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Spectroscopic investigation, on exotic nuclei, performed in two different experiments with secondary radioac-
tive boron beams are discussed. Spectroscopic factors fdf B bound-states are obtained by measuring
momentum distribution of th& B residual nucleus from knockout reaction of tH& beam at intermediate en-

ergy. The momentum distributions are measured in coincidence with the epriégd from the excited residual

13B nucleus allowing spin-parity assignment and partial cross section determination. In the other experiment, a
deuteron transfefH(®B,a)Be, reaction with low energ$B beam are used to search for resonances in the un-
bound®Be nucleus. The ANC - Asymptotic Normalization Coefficient method are presented and astrophysical
implications of these two experiments are discussed.

1 Introduction would correspond to a level at about 11 MeV excitation
ergy in the®Be nucleus. Althgough a narrow resonar
Spectroscopic studies of short-lived radioactive nuclei far is not expected in this unbound nucleus, the possible
from the valley of beta stability is one of the major active tence of broad resonance is not ruled out [7]. Such r
field in nuclear physics in nowadays. These exotic nuclei arenance inBe, which has not been observed yet, would
weakly bound systems and some of them have been showwor the 2He(®He,2p} He reaction in detriment to the oth
"halo” and "skin” properties due to a very diffuse surface. 3He(*He;y)"Be reaction in the pp-chain in the Sun; a
To performe nuclear spectroscopic investigation on such nu-thus, it would have some direct implication in the neutr
clei direct reaction processes that add or remove one or fewsolar problem.
nucleons, as direct stripping and pickup reactions, and from  |n this paper we present the results of spectroscopi
which one can identify single-particle orbitals, energies and vestigation on exotic nuclei performed in two different ¢
their occupancies are commonly used. Recently, reactionsperiments with radioactive boron beams. One is an ex
with radioactive beams have been proved to be also veryiment on breakup reaction using intermediate ené@
powerfull tools to performe spectroscopic investigation on beam to obtain spectroscopic factors for tAB+n bound-
exotic nuclei, allowing even to probe resonances in unboudstate and the other is an experiment on transfer reactio
nuclei [1]. At NSCL-Michigan State University, another ing low energy®B beam to search for resonances in the
technique has been developed for spectroscopic studies ohound®Be nucleus.
rare and exotic nuclei. The technique consists of measuring
partial cross section and longitudinal momentum distribu-
tions corresponding to specific final states of the fragmentsz Breakup reaction with intermediate
produced from a breakup reaction at intermediate enegies. 14
These measurement and the model used to interpret the ~ €nergy-*B beam
data, which combines spectroscopic factors derived from the
shell model with single-particle cross sections calculated in Using neutron-rich radioative'B beam at 60 MeV/nucleo
a eikonal model, can account for the intrinsic structure and obtained from the A1200 separator at NSCL - Mic
the reaction mechanism [2-5]. gan State University we investigated the knockout re
There is a strong indication that the dissociation reac- tion °Be(**B,'>B+v)X. The secondary*B radioactive sec
tion of valence nucleon in a loosely bound nuclei is periph- ondary beam with 59.2 0.3 MeV per nucleon, was prc
eral and dominated by nuclear surface [3, 4]. Thus, spec-duced and selected by the A1200 fragment separat
troscopic factors, obtained from dissociation of the valence NSCL [8]. The!*B beam was then transmitted to a tar
neutron in'B, can be used to draw inferences about the chamber where a neutron was removed during an intera
inverse'*B-neutron capture reaction by obtaining the ANC with the Be target, leaving thH€B core in its ground state
(Asymptotic Normalization Coefficients) of single-particle in an excited state. Therays from the decay df B excited
wave functions, which can be of astrophysical interest. states were detected by an array of 38 cylindrical Nal
Also, information on energy and width of states and res- detectors [9] which completely surrounded the target.
onances in light mass exotic nuclei is of strong relevance coiling 3B core fragments were momentum-analyzed u:
for astrophysics. For instance, a possible resonance in lowthe S800 spectrograph [10], where the momentum dist:
energy part of theéHe(®He,2p)He reaction spectrum [6] tions of 1*B fragments corresponding to removal of singl
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TABLE 1.Partial cross sections in mb for each of the final states populat€®inThe theoretical value for the cross section is the sum of
the two components multiplied by the corresponding spectroscopic factor and kinematic center of mass correction. The experimenta
the reduction factor and the extracted ANC is given in the last three columns.

EMev) J | CZSsp  Ostrip  Odiff Otheo Ceap Rs ANC;
000 ¥ 0 0662 824 539 988 113(18) 114 0.73(10)
2 0306 350 165 17.0 14(3) 082 3.9(9)
3.48 %+ 1 0.407 24.1 9.7 14.8 18 (3)
368 2° 1 088 235 94 314  30(5)
4.13 %7 2 0.0005 223 8.0 0.02 1.2 (0.6)

(@) Cross section obtained by deconvolution of th@ and/=2 contributions to the longitudinal momentum distribution.

10 and the surrounding materials, was parameterized by a sin
368 MoV ple exponential dependence. Takin_g_ into_account _the 3.4

3.48 MoV MeV, 3.68 MeV and 4.13 MeV transitions B, the fit to

l the experimental spectrum is excellent (§feper degree of

freedom is 1.08).

The !B ground state has™J= 2, resulting from a
[1p3/2]*1 proton configuration. Below 4.5 MeV, three neg-
ative parity and two positive parity excited states have beel
previously identified in'>B [12] but very little is known
about their spins. Based on theray spectrum of Fig. 1
and by the fact that only the spectroscopic factors for one
neutron removal for the two first positive parity states and
the first%_ state had significant spectroscopic strength [13],
the spin assignments presented in Table | have been esta
lished [5]. Also the partial cross sections obtained from the
absolutey-ray intensities corrected by the computed effi-
ciencies and the spectrometer acceptance are presented
Table I.

The single-particle cross sections for each final state o
the core fragment were calculated by Tostevin [14] in a
eikonal model assuming that there are two reaction mech
10° ‘ ‘ ‘ ‘ ‘ ‘ anisms involved in the knock-out reaction: (i) nucleon strip-

1500 2000 2500 3000 3500 4000 4500 5000 ping in which the halo nucleon interacts strongly with the
energy (keV) target and leaves the beam, and (ii) diffraction dissociatior

Figure 1. Doppler corrected energy spectrum ofthys mea-  in which the nucleon moves forward with essentially the
sured in coincidence with &B fragment in the Nal array. The  pheam velocity but away from the core. The theoretical cros:

solid line is the fit to the experimental data. The fit corresponds to . . . -
an independent normalization of the simulated response functionssectlons for each states below 4.5 MeV, given in Table |, is

for each individual-ray. given by the expression:

10 4.13 MeV

counts

10

neutron from different orbitals in*B were measured. The
contribution from'3B core excitation was isolated by mea-
suring the momentum distribution of excitétB fragments

in coincidence withy-rays from their decay. The results on

A
Othe = (H) X 025 X (Ustr +0'dif + UC). (1)

the momentum distribution of th&B fragments and more Here A/(A-1) is a center-of-mass correction [16]. This
details about this experiment can be found in ref. [5]. factor is usually neglected but it can be important for a more
The energy spectrum of-rays in coincidence with*B precise comparison with data. Also the Coulomb contribu-

fragments is shown in Fig. 1. The solid curve is a fit to tion due to Be-target was calculated and it was found to be
the data obtained via Monte-Carlo simulation using the codevery small,oc~=2.3 mb for the ground state. The best agree-
GEANT [11]. The simulation took into account Doppler ment with experiment is achieved with the spin assignment
broadening, the distortion of the shapes caused by the baclshown in Table I. Overall, it appears that the combination of
transformation to the projectile rest frame, and the calcu- the theoretical spectroscopic factors and computed single
lated~-ray detection efficiencies. The background, primar- particle cross sections does a remarkable job of predictin
ily resulting from neutron reactions with the detector itself the experimental yields.
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3 The astrophysical S-factor and the
ANC (Asymptotic Normalization
Coefficient.)

effects as short range of the nucleon-nucleon interaction
considered in the spectroscopic facfétS calculated in the
single particle shell model.

By combining the equations [3] and [4] and using 1
definition of the reduction factaR, we can obtain the ANC

The capture cross sectiangap, for A+z — B+yreaction  from the breakup reaction at large distamgeas:

can be calculated by the following equation [15]:

oear =N <ILOIOWET® > P @ gyl e mBil)
where)\ corresponds to a kinematic factéf; (r) is the ra- (Ostr +0aif +0c) Factor x Hy(krr) &

dial overlap integral of the bound stae= A + z, O is the

eletromagnetic transition operator & “)(r) is the con-  yeaction corresponding s, 5 and 1ds;, components o
tinuum single particle wave function. the 1B ground state configuration is also presented in
For a peripheral capture the tail of the radial overlap inte- pje |. This coefficient is conveniently insensitive to spec
gral is given asymptotically by correct Whittaker or Hankel cations of nuclear-structure parameters since these strt
function for a neutron capture, details are factorized by the radial functions. The esse
point here is that we can use experimental information f
breakup reaction together with a eikonal reaction theory
shell model description to extract astrophysical informati
" in a similar way as the transfer reaction was used toge
H,(kr) with DWBA calculation for transfer reactions. With this c
r ®) efficient one can calculate the S-factor for thB+n capture
reaction correctly normalized.

The ANC calculated for ni?B(gs) = '“B(gs) capture

an,l+% (2/{7‘)

I¥ = ANCa, x or I%

= ANCAn X

whereW_, ;. 1 (2xr) is the Whittaker functionH, (xr) is

first order Hankel functiony = Z,Z,¢?u/k is the Som-
merfeld parameters = /2ue/h, 1 ande are the reduced
mass and binding energy for the— 2 system, respectively.
And, ANC is the Asymptotic Normalization Coefficient.

At low energies, the amplitude for the radiative capture
cross section is dominated by contributions from large rela- In a search for resonances iBe we have measured tl
tive distances of the participating nuclei, and thus, by deter-deuteron transfer reactiotH(®B,«)°Be. The results o
mining the asymptotic normalization coefficient (ANC) one this experiment is also presented in ref. [20]. The ex|
can normalize the non-resonant part of capture reaction.  iment was performed at University of Notre Dame, US

This normalization coefficient can be found from pe- The secondary radioatiéB beam was produced using t
ripheral transfer reactions whose amplitudes contain the3He(Li,®B) reaction. The®B secondary beam was se
same overlap function as the amplitude of the correspond-arated by the double superconducting-solenoid syste
ing capture reaction of interest. The transfer reaction asTwinso) [21]. The two superconducting solenoids work
a way to obtain the ANC has been already tested and ap-thick lenses to collect and focus the secondary beam
plied to obtain the S-facto$;~(0) for the "Be(p;y)®B cap- a 1.04 mg/crh thick CD, secondary target. The laboratc
ture, where the transfer reactio?B("BeB) Be was used  energy of thé'B beam at the center of this target was 28
[17]. In this reaction, the normalization coefficient for the MeV, with an overall energy resolution of 0.75 MeV fi
9Be+p=YB vertex was known and the normalization coef- width at half maximum (FWHM) and an average inten:s
ficient for the”’Be+p="B was determined from the angular of 1.0 x 10 particles per second. lons with the same m

4 Transfer reaction with low energy
*B beam

distribution and DWBA calculation. Imait al. also applied
this ANC method for neutron transfer reactidhC(d,p):3C

netic rigidity as the®B beam were also present at the s
ondary target position, but they could be separated by u

reaction [18]. The obtained ANC was used to normalize TOF signal. The TOF of the particles was obtained from

the non-resonant part of thHéC(n;y)!3C capture reaction.

time difference between the E signal in a telescope anc

In a recent paper, Tracte al. [19] has suggested that the RF timing pulse from the beam buncher. The particles |

ANC can be extracted from one-nucleon breakup reactionduced by the reaction withB beam on the CD target wel
of loosely bound nuclei. detected by four telescopes placedats = 10°,20°, 30°

Thus, for a knockout reaction the overlap function would and45°. Each telescope subtended a solid angle of a

to be given by: 12 msr. Also a carbon run was measured for the later
get background subtraction. ThBe is unbound tdHe+2p

(4) decay by 1.377 MeV but the populated levels (resonan
in 5Be by the?H(®B,a)%Be reaction would be observed

where R, is a short range correction or reduction factor peaks in the detected spectrum sitting on a backgrour
given by Ry = 0cyp/0wme. This factor takes into account due at least in part to alternative breakup proces¥ss

A
5 = (Af T C%S x Ry)? x Ry(r),
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4He+2p o Li+p) corresponding to 3 or 4-body phase-space facility but with higher field integral. Both solenoids were
background. bench tested successfuly on April, 2002. In a first phase
The only spectrum which shows some structure other the primary beam from the Pelletron Tandem will allow to
than the ground state is the one measured at 45 degree. Thigroduce basically the same secondary beams as at the No
spectrum can be seen in Fig. 2. Due to the low intensity of DameTwinsolfacily, i.e.,°He, "Be, 5Li and ®B with the in-
the B beams the statistics of this spectrum are very poor. tensity of about 18to 10’ particle per second. However,
However, as one can see, there is an evidence for a resothe proposed RIBRAS facility, though it uses essentially
nance at 11 MeV, which would correspond to a 9.6 Mev the same components as the Notre Dame-Michigam-
in excitation energy ofBe. This resonance would be be- S_Ol facility, it ‘_N'" have several important advantage_s pro-
low the 3He+*He threshold (11.5 MeV). However, before V|_ded by the linear post-accelerator (LIN_AC). In particular,
we can draw any conclusion about this resonance we Wouldhlgher-energy (up to 10MeV/nucleon), higher mass (A=80)

like in a near future to improve this experiment by adding radioactive ion beams can be produced with beam puritie

S ) : approaching 80% in many cases. Higher purity may be
more statistic to these data and also by measuring this reacy ioved by using differential energy loss in an energy de
tion at some other backward angles.

grader foil, which might be located at the crossover point
between the magnets, shifting the beam contaminants out «
the bandpass of the second solenoid. A more detailed de
scription of this system can be found in ref. [23]. The sys-
tem shall be in operation by early 2004 using the primary
beam from the 8MV Pelletron Tandem. The large angle ac
ceptance and the multiconfiguration and versatility of this
system will allow many interesting experiments with low
energy radioactive ion beams to be performed.

2H(®B. o) °Be
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