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We have remeasured the ground statiactor of °C using the technique of nuclear magnetic resonance on
beta-emitting nucle{3-NMR) on spin-polarizedC nuclei produced by the fragmentation ot®le beam at 80
MeV/nucleon in a Nb target. Our new value of 1.8%%:, is consistent with the previously measured value of
the ground state magnetic moment of this nuclide. The results of shell model calculations employing isospin-
nonconservingINC) terms in the nuclear Hamiltonian are shown to better reproduce the quenched magnetic
dipole moment of°C and the previously described anomalous isoscalar spin expectation (valfer the
%Li-°C mirror system[S0556-281®8)50306-§

PACS numbgs): 21.10.Ky, 21.60.Cs, 27.26n, 33.25:+k

The magnetic dipole moment is a sensitive probe of th€C was produced at the National Superconducting Cyclotron
nuclear ground state wave function. Magnetic moments haveaboratory (NSCL) at Michigan State University by the
been measured for nearly dli- 0 ground states in light nu- fragmentation of°Ne projectiles with an energy of 80 MeV/
clei at and near the valley ¢f stability, and nuclear structure nucleon in a 107 mg/cfnthick *Nb target to enhance the
models do well in reproducing these measured moments. Agolarization observed at the peak in @ fragment momen-
one moves away from the valley of stability, only limited tum distribution as discussed by Okuret al. [6]. Spin-
experimental data are available on magnetic moments whicpolarized°C fragments were collected at2.5° relative to
may stringently test the predictive power of current theoretthe beam axis and separated using the A1200 fragment sepa-
ical approaches. The ground stgtéactors of the proton-drip rator[7]. The A1200 was set to select the peak of the mo-
line nuclei °C and *0 have been measured using spin-mentum yield curve for’C fragments Bp=1.9370 Tm),
polarized radioactive beams and the technique of nucleawith a momentum acceptance of 1% determined by slits
magnetic resonance on beta-emitting nu¢f@iNMR), and  placed at the first dispersive image of the device. A
the results have been reported at recent conferefic8s 425 mg/cm Al degrader wedge with an angle of 3.5 mrad
The deduced ground state magnetic momentCaéind %0, was placed at the second dispersive image to separate frag-
(—)1.3914(5uy, and (—)1.3891(3uy, respectively, are ments with a giver\/Z ratio. Fragments were identified both
significantly quenched with respect to the single-particleat the A1200 focal plane and the experimental endstation by
Schmidt limit value of—1.91uy expected for a pureps,  means of the energy loss in 3@@n Si PIN detectors and the
ground state. While the magnetic moment'#® was shown fragment time-of-flight relative to the K1200 Cyclotron ra-
to agree with simple shell model predictions using Cohendiofrequency.

Kurath wave functiong1], the same calculations were un-  The polarization measurements were performed using the
able to reproduce the small magnetic moment valué@f B-NMR technique. The3-NMR apparatus consisted of two
This anomalous value, if verified, may be an indication of3 telescopes, an implantation foil, and a set of radiofre-
unique structure phenomena for the proton drip-line nucleuguency (RF) coils, all placed between the pole faces of a
°c (Sp=1.3 MeV). large dipole magnet. Thg telescopes were two 3 mm thick

The isoscalar spin expectation valge), has been shown AE plastic scintillators and a 2.5 cm thick totBl plastic
to be a sensitive probe of deviations in the magnetic moscintillator. Theg telescopes were situated 9 mm from the
ments of light, mirror nucle[3]. The (o) deduced from the center of the implantation point at 0° and 180° with respect
138-130 mirror pair using the known magnetic dipole mo- to the direction of the magnetic holding field, covering ap-
ment of 1B [4], was shown by Matsutat al. to compare proximately 33% of the full 4 solid angle. The implantation
favorably with the observed trends in tRe) values ex- foil was a 0.25 mm thick Pt foil annealed at 630 °C for 10
tracted forT=1/2 nuclei. The(o) determined fofLi-°C us-  hours in air. The foil was tilted to an angle of 45° relative to
ing the known valug5] of +3.4391(6)y for the ground the direction of the holding field to minimize the attenuation
state magnetic moment JLi and the small experimental of g particles reaching the scintillator detectors. The Pt foil
magnetic moment deduced f8€ is 1.44, which lies well was kept at room temperature since estimates of the spin-
outside thel =1/2 systematics. lattice relaxation time T;) of °C in Pt using experimental

We have remeasured the ground stafactor of °C using  Knight shift data available fof*Mg in Pt[8] and 1?B in Pt
a primary beam and target combination different from Ref[9], as well as theoretical band structure calculations of Mat-
[2] to confirm the anomalous value of the magnetic dipolesutaet al. [8], suggesfT;>200 ms at 298 K. The RF coils
moment of this nuclide. A secondary beam of spin-polarizedvere arranged in a Helmholtz-like geometry to produce an
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1.10 — T T T T T T trend established fol =1/2 nuclides. Varga, Suzuki, and
9C, Jr = 3/2- Tanihata[11] have used a four-cluster structure fri («
A 3 9 3 i i i .
v, =892(2) kiz +°H+n+n) and°C (a+°He+ p+p) in a microscopic for

malism which includes two- and three-cluster arrangements
as well in an attempt to describe the snT4ll magnetic mo-
ment. Although these calculations result%@ and°Li sys-
i tems that are slightly underbound with respect to experiment,
1.05 s i the predicted ground state magnetic moment & 43u, for

‘ °Li agrees well with the experimental value. The calculated
: magnetic dipole moment ofC in the four-cluster model is
1y —1.50uy, resulting in the value ofo)=1.13 for the®Li-°C
- . 1 mirror pair, which is smaller than thér)=1.44 observed

T : i experimentally.

Kanada-En'yo and Horiuchi have employed an antisym-
metrized molecular dynamics approa@MD) to systemati-
cally study the structure and properties of light unstable nu-
clei, including °Li and °C [12]. The calculated ground state
moments ofC and®Li are — 1.53 and 3.44,, respectively,
in this model which also results in a small value (@f)
=1.08 as compared to the experimental value of 1.44. In
these AMD calculations, the ground state magnetic moments
for °Li and °C are quite sensitive to the strength of the spin-
0.95 — ) orbit force, which has the effect of breaking the pairing of

860 870 880 890 900 910 920 nucleon spins. This in turn results in a nonzero contribution

Frequency (kHz) of the intrinsic spin of protons and neutrons to the calculated
magnetic moments oiC and®Li, respectively. Although the
strength of the AMD wave functions lies in the independence
from effective charges and effective gyromagnetic ratios, a
systematic treatment of the carbon isotopes was unable to
reproduce the lowest positive parity states#® and*°C.
alternating magnetic field o0.4 mT perpendicular to the We have performed shell model calculations for and
applied field of the dipole magnet. Further details of fie  °C in an attempt to reproduce the quenchieéactor of °C
NMR system are given in Ref10]. and the largéo) extracted for théLi-°C T=23/2 mirror pair.

The resonance curve obtained fi is shown in Fig. 1. The PTBME interaction of Julies, Richter, and Broy&8],

The data were collected using the multiple adiabatic fast paswhich includes a mass dependence for the two-body matrix
sage technique with continuous beam implantafibdl. In  elements, was chosen as it reproduces well the level energies
this method, the fragments of interest are continuously imand static electromagnetic moments gktéhell nuclides. We
planted while a frequency-modulatedt {0 kHz) RF signal employed the simpler, bargfactors for calculating the mag-

is applied to the sample. A reference signal is collected in aetic dipole moments of th&.i-°C and**B-130 mirror pairs
succeeding run with no RF signal applied to the sample. Thigs the results with effectivg factors were only slightly dif-
acquisition method allows for a 100% duty cycle, which isferent from those derived with the bare nucleon values. The
crucial in low count rate experiments such as the one deresults of the shell model calculations are compared with the
scribed here, during which tH€ implantation rate was only experimental magnetic moments in Table I. The present cal-
2 ions/s. culations reproduce the experimental magnetic moments and

The data were fitted using a Lorentzian peak shape with &) for the A=13, T=3/2 mirror partners. The calculated
peak centroid of 892) kHz and a width of 5 kHz. Using the magnetic dipole moment of 1.44u,, for °C contains a sig-
relationhv =gunB, wherey, is the Larmor frequencyB nificant contribution from the proton intrinsic spin, suggest-
=0.1257 T and]=3/2, we obtained a value of 1.396(3y ing a breaking of paired proton spins as was observed in the
for the °C ground state magnetic dipole moment. The correcAMD calculations[12]. The derived value ofo)=1.09 for
tions for diamagnetic shielding and the Knight shift for the the A=9, T=3/2 partners, although greater than unity, is still
carbon in platinum system, given in Rgi], are smaller than  well below the experimental value ¢tr)=1.44.
the statistical error in our value for the magnetic moment of To explore further the large value ¢&) for the °Li-°C
9C. Therefore, these corrections have only been included imirror pair, we extended the shell model calculations de-
the overall error. scribed above to include the isospin-nonconseryidC)

Our new measurement is in reasonable agreement withrocesses outlined by Ormand and Brojda]. The Cou-
the previous valug¢l] of (—)1.3914(5uy for the magnetic lomb interaction should play a significant role in the low-
dipole moment ofC, once again suggesting the unique char-energy structure of loosely bound nuclei near the proton
acter of this nucleus. Several theoretical studies have redrip-line, and it is important to consider isospin mixing in
cently appeared in the literature that attempted to describthese systems.
the quenched magnetic moment®af and the large deviation The INC interaction of Ormand and Brown is composed
of (o) for the °Li-°C mirror partners from the experimental of several partstl) the isovector single-particle energies for

- B=0.1257T T 1

NMR effect (%)
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FIG. 1. Resonance curve obtained f@. The frequency modu-
lation for each point ist 10 kHz of the central frequency using a
triangle wave form with a 500 Hz repetition rate.
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TABLE I. The magnetic dipole moments units of wy) for T=23/2 mirror pairs.

Shell model Extreme Cluster

Nuclide Experiment PTBMEINC PTBME S.P. model AMD
°C (—)1.3914(5% —-1.411 —1.437 -1.91 —1.50 —-1.53
OLi +3.4391(6% +3.360 +3.350 +3.79 +3.43 +3.44
(o) 1.44 1.18 1.09 1.00 1.13 1.08
) (—)1.3891(3¥ —1.355 —1.355 -1.91 — —
13 +3.1771(5§ +3.126 +3.124 +3.79 — —
(o) 0.76 0.71 0.71 1.00 — —
8From Ref.[2].
From Ref.[5].
°From Ref.[1].
dFrom Ref.[4].

the p4» and psy, orbitals (two parameteds (2) the Coulomb The theoretical magnetic moments given in Table | were

matrix elements calculated with harmonic-oscillator radialobtained with harmonic-oscillator radial wave functions. It is
wave functions are scaled by one overall strength parametgppssible to use more realistic Woods-Saxon or Hartree-Fock
(3) an isovector contribution to the strong interaction whichradial wave functions. However, they do not significantly
is scaled to the isospin-conserving matrix elements by onghange the result because the matrix element is diagonal and
parameter, and4) an isotensor contribution to the strong pecause the magnetic moment operator has no radial depen-
interaction which is scaled to the isospin-conserving matrixjence.(There is a larger effect on the Gamow-Teller beta
elements by one parameter. The strengths associated Wilfacay matrix elements because it involves the off-diagonal
these five parameters are detemined by a least squares fit §gerjap between proton and neutron radial wave functjons.
15b coefficients and € coefficients of the IMME for The Coulomb contribution to the INC is also calculated
p-shell conﬂggra‘qons in the mass regién=9-15, which with harmonic-oscillator radial wave functions, and we note
mclu_des_ the _b|nd|ng energy data for the-9 T=3/2 s;ates that the present INC interaction is mainly determined from
studied in this experiment. Although the Coulomb interac-y o rather tightly bound nuclei in the uppershell where the

tion is scaled by a parameter, its value ?S Withir,] a few P€"harmonic-oscillator approximation may not be so bad. How-
cent of that expected for the Coulomb interaction betweery o, the use of harmonic-oscillator radial wave functions for

protons. The i;ovgctor in_te_ractioh_—4.2_ percent of the the Coulomb matrix elements of the more loosely bound
isospin-conserving interactipis re_:qwred in order to undgr- light p-shell nuclei(including °C) may not be so good, and
stand the well-known Nolen-Schiffer anomaly for the mirror ;o may be a source of isospin asymmetry beyond the

displacement energigshe b coefficients. The resulting fit present model.

reproduces the experimentalcoefficients to within 70 keV In summary, we have remeasured the ground state mag-
(rms) and the experimental coefficients to within 13 keV netic moment of the proton drip-line nucled€ and have

(rms). . . . confirmed the anomalous value of this moment. Shell model
The INC wave functions are obtained in proton-neutron |qjations performed using mass-dependent two-body ma-
formalism and used to calculate the magnetic moments of thgy, ejements are shown to better reproduce the experimental
states of interest. For the=9 T=3/2 states, the INC inter- a5 rement when isospin-nonconserving interactions are
action allows mixing with thel = 5/2 states at higher energy. jncjyded. This suggests the importance of considering Cou-
The isospin for theA=13 T=3/2 states is the highest al- |omp interactions which lead to isospin mixing in proton
lowed within thep shell and thus they remain pure in iSos- gyis_jine nuclei. However, these calculations were still un-
pin. We ha\_/e investigated the |mportanc9 of the fo_ur dlffer_—ab|e to reproduce the large value(of for the °Li-°C mirror
ent terms discussed above. Qf these the isovector mteracu%rmer& and the isospin-nonconserving interactions should
(3), gives the largest change in the) value. _ be investigated more carefully in the lower part of the
The results of the calculations employing the PTBME in-ghe| Extending substantially the present shell model calcu-
teraction and INC interactions are given in Table I. The|yions by calculating the Coulomb contribution using more
present calculations result in @) value of 1.18 for the |o5jistic wave functions may result in a better understanding

9 9 . _ . .
C-°Li T=3/2 mirror pair. Although we have demonstrated uf the ynusual ground state magnetic moment for the proton
that the INC is important for the interpretation of mirror drip-line nucleus’C.

moments, the present calculations do not give the full effect

observed experimentally{§)=1.44), but they go in the This work was supported by the National Science Foun-
right direction. The effect is actually very small as can bedation under Contract Nos. PHY-9528844 and PHY-

observed by the change in values for the individual magneti®605207. We acknowledge N. J. Stone and J. Rikovska for
moments in Table I. It is only when the isoscalar magnetictheir insightful discussions, and I. Tanihata for directing our

moment is used to obtain thes) value, (o)={[w(T, interest to this problem. We also thank the operations staff at
=3/2)+ u(T,=—3/2)]-J}/0.38, that the effect becomes the NSCL for their dedicated operation of the accelerator
magnified. facilities.
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