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Spectroscopy of Radioactive Beams from Single-Nucleon Knockout Reactions:
Application to the sd Shell Nuclei??Al and 26-27-28p
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Measurements of deexcitatignrays in coincidence with the momentum distribution of the projectile
residues produced in reactions of the tyjB=(**P,%’Si + v)X at energies around 65 Mg\ are used
to study single-nucleon stripping to individual states. The cross sections are compared with calculations
based on an eikonal model description of the reaction and the shell model. The measurements indicate
that the halo character of the ground state and other detailed spectroscopic information can be derived
using knockout reactions in inverse kinematics. [S0031-9007(98)07825-9]

PACS numbers: 25.60.Gc, 21.10.Jx, 25.70.Mn, 27.30.+t

A new and general method applicable to nuclear The narrow momentum distribution of the projectile
spectroscopy of radioactive beams is presented. Theesidue associated with the stripping of a halo nucleon
method is based on obtaining partial cross sections frons a direct measure of the large spatial extent of the
the measured-ray intensities (identifying the individual wave function [8]. A closer analysis [9] shows that
final states) arising from the decay of states populated ithese measurements are insensitive to the part of the
the projectile residue in single-nucleon removal reactionswave function lying in the shadow of the projectile
An extension [1] of the eikonal model is used for core. In the present work we extend the observations to
translating the measured cross sections into spectroscopitore deeply bound states in the projectile residue. The
factors. A signature of the orbital angular momentumobserved momentum distributions then reflect essentially
involved in the reaction is provided by the longitudinal the momentum content on the nuclear surface [10] and the
momentum distribution of the projectile residue observedanalysis requires a more detailed treatment of the target-
in coincidence with the deexcitatiopnrays. core interpenetration [1].

Direct nuclear reactions [2] have for many years been The present work is motivated by a search for changes
one of the most powerful tools for the study of nuclearin nuclear structure in thed shell due to the predicted ex-
structure. The current experiment is a variation on thigstence of proton halos in the nucki?’8P [11]. These
theme. Momentum wave functions of bound fermionsisotopes have proton separation energies of 0.14(20),
in atomic and nuclear systems have been obtained usir@897(35), and 2.066(4) MeV, respectively. The phos-
(e,2¢e), (p,2p), and e, e'p) reactions [3]. Studies us- phorus isotopes are the lightest nuclei expected to have
ing electrons are not yet possible with radioactive beamsa ground state with a dominant contribution ofma; /,

The advantages of the technique described in this articlerbital. The halo character is expected to manifest it-
relate to the large nucleon-knockout cross sections. Thself through relatively large stripping cross sections and
technique is applicable at energies greater than approxirarrow longitudinal momentum distributions. The shell-
mately 50 MeVu, characteristic of radioactive beams model structure and properties of these nuclei have been
produced in projectile fragmentation [4,5]. Transfer reac-discussed in a recent paper [11]. Large halos, strictly
tions can provide equivalent information, but at energiespeaking, are possible only for neutronssiandp states,
above 20 MeVu the proton angular distributions lose and the effect of the Coulomb barrier will always make
most of their characteristi¢ dependence and the mag- a proton halo less extended [12]. Even in the limit of
nitudes of the cross sections drop sharply with increasingero binding energy the halo is of finite size. Because
energy [2,6]. Thesed( p) reactions, also performed in of the effect of the Coulomb barrier, the proton halo for
inverse kinematics, require targets more than an order @n s state and a core charge of 14 is expected to be of
magnitude thinner than for the technique described hereelatively modest size compared with the corresponding
and the identification of the states in the residual nuclei isieutron case. The present measurements were extended
limited by the energy and angular resolution of the protorto include®Al (Sp = 2.27 MeV) for a comparative study
detectors [7]. of proton removal from a nucleus differing only by a few
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nucleons frgm the phosphorus isotopes but expected to *2 10000} a) o A [b) 26,
have a negligiblers,,» component [13]. o ; a’o o

Radioactive beams ofAl and ?6?728P with energies W ogoof o @ °%
of approximately 65 MeYu and momentum spreads of - o d‘\o
0.5% were produced in fragmentation reactions using a % 6000 o/ e .4
100 MeV/u *°Ar beam on a470 mg/cn? Be target and 1) soool © A
were purified using the A1200 fragment separator at the Eoge ol
National Superconducting Cyclotron Laboratory (NSCL) 2000[°% oo
[14]. The large acceptance S800 superconducting spec- ;o" o= 84(13) mb ‘\90 5§ o=r2aymb
trograph [15], operated in a dispersion-matched mode, in T T Y Ry S
conjunction with the focal plane detector setup were used 7 > >
to identify and measure the momentum distributions of the 10000} P |d) P
projectile residues produced in one-proton breakup reac- i
tions of the radioactive beams onl4 mg/cn? Be target. 8000;
Time-of-flight information over a distance of 70 m along 60001
with energy measurements obtained with a segmented ion :
chamber and a 5 cm thick plastic scintillator were used to 4000(
identify and measure the yields of the fragments in the re- i

. L. .. . 2000
action. Twox/y position-sensitive cathode-readout drift i
chambers recorded the momentum and angle information S T e B s TS T v S

91 92 93 94 95 93 94 95 96 97

of the fragments at the focal plane of the spectrograph. e
Longitudinal Momentum (GeV/c)

The momentum and scattering angle of the fragments after
the reaction were then reconstructed from the known magr|G. 1. Longitudinal momentum distributions, in the labora-
netic field and positions at the focal plane using the iortory frame, of the projectile residue formed in a one-proton

optics codecosy[16]. The measured parallel momentum removal react2i?n. 24The integrated total cross sections are
istrib it 25 2627.28p indicated. (a)*Al, **Mg): the open (filled) circles are the dis-
distributions for Al and the P isotopes are shown tribution without (with) a coincidenty ray from the2* — 0*

in Fig. 1. Only statistical errors are shown. transition ir**Mg. The dotted line corresponds to a calculated
They rays in coincidence with the breakup events werémomentum spectrum for ah= 2 proton, using a black disk

measured using the NSCL position-sensitive Nal(Tl) arraynodel (see text). The corresponding width is 265 MeV
of 38 detectors [17] placed around the target chambefb)—(d) (*7?*P, **26?’Si): the continuous lines represent
The y-ray spectra obtained in coincidence withVig Loaengéa&mﬁ/] The corresporlndlng widths are 137(33), 116(8),
and ?’Si projectile residues are shown in Fig. 2. With an (14) MeYc, respectively.
the limited y-ray data it was not possible to construct a
complete input-output balance for each level. We have The single-particle cross sections entering Eq. (1) have
instead used known [18] level schemes and branchingeen calculated by Tostevin [1], who extended the meth-
ratios together with the theoretical direct cross sectionsds of [20] to estimate the required integrated partial cross
to construct the indirect feeding. The example’t® is  sections. Expressed in terms of the profile functiSas
shown in Fig. 3. andSy for the core(C) and nucleon(N) interactions with
The theoretical nucleon-knockout cross section leadinghe target, the probability of stripping [21] becomes
to a given final statex (parity and angular-momentum . ) 2
quantum numbers are implicit in our notation) can be Pln) = (bl (1 = 1Sy) IScl*1dm). (2)
written as a sum over the allowed angular-momentunwhere the wave function is that of the initie" + N)
transfers; state. The single-particle cross section is obtained by in-
tegrating over the impact parameter and averaging over
o(n) = ZCZS(j,n)asp(j,Bn)- (1) M states. This expression has an intuitively simple in-
~ terpretation: the first factor represents the probability that
the nucleon interacts with the target and the second factor
Each term in the sum in Eq. (1) is a product of two fac-is the associated probability that there be no interaction
tors. C25(j,n), the spectroscopic factor of the removed between the core and the target. The additional contribu-
nucleon with respect to a given core state, is calculatetdon to the one-nucleon removal cross section arising from
from the shell model [19] and accounts for the intrinsicdiffractive dissociation was also included [1]. For halo
structure. The reaction factar,,(j, B,), the cross sec- states this is of comparable magnitude, but it becomes
tion for the removal of a nucleon from a single-particle considerably smaller for states with higher angular mo-
state with total angular momentugn is calculated in the mentum or binding energy. The profile functions were
eikonal model. The assumed nucleon separation energyalculated using a parametrized nucleon-nucleon interac-
B, is the sum of the nucleon separation energy for thdion [1] and Gaussian core and target densities consistent
projectile and the excitation energy of the state with electron scattering data.

5090

J



VOLUME 81, NUMBER 23 PHYSICAL REVIEW LETTERS 7 BCEMBER 1998

1000 28D 27Qj
g oo [V 20 25 o(*P,”’Si + y)[mb]
2 B Al EXP DIRECT INDIRECT
S 800 f 1+
700 i ? 5282.8 -—- 10.1 0
600 [
E +
0 % 4447.3 5.9 0
400 |
300 |
200 |
100 |
g ‘ ‘ ‘ g+ ‘ 2909.9 6.0 7.2
000 1500 2000 2500 3000
160
b) 28p 7* 21636 185(35) 36 5.9
140 |- 1/2% - 572° 2
120 | || 32" - 502%
[ 3+
100 | 3
2 9574  19(0.9) 3.0 0
i 1+ 7809  2.0(1.0 1.9 0
80 712* = 512* 3 @0
60} 5+ \AA
i 5 0 21(5) 233 305
40 2
20 | 27Gj Total 70(11) 538
0 =000 1500 30003500 3000 3500 4000 FIG. 3. Simplified level scheme for tHéSi core based on

[18]. The observedy rays are shown as thickened arrows
and the experimental cross sections include both direct and

FIG. 2. Doppler correctedy-ray spectra obtained in coinci- indirect contributions. The calculated partial cross sections are

dence with the residues Mg and (b}?’Si. The broad peak given alongside. The indirect feedings are obtained from the

at around 2.1 MeV in (b) could have contributions from severalca/culated direct feeding of the higher lying states and the
unresolved transitions. known y-ray branchings. The measured experimental cross

section for thedirect population of the ground state is obtained

from the analysis of the momentum spectrum in Fig. 4b. The

cross section for the 2164 keV level may include contributions
The longitudinal momentum distributions were calcu-from unresolved transitions.

lated in an extension of a model [9] that replaces the pro-
file functions by a sharp cutoff (black disk) approximation.
The cutoff radii were chosen to reproduce the core-targe82 [74(11)], and 54 [70(11)] for thé&>">8P isotopes,
and nucleon-target total cross sections, and it was verifiegespectively. The ground state spin f6P was assumed
that with this choice, the stripping cross sections and theito be3* [11]. A calculation assuming a spin of would
dependence on the separation energy agree approximatgiwe a cross section of 36 mb with a negligiblevave
with those calculated in [1]. The momentum distribution contribution inconsistent with the measurement.
is obtained as the spatial integral of the one-dimensional The expected character for the valence proton of the
Wigner function. In the earlier calculation the wave func-phosphorus isotopes lends special interest to the reactions
tion was approximated by its value along the trajectory ofleading to the Si ground states and can be extracted from
the target; in the present work the full three-dimensionathe momentum distributions measured with and without
integration was carried out. This modification has an ap- rays in coincidence. Because of the low statistics of the
preciable effect on the cross section for deeply bound states spectra, the analysis was performed by tagging the mo-
or for a charged valence nucleon, but it is less importanmentum distributions with any coincidemtevent greater
for the width of the momentum distribution. than 0.25 MeV. The longitudinal momentum distribution
Figure 1 clearly illustrates the variance in the shape®f the?’Si residues observed in coincidence and anticoin-
of the longitudinal momentum distributions f&#Al as  cidence withy rays is shown in Fig. 4a. The finite ef-
compared to the phosphorus isotopes. F®#, the ficiency for the detection of the rays implies that the
longitudinal momentum spectra as seen from Fig. 1a havanticoincidence spectrum represents an admixture of both
the samel-wave shape for the ground and excited statesground and excited components. These, shown in Fig. 4b,
The dominance ofl-wave removal is predicted by theory were extracted as a linear combination of the two spec-
[13,19] and leads to the following cross sections in mbtra of Fig. 4a using estimates of a totglray efficiency
with the experimental values given in brackets: total, 470f 54(5)% (including the effect of-ray cascades) and a
[84(13)]; 4" — 27, 9[8(4)]; 2" — 0%, 36 [42(10)]. The 10(5)% probability for a coincidence with a background
excited states in this case are mainly fed indirectly, i.e.event, i.e., a neutron oraray from the target. The shapes
via unobserved higher states. The difference betweeaf the extracted momentum distribution corresponding to
the measured and calculated total cross section is néhe ground state transition and the sum of all transitions to
yet understood. The total cross sections are 62 [72(13)gxcited states are characteristic of essentially pure0
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» 1500 tributions in single-nucleon removal reactions. The impor-
S a) s % tant role of thews;/, orbital in the predicted halo struc-
o . ¢ . ture of the neutron-deficient phosphorus isotopes has been
;_; 1000 |- . confirmed. At present, intensity andray resolution se-
) riously limit the technique, but the higher beam intensities
2 5o ®5 0 o * and improved detection techniques expected to be avail-
c00 - . g . able within the next few years will offer interesting possi-
s a bilities for studying nuclei far from the valley of stability.
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