assumed that the *P term is likely to be not bound. A scan of the threshold region
reveals a distinct s-wave character. The signal-to-noise is almost identical to that of Si—,
with a slightly lower background yield. The measurement utilized the first Stokes output
of the Raman-shifted dye laser scanned in the region around 709 nm. The final computer
fit is found to yicld an EA of 9942.6(4) cm™' (with respect to Ge(’Po)), which compares
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well with the previous value of 9945(24) cm™ [1.9]. A second experiment is conducted
in the region of the P, threshold in the neutral atom as opposed to the *Py threshold. A
weak threshold signal is observed which is consistent with the above interpretation of the

first signal corresponding to the Ge™ (*S)»-Ge(*Pg) transition, given that the fine structure
splitting of Ge(*Po-'Py) is 557.1 cm™".

3.3. Sn~

The energy levels of Sn™ are strictly analogous to the Ge ™ case. Again, an excited *D term
is reported to be bound by 0.4(2) eV {11, and the *P wrm is assumed to be unbound. A
scan in the region of the Wigner threshold, with a computer fit to the s-wave behaviour, is
shown in figure 4. The measurement employs the second Stokes output of the dye laser
scanned in the region around ~579 nm. The final result of the computer fit yields an EA
of 896Y.6(5) cm™! which is much more accurate than the previous value of 8969(32) cm™!
{1,9]. The background signal is very low in the case of Sn™. This may be attributed to a
smaller population of the *D term as opposed to $i~ and Ge™. or to a much lower level of
molecular ion contamination, or both.

6

Signal (arb unts)
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|
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Figure 4. Photodetachment signal of Sn™ fitted

1
Energy (cm ) with Wigner s-wave detachment law.

3.4 Pt~

An energy level diagram for the Pt™ experiment is shown in figure 5. The ground level
is 5d%6s® 2Ds2. and the fine structure splitting for / = 3 to J = § is predicted to be
10000(1000) cm~" [1,10, 11]. In this case, as opposed to those reported above, a p-wave
threshold behaviour is expected and observed. A wide scan of 10 nm is taken in order to
measure a large section of the p-wave detachment region and this is illustrated in figure 6.
A high background is observed and is expected to be duc to molecular ion contamination.
The resolution of the magnet is such that, for such a heavy mass, a spread of a few
mass units in the transmitted beam is expected. We do not believe that the population
in the excited 2Ds/; level contributes significantly to the background signal. For a fine
structure splitting of ~10000 cm™', the thermal population in the excited state for typical
ion source ‘temperatures’ is expected to be negligible {7]. The final result of the computer
fit is 17 141(6) cm~' which is intermediate in value between the result of Gibson er al

who determined a value of 17125(9) cm~' (10] and Hotop and Lineberger who quote
17 160(16) cm™" [11].
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4. Discussion

The electron affinities of silicon, germanium, tin and platinum are improved in the present
work by utilizing pulsed laser techniques and associated nonlinear optics. The structure of
Si™ was relatively well determined before the present work but our value for the EA of Si
represents a factor of 80 improvement over the previous value of Kasdan er al {8) who used
laser photodetachment electron spectrometry. The present work, however, does not yield
information on the excited states of Si™, while the photoelectron spectroscopy work of (8]
also obtained results for the *D and *P levels. In the case of Ge™ and Sn~, the application
of Raman conversion to access the near-infrared regime provides an improvement in the
experimental uncertainty of the associated EAs by a factor of 60. However, the excellent
agreement between the present Ge™ and Sn~ results with those of Miller et al [9] indicates
that the experiment of [9] is likely to be more accurate than the error bars would indicate.
Neither the present work nor the study of [9] report on excited states of Ge™ and Sn~.
There remain very large uncertainties regarding the binding energy of the *D term in these
two species, as well as whether the *P term is bound or unbound [1). The present result
for the electron aftinity of Pt is more accurate than the previous two measurements, and
our value lies almost exactly between the previous two values. All three experiments use
tunable laser photodetachment threshold spectroscopy.

The limits of accuracy are dictated by a number of factors including possible residual
Doppler effects, the spectral width of the laser beam, the calibration and resetting of the
laser scans, and the accuracy of the computer fits. The residual Doppler shift is one of the
more significant factors. The laser and ion beams cross nominally at 90°, but there is some
uncertainty in this crossing angle. We estimate a worst case of £2°, which with the typical
ion beam energy of ~10 keV, translates into £0.2-0.3 cm~'. There is also a Doppler width,
but this is expected to be less than the shift and the relevant spectral features are expected
to be determined to a small fraction of the width. The laser linewidth of the direct dye laser
output is ~0.03 cm~', while the widths for the first and second Stokes converted light are
determined to be 0.3 and 0.5 cm™', respectively. As in the case of the Doppler width, only
a fraction of these values enters directly into the error estimation. The calibration errors
are typically very small in comparison to the other factors. Finally, the uncertainties in the
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computer fits are also significant, particularly in the case of the p-wave detachment. The
fits are restricted to regions where the Wigner threshold law is found to hold, and the size of
the region is varied such that it is clear when the accuracy of the fit is no longer adequate.
The deviation from the Wigner law can, in principle, reflect the behaviour of the light-ion
interaction cross section as well as the possibility of saturation effects. As noted previously,
steps are taken to ensure that saturation due to experimental aspects does not occur in the
region of interest. A more serious concern is the possible influence of background due to
other ionic species, including isobaric (or near isobaric) molecular species. Since all the
specics studied here represent very prolific ions from a sputter ion source, and since the
basic properties were already well established, the issue is not possible misidentification. but
rather the fact that the background can have a finite slope. The impurity species are expected
10 be weak but where the laser—ion interaction occurs well above the threshold, the cross
seclion can be large, and a finite slope can influence the accuracy of the computer fit. This
is almost a negligible consideration in the present work for fits to the s-wave behaviour, but
can be a more important issue for the p-wave detachment. Hence the rather large uncertainty
bars for Pt~ reflect a conservative estimate on the accuracy of the computer fit.

The present work on Ge™ and Sn™ illustrates the major improvements in EA
determinations which are still possible with atomic negative ions, even for those which are
relatively strongly bound. There exist opportunities for the application of tunable infrared
light to a variety of species, in particular to ions of intermediate and heavy mass. Further
examples taken from the very near infrared region of the spectrum are illustrated by Ru~
[4d75s *Fy,2] which has a binding energy of 1.05(15) ¢V [12], and Sb~ (5p* *Py] which
has a binding energy of 1.07(5) eV [13]. When atoms with substantially smaller EAs are
considered. the required wavelengths for tunable laser photodetachment spectroscopy to the
first detachment threshold requires wavelengths further into the infrared regime. It may
then be preferable to consider other techniques, such as, for example, detachment to an
excited state of a neutral atom, accompanied by resonant ionization spectroscopy (RIS) on
the neutral atom product in order to ensure very seasitive and selective detection [14]. A
discussion of detachment to excited states (plus RIS), and other techniques for accurately
determining fine structure splittings in negative ions, is given in a separate paper [7]. The
application of pulsed lasers and multi-keV ion beams readily facilitates the determination
of several EA values to a level of a few tenths of a wavenumber. With substantially more
effort, the current results could be improved—with the present experimental approach—by

about a factor of two or three. The status of the theory does not warrant such additional
cfforts at this time.

5. Conclusions

Substantial improvements in the determination of the electron affinities of Si, Ge, Sn and Pt
are obtained via tunable laser photodetachment threshold spectroscopy. Even with atomic
species, there still exist substantial opportunities for the improvement of EAs via utilization

of nonlinear optical conversion of laser light to the infrared spectrum, as well as by the
application of RiS in the study of negative ions.
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Abstract. Photodetachment threshold spectroscopy on the negative ions of chromium,
molybdenum, copper and silver has yielded values for the clectron affinities of 5451.0(10),
6027(2), 9967.2(3) and 10521.3(2) cm™!, respectively. The results agree well with previous
measurements, with an improvement in the accuracy of up to a factor of 300.

1. Introduction

Negative ions play an important rolc in a number of arcas of pure and applicd physics. For
cxample, ncgative ions form the basis for ultrasensitive detection of atoms and isotopes in
accelerator mass spectrometry (1, 2). Also, the short-range potential in which the cxcess
clectron is bound gives risc to structure fundamentally different from that found in the
neutral atom or positive ions, which are bound in a Coulomb potential. Hence ncgative
ions are also intcresting from a purcly fundamental viewpoint. As a result, negative ion
rescarch is currently an active area of study {3]. Although many improvements to the
mcasured clcctron affinities (EAs) have been presented since the 1985 review of Hotop and
Lincberger [4], the EAs of many species remain relatively poorly known or, in some casces,
totally unknown. This is particularly true for the transition metal clements, which generally
form weakly bound ions. Presented in this paper are the results of photodetachment threshold
spectroscopy measurcments on the negative ions of chromium, molybdenum, copper and
silver, using tunable infrared laser light. The EAs were measured with improvements in
accuracy over the previous values ranging from a factor of about 10 (for Mo) to 300 (for
Ag). To our knowledge, this is the first time that atomic negative ions of transition metals
have been studied with infrared laser threshold spectroscopy.

2. Methodology

The experimental set-up is illustrated in figure 1. The dye laser is pumped by the second
harmonic of a 10 Hz pulsed Nd:YAG laser. Near-infrared laser dyes are utilized 1o produce
~8 ns laser pulses, tunable over the region of 680-980 nm with a bandwidth of 0.1-
0.06 cm™'. The dye-laser beam is focused into a 120 cm long high-pressurc Raman cell

t Also with: the Department of Engincering Physics, the Brockhouse Institute for Materials Research and the
Center for Electrophotonic Materials and Devices, McMaster University, Hamilton, Ontario, L8S 4M1, Canada.
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Figure 1. Schematic of the experimental apparatus, sce text {or details.

filled with Hy, where the dye-laser light is Raman shifted into the first and second Stokes
laser beams. The first Stokes Raman shift has been directly measured against optogalvanic
lincs of Ar to be 4155.197(20) c¢m !, which agrees well with the literature value of
4155.187(5) cm ' [5] for a cell pressure of 22(1) bar. After the Raman ccll, the beam
is recollimated and then passed through dichroic mirrors to remove the undesired anti-
Stokes wavelengths as well as the residual pump wavelength with an efficiency of = 90%.
The light is then further filicred with silicon or germanium semiconductor plates arranged at
Brewster's angle, and paired in order to climinate beam walking as the lascr is tuned. This
system allows for the production of tunable infrared laser light over the region of 1-5 um
(see figurc 2). The laser light is finally passed through a CaF; viewport into the ultra-high
vacuum interaction chamber where it crosses the ion beam at 90°. A puisc-cnergy meter
located after the exit port of the chamber serves to monitor the laser light. The optics table,
including the pulse-energy meter assembly, can be scaled and flushed with dry nitrogen to
cffectively climinate absorption of the infrarcd light in air.

Negative ion beams are produced with a caesium sputter source and accelerated to an
encrgy of 16-19 keV. The ions are mass selected by bending the beam through an angle of
30° with a magnetic ficld of <5.2 kG. The ion beam is then passed through a differential
pumping section and into the ultra-high vacuum (UHV) chamber with background pressures
of ~10°® mbar. The beam is further charge-statc-analysed with a pair of electrostatic
deflection plates, which produces a deflection of ~10°. The ions then interact with the
collimated, pulsed laser. The residual negative ions are deflected into a Faraday cup by
a second pair of clectrostatic deflection plates, while the photodetached neutral atoms are
detected with a discrete-dynode clectron multiplier operating in the analogue regime. The
voltage on the detector is adjusted so as to ensure that the output signal is linear with
respect to the number of incident ncutrals over the dynamic range of interest. Finally, the
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Figure 2. Approximate pulse energies realizable m the 1-S um tumng range with our
expenmental set up. For clarity of presentation, only a selected set of laser dyes are presented.
The laser dyes themselves operate up to =1 um. For longer wavelengths, the first Stokes or

sccond Stokes are utilized (indicated by (S1) or (§2), respectively, in the tigure labels). See the
text for a more detailed discussion.

output signal of the neutral particle detector is preamplificd to minimize line noise, and is
integrated with a boxcar averager. The boxcar gate is triggered by the laser pulse with a
time delay adjusted to compensate for the time of flight of the neutral particles from the
interaction region to the detector, typically ~2 us. The width of the boxcar acquisition
window is adjusted so as to collect all the neutral particles produced during the pulsc. In
this way, an cffective discrimination between the collisional background detachment cvents
and the photodetachment signal can be achicved, allowing for an excellent signal-to-noise
ratio. The integrated signal for cach pulse (or the average of a number of pulses) is then
collected and recorded by a personal computer.

The binding cnergy of a negative ion state is extracted by fitting a Wigner threshold
law behaviour (o the data. The Wigner threshold law states that for a photon cnergy ¢ and
binding cnergy &, the cross scction for photodetachment is O for & < o, and is proportional
0 (& ~ £0)*Y2 for € > &4, where ¢ is the angular momentum of the detached clectron.
Therefore, if the detached electron carries no angular momentum (i.c. an s-wave clectron) a
square root behaviour is expected, while if the detached clectron carrics one unit of angular
momenium (a p-wave clectron) a % power law is expected. The cross section for a p-
wave threshold thus increases much more slowly than that for an s-wave threshold. It is
comparatively much more difficult to extract the binding energy of the negative ion in the

case of a p-wave threshold behaviour, especially if a baseline signal is present (see the
discussion in section 4).
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The negative ions of Cr, Mo, Cu and Ag are not expected to have any bound excited
states or terms. Thercfore only two energy levels are relevant in these systems: the negative
ion ground state and the neutral atom ground state. For Cr and Mo, the ncgative ion state
is the 6Ss;; level of the (n — 1)d®ns? configuration and the neutral atom state is the 7S,
level of the (n — 1)d’ns configuration. On the other hand, for Cu and Ag the negative ion
ground state is (n — 1)d'°ns? 'Sp and the neutral ground state is (n — 1)d'%ns 2§, 5. (Note
that n = 4 for Cr and Cu, while n = 5 for Mo and Ag.) As a result, in all four cases an
s-electron is removed in the detachment process and the detached electron carries one unit
of angular momentum, stemming from the absorbed photon. Hence, a p-wave threshold
behaviour is expected for all the negative ions reported in the present paper.

3. Results

3.1. Cu and Ag~

Copper is a very prolific negative ion from the cacsium sputier source. The ~450 nA
currents obtained in the interaction region of the UHV section allowed for excellent statistics.
Although a factor of 4 less ion current was obtained for silver, much more laser light could
be produced at wavelengths near the threshold region (21 mJ as opposed to 8.5 mJ for the
wavelengths needed for Cu, see figure 2) and so, low statistical noise could he achieved
for Ag as well. Figurc 3 is a plot of the ncutral particle yicld in the Ag~ photodetachment
cxperiment over a range of 11 cm ™!, where cach point represents the sum of the detachment
yields from 2000 laser pulses. As can be scen by the full curve, the data agree very well
with the expected p-wave behaviour discussed above. The fit to the data gives an electron
affinity for Ag of 10521.3(2) cm ' (1.30447(2) ¢V, using 8065.5410(24) cm ' eV ! {6]),

15}

10

0

10518 10520 10522 10524 10526 10528
Photon Energy [ecm™]

Relative Cross Section [arb. units]

Flgure 3. Relative cross section for the 'Sg — 28,2 detachment threshold of Ag~. The fitted
Wigner p-wave is represented by the full curve. The vertical line indicates the best tit location
of the threshold.
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where the uncertainty represcnts one standard deviation and includes possible systematic
errors (see scction 4 below). This value represents a significant improvement over the
previously measured value by Hotop er al of 1.302(7) eV (7] (after recalibration [4]). A
similar experiment on Cu™ gives an EA of 9967.3(3) cm™! (1.23579(4) cV) for copper.
which agrees well with the Leopold er al value of 1.235(5) ¢V [8]. These experimental
values also compare well with the theoretical EAs of Cu and Ag of 1.236 and 1.254 eV,
respectively, recently calculated by Neogrady er al using quasi-relativistic one-component
approximations to the Dirac—Coulomb Hamiltonian {9].

3.2. Cr™ and Mo~

Unlike copper and silver. the negative ions of chromium and molvbdenum are not verv
prolific from a Cs sputter source. Currents of only about 2.5 nA of Cr~ and 0.5 nA of
Mo~ are obtained in the interaction region. A low beam current naturally gives risc (0 a
poorer signal-to-noise ratio. It also often results in a poorer signal-to-background ratio as
the background count does not necessarily scale with the beam current (see section 4 below).
This cffect can be compensated to some extent by increasing the scan range, but a larger
uncertainty in the fit to the data is inevitable. The detachment yield for Cr -~ versus photon
encrgy is shown in figurc 4 over a region of =100 cm ™ '. A Wigner p-wave threshold fit
viclds a valuc of 5451.0(10) cm ! (0.675 84(12) ¢V) for the clectron affinity of Cr. This
agrees well with, and is a substantial improvement over, the value of Feigerle et al of
0.666(12) ¢V [4, 10]. Likewise, from a scan over = 200 ¢cm ™! around the threshold of Mo~
we obtain an clectron affinity of 6027(2) em ! (0.7472(2) ¢V), in good agreement with the
previous result of 0.748(2) eV [11].
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Figure 4. Plot of the relative detachment yields in the %S /2 = 'S3 photodetachment experiment

on Cr™. The full curve represents a fitted p-wave threshold law. The best-fit value of the
threshold is indicated by a vertical line,
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4. Discussion

The results of this work arc summarized in table 1 (crrors are given to onc standard
deviation); included for comparison arc the results of previous works [4, 7, 8, 10, 11].
The excellent agreement of all the EAs with previous works, suggests that the previous
values were likely to be more accurate than indicated by the error bars. All of the previous
experiments were based on photodetachment clectron spectrometry. In this technique, fixed
energy photons are used to detach the electron, and the binding cnergy is deduced from the
measured energy of the detached electrons. As a result, the accuracy of these measurements
is limited by that of the electron spectrometer. In contrast, the main contribution to the
final error in our experiments is typically the uncertainty in the fit. Aside from pure
counting statistics, the accuracy of the fit can also be limited duc to a large, and possibly
sloped, photodetachment background. Populated bound excited states of the negative ion
can produce such photodetachment backgrounds. If the fractional population in the excited
state is sufficiently large, the binding energy of the excited state can be determined from
its photodetachment threshold, analogous to the determination of the ground state binding
cncrgy. This approach works well for s-wave threshold featres [12], but can be very
challenging for p-wave thresholds, which is the subject of a paralicl study on the transition
metal ions Co™, Rh™, Ni~ and Pd™ {13]. If the population in the excited state is not
sufficient, then more sophisticated techniques can be used to study the bound excited states,
such as resonant multiphoton detachment [14]. However, the negative ions of Cr, Mo,
Cu and Ag are not expected to possess bound excited states. The small photodetachment
background scen in figures 3 and 4 is likely due (o very small amounts of mass-coincident or
ncarly mass-coincident impurity molecules, such as hydrides. Finally, the laser bandwidth
also 'imis the accuracy ‘0 which the “hresho'd can be < ed. The bandwid:h produces a
broadening that can be more casily scen in s-wave thresholds [15]. The crror introduced by
this broadening is only a small fraction of the actual bandwidth and is typically insignificant
rclative to the statistical uncertainties involved.

Table 1. Summary of measured electron affintties.

Element  This work Previous works  Reference
Cr 0.67584(12) eV 0.666(12) eV {10]

Mo 0.7472(2) eV 0.748(2) eV {1

Cu 1.23581(4) eV 1.235(5) eV 8]

Ag 1.30447(2) eV 1.302(7) eV 17}

In addition to statistical noise and the laser bandwidth, there are possible systematic
errors which limit the accuracy of the experiment. The dye laser is frequently calibrated
against known optogalvanic resonance lines of low-pressure Ar gas [16]. Lines that lic
ncar the scan wavelength ranges are selected and yield a calibration error of no more than
+0.05 cm™'. Comparing values obtained from a number of such lines reveals that the laser
tuning deviates from linearity by less than 1 part in 1000, which is negligible over the
scan ranges presented here. Peak pulse intensitics of less than 10 W cm~? were produced
in the cxperiments; thercfore threshold shifts due to intense laser fields are expected to
be insignificant [17]. In a scparatc experiment, we have verified that this effeci is indeed
negligible by measuring photodetachment thresholds at various laser intensities. As noted
previously, uncertainties of £0.02 and +0.04 cm™' arc assigned to the first and second
Stokes shifts, respectively. Finally, the largest contribution to possible systematic errors
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comes from possible Doppler shifts caused by any deviation of the laser-ion crossing angle
from 90°. Carcful measurements ensure that this angle can be realized with an accuracy of
% 0.5°, which translates into a possible Doppler shift of < 0.07 cm™' for the ions studied
here. Therefore, the total of the systematic contributions to the error is less than £0.1 ¢cm ™!,
assuming that the error sources are independent. Previous measurements with this system
have indicated that no other significant systematic errors are present [15).

5. Conclusions

The results of the infrared threshold photodetachment experiments on the negative ions of
the transition metals yicld substantial improvements for the clectron affinities of Cr, Mo,
Cu and Ag. The work demonstrates that highly accurate values for clectron affinitics can
he nbtained using this method, even if the negative ions are only weakly bound and detach
with a p-wave threshold behaviour, as is the case for nearly all the transition metals.
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