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One-neutron halo structure in 1°C
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The one- or two-neutron removal reactions as well as reaction cross sectidfhd¥ion carbon target have
been studied by using 1A0/eV 22Ne primary beam on Riken Projectile Fragment Separator in RIKEN. The
longitudinal momentum distributions 8f14C fragments fromt°C and'3C fragments from**C breakup have
been measured at 83MeV by means of direct time-of-flight method. Full width at half maximd@wHM)
of the distributions have been determined to be 71+9 Mestid 223+28 MeV¢ for 4C and3C from 1°C,
and 195+21 MeV¢ for 13C from 14C. The FWHM for'3C fragments from#°C and'“C breakup are consistent
with the Goldhaber model’s prediction. While the FWHM %€ fragments fromC is much smaller, which
confirms the experimental results from MSU and GANIL, an anomalous enhancement from its neighbors has
been observed in the measured reaction cross sectidfCofThe experimental data are discussed in the
framework of the Glauber model. The analysis of both the fragment momentum distributions and reaction cross
sections indicates a dominasvave component in the ground state'e€.
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[. INTRODUCTION charge-changing cross section f8C at relativistic energy
was larger than that of*1€C [16]. For the configuration of
Since the pioneering work with radioactive ion beamsvalance nucleon, discrepancy has been found instivave
(RIBs) at LBL [1], halo structure has become a well- spectroscopic factor ofC extracted from the measured
established phenomenon. With the development of accelerdragment momentum distributions and reaction cross sec-
tor technique for RIBs, numerous experimental as well asions [17-19. Similar discrepancy was also found f&iC.
theoretical studies have been devoted to nuclei far from th&rom analysis of interaction cross section at relativistic en-
B-stability line regarding the existence of new possible halcergy thes-wave spectroscopic factor resulted in 0.49+0.22
nuclei. Experimental methods such as measurement of tH@0], which is much smaller than the values mentioned
reaction cross sectiofug) and fragment momentum distri- above. The inconsistent experimental results attracted our at-
bution have been widely used to investigate the halo structention on this isotope. It is well known that narrow fragment
ture. Combined with theoretical analysis, the informationmomentum distribution reflects large space distribution of
about valence nucleon distribution and the nuclear sizes cahe valence nucleon. Since the effect of the tail in nuclear
be extracted from these measured quantities. density distribution is more sensitive at low energy than at
15C is a one-neutron halo candidate with small separatiotigh energy, measurements of the fragment momentum dis-
energy,S,=1.218 MeV[2], and ground state spin parity  tribution and reaction cross section at intermediate energy
=1/2". In measurements of'C(d,p)*°C reaction, the re- simultaneously will be very interesting and helpful for un-
porteds-wave spectroscopic factors 8fC ground state are derstanding of the possible halo structure'@.
0.99[3], 0.88[4], and 1.03 and 0.7¢5], depending on the In this paper we present experimental measurements of
choice of the distorted-wave Born approximation parametethe fragment momentum distribution and reaction cross sec-
sets. The momentum distributions Yt fragment from the tion for 4.
breakup of!°C have been measured at MSU and GANIL
[6—8]. The extracted widths are much narrower than the
Goldhaber model’s predictiof9]. It is an indication of a
spatially extended matter distribution. Coulomb breakup The experiment was performed at the Riken Projectile
measurement was reported recertl]. All these experi- fragment SeparatofRIPS in the RIKEN Ring Cyclotron
mental results confirmed the dominatvave component in  Facility. The primary beam of 120MeV ?’Ne was used to
the ground state of°C. On the other hand, the situation in bombard on a Be targé2 mm thick to produce the second-
reaction cross section measurement is not so clear. The intesiry beams of**1%C through projectile fragmentation reac-
action cross section at relativistic energy showed no peculiation. Magnetic selection, energy-loss analysis, and time-of-
ity compared with its neighbor isotopgkl]. While og mea-  flight (TOF) method were combined to separate and identify
surements at intermediate energies more or less exhibitetlie secondary beams. The experimental setup is shown in
enhancemen{12-15. But it is very interesting that the Fig. 1.

Il. EXPERIMENT
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FIG. 1. Experimental setup at the fragment
separator RIPS.
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At the first dispersive focus in RIP&1), an Al wedge- tween the two plastic scintillators installed at F2 and F3. The
shaped degradécentral thickness, 1098 mg/émangle, 6  position information from F1-PPAC was used to derive the
mrad was used to separate particles by energy-loss methothcident momentum. The reaction of the main beam in
A delay-line readout Parallel Plate Avalanche CountemNal(Tl) contributed the main background as we could see in
(PPAQ) was placed to measure momentum broadening of th&ig. 2. This background was carefully estimated by scaling
beam which was confined to +0.4% by a momentum slit.down the main peak. Then the momentum of fragment rela-
After passing through F1, the secondary beam was focusdile to the incident projectile in the laboratory frame was
onto the achromatic focus F2. Two charge-division readoutransformed into that in the projectile rest frame using the
PPACs were installed to determine the beam position antlorentz transformation. The detailed description of the
angle. Two silicon detector@ach 150um thick) were used method can be found in Refgl8,21. Under the assumption
to measure the energy lo$AE), and an ultrafast plastic of a sudden valence-neutron removal, the fragment momen-
scintillator (0.5 mm thick was placed before a carbon reac- tum distribution can be used to describe that of the valence
tion target(2 mm thick to measure the TOF from F1-PPAC. neutron which carries significant information about the struc-
The particle identification before the reaction target was donéure of nuclei.
by means oBp-AE-TOF method. The background contami-  Since the magnetic fields of the quadruples between F2
nation was estimated to be less than“th the off-ine  and F3 were optimized for the main beam for the measure-
analysis. ment of reaction cross section at the same time. The accep-

After the reaction target, a quadrupole triplet was used tdance for the fragments was simulated by the cudeADI
transport and focus the beam onto 36 m from F2. The  [18,22. After correction of transmission effects, the width of
particles were identified by TORE-E method. Two delay- momentum distribution is in good agreement with that with-
line readout PPACs were used to monitor the beam size angut correction. Our analysis indicates that transmission cor-
emittance angle. Another plastic scintillatdr.5 mm thick rection has very small effect on the momentum distribution.
gave a stop signal of the TOF from F2 to F3. To eliminate the
channeling effect, three silicon detectoeach 15Qum k4
thick) were used to measure the energy I05E). The total
energy (E) was measured by a Nal) detector (¢3 in.

X 6 cm, energy resolution of 0.7% in FWHM for 1AMeV

2?Ne). The present TORE-E method gave us very good
charge and mass separation. The particle identification at F.2
for Z=6 isotopes is shown in Fig. 2. This spectrum was g,
obtained after gating away fragments with different chargeg
by TOF andAE method. Thé“C and*3C fragments are well
separated from the main pe&iC.

93]

Iil. FRAGMENT LONGITUDINAL MOMENTUM T T

DISTRIBUTION Pulse height of Nal(Tl) (channel)
A. Experimental results

FIG. 2. Particle identification plot at F3 fa£=6 isotopes by
The longitudinal momentum distributions of fragment using TOF from F2 to F3 and pulse height information from
from breakup reactions were determined from the TOF beNal(Tl).
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The momentum distributions 8#11C fragments from}®C  distributions were folded by the Gaussian-shaped experimen-
and13C fragments fromt“C at 83\ MeV are shown in Fig. tal system resolution. The considered breakup sequences are
3. In obtaining the momentum distributions, we normalizedshown in the inset of the figure. For the core in excited
the experimental counfdN(p;)] to the measured one- or two- states, the excitation energy was added to the separation en-
neutron removal cross sectior_,, or o_,,) so that €rgy of the valence neutron. FéiC, the widths of distribu-
SN(p)Ap, equalso_y, O o_p, The error bars in the figure tons from breakup to the ground and excited state$%of
include statistical error as well as error arising from back-2r€ almost same. The calculated distributions can reproduce
ground subtraction. A Lorentzian function was used to fitthe experiment data well as+shown in Figbj For C, ﬂle
15C — 14C distributions. A Gaussian function was used to fit b[eakup to th? ground staf’) and three excited states ",

150, 13¢ and C— 13C distributions. The EWHMs were 07, and 2) of *C were calculated. The valence neutrons are

: . in s, p, p, andd orbits, respectively. The FWHMs of the
determined to be 71+9 Me\t/[Fig. J@)], 223+28 MeVL calculated momentum distribution for*,017, 0, and 2

[Fig. 3(b)] gnd 195+21 MeV¢ [Fig. 3¢)] after unfolding states are 54 Me\d 171 MeVlc, 175 MeVic, and
tlhe Gzl:lussmn-shaped_ system resolutier20 MeV/c). For 593 \veyv/c respectively. These values are very close to the
C—*C, our result is in agreement with previous experi-regyits from the calculations in the eikonal approximation
ments which gave 6713i3_'\/|e\¢/[6] and 64+1 MeVL [8].  [25]. In Fig. 4a), we plot the pures, p, andd wave compo-
The FWHM forC— **C is close to the Goldhaber Model's nents from different sequences with their peaks normalized

prediction (FWHM=289 MeV/c with 0,=90 MeV/c) [9].  to the peak of the experimental data. Although the width of
The FWHM for *4C— 3C from the present measurement is the s wave is close to the experiment results, none of the
consistent with the previous value 180+5 Me&V8] as well  cajculated distributions can reproduce the data. Then contri-
as the Goldhaber Model's predictiafWHM=212 MeV/c  putions from different sequences were considered. It is as-

with 0,=90 MeV/c) [9]. It indicates the bound structure in symed that the partial cross section to populate a given final
this nucleus and can be viewed as a check of our experimeRtate of the core can be writt¢@7] as

tal method.
Using the estimated transmission value, the one- and two- a(17) = 2 C3SZ,nlj)agdnlj), 1)

neutron removal cross sections foC were obtained to be nlj

14623 mb and 1753mb. The oy, for *C was deter- \hereC?Sis the spectroscopic factor for removed neutron

mined to be 67+14 mb. The errors from acceptance estimagth respect to the core statey, is the single-particle re-

tion were included besides the statistical one. Bhe, for

15C and“C are consistent with the results from RES].

_15C N 14C a MC . 13C b

2 ks

—_
(=)

—
]
T

B. Analysis and discussion

There are various theoretical treatments of one-neutror
removal procesf23—-25. To interpret the measured momen- S
tum distributions, we performed a few body Glauber model™ oolxasts’ L S leey - , o
analysis for'>C — '4C and“C— 3C processes. We assumed 200 <100 0 100 200 200 -100 0 100 200
a core plus neutron structure f&C and'C. The density p, (MeV/e)
distribution of the core was supposed to be HO-fype function FIG. 4. Fragment longitudinal momentum distributions &€
in which the size parameter was adjusted to reproduce the

. . . - = 14C (a) and 1*C—13C (b). (a) The solid line show the best-fit
interaction cross section at relativistic energ{@8]. The .\ opiained by the Glauber analysis based on a cormadel,

wave function of the valence neutron was calculated by SOV (ashed, dash-doted, dash-dot-doted, and dotted lines show the
ing the eigenvalue problem in a Woods-Saxon potential. Th@|cyjated purs, p, p, andd wave distributions from breakup to the
separation energy of the last neutron was reproduced by around statg0*) and three excited stat¢d™, 0-, and 2) of 1C,
justing the potential depth. In the calculation the diffusenessespectively, with their peaks normalized to the peak of the experi-
and radii parameters were chosen to be 0.67 fm and 1.27 frfsental data(b) The solid and dotted lines show tpewave distri-
The procedure has been given in R¢fs3,21,26. bution from breakup to the ground state/2") and excited state

We compare the Glauber calculations with the experimen¢3/27) of 13C. The insets show the breakup sequences considered in
tal data in Fig. 4. In the figure, the calculated momentumhe calculations.

o
=

6/dp, (mb/(MeV/c))
)
=
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moval cross section. The total inclusive one-neutron re- TABLE I. The reaction cross sections for C isotopes with carbon
moval cross sectiolilo_,,) is the sum over the cross sec- target measured at RIPS.

tions to all core states. In the same way, the momenturf
distributions from different core state weighted by the cor-Nuclei  Energy(A MeV)  ogr(mb) Reference
responding cross section are summed up to get the incILbC

sive momentum distribution. 1o :i f(;57751+3:1 5 [17]

In order to extract information about the contribution = resent measurement
from different breakup sequences, we assumed all the spet:C 83 1319440  Present measurement
troscopic factors as free parameters and adjusted them to fitC 51 156044  Present measurement
the momentum distribution 0°C— “C. For simplicity, we  16C 83 1237425 [17]

fixed the ratio between theand p wave components using
the calculated spectroscopic factors taken from R8f.
Thus C?S(17) and C2S(07) can be calculated fror€2S(0*)  1°C while the experimental data at high energies show almost
with C?S(0%) and C?S(2%) being free parameters in our fit- no effect[20]. It is indicative of anomalous structure in this
ting. The solid line in Fig. @) shows the fitted results. From nucleus.

our analysis, contributions of theandd wave components

to the one-neutron removal cross section are 66+13% and B. Analysis and discussion

4310%, respectively. In a previous experiment, the partial
cross sections to different core states were obtained, resp
tively, by measuring they-ray spectra. The experimental
contribution of thed wave to the removal cross section was
only 2% [7]. It was negligible in Coulomb breakup experi-
ment[10]. Our analysis also suggests that contribution from
1 dg/, orbit in the ground state of°C is very small.

In theoretical investigation of reaction cross section, the
Gptical limit Glauber model is widely used. From compari-
son with experimental data, a systematic underestimation of
reaction cross sections at intermediate energies by the optical
limit Glauber model was foun{R8]. A difference factor was
defined to describe this underestimation. It was demonstrated
that the difference factor was quite different for stable nuclei
and nuclei with anomalous structure. Thus it can be used as
a criterion to distinguish nuclei with halo structure. To cor-
rect the underestimation in the Glauber model, different
A. Experimental results method has been proposed. A phenomenological correction

) ) factor with energy dependence was used in the Glauber
The measurement of reaction cross section was performeg | by fitting the ratios of experimentay, at low energies

with and without a reaction target by a transmission-typ&, the Glauber calculatiof29]. The finite-range effect of
method. The reaction cross section was determined by rela;

) s , X ) . iucleon-nucleon collisions was introduced into the Glauber
ing the mudent and outgoing particles without reaction from,qo e [17]. The finite-range parameter was determined by
both target-in and target-out measurements:

fitting the or of 2C+'C from low energy to relativistic
energy.

1 [y Using the finite-range Glauber model, the energy depen-
OrR= " {I” 70 ’ 2 dence ofog for 14C was studied. At first the HO-type density

distributions were used to reproduce the interaction cross

section at relativistic energy, and then g was calculated
by using the fitted size parameter. Underestimation was
found at low energies as shown in Fig. 6. The fragment mo-
mentum distribution reflects the density distribution of the
last nucleon. It was demonstrated that fhevave valence

IV. REACTION CROSS SECTION

wheret is the thicknesgatom/cnt) of the reaction target
and v(v,) denotes the ratio between outgoing and inciden
particles with targef{without target. In this experiment,
the reaction target was carbon with 375 mg#d¢hickness.
The uncertainty in thickness was less tHah%. Indeter-
mining the reaction cross section, the inelastic reaction
was not negligible. The estimated inelastic counts were
excluded from the unreacted outgoing events. Since the
inelastic events were around 10625 mb, central value 1300 | § ~~~~~~~

1500
1400

of the total reaction events, its uncertainty had very small = 1200} *

effect on the error ofog. Detailed description of the E 1100t i

method can be found in Ref17]. © 1000f -~ O
The determined reaction cross sections f6f<C are 000 ¢ o

given in Table I. The energies refer to the energy in the @
middle of the reaction target. The errors include statistical 800
one and error from the background and target thickness. The

isotopic dependences of; for carbon isotopes measured at

low and relativistic energies are compared in Fig. 5. A clear FIG. 5. Isotopic dependence of reaction cross section for C iso-
feature is immediately seen in the figure. Strong increaseopes. The solid and open circles are data measured/aiVes/
from its neighbors exhibits iz measured at @8 MeV for and relativistic energief20].
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FIG. 6. Energy dependence of the reaction cross section for FIG. 7. Energy dependence of the reaction cross section for
14C+12C. The dashed line is calculated using the finite-range>C+'?C. The dotted and dashed lines are calculated using the pure
Glauber model with the density dfC assumed to be HO-type S andd wave distributions. The solid line is the best fit when ad-
distribution. The dotted and solid lines are calculated using HO corénixture between the andd waves is considered. The symbols are
plusv(py») neutron and Yukawa tail, respectively. The rhombus isSame as Fig. 6. Density distributions are in the inset. The dotted,
data from the present experimental. Other experimental data usird@@shed, and solid lines are thed wave distribution, and admixture
the transmission-type method are shown by s¢#ifif and open between them. The shaded area refers to the fitted error.

[15,3Q circles. Density distributions are shown in the inset. The

dashed, dotted, and solid lines are HO, HO pl(s;») neutron, and  mentum distribution of4C — 13C. Underestimation for reac-
Yukawa tail, respectively. The shaded area refers to the fitted errotion cross section of*C — 2C at low energies may still exist
For details see text. in the finite-range Glauber model.

Regarding the halo structure C, it is interesting to
neutron density distribution can explain the momentum disextract information about the density distribution of the va-
tribution of “C— 13C very well. To use similar density dis- lence neutron. Narrow distribution was found in the momen-
tribution in both momentum distribution and reaction crosstum distribution from the above analysis. It suggests that the
section analysis, a cofé®C) with HO-type distribution plus Vvalence neutron distribution may have a long tail. But no
v(py») neutron was assumed f&fC. Then the HO size pa- distinct tail was shown in the analysis of the interaction cross
rameter was adjusted to fit the; data at different energies at high energy. In order to extract the effective density dis-
measured by the transmission-type method. For comparisoffibution for *°C, the energy dependence of for **C was
a less constraint density distribution was also tried. We as@lso investigated. The density distribution was assumed to be
sumed HO plus Yukawa tail for the neutron distribution of core plus neutron. The fixed HO plwgp,,,) neutron distri-

14c bution determined from above fitting fC data was used
for the core. For the valence neutron, admixture between two

configurations 0® 2s;,, and Z ® 1ds,, were considered. The
HO-type (r<r.) density distributions of ground and excited states were sup-
p(r) = {Y exp(-\n)/r2 (r=ry)’ ) posed to be same but the excitation energy was added up to

the separation energy of the valence neutron. We adjusted the
mixing ratio of thes andd waves to fit the experimental data.
wherer is the crossing point of these two functions and theThe fitted results as well as the pwsendd waves calcula-
factorY is to keep the equality of the two distributionsrat  tions are compared with the experimental data in Fig. 7. The
The proton density distribution was HO type with the samebest fit gives 50+8% occupation probability dits;,). This
size parameter. In this method, the size parameter of HO anghlue is consistent with the results from the analysis of in-
the slope of the tail were free parameters witlletermined  teraction cross section at relativistic energji2] since the
by the normalization conditiofp(r)d* =Z whereZ is the fitted results reproduce reaction cross section at high energy
charge number of the core. much better than that at low energies. But it is seen that the
The fitted results from these two methods are plotted irfitted results are off the experiment data at low energies.
Fig. 6. It was shown that the results calculated from HO plus The effective density distribution dPC was extracted by
v(py2) neutron and Yukawa tail agree with the experimentalanother method in which only the reaction cross sections
data a little bit better than that from HO-type distributions. from the present experiment were used. The same HO plus
Small difference was also found for HO pluép;,») neutron  v(p,,,) neutron distribution was used féfC core. Now the
and Yukawa tail distribution. The second method gives aHO size parameter was adjusted to reproduce the reaction
longer tail than the first one but the slope of tail is similar cross section ot“C at 83\ MeV. Since thes wave still un-
with the p wave distribution which can reproduce the mo- derestimated the experimental cross section, the depth of the
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FIG. 8. Density distribution ofC. Assuming core plus neutron
structure, the core density is changed to fit thedata of1“C at
83A MeV while the valence neutron distribution is determined by

adjusting the depth of the potential arbitrarily to reproducedk’s
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can provide us important information about the tail density
distribution. The inconsistent conclusions from the two
analysis methods may be attributed to the use of a simple
reaction model in our analysis as well as inconsistency of the
experimental data measured at different energies. Since only
ogr data from the present measurement were used, the con-
clusion from the present method will be less model depen-
dent than that from the previous one. Thus our analysis of the
measured reaction cross section data suggests thattaee
component is dominant in the ground state*®® which is
consistent with the conclusion obtained from the momentum
distribution analysis.

V. CONCLUSION

In summary, the longitudinal momentum distributions of

of 15C at 5I1A MeV and 83 MeV from the present measurement. 13,14 fragments from®C and 3C fragments from4c

The thick solid line is the best fit result. The dotted and dashed “”eBreakup were measured at/88leV. The reaction cross sec-
show the calculate@ and d wave distributions. The shaded area tions for %1%C were measured at the same time. The

represents the fitted error. The density distribution shown in Fig. 7FWH|\/|S for

is also plotted here for comparison by the solid line.

2C fragments from'>C and 'C breakup are
consistent with the Goldhaber model’s prediction. Narrow

Wood-Saxon potential was changed arbitrarily in calculatingdistributions were seen fot*C— C which are consistent
the wave function of the valence neutron to reproduce th&vith previous measurements. An anomalous enhancement
ogr's of 1°C at 51A MeV and 8 MeV. The best-fitted den- from its neighbors has been observed in the measured reac-

sity is compared with the calculatedandd wave distribu-

tion cross section of°C. The experimental results were ana-

tions in Fig. 8. A long tail is necessary to explain the mea-lyzed in the framework of the Glauber model. The analysis
sured reaction cross section €. The extracted tail agrees of both the fragment momentum distribution and reaction

with the s wave distribution much better than thevave. We

cross section suggests a dominant s-wave component in the

can conclude that the wave component is dominant in the grou_nd state of°C. It is a strong evidence of halo structure
ground state of°C from the present analysis. In the figure, in this nucleus.
the density distribution determined by the previous method

was also shown. It should be pointed out that the present
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