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The neutron deficient Sr nuc1eus was studied by fast ion beam collinear laser spectroscopy with a
detection scheme based on optical pumping, state selective neutralization, and atom counting. From the
measured hyperfine splitting and isotope shift of the Sr II transition Ss 'Si~2~5p P3/2 the nuclear spin
I= 2', the nuclear moments p = —0.348(4)pz, Q, = 1.40(11)b, and the change in mean square charge ra-

dius 5(r2)'8 '=0.248(12) fm2 were deduced. These ground-state properties indicate a large prolate de-

formation of e2-—0.4 and allow a comparison with calculations performed in the particle-plus-deformed-
core model, assigning a [422]—' Nilsson configuration to the ground state of "Sr.

PACS number(s): 21.10.Ft, 21.10.I( y, 21.10.Hw, 27.50.+e

The region of the nuclear chart with about an equal
proton and neutron number around the submagic shell
gaps at Z, N =38 and 40 is known to exhibit a coexistence
of strong prolate and strong oblate deformations in con-
nection with a rapid transition from spherical to de-
formed shapes [1]. Several theoretical calculations
indeed predict unusual shape fluctuations in this region
[2—5]. For the neutron deficient strontium nuclei, studies
of the nuclear level schemes revealed a very strong pro-
late ground-state deformation for the isotopes approach-
ing N=z =38 [6]. Only for the isotopes with A ~78,
could values for the quadrupole deformation be extracted
from lifetime measurements of low-lying excited levels.

Key information to identify the ground-state
configuration of the odd isotopes is provided by the deter-
rnination of the spin and the nuclear electromagnetic mo-
ments. Such detailed knowledge in combination with
theoretical calculations will furthermore lead to reliable
information about the nuclear ground-state deformation.

So far the series of strontium isotopes studied by laser
spectroscopy reaches from Sr to ' Sr [7—11]. In this
paper, an extension of these measurements towards the
lightest known odd strontium isotope Sr is reported.

Fast-beam collinear laser spectroscopy with nonoptical
detection was used to measure the hyperfine structure in
the SrII transition Ss S,&2~5p P3/2 The method in-
volves the detection of resonant laser-ion interaction in a
three-step process [12]: optical depopulation pumping,
in-flight state selective neutralization on an alkali vapor,
and charge state separated atom counting. A refinement
of this technique utilizing the strong dependence on the
ion energy of the neutralization cross sections was used to
discriminate the strontium ions from rubidium contam-
inations in the beam.

This Brief Report describes the experiment in more de-
tail and presents the results and the extraction of the nu-
clear observables from the data. A discussion of the de-
formation of Sr and an interpretation of the results by a
comparison with calculations in the particle-plus-
deformed-core model is given.

The experiment was performed on line at the mass
separator ISOLDE 2 at CERN [13]. The neutron
deficient strontium isotopes are produced in a spallation
reaction induced by the irradiation of a Nb-powder target
(50 g/cm ) with 600-MeV protons. The reaction prod-
ucts diffuse out of the target into the surface ionization
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FIG. 1. Experimental setup for collinear
laser spectroscopy on strontium ions with the
nonoptical detection scheme based on optical
pumping, state selective neutralization, and
atom counting. The ions are slowed down be-
fore neutralization in order to reduce the rubi-
dium contamination in the final atomic beam.

source. The produced ions are extracted by an electro-
static potential of 40 kV, leading to a Sr [T,/2=9(1) s]
beam intensity of =10 ions/s. The isobaric Rb beam
contamination is about 10 times higher ( =6 X 10
ions/s).

Fast ion beam collinear laser spectroscopy is per-
formed in the Sr II transition 5s S&&2~5p P3/2
Q, =407.9 nm). The resonant interaction between laser
photons and ions is detected via a three-step nonoptical
detection scheme (see Fig. 1). Details of the method are
presented in Ref. [12]. Optical depopulation pumping
from the Ss ground state to the 5p state and subsequent
decay populates the metastable 4d states. For these the
neutralization cross section in collisions with sodium
atoms is much larger than for ions in the ground state.
Therefore, the ions are transmitted through a sodium va-
por cell. The remaining ions and the atoms are electro-
statically separated and counted by a secondary electron
multiplier. The laser resonances then show up as peaks
in the neutralized particle count rate.

Applied to pure beams of one isotope, this detection
mechanism o6'ers a considerable gain in overall sensitivity
compared to fluorescent photon detection, as was illus-
trated by the measurements on Sr and ' Sr [9,11]. A
strong contamination of the mass-separated beam with
isobaric ions, however, produces a large background if
the corresponding neutralization cross section is compa-
rable to the one of the element under study. Therefore,
the method had to be refined for the present experiment.

The impact energy dependence of the neutralization
cross sections was exploited to reduce the Rb background
count rate. This is illustrated in Fig. 2 where the experi-
mental neutralization cross sections for Sr+(5s), Sr+(4d),
and Rb+ on Na are presented [14]. The Rb cross section
becomes extremely small at low beam energy, while the
Sr cross sections fall much more slowly with decreasing
energy: the ratio cr [Sr+(5s) ]/o (Rb+) increases from
=3 at 30-keV energy to =75 at 5 keV. Therefore,
the ion beam was decelerated to 5 keV prior to
neutralization. Then, also, the cross-section ratio
o [Sr+(4d)]/o[Sr+(Ss)] rises by a factor of about 2.5 re-
sulting in a 100 times better total sensitivity [15].

The procedure for measuring the Sr resonances is
essentially the same as in the earlier collinear laser spec-
troscopy measurements on strontium isotopes [10]. The
resonances are traced by Doppler tuning, i.e., by varying
the voltage applied to a Faraday cage around the optical
pumping region while the 1aser frequency is kept con-
stant. For the isotope shift measurement, the resonances
of the even isotopes ' Sr are registered in the same
measuring cycle.

The spectrum obtained for Sr in a 40-s per channel
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FIG. 2. Cross sections for neutralization of Rb ions (+) and
ground state (~) and metastable state (&) Sr ions on Na as a
function of the impact energy as measured in [14].

measurement is given in Fig. 3. A least-squares fit assum-
ing the nuclear spin I =

—,
' leads to a g value of 120.

With other spin assumptions, y is much higher (for
I =—32, y =155, and for I=—', , g =150), thus giving
strong support for the I=—,

' nuclear spin assignment.
Furthermore, the observed line intensities are in perfect
agreement with the predictions from rate equation calcu-
lations for I=—,', which is not the case for other spin
values. The final values for the hyperfine parameters are
determined taking a fixed ratio /l ( S, /2 )/2 ( P3/2 )

=27.74, known from the other Sr isotopes [10]. This
yields A ( S,/2) = —573.8(30) MHz, A ( P3/z)= —20.7(2) MHz, and 8( P3/2)=370(15) MHz, and the
isotope shift IS ' = —960(18) MHz.

From the hyperfine parameters /I ( S, /2 ) and 8 ( P3/p),
the nuclear magnetic dipole moment and the nuclear
spectroscopic electric quadrupole moment can be de-
duced using the values for Sr as references [10]. This
yields p= —0.348(4))M& and Q, = 1.40(11)b. Apart from
the error on the hyperfine parameter, the error on the
magnetic moment includes an uncertainty of 0.002pN in-
troduced to account for the unknown hyperfine anomaly
[16]. The main contribution to the error on the quadru-
pole moment stems from the uncertainty in the reference
value for Sr and is related to the determination of the
atomic factor in B.

Following the procedure described in Refs. [9,10], the
change in the mean square charge radius 5(r )
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FIG. 3. Hyperfine split spectrum of the ionic transition
Ss'S&&2~5p I'3/2 of "Sr recorded by state selective atom
counting in a 40-s per channel measurement.

=0.248(12)[46] fm was deduced from the isotope shift.
The error between parentheses gives the experimental un-
certainty (statistical error and error due to the voltage
calibration), while the error between square brackets in-
cludes a systematic error due to the atomic parameters in
the evaluation of the isotope shift.

Extensive information on the nuclear ground-state
properties of the light strontium isotopes has been col-
lected during the last decade [1]. The study of nuclear
level schemes [6], the measurements of reduced transition
probabilities (BE2 values) [17], as well as the laser spec-
troscopic studies in this region [7—10] show that the neu-
tron deficient strontium isotopes gradually develop a very
strong deformation far away from stability.

So far no quantitative measure of the Sr deformation
has been obtained. Our measurements of the nuclear spin
and the moments allow the extraction of the quadrupole
deformation parameter as we11 as an identification of the
ground-state configuration by comparison with the calcu-
lated values from the LUND particle-plus-deformed-core
model. A full description of the model and details of the
calculation method can be found in [18]. In the modified
harmonic-oscillator potential, the Nilsson parameters
Ir„=0.07 and p„=0.40 (Is and ll coupling) are used [19].
The pairing strength is taken as GA =22—8(N —Z)/A
MeV and &SN orbitals above and below the Fermi level
are included in the calculation. The moment of inertia is
assumed to vary according to the formula

J; =4BE2 sin (y ,'mi), ——

where 8 is calculated to reproduce the energy of the first
excited 2+ state of the even-even core, i.e.,
E +( Sr)=261 keV [20]; i =1,2, 3 denotes the intrinsic
axes of the nucleus. In the calculation of the magnetic
moment, the gyromagnetic ratios g& =Z/A and

g, =0.6g,"' are used.
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FIG. 4. Comparison of the experimental nuclear level
scheme and nuclear moments with a calculation in the LUND

particle-plus-deformed-core model assuming a quadrupole de-
formation ez=0.4. The level energies are given in keV. (I) gives
the full calculation taking into account all positive-parity orbit-
als close to the Fermi level, while (II) is restricted to the [422]—'
Nilsson orbital.

In a full quasiparticle-plus-deformed-core coupling cal-
culation including the positive-parity orbitals originating
from the 1g—,

' shell and the downsloping 2d —,
' and 1g—,

' or-
bitals, good agreement between experimental and calcu-
lated level spacings for the ground-state band was found
for a prolate quadrupole deformation @2=0.40 (see Fig.
4). The spectroscopic quadrupole moment calculated at
this deformation (Q "=1.375 b) is in perfect agreement
with the experimental value. The reproduction of the
magnetic moment (p""=—0.611@,~) is also satisfactory.
The ground-state band is calculated to be of very pure
Nilsson [422]—,

' character (only about 2% admixture of
the [431]—,

' configuration). Therefore, a calculation with

only this [422]—, orbital was carried out, yielding
Q;"'(II)=1.470 b and p, "(II)=—0.318p,~. However,
the energy spacings in the band are then calculated too
large (Fig. 4). This could be overcome by choosing a
larger value for the moment of inertia, which would
mean that Sr is a more rigid rotor than the even-even
neighbor Sr, or by the introduction of an appropriate
Coriolis attenuation. The strong dependence of the mag-
netic moment on small admixtures of the other orbitals in
the wave function is due to the fact that the collective
and single particle contributions cancel out to a large ex-
tent. Although a more detailed comparison with experi-
ment of the particle-rotor calculations is not possible due
to the lack of spectroscopic information at higher excita-
tion energy, the results give an unambiguous
identification of the ground state of ~7Sr with a [422]—,

'
Nilsson configuration.

The very large deformation predicted by the particle-
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rotor model is in perfect agreement with the measured
quadrupole moment. This is also reflected in the validity
of the strong-coupling limit which gives an intrinsic
quadrupole moment go=3.92(31) b and a~=0 39.5(25)
[21]. Moreover, the observed change in the mean square
charge radius is reproduced by the droplet model [22] if
this deformation is included in the procedure described in
Ref. [9].
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