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Density distribution of 1’B from a reaction cross-section measurement
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The reaction cross sectigorg) for the neutron-rich nucleusB on a carbon target has been measured at an
energy of 7A MeV by the transmission method. An enhancemenfat intermediate energy compared to
that at high energy was observed. The density distributiofi®fvas deduced through the energy dependence
of o using a finite-range Glauber-type calculation under an optical-limit approximation as well as a few-body
approach. The existence of a long neutron tail’B was demonstrated. The fraction of the wave function with
the valence two-neutron configuration @s,,)5_, or (1ds),)3, was found to be 50+10% based on a finite-
range few-body Glauber-type calculation.
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. INTRODUCTION Experimentally,1’B has been suggested to be a two-

During the last few decades investigations of unstable nuP€utron halo nucleus due to its weak binding of the valence
clei have made rapid progress by means of a radioactiviVo-neutron (S,,=1.39+0.14 MeV [15], the large root-
ion-beam technique. After the neutron halo*fthi was dis- ~ mean-squargrms) matter radius(f=2.90+0.06 fm [16],
covered[1,2], the existence of a neutron halo in someand the narrow momentum distribution b1B fragments
neutron-rich Ii?ht nuclei was suggested. The neutron halo(I'=80+10 MeV[c) [17] from the breakup ot B.
established in'Li and in 'Be [3-11], can be characterized  Motivated by the theoretical argument and the measure-
by a weak binding energy of the valence neufspna large  ments mentioned above, we studied the density distribution
matter radius, and a narrow momentum distribution follow-of 1B to understand the halo structure. The existence of a
ing fragmentation. Ans-wave dominance in valence neu- |ong neutron tail in'’B as well as its amplitude and the
tron(s) plays an essential role in halo formation. fraction of the wave function with the valence two-neutron

From a theoretical point of view,'B (37=3/2", Ty, configuration are discussed in this report.
=5.08 mg[12)) is considered to be a three-body system com-

posed of theA=3Z core and two outside neutrofi$3]. Ri-
isageret al. have classified halo states by using a universal-
scaling plot for three-body systems with hyperangular
momentum(K) [14]. The quantum numbef is 0, 1, and 2, The experiment was performed at the RIKEN projectile
depending on whether the two neutrons aresinvaves, fragment separatofRIPS [18]. The experimental setup is
roughly half of thes wave plus half of thepd wave, and shown in Fig. 1.
mainly pd waves, respectively, relative to the core. Thus, the A Be (739 mg/cm thick) or Ta (1498 mg/cr thick) tar-
states withK =0 and 1 can contribute to halo formation. Ac- get was installed in the FO area as a production target. We
cording to their argument’B can be classified into the cat- installed an Al wedge degrader and a parallel-plate avalanche
egory with theK=1 state. Therefore, it is expected to be acounter(PPAQ [19] at the F1 dispersive focus. A carb@)
halo nucleus. reaction targef377 mg/cni thick) was placed at the F2 ach-
romatic focus. Two PPACs, a silicon detect@0Xx 50
X 0.15 mn?), and a plastic scintillatof0.5 mm thick were
*Present address: Center for Nuclear Stu@iS), University of installed in the front of the reaction target. Two PPACs, a

II. EXPERIMENT

Tokyo RIKEN campus, Saitama 351-0198, Japan. plastic scintillator(1.5 mm thick, and a tilted-electrode gas
TPresent address: Department of Physics, Saitama Universitjpnization chambe(TEG-IC) [20] were placed at the F3 fo-
Saitama 338-8570, Japan. cus (in order looking upstrean TEG-IC was filled with a
*Present address: Institute of Physics, University of Tsukubagcounting gas[Ar-CH,(90% ,10%] with effective length
Ibaraki 305-8571, Japan. 650 mm (=90 mm). A 3"¢ X6 cm NalTl) detector was
Spresent address: Physics Division, Argonne National Laboratoryplaced at the end of the beam line surrounded by reaction
Argonne, lllinois 60439, USA. suppressors. The reaction suppressors were plastic scintilla-
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tion counters which detected the emitted charged particles dhe high-energy side, as shown by the dotted line in Fig. 2,
neutrons from reactions in the Nal). are due to products of the nuclear reaction inside(Na|
Particles were identified event by event. A nucleus beforeand this is the main background for estimating the number of
the reaction target was identified by the magnetic rigidityfragments. In order to reduce this background as much as
(Bp), energy losgAE), and time of flight(TOF) measured possible, we used the reaction suppressors mentioned above.
for each fragment. ThBp was determined by position infor- Events could be removed offline if a signal due to charged
mation from a PPAC. The magnetic fields at the two dipoleparticles and/or neutrons produced inside the(Nalwas
magnets were monitored by NMR probes, axlwas mea- recorded in the reaction suppressors. The fragmerits'B
sured using the silicon detector. TOF information before thecould be clearly separated from thé&B, as shown by the
reaction target was determined by using the rf signal and theolid line in Fig. 2.
timing signal from the plastic scintillator at F2.
A nucleus after the reaction target was identified by its lIl. RESULTS AND DISCUSSION
TOF, AE, and total energyE). The TOF information was _ )
obtained between two plastic scintillators, one at F2 and the A. Reaction cross section
other at F3.AE was measured by the TEG-IC, aidwas We measured the reaction cross sectiort’8f on the C
measured by the N@ll) detector. reaction target by the transmission method. An incident pri-
After the selection oZ=5 particles using\E information  mary beam of?’Ne with 110\ MeV accelerated by the
from TEG-IC, particles were identified by using TOF- RIKEN ring cyclotron, was directed onto the Be or Ta pro-
correctecE information from the N&Tl), as shown in Fig. 2. duction target to produc¥B as a secondary beam. Th&
A long tail towards the low-energy side and a small tail onsecondary beam was transported from the FO area to the F3
focus by using the achromatic operating mode of RIPS. Mea-
surements with and without the reaction target were per-
formed using the combinations of the TBe) production
target and Al wedge degrader with central thickness of
1244 mg/cr(2147 mg/cn), in order to correct for energy
loss in the reaction target. Th&'B beam energy was
77A MeV in the middle of the reaction target. Th& beam
intensity was around 200 counts/s and its purity was around
70% with a typical primary beam intensity of 300 pnA.
The reaction cross sectidog) of B was determined by

—_ L[ Bn
OR— tln( ROUt), (1)

where t denotes the reaction target thickness in units of
FIG. 2. Particle identification of unreactédB and fragments ato_m/cn?; Rin ar17d Rout are the ratios of ghe number of out-
from the breakup of’B. Fragments other thali=5 are already 90ing unreaclteéj B to that of an _|nC|den’c B with and with-
subtracted. The dotted and solid lines show the energy spectru@ut the reaction target, respectively. It should be noted here
without and with the reaction suppression, respectively. that the outgoing particles include not only the unreacfed
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TABLE 1. ox(}'B) at intermediate energy ang(}'B) at high [
energy on a carbon target. 1600
Energy — 1400
(A MeV) or(mb) o(mb) £
=
77 1400£29 © 1200
880 1118+232
1000
*Referencq16]. |
L B L LT
but also any inelastic events and other fragments. The num- E (A MeV)
ber of outgoing unreacteldB was determined by subtracting . o
the inelastic events and other fragments frédm5 outgoing FIG. 3. Measuredry as a function of the incident beam energy.

nuclei. Therefore, we carefully estimated the inelastic eventghe closed circle shows the present measurement, and the open
and the number of other fragments by using TOF informatiorfquare shows the previous measurenjéf. The expected value
(please refer to Ref21] for detaily. from the phenomenological formula is shown by the solid line.

The resultantog at 77A MeV was determined to be
1400+29 mb and is shown in Table | along with the previous oL
result of the interaction cross sectigm;) at high energy OR =27Tf db H1-T(b)]C(E), (2
(880A MeV), which was measured at GE16].

The statistical error of the present measurement, whickvhere C(E) denotes the influence of the Coulomb force.

depends on the uncertainty &,.,, Was estimated to be Here, T(b) is the transmission, which is given by
+19 mb in ok by using a binomial distribution for the out-

going particles. As for the other uncertainties, we considered

the following: (1) Contamination of the incident particles,  T(b) :exp{—J > [Fij(b+S_t)p'zri(t)plsz(S)]det}a

which stems from the reacted events in the silicon detector. I

The ratio of contaminants to the incideHiB was estimated (3)

to be 1.69X 107* in an offline analysis. The error due to this

uncertainty was estimated to be +9 mbdg. (2) The error ~ Where[; is the profile function and is the impact param--

arising from the measurement of the reaction-target thicknesgter; s andt denote the two-dimensional nucleon vectors in

was estimated to be +1 mb in. (3) The error in the esti- the projectile and target nuclei, respectively, perpendicular to

mation of the number of fragments>**1B) and the ambi- the beam axispp; and p7; are thez integrated density of the

guity of its method was estimated to be +7 mivig (4) The ~ Projectile and the target nuclei, respectively.

error due to the uncertainty in the estimation of the inelastic At an mtermedlaot(La energy region, however, it is known

events has a large influence og, like the statistical error that the calculatedry underestimates the experimentg,

mentioned above. We used the value of the half of the dif€ven for a stablé’C+C system. Zhengt al. took a finite-

ference between the lower limit and upper limit of the esti-range effect of nucleon-nucleghN) collisions into account

mation as the error, which was +18 mb df. ysing a profil_e funptiorﬂ24] to correct the underestimation. It
We did find an enhancement of, compared with that of IS parameterized in the form of

the value predicted by a phenomenological formula, pro- 1-i b2

posed by Koxet al.[22]. The phenomenologmal formula can Ty(b) = —Igcrij(E)exp<— _2> , (4)

well reproducerg, for stable nuclei. The measureg and the 473 2[3;

ij
expected values from the phenomenological formula are . . .
shown in Fig. 3. where o3;(E) is the NN total cross section ang@; is under-

As a derived from Ref[23], oy can be treated asy at stood to b.e _the range of interac_tion betw_eNN [25], the
relativistic energieghigh energies The enhancement of the so-falledd.ﬂmte.-range paraTe:i:les the ratio betV\{ge(rjl the
measuredry at intermediate energy is much larger than that' €2 adn |mag|g§1ry parts OI tl dscatterlngda}(;np Itude Zt
at high energy. This fact implies the existence of a long tail afero degrees. Since we calculate 9"‘%( we did not nee
a large distance from the center of the nucleus, sincerthe to take « into at_:c_ount. We parametrized a new finite-range
at intermediate energies are expected to be more sensitive Rgrameter by fitting the energy dependenceogffor the

1 . .
the outer part of nucleus than those at high energigs C+°C system, including new data from R¢26]. It can
be expressed as

E- 36.932)2

B. Glauber-model analysis Bij = 0.56288 ex%— ( 169.86

The Glauber-type calculation is a useful tool, which asso-
ciatesog and a density distributiofio(r)] in a high-energy  The calculatedrq" for the *°C+*°C system is shown in Fig.
region, and has been widely used so far. Under the opticald(b). The experimentaby of *°C is well reproduced if a
limit (OL) approximationoy is calculated by finite-range parameter is introduced.

} +0.11743. (5)
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FIG. 4. (a) The assumeg(r) of °C is a HO-type function. The FIG. 5. (a) Energy dependence afg for ’B. The points are
width parametefay,) of the HO-typep(r) was chosen to be 1.571 measured values and the symbols are the same as those in Fig. 3.
fm to reproduce the rms radius determined by the electron scattefthe dashed and solid lines are the result of calculations ¢h
ing experiment(b) Energy dependence of; for the ’C+'%C sys-  =0.54 and without the effect of a deformation, respectively)
tem. The open circles show the experimental data, where the data &be corresponding(r).
intermediate energy are taken from RE&26] and those at high

energy are taken from Ref27]. The dashed and solid lines stand 2. HO-type plus square of Yukawa function
for the calculation under the OL approach with zero-rarigg 17 i
=0) and finite-range treatment, respectively. Welt_:':lssumeqb(r) of “B to be a HO-typ_e function for the
core(B) plus a square of Yukawa function for the valence
1. Harmonic oscillator function two-neutron, and calculatetg with the finite-range param-

eter. The square of Yukawa function is known to be a good

We investigated whether a harmonic oscillatbiO)-type ~ @PProximation to the shape of a single-particle density at an
p(r) alone can describe the energy dependenesydébr 1'B. outer region of a core v_wth centrifugal and Coulomb barriers.
We calculatedrS" using Eq.(2) with the finite-range param- 1€ assumed density is expressed as
eter. The width parametéa,,) was chosen to reproduce the {HO type r=r)
experimental data at high energy. We have tried two kinds of py(r) =HO type, py(r)= 2
methods using the HO-type(r): one without the effect of a PoEXP=AN/T® (r>T10),
deformation, and the other with a deformation, where the (7)

deformation paramet is calculated usin . . L . .
P 452 g wherer. is the critical radius in which the HO-type function

crosses with the square of Yukawa function; is the
asymptotic slope of the tail and is used as the fitting param-
\/ —Qo, 6  eter . -~
Ther, value was determined by a normalization process
for the total number of neutrons. Tlagg of the core, chosen
to be 1.679 fm so as to reproduagof 1B [30], is common
with intrinsic quadrupole moment Q,=Q[(J+1)(2J  to both protons and neutrons. By fitting the measusged
+3)]/[3(23-1)] and RS:O.0144A2’3 b [28]. The B3, for 1'B with a free parametef\), the best fit was obtained with
was calculated to be 0.54 with the experimer@@ainoment  =0.77 andy?=8.03. The best-fit curve for the energy depen-
|Q(*"B)|=38.6+1.5 mb[29]. The results are shown in Fig. dence ofor and the resultani(r) are shown in Fig. 6. Since
5(a). the minimum y? value is not very small, the experimental
It can be seen that neither calculation reproduces the datincertainty forp(r) is chosen to reproduce data at both in-
at intermediate energy and at high energy simultaneouslyermediate and high energy.

Pz = 3Ze|%

This situation differs from the case YiC. It is clear that the Here we have also considered the deformation of the core
HO-typep(r) alone can not reproduce the experimentabf  (**B), itself. TheB, for 1®B was calculated to be 0.57 using
7B, even if it takes the deformation into account. Eg. (6) with the experimentalQ moment |Q(*°B)|

054320-4



DENSITY DISTRIBUTION OF'B FROM A REACTION ... PHYSICAL REVIEW C 70, 054320(2004)

101 [ @) ot (a)
< | o
g 10° g 10"
) - )
Q Q
10° 10*
107 1 1 1 1 1 107 1 1 1 1 1
o 2 4 6 8 10 12 o 2 4 6 8 10 12
r (fm) r (fm)
B (b) i b
1600 1600
2 1400} 2 1400}
£ g R
& B &
o 1200} o 1200}
R ] R
1000} 1000}
T s a2l " s el " T s a2 aaal " a0 el "
2 34567100 2 345671000 2 2 34567100 2 345671000 2
E (A MeV) E (A MeV)
FIG. 6. (a) Density distribution of'’B obtained via the OL FIG. 7. Same as Fig. 6, but obtained via the FB approach.
approach. The hatched area shows the uncertainty. The upper limit
of the error corresponds to the data at intermediate energy, and the _
P 9y @(ry,r2) =[j(ry) ¢;(r2) 13-, 9

lower limit of the error corresponds to that at high enexgpy.The

resultant best-fit curve for the energy dependencerof . . .
wherej=2s,,, or 1ds;, and ¢(r4,r,) is the wave function of

the valence two neutrons. The correlation of the two neutrons
was not taken into account. Each wave functi¢§5u2(r) and
¢1d5/2(r), was determined by solving the eigenvalue problem
of the Schrédinger equation in a Woods-Saxon potential for a
i_given value ofS,,/2, with a diffuseness parameter of 0.7 fm
and a radius parameter of A% fm.
It was found that the pures?, wave function overesti-
3. Few-body Glauber calculation mated the measuredy, and the pure ds,, wave function

It is pointed out that a few-bodgFB) Glauber-type cal- underestimated it. We thus considered a mixed configuration

culation may be more suitable to describe a weakly bound&S
system, like a halo nucle|25,32. Thus, we applied the FB _
calculation to a three-body systefwore +neutron+neutron @(ry,r2) = {Nflebas (r) s, ,(r2)1s=0

of 1B. ok can be expressed as —
+ V1 = flig (r) dbia,, (1) ]s=0t,  (10)

=38.01+£1.08 mk31]. We fitted the measureagk with a free
parametei(\) under core deformation. The best fit was ob-
tained withA=0.68 andy®=7.38. Thep(r) value was almost
the same as that in Fig(#, since the minimumy? value
does not differ significantly from that obtained for the spher
cal core case.

oR = f dbl 1 - [ polexplixer(b) +ixar(b +sp)
where f(f <1) denotes thes-wave spectroscopic factdthe
‘o h. 2 fraction of the wave function with the valence two-neutron
+ixim(0+ o), ® configuration of(2s;/,)3_, or (1dsj,)3-,]. We fitted the mea-
where g, denotes the wave function of a halo neutrsyy, is sured o with a free parameteff). The minimumy? was
the halo neutron’s vector from the core, perpendicular to the 53 with f=0.5. It should be noted that the minimug?
beam axisp [=b—-(s;+s,)/17] denotes the impact parameter value is better than that obtained via the OL approach. The
corresponding to a collision between the core and the targeesultantp(r) and the best-fit curve for the energy depen-
nucleus;ygr is the phase-shift function between the core anddence ofog are shown in Fig. 7. In this case, we determined
the target, andy,t is the phase-shift function between the the uncertainty of the density by taking the parameter at
halo neutron and the target. The finite-range parameter in thi?+1).
FB approach is the same as that used in the OL approach. The fraction parametetf) was simultaneously found to
In this FB approachp(r) of ''B was assumed as a HO- be 50+10%. In other words trewave component is crucial
type function for the corg'B) plus valence two neutrons. to the configuration for the valence two neutrons. This is
We have considered th@s,,)5_, or (1ds)5, configurations ~ consistent with a previous resy9+20%) [17] within the
for the valence two neutrons, i.e., experimental uncertainty.
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C. Density distribution

We have applied the two methods described in the previ- '

ous sections. In the present analysis, the FB approach repro- B
duces the experimental data better than the OL approach 10|
from the point of the minimumy? value. However, much
more assumptions are involved in the FB approach, the wave
function is assumed to be the product of the halo neutron
wave function and the core wave function. Moreover, the
slope of the tail is fixed by5,,. In contrast, an advantage of Iy E o
the OL approach is the fact that the slope of the tail is inde- r(fm)
pendently determined frorg,,. Thus, it is difficult to decide
which method should be better fofB density distribution. FIG. 8. Final density distribution of'B with a significant am-
Therefore, we include, as the finalr) of 1B, all distribu-  plitude of a long neutron tail.
tions obtained from these two methods, and it is shown in
Fig. 8. It is clearly demonstrated that a long neutron tail with It was proved that the neutron tail in the density distribu-
a significant amplitude exists in the density distribution oftion is essential fot’B to reproduce the measured reaction
17, cross sections. The existence of the long neutron tailBn
was demonstrated for the first time. The fraction of the wave
IV. SUMMARY function with the valence two-neutron configuration of

We have measured the reaction cross sectiod’®ion a (251930 0r (1ds»)5-o Was found to be 50+10% under the
carbon reaction target at an energy ofA7MeV by a trans- finite-range few-body Glauber-type calculation. Thaave
mission method. Based on the assumption of a ¢bi#8)  component is crucial to the configuration for the valence two
plus valence two-neutron picture, the density distribution ofeutrons in'’B, and can be understood to be one of the
1B was deduced through the energy dependence of the r@henomena required for neutron halo formation.
action cross section using a Glauber-type calculation.

We employed the finite-range Glauber-type calculation ACKNOWLEDGEMENT
under the optical-limit approximation as well as the few- The authors gratefully acknowledge all of the staff at the
body approach. The new finite-range parameter in the profil®RIKEN ring cyclotron for their stable operation of the accel-
function is parameterized by using the energy dependence efator during the experiment. We thank Dr. J. Miller at LBL
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