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The first lifetime measurement used to study the magnetic response of halo nuclei is presented.
The lifetime of the first excited state of the one-neutron halo nucleus °C has been measured by
two complementary Doppler-shift techniques with the GRETINA array. The B(M1; 3/2t—1/2] )
strength of 3.21(25)x 1073 u3 determined for this decay represents a strongly hindered M1 transition
among light nuclei. Shell model calculations predict a strong hindrance due to the near-degeneracy
of the 51 /5 and ds/» orbitals among neutron-rich carbon isotopes, while tensor corrections and loosely
bound effects are necessary to account for the remaining strength.

PACS numbers: 21.10.Tg, 21.60.Cs, 23.20.Lv, 27.20.4+n

The electromagnetic response of atomic nuclei plays
a central role in characterizing the static and dynamic
nuclear properties in terms of spatial, spin and isospin
degrees of freedom. The giant resonance is one famous
example, exhibiting a significant strength from coherent
collective motion between protons and neutrons [1]. De-
pending on the excitation energy region of nuclei, the
electromagnetic transition strength can provide essential
information to deduce internal configurations of nuclei,
quantify collectivity and deformation, and constrain the
nuclear equation of state.

At the limit of nuclear stability, exotic structures
can emerge due to the rearrangement of shell-model or-
bitals [2, 3]. When the s-wave strength appears close
to the threshold, quantum tunneling of valence neutrons
leads to extended wave functions known as halos [4, 5].
In this case, a new degree of freedom in collective modes
is naively expected from a relative motion between the
core and halo neutron, inducing so-called soft collective
motions [6, 7]. Non-resonant dipole excitations in light
nuclei and pygmy dipole modes in medium and heavy
nuclei have been extensively studied through Coulomb
excitation with rare isotope beams, revealing a sizable
electric dipole (E1) strength in the low-energy region [8].
However, the magnetic response of halo nuclei is not well
understood, mainly due to difficulties in selectively in-
ducing the magnetic excitation in intermediate-energy
nuclear reactions [9]. Currently, only static magnetic
properties have been studied for the one-neutron halo
nucleus 'Be through the S-NMR measurement of the
magnetic moment [10] and hyperfine splitting measure-

ment to deduce the magnetization radius [11]. Regarding
the dynamic response, a hindered magnetic dipole (M1)

strength has been observed for the 1/27—3/2}  transi-

tion in 17C [12], where a possible halo structure in the
excited 1/2% state is discussed.

The present paper reports the first study on the dy-
namic magnetic response of the neutron halo nucleus
9C. In a simplistic model of the halo, an 51/2 neu-
tron is coupled to a 0T core, causing the low-energy
M1 response to vanish due to the absence of a spin-
flip partner for the s;/, orbital. However, the realistic
picture is more complex in ?C, because non-negligible
core-excitation components have recently been suggested
by an inclusive one-neutron removal study [13]. In this
work, we quantify the magnetic transition strength in
9C to identify possible hindrance, and investigate the
role of shell model configurations responsible for such a
transition. The ground state has previously been studied
by measurements of interaction cross sections [14], mo-
mentum distributions [15-17], Coulomb dissociation [18],
and knockout reactions [13, 19, 20]. These results have
established the one-neutron halo structure with spin and
parity J7 of 1/ 2;5_ and one-neutron separation energy
Sy of 580(90) keV [21]. In addition, an excited state at
~200 keV has been established by in-beam ~-ray stud-
ies [22, 23] which propose a tentative J™ of 3/2T. A
second possible y-ray transition at ~70 keV was also ob-
served [23], suggesting a J™ = 5/2T state at ~270 keV.
However, this state is questioned because a 5/27 state in
190 was observed just above the threshold [24], and one-
neutron knockout cross sections exclude a bound 5/2%



state [13, 20]. Based on the proposed level scheme, the
multipolarities of the observed transitions are expected
to be M1, presenting an ideal case to investigate magnetic
responses of halo nuclei.

In this work, the M1 transition strength in **C is de-
termined through an excited-state lifetime measurement
with fast rare-isotope beams using the state-of-the-art ~-
ray array GRETINA [25]. Based on the previous v-ray
studies [23, 26] and shell model calculations [27, 28], the
expected lifetimes of the excited states range from the
order of 10 ps to 10 ns. To cover a wide range of life-
times, we apply two complementary Doppler-shift tech-
niques: the line-shape and recoil-distance methods. The
line-shape method [29] is based on the emission-point
distribution of 7 rays emitted from fast-moving reaction
products and is sensitive to relatively longer lifetimes of
100 ps—10 ns. On the other hand, the recoil distance
Doppler-shift method [30] utilizes the plunger device [31],
which holds the target and degrader at a precisely known
distance to produce fast and slow components in the
Doppler-shifted spectra. Lifetimes down to the order of
1 ps can be determined by measuring the relative y-ray
yields. The excellent energy and position resolution as
well as the high detection efficiency of GRETINA allows
us to make use of both methods with unprecedented sen-
sitivity.

The experiment was performed at the Coupled Cy-
clotron Facility at the National Superconducting Cy-
clotron Laboratory (NSCL) at Michigan State University.
A 22Ne primary beam was accelerated to an energy of
120 MeV /nucleon and directed onto a 1081 mg/cm?-thick
9Be production target. The reaction products were col-
lected and analyzed by the A1900 fragment separator [32]
with a 2% momentum acceptance to produce a secondary
beam of 2°N at 74 MeV /nucleon. A 750 mg/cm?-thick Al
wedge degrader was used to obtain a purity above 90%.
The ?°N beam had a typical intensity of 1.3 x 10* pps.

The secondary beam was delivered to the experimental
area, where a one-proton knockout reaction was used to
populate states in 19C. The plunger device [31, 33] was
placed at the target position of the S800 [34]. Initially,
line-shape data were taken with only a 370 mg/cm?-thick
Be target. Afterwards, a 1527 mg/cm?-thick Ta foil was
added 5 cm downstream of the target and used as a de-
grader for the recoil-distance measurement. With this
degrader, the velocity of the °C beam was reduced from
v/c ~ 0.36 to 0.32. Particle identification of reaction
products was provided from energy-loss and time-of-flight
measurements in the S800 [34].

De-excitation ~v-rays were detected with the
GRETINA array [25] in coincidence with outgoing
particles. GRETINA consists of seven detector modules,
each containing four high-purity germanium crystals.
Each crystal is divided into 36 segments, providing
excellent ~-ray interaction position resolution through
the signal decomposition procedure [25]. Doppler-shift
corrections were made based on the ~-ray hit position
in GRETINA by assuming that ~-rays are emitted
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FIG. 1. (color online) The data from (a) line-shape and (b)
recoil-distance measurements are compared to simulated spec-
tra (solid red histograms) which include scaled °Li spectra
as background contributions (dashed blue histograms). In
(a), the dotted (dot-dashed) gray histogram shows a reference
spectrum simulated with a mean lifetime of 0 ns (0.5 ns).

from the target position. The momentum-vector infor-
mation of recoiling particles was obtained by the ray
tracing through the S800 spectrograph and incorporated
event-by-event in the Doppler-shift corrections. In
order to provide a balance between the ~-ray detection
efficiency and sensitivity to the varying degrees of
Doppler shifts arising from different recoil velocities in
the recoil-distance measurement, the target was placed
about 13 cm upstream of the center of GRETINA.
This resulted in four detectors being located around
40 degrees and three detectors around 65 degrees.

The Doppler-shift corrected ~-ray spectra from the
line-shape and recoil-distance measurements are shown
in Figs. 1(a) and (b), respectively. The multiplicity M =1
is chosen to improve the signal-to-noise ratio. The vy-ray
peaks associated with the decay from the first excited
state at 209(2) keV are clearly visible in both spectra
with characteristic spectral shapes which provide a means
to constrain the decay lifetime. In both Figs. 1(a) and
(b), the peaks show a broad low-energy tail extending
down to about 100 keV. The moderate slope in the spec-
tra indicates the v decays occur while C recoils are mov-
ing along the beam path surrounded by GRETINA. This
means the decay lifetime is on the order of nanoseconds,
because the detector coverage extends about 30 cm down-
stream of the target, corresponding to a flight time of 3 ns
at the PC recoil velocity. Concerning the recoil-distance
spectrum shown in Fig. 1(b), the two-peak structure is
evident at around 200 keV with the fast and slow com-



ponents arising from the different recoil velocities. Since
the vy-ray yield is much larger for the slow component,
the lifetime is likely longer than the flight time (0.5 ns)
of recoils passing through the target-degrader separation
of 5 cm. A transition from a possible state near 270 keV
is not significantly observed in the present work. A ~-v
analysis gated on the 209-keV transition places an upper
limit of 10% on the possible feeding.

The lifetime was determined through y2-minimization
by comparing data to simulated spectra [29, 35]. The
simulation utilizes the GEANT4 package and incorpo-
rates the geometry of GRETINA [33]. The variable pa-
rameters used in the fits are the lifetime of the state and
the amplitudes of both the spectrum and the background
contribution. In this study, the spectrum in coincidence
with 9Li recoils was used as the background, instead of
the exponential background typically assumed, in order
to separate the summed contributions from the back-
ground and lifetime effects and properly incorporate the
detector response close to the threshold. In Li, the only
~ transition is from the state at 2.7 MeV, and the low-
energy region of the spectrum should be dominated by
background.

The best-fit results are shown in Fig. 1. The fit was
made using the energy region above 100 keV. This corre-
sponds to roughly 130 keV in the laboratory frame, where
the consistency with simulation was verified with stan-
dard sources. The mean lifetime (7) of the first excited
state was determined to be 1.98(10) ns and 1.90(10) ns
from the line-shape and recoil-distance data, respectively,
where the errors are statistical only. Systematic errors
stemming from uncertainties in geometry and beam prop-
erties are at most 3% for either measurement. For the
recoil-distance data, additional ambiguities arise from re-
actions producing C in the degrader, which introduce
background contributions in the lifetime measurement.
The target/degrader reaction yield ratio R assumed in
the present simulation is 4.6(14), which is estimated from
the ratios deduced in previous experiments which utilized
analogous one-proton knockout reactions from nitrogen
projectiles [36, 37]. The large R in this measurement re-
sults in a small additional error of 2%. By adding the
statistical and systematic errors in quadrature, the re-
sults are deduced to be 1.98(12) ns and 1.90(13) ns for
the two measurements. Because the two results are con-
sistent, the adopted value is determined to be 1.94(15) ns
by taking the average, where the error also includes the
difference (4%) between the two results.

Assuming a pure M1 transition, the B(M1) strength
for the 209-keV transition can be determined to be
3.21(25)x 107343, or 1.79(14)x1073 Weisskopf units
(W.u.). If there is an admixture from the E2 multipo-
larity in this decay, the B(M1) strength is reduced ac-
cordingly. However the effect is expected to be negligible
in this case due to the 1/E?L*+1 dependence of the par-
tial lifetimes. In this mass region, the largest E2 tran-
sition strengths connecting to ground states are about
20 W.u. [39]. With this strength assumed, the B(M1)
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FIG. 2. (color online) Experimental decay strengths in the
mass region A<40 are plotted in W.u. for (a) the M1 tran-
sitions involving the 1/2% state(s) and (b) all M1 transi-
tions [38]. The red diamond highlights the present value for
the 3/2*—1/2% transition in '’C, while the 1/2*—3/2}
decay strength in '7C [12] is shown by the blue triangle.

is reduced by only 6%. In fact, the E2 strengths for the
2707 transitions in neighboring even carbon isotopes
are only 1-3 W.u. [36, 37, 40], so the E2 contribution in
9C may be safely ignored. A possible spin and parity
assignment of 5/27F for the 209-keV state would require a
pure E2 transition for the decay to the 1/27 ground state,
which would result in a B(E2) of 350 W.u., far beyond
the recommended upper limit [39]. Thus the present
measurement supports the 3/27 assignment previously
proposed for the first excited state in °C.

To investigate the degree of the M1 hindrance in °C,
the present result is compared to existing data for M1
decay strengths in the mass region A<40 in Fig. 2 [38].
For reference, the analogous decay strength measured in
the 1/2t—3/2}  transition in '"C is also plotted [12].
As is clear in Fig. 2(a), the M1 transition in 19C is
among the smallest strengths observed for those M1 tran-
sitions that involve 1/2% states, even below that of !7C
(5.7x1073 W.u.) [12]. Even when compared to all tran-
sitions in this mass region as shown in Fig. 2(b), the M1
hindrance in °C still remains evident, indicative of the
unusual structure of **C. In Fig. 2(a), two points at A=23
are also visible, denoting the 1/27—3/2F  transitions
in the mirror nuclei 2*Na and 2*Mg. These are consid-
ered to be interband transitions between Nilsson orbits
[2111/2] and [2 11 3/2] of well deformed nuclei [41].
In a shell model picture, the hindrance is due to a large
cancellation between the orbital and spin contributions
to the M1 strength [42].

Shell model calculations were performed and compared
to the data as a way to understand the origin of the hin-
drance as well as the remaining strength. Two effective
interactions, SFO-tls [27] and Yuan [43], are used in the
psd model space [27]. Calculations with the WBP in-
teraction [28] were also performed. The SFO-tls interac-
tion is developed based on the PSDMK2 interaction [27]
with improvements to the tensor component, which af-
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FIG. 3. (color online) A comparison of the data with shell
model predictions (see text) for (a) the B(M1) strength for the
3/2%—1/2% transition and (b) the level scheme of '?C. In (a),
the solid bars are the results obtained with g2"V*¢ff /g!V = 0.95
and 6g{¥ = 0.15 [27], while the striped bars are obtained with
the modified M1 operator as described in the text [42]. The
level scheme in (b) shows the 5/2" states (blue) suggested
by previous experiments [23, 24] in addition to the presently
studied 3/2" state (red).

fects magnetic properties directly [27]. The Yuan in-
teraction [43] incorporates a monopole-based universal
interaction including the bare m+p tensor force for the
<psd|V|psd> and <pp|V|sdsd> matrix elements which
have not been well studied in phenomenological effective
interactions.

The calculated results for the B(M1) strength and the
19C level scheme are shown in Fig. 3(a) and (b) respec-
tively. The B(M1) values are first obtained with the
effective g-factors dg/" = 0.15 and glVeelt JgIV = 0.95
as shown by the solid bars in Fig. 3(a). All three calcula-
tions (WBP, SFO-tls, Yuan) consistently show strongly
hindered strengths for the 3/2t—1/2" transition, even
below the measured value. However, the level of agree-
ment is improved if one employs the modified M1 opera-
tor (striped bars) with the effective g-factors gg, = 1.175,
Gen = -0.106, Jsp = 9, 9sn = -3.5, Jtp = 0.26, and Gtn = —
0.17 [42]. Within this modified operator, the tensor ef-
fective g-factors allow the ¢-forbidden transitions. Con-
cerning the level scheme, all three interactions reproduce
the ground-state spin and parity of 1/2%. The order
of the excited levels is inverted in all calculations, while
the degeneracy among all three states is well reproduced,
particularly by the Yuan calculation. Since it has been
found that the B(M1) strength is especially sensitive to
a few matrix elements, such as < sy /2d5,2|V|d5/2d3/2 >
and < sy /2ds/2|V|s1/2d3,2 >, possible additional improve-
ments are considered by adjusting those matrix elements.
As discussed in Ref. [27], the above two matrix elements
in the J=2 and T'=1 channel are reduced by 20% to sim-
ulate loosely bound effects (denoted +lbe in Fig. 3 and
hereafter). As shown in Fig. 3, this modification fur-
ther improves predictions of the B(M1) strength for the
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FIG. 4. (color online) The results of the SFO-tls+lbe inter-
action [27] for the M1 strength between the 3/2% and 1/2%
states in '9C, calculated with the effective g-factors as de-
scribed in the text [42]. The plot shows, from left to right,
the values of the individual matrix elements (M) for the or-
bital, spin, tensor, and total components of the M1 operator
for both the protons (red) and neutrons (blue). The pro-
ton tensor component has a negligible value compared to the
other components.

SFO-tls and Yuan interactions, without causing signifi-
cant impacts on the energy levels.

The observed M1 hindrance can be ascribed to the low-
ering of the s;/, orbital and resultant proximity to the
ds /2 orbital characteristic of weakly bound nuclei. The
degeneracy of these orbitals is supported by all the calcu-
lations, as demonstrated by the compressed level schemes
shown in Fig 3(b). Among all calculations, the primary
configurations of the valence neutrons in the ground and
first excited states in 12C are given as follows:

9C(1/2%) > = al(ds2) =+ @ (s1/2) >+ ..

119C(3/27) > = Bl(ds/2) )0+ @ (s1/2) >

+ Y(ds/2)T=3/0+@ (s12)° >+ (1)
where the internal configuration of MC(0%) is
|(p3/2)8®@(p1/2)?>.  For the WBP and Yuan(+lbe)
interactions, the amplitudes are about «? =~ 0.48,

B? ~ 0.29, and 72 ~ 0.26, while the SFO-tls(+Ibe)
gives about a? =~ 0.40, 82 =~ 0.26, and 72 ~ 0.23. The
agreement between these calculations clearly shows
the prevalence of the s;,, and ds/; components in
both the ground and excited states. If the neutron
configurations are restricted to the (sy/2ds5/2)" space
above the 0T core, the only possible configurations for
the 1/2% and 3/2% states in '°C are those listed in
Eq. 1, which lead to zero M1 strength. More generally,
all possible configurations for the (s1/2d5/2)° space are
(a) (ds2)° J=5/2%; (b) (ds/2)5_o+@(51/2) J=1/2%; (c)
(d5/2)§:2+®(81/2) J:3/2+7 5/2+; (d) (d5/2)§:4+®(31/2)
J=T7/2%,9/2%; and (e) (ds/2)®®@(s1/2)* J=3/2F, 5/27,
9/2%. The B(M1) strength is zero between all pairs of
these configurations except for the spin-flip transitions
between the 3/2% and 5/2% states in (c), and the 7/2%



and 9/27 states in (d). For other transitions, the A¢=2
s-d transition is involved (note that the M1 strength
between the 3/2% and 5/2% states in (e) is also zero
because they are within the identical (d5/2)* space).
This is the primary mechanism responsible for the
suppressed B(M1) values in C. Other components
to the wave functions could allow finite strengths,
but the total B(M1) remains diminished due to their
smaller amplitudes in addition to cancellation among
the different M1 components. A decomposition of the
M1 strength into the individual matrix elements for the
proton and neutron orbital, spin, and tensor components
using the SFO-tls+lbe interaction is shown in Fig. 4.
Thus the prominence of the s;,5 and ds/, orbitals
reduces the M1 strength down to the level of 1073 p3,,
where the contributions from the ¢-forbidden transition
between the s;,, and d3/5 orbitals become noticeable.

In summary, we have measured the lifetime of the
first excited 3/2% state in the one-neutron halo nu-
cleus 2C. The resultant B(M1) strength amounts to
3.21(25)x1073 p3%;, which represents one of the weak-
est M1 transitions among light nuclei. In this nucleus,
the lowering of the neutron s;,, orbital is responsible
for the halo formation, and considerations based on the
shell model suggest that the resultant s;/5-d5/> degener-
acy suppresses the M1 transition. In the limit that only
s1/2 and ds /5 orbitals contribute, the neutron configura-

tions are restricted to those components shown explicitly
in Eq. (1), leading to a vanished M1 transition. Calcu-
lations based on ab-initio approaches are now becoming
possible in this mass region [44, 45], and it will be inter-
esting to compare those calculations to the present data.
This work presents a novel approach to study magnetic
responses of halo nuclei through lifetime measurements
with fast rare-isotope beams. It also establishes criteria
for hindered magnetic dipole responses of s-wave halo
nuclei, motivating future measurements in heavier sys-
tems. Very recently, the occurrence of deformed p-wave
halos has been proposed for neon and magnesium iso-
topes [46, 47], presenting intriguing cases for such stud-
ies.
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