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We report on recent results of nuclear moment measurements on exotic nuclei, performed at RIKEN with
spin-polarized radioactive nuclear beams. The g-factor for the 17C ground state is measured to be |g| =
0.5054± 0.0025. The obtained value is much smaller than those expected for the lowest Iπ = 1/2+ state in
shell models and, instead, proves quite compatible with the spin-parity assignment Iπ = 3/2+ for the ground
state of 17C. The electric quadrupole moment Q for 17B has been measured and found to be surprisingly
close to the observed Q for the neutron shell-closed isotope 13B. Comparison of the experimental Q(17B) and
Q(13B) with shell model calculations suggests that the effective charge for neutron is significantly quenched
in 17B, as en ≈ 0.03e. Similar analyses have been applied to Q(15B), Q(14B), and Q(18N) obtained in
previous experiments. The results clearly indicate the tendency that the effective charge for neutron becomes
more and more quenched as the degree of neutron excess increases. The measured magnetic moment for the
Iπ = 1/2+ ground state of 15C provides direct information on the value of the spin g-factor that the neutron
acquires when it is embedded in a nucleus. By combining it with the known magnetic moment of 11Be, we
examine the hypothesis that the spin g-factor for a neutron in a halo state approaches its free-space value.

Introduction

The domain of nuclei that can be produced in the laboratory
for physics experiments has been dramatically expanded re-
cently, thanks to the advances in radioactive nuclear beam
(RNB) technology. Systems that are of main concern in nu-
clear physics are no longer restricted to nuclei at or close to
the β stability. The work presented here is intended to make
a contribution to such a direction, by taking the spin polar-
ization of RNB as a key experimental grip. The availabil-
ity of spin-polarized RNBs potentially offers important ex-
perimental opportunities in the studies of nuclear structures,
fundamental interactions and symmetries,1) and other inter-
disciplinary applications. At present, however, we mainly
concentrate on nuclear structure studies via electromagnetic
moment measurements.

The electromagnetic moments are one of the basic probes
to obtain information about the nuclear structure through-
out the entire nuclear chart. The magnetic moment, µ =
〈ψI,M=+I |µ̂z|ψI,M=+I〉 in terms of the magnetic dipole oper-

ator �̂ =

AX
k=1

(gssk + g
`k)µN and the nuclear magneton µN,

contains weighting factors gs and g
 which are very differ-
ent between the spin s and the orbital angular momentum `

(gs = +5.59, g
 = +1 for proton and gs = −3.83, g
 = 0 for
neutron, if, for example, bare nucleon values are assumed).

For a given total spin I where I =
AX

k=1

(sk + `k), the pre-

dicted µ should differ distinctly for different assumptions on
its (s, 	) compositions. Thus, under circumstances where the
independent particle aspect dominates nuclear motion, the µ
moment sensitively reflects what single particle orbits con-
tribute to the nuclear wave function. In the other extreme
where collective motion plays an important role, the magnetic
moment is considered to refer to another characteristic value
of g, i.e., gR = Z/A. Consequently, the magnetic moment
may also provide a means to distinguish between spherical
and deformed states. One of the interesting cases is found in
the Mg and Ne N ≈ 20 region where the conventional shell
closure for neutron is reported to disappear. In fact, Monte
Carlo shell model calculations 2) predict distinctly small mag-
netic moments for the first 2+ states in 32Mg, 30Mg, and 28Ne.

The electric quadrupole moment Q, representing a deviation
from a spherical distribution of the electric charges in a nu-
cleus, is sensitive to the admixture of collective components.
In particular, if the valence nucleons are of neutron type, the
observation of Q gives a useful measure of how the core is
polarized by the presence of the added particles, since in this
case the valence particles themselves are neutral and should
not directly contribute to the electric quadrupole moment.

In what follows, we first outline two key ingredients of
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moment measurements at the RIKEN RNB facility, i.e.,
an element-independent production of nuclear polarization
through the projectile fragmentation (PF) process, and an
ultra-sensitive detection of nuclear magnetic resonance via
the β-ray asymmetry. Then, we present the results obtained
for the g-factor of the ground state of 17C and discuss the
assignment of its spin. In the suceeding section, we focus on
the Q moment results, in which an interesting phenomenon
of quenching of the E2 effective charge in neutron-rich nuclei
is implied. Finally, a discussion is made on the possibility of
restoration of free nucleon moment in the halo state, based
on the recent magnetic moment results for 15C.

Experimental methods

Production of spin-polarized RNBs
There are two major approaches to obtain beams of radioac-
tive nuclei. The first one is based on the production of ra-
dioactive nuclei via the target fragmentation (TF) reaction
induced by a high-energy proton beam, taking advantage of
high available beam intensities for protons and thick adopt-
able targets. The activities produced come immediately to
rest in the target, diffuse out, are ionized, and then are ac-
celerated to form a beam that is then mass-separated in a
magnet of an isotope separator on line (ISOL). The other
approach for RNB production, the PF method, relies on the
fragmentation of beam particles. Heavy ion beams at several
tens of MeV/u or higher are used. The activities, projectile
fragments, are produced almost at rest in the projectile-rest
frame, or as a beam well focused in angle and velocity in the
laboratory frame. The fragment beam thus obtained is imme-
diately delivered to an in-flight isotope separation by means
of combined magnetic-rigidity and momentum-loss analyses.
The latter method using the PF reaction is rather new com-
pared to the former (TF-ISOL method) that has been well
developed at ISOLDE/CERN. Because of the fast, chemistry-
independent nature of the in-flight isotope separation mech-
anism, the PF method applies to quite wide regions of nuclei
without the need for elaborate technical developments. For
this reason, it may be considered that RNB physics largely
owes its recent progress to the advent of the PF method.

The momentum distribution of projectile fragments in the
PF reaction is characterized by a sharp, Gaussian-like peak
located around the beam velocity, and is fairly well explained
in terms of a simple participant-spectator model.3) In this
model, the collision between a projectile and a target nucleus
is considered as a simple ensemble of independent collisions
between individual nucleons in the projectile and those in the
target. Nucleons in a part of projectile volume that overlaps
with the target at collision are removed from the projectile as
illustrated in Fig. 1, leaving the remaining portion (projectile
fragment) in its original motion. The fragment momentum
then is given by �p = M�v0 − �pr, where M and �v0 denote the
fragment mass and the projectile velocity, respectively. �pr is
the internal momentum of the nucleon(s) removed from the

projectile. Noting that the angular momentum, �Lr = �R× �pr

(with �R representing the c.m. position of the removed nu-
cleons measured from the projectile center), accompanies the
removed nucleons, one may be led to an expectation that the
fragment spin, given by �L = −�Lr, is correlated with the linear
momentum �p, and thus the fragment will be spin-polarized
by simply selecting its linear momentum. An experiment to
examine this expectation was performed by us for the frag-
mentation of 14N projectile at 40MeV/u on an Au target.4)

Fig. 1. Predicted correlation between fragment spin and linear mo-
mentum in a model of projectile fragmentation. Projectile P in-
cident at velocity v0 is transmuted to fragment F through the
removal of nucleons at position �R. See text for further explana-
tion.

Fig. 2. Arrangement of the beam line RIPS for the production of
spin-polarized radioactive nuclear beams at RIKEN.

The data indeed revealed a substantial polarization of 12B
fragments with the momentum dependence compatible with
the expectation from the above simple model. Subsequent ex-
periments since then 5–7) have shown that the polarization is
a general phenomenon common to fragmentation reactions.
The size of polarization obtained in this method typically
ranges from 2 to 10%.

β-NMR technique
A typical arrangement for nuclear moment measurements
with polarized RNBs at RIKEN is shown in Fig. 2. A primary
beam of energies around E/A = 100MeV/u from the RIKEN
Ring Cyclotron is introduced into a target chamber through
a beam swinger, so that fragments emitted from the target at
finite angles are accepted by the fragment separator RIPS.8)

Fragments of the objective nuclide are isotope-separated and
momentum-analyzed in RIPS, and finally focused on a col-
lection point F3, at which a stopping material and a device
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Fig. 3. Setup at the collection point F3 of the RIPS beam line, for
moment measurements with polarized RNBs.

for β-ray detected nuclear magnetic resonance (β-NMR) ex-
periments are located. The setup at F3 for the β-NMR ex-
periments is schematically shown in Fig. 3. The polarization
of fragments in the direction perpendicular to the reaction
plane (referred to as the z-direction below) is preserved dur-
ing the transportation through RIPS to the stopper, and held
in the stopper under an applied static magnetic field B0 in
the z-direction until the fragments decay due to the β-ray
emission. The β-ray angular distribution from polarized nu-
clei is given by W (θ) = 1 + v

c
AβP cos θ, where Aβ and P

denote the asymmetry parameter and the degree of polariza-
tion, respectively, and v/c ≈ 1 is the ratio of the β particle
velocity to the speed of light. A change in the up/down ratio
U/D ≡W (0◦)/W (180◦) ≈ 1 + 2AβP of the β-ray intensities
provides a sensitive index for the spin flip resulting from the
nuclear magnetic resonace (NMR). An rf field B1 perpendic-
ular to B0 is applied, with its frequency ν being swept over
the range from ν1 − 1

2
∆ν to ν1 +

1
2
∆ν. If the range includes

the Larmor frequency νL = µB0/hI, the nuclear spins are
inverted (the adiabatic fast passage inversion; AFP) and the
U/D ratio changes as 1+2AβP → 1−2AβP . Thus, the NMR
is searched for by scanning the ν1 value while monitoring the
β-ray U/D ratio.

Once the NMR is successfully detected, the degree of polar-
ization P for the fragment beam can be deduced from the
observed size of change in asymmetry. In order to pursue
the NMR search, however, it is highly desirable to know P
before the NMR effect is found, since the sensitivity of the
search depends on the size of P . This situation represents a
dilemma inherent in the present “β-NMR on fragmentation-
induced polarization” experiment. Recently, we have devel-
oped a means to overcome this dilemma: The degree of po-
larization for fragments is measured prior to the NMR search
by means of the adiabatic field rotation technique.9) Using
this technique, the best experimental conditions are searched
for by changing the settings for the emission angle θL and
the momentum p, in order to optimize the figure of merit
given by F = P 2Y , where Y is the yield for the objective
fragments.

In the measurement of electric quadrupole moment Q, a sin-
gle crystal stopper is employed, in which an electric field gra-
dient eq is known to act on an implanted radioactive atom.
In the spin I = 3/2 case, the quadrupole coupling between
eq and Q causes the NMR line to split into three frequencies
ν = νL, νL ± 3

8
νQ, where νQ ≡ eqQ/h. The measurement

is made by applying the B1 field having all of the three fre-
quency components with the νQ value being scanned.

The above method of “β-NMR on fragmentation-induced po-
larization” has been applied to the measurement of mag-

Fig. 4. Nuclides for which the magnetic moments or the electric
quadrupole moments have been determined.

Fig. 5. Low-lying levels in 17C from shell model calculations. Those
with PSDMK and PSDWBT interactions are calculated using
OXBASH code, while that with MK3 interaction is taken from
Ref. 10.

netic dipole and electric quadrupole moments for numbers
of nuclei situated in the light-mass, neutron-rich region. In
Fig. 4, we show nuclides for which the magnetic dipole or the
electric quadrupole moments are determined at RIKEN. To
date, ten new magnetic dipole moments and six new electric
quadrupole moments have been determined. Here we dis-
cuss the physical implications of some of the results of these
experiments.

g-factor for the 17C ground state and its spin value

The spin for the ground state of 17C is not known. In
shell models, there appear three low-lying states with Iπ =
1/2+, 3/2+, and 5/2+, which are very close to each other,
and which state has the lowest energy depends critically on
the interaction employed in the calculation, as seen in Fig. 5.
This situation makes it very difficult to predict the spin for
the 17C ground state from theory. Experimentally, one of
the candidates, Iπ = 5/2+, is excluded from the observed
branching ratios for the 17C→17N β decay,10) but the other
two, Iπ = 1/2+ and 3/2+, remain intact. The spin assign-
ment for the 17C ground state is quite crucial in interpreting
the results of single-neutron removal reaction.11–14) The lon-
gitudinal momentum distribution of the outgoing 16C frag-
ments in this reaction reflects the 	 value that the removed
neutron possesses initially in 17C. In the case of the s1/2 or-
bit for the valence neutron, a narrow longitudinal momentum
distribution is expected because of its small binding energy
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Fig. 6. Theoretical and experimental g-factors for the 17C ground
state.

Fig. 7. β-NMR spectrum for the measurement of g-factor for the
17C ground state.

(Sn ≈ 0.73MeV). The experimental distribution is reported
to be much broader favoring the d orbit, but the shape of the
spectrum does not conform to the pure d state. More recently,
spectroscopic factors and 	 assignments have been derived
from measured partial cross sections and associated momen-
tum distributions corresponding to the 16C final states.

In the present work, the g-factor for the 17C ground state
has been determined. The g measurement is very important
in distinguishing between the two spin-parity assignments
Iπ = 1/2+ and 3/2+. For the former case of assignment,
the angular momentum I = 1/2 is considered to stem al-
most solely from the neutron spin, since only configuration of
16C(0+)⊗νs1/2 type is possible within the (νd5/2s1/2)

3 space.
Then the g-factor for 17C should take a large value close to
gn = −3.83. For the latter case, on the other hand, the major
configurations would be of ν(d5/2)

3 and
�
ν(d5/2)

2s1/2

�
types,

both giving g-values 1/5 times of gn or even smaller. In fact,
shell-model calculations for the low-lying states in 17C using
PSDMK and PSDWBT interactions with the free M1 oper-
ator, shown in Fig. 6, show a clear difference in g for the
Iπ = 1/2+ and 3/2+ assignments. The theoretical g-values
do not depend much on the choice of the M1 operator. For in-
stance, employing the effective M1 operator from the work of
Arima et al. 15) for proton and that from Brown and Wilden-
thal 16) for neutron leads to a Iπ = 1/2+ state g-factor that
is only 10 % smaller than that with the free M1 operator.

A spin-polarized beam of 17C was produced in the frag-

Fig. 8. Effective charge for neutron.

mentation of 22Ne projectiles on an 93Nb target at E/A =
110MeV/u. The 17C fragments were implanted in a Pt stop-
per cooled at about 75 K. The β-NMR spectrum obtained
is plotted in Fig. 7. From the frequency corresponding to
a dip in the spectrum, we tentatively deduce the g-factor
for the 17C ground state: |g(17C)| = 0.5054 ± 0.0025. The
obtained |g(17C)| is much smaller than the theoretical g for
the 1/2+ state plotted in Fig. 6 and, on the contrary, shows
good agreement with that for the 3/2+ assignment. We thus
clearly conclude the spin-parity assignment for the ground
state of 17C as Iπ = 3/2+. We find that in the wave func-
tion for the Iπ = 3/2+ state obtained from the calculations
presented in Fig. 6, the configurations of types ν(d5/2)

3 and�
ν(d5/2)

2s1/2

�
share almost equal strengths.

Quenching of effective charges in neutron-rich nuclei

We now focus on the quadrupole moment results. The
nuclear electric quadrupole moment is written as Q =

〈ψI,M=+I |
AX

k=1

ekQ̂k|ψI,M=+I 〉, where Q̂k =
q

16π
5
rk

2Y20(r̂k)

and ek is the electric charge for the k-th nucleon. Since ek = 0
for neutron, there should appear no direct contribution from
neutrons; however, this point requires further attention: The
addition of a valence neutron will induce polarization of the
core into configurations outside the adopted model space.
Such an effect is included by introducing effective charges
eeffp = e + δep and eeffn = δen for proton and neutron, as il-
lustrated in Fig. 8. Empirically, the polarization charges are
known to take values δep ≈ 0.29e and δen ≈ 0.49e for nuclei
in the region close to stability with mass range A = 17–39.
It is interesting to examine how such a property of nucleon
in a nucleus changes as it moves farther from stability.

The electric quadrupole moment for the 18N ground state
has been measured 17) to be |Q(18N)| = 12.3± 1.2 emb. Be-
cause of the p1/2 character of an

18N proton hole, the proton
contribution to the Q moment is very small: Rewriting as
Q = eeffp Qp + eeffn Qn where Qp = 〈ψI,+I |

P
protonQ̂k|ψI,+I〉

and Qn = 〈ψI,+I |PneutronQ̂k|ψI,+I〉, shell model calculations
with the PSDMK and PSDWBT interactions predict Qp =
1.7–2.0 mb while Qn = 31.8–33.4 mb. Note that the calcu-
lated Qp,n values are quite stable against the choice of the
effective interaction. Inserting the usually taken values of ef-
fective charges, eeffp ≈ 1.3e and eeffn ≈ 0.5e, the shell model
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Fig. 9. Empirical effective charge for neutrons in the sd orbits, ex-
tracted from the experimental static Q moments (circles) and E2
transition probabilities (boxes).

values for Q substantially overestimate the experimental Q.
Because Qp is very small, the small Q(18N) implies that eeffn
should be smaller. Agreement is obtained if eeffn = 0.3e is
taken.

The quenching of eeffn is even more striking in the measured
Q moments for 15B 18) and 17B.19) The 15B and 17B isotopes
have, respectively, two and four extra neutrons on top of the
closed-shell N = 8 isotope 13B. Shell model calculations pre-
dict a rapid increase of the matter Q moment for neutrons Qn

from 0.0 mb through 45.3 mb to 60.5 mb
∗1

for isotopes 13B,
15B, and 17B, respectively, while that for proton stays almost
constant, Qp = 31.2–25.1 mb. Thus, the shell model values
for Q increases by about 40% and 55% as going from 13B to
15B and 17B isotopes, if the standard value of eeffn ≈ 0.5e is
assumed for the neutron effective charge. To the contrary, the
experimentalQmoments, |Q(15B)| = 38.01±1.08 emb 18) and
|Q(17B)| = 38.8 ± 1.5 emb (preliminary),19) are surprisingly

close to that of 13B, |Q(13B)| = 36.9 ± 1.0 emb.20, 21)∗2
In a

weak coupling model in which 15B and 17B are described by
two and four neutrons coupled to the 13B core, the similarities
of Q(15B) and Q(17B) to Q(13B) imply smallness of the neu-
tron part ofQ in 15B and 17B. Therefore, it may be interesting
to assume that the effective charge for neutron is quenched
while that for proton remains unaltered, although other pos-
sibilities cannot be excluded. To obtain agreement between
theory and experiment under this assumption, anomalously
small values for the neutron effective charge, eeffn ≤ 0.1e, are
needed. The experimental Q of 14B, |Q(14B)| = 29.84± 0.75
emb,18) is found to be well reproduced by calculations with
eeffn ≈ 0.1e. The eeffn values extracted from the present ex-
periments are plotted in Fig. 9 as a function of the N/Z
ratio, together with those for nuclei close to stability taken
from literature. One may find an apparent tendency that the
quenching of eeffn develops gradually as N/Z increases.22)

∗1
Values from calculations with the PSDMK interaction. We
stress again that the calculated Q is very stable against the
choice of the effective interactions, and therefore the discrep-
ancy observed here is substantial.

∗2
Re-evaluated from Q(13B) reported in Ref. 20 (which takes the
old data for Q(12B) as a reference) by taking the new Q(12B)
value from Ref. 21 as a reference.

Fig. 10. β-NMR spectrum obtained for the measurement of g-factor
for the ground state of 15C.

Does the magnetic moment of halo nucleon
tend to recover its free space value?

The ground state of 11Be, with its anomalous spin-parity
Iπ = 1/2+ and small neutron separation energy Sn =
503 keV, is known to have a one-neutron halo structure.
Then, an interesting question arises whether the spin g-factor
for a neutron in a halo, geff

s (halo), tends to recover the free
nucleon value, since a halo neutron is considered to spend
most of its time in space outside the nucleus. The geff

s (halo)
may be extracted from an observed 11Beg.s. magnetic mo-
ment. More quantitatively, in a weak coupling model, the
11Beg.s. wave function is expressed as |11Beg.s.(1/2

+)〉 =

α|10Be(0+) ⊗ νs1/2〉Jπ=1/2+
+ β|10Be(2+) ⊗ νd5/2〉Jπ=1/2+

,

where α2 ≈ 0.55 is predicted by the variational shell model.23)

The 11Beg.s. magnetic moment is then given by Ref. 23, 24

µ(11Beg.s.)=α
2µ(νs1/2)+(1− α2)

�
7

15
µ(νd5/2)− 1

3
µ(2+)

�
.

(1)

The µ(11Beg.s.) is experimentally known 25) to be µ(11Beg.s.)
= −1.6816 ± 0.0008µN , while the 10Be(2+) core moment
µ(2+) is evaluated as µ(2+) = 1.786µN in Ref. 26 from
the shell-model wave function. The d5/2 neutron moment

µ(νd5/2) is expressed as µ(νd5/2) =
1
2
geff

s µN, in terms of the

effective spin g-factor geff
s for (non-halo) neutron inside a nu-

cleus. Thus, if the (non-halo) neutron geff
s factor is known, we

obtain the gs-factor for the halo s1/2 state neutron through
Eq. (1).

β-NMR measurement of the 15Cg.s. magnetic moment was
carried out. The result is shown in Fig. 10. A preliminary
analysis of the data gives |µ(15C)| = (1.720 ± 0.009)µN.

19)

Shell-model calculations indicate that the 15Cg.s. wave func-
tion is dominated by configurations of π(0+) ⊗ νs1/2 to 97–
98% probability. After correction for the remaining 2–3%
contribution from the other types of configurations, we obtain
the “experimental” 2s1/2 neutron single particle moment,
µ(νs1/2)

exp = −(1.77± 0.05)µN, or the effective gs-factor for

well-bound (i.e., non-halo) neutron, geff
s = (0.92± 0.02)gbare

s ,
where gbare

s = −3.83 is the free-neutron g factor.

By inserting geff
s into Eq. (1), the gs value for the halo neutron

is obtained. Interestingly, geff
s (halo) ≈ 0.99gbare

s is obtained
if we employ α2 ≈ 0.55 predicted by VSM, as indicated in
Fig. 11. On the other hand, if a larger value of α2 ≈ 0.84
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Fig. 11. Halo-neutron gs-factor derived from the experimental g’s
for 11Be and 15C, as a function of α2.

derived from p(11Be,10Be)d reaction 27) is emploed, an almost
normal value of geff

s (halo) ≈ 0.90gbare
s is obtained. Thus,

further studies are needed to solve the present problem.
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