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Abstract: A high-resolution isotope shift measurement of lithium isotopes in a suitable transition,
combined with an accurate theoretical evaluation of the mass-shift contribution in the correspond-
ing transition, can be used to determine the root-mean-square nuclear charge radii of these
isotopes. For the unstable ®°Li and the short-lived halo nucleus “Li, this is the only approach
available for obtaining nuclear-model-independent values of the charge radii within the reach of
present-day facilities. An experiment of this type is currently underway at GSI and planned for
[SOLDE/CERN. The laser spectroscopic scheme and the experimental setup for the isotope shift
measurement of lithium isotopes is described. The preliminary results is presented and the accura-
cy and sensitivity of this method is discussed,
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1 Introduction

The investigation of halo nuclei has received
considerable attention since the mid-eighties and
many approaches for a description of this exotic
structure have been developed). However, the
fundamental question of how much the core nucle-
ons are affected by the presence of the halo-forming
nucleons is still open. Hence, an experimental de-
termination of the root-mean-square (rms) charge
radius of the neutron halo nucleus !'Li, particular-
ly its change from that of °Li, is of great interest
and would constitute a sensitive test for various
nuclear models.

Fundamental nuclear data for all accessible

lithium isotopes are listed in Table 1, including the

rms mass and charge radii. Though the charge ra-

Received date: 5 Mar 2002; Corrected: 10 Mar 2002
*  Foundation item: BMBF(06TU988)

dii of the two stable isotopes of lithium are known
from the electron scattering method, this conven-
tional approach is not applicable for 8°*''Li because
of their short lifetimes and low production rates.
Other methods like K-X ray or muonic atom spec-
troscopy are also excluded for the same reason.

A promising approach is based on a combina-
tion of atomic physics measurements and recent ad-
vances in atomic theory; the frequency of a transi-
tion out of the 2s ground state of the lithium atom
is slightly affected by the finite nuclear charge dis-
tribution, and a measurement of the corresponding
field shift can provide a nuclear-model-independent
However, this field

value of the charge radius.

shift is accompanied by a mass-dependent shift that


http://www.cqvip.com

+ 286 -

B ¥ &% 9 ik

%19 %

is 4 orders of magnitude larger and must be calcu-
lated with a relative accuracy of better than 107° to
separate it from the overall isotope shift (see Table
2).

for 2s— 35 and 25— 2p transitions in atomic lithi-

The calculation has recently been completed

um!®. By performing high-precision variational
calculations for lithium and lithium-like ions with
the use of multiple basis sets in Hylleraas coordi-
nates, Yan and Drake have achieved the accuracy
of ~ 200 kHz for the mass shift in these transi-

tions. A formula for deducing the nuclear charge

Table 1

radius of a lithium isotope with mass number A is
provided as:

A A
meas EO

2 (LD = 2, LD 4 £ :
C
where EZ%.,. is the measured isotope shift, E? con-
tains all the calculated contributions to the isotope
shift except for the nuclear size contribution. The
constant C for the 2s— 3s transition is — 1. 566 2

MHz/fm?. The calculated values of E% for all lithi-

um isotopes are listed in Table 2,

Summary of nuclear spin and parity (J*), half-life (T:/, ), magnetic dipole and electric

quadrupole moments (4; and Q), rms matter and charge radii of the lithium isotopes”

Isotope R Tis2/ms [ JE23 Q/mbarn Rpyte7] R 18
SLi 1+ oo 0. 822 047 3(6) —0.83(8)f 2.35(3), 2.45(7) 2.55(4)
7Li 3/2- oo 3.256 426 8(17) —40,0(3)04] 2.35(3) 2.39(3)
8Li 2+ 838(6) 1.653 560(18) 31.1(5)(8] 2.38(2), 2.45(6) ?
9Li 3/2- 178.3(4) 3.439 1(6) —27.4(1,0)03) 2.32(2), 2.43 (T ?
UL 3/2— 8.59(14) 3.667 8(25) —31.2(4.5)05] 3.10017), 3.62(19) ?

Table 2  Expected mass shifts E{ between all accessible lithium isotopes for the transition

25— 3st”7, where the field shift value between "Li and *Li is calculated from the electron

scattering data with the formula provided in the same paper

TLi—*Li

8Li—SLi

SLi—SLi MLi—SLi

Mass shilt [MHz] 11 453.07(6)

Field shift [MHz] —1.24(39)

20 088.23(10)

26 785.18(13) 36 555.34(21)

? ?

In the following, a laser spectroscopic scheme
and the corresponding setup that will allow the de-
termination of the isotope shift with an accuracy
comparable to these calculations are described. We
expect to determine the rms charge radii of the un-

stable lithium isotopes with an uncertainty of less

than 2% .

2 Experiment

Fig. 1 shows the level scheme of lithium and
the excitation path that has been chosen in order to

provide both high accuracy and sufficient excitation

and ionization efficiency to compensate the low
production rate and short lifetime of ''Li. The 25—
3s transition is used to probe the isotope shift with
the required accuracy. The Doppler-free excitation
offers the advantage that all atoms of the entire ve-
locity distribution fulfill the resonance condition
and a narrow resonance line can be observed. Qut
of the 35 state the lithium atoms undergo spontane-
ous decay into the 2p state and are then efficiently
The decay

process to 2p decouples the 25 and 3s states from

ionized via the 3d intermediate level.

the strong ionizing laser beam , which otherwise
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Fig.1 Level diagram and the excitation scheme for the reso-

nance ionization of an atomic lithium

can cause light shift and broadening. This excita-
tion scheme has been tested for the stable isotopes
&7Lil% ) From the results of these measurements

an ionization efficiency of ~ 107* has been esti-

mated.

The experimental setup is shown schematical-
ly in Fig. 2 . It shows the laser system on the left
side and the vacuum apparatus including the qua-
drupole mass spectrometer on the right side. Lithi-
um ions created in the tantalum target via proton-
induced spallation, fission and fragmentation are
accelerated to ~60 keV per nucleon, mass separa-
ted, and implanted into a graphite foil, from which
they are released as atoms with thermal energies.
Resonant laser excitation is used to re-ionize the at-
oms. The ions are then again mass separated and
detected with a commercial quadrupole mass spec-
trometer. The isotope shift will be measured in the
25— 3s two-photon transition, which offers both a
narrow line profile for a precise determination of
the transition frequency and high efficiency. The
subsequent low-background single-ion detection

provides a sufficiently high signal-to-noise ratio.
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Fig. 2 Experimental setup for the resonance ionization of lithium

To assure the necessary frequency precision of
the order of 100 kHz the Ti:Sa laser will be stabi-
lized by RF-offset locking relative to a 735 nm di-

ode laser, which in turn is stabilized to a molecular
iodine transition as a fixed frequency reference

point, An appropriate transition in iodine has been
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located at 13 603. 22 cm™! and its hyperfine struc-
ture was recorded using FM-saturation spectrosco-
py. The iodine cell was heated to ~600 °C to pro-
vide sufficient population of the lower level of the
hot-band transition. A saturation signal recorded
with laser powers of 20 mW in the pump and 1mW
in the probe beam (1 mm diameter) is shown in
Fig.3 (a). Three groups of unresolved and three
single hyperfine lines were observed. The stron-
gest isolated line (a;) is well separated from all
others and will be used for locking the diode laser.
A signal-to-noise ratio of about 300 was achieved
for this line and it shows a peak-to-peak width of
~10 MHz. Thus an accuracy of about 30 kHz for

locking to the reference point can be expected.
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Fig. 3 (a) Hyperfine speetrum of the iodine transition X' 3/
- B0.* R(114) 2—11 at 600 °C; (b) shapes of the

mass peaks of the stable lithium isotopes " Li

The ions obtained by the resonance ionization
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