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State-Selective Depletion Spectroscopy of Negative Ions: First Observation of the4P State
in Ca2 and Sr2

P. Kristensen, C. A. Brodie,* U. V. Pedersen, V. V. Petrunin,† and T. Andersen
Institute of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark

(Received 26 December 1996)

A new nonlinear laser technique, yielding accurate and detailed information about the photode-
tachment process, is applied to the study of excited states in atomic negative ions. The method has
facilitated the first experimental observation of the controversial4P state in the Ca2 ion and the homolo-
gous state in the Sr2 ion and also provided comprehensive information about their binding energies,
fine-structure intervals, and autodetachment lifetimes, together with the absolute strengths of the inter-
combination transitions to the2P ground states. [S0031-9007(97)02770-1]

PACS numbers: 32.80.Gc
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Acquiring reliable information about the structure a
dynamics of negative ions, especially of weakly bou
systems like the alkaline-earth ions, has proven to b
challenge in atomic physics. Previously, the most ac
rate and trustworthy data were obtained from photo
tachment studies based either on observation of the ne
atom yield or on electron spectroscopy. Absolute cro
section measurements are, however, difficult to perfo
with these methods, since accurate information about b
the ion density and the number of produced atoms is
quired. In addition, the sensitivity and resolution obta
able with these methods were not sufficient to gain
much needed structural information about weakly bou
ions which constitute the test field for the ongoing the
retical and computational development. Recently, a n
nonlinear spectroscopic technique was introduced wh
allowed the determination of structural information f
long-lived or stable states, by measuring the relative p
todetachment yield detected by state-selective reso
ionization of the produced atoms [1].

In this Letter, we present a new and markedly diffe
ent nonlinear laser technique, based on the measure
of the photodetachment depletion of a specific long-liv
or stable negative-ion state. This method allows photo
tachment studies of individual fine-structure compone
of the negative ion yielding partial absoluteel-wave cross
sections (i.e.,es, ed wave ) in the vicinity of an au-
toionizing state. The applicability and potential of th
technique are demonstrated by studies of the photodet
ment cross section of the Ca2 2P ground-state levels in
the vicinity of the first excited4s4p2 4P state, together
with similar studies of the Sr2 ion. The new technique
has facilitated the first unambiguous observation of the4P
states, and also made possible a comprehensive stud
these autodetaching ions, yielding information about th
structural and dynamic properties.

The 4s4p2 4P state has played a very important ro
in the process leading to the present understanding
the Ca2 ion, the most studied negative ion for the la
ten years (for a review, see Ref. [2]). It is, howeve
doubtful whether the Ca2 4P ion has ever been ob
0031-9007y97y78(12)y2329(4)$10.00
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served [2–9]. Prior to 1987, when the stable Ca2 ion
was discovered [10], the existence of this ion was
sumed to be due to the4s4p2 4P state which was pre
dicted to be a long-lived metastable state, with a lifetim
exceeding severalms and bound by 550 meV with re
spect to the Ca4s4p 3P state [3]. In 1989, Hanstorp
et al. [4] reported the observation of an excited state
Ca2 with a lifetime of 290 6 100 ms and attributed this
to the decay of the metastable4P state. It was also
claimed [4] that the Ca2 beam did not contain stabl
ground-state ions, but only metastable4P ions, and thus
a variation in the photodetachment cross section was
tributed to the opening of the Ca2 4s4p2 4P 1 h̄v !
Ca 4s5s 3S 1 el channel from which a binding energy o
562(5) meV was deduced for the4P state. However, the
long lifetime was in contradiction with calculations [5,7
yielding lifetimes for the4P state of less than,0.1 ms.
Haugenet al. [8] also showed experimentally that a bea
of Ca2 ions in the ground state would decay with a lif
time of 490 6 20 ms due to photodetachment by roo
temperature blackbody radiation. Recently, calculatio
of the binding energy for the Ca2 4P state have yielded
values which are in good agreement with each other
but which differ significantly from the experimental valu
Thus it is very doubtful whether the4P state in Ca2 has
been observed so far [11]. The study of the Sr2 ion has
been less intensive until now, and only the existence
the ground state is established [12,13].

The experiments were carried out using a collinea
overlapped negative-ionylaser-beam setup previously d
scribed [1,11,14]. A 40 kV Ca2 or Sr2 beam is over-
lapped by three pulsed nanosecond laser beams in a
long interaction region. As illustrated in Fig. 1, the fir
laser pulseldetach is used to explore the detachment cro
section in the energy region around the4P autoioniz-
ing state. Thelprobe (532 nm) pulse is applied, with a
small time delay after the first laser pulse (t ø 10 ns), to
probe the remaining population in the ground-state lev
by detachment to thensnp 3PJ­0,1,2 levels of the parent
atom (n ­ 4 for Ca,n ­ 5 for Sr). Detachment from the
ns2np 2P1y2 level populates the3P state predominantly
© 1997 The American Physical Society 2329
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FIG. 1. Schematic energy-level diagram of the negative
(Ca2, n ­ 4, Sr2, n ­ 5) and the corresponding parent ato
(Ca or Sr).

in theJ ­ 0, 1 levels since detachment to theJ ­ 2 level
can occur only if the spin of thenp electron, upon re-
moval of one of thens electrons, changes direction wi
respect to the direction of the angular momentum.
the other hand, detachment from the2P3y2 level leads to
formation of the3P state mainly in theJ ­ 1, 2 levels.
Thus, the populations ofJ ­ 0 and J ­ 2 are propor-
tional to theJ ­ 1y2 andJ ­ 3y2 populations in the2P
ground state just prior to the application of thelprobe laser
beam. The populations of the3PJ levels are monitored
separately via resonant excitation by thelexcite pulse to
the ns15s 3S1 Rydberg level, followed by state-selectiv
field ionization [1]. This detection scheme provides
dependent measurements of the absolute photodetach
cross section for the two2P fine-structure components b
monitoring the decrease in the population of each of th
levels after the interaction with theldetach beam.

In Fig. 2, the Ca1 ion signal is shown as a function o
the wavelength of theldetach laser in the region around th
Ca2 2P3y2 ! 4P5y2 transition. Since the4P autodetach-
ing levels are energy degenerate with the1S 1 el con-
tinuum, the photodetachment cross section will displa
Fano interference pattern [15]. Photodetachment of
2PJ,M levels can, in the electric-dipole approximation w
2330
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FIG. 2. The positive-ion signal vs wavelength in vacuum
for the Ca2 2P3y2 ! 4P5y2 transition. The data have been
normalized to the signal level when blocking the first lase
The solid line is a fit to the data (see Table I)

linearly polarized light, proceed via

2P1y2,M 1 h̄v ! 1S0 1 esf2S1y2,M g, edf2D3y2,M g

(1)

and

2P3y2,M 1 h̄v ! 1S0 1 esf2S1y2,Mg,

edf2D3y2,M , 2D5y2,Mg , (2)

whereM, the magnetic quantum number, is conserved d
to the polarization. The cross sections for photodetac
ment via the individual channelsssL, J, M, L0, J 0, M 0d are
related through3j and6j symbols by

ssL, J, M, L0, J 0, M 0d ­

µ
J 1 J 0

2M 0 M 0

∂2

3

Ω
J 1 J 0

L0 1y2 L

æ2

s2J 1 1d

3 s2J 0 1 1dssL, L0d , (3)

wheresL, J, Md andsL0, J 0, M 0d are the quantum numbers
for the initial and final states (detachment channel
respectively. Excitation of the intermediate autodetachin
4PJ 00,M 00 state can only interfere with a detachment chann
provided thatJ 00 ­ J 0 and M 00 ­ M 0 ­ M. Thus, the
population of a specific initial level is
o [15],
X
M

NsJ, Md
N0sJ, Md

­
X
M

exp

∑
2

Z
SssL, J, M, L0, J 00, Mdfstd dt

2
X

J 0fiJ 00

Z
ssL, J, M, L0, J 0, Mdfstd dt

∏
. (4)

The exponent is a sum of the contribution from the interfering and the noninterfering channel. According to Fan
the shape of the interference structureS can be expressed in the following parametric form:

Ssh̄vd ­
s Er 2 h̄v

G 1 qd2

s Er 2 h̄v

G d2 1 1
, (5)
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where Er is the energy of the autodetaching resonan
relative to the initial2PJ level, G the autodetachment de
cay rate, andq the Fano (or asymmetry) parameter. T
photon flux is given byfstd ­ Istdyh̄v, Istd being the
intensity of the laser pulse as a function of time, andh̄v

the photon energy.
P

MfNs2PJ,M dyN0s2PJ,M dgys2J 1 1d
is obtained by normalizing the positive ion signal to t
signal level when blocking theldetach laser. The fi-
nite bandwidth of the laser was modeled by folding t
cross section in Eq. (5) with a Gaussian profile of t
same width as that of the laser. The parameters
tained by fitting the scans for each of the transitio
are presented in Table I. The transition energies
corrected for the Doppler shift which was deduced
recording the resonances with theldetach laser beam
co- and counterpropagating the ion beam. The cr
sections are obtained assuming a uniform spatial la
intensity. For the transitions to the Ca2 4P1y2 level,
the value of the height of the Fano profile (Ds ­
smax 2 smin) and the total background [

P
L0 ssL, L0d]

are given instead ofq and the cross sectionsssL, L0d
since the width of the resonance is determined by t
of the laser. Consequently, the data were fitted with
Gaussian instead of a Fano profile. The strength of
optical 2P ! 4P transition is given as the Einstein co
efficient Aif ­ DsGs2pd2giygfl2, wheregi andgf are
the statistical weights of the initial and final states. F
a Fano profileDs ­ s1 1 q2dssL, J, M, L0, J 0, M 0d [16].
All the 4P levels can be expected to have quite long
diative lifetimestrad ­ s

P
Aif d21 since the transitions to

the ground state require a spin flip. Using the values fr
TABLE I. The parameters obtained by fitting the data:Er is the photon energy for the
transition,tauto the autodetachment lifetime,Aij the Einstein coefficient,q the Fano asymmetry
parameter, andss ­ ss1, 0d and sd ­ ss1, 2d the values forssL, L0d defined in Eq. (3) (total
cross sections are1y9 of the values quoted forss andsd).

Er tauto Aij
a q ss

a sd
a

scm21d (ps) (103 s21) (Mb) (Mb)

Ca2

1y2-1y2 11 199.19(8) .100b 0.2 (see notec)
1y2-3y2 11 231.10(8) 57(15) 0.3 1.7 65 110
3y2-1y2 11 159.96(8) .100b 0.9 (see noted)
3y2-3y2 11 191.85(8) 70(15) 0.4 4.2 60 95
3y2-5y2 11 244.62(8) 9(2) 6.0 1.9 64 113

Sr2

1y2-1y2 10 629.94(16) 12(4) 4.5 24.8 52 266
1y2-3y2 10 751.04(16) 8(2) 2.1 1.0 57 220
3y2-1y2 10 469.36(16) 13(4) 33 23.0 45 200
3y2-3y2 10 590.59(16) 7(2) 5.8 3.3 52 226
3y2-5y2 10 786.04(16) 1.7(3) 51 1.6 52 258
aThe relative uncertainties forAij , ss , andsd are,15%. The accuracy of the absolute values
are estimated to be,30% mainly limited by the uncertainty in the determination of
the photon flux.
bThe widths of these resonances were determined by the bandwidth of the laser.
cDs ­ 16 Mb, ss 1 sd ­ 170 Mb; see text.
dDs ­ 33 Mb, ss 1 sd ­ 130 Mb; see text.
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Table I, the radiative lifetimes of the Ca2 4P1y2 and the
Sr2 4P1y2 levels were determined to be900 and30 ms,
respectively.

The autodetachment lifetime is given by the width o
the resonance astauto ­ s2pGd21. For Ca2 4P, these
have previously been predicted by Brage and Fischer [
yielding t

auto
3y2 ­ 822 andt

auto
5y2 ­ 86.5 ps, which is about

1 order of magnitude larger than the experimental valu
in Table I. The widths of the resonances correspondi
to the Ca2 4s24p 2P1y2,3y2 ! 4s4p2 4P1y2 transitions are
limited by the bandwidth of the laser, indicating a lifetim
for the4P1y2 level longer than 100 ps. An upper limit for
this lifetime was determined by a pump-probe techniqu
Population was transferred from the2P3y2 to the 4P1y2

level by theldetach laser and subsequently probed, as
function of time, by a second laser pulse (l , 1064 nm)
detaching the4P1y2 population to the Ca3P0 level which
finally was monitored by the resonance-ionization meth
described earlier. The first laser was attenuated so t
only a very limited part of the ions were photodetache
by this laser after being excited to the4P1y2 level. Since
the positive ion signal could be observed only when th
two laser pulses were overlapping, the lifetime for th
4P1y2 level must be less than the 10 ns duration of the tw
lasers pulses. This signifies that the4P1y2 autodetachment
lifetime is in the range0.1 10 ns, much shorter than the
137 ns predicted by Mieczniket al. [7].

The total cross sections for thes- or d-wave emis-
sion can be obtained from Eq. (3) and the data in T
ble I. A quantitative comparison between the prese
cross sections and the calculated values for Ca2 [17]
2331
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TABLE II. Binding energy and fine-structure splittings of th
4P state, and fine-structure splitting of the2P ground state in
meV.

Binding energy DE
4P 2P3y2-1y2

4P3y2-1y2
4P5y2-3y2

Ca2 521.84(10) 4.865(14) 3.955(14) 6.543(1
Sr2 532.38(3) 19.89(3) 15.01(3) 24.23(3

is, however, unjustified: at the photon energy where
Ca2 4P state is observed, the theoretical calculations p
dict [17] the appearance of a Cooper minimum, but t
feature has previously been reported to appear at so
what lower photon energies [2,18]. The agreement
tween the present measured cross sections and the v
calculated for Ca2 and Sr2 by Gribakinet al. [19] from
the velocity form of the dipole matrix element may
considered fortuitous, since the cross sections calcul
in the length and the velocity form differ considerably.

The fine-structure splittings of both the ground a
excited states are shown in Table II. The ground-s
values confirm recent experimentally reported fin
structure splittings for Ca2 [11] and Sr2 [12], but
improve the accuracy by a factor of 7 and 2, respectiv
The 4P fine-structure splittings are markedly larger th
the values predicted by Cowan and Wilson [20], wher
the DE5y2-1y2 ­ 10.498s20d meV splitting for the Ca2

ion is in good agreement with the 11.4 meV calcula
by Fischeret al. [9]. The binding energies in Table I
represent the center-of-gravity energy of thensnp2 4P
states with respect to the center-of-gravity energy
the nsnp 3P states. These values were obtained
ing the known electron affinities and energy splittin
[11,12,21]. The binding energy for the Ca2 4P state
DE ­ 521.84s10d meV is significantly smaller than th
550 meV calculated by Bunge and Galán [3] and
experimental value of 562 meV reported by Hanst
et al. [4]. Our value is in good agreement with th
recent calculations by Fischeret al. [9] who reported
515.8 meV, and517 6 10 meV, and with Cowan and
Wilson’s calculation [20] yielding 520 meV. The Sr2 4P
binding energy of 532.38(3) meV is also in good agr
ment with the calculated value of 540 meV obtain
by Cowan and Wilson [20]. They reported the bindi
energies of the4P1y2 levels with respect to the3P0 levels,
but the necessary corrections for allowing compari
have been performed.

The short lifetimes observed for all three fine-struct
levels of the4P state in Ca2 finally dismiss the previous
claims by Hanstorpet al. [4] for observing the quarte
state. The increase in the photodetachment cross sec
observed at20 765 6 40 cm21 and considered [2,6] as a
indication for observation of Ca2 4P, can now also be
dismissed as representing the onset of the (4P 1 h̄v !
4s5s 3S 1 ep) detachment channel.

In summary, a new spectroscopic technique has b
developed by which the partial absolute photodetachm
2332
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cross sections can be measured by observing the re
al population of the specific fine-structure levels of t
ground state of the negative ion. Observation of the v
ations in the cross section allows a determination of
binding energies, fine-structure intervals, and autodeta
ment lifetimes of the excited state in the negative io
The present study of the Ca2 and Sr2 ions indicates tha
the state-selective depletion technique may be a valu
tool to elucidate the structural properties of more comp
negative ions such as the rare earth ions for which ha
any reliable information has been achieved so far.
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