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ABSTRACT
The new collisional reionisation scheme in collinear laser
spectroscopy has enabled the study of hyperfine structures and
isotope "shifts of xenon isotopes over the large mass range A=116-
146. The sensitivity of this method is demonstrated by the discovery
of *46Xe. Mean square charge radii, and spins and moments of the

neutron-rich isotopes 137.129.3141.143%e are deduced and discussed in

comparison with earlier results on barium.
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Owing to laser-spectroscopic techniqgues, the information about
nuclear spins, moments and radii in isotopic chains of the alkali
and alkaline earth elements has become rather extensive. In the
N = 82 region these elements include barium (Z = 56) [1] and caesium
(2 = 55) [2] whose isotopes far from stability seem to develop well-
deformed shapes. Therefore, it is of particular interest to study
the transition into the near-spherical region of 2 = 50. For Z = 54
the noble gas structure of xenon involves high electronic excitation
energies which prevent laser spectroscopy in transitions from the
5p¢ 1So ground state. However, the metastable J = 2 state of the
configuration 5p®6s can serve as a basis, because it is efficiently
populated in fast-beam charge transfer neutralization. Moreover, the
particular features of the noble gas spectrum can be exploited for a
new spectroscopic method of unprecedented sensitivity by optical
pumping into the ground state and collisional ionization of the
remaining metastable atoms. Here we report the first application of
this technique [3] to the xenon isotopes far from stability.

The experiment was carried out at the ISOLDE mass separator at
CERN. Neutron-deficient and neutron-rich isotopes are produced by
the impact of 600 MeV protons on different targets. **€-3°Xe are
obtained from spallation in a molten-La target, and 12€-1<46Xe from
fission of uranium in the form of UC> heated to 2200°C. The products
are guided to the plasma ion source through a cooled transfer line
[4]. Natural xenon in the source is used to cover the intermediate
range of stable isotopes.

The 60 keV Xe+ beam is superimposed collinearly on the laser beam
and then passes a caesium-vapour neutralization cell, where the

metastable 5p56s [3/2]= atomic state is populated by near-resonant



charge transfer. The laser excitation to 5p=6p [3/2]= is detected
either by fluorescence or by the new scheme of collisional ioniza-
tion and ion counting (Fig. 1). For this purpose a differentially
pumped gas target is installed downstream from the optical
excitation region, and the ions created here are deflected onto the
cathode of a secondary electron multiplier.

This scheme utilizes the large cross-section for electron strip-
ping from atoms in the high-lying metastable 5p=6s [3/2]= state. The
relevant part of the energy level diagram of xenon is shown in
Fig. 2. Laser excitation to 5p=6p [3/2]= at 823 nm depopulates the
metastable level and pumps the atoms into the 5p® *So ground state.
Thus the resonance is detected via the optical pumping process as a
drop~out in the ion counting.

Considering the sensitivity we find for *#¢Xe with 400 atoms/s
from ISOLDE that a clear signal (S/N = 5) is recorded within 35 min.
This has to be compared to the 1limit of standard {fluorescence
detection which for xenon amounts to about 10 atoms/s. The huge
gain is ascribed to two reasons: (i) inefficient photon detection is
replaced by very efficient ion detection; (ii) the dominant stray-
light background of fluorescence measurements is totally eliminated.
These features have been exploited similarly for spectroscopy on the
alkaline earth ions, where optical pumping is detected by a change
in the charge transfer neutralization rate [5]. On the other hand,
the particle detection has to cope with sources of background that
are different in nature: (i) Isobaric beam contamination from
reaction products or impurities in the target or ion source can
easily exceed the xenon yields by several orders of magnitude. Such

a contamination is Jlargely avoided by careful outgassing and by



trapping of the less volatile products and impurities from the
target in the water-cooled transfer line to the ion source. (ii) The
ion detector is also sensitive to radiocactivity collected during the
measurements. Therefore, the cathode consists of an aluminized mylar
tape which can be moved by remote control. Still, a typical rate of
10-20 counts/s arises from background radioactivity.

Apart from this background the sensitivity is mainly determined by
the efficiency and state selectivity of the ionization process. The
total ionization efficiency as a function of the target gas pressure
is limited by reneutralization, and the flop-out signal for complete
optical pumping depends on the non-vanishing cross-section for ioni-
zation from the ground state. The best compromise between ionization
efficiency and selectivity was obtained with a 10*5/cm® Cl2 target.
A guantitative estimate of the sensitivity limit can be based on the
following numbers: 50 % total transmission of the beam line and the
apparatus, 50 % neutralization and 10 % reionization efficiency with
a 50 % flop-out signal on the ion current. This shows that signals
from less than 100 atoms/s can be detected within reasonable
measuring time. Improvements may be expected from a more detailed
investigation of the fast-atom collision processes.

The spectra of *26-118Xe and *%*-14€Xe were obtained by recording
the ion count rate versus the acceleration voltage (Doppler tuning).
As an example Fig. 3 shows the 1%2Xe hyperfine structure (hfs)
pattern which corresponds to a magnetic moment close to zero and a
large quadrupole moment. For the remaining isotopes 129-242)¥e the
yields are sufficient for optical detection. As a reference for
isotope shift (IS) evaluations the spectrum of a stable isotope

(**€Xe or *3°Xe) was periodically recorded during all measurements.



Changes in the nuclear mean square charge radii relative to *3¢5Xe
were deduced from the IS data (Table 1). The evaluation is analogous
to that described in ref. [6]. In the extraction of field shifts
from the observed IS the specific mass shift (SMS) was estimated to
be =zero with an error of * the normal mass shift (NMS). This is
suggested by the opposite sign of estimates by King [7] and earlier
authors and results from recent muonic data [8]. The value for the
electron density at the site of the nucleus was derived from the
5p®ns level energies, for which the Goudsmit-Fermi-Segré formula
yields |1+5.(0)|2 = 2.85 ao—2. We used the screening factor f# = 1.16
[7] and the IS constant Cunze = 44.37 mK [9].

The new §<r2> values for xenon may be compared with the corre-
sponding results for the neighbouring even-Z element barium. In
Fig. 4 Dboth 6<x2> chains are plotted against the neutron number N.
As a dominant feature they show the distinct kink at the neutron
shell closure N = 82 which is conventionally explained by increasing
dynamic and static deformation on either side. This qualitative
interpretation is supported by the trend of a less pronounced kink
for xenon (Z = 54), corresponding to the neighbourhood of the magic
proton number Z = 50. For the neutron-deficient isotopes the xenon
data beyond midshell (N = 66) suggest a parabolic trend similar to
the one pointed out first for the cadmium isotopes between N = 54
and 72 [13). However, a fit to the data shows that this picture
already has to be modified four protons away from the shell closure:
From N = 82 to N = 68 the radii develop almost linearly, and around
midshell the increasing deformation saturates at an equilibrium
value of B2 = 0.3 which is roughly consistent with the information

from B(E2) values [14].



From the hfs of the odd neutron-rich isotopes were determined the
nuclear spins as well as the magnetic and electric hyperfine
parameters A and B (Table 2). The magnetic moments were evaluated
using as reference values the magnetic moment [15)] and the precise
hfs constant for the metastable state [16] of *2°Xe. The errors of u
were chosen as to account for hfs anomaly effects which would be
reflected in the A-factor ratio between the metastable 5pS6s and the
excited 5ps6p state. The spectroscopic guadrupole moments were
obtained taking as reference Q. = -0.116(4) b from a recent measure-
ment of the hfs in muonic *23Xe [17]. This essentially confirms the
semi-empirical analysis of the optical hfs by Faust and McDermott
[16], indicating a small Sternheimer shielding correction.

In the presently investigated series of odd-A nuclei, 3*37-143ZXe,
the spins follow exactly those of the isotones 13®-145Ba [1]. This
similarity suggests a direct comparison of the individual moments
which for barium were interpreted [1] within the particle-rotor
scheme. The neutron orbitals above N = 82 originate from the f-.,2,
he,» and iis,2 shell model states. For N = B3 and N = 85 the
isotones in barium and xenon have rather similar moments, and the
interpretation of 2>27Xe as a spherical f-,2 state and *3°Xe as a
3/2- state with the main component from [532 3/2] can be directly
inferred from the arguments given for 23°Ba and **1Ba. A decoupled
configuration is suggested for N = 87 by the negative quadrupole
moments of 243Ba and *#2Xe. The very small magnetic moment of **2Xe
can be explained by a similar 5/2- level as in **3Ba, built on the
main components from [530 1/2] and [532 3/2]. An interesting case is
N = 89 where Leander et al. [18] state the influence of octupole

deformation on +the single-particle structure around 3*%%Ba. The



reflection-asymmetric potential gives rise to a substantial lowering
of the [523 5/2] level towards the Fermi energy at A = 145. It is
surprising to find this level again as the ground state of 123Xe.
One has to conclude that reflection-asymmetric orbitals persist for
the N = 89 nuclei even close to Z = 50. The magnetic moment which is
rather insensitive to fa [18] becomes smaller for xenon, as it is
expected for smaller quadrupole deformation = [19].

Measurements on the neutron-deficient odd-A isotopes are in
progress. Obvious extensions of the technique can be found in
studies of the radon isotopes at the borderline of the octupole
deformed region of Ra-Th nuclei around A = 224, and the krypton

isotopes around N = 38 and N = 60.
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FIGURE CAPTIONS

Figure 1: Schematic view of the experimental setup.

Figure 2: Level structure of Xe. The 6s [3/2]=2 level is populated
by charge transfer from the Cs ground state. The pumping

process is indicated by arrows.

Figure 3: Hyperfine structure of 2<*Xe recorded by the particle

detector.

Figure 4: Development of the charge radii in Xe (2 = 54) and Ba
(z2 = 56) with droplet model [10] isodeformation lines. Recent
results for 120.121Ba [11] and *4®Ba [12] have been
added to the Ba curve of ref. [1]. Preliminary data are

included for the light odd-A Xe isotopes.



Table 1:

Isotope shift and deduced
Round brackets indicate experimental errors, while
square brackets give the errors due to uncertain-
ties in the SMS and the electronic Factor F.

§<r2> relative to 3¢Xe,

A IS (MHz) §<r2>136.a (fm2)
116 1120 (19) -0.599 (9) [140)
118 833 (17) ~0.460 (7) [120)
120 643 (16) -0.363 (7) [110]
122 523 (13) ~0.299 (6) [90)
124 418 (11) -0.242 (5) [80]
126 330 (16) -0.193 (7) [60]
128 261 (10) -0.152 (4) [50]
129 271 (7) -0.152 (3) [40]
130 203 (6) -0.117 (3) [40]
131 229 (6) -0.124 (2) [30)]
132 150 (4) ~0.0844 (17) [200]
134 97 (3) -0.0518 (13) [120]
136 0 0
137 -224 (6) 0.105 (3) [10]
138 -545 (6) 0.254 (3) [20]
139 -769 (13) 0.359 (6) [30]
140 -1042 (5) 0.486 (2) [40]
141 ~1266 (9) 0.591 (4) [50]
142 -1522 (20) 0.710 (9) [60]
143 ~1698 (8) 0.794 (4) [70]
144 -1943 (10) 0.908 (5) [80]
146 -2352 (12) 1.100 (5) [100]



Table 2: Nuclear spins, hyperfine parameters A., Bm for the metastable
5p6s [3/2]= state and Aa, Be for the excited 5p=6p [3/2]a state,
and deduced nuclear magnetic dipole moments p and electric
quadrupole moments Q..

A I A (MHz) Ao (MHz) p (n.m,) Bm (MHZ) Ba (MHz) Qa (b)

129 1/2 -2384.5031(4)= -B886.1(8) -0.777976(9)®

131 3/2 706.47422(18)= 263.1(6 0.691B61(4)> 252.5263(6)= 29(2) =-0.116(4)*
137 7/2 -424 (2) -157 (1) =-0.968(8) 1050(16) 126(9) ~0.48(2)
139 3/2 -311 (6) ~115 (3) -0.304(10) -865(18) -107(10) 0.40(2)
141 5/2 6.3(9) 2.1(7) 0.010(4) 1259(7) 150(6) =-0.58(2)
143 5/2 -281.9(3) ~104.9(3) -0.4599(14) -2025(3) -244(3)  0.93(3)

2 from ref. [16]
= from ref. [15]
c from ref. [17]
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