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The extremely neutron-rich nucled&C has been studied by Coulomb dissociation iK© + » at

67 A MeV. A large E1 strength 0f0.71 = 0.07 ¢>fm? has been observed at low excitation energies.
An analysis of the angular distribution 6fC + n center of mass has led to a determination of the
neutron separation energy 6fC to be 530 + 130 keV. The E1 strength distribution can be well
reproduced for a°C ground state structure with a dominaswave valence neutron, providing a
consistent picture of the neutron halo structuré’cf.

PACS numbers: 25.60.Gc, 21.10.Gv, 25.70.De, 27.20.+n

Halo nuclei have been found in the light and extremelyshell model, the valence neutron 8IC is expected to
neutron-rich region of the nuclear chart, and have a novebccupy either ans or d orbital [14—16]. However,
twofold structure composed of a core with normal nucleathe formation of the halo depends strongly on which
density and a halo with diffuse valence neutron(s) [1,2].of these orbitals is occupied by the neutron. Because
The formation of a neutron halo is ascribed basically toof the absence of a centrifugal barrier the halo can
the tunneling of the loosely bound valence neutron(sfavorably develop for ars-wave neutron while it will
through the potential well. One unique feature of halobe considerably suppressed by the barrier fat-aave
nuclei is a greatly enhancddl strength at low excitation neutron. Thus the spin-parity of the state as well as the
energies, as revealed in the Coulomb dissociatiod®B&  configuration of the wave function is essential for the
[3,4] and!!Li [5-8]. manifestation of the halo phenomena.

Coulomb dissociation has been a useful spectroscopic The structure of°C has so far been investigated by
tool for investigating halo structure [1,2]. Coulomb dis- inclusive measurements of eith&C [14,15,17] or the
sociation is a process in which a projectile passes a higheutron [18] momentum components following tHe
Z target, is excited by absorption of a virtual photonbreakup. The momentum distribution'd€ at77 A MeV
from the changing target Coulomb field, and decays intd14,15] exhibited a narrow width af2 = 4 MeV/c, while
a breakup channel involving a few particles. The dissocithat measured &14 A MeV [17] had a broader width
ation cross section is related to the electromagnetic trarsf 69 = 3 MeV/c. The discrepancy between these mea-
sition matrix elementB(EA) which contains information surements has not yet been clearly understood, leaving
on the structure of the projectile ground state [9,10]. Foopen the question of the ground state structure itself. For
halo nuclei, theB(E1) distribution is simply described as example, Ref. [14] argued for &7 = 1/2* assignment
a Fourier transform ofR(r), with r being a distance be- for the '°C ground state, and indicated halo formation
tween the core and halo arR{r) the radial component arising from a large component of tH&C(0") ® 25,
of the wave function of the halo neutron [11]. The high configuration. However, the revised analysis [15] sug-
value of |[R(r)|?> at larger in a halo nucleus thus leads gested the/” = 5/2% assignment with a large portion
to the largeE1 strength at low excitation energies. The of a '8C(2") ® 2s;/, configuration. The halo formation
B(E1) distribution can thus be used to determine the waveshould be strongly suppressed for this configuration be-
function of the halo neutron [3,12]. cause of the effective increase $f by 1.62 MeV corre-

In this work we have studied the ground state structuresponding to the cost for the core excitation energy of the
of 1°C by means of Coulomb dissociation. This nucleus'®C(2") state. Summing up, the nature of tH& halo
has been considered as a promising candidate for a hastructure still remains unclear. The difficulty in resolv-
nucleus because of the small neutron binding of its grounihg the problem may primarily be attributed to the missing
state. In fact, the adopted one-neutron separation energgsignment of the spin-parity and also to the possible un-
S, is only 160 = 110 keV [13]. This value is even certainty in the mass measurements which yieldedSthe
smaller than that of'Be (S, = 504 + 6 keV), which is  values ranging from 700 keV to nearly 0 keV [13].
the only nucleus where a one-neutron halo structure is In the present Letter we report on the results of a
well established. Another important factor to dictate thekinematically complete measurement of Coulomb dis-
halo property is the orbital angular momentum carried bysociation of 1°C at 67 A MeV. Such a measurement
the outmost valence neutron. According to the standartias been proven to be powerful to explore ground state
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properties of the projectile nucleus [3,6—8,19]. We show
that the spin-parity as well as the configuration of the
ground state has been determined. Furthermore an S,
value has been obtained from an analysis on the angu-
lar distribution. The newly determined S, value turns out
to be crucial for consistent understanding of the ground
state properties of 1°C.

The experiment was performed at the RIPS facility
[20] at RIKEN. The '°C secondary beam was produced
by the °Be(**Ne, '°C)X reaction at 110 A MeV. The
9C beam at (67 = 8)A MeV with a typical intensity
of 300 counts/sec bombarded a 320-mg/cm?-thick Pb
target. In addition, a 180-mg/cm?-thick C target was used
to estimate contributions arising from nuclear breakup.
Background corrections were obtained from a run with no
target. The energy of the incident '°C ion was obtained
by a TOF (time of flight) measurement using two thin
plastic scintillators. The trgjectory of '°C was determined
by four sets of multiwire proportional chambers.

The breakup particles, '®C and n, emerged in a nar-
row cone at forward angles with velocities close to that
of the '°C projectile. The neutron was detected by four
layers of neutron hodoscope arrays with an effective area
of 1.08(W) X 0.86(H) m? placed 4.2 m downstream of
the target. Each array contained 14 plastic scintillator
rods with 6 cm thickness. The angular coverage ranged
from —3.7° to 10.8° in the horizontal direction, and
from —6.0° to 5.6° in the vertical direction. The neu-
tron momentum vector was determined from the TOF
and position information in the arrays. The momentum
resolution Ap/p (1o) of neutron was about 0.7%. The
intrinsic detection efficiency 18.7% for the threshold en-
ergy 8.0 MeV (electron-equivalent energy) was obtained
from a separate experiment using the “Li(p,n)’Be re-
action at 70 MeV. The corresponding 'C particle was
analyzed by a magnetic spectrometer equipped with a
drift chamber and plastic scintillator hodoscopes. Particle
identification was performed by combining AE, TOF data
from the hodoscopes, and magnetic rigidity information.
The momentum vector of '8C was deduced by the com-
bination of TOF and tracking analysis. The momentum
resolution (1o) of '8C was about 1.3%.

Figure 1(a) shows the dissociation cross sections for
the Pb and C targets as a function of the neutron-'8C
relative energy, E.;, which is related to the excitation
energy, Ey, of the projectile by E,.; = Ex — S,. The
integrated breakup cross sections for the Pb and C targets
were 1.34 = 0.12 b and 82 = 14 mb, respectively. The
cross section for the Pb target is substantially larger than
that for the C target, indicating the dominance of Coulomb
dissociation for the Pb target.

The Coulomb dissociation part of the breakup cross
section for the Pb target was obtained by subtracting the
nuclear contribution scaled from the data for the C target.
Here, we assumed that the breakup cross section for the
C target was entirely due to the nuclear contribution and
the nuclear component of the Pb data scales with that
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FIG. 1. (&) Dissociation cross sections as a function of relative

energy E.; for Pb (circles) and C (diamonds) targets. (b)
Coulomb dissociation cross section for the Pb target, obtained
by subtracting the nuclear contribution scaled from the C
target spectrum in (@). The spectrum is compared with
the calculations for the possible single-particle configurations
described in the text.

for the C target by the ratio of the (projectile + target)
radii. The Coulomb dissociation spectrum thus deduced
[Fig. 1(b)] is typica for the breakup of a halo nucleus,
showing enhanced cross sections peaked at a low energy
(Ere1 = 300 keV). The integrated Coulomb dissociation
cross sectionwas 1.19 = 0.11 b.

We analyzed the Coulomb dissociation spectrum with
a conventional equivalent photon method [9,10]. Here,
the Coulomb dissociation spectrum is related to the B(E1)
distribution dB(E1)/dE; asin

d 1673 dB(E1
oen _ 10m () BEY

dE,e 9%ic dE;;

where Ng(Ey) represents the number of virtual photons
for E1 excitation. Within the framework of a direct
breakup mechanism [3,11,12,21,22], the B(E1) distribu-
tion is simply given by the transition matrix element

dB(E1) Ze 2
A <qIXrY,LI¢>(r)> : 2

(D)

The wave function ®(r) stands for '°C in the ground
state, and is represented by a product of the radial part
R(r) and the angular part of the single valence neutron.
The E1 operator involves r, the relative distance between
the core and valence neutron. The final state (q| describes
a neutron in the continuum, well approximated by a plane
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wave. With this approximation, the matrix element is a
Fourier transform of rR(r).

By comparing the observed spectrum with Egs. (1)
and (2), one can test a wave function for the ground
state of °C. We examined the following configura-
tions, respectively, representing the cases of J™ = 1/27
and 5/2":

1C(1/27)) = al"®*C(0") ® 251)5)

+ BIC(2") ® 1ds)),
°C7(5/2%)) = yI"*C(2") ® 252)

+ 81"8C(0%) ® 1dsp),

where a, B, v, and 6 denote the spectroscopic amplitude
for each configuration. These configurations are selected
on the basis of shell model calculations [14,15]. Argu-
ments concerning apossible J” = 3/2* configuration are
essentially the same as for J7 = 5/2%, as shown in the
theoretical work on the Coulomb dissociation [16].

The excitation energy spectrum was calculated using
radial wave functions of single particles, which were
derived from a Woods-Saxon potential with parameters
ro = 1.236 fm, a = 0.62 fm, and V,, = 7.0 MeV (spin-
orbit strength). The results were not sensitive to the
choice of these parameters. In the following comparison,
we neglect the '8 C(2%) ® 1ds), term for the J™ = 1/27,
which makes only a negligible contribution to the matrix
element due to the centrifugal barrier for the 1ds,, orbital
and to the larger separation energy by 1.62 MeV for this
component of core excitation.

The results of our calculations are compared with the
observed spectrum in Fig. 1(b). The dotted line corre-
sponds to the component relevant to « for the J™ = 1/27
case. The dot-dashed and dashed lines, respectively,
correspond to the components of vy and & for the
J™ =5/2% case. All these lineswere calculated by using
S, = 160 keV (adopted value). The experimental resolu-
tions and possible reacceleration effects, as estimated by
Monte Carlo simulations, are included by convoluting the
Gaussian didtribution  with a width of AE =
0.24./E.; MeV. This convolution has a negligible
effect on the original spectral shape.

The calculated spectral shape is very different for the
JT=1/2"andJ™ = 5/2" cases. ForJ™ = 5/2%, any
mixture of the two componentsfailed to reproduce the data
despite varying S, in awide range (from 100 to 700 keV).
Most noticeably, the calculation could not account for the
magnitude of the cross section. As indicated by the dot-
dashed (dashed) lines, the calculated peak cross section
greatly underpredicted the experimental result even with
the maximum spectroscopic strength y2(82) = 1. On
the contrary, the peak height of the spectrum can be
reproduced for the case of J7 = 1/2% with o = 0.064
(dotted line). However, one needed a further tuning of
the S,, value to obtain an overall fit to the spectrum. The
lower peak energy and narrower width indicates that the
adopted §,, value is too small. A good agreement was
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obtained using a higher S, value of 530 keV as shown
by the solid line. This S, value was obtained from an
independent analysis described in the next paragraph. In
this case a fairly large spectroscopic factor of a? = 0.67
was deduced. We thus conclude that the ground state of
9C has J™ = 1/2%, involving a dominant configuration
of 8C(0%) ® 25/, and the S, value of about 500 keV.
This configuration is rather close to that predicted by a
shell model calculation with the WBP interaction [14,23].
The large amplitude for the s-wave valence neutron and
a fairly small §,, value afford a favorable condition for
manifestation of a halo structure. The B(E1) strength
amounted to 0.71 = 0.07 e*fm? (1.54 = 0.15 W.u.), a
large strength typical for a halo nucleus. Indeed the
strength corresponds to an extended radius of the valence
neutron as large as /(r2) = 5.5 + 0.3 fm, deduced by
using the E1 sum rule for a decoupled neutron [24].
Combining this /(r2) value with the '8C core radius, we
can estimate the rms radius of '°C to be 3.0 + 0.1 fm,
which is consistent with that extracted from the interaction
Cross section measurement [25].

We now show that the S,, value can be determined from
an analysis of the angular distribution of 1°C (i.e., '8C +
n center of mass). Since we measured the momentum
vectors of incident '°C, outgoing '8C, and neutron in
coincidence, one can determine the deflection angle 6p
on an event by event basis. The angular distribution is
described as

do-(eD’ EX) o dNEl(aDs EX)
dQ dQ

Note that the angular distribution is solely dictated by
the E1 virtua photon number (dNg,/dQ). In turn,
the pattern of dNg,/d() is determined by the value of
Ex(= E; + S,). Thus for a given E.;, the angular
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FIG. 2. Angular distribution of 'C + n c.m. system on a Pb
target. The angular distribution is obtained as a function of
the c.m. angle of '°C + Pb. 6, represents the grazing angle
(2.6°). The curves are calculations for S, = 530 keV (solid
curve, best fit), and 160 keV (dot-dashed curve, adopted S,
value [13]).
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FIG. 3. Azimuthal (a) and polar (b) angular distributions of
18C inthe '8C + n rest frame. The solid curves represent the
estimation based on a first order perturbation theory for E1
excitation.

distribution is controlled by a parameter S, and is
independent of the choice for the final state wave function.
Hence S, was extracted from the measured angular
distribution rather than the relative energy spectrum
shown in Fig. 1. Note that the result from this method
is independent of the possible existence of a low-lying
resonance [26]. Figure 2 shows the obtained angular
distribution for 0 = E; = 0.5 MeV in comparison with
the calculated spectra. Here, an angular resolution of
84 mrad (in 10) was folded in the calculated spectra.
The angular distribution was best fitted with S, = 530 =
130 keV as indicated by the solid curve in Fig. 2, while
the adopted value S,, = 160 keV was unable to reproduce
the angular distribution. Here, the estimated error refers
to one unit deviation of y2. The reduced y? for 530 keV
is 0.69, indicating a reasonable fit. Note that the size of
uncertainty in S, isto be compared with E,, not with the
total mass of 1°C.

To complete the experimental analysis, the E1 domi-
nance in the observed dissociation was examined by ob-
serving the angular correlations (the angular distribution
of a breakup particle, '3C, seen in the rest frame of the
8C + n outgoing system), as shown in Fig. 3. This
method for determining the multipolarity is based on a
first order perturbation theory [21,22,27], and was applied
for ''Be [3]. The coordinate system is defined by the
z axis pointing to the direction of the outgoing '8C + n
center of mass. This direction is almost identica to the
axis of the projectile velocity. The y axis is in the reac-
tion plane and the x axis is perpendicular to the reaction
plane. Figure 3 shows the spectra for the azimuthal angle
(¢4) (8), and polar angle (6,) (b). These spectra were
obtanedfor0 = E.; =1 MevVand1°®° = 0p = 3°. The
spectra are consistent with the E'1 patterns as indicated by
the solid curves calculated with the first order perturbation
theory for E'1 excitation.

In conclusion, we made a kinematically complete
measurement of '°C Coulomb dissociation. A large E1
cross section with a peak E..; = 300 keV was observed.
From the data, a J™ = 5/2*% ground state configuration
of 1°C was excluded. A J™ = 1/2* ground state with
a dominant '3C(0%) ® 2s5;/, configuration with S, =

530 £ 130 keV reproduced the data very well. This S,
value was derived independently from the anaysis of
the angular distribution of the '8C + n center of mass
system. The dominance of aloosely bound 2s;/, neutron
demonstrates that the '°C provides another good case for
a one-neutron halo nucleus.
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