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Electron Affinity of Strontium
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We have observed a threshold in the electron photodetachment cross section of ®¥Sr~ ions at a
photon energy Av = 1.820 eV and assign it to a p-wave transition from the 5s25p 2P ground state in
Sr™ to the 5s5p 3P state in neutral Sr. The measurement was made with a new technique combining
the tunable laser photodetachment threshold method with accelerator mass spectrometry. We determine
for the first time the electron affinity of Sr to be 48 = 6 meV, much smaller than predicted in recent
calculations. The 2Py /,-2P3, fine splitting of the Sr™~ ground state is estimated to be 26 + 8 meV.

PACS numbers: 32.10.Hq, 07.75.+h, 32.80.Fb

Investigations of the stability of free negative ions
provide excellent testing grounds for our understanding
of the many-body problems of electrons bound to nuclei
and the subtle electron correlation processes. The case
of Ca™, in particular, has become fascinating when,
in contrast to former predictions, it was experimentally
discovered to form a stable negative ion [1]. Confirmed
by calculations, this state is described as a 4p electron
bound to the Ca ground state to form a 4s%4p2P
configuration [2]. The electron affinity was then predicted
to be 45 meV [2] (see also [3,4] for recent references)
and measured as 43 = 7 meV [1]. Later experiments
[5-9], however, have converged to a much smaller
value of 18.4 = 2.5 meV [6]. At the same time, many
theoretical studies have tried to improve the precision
of calculations [3] and to include polarization effects in
inner electronic shells (core polarization) [10,11]. The
demand on these calculations is indeed stringent, since
the binding energy of the outermost electron is very small
compared to that of the total electronic energy of the
atom (~18 keV). Properties of negative ions of heavier
alkaline earths are as yet largely unknown experimentally,
but several calculations have recently been published
[10,12—-18] and predict stable negative ions to be formed
when a np electron attachs itself to the ground state
neutral atom. We present here the first experimental
determination of the electron affinity of Sr using a new
technique combining the laser photodetachment threshold
(LPT) method with an accelerator mass spectrometer.
Our measured value of 48 = 6 meV differs markedly
from the above theoretical predictions, most of which
are around or above 100 meV. This situation is similar
to the aforementioned case of Ca™, indicating that the
discrepancy between theory and experiment has a physical
source. It is possible that for Sr™ also the inclusion of
core polarization (see, for instance, Ref. [10]) can lead
to a significant decrease in the calculated values of the
electron affinity and brings them into better agreement
with the measured value.

The experimental study of Sr™ is hampered by a
weak negative ion yield. Although a stable or perhaps
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metastable state of Sr~ was shown to exist [19] and the
electron affinity estimated to <0.1 eV [20], no precise de-
termination was made prior to the present work. We have
used here the LPT method in combination with accelerator
mass spectrometry (AMS) [21-23] for the unambiguous
identification of Sr™. Our experimental system (Fig. 1)
includes a high-intensity Cs-sputter negative ion source
(GIC 860) loaded with a freshly cut metallic Sr (99%)
cathode. Sr~ ions are directly extracted, magnetically
deflected, and preaccelerated to an energy of 115 keV.
The ion beam is electrostatically focused into a 1 m long
region (at ~2 X 1077 Torr) where it interacts with a
pulsed dye laser beam (pulse duration ~10 ns) in an an-
tiparallel configuration. The dye laser (Quantel TDL-50)
is pumped by a frequency-doubled Q-switched Nd-YAG
laser (Quantel YG-581-30). The defining (retractable)
apertures at each end of the interaction region are 3 mm in
diameter, collimating both the ion and photon beams. The
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FIG. 1. Schematic diagram of the experimental setup.
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energy of individual laser pulses is measured by use of a
calibrated energy meter situated outside the vacuum vessel
[see Fig. 1(a)], and the signal is fed after digitization into
the data acquisition computer. In most measurements,
the pulse energy (corrected for absorption in windows
and prisms) averaged 60 wJ with a standard deviation of
about 20 uJ. A correction to the geometrical flux through
the apertures was applied in order to derive an effective
flux which includes the effect of ion beam focusing [24].
Neutral atoms resulting from photodetachment in the
laser light are eliminated from the ion beam after a 90°
magnetic analysis (m/Am = 235). The ion beam is
electrostatically chopped into 2.7 us long pulses with a
timing such that only ions, which were in the interaction
region at the time of laser firing, are transmitted. Residual
negative ions are injected for identification into a tandem
electrostatic accelerator (NEC 14UD Pelletron) used as an
accelerator mass spectrometer [24,25]. After acceleration
by a terminal voltage around +10 MV, the ions are
stripped in a thin C foil, further accelerated, analyzed as
8Sr* ions at an energy of 97.97 MeV, and transported
to a nuclear particle detector system. The crucial role of
the AMS analysis lies in the identification of individual
ions reaching the detector. These ions are counted after
acceleration with unit efficiency and kinetic energy (E)
and time of flight (TOF) are measured. The ion identi-
fication is especially important when sputter sources are
used. This type of source is versatile and able to effi-
ciently produce any negative ion species but also generate
intense background beams of atomic and molecular ions.
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FIG. 2. Time-of-flight spectra measured in the particle detec-
tor for different accelerating voltages V at the same setting
(M = 88) of the ingection mass analyzer. ®Sr ions are injected
as 88Sr~ while the ®’Sr and 86Sr ions result from dissociation of
87SrH™ and 8 SrH, molecular ions, respectively, in the tandem
stripper foil. The spectra were measured with an attenuated
beam and without the chopper. The arrows show the TOF
channel limits used to gate on *8Sr ions.

This is illustrated for our experiment in Fig. 2, where
the presence of the hydride molecular ions 8’SrH™ and
86SrH,  in the mass-analyzed beam (M = 88) is shown.
After dissociation of the molecules in the stripper foil,
the 87Sr and 3Sr fragments are separated from the 38Sr
ions by the high-energy 90° magnet. The intensity of the
elemental 8Sr~ component was estimated to be only 5.2%
of the total mass-analyzed M = 88 negative ion beam
intensity (~40 pA). All measurements discussed below
were taken at the accelerating voltage corresponding to
transmission of 38Sr and, furthermore, the Sr ions were
counted by applying a software gate on TOF channels
corresponding to 38Sr ions (see Fig. 2). In order to study
the interaction between negative ions and photons, we
measure the spectrum of arrival times at the detector (z,)
of ions having survived the laser interaction, using the
opening time of the chopper as a start signal. The ¢,
spectrum represents the intensity of the #Sr~ ion beam
as a function of time (or distance) along the interaction
region and the laser-depleted ion counts are determined
by the integral n of the ¢, spectrum in this region. We
measure the transmission ratio 7 of the ion beam through
the laser pulse as the ratio n/ng of ions accumulated in
t, spectra, alternately with and without laser. To obtain
these two spectra, the ion beam is chopped at twice the
laser repetition rate, so that every second ion pulse is
transmitted without laser interaction. Effects of ion losses
through the spectrometer or negative ion neutralization
by collisions in the residual gas are canceled in this ratio.
Pileup of particle signals which may occur when more
than one particle per ion pulse reaches the detector is taken
into account in the analysis. The setup, detector, and
analysis scheme are described in more detail in [24-26].
Photon wavelengths (615 to 711 nm) were selected close
to the threshold value expected for the transition leav-
ing the neutral Sr atom in its first excited configuration
5s5p3P. The dependence of the measured transmission
ratio 7 on the photon energy (Doppler corrected), shown
in Fig. 3(a), displays a clear threshold for hv ~ 1.820 eV;
the transmission then levels off around 1.9 eV. In the con-
ditions of our experiment, the dependence of 7 on the
photon fluence ¢ was nearly exponential and the pho-
todetachment interaction can be expressed by an effec-
tive cross section o related to the transmission ratio by
T = ¢ 7%, The cross section determined in this way is
shown in Fig. 3(b) in the region of the threshold; the un-
certainty on the cross section scale is estimated to be 25%.
The shape of the curve is very similar to that measured by
Walter and Peterson [5,6] for the transition 4s24p 2p Ca~
to the 4s4p 3P Ca® excited configuration. We notice that
the production of negative ions by sputtering and direct
extraction precludes significant population of possible ex-
cited (metastable) states of Sr™ and interpret the threshold
as a p-wave detachment from the ground state negative
ion, assumed to be 5525p 2P as predicted by calculations.
A pure p-wave assignment is also supported by the fact
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FIG. 3. (a) Transmission ratio of the ®¥Sr~ beam through
the dye laser pulse (integrated for photon fluences between
2.5 X 10" and 6.5 X 103 photons/cm?) in the measured
photon energy range. The symbols correspond to the different
dyes used to cover this range: O, DCM; &, DCM + LDS698;
O, LDS698. The error bars represent the statistical errors
on ion counting. The inset shows the expected fine splitting
of the Sr™ ground state and of the final state in Sr, their
excitation energy, and the allowed transitions. (b) Effective
cross section of electron photodetachment for 38Sr™ ions in the
region of the threshold of the 5525p 2P St~ — 5s55p3P Sr°
transition. The line is calculated from the results of a best fit
by Egs. (1) and (2) (see text). The arrow indicates the value
of the Sr electron affinity extracted from the fit. Note that due
to the fortuitous relation E¢; ~ E1 — Ey the thresholds of the
transitions J = 1/2 — J' =0 and J = 3/2 — J' = 1 nearly
coincide.

that any s-wave component in the transition would involve
parity violation. The cross section as a function of pho-
ton energy hv above and near a threshold is expected to
follow the Wigner relation [27,28] o « (hv — Eg)U*1/2),
where E is the threshold energy and [ the angular mo-
mentum of the outgoing particle (I = 1), superimposed
on a background representing transitions to the neutral Sr
ground state. The background is approximated here as a
linear function of photon energy. The fine-structure split-
ting 2P1/»-2P3/> expected in the Sr~ ground state (see
Fig. 3, inset) must, however, be taken into account to in-
terpret our results. The value of the splitting in Sr™ has
been predicted as 22 [17] and 28 meV [18], and it is be-
lieved that the precision in this calculation is much bet-
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ter than in the absolute energy of the negative ion ground
state. Both levels are expected to be populated, assum-
ing a Boltzmann distribution at an electronic temperature
T.; = 1500 K which is typical in Cs-sputter ion sources
[29]. When the photodetachment channels from both lev-
els are energetically open, the depletion of the ion beam
is due to two distinct cross sections. We analyze there-
fore the set of data for the transmission T = T(¢, hv) up
to hv ~ 1.93 eV (about 900 points), using the following
expression:

e~ 012¢ 4 Do Eu/kTa p—03pnd

r= 1 + 2e Eu/kTe ’ (1)

where Efs is the fine-structure splitting energy. The
individual cross sections o7/, and o3/, are then expressed
as described above by

oy = o9 + ahv + thZWJJ/(hV - Ep — Eaj)3/2.
J/
2

In this equation,

2
Wi =+ i3 3
is the statistical and geometrical coefficient under as-
sumption of L-S coupling derived from [30] (see also
[1,28,31]) for the transition from state J = 1/2, 3/2,
L=1,8=73in2P, St to state J' = 0,1,2, L' = 1,
S’ = 1in3Py Sr. E, is the spectroscopically determined
excitation energy (see Fig. 3, inset [32]) for this state J'
and E,, the electron affinity of Sr in state J. The sta-
tistical weights (2J + 1) of the initial states are included
in Eq. (1) and do not appear in W,;,. An overall least-
squares fit of Eqs. (1) and (2) to the experimental val-
ues of T (¢, hv) converges well, and we derive the value
E,,, = 48 = 6 meV. The values obtained for Efs are in
the range 26 = 8 meV. The error bars (1 standard de-
viation) are estimated from the uncertainty of the fit and
the distribution obtained in a large number of fits (~1600)
using different starting values of the fit parameters. We
notice that the range of validity of Wigner’s law within
which Eq. (1) is applied affects the best-fit values of E,
and Ef, within the quoted uncertainties. From the present
data, this range is estimated to be 45 = 10 meV. The ef-
fective cross section o.¢f, calculated using the best-fit val-
ues in Egs. (1) and (2) and the expression T = e~ 7<% ig
compared in Fig. 3(b) to the experimental data. The rea-
sonable agreement supports again the p-wave assignment
for the transition.

Table I compares our experimental value to the pre-
dictions of recent theoretical works. A compelling re-
semblance is noted between this table for Sr and Table I
in [6] for Ca where also most of the theoretical values
overestimate the electron affinity. As pointed out, core-
polarization effects [10,11] may be the source of the
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TABLE I. Comparison of calculations and experimental val-

ues of the electron affinity of Sr.
Electron Fine
affinity splitting

Ref. (meV) (meV)
Theoretical

Vosko et al. (1989) [12] 160

Froese Fischer (1989) [13] 106

Kim and Greene (1989) [14] 108

Johnson et al. (1989) [15] 93

Fuentealba et al. (1990) [10] 44

Gribakin et al. (1990) [16] 129

Dzuba et al. (1991) [17] 102 22

Cowan and Wilson (1991) [18] 98 28

Experimental
Wilson (1989) [20] =100
This work 48 = 6 26 = 8

necessary corrections. We believe that the present experi-
mental value of the Sr electron affinity provides a new and
strong constraint on such calculations. The combination
of the LPT method with accelerator mass spectrometry at
high energy used here yields a breakthrough in the study
of very weakly formed negative ions. We have shown
recently that the technique can be refined and made more
sensitive by detecting neutral atoms produced rather than
the depleted negative beam. The laser photodetachment
interaction is performed in the tandem terminal and neu-
tral products are further identified by AMS and separated
from the negative beam after a subsequent foil stripping
along the high-energy accelerating tube.
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