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Abstract. Spins, electromagnetic moments and radii are basic observables characterizing a particular nucleus. We review a variety of experimental techniques
currently used to measure these quantities for unstable nuclei far from stability
and for isomeric nuclear states. The experiments can be traced back to two diﬀerent principles: Optical high-resolution spectroscopy reveals the interaction between
nuclear moments and the electromagnetic ﬁelds produced by the shell electrons.
On the other hand, β- or γ-ray detection reveals the movement of nuclear spin
systems in externally applied ﬁelds or hyperﬁne ﬁelds produced by a crystal lattice
surrounding. The relevance of such measurements for nuclear structure research is
discussed in connection with selected examples of results.

1 Introduction
The structure of nuclei is a ﬁngerprint of how protons and neutrons in these
many-particle systems interact in order to form a bound nucleus. Measuring
nuclear properties is of utmost importance to understand the interactions
which bind the protons and neutrons together in an isotope with a mass
A = Z + N (= bound nucleus with Z protons and N neutrons). Next to the
few hundred stable and long-lived nuclei that occur in our universe, several
thousands of unstable nuclei are predicted to be bound. In our laboratories,
more than 2000 of them have been produced to date, and for several hundreds
of them basic properties such as mass, lifetime, decay and excitation scheme,
spins and moments have been investigated thoroughly.
These basic properties allow us to derive directly or indirectly information
on the nuclear structure, as well as on the strong nuclear force. Comparison
of the experimental properties of very exotic nuclei to calculations performed
with diﬀerent nuclear models allow testing the predictive power of these models when going to the extremes, or give a hint on how to further improve the
nuclear models and their parameters. Some properties are immediately sensitive to the pairing interaction between nucleons, while others reveal more
information about the proton-neutron interaction or about nuclear deformation and other phenomena, as discussed e.g., by Grawe in [1].
To get a clear understanding of the single-particle structure or the collective nature of nuclear states, static nuclear moments are crucial ingredients.
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The magnetic moment is sensitive to the single-particle nature of the valence nucleon, while the nuclear quadrupole moment is also sensitive to the
deformation. Since more than 40 years, with a peak in the seventies and
eighties, nuclear moments of radioactive nuclei have been measured, both in
the ground state and in some isomeric states [2]. Experiments were mainly
done for nuclei close to the valley of stability and on its neutron-deﬁcient side,
because the nuclei were produced mostly in fusion-evaporation or spallation
reactions.
Since the nineties, there has been a renewed interest to measure nuclear
moments. This is because it has become possible to produce and select very
exotic nuclei in suﬃcient quantities (> 102 –103 s−1 ), as discussed by Huyse
[3] and by Morrissey and Sherrill [4]. Fascinating new features have been
discovered in nuclei far from stability, the most striking one being the existence of “halo” structures in nuclei with a very asymmetric proton to neutron
ratio (see Al-Khalili [5] for an introduction to this subject). Also the appearance and disappearance of magic numbers has been a topic of several recent
investigations, both experimentally and theoretically (see [1] and [6] for an
introduction and some examples).
In this lecture, we shall present some techniques which allow studying
the static nuclear moments of exotic nuclei in their ground state or isomeric
states, and give some examples of recent experiments on exotic nuclei. Comprehensive review papers have been published by Otten [7] on the use of
atomic spectroscopy methods for nuclear moments research (see also more
recent reports [8, 9, 10]), and by Neyens on the use of nuclear spin-oriented
radioactive beams [11].

2 Monopole, Dipole and Quadrupole Moments
2.1 The Nuclear Mean Square Charge Radius
In atomic physics the nucleus is usually considered to be a positive point
charge Ze forming the center of gravity of a system of electrons. The nuclear
mass and size aﬀect very little the atomic energy levels, and this is reﬂected
in the isotope shifts which are accessible only to very high resolution atomic
spectroscopy methods. The ﬁnite nuclear mass gives rise to a small nuclear recoil energy which is observed as a “mass shift” between the atomic transition
frequencies of diﬀerent isotopes. This eﬀect is not used to deduce information on nuclear properties or nuclear structure since nuclear masses can be
measured directly with high accuracy, as discussed by Bollen in [12].
A second part of the isotope shift is due to the nucleus not being a point
charge, but having an extended charge distribution which changes from one
isotope to another. Traditionally this is called “nuclear volume shift” or “ﬁeld
shift”. Roughly speaking, the extension of the nuclear charge can be expressed
by a charge radius Rp . Due to this nonzero radius the binding energy of a
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real atom is smaller than that of a hypothetical atom containing a pointcharge nucleus. Of course, this eﬀect cannot be measured directly, because
a point-charge nucleus does not exist, but it is visible in the shift between
the transition frequencies of diﬀerent isotopes for which Rp is diﬀerent. Vice
versa, information about diﬀerences of radii can be obtained from the measurement of isotope shifts. As nuclear radii are sensitive to details of the
nuclear structure such as shell eﬀects and deformation, this has become an
important tool for exploring the behavior of nuclear systems.
Considering the nucleus as a liquid drop, with the protons homogeneously
distributed over the sphere of the nucleus, one can assume the radius of the
proton distribution Rp to be equal to that of the nuclear mass distribution,
R = R0 A1/3 ,

(1)

where R0 = 1.2 fm and A is the atomic mass number, i.e. the number of
nucleons in the nucleus. A reﬁned model would distinguish between protons
and neutrons, because the proton radius Rp and the neutron radius Rn develop diﬀerently as a function of the proton number Z or neutron number N .
This distinction is made in the “droplet” model [13, 14] which is often used
to interpret isotope shift data on nuclear radii. Still, the liquid-drop model
can serve as a guide, while it is clear that the interesting physics is found in
local deviations from the global formula (1).
To a good approximation, the nuclear quantity governing the isotope shift
is the second radial moment of the nuclear charge distribution [15],
R
r  =
2

ρ(r)r 2 dr

0

R

,

(2)

ρ(r) dr

0

where the integral in the denominator is just the nuclear charge Ze. This
quantity, called “nuclear mean square charge radius”, can be considered as
a monopole moment of the nucleus. Isotope shifts contain information on
the change of this quantity as a function of the neutron number. For the
liquid-drop nucleus with radius R, one has
r2 LD = (3/5)R2 = (3/5)R0 2 A2/3 ,

(3)

which leads to the diﬀerential eﬀect for small changes of A:
δr2 LD = (2/5)R0 2 A−1/3 δA .

(4)

It is mainly the deviation from this liquid-drop behavior of radii that reveals
interesting features of nuclear structure such as the development of neutron
(or proton) skins, shell closures, pairing and deformation. As a collective
phenomenon the eﬀect of deformation can already be incorporated into the
liquid-drop description.
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Nuclei are not necessarily spherical. The shell structure causes deformed
equilibrium shapes mainly in the regions between the shell closures (magic
numbers) of protons and neutrons. Conventionally this nuclear deformation
is described by a quadrupole deformation parameter β deﬁned by an angular
dependence of the length of the radius vector to the nuclear surface expressed
in spherical harmonics. For the important case of rotational symmetry one
can express this by using an expansion of the nuclear shape in spherical
harmonics Ykq of which Y20 represents the quadrupole deformation term:
R(θ) = R1 [1 + β Y20 (θ)] .

(5)

R1 is chosen such that the nuclear volume is constant, i.e. independent of
β. With these deﬁnitions the mean square radius of a deformed nucleus [15]
becomes
3
3 2 2
R β .
(6)
r2  = R2 +
5
4π
More generally – without the restriction to a sharp nuclear surface – the
right-hand side of (6) can be expressed by the mean square radius r2 sph of
a spherical nucleus which has the same volume,
r2  = r2 sph +

5 2
r sph β 2 ,
4π

(7)

5 2
r sph δβ 2 .
4π

(8)

and the diﬀerential eﬀect becomes
δr2  = δr2 sph +

This expression shows how a change in nuclear deformation aﬀects the change
in the nuclear mean square radius. Note again that all quantities refer to the
charge (proton) distribution in the nucleus and that in particular β is the
charge deformation related to this charge distribution. This should be kept
in mind in particular when comparing the experimental results to nuclear
models.
2.2 The Nuclear Magnetic Dipole Moment
The magnetic moment of a nucleus is induced by the orbiting charged particles (the protons) giving rise to an orbital magnetic ﬁeld (characterized by
gl ) and by the intrinsic spin s = 1/2 of the nucleons, inducing their own
intrinsic magnetic ﬁeld (characterized by gs ). The dipole operator, expressed
in terms of these two contributions, is given by
µ=

A

i=1

gli li +

A

i=1

gsi si .

(9)
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The free-nucleon gyromagnetic factors for protons and neutrons are gl =
(n)
(p)
(n)
1, gl = 0, gs = +5.587, gs = −3.826. The magnetic dipole moment µI
is the expectation value of the z-component of the dipole operator µ:
µ(I) = I, m = I |µz | I, m = I .

(10)

It is related to the nuclear spin I via the gyromagnetic ratio gI : µ = gI I µN ,
with µN being the nuclear magneton.
Within the shell model picture (see [1]) the properties of odd-A nuclei
near closed shells are described by the characteristics of the unpaired valence
nucleon. The magnetic moment of such a nuclear state with its valence nucleon in an orbit with total angular momentum j and orbital momentum l,
can be calculated as a function of the free-nucleon g-factors, and they are
called the Schmidt moments:


1
1
(11a)
g l + gs µ N ,
µ(l + 1/2) =
j−
2
2


1
j
3
(11b)
µ(l − 1/2) =
j+
gl − gs µN .
j+1
2
2
In a real nucleus the magnetic moment of a nucleon is inﬂuenced by the
presence of the other nucleons. This can be taken into account by using “effective” proton and neutron g-factors to calculate the eﬀective single-particle
magnetic moment µ(lj)eﬀ for a nucleon in a particular orbit. The singlenucleon gs -factors are reduced to typically about 70% of their free-nucleon
value in heavy nuclei, while in light nuclei the experimental numbers are
rather well reproduced with free-nucleon g-factors. A detailed discussion on
the diﬀerent corrections required to account for the nuclear medium can be
found in [16] or [17].
The dipole operator is a one-body operator. Its expectation value for a
nuclear state with spin I is given by


n




µz (i) I(j1 , j2 , . . . , jn ), m = I . (12)
µ(I) = I(j1 , j2 , . . . , jn ), m = I 


i=1

For a nuclear state composed of valence nucleons in orbits ji coupled to a
state with spin I, some general additivity rules for the magnetic moment as
a function of the single-particle magnetic moments can be deduced from (12)
by decomposing the wave function |I(j1 , . . . , jn ), m into its single-particle
components |ji , mi . Here one uses Clebsch-Gordon coeﬃcients in case of
two particles [18] and Coeﬃcients of Fractional Parentage for more particles
[19] in an orbit. For a nuclear state described by a weak coupling between
protons and neutrons, the magnetic moment can be calculated [20] as


µp
µn
µn jp (jp + 1) − jn (jn + 1)
I µp
+
+
−
µ(I) =
.
(13)
2 jp
jn
jp
jn
I(I + 1)
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Examples of the additivity of magnetic moments in odd-odd nuclei are given
e.g., in [11] or [20].
2.3 The Nuclear Electric Quadrupole Moment
The non-spherical distribution of the charges in a nucleus gives rise to an
electric quadrupole moment. The classical deﬁnition of the charge quadrupole
moment in a Cartesian axis system is given [20] by
Qz =

A


Qz (i) =

i=1

A


ei (3zi2 − ri2 ) ,

(14)

i=1

with ei being the charge of the respective nucleon and (xi , yi , zi ) its coordinates. In a spherical tensor basis the z-component of the quadrupole operator
is more easily expressed as the zero order tensor component of a rank 2 tensor:

Q02 = Qz =

A
16π  2 0
ei r Y (θi , φi ) .
5 i=1 i 2

(15)

The nucleus is a quantum mechanical system that is described by a nuclear
wave function, characterized by a nuclear spin I. In experiments we observe
the spectroscopic quadrupole moment, which is the expectation value of the
quadrupole moment operator, deﬁned as

 0
I(2I − 1)
(I ||Q||I) . (16)
Qs (I) = I, m = I Q2  I, m = I =
(2I + 1)(2I + 3)(I + 1)
This expression shows that the spectroscopic quadrupole moment Qs of a
nuclear state with spin I < 1 is zero. Thus, although a nucleus with spin
I = 0 or 1/2 can possess an intrinsic deformation, one can not measure this
via the quadrupole moment.
The spectroscopic quadrupole moment can be related to an intrinsic
quadrupole moment Q0 reﬂecting the nuclear deformation β, only if certain assumptions about the nuclear structure are made. An assumption that
is often made (but is not always valid!), is that the nuclear deformation is
axially symmetric with the nuclear spin having a well-deﬁned direction with
respect to the symmetry axis of the deformation (strong coupling). In this
case, the intrinsic and the spectroscopic quadrupole moment are related as
follows:
Qs =

3K 2 − I(I + 1)
Q0 ,
(I + 1)(2I + 3)

(17)

with K being the projection of the nuclear spin on the deformation axis.
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This intrinsic quadrupole moment Q0 , induced by the non-spherical
charge distribution of the protons, can then be related to the nuclear charge
deformation β as follows [21]:
3
Q0 = √ ZR2 β (1 + 0.36β) ,
5π

(18)

with R as deﬁned in (1) and β related to the mean square charge radius as
in (6).
In the shell model, the nuclei are described by a nuclear mean ﬁeld (core)
in which some individual valence nucleons move and interact with each other
through a residual interaction. For calculating the spectroscopic quadrupole
moment, the sum over all nucleons in expressions (15) and (16) is then reduced to the sum over the valence particles. To take into account the interaction with the mean ﬁeld, an eﬀective charge is attributed to the nucleons,
neutrons as well as protons. The eﬀective charges are model dependent: if
a smaller model space is taken for the valence nucleons, the eﬀective charge
needed to reproduce the experimental quadrupole moments deviate more
from the nucleon charges. However, for a large enough model space, the effective charges are found to be constant in a broad region of nuclei and
deviations between the calculated and experimental moments can then be
a signature for unaccounted nuclear structure eﬀects. Eﬀective charges have
been determined in several regions of the nuclear chart by comparing experimental quadrupole moments of nuclei, whose proton or neutron number
deviates from doubly-magic by ±1, to their values calculated in the shell
eﬀ
model. Typical values vary from eeﬀ
π ≈ 1.3 e, eν ≈ 0.35 e in light nuclei [22]
eﬀ
≈
1.6
e,
e
≈
0.95
e
in
the
lead
region
[11].
to eeﬀ
π
ν
Similar as the magnetic moment operator, the quadrupole moment operator is a one-body operator. Thus, for a multi-nucleon conﬁguration of weakly
interacting nucleons one can deduce some additivity rules for quadrupole
moments, starting from the general deﬁnition in (16) and using angular momentum coupling rules and tensor algebra [19, 20]. With these additivity rules
one can predict rather reliably the quadrupole moments of conﬁgurations of
which the moments of the proton and neutron part have been measured [11].
In the same way, by decomposing the single-particle wave function into
its radial, spin and orbital part, the single-particle quadrupole moment for
an unpaired nucleon in an orbit with angular momentum j can be deduced
from (16)
Qs.p. = −ej

2j − 1 2
r  .
2j + 2 j

(19)

Here ej is the eﬀective charge of the nucleon in orbital j and rj2  is the mean
square radius of the nucleon in that orbital.
Note that free neutrons have no charge, eν = 0, and therefore do not
induce a single-particle quadrupole moment. However, neutrons in a nucleus
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interact with the nucleons of the core and can polarize the core, which is
reﬂected by giving the neutrons an eﬀective charge. Because the nuclear energy is minimized if the overlap of the core nucleons with the valence particle
(or hole) is maximal, a particle (respectively hole) will polarize the core towards an oblate (respectively prolate) deformation, as demonstrated in Fig. 1.

Plate 1. Graphical representation of a particle in a orbital j, polarizing the
core towards oblate deformation with a negative spectroscopic quadrupole moment
(left), and a hole in an orbital giving rise to a prolate core polarization (right)

A change of the quadrupole moment as a function of N or Z can be either
a signature for a change in the core polarization or, if the change is drastic,
an indication for an onset of a static nuclear deformation. For example, the
systematic increase of quadrupole moments with decreasing neutron number
in neutron-deﬁcient Po isotopes (see Fig. 2) has been explained by an increase
of the quadrupole-quadrupole interaction between the proton particles and
the increasing amount of neutron holes [23, 24]. Figure 2 also displays the
measured quadrupole moments of isomeric states in neutron-deﬁcient Pb isotopes, having the same spin and valence conﬁguration as those in Po. They
are much larger than those of their Po isotones which is consistent with the
assumption of a statically deformed nuclear potential [25]. This was the ﬁrst
prove that the intruder isomers in the Pb isotopes are indeed deformed due
to the strong deformation-driving eﬀect of the two proton holes in the Z = 82
shell. The intruder isomers coexist with the normal near-spherical structures
at low energy.

3 Measuring Static Nuclear Moments: Basic Principles
Static moments of nuclei are measured via the interaction of the nuclear
charge distribution and magnetism with electromagnetic ﬁelds in its immediate surroundings. This can be the electromagnetic ﬁelds induced by the
atomic electrons (described in Sect. 3.1) or the ﬁelds induced by the bulk
electrons and ﬁrst neighboring nuclei for nuclei implanted in a crystal, usually in combination with an external magnetic ﬁeld (described in Sect. 3.2).
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Plate 2. The increase in the absolute value of the quadrupole moments of isomers
in the Pb region has been understood as due to a coupling of the valence particles
with quadrupole excitations of the underlying core. The observed large quadrupole moments of the intruder isomers in the Pb isotopes are the ﬁrst experimental
evidence for the deformation of these intruder states

The interaction of the three lowest multipole-order nuclear moments with
the surrounding ﬁelds, is an interaction between two scalars, two vectors and
two tensors, respectively:
• The radial nuclear charge distribution inﬂuences the interaction with the
charge of the shell electrons, inducing an overall shift of the electronic ﬁne
structure levels. This energy shift is diﬀerent for each isotope (as well as
for each isomer) and is called the “isotope (isomer) shift”.
• The magnetic dipole vector µ interacts with the dipole magnetic ﬁeld B.
The energy of this interaction is deﬁned by the scalar product of the two
vectors.
• The electric quadrupole moment Qn2 , a tensor of rank 2, with the spectroscopic moment Qs being the zero order component of the tensor [20],
interacts with the second order derivative of the electric ﬁeld, being the
tensor of the electric ﬁeld gradient.
3.1 Electromagnetic Fields in an Atom: The Atomic
Hyperﬁne Structure
Optical Isotope Shift
As pointed out in Sect. 2.1, information on isotopic diﬀerences between nuclear mean square charge radii is contained in the isotope shifts of optical
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spectral lines [26]. Let A, A and mA , mA be the mass numbers and atomic
masses of the isotopes involved. Then for an atomic transition i the isotope
shift, i.e. the diﬀerence between the optical transition frequencies of both
isotopes, is given by






δνi A,A = νi A − νi A = Fi δr2 A,A + Mi

mA − mA
.
mA mA

(20)

This means that both the ﬁeld shift (ﬁrst term) and the mass shift (second term) are factorized into an electronic and a nuclear part. The knowledge of the electronic factors Fi (ﬁeld shift constant) and Mi (mass shift
constant) allows one to extract the quantity δr2  of the nuclear charge distribution. These atomic parameters have to be calculated theoretically or
semi-empirically.
For unstable isotopes high-resolution optical spectroscopy is a unique approach to get precise information on the nuclear charge radii, because it is
sensitive enough to be performed on the minute quantities of (short-lived)
radioactive atoms produced at accelerator facilities. Other techniques are
suitable only for stable isotopes of which massive targets are available. Elastic electron scattering [27] even gives details of the charge distribution, and
X-ray spectroscopy on muonic atoms [28] is dealing with systems for which
the absolute shifts with respect to a point nucleus can be calculated. Thus
both methods give absolute values of r2  and not only diﬀerences. Eventually, the combination of absolute radii for stable isotopes and diﬀerences of
radii for radioactive isotopes provides absolute radii for nuclei all over the
range that is accessible to optical spectroscopy.
Typical orders of magnitude for the mass shift are between GHz (light
elements, Z ≈ 10) and 10 MHz (heavy elements, Z ≈ 80) and for the ﬁeld
shift between 10 MHz (light elements, Z ≈ 10) and 10 GHz (heavy elements,
Z ≈ 80). Laser spectroscopy methods providing a resolution better than
10−8 on the optical frequency scale of order 5 × 1014 Hz can indeed cope with
such small eﬀects. This is the reason why optical isotope shift data for δr2 
are usually very accurate. For a chain of isotopes nuclear structure eﬀects
are often very clearly observable. They are reﬂected by irregularities in the
(relative) changes of radii, even though the (absolute) values of δr2  may
suﬀer from a poor knowledge of the atomic constants Fi and Mi .
An example of the isotopic changes of mean square charge radii deduced
from optical isotope shifts is given in Fig. 3. This is a compilation of data for
the elements close to the magic proton number Z = 82 with many isotopes
below the magic neutron number N = 126. These were obtained from several
experiments using diﬀerent methods of laser spectroscopy, including the ones
discussed in Sects. 4.1 and 4.2. According to (7) the curves not only reﬂect a
regular increase of r2 sph with the neutron number, but in addition they show
pronounced eﬀects of nuclear deformation. This ﬁgure is extensively discussed
in the review by Otten [7]. It nicely illustrates the staggering between near
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Plate 3. (a) Isotopic changes in mean square charge radii for elements in the Pb
region (Z ≤ 82). The large irregularities observed for the most neutron-deﬁcient
isotopes correspond to an onset of strong deformation

spherical oblate and strongly deformed prolate shapes of the neutron-deﬁcient
Au and Hg isotopes. Some of the phenomena, such as the diﬀerent slopes of
the Pb charge radii below and above N = 126, were explained only several
years after the experiments had been performed [29].
Hyperﬁne Structure
Not only the radial distribution of the nuclear charge (monopole moment),
but also the higher multipole electromagnetic moments of nuclei with a spin
I = 0 inﬂuence the atomic energy levels. By interacting with the multipole
ﬁelds of the shell electrons they cause an additional splitting called hyperﬁne structure. For all practical purposes it is suﬃcient to consider only the
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magnetic dipole and the electric quadrupole interaction of the nucleus with
the shell electrons. We have seen that nuclei with I ≥ 1/2 possess a magnetic moment. On the other hand, the shell electrons in states with a total
angular momentum J = 0 produce a magnetic ﬁeld at the site of the nucleus.
This gives a dipole interaction energy WD = −µ · B. The spectroscopic
quadrupole moment of a nucleus with I ≥ 1 interacts with an electric ﬁeld
gradient produced by the shell electrons in a state with J ≥ 1 according to
WQ = eQs (∂ 2 V /∂z 2 ).
For a particular atomic level characterized by the angular momentum
quantum number J, the coupling with the nuclear spin I gives a new total
angular momentum F according to the vector operator formula
F =I +J,

(21)

meaning that |I − J| ≤ F ≤ I + J. The hyperﬁne interaction removes the
degeneracy of the diﬀerent F levels and produces a splitting into 2J + 1 or
2I +1 hyperﬁne structure levels for J < I and J > I, respectively (see Fig. 4).

10 GHz

6

10 GHz

Plate 4. Example of the atomic ﬁne and hyperﬁne structure of 8 Li. For free atoms
the electron angular momentum J couples to the nuclear spin I, giving rise to the
hyperﬁne structure levels F . The atomic transitions between the 2 S1/2 ground state
to the ﬁrst excited 2 P states of the Li atom are called the D1 and D2 lines (in analogy
to Na)

Using quantum mechanical vector coupling rules one obtains an expression
for the hyperﬁne structure energies of all F levels of a hyperﬁne structure
multiplet with respect to the atomic ﬁne structure level J (see, e.g., [30] and
Fig. 4):
WF =

3
C(C + 1) − I(I + 1)J(J + 1)
1
AC + B 4
,
2
2I(2I − 1)J(2J − 1)

C = F (F + 1) − I(I + 1) − J(J + 1).

(22a)
(22b)
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Within the multiplet, these energies depend on only two parameters, the
magnetic dipole interaction constant A (not to be mistaken for the atomic
mass number) and the electric quadrupole interaction constant B. Both these
parameters contain as a nuclear part the respective nuclear moment and as
an electronic part a quantity which is independent of the isotope, given a
chemical element in a particular atomic state:
A = µI Be (0)/(IJ) ,

(23a)

B = eQs Vzz (0) .

(23b)

Be (0) is the magnetic ﬁeld and Vzz (0) is the electric ﬁeld gradient of the shell
electron at the site of the nucleus.
The determination of nuclear moments from hyperﬁne structure is particularly appropriate for radioactive isotopes, because the electronic parts
of (23a) and (23b), namely Be (0) and Vzz (0), are usually known from independent measurements of moments and hyperﬁne structure on the stable
isotope(s) of the same element.
We have implicitly assumed that A and B are the only unknown parameters in (22a). However, for isotopes far from stability very often not even the
nuclear spin is known. It is easily seen that this basic quantity characterizing
a nucleus is directly determined by a hyperﬁne structure measurement, either
from the number of components (for I < J) or from their relative distances.
The size of a hyperﬁne structure depends very much on the coupling
of spins and orbital angular momenta of the shell electrons in a particular
atomic state. The large magnetic splitting produced by a single s electron
varies from the order 100 MHz in light elements to about 50 GHz for the
heaviest elements. The measurement of the quadrupole term requires J ≥ 1
states with non-vanishing orbital angular momentum of at least one electron
in an open shell. For light elements (Z  20), where not only the electric
ﬁeld gradients, but also the quadrupole moments are small, this eﬀect can
usually not be resolved. The possibility to measure quadrupole moments of
light nuclei is one of the strengths of the β-ray detected nuclear magnetic
resonance (β-NMR) technique (see Sect. 5.3).
3.2 Externally Applied Electromagnetic Fields
When a nucleus with spin I is implanted into a solid (or liquid) material,
the interaction between the nuclear spin and its environment is no longer
governed by the atomic electrons. For an atom imbedded in a dense medium,
the interaction of the atomic nucleus with the electromagnetic ﬁelds induced
by the medium is much stronger than the interaction with its atomic electrons. The lattice structure of the medium now plays a determining role [31].
This “hyperﬁne interaction” is observed in the response of the nuclear spin
system to the internal electromagnetic ﬁelds of the medium, often in combination with externally applied (static or radio-frequency) magnetic ﬁelds.
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This is why “nuclear hyperﬁne levels” are deﬁned as the energy eigenstates
of the nucleus in this combination of ﬁelds. The simplest case can just be an
external static magnetic ﬁeld.1
The Magnetic Dipole Interaction
If atoms are implanted into a crystal with a cubic lattice structure (for example a body-centered-cubic BCC or face-centered-cubic FCC), no electric
ﬁeld gradient is induced if the nucleus is on a regular lattice position (substitutional site). In this case, the magnetic substates mI of a nucleus with spin
I remain degenerate.
The degeneracy can be lifted by applying a static magnetic ﬁeld. This can
be an externally applied ﬁeld, typically of the order of a few hundred Gauss
up to several Tesla (1 Tesla = 104 Gauss) or the internal hyperﬁne magnetic
ﬁeld of a host material, typically of the order of 10–100 Tesla.
The interaction of a nucleus with spin I immersed into a static magnetic
ﬁeld B0 is described by the Zeemann Hamiltonian [32]
HB = −

gI µN
I · B0 = −ωL Iz ,


(24)

with ωL = gI µN B0 / being the Larmor frequency and gI the nuclear g-factor.
In an axis system with the z-axis parallel to the magnetic ﬁeld (often called
the laboratory (LAB) system), the magnetic substates mI of the spin operator
are eigenstates of the Zeeman Hamiltonian. The energies of the Zeeman levels
are proportional to mI (see Fig. 5(a)):
Em = −ωL mI .

(25)

This equidistant splitting of Zeeman levels is typically of the order of
a few 100 kHz to several MHz, depending on the strength of the applied
magnetic ﬁeld and on the nuclear dipole strength, characterized by the
g-factor. Several experimental methods have been developed to measure this
Larmor frequency for radioactive nuclei and for their isomeric states. A very
precise value of the nuclear g-factor can be deduced (see Sect. 5), provided
the magnetic ﬁeld at the site of the implanted nucleus is known accurately
enough.
The Electric Quadrupole Interaction
In a material with a non-cubic lattice structure, the implanted nuclei interact
with an electric ﬁeld gradient (EFG) induced by the atoms and electrons in
1

In atomic systems one usually distinguishes between “hyperﬁne structure” arising from the interaction of the nucleus with the shell electrons and “Zeeman eﬀect”
reﬂecting the much weaker interaction with external ﬁelds.
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Plate 5. (a) Hyperﬁne levels of a nucleus immersed into a static magnetic ﬁeld. The
Zeeman splitting is equidistant and proportional to the Larmor frequency νL . (b)
Hyperﬁne levels of a nucleus implanted in a crystal with an electric ﬁeld gradient.
The nuclear level splitting is not equidistant, and proportional to the quadrupole
frequency νQ

the ﬁrst atomic layers around the implanted impurity. For an impurity on
a substitutional (regular) lattice position, the induced EFG has the symmetry of the lattice structure (e.g., in a material with a hexagonal-close-packed
(HCP) lattice structure, the nucleus interacts with an axially symmetric EFG
with its symmetry axis along the crystal c-axis, the 0001 axis). If the implanted impurity ends up at an interstitial or defect-associated lattice position in the crystal, the symmetry of the induced EFG can be diﬀerent from
the lattice symmetry.
The strength of the EFG is the same for all isotopes of a particular element
implanted at similar lattice positions in a crystal. Thus, if the quadrupole frequency νQ = eQs Vzz /h is measured for several isotopes of one element in a
crystal, the ratio of these frequencies gives the ratio of their quadrupole moments. To deduce an absolute value for the spectroscopic quadrupole moment
of each isotope, the EFG strength Vzz needs to be determined. This can be
done e.g., by using a known EFG (measured by another method or calculated). Nowadays, it is possible to perform ab-initio calculations of the EFG
induced on whatever impurity in any type of crystal. It has been shown that
most of such calculations are accurate to about 10%, provided the lattice
parameters are known well enough [33]. This is an important step forward
in quadrupole moment measurements. For example, such calculations have
revealed that some earlier deduced quadrupole moments in Fe isotopes are
wrong, due to a wrong determination of the EFG in some crystals [34].
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If a single crystal is used as implantation host, the orientation of the crystal symmetry axis (and thus of the EFG principal axis) is the same over the
whole crystal volume, hence for each implanted nucleus the EFG strength
and orientation are the same. If a polycrystalline material is used as implantation host, each implanted nucleus will interact with an EFG that has the
same strength, but with a random orientation of the principal axis. In this
case an integration over all possible principal axis directions with respect to
a chosen reference frame needs to be made.
The Hamiltonian for a nucleus with spin I submitted to an EFG is easiest
expressed with respect to the Principal Axis System (PAS) which has its zaxis along the c-axis of the crystal. We restrict the discussion here to crystals
with an axially symmetric EFG (asymmetry parameter η = 0) along the
z-axis of the PAS [32]:
HQ =

ωQ
(3Iz2 − I 2 ) .


(26)

The magnetic states mI of the spin operator are good eigenstates of the
quadrupole interaction Hamiltonian. Their energy is degenerate in mI 2 (see
Fig. 5(b)):
Em = ωQ [3mI 2 − I(I + 1)] ,

(27)

eQs Vzz
and proportional to the quadrupole coupling constant ωQ = 4I(2I−1)
which
is related to the quadrupole frequency νQ = 4I(2I − 1)ωQ /2π.
The mI levels of a nucleus interacting with an EFG are not equidistant.
Several transition frequencies occur, which vary again in the range of 10 kHz
up to several MHz, depending on the strength of the EFG and on the nuclear
spectroscopic quadrupole moment. For nuclei with a spin I < 1 no quadrupole splitting occurs, corresponding to the fact that the expectation value
(16) deﬁning the spectroscopic quadrupole moment vanishes. Several experimental methods have been developed to measure the quadrupole frequency
for radioactive nuclei and for their isomeric states. The typical accuracy on
quadrupole moments deduced from such measured frequencies depends on
how well the EFG at the site of the nuclei in the crystal lattice is known. It
can vary from 1% to 15%.

Combined Static Interactions
When both a magnetic ﬁeld and an electric ﬁeld gradient interact with the
implanted nuclei, the energy of the nuclear hyperﬁne states can be calculated
analytically only if these interactions are axially symmetric and aligned with
each other. In this case the energy of the magnetic substates mI is simply the
sum of the dipole and quadrupole energies given in (25) and (27). When plotting these energies as a function of the magnetic ﬁeld strength (see Fig. 6(a)),
one obtains at equidistant positions a crossing of nuclear quantum levels [35].
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Plate 6. Nuclear hyperﬁne levels of a nucleus with spin I = 3/2 submitted to a
combined static magnetic interaction and an axially symmetric quadrupole interaction: (a) for collinear interactions, β = 0◦ ; (b) and (c) for non-collinear interactions
with β = 5◦ and β = 20◦ , respectively. Crossing or mixing of hyperﬁne levels occurs at well-deﬁned values for the ratio of the involved interactions frequencies, if

) cos β
ωL
= 3(m+m
. (d) At these positions, resonances are observed in the decay
2πνQ
4I(2I−1)
angular distribution of oriented radioactive nuclei, from which the nuclear spin and
moments can be deduced; cf. Plate 13 in the Colour Supplement

If the two interactions are non-collinear, one needs to diagonalize the
Hamiltonion of the combined interaction in order to determine its eigenvalues.
The combined interaction Hamiltonian can be expressed with respect to the
LAB reference frame which is chosen with its z-axis parallel to the static
ﬁeld. Then the quadrupole interaction Hamiltonian needs to be described
with respect to this frame as well (as in [36]). However, to get a better insight
into the physical behavior of a combined interaction system, it is easiest to
describe the quadrupole interaction with respect to the PAS reference frame
which forms an angle (β,γ) with respect to the LAB frame (as in [37]). In
the latter case the Hamiltonian is given by
Hcombined = −ωL Iz cos β + ωL Iz sin β +

ωQ
(3Iz2 − I 2 ) .


(28)

Diagonalization of this matrix gives the “mixed” eigenstates with respect
to the chosen reference frame and the energy levels of these “mixed” quantum
states. In Fig. 6(b) the energy levels of the non-collinear combined interaction
are calculated for a misalignment angle β = 15◦ of the crystal c-axis with respect to the LAB frame. One can see that near the crossing points, the nuclear

152

R. Neugart and G. Neyens

levels now repel each other (a phenomenon known from atomic physics as
anti-crossing). For small misalignment angles, an analytical expression for
these anti-crossing energy levels can be deduced. This is done in a two-level
approximation using ﬁrst order perturbation theory [37, 38]. The calculated
eigenstates are a mixture of the “unperturbed” mI substates. Therefore they
are called “level-mixed states”. It can be shown that in the level mixing region
the populations of the two levels are equalized. This gives rise to a resonant
change in the spin orientation of a spin-oriented ensemble, which can be
observed as resonances in the angular distribution of γ- or β-decaying oriented nuclei (see Sect. 5). A simulation of such resonances for spin-polarized
beams from a projectile-fragmentation reaction is demonstrated in Fig. 6(a).
Since the eighties, these level-mixed states have been used for developing new
methods to measure moments of exotic nuclei [39, 40, 41, 42, 43].

4 Methods Based on the Measurement
of Atomic Hyperﬁne Structure
The beginning of research on atomic hyperﬁne structure and isotope shift
dates back to the thirties of the past century, as reviewed recently in [44]
and [45]. It was discovered that nuclei (with an odd number of protons or
neutrons) possess intrinsic angular momentum, called nuclear spin, and that
this is associated with electromagnetic properties known as magnetic dipole
moment and electric quadrupole moment. The tool for such studies was a
combination of an electric discharge lamp and a high resolution spectrometer
arrangement consisting of a conventional prism or grating spectroscope and
a Fabry-Pérot interferometer. Of course, the objects of investigation were
stable isotopes of those elements that happened to show large eﬀects.
This type of optical spectroscopy had a serious limitation. Even with
the highest-resolution spectrometer one was unable to overcome the resolution limit given by the light source. The spectral lines are broadened by the
Doppler eﬀect from the thermal movement of the atoms. Given the MaxwellBoltzmann distribution of velocities for a gas temperature T , the optical frequency ν0 and the atomic mass m, one obtains a Gaussian-shaped spectral
line with the Doppler width (FWHM)
δνD =

ν0 
8kT ln 2/m .
c

(29)

This width is typically of the order of 1 GHz, i.e. in many cases larger than
the hyperﬁne structure and isotope shift eﬀects described in Sect. 3.1. Therefore, accurate hyperﬁne structure measurements became a domain of radiofrequency and microwave spectroscopy. Instead of measuring extremely small
eﬀects on the optical frequency scale, one used the possibility to induce (magnetic dipole) transitions between the hyperﬁne structure levels. There are a
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number of methods how these transitions can be detected. Detailed expositions of the principles and applications of these early (pre-laser) methods of
high-resolution spectroscopy are given in the literature, e.g., [30, 46, 47, 48].
Brief descriptions of the diﬀerent techniques with references for further reading can be found in earlier compilations of nuclear moments [49].
When it became possible in the seventies to produce appreciable quantities
of radioactive isotopes in the form of mass-separated beams, lasers were about
to revolutionize the classical ﬁeld of atomic spectroscopy. Laser spectroscopy
methods were invented to overcome the resolution limit given by the Doppler
broadening of spectral lines. Since then, many experiments were performed
with an optical resolution close to the natural linewidth. This width is given
by the mean lifetime τ of the optically excited state, via the Heisenberg
uncertainty principle:
(30)
δνn = 1/(2πτ ) ,
yielding the order of magnitude of 10 MHz for strong optical transitions
(τ ≈ 10−8 s).
Again, it is impossible in this lecture to discuss all the methods of “subDoppler” or “Doppler-free” spectroscopy, the most important of them being characterized by the expressions “saturation spectroscopy”, “two-photon
spectroscopy” and “atomic beam spectroscopy” (see [50, 51]). For sensitivity
reasons only the latter has played a notable role in investigations of unstable
isotopes.
Here, we restrict our discussion to the outstanding combination of an
isotope production scheme and a method of laser spectroscopy that has been
most successful in giving access to the properties of unstable isotopes in many
regions of the nuclear chart. This is the combination of isotope separation
on-line(ISOL) concept [52]) and collinear laser spectroscopy [53], which has
been demonstrated for the ﬁrst time by measurements on a few neutron-rich
Cs [54] and Rb [55] isotopes.
4.1 Collinear Laser Spectroscopy
On-line Isotope Separation
Over three decades ISOLDE at CERN [56] has been a unique facility, delivering intense beams of radioactive isotopes, particularly of short-lived ones
far from stability. The idea of ISOLDE is to get a multitude of products from
reactions of high-energy (typically 1 GeV) protons in a thick (∼20 cm) target.
The products diﬀuse out of the hot target material and are guided to the ion
source of an electromagnetic mass separator. Such a separation according to
the mass gives beams of isobars, i.e. mixtures of isotopes of neighboring elements with diﬀerent Z, but with the same mass number A. Diﬀerent diﬀusion
times of atoms in the target material may give rise to an element-selectivity
of the system. A further tool for controlling the element composition of the
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mass-separated beam is the ion source. Depending on what element should
be ionized, one has the choice between thermal surface ionization or a plasma
ion source. Moreover, in recent years also a highly element-selective laser ion
source [52, 57] has been employed very successfully.
Thus from an appropriate combination of a target and an ion source, one
can obtain rather pure beams of the isotopes of a single chemical element.
The beam energy is typically 60 keV, and electrostatic lenses and deﬂectors
are used to guide the beam to a number of experimental stations.
Principles of Collinear Laser Spectroscopy
It is a gift of nature that beams such as those delivered by ISOLDE are
suitable for a conceptually very simple method of high-resolution laser spectroscopy: Take the given ion beam and superimpose it on a narrow-band laser
beam by an electric deﬂector. If the laser is in resonance with an atomic transition from the ground state (resonance line), excitation takes place, which
can be detected by observing the ﬂuorescence light from the decay back to the
ground state or to a third state. Spectroscopic information can be obtained
by sweeping the laser frequency across the resonance(s).
The line width in this particular situation [58, 59] can be calculated from
the distribution of velocity components in the direction of the beam, as shown
in (29) for the Doppler width of a thermal ensemble of atoms. Irrespective
of the details of this distribution (which depend very much on the conditions
in the ion source) one starts with a kinetic energy spread δE of the ions of
mass m leaving the source (see [53]). This ensemble of ions is exposed to
an electrostatic acceleration ﬁeld, the key point being that all ions get the
same increase eU in kinetic energy, while their initial energy spread remains
unchanged. For the velocities along the beam direction we can calculate the
velocity spread using


1
mv 2 = m v δv .
(31)
δE = δ
2
As δE = const this means that the velocity spread decreases while the
velocity increases. Now the Doppler shift for co-propagating or counterpropagating beams is ∆νD = ν0 β = ν0 (v/c) and the Doppler width is
δνD = ν0 δβ = ν0 (δv/c). This gives
δE =

mc2
∆νD δνD ,
ν0 2

(32)

i.e. the product of the Doppler 
shift and the Doppler width is a constant of
motion. With the relation v = 2eU/m for the velocity v as a function of
the acceleration voltage U , one obtains the Doppler width
δE
.
δνD = ν0 √
2eU mc2

(33)
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Realistic numbers inserted in (33) yield a Doppler width of about 10 MHz
for a beam-energy spread of about 1 eV. Here the surprising fact is that a
resolution close to the natural linewidth is inherently present in collinear laser
spectroscopy with an ion beam formed by electrostatic acceleration.
For spectroscopy on a limited number of accelerator-produced atoms this
has another important consequence. At resonance all atoms in the beam
participate in the interaction with the laser light and contribute to the signal.
Thus the high resolution is achieved with the maximum possible excitation
eﬃciency. This is in contrast to the other Doppler-free techniques which are
based on the selection of a certain velocity class of atoms.
So far one has dealt with singly-charged atomic ions. However, from the
spectroscopy point of view it is often preferable to use neutral atoms, because
their excited states are at lower energy and can be reached more easily with
the radiation of narrow-band cw lasers2 . Neutral-atom beams are readily
obtained by charge-exchange reactions. The primary ion beam (ions X+ )
passes through a metal vapor cell containing neutral atoms (Y), and the
reaction
(34)
X+ + Y → X + Y+ + ∆E
occurs with a large cross-section of the order 10−14 cm2 if the process is
resonant in energy, meaning that the energy defect |∆E| is below about 1 eV.
In this situation the kinetic cross-section for momentum-changing collisions is
negligible, and consequently the original beam quality and the kinetic energy
spread are preserved [59, 60].
It is not only technically most convenient to use alkali metal vapors
as a charge-exchange medium. Also the ionization energy of alkali atoms
(4–5 eV) with the resonance condition ∆E ≈ 0 oﬀers an interesting feature for laser spectroscopy: Atoms with inaccessible resonance lines from the
ground state often have long-lived (metastable) states in this energy range, i.e.
4–5 eV below the ionization threshold. These are selectively populated and
can be used for excitation with visible laser light [61]. The most remarkable
examples for this kind of spectroscopy are the noble gases from neon to radon
(see below).
Now all ingredients of collinear laser spectroscopy have been presented. At
this point it is important also to consider the measuring procedure. Scanning
the laser frequency over the hyperﬁne structure pattern of a particular isotope
will be straightforward. However, the determination of an isotope shift is
based on the measurement of a frequency diﬀerence between two isotopes of
masses mA and mA which also involves a diﬀerence in the Doppler shifts. The
Doppler-shifted frequencies for co-propagating (contra-propagating) beams
2

The experiments require continuous wave (cw) laser radiation with a spectral
linewidth and frequency stability of about 1 MHz. For the whole range of visible
light (400–800 nm) this can be obtained from dye lasers. Ultraviolet wavelengths
down to about 270 nm can be reached by frequency doubling. For the near infrared
Ti:Saphire lasers or inexpensive semiconductor diode lasers are most suitable.
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are given by

1∓β
ν = νL 
,
1 − β2

(35)

where the laser frequency is νL . Thus the calculation of a frequency diﬀerence
between the resonances of two isotopes A and A requires the knowledge of
βA and βA . With


2eU
m2 c4
β = 1−
≈
,
(36)
(eU + mc2 )2
mc2
this means one has to accurately know the isotope masses mA , mA and the
acceleration voltages UA , UA .
As voltages or Doppler shifts can anyway not be eliminated from the
evaluation of spectroscopic results, it is much more elegant to rely exclusively on voltage measurements and not to tune the laser frequency, but the
Doppler-shifted frequency seen by the atoms [60]. This “Doppler-tuning” is
easily done by post-accelerating or -decelerating the beam with the help of an
electrical potential applied to the excitation region (in case of ions) or to the
charge-exchange cell (in case of neutral atoms). At a ﬁxed and stabilized laser
frequency the spectra are taken as a function of a voltage in the few kV region
which has to be controlled and scanned with a resolution better than 100 mV.
The data evaluation on a frequency scale is based on (35) and (36), applied
for diﬀerent isotopes whose resonances appear for the same laser frequency
at diﬀerent values of β. One has to know the primary acceleration voltage
(≈60 kV) and the post-acceleration voltage to a precision better than 10−4 ,
and the optical transition frequency [62] and the masses [63] of the isotopes
of interest to about the tabulated accuracies.
For an illustration of the experimental setup we refer to the left-hand part
of Fig. 7. The example of an experimental spectrum is shown in Fig. 8 for a
measurement of dysprosium isotopes [64]. It includes the hyperﬁne structure
of 151 Dy and the isotope shift plus Doppler shift between 151 Dy and the
two stable reference isotopes 156 Dy and 158 Dy which exhibit no hyperﬁne
structure.
Fluorescence Detection
The observation of ﬂuorescence photons from the spontaneous decay of the
excited state is a standard technique of detecting optical resonance excitation
in laser spectroscopy experiments. For the weak beams of radioactive isotopes
investigated by collinear laser spectroscopy one has to rely on single-photon
counting using photomultipliers. As the laser frequency is very selective for a
particular element, this “optical” detection is insensitive to contaminations
of the beam by isobars. However, as the light-emitting section of the beam
is pencil-shaped it is rather diﬃcult to collect and detect the photons with

Nuclear Moments

157

Plate 7. Experimental setup for collinear laser spectroscopy with collisional ionization and radioactivity detection

high eﬃciency. The main problem is the background of laser light passing
through the interaction region and scattering into the direction of observation
from diaphragms and other components of the apparatus, in particular the
entrance and exit windows for the laser beam. A typical number for the
eﬃciency of detecting an emitted ﬂuorescence photon is about 10−3 with a
background of some 1000 counts per second from scattered laser photons.
Additional background can be produced by excitation in collisions of the 60
keV ions/atoms with the charge exchange medium or the rest gas. Finally,
also the radioactivity collected in the apparatus may cause a considerable
background level.
It is obvious that the sensitivity limit – i.e. the minimum beam intensity
required for a measurement – depends on many parameters. As a rule of
thumb, one can assume limits between 105 and 107 atoms/s, depending on
the complexity of the atomic spectrum (see [64]). Only in the exceptional
cases of so-called two-level systems, where the atoms can be excited many
times without losses by a “branched decay” of the excited state, about 104
atoms/s have been suﬃcient.
Methods of background suppression, such as blocking of the laser light
by ﬁlters and detecting on a diﬀerent transition, have been favorably used
for a few experiments. Their common disadvantage is a reduction not only
of the background, but also of the signal. Only a very recent development
promises to solve this problem more rigorously. The laser spectroscopy group
at Jyväskylä has introduced a quadrupole cooler [65, 66, 67] to get at the
same time a beam of low energy spread and a bunched time structure. Then
the bunched observation is used to reject very eﬃciently the background from
stray-light and radioactivity which is constant in time.
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Plate 8. Spectra of 151 Dy, 156 Dy and 158 Dy obtained by collinear laser spectroscopy in the 421.2 nm line. The voltage scale translates into the frequency scale
via (35) and (36)

Non-optical Detection and High Sensitivity
Alternatives to an improved sensitivity of optical detection have been sought
in unconventional detection schemes. The idea is to introduce processes that
can distinguish between atoms having or not having interacted with the laser
light, and then to count either ions or atoms, or to detect their radioactive decay. The great advantage of the detection of massive particles is an
eﬃciency close to 100% without the problem of background from the laser
light. 60 keV ions or neutral atoms impinging on a surface can be counted by
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secondary electron multiplication. For β-radioactivity one uses plastic scintillators with photomultipliers, and for α-particles silicon detectors which can
even discriminate sharply between diﬀerent decay energies.
The key to a non-optical detection scheme is eﬃcient optical pumping, i.e.
the transfer of population from the initial to a ﬁnal atomic state via repeated
excitation and decay. For the detection one needs a process discriminating
between these states. Several such schemes were proposed and have been used
very successfully in experiments. They are based on the state dependence of
cross-sections of charge-changing collisions [68] or on the particular properties
of the radioactive β-decay.3 The possible schemes depend very much on the
properties of the atomic spectra. This is why they are rather speciﬁc for
diﬀerent classes of elements:
• The singly-charged ions of alkaline earth and related elements have 2 S1/2
ground states and metastable 2 D3/2,5/2 states below the excited 2 P1/2,3/2
states which are reached from the ground state. The transfer of population
from the ground state to these metastable states can be detected by the
use of a charge-exchange reaction that fulﬁlls the resonance condition
for the metastable state [69]. Then the neutralized fraction of the beam
is detected as a function of the laser frequency. Experiments using this
technique were performed mainly on Sr [70, 71] and Ca [72] isotopes.
• A somehow complementary process gives access to strongly bound neutral
atoms, such as noble gases, for which the ﬁrst excited states above the
ground state can hardly be reached by cw lasers. The charge exchange
according to (34) populates a metastable state about 4–5 eV below the
ionization limit whose cross-section for being ionized in collisions is much
larger than of the low-lying ground state [73]. Thus optical pumping from
the metastable to the ground state gives rise to a decrease of the ionization rate when the (neutral) beam passes through the section of a thin gas
atmosphere (“gas target”). This method has been applied very successfully in investigations of the unstable isotopes of all noble gas elements
[74, 75, 76, 77]. This will be discussed below in more detail for the example
of a recent experiment on short-lived Ne isotopes.
• The excitation by circularly polarized light transfers angular momentum
from the light ﬁeld to the atomic system. This can be exploited for polarizing atoms by optical pumping between the Zeeman components of a
particular level. If a nuclear spin I = 0 is involved and coupled with J to
a hyperﬁne structure level F , also the nuclear spin is polarized. Due to
parity violation, the β-emission occurs preferentially along or against the
spin direction. With the atoms implanted into a suitable host crystal, the
β-decay asymmetry can serve as a detector for optical excitation. This
3

The conceptually related method of resonance ionization spectroscopy (RIS),
mostly used on thermal atomic samples or beams, will be treated separately in
Sect. 4.2.
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will be discussed in the last part of this section, while applications using
the β-NMR technique will be presented in Sect. 5.3.
Ultra-sensitive Spectroscopy on Short-lived Noble Gas Isotopes
Collinear laser spectroscopy on the noble gas elements has been brought up
to a sensitivity level at which nearly all known isotopes are within reach. The
most recent example of an experiment on Ne isotopes may serve to explain
the technique in more detail and to present some results.
The essential parts of the experimental setup are shown in Fig. 7 [9].
The 60 keV Ne+ beams of diﬀerent isotopes from ISOLDE are neutralized by
charge exchange in a Na-vapor cell, whereby the metastable J = 2 level of the
conﬁguration 2p5 3s is preferentially populated. The atomic energy levels involved in this process and in the optical pumping cycle are displayed in Fig. 9.
Laser light of the resonance wavelength 614.3 nm excites the metastable
atoms to a J = 2 state of the conﬁguration 2p5 3p. From there the decay to
the 2p6 1 S0 ground state occurs via the intermediate 2p5 3s (J = 1) states.
The detection makes use of the large cross-section for collisional ionization
from the metastable level. The neutral beam passes through a thin diﬀerentially pumped Cl2 gas target, with the resulting beams of singly-charged
ions and neutral atoms being separated by an electrostatic deﬂector. Both
these beams impinge on moveable tapes surrounded by scintillators which
detect the β-decay. Optical resonance in a scan of the voltage applied to the
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Plate 9. Atomic energy levels involved in the neutralization of a Ne+ beam, optical
excitation and decay to the ground state, and state-selective collisional ionization
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charge-exchange cell reduces the ionization rate and gives rise to a drop of
the ratio of both count rates.
For the weak beams of short-lived Ne isotopes the detection of radioactivity gives a very eﬃcient rejection of the dominant background of stable-isobar
beams. In this way a measurement of the resonance of the neutron-rich isotope 28 Ne was possible with the very low intensity of only 40 atoms/s.
In the general discussion of Sect. 4.1 it was pointed out that accurate voltage measurements are important for determining isotope shifts. This statement is too weak for isotopes of an element as light as neon because of the
huge Doppler shifts. The accuracy of 1 MHz needed for the extraction of
the small (∼10 MHz) ﬁeld shifts from the Doppler-shifted resonance positions requires a knowledge of the 60 keV beam energy to better than 1 eV.
Such accurate voltage measurements are elaborate and not even suﬃcient,
because for a plasma ion source the potential at which the ions are created
is not well known. In the described experiment on Ne isotopes the required
accuracy of the actual beam energy was obtained by an absolute Doppler
shift measurement [78]. Two excitation lines from the metastable state have
transition frequencies diﬀering by about twice the Doppler shift for a beam
energy of 60 keV. Both these transitions can be coincidently excited by one
laser beam which is retro-reﬂected at the end of the apparatus. If ν1 is the
frequency of the transition induced by the collinear and ν2 the one induced
by the anti-collinear beam, the condition for the laser frequency
νL =

√
ν1 ν2

(37)

follows from (35). Given this condition, the beam energy becomes4
eU = mc2

√
√
( ν1 − ν2 )2
.
√
2 ν1 ν2

(38)

From the accurately known wave numbers the beam energy corresponding to
a measured acceleration voltage can be calibrated with an accuracy of about
0.5 eV.
Some typical hyperﬁne structure spectra measured for three odd-A isotopes of neon are shown in Fig. 10. These data yield the nuclear spins, the
magnetic moments and, for I > 1/2, also the quadrupole moments [79]. The
experiment, including measurements of the isotope shifts, has been performed
on all unstable Ne isotopes (except 27 Ne) from 17 Ne at the proton drip line
to the neutron-rich 28 Ne. It addresses several interesting physics problems:
(i ) 17 Ne, a nucleus at the proton drip line, has a weakly bound proton pair
in the sd shell. Therefore, from theoretical considerations and from nuclear
reaction cross-sections a proton halo has been postulated for this nucleus. The
corresponding radial extension of the wave function of these “halo” protons
4

For deducing this simple formula from (35) one has to use the relativistically
correct version of (36).
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Plate 10. Hyperﬁne structure spectra of three odd-A Ne isotopes

would aﬀect the radial nuclear charge distribution reﬂected in r2  and can
be probed very sensitively by the isotope shift.
(ii ) Although the isotope shift is by far dominated by the mass shift,
it is possible to extract ﬁeld shifts by using muonic X-ray results on the
three stable isotopes for calibration. Thus the dependence of the radii on the
neutron number can be determined rather safely.
(iii ) The measured moments [79] and radii give a valuable basis for comparisons with predictions from mean-ﬁeld and shell-model calculations for the
sd-shell nuclei and for 17 Ne where a p1/2 neutron hole is coupled to sd-shell
proton pair.
(iv ) 17 Ne together with 17 N form one of the very few isospin T =
3/2 nuclear mirror pairs for which the magnetic moments are known [79].
Complementary information on a possible halo structure can thus be obtained
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by investigating the mirror symmetry in the contributions of the sd-shell proton pair of 17 Ne and the corresponding neutron pair of 17 N to the respective
magnetic moments.
Polarization by Optical Pumping
Polarization of a fast beam by optical pumping was introduced for the
β-asymmetry detection of optical resonance in collinear laser spectroscopy [80].
However, it has turned out that most applications took advantage of the
additional option to perform nuclear magnetic resonance spectroscopy with
β-asymmetry detection (β-NMR) on a sample obtained by implantation of
the polarized beam into a suitable crystal lattice. Whatever is the particular
goal of such an experiment, it is important to achieve a high degree of nuclear
polarization.
The most suitable transitions for polarization by optical pumping are
found in alkali-like systems such as neutral alkali atoms or singly-charged
alkaline earth ions. To be explicit, we take the example of Na to be optically
pumped in the yellow D1 or D2 resonance line. The hyperﬁne structure for
such a transition has been shown in Fig. 4. The ground state, 3s 2S1/2 , is split
into two hyperﬁne structure components with F = I + 1/2 and F = I − 1/2.
The excited states are 3p 2P1/2 and 3p 2P3/2 , again with the corresponding
hyperﬁne structure components. All hyperﬁne structure levels are (2F + 1)fold degenerate with respect to the MF quantum number. If a weak magnetic
ﬁeld deﬁnes the quantization axis in the direction of the atomic and the laser
beam, each absorption of a circularly polarized photon introduces one unit
of angular momentum in the atomic system. This can be expressed by the
selection rule
for σ ± light ,
(39)
∆MF = ±1
with σ + and σ − being the conventional notations for the circular polarization
of the light with respect to the direction of the magnetic ﬁeld.
Figure 11 shows the optical pumping scheme for the example of a nuclear
spin I = 1 which corresponds to the situation in 28 Na. Repeated absorption
and spontaneous emission of photons results in an accumulation of the atoms
in one of the extreme MF states for which the total angular momentum
F = J + I, for an S state just composed of the electron spin and the nuclear
spin, is polarized.
Now one has to consider the geometrical implications of a realistic experiment. Figure 12 displays the experimental setup which up to the optical
excitation region is identical to the apparatus for collinear laser spectroscopy
shown in Fig. 7. The optical pumping produces a longitudinal polarization of
the beam. The implantation and detection occurs in a transversal magnetic
ﬁeld of about 0.5 Tesla which is used for the NMR experiments. This ﬁeld is
strong enough to decouple the electronic and nuclear spins of the alkali-like
system. For a rotation of the spin from the longitudinal to the transversal
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Plate 12. Experimental setup for in-beam optical polarization and β-NMR spectroscopy

direction, it is suﬃcient that the magnetic ﬁeld changes slowly from longitudinal to transversal. The spins follow adiabatically, provided the rotation
is much slower than the Larmor precession. This condition can be fulﬁlled
only for the coupled system for which the g-factor gF is determined by the
electron. Therefore the rotation has to take place in an intermediate ﬁeld
region [81], before the electronic and nuclear spin are decoupled.
The goal of polarizing the beam is to detect optical resonance by the asymmetry in the angular distribution of emitted β-decay electrons or positrons.
For this purpose the beam is implanted into a suitable crystal surrounded
by scintillation detectors. The polarization has to be preserved during the
lifetime of the nuclei under consideration, which for typical spin relaxation
times means that the method is suitable for isotopes with half-lives shorter
than a few seconds.
The application of this polarization technique for β-NMR spectroscopy
will be discussed in Sect. 5.3. This requires further consideration of the crystal
properties. Implantation depths of low-mass 60 keV atoms are about 100 nm.
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For clean crystals this is suﬃciently deep to reach good lattice sites of the
bulk material, which is of particular importance for studies of the quadrupole
interaction.
4.2 Resonance Ionization Spectroscopy and Laser Ion Source
As was shown above, collinear laser spectroscopy is a rather ﬂexible and
widely applicable tool for experiments on unstable isotopes. Due to its high
resolution this method is capable of dealing with the small hyperﬁne structure
and isotope shift eﬀects of lighter atomic systems. The sensitivity, however,
depends very much on the particular properties of the atomic spectrum. This
sensitivity problem is related to the fact that photon detection is ineﬃcient
and the particle detection schemes discussed so far are restricted to special groups of elements. A general method allowing eﬃcient ion detection
with very good background suppression is the stepwise excitation of neutral
atoms to the ionization continuum. For collinear-beam spectroscopy, this was
demonstrated in an experiment on neutron-deﬁcient Yb isotopes [82], using
narrow-band pulsed lasers with a high repetition rate. The power of pulsed
lasers is needed to ionize eﬃciently, but for a continuous atom beam this also
involves appreciable duty cycle losses.
On the other hand, it is not always necessary to achieve sub-Doppler
resolution. Hyperﬁne structures and isotope shifts of heavy atoms are usually large enough to be accessible to Doppler-limited methods. Here one can
choose a diﬀerent high-sensitivity approach, based on the laser ionization
of a thermal ensemble of atoms. This concept of resonance ionization spectroscopy (RIS) [83] is in many respects complementary to the methods described so far. On-line experiments on radioactive isotopes of a number of
heavier elements were performed using techniques of sample collection and
rapid atomic re-evaporation [84, 85]. RIS uses strong pulsed lasers for the
stepwise excitation of an appreciable fraction of atoms to the ionization continuum. Moreover, ion counting, often combined with mass separation oﬀers
an eﬃcient and background-free detection of the signals. When RIS is performed on thermal ensembles of atoms, the resolution is limited by Doppler
broadening (see (29)). This does not represent a problem for the eﬃciency
of the ionization process, because the spectral width of pulsed lasers is typically also in the GHz range. The modest resolution in measurements of large
isotope shifts and hyperﬁne structures can even be an advantage, because it
avoids scanning the laser frequency in small steps over a large ranges.
There is again an elegant way to combine the spectroscopic method with
the concept of on-line isotope separation. The RIS principle forms the basis
of the laser ion source [52, 57] which has become increasingly important for
the production of clean beams of many elements. Using this ion source as a
spectroscopic tool avoids the inevitable losses introduced by additional steps
of sample preparation. This, together with the eﬃciency and the extreme
selectivity of the ionization process yields the very high sensitivity which is
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achieved when the laser ion source of an on-line isotope separator is directly
used for spectroscopy [86, 87]. The detection consists simply in a measurement
of the ionization rate as a function of the laser frequency. It is only necessary
to control and accurately measure the laser frequencies.
Depending on the ionization energy and the available intermediate levels
for the stepwise excitation process, two or three laser beams are used to ionize the atoms. In most practical cases, the ﬁrst step is used for spectroscopy,
yielding the desired information about the nuclear properties. This is demonstrated in Fig. 13 for the nuclear ground state and isomeric state of 185 Pb.
The higher excited states can usually be chosen to be less sensitive to isotopic
eﬀects. This means that only the laser for the ﬁrst step has to be tuned over
a scanning range covering the hyperﬁne structures and isotope shifts.
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Plate 13. Three-step laser ionization scheme for Pb isotopes and hyperﬁne structure of two isomeric states in 185 Pb induced by scanning the laser frequency in the
ﬁrst step [88]; cf. Plate 14 in the Colour Supplement

Saturation of the optical transitions is required for maximum ionization
eﬃciency. This is mainly a problem for the ionization step, because the photoionization cross-sections are small, typically 10−18 cm2 . In favorable cases one
can reach auto-ionizing states decaying to an ion and a free electron. These
resonances in the continuum correspond to a two-electron excitation. Without
such resonances one can rely on high laser power, e.g., use the strong pump
laser beam to reach the continuum.
The laser ion source concept needs lasers with a high repetition rate. One
has to make sure that any atom diﬀusing out of the target through the outlet
tube serving as an ion source, is illuminated by at least one of the laser pulses.
At ISOLDE, good results were obtained with dye lasers pumped by copper
vapor lasers at a repetition rate of 10 kHz. More user-friendly alternatives
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can be found in Ti:Saphire lasers pumped by the frequency-doubled output
of a Nd:YAG laser.

5 Methods Based on the Interaction of Nuclei
with External Fields
Experimental techniques based on measuring the angular distribution of the
radioactive decay are often more sensitive than the methods discussed so
far, and in some cases also allow more precise measurements of the nuclear gfactor and quadrupole moment. This angular distribution is inﬂuenced by the
interaction of the nuclear moments with externally applied magnetic ﬁelds
and/or electric ﬁeld gradients after implantation into a crystal (see Sect. 3.2).
The radioactive decay intensity is measured as a function of time or as a
function of an external variable, e.g., a static magnetic ﬁeld or the frequency
of an applied radio-frequency magnetic ﬁeld. The former are called “time
diﬀerential” measurements and the latter “time integrated” measurements.
5.1 Angular Distribution of the Radiation from Oriented Nuclei
The direction in which the β- or γ-decay of a radioactive nuclear state occurs, is determined by the direction of its spin. The angular distribution of
radiation emitted by an ensemble of spin oriented radioactive nuclei with
lifetime τ , in a direction (θ, φ) with respect to a chosen axis system (the LAB
system), is given by [89]


4π
Ak (γ, β, . . .)Uk Bkn (I, ωL , ωQ , t)Ykn (θ, φ) . (40)
W (θ, φ, t) = e−t/τ
2k + 1
k,n

In this expression, Ak are the radiation parameters describing the type of
radiation and its properties (β-decay asymmetry parameter, γ-decay of multipolarity M1, E2, . . . ), and Yk are the spherical harmonics: they depend on
the position of the detector (θ, φ) with respect to the LAB system. The orientation tensor Bk describes the spin orientation of the ensemble with respect
to the LAB system, and its time-dependent change due to the interaction
of the nucleus with the surrounding ﬁelds. The orientation of a nuclear spin
ensemble is described easiest√by the density tensor ρnk , which is related to
the orientation tensor Bkn = 2k + 1ρnk ∗ and to the nuclear density matrix.
It is this parameter that needs to be calculated to describe the inﬂuence of a
particular interaction on the spin orientation and thus on the decay intensity.
It is convenient to write the orientation tensor as a function of the initial orientation tensor Bkn (I, t = 0) (the orientation before the interaction with the

perturbing ﬁelds is applied) and a perturbation tensor Gnn
kk (ωL , ωQ , t):


n
Bkn (I, ωL , ωQ , t) = Gnn
kk (ωL , ωQ , t)Bk (I, t = 0) .

(41)
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In order to observe an anisotropic radiation pattern, the initial spin orientation needs to be anisotropic, meaning that a spin-oriented ensemble of
short-lived nuclei is required. Several experimental methods have been developed to produce such spin-oriented radioactive beams. One of these techniques has been described in Sect. 4.1: optical pumping on an ISOL beam by
collinear polarized laser light. Another method is to use the spin orientation
induced by the nuclear reaction that produces the exotic nuclei of interest
(e.g., in fusion evaporation, projectile fragmentation, Coulomb excitation or
transfer reactions). In this case, care needs to be taken that the spin orientation is maintained during the isotope selection process. More examples of
methods that are used to produce exotic spin-oriented nuclei and the diﬀerent formalisms which are used to describe the nuclear spin orientation can
be found in [11] and references therein. In particular, we will not discuss in
this lecture the low temperature nuclear orientation (LTNO) method [90].
In this case, spin orientation is not produced in the radioactive beam, but
only after implantation. The ferromagnetic host crystal is cooled to very low
temperature (mK) and the nuclei are submitted to a very strong magnetic
ﬁeld of typically more than 10 Tesla, such that the Boltzmann distribution
causes a spin orientation.
5.2 Time-Diﬀerential Perturbed Angular Distribution (TDPAD)
of γ-Decaying Isomers
Spin-oriented isomeric states implanted into a suitable host will exhibit a
non-isotropic angular distribution pattern, provided the isomeric ensemble
orientation is maintained during its lifetime. If an electric ﬁeld gradient is
present at the implantation site of the nucleus, the nuclear quadrupole interaction will reduce the spin orientation and thus the measured anisotropy. Also
spin-relaxation eﬀects (e.g., Korringa relaxation in metals [91] or quadrupole
relaxation in transition metals [92]) can reduce or even fully cancel the spin
orientation of the ensemble. If the implantation host is placed into a strong
static magnetic ﬁeld (order of 0.1–1 Tesla), the anisotropy is maintained. If
the ﬁeld is applied parallel to the symmetry axis of the spin orientation, the
reaction-induced spin orientation can be measured.
Magnetic Interaction TDPAD
If a static magnetic ﬁeld is placed perpendicular to the axial symmetry axis of
the spin orientation, the Larmor precession of the isomeric spins in the applied
ﬁeld can be observed as a function of time [93], provided that the precession
period is of the same order as the isomeric lifetime (or shorter). This method
is called time-diﬀerential perturbed angular distribution (TDPAD).
A formal description of the perturbed angular distribution function can be
derived starting from (40) and (41). Because γ-decay is not violating parity,
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only even radiation parameters are non-zero. Furthermore, it is often assumed
that the (k ≥ 4) terms are negligibly small, reducing the angular distribution
to


4π
−t/τ
Ak Uk
B2n (I, ωL , t)Y2n (θ, φ) .
(42)
1+
W (θ, φ, t) = e
5
n
The perturbation factor describing the Larmor precession of the nuclear spins
−inωL t
. The time-dependent
around a static ﬁeld, is given by Gnn
22 (t) = e
perturbed spin orientation, described in a reference frame with the z-axis
along the magnetic ﬁeld and the x-axis along the beam direction is then
given by

1 0
0
B (t = 0) ,
(43a)
B2 (t) = −
2 2

B22 (t)

=

3 −i2ωL t −i2γ 0
e
e
B2 (t = 0) ,
8

(43b)

with B20 (t = 0) being the alignment with respect to the orientation symmetry
axis at the time of implantation. This axis is along the beam direction for
isomeric states investigated in-beam, while has an angle γ in the xy-plane
with respect to the beam direction for isomers after in-ﬂight mass separation
(see e.g., [41] and [94]).
If the detectors are placed in a plane perpendicular to the magnetic ﬁeld
direction (θ = 90◦ ) and at nearly 90◦ with respect to each other (φ1 ≈
φ2 + 90), the R(t) function in which the Larmor precession is reﬂected, is
given by
R(t) =

3A2 B20 (t = 0)
W (φ1 , t)−W (φ2 , t)
=
sin(φ1 + φ2 − 2ωL t − 2γ) .(44)
W (φ1 , t)+W (φ2 , t) 4 + A2 B20 (t = 0)

The TDPAD method has – since the seventies – been the most important
method to measure g-factors of isomeric states produced and spin-aligned
by fusion-evaporation and transfer reactions, with lifetimes spanning the
range of 10 ns to about 100 µs. Recently the method has also been applied to investigate the g-factor of neutron-rich isomeric states, which can
not be produced by the former production methods. In this case the projectile fragmentation reaction was used in combination with a high-resolution
doubly-achromatic spectrometer to produce and select a rather pure beam of
spin-aligned neutron-rich isomers [94, 95]. Speciﬁc aspects of moment measurements on isomeric fragment beams will be discussed further below.
Quadrupole Interaction TDPAD
The TDPAD method can also be used to measure the quadrupole moments
of these isomeric states, by implantation into a single crystal or a polycrystalline material with a non-cubic lattice structure providing a static electric
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ﬁeld gradient (no magnetic ﬁeld is applied in this case). In a quadrupole
interaction measurement, 2I ’quadrupole frequencies’ occur as multiples of
the basic coupling constant ω0 = 3πνQ /I(2I − 1) for half-integer spins and
ω0 = 3πνQ /2I(2I − 1) for integer spins. They superimpose on each other in
the R(t) function, which makes it diﬃcult to use this method for measuring
quadrupole moments of high-spin isomeric states with lifetimes longer than
10 µs. For in-beam experiments, the quadrupole R(t) function is given by
3A2 B20 (t = 0) 
s2n cos(nω0 t) ,
(45)
R(t) =
4 + A2 B20 (t = 0) n
and the s2n coeﬃcients can be found in [96].
Examples of TDPAD Experiments
The in-beam TDPAD method continues to be a powerful tool to study gfactors and spectroscopic quadrupole moments of isomeric states. An example
is the investigation of the rich nuclear structure in the neutron-deﬁcient Pb
isotopes [97, 98, 99]. In these isotopes with a magic proton number Z = 82,
the spherical ground state is found to coexist with prolate and oblate deformed structures at very low excitation energies [100]. These deformed states
are interpreted as arising from particle-hole excitations of protons across the
Z = 82 shell gap into the πh9/2 and πi13/2 orbits. As a function of deformation, these orbits are “intruding” into the lower-shell orbits, giving rise
to particle-hole excited states that occur at low energy. Therefore, these
states are called “intruder states”. The deformation-driving interaction is
the proton-neutron interaction, which is enhanced when more neutron holes
become available in going from the doubly magic 208 Pb (N = 126) down
to neutron mid-shell (N = 106). Therefore, the energy of the intruder 2p-2h
states is decreasing towards mid-shell, until in 186 Pb the lowest three states of
the nucleus are found to be a spherical ground state, an oblate deformed ﬁrst
excited state and a prolate deformed second excited state [100]. Some of these
−
intruder states are high-spin isomeric states, e.g., the π(s−2
1/2 h9/2 i13/2 )11 iso198
188
mers observed between Pb and Pb. In these nuclei, one has also observed
a new type of nuclear rotation, called “magnetic rotation”, because the properties of the observed rotational bands can be explained by the rotation of a
magnetic dipole that forms an angle with respect to the symmetry axis of the
deformed nucleus [101]. The band head of these rotational bands is based on
a perpendicular coupling of the intruder 2p-2h proton to a high-j neutronhole conﬁguration, as proven experimentally by a g-factor measurement [97]
(Fig. 14, left). This measurement was performed for the only “isomeric” band
head in the region having a half-life of 9.4 ns, the 29/2− isomer in 193 Pb. The
quadrupole moment of the band head can reveal information about its deformation. A direct measurement for this very short-lived isomer has been
performed recently (Fig. 14, right), revealing indeed a large quadrupole moment [98], similar to that of the intruder proton conﬁgurations [99].
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Plate 14. TDPAD spectra for the γ-decay of the I π = 29/2− , t1/2 = 9 ns isomeric
rotational bandhead in 193 Pb, implanted respectively in a lead foil to measure its
magnetic interaction (MI) and in cooled polycrystalline mercury to measure its
quadrupole interaction (QI). Data are from Balabanski et al. [98]

In-beam Versus In-ﬂight Experiments
In-beam fusion-evaporation reaction products are highly aligned and ideally
suited for nuclear moment studies. However, this production method has
some disadvantages for the study of moments of nuclei far from stability.
The ﬁrst problem with in-beam experiments on nuclei far from stability is
the low signal to background ratio in the photo-peak of interest. An example
for techniques to improve this peak to background signal is the use of recoil
separation of the isomers produced via a fusion-evaporation reaction in inverse kinematics. In this case it is important to be able to select the reaction
products in charge states with a noble-gas conﬁguration, in order to maintain
the ensemble orientation during the in-ﬂight separation process [102].
A second problem is that neutron-rich isomers are not produced in such
reactions. However, the discovery of isomers [103] and of spin alignment [104]
in the fully stripped radioactive beams from in-ﬂight projectile fragmentation
facilities, has very recently opened a new ﬁeld of nuclear moments research,
not accessible before. A ﬁrst proof of principle, applying the TDPAD method
to an isomeric projectile fragmentation beam, has been described in [105]
and ﬁrst experiments on exotic nuclei are described in [94, 95]. Figure 15(a)
shows an example of some R(t) curves obtained in the study of g-factors of
I π = 9/2+ isomers in neutron-rich isotopes of nickel and iron. The isomers,
with lifetimes of 13.3 µs and 250 ns, respectively, have been produced in a projectile fragmentation reaction at the LISE high-resolution in-ﬂight separator
at GANIL. The conﬁguration of these isomers is suggested to be dominated
by the ν1g9/2 intruder orbit in these nuclei which have less than 40 neutrons.
The g-factor measurement for the isomer in 61 Fe conﬁrms this assignment,
based on comparison with earlier measured g-factors for similar isomers closer
to stability. For the isomer in 67 Ni, the experimental result deviates from the
expected trend, as can be seen from Fig. 15(b). Further investigation on the
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Plate 15. (a) TDPAD spectra for isomeric I π = 9/2+ states in the neutron-rich
isotopes 61 Fe and 67 Ni, produced and spin-aligned via a projectile fragmentation
reaction. (b) Experimental g-factors for I π = 9/2+ states in nuclei around Z = 28.
The dotted lines are drawn to show the expected trend, based on comparison with
the Zn and Ge trend lines

structure of this isomeric state near the suggested “doubly-magic’ or “superﬂuid” 68 Ni [106, 107, 108] is clearly needed.
5.3 Beta-Ray Detected Nuclear Magnetic Resonance (β-NMR)
Time-diﬀerential measurements as those discussed in the previous section are
only suited for short-lived nuclear states, mainly because of relaxation eﬀects
causing a dephasing of the Larmor precession frequencies with time (typically in less than 100 µs) [89]. To measure nuclear moments of longer-lived
isomeric states and also for ground states, a time-integrated measurement is
required. Time integration of (44) and (45), taking into account the nuclear
decay time, will lead to a constant anisotropy. Therefore, a time-integrated
measurement of the angular distribution of this system will not allow one
to deduce information on the nuclear moments. Hence a second interaction,
which breaks the axial symmetry of the Hamiltonian, needs to be added to
the system. For example, combining a quadrupole and a dipole interaction
with their symmetry axes non-collinear (as described in Sect. 3.2), will give
rise to resonant changes in the angular distribution at the magnetic ﬁeld values where the nuclear hyperﬁne levels are mixing. The method based on this
principle – the level mixing resonance (LMR) method – will be discussed in
the next section.
Another way to introduce a symmetry breaking in the system, is by adding
a radio-frequency (rf) magnetic ﬁeld perpendicular to the static magnetic ﬁeld
(and to the spin-orientation axis). The similarity of this time-dependent way
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of perturbing the system to the static case of non-collinear interactions, is
discussed in [43]. If the nuclei are implanted into a crystal with a cubic lattice symmetry or with a noncubic crystal structure inducing an electric ﬁeld
gradient, respectively, one can deduce the nuclear g-factor or the quadrupole moment from the resonances induced by the applied rf ﬁeld between the
nuclear hyperﬁne levels.
Nuclear Magnetic Resonance: Features and Examples
Consider an ensemble of nuclei submitted to a static magnetic ﬁeld B0 and
an rf magnetic ﬁeld with frequency νrf and rf ﬁeld strength B1 . If the applied
rf frequency matches the Larmor frequency of the nuclei:
νrf =

gI B0 µN
,
h

(46)

the orientation of an initially spin-oriented ensemble will be resonantly destroyed by the rf ﬁeld [91]. For β-decaying nuclei that are initially polarized,
this resonant destruction of the polarization can be measured via the change
in the asymmetry of the β-decay, as demonstrated in Figs. 16(a) and 17(a).
For an ensemble of nuclei with the polarization axis parallel to the static ﬁeld
direction, the angular distribution for allowed β-decay can be written as
0
W (θ) = 1 + A1 G10
11 (I, ωL , ωrf )B1 (t = 0) cos θ ,

(47)

with the NMR perturbation factor G10
11 describing the NMR as a function
of the rf frequency or as a function of the static ﬁeld strength (e.g., deduced in [43]). At resonance, the initial asymmetry is fully destroyed if sufﬁcient rf power is applied [89], which corresponds to G10
11 = 0. Out of resonance we observe the full initial asymmetry and G10
11 = 1. Equation (47)
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Plate 16. (a) NMR curve for 11 Be implanted in metallic Be at T = 50 K. At this
temperature the spin-lattice relaxation time T1 is of the order of the nuclear lifetime
τ = 20 s. (b) Experimental result compared to theoretical predictions obtained from
diﬀerent shell model approaches (see text for details and references)
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can then be related to the well-known expression for the asymmetric βdecay, 
taking into account that A1 B1 = AP and with the polarization
P = − ((I + 1)/3I)B10 (t = 0) [109]:
W (θ, β ± ) = 1 ∓ AP cos θ .

(48)

The position of the NMR allows one to deduce the nuclear g-factor using
(46). The amplitude of the NMR signal depends on:
• the β-decay asymmetry parameter A which can be estimated if the βdecay scheme is known [109]; if not, it is to be considered as a parameter,
which can vary between −1 and +1 (and thus can even be close to zero,
in which case NMR is very hard to detect);
• the amount of initial polarization P which is maintained after implantation in the crystal (B10 (t = 0)); Crystals with a long spin-lattice relaxation
time are therefore preferred;
• eﬀects reducing the full breakdown of the asymmetry because not all the
nuclei are at resonance with the applied rf ﬁeld.
It is obvious that the statistical quality of the
√ NMR signal increases linearly with the resonance amplitude and with N , N being the number of
detected β-particles. Thus it is important to maximize the NMR signal as
much as possible, with a gain in the polarization having the largest eﬀect.
Full destruction of the nuclear polarization (and thus maximal eﬀect in the
measured NMR, taking into account a given A and P ) is obtained provided
that the following conditions are fulﬁlled:
• All nuclei in the crystal should interact with the same magnetic ﬁeld
B0 . In some crystals the implanted nuclei are not all positioned in an
unperturbed, substitutional lattice site. Such nuclei might interact with a
slightly diﬀerent magnetic ﬁeld or their energy levels might be perturbed
by a small quadrupole interaction. These nuclei will not be at resonance
with the applied rf ﬁeld and their spin orientation will thus not be aﬀected.
• The rf interaction strength, ω1 = gI B1 µN /, should be larger than the
inverse nuclear lifetime (Heisenberg uncertainty principle). This puts a
condition on the lower limit of lifetimes for which this NMR method can
be applied, depending on the rf ﬁeld strength B1 , namely τ  /gI B1 µN .
For a typical rf ﬁeld of about 10 Gauss and a nucleus with g-factor gI = 1,
this lower limit is of the order of 100 µs.
• To avoid relaxation-induced destruction of the spin orientation, the nuclear lifetime should be shorter than the spin-lattice relaxation time T1 .
This poses an upper limit on the lifetime of nuclei for which the NMR
method can be applied. The spin-lattice relaxation time in isolators is
typically of the order of several seconds or tens of seconds, while in metals it is of the order of a less than a second. In metals where the Korringa
relaxation is the dominating relaxation process, the relaxation time T1
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can be increased by decreasing the lattice temperature T (according to
T1 T = CK , the Korringa constant).
The NMR method can be applied to polarized beams of short-lived
(T1/2 < 10 s) exotic nuclei, provided the spin relaxation time in a suitable
host is longer than the nuclear lifetime. Polarization of the nuclear spins can
be obtained e.g., by the optical pumping method, as described in Sect. 4.1,
for an ISOL beam. A recent series of experiments has been performed at
ISOLDE-CERN to investigate the nuclear moments of halo nuclei. The spin
I = 3/2, the g-factor and the quadrupole moment of the two-neutron halo
nucleus 11 Li have been measured some years ago [80, 110] and will now be
improved on the basis of recent high-precision measurements of the moments
of 8 Li and 9 Li [111].
A precision measurement of the g-factor of the one-neutron halo nucleus
11
Be [112] will be discussed here as an example (see Fig. 16(a)). A single
halo neutron governs the main nuclear structure properties of this nucleus
with 4 protons and 7 neutrons. Based on the positive parity assigned to its
ground state, it was suggested that the unpaired neutron mainly occupies
the intruder ν2s1/2 orbit rather than the negative parity ν1p1/2 orbit as
would be expected for a nucleus with 7 neutrons. A measurement of the
g-factor, gI = −3.3632(16), conﬁrmed this 1/2+ assignment. The magnetic
moment deduced for an I = 1/2 state is µI = gI IµN = −1.6816(8)µN ,
which is close to the Schmidt value of −1.91µN for a ν2s1/2 conﬁguration
(while for a ν1p1/2 conﬁguration this value is +0.64µN ). The question is
whether the halo neutron wave function is a pure s-wave (neutron in the s1/2
orbital). To see how much admixture of a d5/2 neutron coupled to the 2+
state of 10 Be is present, we compare in Fig. 16(b) the experimental result to
theoretical predictions, i.e. the Schmidt moment for a ν2s1/2 conﬁguration,
an eﬀective ν2s1/2 moment, an empirical value assuming 40% admixture
with a ν(1d5/2 × 2+ ) conﬁguration (from [113], see also [114]) and two values
calculated with the OXBASH shell model code using the WBT and the MK
interactions for the p − sd shell. The diﬀerence between these interactions
is in the cross-shell matrix elements between the p and the sd shell. The
calculations have been performed with free-nucleon g-factors. If an eﬀective
gs value is used, the calculated magnetic moments deviate more from the
experimental value. Both shell model calculations predict that about 80% of
the neutron wave function is in the ν2s1/2 conﬁguration and the remaining
part is in a ν(1d5/2 × 2+ ) state. A comparison of all these calculations with
the experimental value shows that there is evidence for the halo neutron to
occupy partly a d-wave state.
The high precision (5×10−4 ) which has been obtained in the 11 Be g-factor
experiment is due to the fact that the NMR method is a resonance technique.
Of course such a high precision requires a very homogeneous magnetic ﬁeld
(homogeneity of 10−5 over the surface of the implanted beam spot) with a
stable magnet power supply and a crystal of good quality (with very little
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inhomogeneous line broadening). However, also the beam intensity plays an
important role. At beam intensities of 105 –106 ions/s implanted into the
crystal (as was the case for 11 Be), several attempts for a resonance search
can be made in a reasonable time. Experiments in diﬀerent crystals can thus
be performed to determine the one that gives the smallest resonance line
width. Moreover, ﬁne scans of the resonance are feasible, all within a few
days of beam time.
The experimental situation becomes much less comfortable when the
beam intensity is as low as 102 –103 ions/s which is often the case if one
studies nuclei far from stability. In experiments using projectile fragmentation reactions, the moments of exotic nuclei have been investigated with
rates as low as a few 1000 ions/s. The advantage of using this reaction mechanism, apart from being faster than the ISOL production method, is that a
spin-oriented ensemble is obtained from the nuclear reaction process itself. A
spin-polarized beam can be selected for every fragment of interest5 , whereas
the optical pumping method is limited to a few elements with suitable atomic
spectra. Furthermore, the projectile fragmentation reactions allow the production of a very broad range of isotopes of all elements, while the ISOL
method is element dependent, although it often gives better yields for the
isotopes that are accessible. The typical amount of polarization observed for
projectile fragments is of the order of 5–15% [116], while the polarization produced with the optical pumping method varies typically between 20–60% [81].
Not only the low count rate, also the fact that in general very little is
known on the ground state of exotic nuclei, makes g-factor measurements
on such species very diﬃcult. Sometimes not even the spin/parity is known,
which implies that the g-factor range in which one needs to search for a
resonance, is very broad. A way to scan a “broad” range of g-factors in a reasonable time is based on frequency modulation of the rf ﬁeld. By modulating
the rf frequency over a range ∆ν around a central value νrf , one can scan a
g-factor range according to
∆gI =

∆νh
.
B0 µN

(49)

Using this measuring approach with a modulation range ∆ν = ±10% of the
applied frequency, it is possible to scan a range of g-factors between gI = 0.6
5

The spin orientation is mainly related to the transfer of orbital momentum
from the projectile to the fragment, assuming a peripheral collision [104]. If the
fragment spin is dominated by spin momentum of a single nucleon, then it might
happen that the spin orientation is very low. For example, no spin polarization was
observed for the halo nucleus 11 Be, which has a spin I = 1/2 ground state dominated by a single particle s1/2 wave function [112], in the fragmentation of a 18 O
beam [115]. Generally, spin orientation has been observed for most fragment beams,
albeit the interplay between nuclear structure and reaction mechanism aspects in
the production of spin orientation has not been investigated systematically.
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and gI = 1.9, by varying the applied magnetic ﬁeld over just a few values (as
shown in Fig. 17(a1). This reduces drastically the measuring time needed for
locating the resonance. The uncertainty of such a g-factor measurement is
given by the applied modulation width. In a subsequent scan, using a smaller
frequency modulation, the range in which to search for the resonance can be
reduced as well as the uncertainty of the deduced g-factor, as demonstrated
in Fig. 17(a2).
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Plate 17. (a) NMR curves for 31 Al implanted in MgO. The scan performed as
a function of the static ﬁeld B0 covers a broad range of g-factors, the modulation
width of the rf frequency amounts to 8% (a1) and 1.2% (a2), respectively. (b)
Comparison of experimental magnetic moments to diﬀerent predictions for 33 Al,
assuming a “normal” ground state, an “intruder” ground state or a “mixed” ground
state [117]; cf. Plate 15 in the Colour Supplement

Such a frequency-modulated scan over a broad g-factor range needs an
rf ﬁeld strength B1 that can only be achieved by integrating the rf coil
in an RLC resonance circuit. This ﬁeld strength varies with the applied
frequency νrf and depends on the circuit properties. For the applied rfgenerator
voltage Vgen cos(ωrf t) the rf current depends on the impedance

Z=

R2 + (Lωrf −

1
2
Cωrf )

of the circuit:

Irf (t) =

Vgen
cos(ωrf t − Φ) .
Z

(50)

This impedance changes with the applied frequency. To avoid large variations
of the rf ﬁeld strength B1 over a wide frequency scanning range, it is preferable
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to perform the scan as a function of the static ﬁeld B0 , using a ﬁxed rf
frequency for which the RLC circuit is optimized. This procedure was used
in the measurements shown in Fig. 17.
Frequency modulation has another important advantage which is related
to the amplitude of the resonance. As discussed above, the condition for a full
resonant destruction of the β-decay asymmetry is that all nuclei implanted
in the crystal are at resonance with the rf ﬁeld at exactly the same frequency.
This requires that the Zeeman splitting of the nuclear levels is the same for
all nuclei in the sample, which is not always the case. For example, a small
EFG due to imperfections of the crystal, may induce small shifts of the Zeeman levels, or a magnetic ﬁeld which is not perfectly homogeneous over the
implanted beam spot may result in a diﬀerent Zeeman splitting for diﬀerent
nuclei. With a modulated rf frequency, all the implanted nuclei will be simultaneously at resonance and contribute to the NMR signal. In order to reach
saturation of the resonance, the rf ﬁeld strength B1 needs to be high enough,
such that the homogeneous line broadening of (Γhom ∼ gI B1 ) is larger than
the inhomogeneous broadening. As the sensitivity of the method increases
with the amplitude of the resonance squared, it is clear that a maximum
signal is desired for experiments with low beam intensities.
At GANIL the g-factors and quadrupole moments of neutron-rich nuclei
in the region of 32 Mg are presently under investigation. In this region of the
nuclear chart it has been observed that some ground-state properties do not
behave as expected for nuclei with a (near) magic neutron number N ≈ 20:
they have a deformed ground state [118]. This has been explained as due
to excitations of neutrons from the sd shell into the pf shell. Such intruder
particle-hole excited states become ground state due to the interplay between
an enhanced proton-neutron interaction and a reduction of the N = 20 shell
gap [119]. The region of nuclei that have ground states dominated by an
intruder conﬁguration, has been called the “island of inversion”. The goal
of several experimental programmes is now to determine the borders of this
island of inversion. At GANIL, spin-polarized and spin-aligned beams are
obtained by selecting the secondary beam with a well-deﬁned longitudinal
and transverse momentum [42, 120]. Typical beam intensities of these nuclei
vary from 5 × 104 down to 5 × 102 ions/s for the most exotic cases which
are at the limit of still being accessible to such studies. The measurement
of the 31 Al (Z = 13) ground-state g-factor has been reported recently [117],
using the frequency modulation technique described above (see Fig. 17(a)).
In a normal sd-shell model picture, the ground state of this odd-Z nucleus is
expected to be dominated by the πd5/2 5 conﬁguration, with a ground state
spin/parity I π = 5/2+ . From the measured g-factor, which agrees very well
with the calculated value, a ﬁrm spin assignment could be made. It was found
that the 31 Al ground-state properties are well described in the sd-shell model
with the USD interaction (see Fig. 17(b)). For the more neutron-rich Al isotopes, in particular 33 Al, more advanced interactions allowing excitation of
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neutrons into the pf shell [121, 122], predict that these nuclei have some
intruder components in their ground-state wave function. This aﬀects the
predicted g-factor, as shown in Fig. 17(b), and a measurement of the g-factor
will thus provide information on the amount of intruder admixture.
Also at ISOLDE this region of nuclei has been investigated. Using optically polarized Na beams, the g-factors and quadrupole moments of neutronrich Na isotopes have been measured [81, 123]. These results revealed that
29
Na, 30 Na and 31 Na, with the neutron numbers N = 18, 19 and 20, have
intruder components in their ground state wave functions [124].
In the chain of the Mg isotopes, which occur between the normal Al and
the intruder dominated Na isotopes, the situation has become clear only very
recently. 31 Mg, with N = 19, is expected to have a ground state spin/parity
of 3/2+ , due to the hole in the νd3/2 orbital. This was also the tentative
assignment based on earlier β-decay experiments [125].
The decisive experiment has been performed at ISOLDE using an optically polarized Mg+ beam, for which the atomic hyperﬁne structure and the
nuclear g-factor were measured independently. The hyperﬁne structure of the
transition 3s 2 S1/2 → 3p 2 P3/2 (D2 line), observed in the β-decay asymmetry as a function of the Doppler shift (optical pumping section at a variable
electrical potential ∆U ), is shown in Fig. 18. The dominating ground-state
(J = 1/2) hyperﬁne splitting is proportional to the product gI (I + 1/2).
For each assumed spin one can thus determine to some accuracy the corresponding g-factor. With this knowledge, a β-NMR measurement does not
only give the g-factor directly (inset of Fig. 18), but also decides ﬁrmly on the
spin value. This combination of techniques has yielded the unexpected spin
I = 1/2 and a precise value of the magnetic moment for the nuclear ground
state of 31 Mg. Details including the theoretical interpretation are explained
in [126]. The spin I = 1/2 can be understood in the Nilsson model if the nucleus is strongly prolate deformed. In the newly developed shell models, it is
interpreted as an intruder-dominated state. A particle-hole excited state becomes the ground state due to the reduced N = 20 shell gap in this region of
neutron-rich isotopes. The result will play a key role for the understanding of
changes in the nuclear shell structure in the neutron-rich isotopes around the
proton number Z = 12 and the disappearing magic neutron number N = 20.
NMR with Quadrupole Interaction: Features and Examples
The NMR method applied to nuclei implanted in crystals that have a noncubic lattice structure involves the quadrupole interaction with an electric
ﬁeld gradient (EFG) at the lattice site of the nuclei. This will be explained by
using the examples of 8 Li and 9 Li. Earlier experiments on these isotopes and
on 11 Li at ISOLDE had provided ﬁrst information on the spin and magnetic
moment [80] as well as the quadrupole moment [110] for the prototype twoneutron halo nucleus 11 Li. Improved investigations of nuclear resonances in
diﬀerent cubic and non-cubic crystals have been performed recently [111],
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Plate 18. Atomic hyperﬁne structure in the D2 line of 31 Mg+ , measured for an
optically polarized ion beam which is implanted into a MgO crystal for β-asymmetry
detection. This, combined with a separate β-NMR measurement of the nuclear gfactor (see inset), determines unambiguously the nuclear spin and a gives a very
precise value for the nuclear magnetic moment. The lower part shows the hyperﬁne
structure expected for diﬀerent spins and positive/negative sign of the g-factor; cf.
Plate 16 in the Colour Supplement
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as a preparation for a high-precision measurement of the 11 Li quadrupole
moment.
Beams of 8 Li and 9 Li atoms, with intensities of 107 and 2 × 105 atoms/s,
respectively, were polarized via the optical pumping method and implanted
into diﬀerent crystals oriented with their c-axis along the static magnetic
ﬁeld direction. An rf ﬁeld was applied perpendicular to the static magnetic
ﬁeld. The rf frequency was scanned around the Larmor frequency, giving rise
to equidistant resonances in the asymmetry of the β-decay, as illustrated in
Fig. 19 for 8 Li and in Fig. 20 for 9 Li. The distance ∆ between the resonances
depends on the quadrupole frequency νQ , and this dependence changes with
the spin, as illustrated in Figs. 19 and 20 for nuclei with spin I = 2 and
I = 3/2. By ﬁtting the spectrum with equidistant resonances one can deduce
from the resonance distance the quadrupole interaction frequency, νQ = 4∆
for 8 Li (I = 2) and νQ = 2∆ for 9 Li (I = 3/2). The parameter ∆ contains
the product of the nuclear quadrupole moment and the EFG at the site of
the nucleus, Qs Vzz .
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Plate 19. Nuclear magnetic resonances for Li (I = 2) implanted into diﬀerent
non-cubic crystals. This illustrates the inﬂuence of the implantation host on the
quadrupole frequency as well as on the resonance line widths. The nuclear level
splitting for a nucleus with spin I = 2, submitted to a magnetic ﬁeld and an EFG,
and the corresponding transition frequencies are shown for one- and two-photon
transitions. The ﬁve levels are non-equidistant, resulting in four equidistant onephoton resonances in the NMR spectrum; cf. Plate 17 in the Colour Supplement
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Plate 20. (a) Hyperﬁne levels of a nucleus with I = 3/2 submitted to a static
magnetic ﬁeld and an EFG. (b) Simulation of the three NMR peaks appearing in
the β-decay asymmetry due to a resonant breakdown of the ensemble polarization.
(c) Experimental result of a single-frequency scan around the Larmor frequency for
9
Li(Zn). (d) Multiple-rf scan for 9 Li(Zn)

Figure 19 shows the NMR scans for 8 Li implanted in LiNbO3 , in LiTaO3
and in metallic zinc. The crystal plays an important role in the quality of the
resonances: not only the EFG is diﬀerent, but also the resonance amplitude
as well as the resonance widths can diﬀer signiﬁcantly from crystal to crystal.
This has implications on the accuracy with which the quadrupole frequency,
and consequently the quadrupole moment, can be measured. Notice that in
the case of zinc, in which the line width is smallest and the applied rf ﬁeld
strength highest, one observes not only the 2I one-photon resonances ∆mI =
±1 with frequencies separated by ∆, but also the 2I−1 two-photon resonances
inducing transitions with ∆mI = ±2. These latter appear between the onephoton resonances at the same frequency distances ∆, all being symmetric
with respect to the Larmor frequency. This is illustrated in the top part of
Fig. 19.
Due to the non-equidistant level splitting, only two mI quantum states
can be at resonance with the applied rf frequency. The resonance amplitudes
therefore reﬂect the destruction of asymmetry due to equalizing two level
populations only, and thus are much smaller than in the purely magnetic
case where all level populations are equalized simultaneously at the Larmor
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frequency νL . The small resonance amplitudes often make it diﬃcult to measure a full NMR spectrum as it was shown for the case of 8 Li. Figure 20(a)
and (b) illustrates the levels and a simulated spectrum of three resonances
for the I = 3/2 case of 9 Li. A scan of one of these resonances is shown in
Fig. 20(c). For determining the quadrupole moment, one needs at least the
distance of two such resonances, which for statistics reasons may be impossible for very exotic nuclei.
A solution to this problem was found already in the earlier measurements
on 11 Li [110] (see also [127]), namely the simultaneous application of several
correlated rf frequencies. In the spin 3/2 case, all four mI levels will be at
resonance with the rf ﬁeld for the correct value of ∆, when three frequencies νL , νL + ∆ and νL − ∆ are applied simultaneously. This is explained
in Fig. 20(a). A search for a resonance can be performed by scanning the
3 rf frequencies simultaneously: one is ﬁxed to the Larmor frequency, the
other two are scanned symmetrically with respect to νL , as demonstrated in
Fig. 20(b). The result of such a scan is a single resonance in which all levels
are contributing to the NMR eﬀect, as shown in Fig. 20(d). In this case the
resonance amplitude is a factor of 6 higher than for the single-rf scan. From
the resonance position the quadrupole interaction frequency can be obtained
very accurately, and with a known EFG the nuclear quadrupole moment can
be deduced. A requirement for the eﬃcient application of this multiple-rf
method is that the Larmor frequency νL is known very accurately (typically
to a precision better than 10−3 ) from the measurement in a cubic crystel.
5.4 Beta-Ray Detected Level Mixing Resonance (β-LMR)
The resonances observed in a LMR experiment are not induced by the interaction with a rf ﬁeld, but by misaligning the magnetic dipole and electric
quadrupole interactions [41]. This experimental technique does not need an
additional rf ﬁeld to induce changes of the spin orientation. The change of
the spin orientation is induced by the quantum mechanical “anti-crossing” or
mixing of levels, which occurs in quantum ensembles where the axial symmetry is broken. From the similarity between a dynamic and a static symmetry
breaking it can be shown [43] that the observed resonances have similar features. There are however a few important diﬀerences. The β-LMR method
can be applied to purely spin-aligned ensembles, while the β-NMR method
requires a spin-polarized ensemble [128]. In combination with projectile fragments, this diﬀerence is important: a spin-aligned fragment beam is obtained
by selecting the fragments in the forward direction (i.e. with the highest fragment yield), while the secondary beam needs to be selected asymmetrically
with respect to the primary beam to obtain a spin-polarized ensemble. In
general, this leads to a reduction of a factor of 5 in the intensity of the selected fragment beam. For exotic nuclei, this can make the diﬀerence between
a feasible and a non-feasible experiment.
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From a LMR curve, one can deduce the ratio of the nuclear moments,
µI /Qs . In order to deduce from this result the quadrupole moment, one
needs to measure the nuclear g-factor with another method, e.g., the NMR
method on a polarized fragment beam implanted in a crystal with cubic lattice symmetry. Another option is to induce the spin polarization by applying
a resonant rf ﬁeld to a spin-aligned ensemble implanted in a crystal with noncubic symmetry [43]. In Fig. 21(a) the nuclear hyperﬁne levels are plotted for
12
B (I = 1) implanted in a Mg single crystal with hcp lattice structure.
At the level anti-crossing ﬁeld, a β-LMR is observed in the β-decay asymmetry as a function of the magnetic ﬁeld strength (see middle resonance in
Fig. 21(b) and (c)). The static ﬁelds for which the applied rf ﬁeld is at resonance with the ensemble is shown in Fig. 21(a), once for a lower and once
for a higher rf frequency applied. At these ﬁelds, β-NMR resonances occur,
positioned symmetrically around the β-LMR. These data have been obtained
by using a polarized 12 B beam produced via a 11 B(d,p) reaction and selected
at about 40◦ with respect to the deuteron beam. Using this method, it has
been possible to measure the ground-state moments of spin-aligned 18 N fragments, produced in the fragmentation of a 22 Ne beam at the LISE fragment
separator at GANIL [42, 129].
Another feature of the β-LMR method, is that it allows to measure directly the nuclear spin. In Sect. 3.2 and in Fig. 6 it is demonstrated that the
position of the resonances, as well as the distance between two resonances, is
directly related to the nuclear spin. Fitting the experimental resonances with
a model that has the nuclear spin, the ratio of the nuclear moments and the
initial spin orientation as variables, one can directly deduce the nuclear spin.
This has, however, not been applied till now.

6 Conclusions
In order to measure the static moments of exotic nuclei, whether in their
ground state or in one of their excited isomeric states, it is necessary to
apply complementary experimental techniques that cover a wide range of
nuclear lifetimes and spins. In this lecture it has been shown that β-NMR
methods allow the determination of high-precision values for the g-factor
and quadrupole moment of short-lived nuclear ground states. Examples of
such studies on exotic nuclei in neutron-rich isotopes of Be, Na, Mg and
Al have been discussed. The Be, Na and Mg isotopes have been produced at
ISOLDE-CERN, where they are spin-polarized using the resonant interaction
with a collinear laser beam. The Al isotopes are more eﬃciently produced
and spin-polarized using a projectile-fragmentation reaction followed by inﬂight separation, as it was done at GANIL. Nuclear moments from atomic
hyperﬁne structure and isotopic changes of the mean square nuclear charge
radii can be measured by high-resolution optical spectroscopy, using a variety
of techniques based on the resonant interaction of atoms or ions with a laser
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Plate 21. (a) Hyperﬁne levels for 12 B implanted in a Mg single crystal. (b) and
(c) Resonances observed in the β-decay asymmetry due to nuclear level mixing and
due to interaction with a resonant rf ﬁeld

beam. These techniques are limited to ISOL-type production schemes. As
an example, recent collinear laser spectroscopy experiments on short-lived
neutron-deﬁcient and neutron-rich Ne isotopes have been discussed. For the
study of excited isomeric states, the spin orientation of isomeric projectile
fragment beams will open a new ﬁeld of research, e.g., the investigation of
the moments of neutron-rich isomeric states.
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