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Resonant multicolor spectroscopy in the photodetachment continuum: Observation
of the metastable *S state in the negative calcium ion
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We report the observation of the predicted metastapfe“s state in the Caion utilizing a spectroscopic
technique based on nonlinear resonant multicolor absorption via an autodetaching state. The binding energy of
the *S state is determined to be 586(86) meV with respect to the parent Ca(%°3P) state, a value less than
3 meV from the predicted one. The lifetime of th8 state is determined to be larger than 7 ps.
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Negative atomic ions have attracted considerable interestlso known as above-threshold ionization in atoms, are nor-
among theoretical and experimental physicists for quite someally associated with the application of strong laser fields
time due to their special properties, such as the short-rangeaving intensities of 1§ Wi/cn? or more. Intermediate
potential or the strong influence of the electron-electron in-autoionization or autodetaching states have been shown to
teraction. It is now well established that for many negativeenhance the EPA probability considerahplyl—13. It has
ions the ground state cannot be approximated adequately bgcently been demonstratgti4] that excess-photon absorp-

a single configuration. The binding of an extra electron to theion via an autodetaching state could be applied to gain spec-
neutral atom is greatly influenced by the strength of the ditroscopic information about the autodetaching state. A very
electronic repulsion compared to the nuclear attraction leadsensitive detection technique, such as resonant ionization
ing to significant changes in the filling of electronic orbitals. [15], must be utilized to monitor the population of an excited
This is particularly important for the stable negative calciumatomic state that should be populated exclusively by two-
ion, which can be formed by adding @ #4lectron to the photon detachment of the negative ion. With this technique
neutral 42 core, but not a @ electron, as might be expected the positions and lifetimes of the autodetachirs§p® %P,

from extrapolation from neutral systems. In addition, thelevel in Ba and the $5p? “P, levels in SI were obtained
binding energy of the outer electron can be rather smallf14].

orders of magnitude below the binding energies of neutral In the present study, we have taken advantage of a further
atoms. Minor effects such as relativistic, core-core, and coredevelopment of the EPA technique to gain information about
valence interactions therefore have relatively large conseexcited states in the negative calcium ion having the same
guences. parity as its 424p ground state. This is in contrast to the

So far, the interest in negative ions has mostly been fostudies of the Sr and Ba ions mentioned above, in which
cused on the properties of the ground state for which a receitite spectroscopic information was obtained for states having
review is availablé1]. The present knowledge about excited opposite parity to the ground state and could thus be reached
states is far less, and for many ions hardly any information i¥y one photon. The present investigation is focused on the
available. Due to the low binding energies, bound singlydetection and characterization of thp*4*S;, state in Ca,
excited states are very rare in negative ions, but their exispopulated by two-photon absorption from thes?4p 2P
tence has recently been proven in the OGsn [2]. Singly ~ ground state via the intermediates4p? *P autodetaching
excited states will usually appear as very broad resonances #tate. Pioneering work on two-photon excitation of a reso-
the continuum above the detachment limit. The experimentahance in a negative atomic ion has been reported for the
studies have focused more on the doubly excited statesywest singletD state in H, but in that experimeritl6] the
many of which can be explored by one-photon absorptioriwo photons originated from the same laser field. The H
from the ground state. This has been the case in particular faons interacted with laser pulses as short as several picosec-
the negative ions H [3,4] (and references theréginHe~  onds and with a field intensity of 810 W/cn?. In the
[5,6], or the alkali-metal negative iong—10Q (and refer- present study, which takes advantage of the intermediate
ences therein resonance and a more sensitive detection technique, the ex-

Doubly excited states with the same parity as the groungberiments are performed with nanosecond pulses at field in-
state of the negative ion have been more difficult to study byensities 6—8 orders of magnitude lower.
photon-absorption techniques, since more photons should be The Ca ion is known to possess the stablg?4p 2P
absorbed than are required to liberate an electron. The coground state with a binding energy of 24(56) meV for the
responding excess-photon absorptidBPA) phenomena, J=1/2 componenfl5], and a fine-structure splittind.7] of

4.86514) meV (for a recent review, segl8]). In addition,

one of the two predicated metastable states, thpa “P
*Permanent address: Institute of Physics, University of Odensestate, has finally been establisHdd], whereas the energeti-
5230 Odense M, Denmark. cally higher-lying metastable statep?“S so far has only
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been predicted to exi$f9,20, but never observed. ThtP
state is metastable both with respect to Coulomb autoioniz-
ation and radiative decay due to the spin conservation selec
tion rule. TheS state is, as already pointed out by Bunge
et al. [19], metastable towards Coulomb autoionization due
to the parity conservation rule, but tH& state can decay via
an allowed dipole transition to the metastaiie state. Its
binding energy was predicted to be 626.2 meV with respect
to the Ca(4? °P) state, or 592.1 meV with respect to the
Ca(4p3d 3D) state. Very recently van der Hdr20] calcu-
lated that the binding-energy values given by Bumgeal.

would be reduced by 36.6 meV, enlarging the basis set use
and including dielectronic core polarization. Van der Hart £

predicted the binding energy for thep#“S state with re-
spect to the Ca(@3d °D) state to be 555.5 meV.

The detection and characterizatiguosition, lifetime of
the metastable C4 *S) state is of interest since it will allow
a test of the very elaborate calculation by van der H260j.
In addition it will increase our knowledge about the dan,
which has attracted great interdgit8], experimentally as
well as theoretically, for more than a decade.

The structure of the excited states is expected to be simi:
lar for the negative alkaline-earth ions BeMg™~, and Ca.
The homologous Bg2p? #S) ion was observed more than a
decade ago by Gaardsted and Andergdr, who could de-
tect the 2% “S—2s2p? *P optical decay and determine the
lifetime of the #S state using beam-foil spectroscopy. Sub-
sequent laser-based stud{ds,22 have yielded more pre-
cise energy values for these metastable states. Beam-fo
spectroscopy was also applied to search for the homologou
transition in Mg [23] and Ca [24], but without success.
Until now, neither the Mg(3p® #S) nor the Ca(4p® *S)
state have been observed.

modification of the method used in the original experiments
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FIG. 1. Schematic energy-level diagram of the negative calcium
The princip'e of the present experiment is based on &)n and the corresponding parent atom for the EPA experiments.

[14], introducing excess-photon absorption via autodetachingodetachment of the C#4p® “S) state. The neutral atom
states for spectroscopic purposes. The original method religgetection is performed by transferring thed$p 1P, popula-

on the absorption of two photons from the same laser fieldtion via the 44d 1D, level to the 413p P level by means
and is suitable for spectroscopic studies of the autoionizing@f two photons §3=734 nm and\ ;=896 nm), followed by
state reached with the first photon. In the present experimemectric-field ionization(see Fig. 1 Since the lifetimes and
the two photons absorbed have different energies. The firsinergies of the C4 *P) levels have been establishgt7],
photon ;) is used to reach one of the Qas4p? *P) with lifetimes ranging from 9 ps fod=5/2 to larger than
fine-structure levels, whereas the second photoy) com- 100 ps forJ=1/2, the time delay betweex, and\, has to
pletes the excitation of the Caon to the 4° %S state(see  be very short. The maximum EPA signal was in fact ob-
Fig. 1). This excitation scheme demands an alternative detained by allowing the\, pulse(which is less powerful and
tection scheme. The collinear resonant-ionization methodestructive for the negative iprio precede the.; pulse by
[25] is applied as beforgl4] to monitor the population of an  ~1 ns. The lifetimes of the neutral Ca states are known to be
excited Ca-atom state, which is populated exclusively by the.6 ns for the 44p 1P, state and 80 ns fors#td 1D,, which
two-photon detachment of the negative ion. Since Xhe demands the application of the; and A, photon pulses a
photon energy is in the range 1.36-1.38 e¥;£888 few ns aftern; andA,.
—897 nm), only Ca-atomic states with energies above 2.8 The experiments were conducted using a collinear fast
eV, but below~4.1-4.2 eV, are considered suitable candi-negative-ion/laser-beam setup, which has been described ear-
dates for monitoring the two-photon absorption process ofier [15]. A 28-keV Ca beam was produced from the cor-
present interest. The Cédp3 4S) state is expected to be responding positive-ion beam by charge exchange in an
located within the upper energy regiérn4.1-4.2 eV. The  alkali-metal vapor. Following charge-state analysis, the Ca
Ca(4s4p 'P,) state fulfills these criteria and was selectedbeam was overlapped collinearly with collimated beams
for monitoring; it cannot be populated by one-photon detachfrom four different pulsed~6 n9 lasers in a 1-m-long field-
ment with any of the laser fields appligdee below. The free interaction region. The geometry applied favors high
1p, state can, however, be populated by spin-forbidden auspectral resolution as well as high sensitivity due to the rela-
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tively large number of Caions involved in the interaction. T T T T T T T T T T T T T
The laser system consists of four tunable dye lasers, com = .
mercial or homebuilt, pumped by the second or third har- B i
monic of a Nd:YAG Spectra Physics GCR-170 pump laserg 751
(where YAG denotes yttrium aluminum garpetith a rep- 5
etition rate of 10 Hz. The bandwidth of the applied dye laser
ranged from 3 to 8 GHz with a homebu{B-GH2) dye laser
used for\; and a commercial OPPO las& GH2 used for
\,. The measurements were performed with laser intensities
of ~10° Wi/cn? for \,, and with intensities ranging from 3% 25
4Xx 107 Wicn? to 4x10* Wicn? for \,. It was possible to  ~
observe the EPA signal with laser intensities below the satu-
ration limit for nonresonant one-photon detachment. The use
of the low laser intensities is possible since the excess-
photon absorption signal can be detected with very high sen-
sitivity and almost zero background. We also satisfy the con- FIG. 2. The C& photo-ion yield, reflecting population of the
ditions for no displacement of the absorption signal due taCa(4s4p 1P,) level by the two-photon detachment process, with
laser intensity and saturation effects. Calibration of the phothe\, laser being scanned in the region of tretp? *Py,—4p3 *S
ton energies for the OPPO laser and the other dye lasers wgnsition in Ca.
performed by measuring reference transitions
(4s4p 3P—4p? 3P and 44p P—4s4d °D) in the fast neu-  servation was done in RefL4] and explained as the result of
tral Ca beam. the competition between the two-photon signal and the rapid
After the exit aperture of the interaction region, a trans-one-photon target depletion.
verse electric field is applied by the use of a pair of cylindri-  Taking a small Doppler shift and the conversion of the
cal electrodes. They field ionize and subsequently deflect th@bserved wavelengths from air to vacuum into account

Rydberg atoms onto a positive ion detector, which is situatedi€lded the energy of the C@p®“S) state to be
approximately 25 cm after the field-ionization region at an4-1875210) eV above the ground state of the neutral Ca
angle of 11° from the incident ion direction. Depending on&t©M- The main contribution to the 0.10 meV uncertainty in
6{{1e location of the*S state originates from the uncertainty in
the binding energy of the Caground staté18]. Considering
e energy difference between the Cap® 4S) state and its

IELD (a

1
439.05 439.10 439.15 439.20
A2 (nm)

the degree of excitation, the Rydberg atoms are ionized
different positions in the nonuniform electric field and are
thus deflected at different angles. This procedure provides 23 - g .
method of selectively detecting the population of a specific*garent Ca(#" °P) stat_e, the binding energy is dete_rmmed to

. U - e 586.8610) meV, with the value expressed relative to the
Ca Rydberg level and an effective discrimination against a

. o . . weighted energy value of the thré@ fine-structure levels.
backgrounq -|ndL-1ced -by collisions with rest gas part!ﬁm‘ﬂ. The binding-energy value is very close to the value predicted
The positive-ion yield was measured as a function of th

; . eby van der Har{20], whose calculations yielded a binding
photon Sneray of tha, laser in the energy region where the oo 0y of 589.6 meV with respect to the Cpl4P) state or
Ca (4p° °S) state is expected to be localizétl1-4.2 eV, 555 5 mev with respect to the lower-lyingsad °D state.
above the Ca ground state The detailed investigations The binding energy for thep# *S state is larger than for the
have been performed with th&=3/2 level in the ground lower-lying 4s4p? P state, which had a binding energy of
state as the starting point, but utilizing all thrédevels of 521.8410) meV [18] with respect to the Ca@tp 3P) state.
the 4S4p2 4P state as the intermediate aUtOdetaChing |eve|.The b|nd|ng energies for the Caon are Signiﬁcanﬂy |arger,
Figure 2 shows the production of Céons in the wavelength nearly a factor of 2 than the values reported for the homolo-
region around 439 nm fok,, with 4s4p? *P,,, being used gous Be ion[18]. The binding energy for Bg2p® *S) was
as the intermediate level. The detachment data were analyzedso larger than for Bg2s2p? *P).
by means of a Lorentz function, yielding information about  Information about the lifetime of the Cé4p® *S) state
the energy and half width of the resonance. The three excimay be gained from the width of the Lorentz signal, obtained
tation channel§J=3/2—J=1/2, 3/2, or 5/2yielded identical in experiments performed with low laser intensities to avoid
results, within the experimental uncertainties, for the positiorsaturation effects. To reduce the influence of the lifetime of
of the Ca (4p? #S) state. The measured position was inde-the intermediaté' P level on the width of the Lorentz signal,
pendent of the intensities used and it could still be observethe J=1/2 level was selected as the intermediate level to
with 10° W/cn? for A, and 4x10° W/cn? for \,. As ex-  benefit from the fact that this level has the longest lifetime of
pected, a higher laser intensity was needed forxthdaser the three possible levels with a lifetime in the interval
than for the\, laser to make the two-photon signal observ-0.1-10 ns[18]. The width of the *P,,,—“S;;, signal was
able, since thex, laser drives the spin-forbiddeAP—*P  measured to be 0.686) cm™!, which is equivalent to
transition in Ca, whereas\, drives the allowed*P—-4S  9.6(2.6) ps. This value, however, should be considered a
transition. For both lasers involved, the power dependence dbwer limit for the lifetime of theS;, state since the con-
the two-photon signal was strongly sublinear. A similar ob-tribution from the bandwidth of tha, laser can be signifi-
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cant, and in addition, the influence from the lifetime of the photon excitation unchanged, which indicates that the exci-
4P, level is assumed to be negligible. Since the contributation process should be considered as a direct two-photon
tion from \; to the width of the*P,,,—*S;, signal may be absorption process and not two sequential one-photon pro-
quite large, the lifetime of théS;, level is probably longer Cesses.

than the 9.62.6) ps measured. The bandwidth of the home- The present investigation has demonstrated that it is pos-

built A, laser does not exceed 0.3 chaccording to previ- sible to gain spectroscopic information about excited

ous measurements, and it is then possible to estimate an ugegative—ion states with the same parity as the ground state

per limit for the lifetime of the“S state to be 40 ps. The f the r_1egati_ve ion by means_of t\_/vo-color_excess-photon
Ca (%S, lifetime is, however, very much shorter than for absorption via an autodetaching intermediate state. The
the hom/ologous Be( "‘S) ion for which the lifetime was re- Method could immediately be utilized to gain information
ported to be 1.280) ns[21]. The much shorter lifetime for @Pout the St(5p° 'S) state and thereby test the prediction

Ca (*S) than for Be (*S) shows that the dominant decay of van der Hart[20] for this state, since thg 4energies and
mechanism for the Caion is via electron emission, whereas lifetimes of the !ntermedlate state 35;5p .P) levels

it is photon emission for the B&*S) ion. These lifetimes have been establish¢dl7]. The EPA technlqu_e is, however,
can also explain why it has been possible to observe th8f general use and may be a powerful tool in further explo-

optical decay channel for B 21], but not for Ca [24]. The ration of the structure and dynamics of excited states in
unsuccessful searga3, 24 for thé Mg ion, via observation atomic negative ions. The experiments performed have also

of the optical transitiorfS— 4P, may also be due to a short illustrated how it is possible in the case of target-depletion
Mg (*S) lifetime ' competition between higher- and lower-order processes to

Investigations of the two-photon detachment signal ca encounter an apparent sublinear power dependence of the

yield information about the character of the excitation prof}ugher-order signal, making it observable even at extremely

cess. Should the excitation process be considered as two S!gyv—fleld Intensities.

quential one-photon absorption processes or as a two-photon This work has been supported by the Danish National
absorption process? Detuning the laser away from the Research Council through the Aarhus Center for Atomic
exact resonance position for thle=3/2—J=5/2 transition Physics(ACAP). We acknowledge C. A. Brodie for help
had the consequence that the signal was displaced in the during the initial stage of the experiment and H. van der Hart
opposite direction, still leaving the total energy of the two-for providing his results prior to publication.
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