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One-neutron removal reactions on light neutron-rich nuclei
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A study of high-energy(43—68 MeV/nucleonone-neutron removal reactions on a range of neutron-rich
psdshell nuclei(Z=5-9, A=12-25 has been undertaken. The inclusive longitudinal and transverse momen-
tum distributions for the core fragments together with the cross sections have been measured for breakup on a
carbon target. Momentum distributions for reactions on tantalum were also measured for a subset of nuclei. An
extended version of the Glauber model incorporating second-order noneikonal corrections to the Jeukenne,
Lejeune, and Mahaux parametrization of the optical potential has been used to describe the nuclear breakup,
while the Coulomb dissociation is treated within first-order perturbation theory. The projectile structure has
been taken into account via shell-model calculations employing#aénteraction of Warburton and Brown.

Both the longitudinal and transverse momentum distributions together with the integrated cross sections were
well reproduced by these calculations and spin-parity assignments are thus proposed for
158, 17C ,19-21N 21230 ,23-2F_ |n addition to the large spectroscopic amplitudes for iBs,, intruder con-
figuration in theN=9 isotones*B and 1°C, significant»2s?,, admixtures appear to occur in the ground state

of the neighboringN=10 nuclei!®B and '6C. Similarly, crossing théN=14 subshell, the occupation of the
v2s,, orbital is observed fof%0, 242%. Recent claims of a modified shell structure @ are investigated

and the original suggestion of a ground stifte 1/2" is confirmed. Analysis of the longitudinal and transverse
momentum distributions reveals that both carry spectroscopic information, often of a complementary nature.
The general utility of high-energy nucleon removal reactions as a spectroscopic tool is also examined.
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I. INTRODUCTION narrow fragment momentum distributions(FWHM

High-energy heavy-ion projectile fragmentation has beeri-50 MeV/c) as a signature of the extended valence nucleon
investigated now for some 25 yedts2]. The initial empha- density distributions in halo nuclg8]. Originally these mo-
sis centered on reactions employing stable beams at relatigentum distributions were assumed, in terms of the transpar-
istic energieg3,4] and the observed momentum distributions ent limit of the Serber mod¢B], to be a direct mapping via
[typically Gaussian in form with full width at half maximum the Fourier transform, of the valence nucl&)rwave func-
(FWHM) ~200 MeV [c] were interpreted within a statistical tion. Detailed investigation of the role played by the reaction
description as reflecting the Fermi momentum of the re-mechanisms, particularly in the case of the single-neutron
moved nucleong5]. Further refinements lead to more so- halo nucleus''Be [10,11], demonstrated that such an inter-
phisticated models incorporating the peripheral nature of thgretation was not generally applicable. The longitudinal core
reaction proces$6,7]. Beyond relatively simple consider- fragment momentum distributions have been suggested
ations, such as the surface cluster mod@l the projectile  [12-14 to be less influenced by such effects and as such to
structure played no role in the fragment distributions. represent a cleaner probe. As foreseen in the original work of
More recently, the investigation of fragmentation reac-serber[9] and more explicitly in the case of heavy ions by
tions using radioactive beams has led to the recognition ofjiifner and Nemeg6], the requirement of core survival
drives few nucleon removal to probe essentially only that
part of the valence nucle@) wave function residing outside

*Present address: CPPM, Marseille, France. the coreg[15,16. Consequently, in the spirit of the spectator-
"Email address: orr@lpccaen.in2p3.fr core model of Hussein and McVoji7], various Glauber-
*Present address: INFN-LNS, via Sofia 44, 1-95123, Catania, Italytype approaches to modeling the dissociation of energetic
'Present address: LPC, Caen, France. beams of nuclei far from stability have been developed
"Present address: LPSC, Grenoble, France. [15,16,18-2h The essential results are that the momentum
Spresent address: IPN, Orsay, France. distributions, as first recognized by Bonaccorso and Brink
** Present address: Physics Department, University of Notr¢26] and Sagawa and YazaKi8], reflect the angular momen-
Dame, Indiana 46556. tum (I) of the removed nucleon, while the corresponding
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cross section may provide a measure of the associated spaga the fragmentation of an intense
troscopic strengtfi27]. (~1 uAe) 70 MeV/nucleon “°Art”* primary beam on a
Recently, experimental measurements of single-nucleo#90 mg/cni thick carbon target. The reaction products were
removal reactions including-ray detection have demon- collected and analyze®Bp=2.880 Tm using the SISSI de-
strated that significant population of core fragment excitedvice [40] coupled to the beam analysis spectrometer. The
states may occuf27-34. The inclusion of the core states resulting secondary ~beam was composed  of
within the theoretical frameworfe3,35, as foreseen in the *7*B,*1C,17"2IN, 19720, and®*~*F nuclei with energies
original work of Sagawa and Yazakil8], has led to the between 43 and 68 MeV/nucleon and intensities ran_ging
proposal that such reactionsften termed “knockout[36]) ~ from ~600 pps(**C) to ~1 pps(**F). The energy spread in
may be used as a spectroscopic tf28,2§. To date, how- the beam, as defined by the acceptance of the beam analysis

ever, this approach has been largely confined to selectetPectrometer, waAE/E=1%. Secondary reaction targets of
weakly bound halo and near dripline systej28-33,37. carbon (170 mg/cnd) and tantalum (190 mg/crd) were

The objective of the present study was to undertake &S€d-

systematic study of single-neutron removal reactions over a ©Wing t(l) the Iargte ene[gy spread in ﬂgjet secc()jnd?rly(/ be?]m'h
range of neutron-rich nuclei. For these purposes the IighT"n €nergy-loss Spectrometer was required to undertake a nig

psdshell nuclei were selected as the nuclear structure coul I’iEai?gfsn[g]e?ﬁutrﬁgqepet;)efr:?iggée Iﬁiegrggrl]EtGmgmeirt]:gmeisr-
be reliably calculated within the shell model. The region en- : P ' b

d b f lei of L int ¢ and th 41] was employed and operated at a central angle of 0° in a
compassed a number of nucler of current Intérest an ispersion matched mode for which an intrinsic resolution of

production rates were relatively high. The use of high-energy. /p=4.5x107* (FWHM) was achieved. The final resolu-
nucleon-removal reactions as a spectroscopic tool could tth?Bn including target effects wap/p=3.5x 103 (FWHM).

be verified on a number of near stable nuclei with well-The oyerall momentum acceptance of the spectrometer was
known ground-state structures. Additionally, the structuralzo, \yhich permitted the momentum distributions for the
evolution with isospin across thesd shell, as expressed in fragments resulting nuclei from one-neutron removal on all
the core fragment observables, could be explored. As will bghe nyclei of interest to be obtained in a single setting for
demonstrated, even inclusive measurements of the core fragzcp target(Bpspe=2.551 Tm for the carbon target and
ments when executed using a broad range high acceptangg - =2.615 Tm for tantalum

spectrograph offer a means to survey changes in structure |mnortantly, the broad angular acceptances of the
over a wide range of isospin in a single measurement. —  spectrometer—4° in the horizontgbending and vertical

Earlier measurements of halo nuclei have suggested thafanes—provided, in the case of the carbon target, for almost
the influence of nuclear and Coulomb dissociation on theomplete collectiorisee below of the core fragments, obvi-
core fragment longitudinal momentum distributions is rela-ating any ambiguities in the integrated cross sections and
tively weak[12-14,3§. In order to explore further such ef- |ongitydinal momentum distributions that may arise from
fects, both carbon and tantalum targets have been used in tfig,ited transverse momentum acceptangé2—44. In the
present work. The results obtained for the longitudinal Mo-45e of the tantalum targeBec. VII C and Ref[45]), the
mentum distributions and cross sections on the carbon targgffects of multiple scattering and Coulomb deflection re-
have been briefly described elsewhg36]. Here further de-  gited in greatly reduced effective transverse momentum ac-
tails of the experimental techniques are given along with &eptances that curtailed the extraction of any reliable trans-
detailed account of the theoretical models. In addition, th&grse momentum distributions or cross sections. An
results obtained for the transverse momentum distributiong,yestigation of the effects of incomplete transverse accep-
using the carbon target are presented, as are the longitudinglhces on the longitudinal momentum distributions is pre-
distributions from reactions on tantalum. sented elsewher@5,44.

The paper is organized as follows. The experimental setup |on jdentification at the focal plane of SPEG was achieved
and techniques are described in Sec. Il and the experimentgking the energy loss derived from a gas ionization chamber
results are presented in Sec. lll. Sections IV-VIl are devoted g the time of flight between a thick plastic stopping detec-
to the description of eikonal based modeling of nuclear andor and the cyclotron radio frequency. Additional information
Coulomb dissociation. The results and comparison to calCuyas provided by the residual energy measurement furnished
lations are discussed in Sec. VIII. A discussion, in the lightpy the plastic detector and the time of flight with respect to a
of the present resullts, of the utility of single-nucleon removakhn_fojl microchannel plate detector located at the exit of the
as a spectroscopic tool is presented in Sec. IX. The papgfeam analysis spectrometer. Two large area drift chambers
concludes(Sec. X with a summary and perspectives. EX- syraddiing the focal plane of SPEG were employed to deter-
plicit analytical formulas pertaining to the Coulomb dissocia-mine the angles of entry of each ion and, consequently, al-
tion calculations are presented in the Appendix. The resultgyed the focal plane position spectra to be reconstructed.
of the shell model and cross section calculations are taburpe calibration in angle was performed using a tightly colli-

lated in Table V. mated beam and a calibrated mask placed at the entrance to
the spectrometer. The momentum of each particle was de-
Il. EXPERIMENTAL METHOD rived from the reconstructed focal plane position. Calibration

in momentum was achieved by removing the reaction target
The experiment was performed at the GANIL coupledand stepping the mixed secondary beam of known rigidity
cyclotron facility. The secondary beams were producedilong the focal plane. This procedure also facilitated a deter-
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mination of the efficiency across the focal plane for the col- To compare the measured distributions with the theoreti-
lection of the reaction products—the range of angles aceal ones, all broadening effects inherent in the measurements
cepted by the spectrograph being restricted at the limits odhould be taken into account. These effects arise from the
the focal plane. Where necessary, corrections were then agifferential energy losses of the projectile and the fragment
plied to account for any reduction in efficiency. in the target, energy and angular straggling in the target, and
The angles of incidence on target of the secondary beafhe detector and spectrometer resolutions. In addition, for the
particles were determined using two beam tracking detectorgngitudinal momentum distributions the Lorentz transfor-
(each comprising four 18 10 cn¥ drift chamberslocated in  mation from the laboratory to projectile frame of reference
the analysis line of the spectrometer. The calibration in inCi, st be taken into account. In order to provide an estimate
dent angle was derived from the trajectories reconstructed % the relative importance of these effects on momentum

th_e focal plane of the spectrometer for a measurement ma stributions, a Monte Carlo based simulation was devel-
with the target removed and the spectrometer set to the same 4 As an example. an evaluation of the effects for two
rigidity as the analysis line. Consequently, the transverse mo2Ped: pie,

mentum distributions for the core fragments could be reconnuclei with distributions representative of those encountered

structed on an event-by-event basis from the incident projet,JJere is provjded i.n Tablg . T.he overall effecg in the.case qf
tile angle and the core fragment outgoing angle. The bearf€ longitudinal distributions is some 10-13% and is domi-

envelope was approximately Gaussian in form and charactefated by the Lorentz contraction. In the case of the trans-
ized by half angles ofA#,,=0.35° and A¢,,=0.5° Verse momentum distributions, the broadening is relatively

(FWHM) in the horizontal and vertical planes, respectively.Wweak (at most some 5%band is dominated by the angular
Owing to the superior resolution in the determination of theresolution of the spectrometer.
angles in the bendinghorizonta) plane of the spectrometer ~ The widths of the momentum distributions were derived
[60=0.1°, 54=0.4° (FWHM)], the transverse momentum from Gaussian adjustments to the central region
distributions presented here have been reconstructed in this’FWHM) of each distribution, thus avoiding any bias in-
plane(p,), with final resolutions including multiple scatter- troduced by low momentum tails. The use of other line
ing of some 5% being achieved. shapegsuch as a Lorentziaror a simple statistical analysis
The intensities of the various components of the secondt14] produced essentially identical results. The widths, noted
ary beam were derived from a measurement of the primarfWHMcr, in Table II, are quoted in the projectile frame and
beam current, which was recorded continuously during théave been corrected for the various broadening effects dis-
experiment using a noninterceptive monitor, with respect tcussed above.
runs taken with the secondary reaction target removed and
the spectrometer set to the same rigidity as the beam !ine. A . RESULTS
redundant check was also provided by counting rates in two
microchannel plate detectors placed in the incident second- The core fragment longitudinal momentum distributions
ary beam: one, as noted above, at the exit of the beam analyeasured using a carbon target are displayed in Fig. 1. In
sis spectrometer and another located on the upstream side @fder to facilitate their comparison, each distribution is dis-
the secondary reaction target. The final cross sections wegdayed over the same total momentum range of 700 MeV/
determined using an average of these three normalizationhe estimated widths, taking into account the various experi-
and the uncertainties quoted include contributions from bothnental effects discussed above, are shown in Fig. 2 and are
the statistical uncertainty and that arising from the determilisted in Table Il (FWHM7). The corresponding single-
nation of the secondary beam intensitiggically ~7%). neutron removal cross sections are tabulated in Table Il and
The core fragment angular distributions were inspected tohe evolution along the isotopic chains is presented in Fig. 3.
ensure that no events were lost due to the finite acceptance of The transverse momentum distributiopsfrom breakup
the spectromete(AQ=5 ms). For the reactions on the C on the carbon target are presented in Fig. 4. The same total
target only in the cases of the broadest distributions did thenomentum rangghere 600 MeV¢) has been used to dis-
losses exceed a few percent. The number of events not dplay all the results to facilitate the comparison. The widths
tected was estimated based on extrapolations of Gaussi&@xtracted from the measured distributions, taking into ac-
adjustments to the measured angular distributions. Corresount all broadening effectSec. 1), are listed in Table I
tions were also applied where necessary to those nuclei faI[FWHMf,T). A comparison of the widths of the longitudinal
ing near the limits of the focal plangsee above The final  and transverse momentum distributions is provided in Fig. 2.
uncertainty in the cross section includes an estimatdhe transverse distributions are systematically somewhat
(~5-10% of the uncertainties in these two corrections. Asbroader, a feature already observed in reactions with stable
discussed in Sec. VII C, for the reactions on the Ta targebeams[52]. More interestingly, the transverse distributions
extremely broad angular distributions were encounteredexhibit the same trends as the longitudinal distributions, sug-
which precluded any reliable estimates of the transverse maesting that the sensitivity to the projectile structure expected
mentum distributions and cross sections to be made. for the latter is also present to a similar degree in the trans-
In many instances—most notably**B,>1&C, and verse distributions. As will be discussed further in Secs. V B
17.18y—asymmetric longitudinal momentum distributions and VIII, the transverse momentum distributions present
exhibiting low momentum tails were observ@feég. 1). The  somewhat more complex forms than the longitudinal distri-
origin of these events is discussed in Sec. VIII A. The cros$utions. It should be stressed that the widths quoted here are
sections reported here include these evémsically ~5%).  only meant to serve as a comparative guide.
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FIG. 1. Comparison of the core fragment longitudinal momentpghdistributions obtained using a carbon target and the Glauber model
calculations(solid line).
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TABLE |. Examples of the contributions of different experimental broadening effects on the wiekisiM) of the core fragment
momentum distributiongsee text

Lorentz Target Spectrometer Broadening
4 Intrinsic O O O Measured (%)
FWHM,, 1B 56.3 59 63 63.6 11
(C targej 9N 166 175.5 187.6 188.4 11.6
FWHM,,, 148 57 60 61.8 62.2 8.4
(Ta targel B\ 176 186 193 194 9.3
Target Tracking Spectrometer Broadening
AZ Intrinsic 0 O O Measured (%)
FWHM 148 75 77 76.8 79 5
(C targey 19N 226 227 228 229 1.3

For a number of nuclei**B,*>1C, and*’~IN) the core  sured[38,57. A width (FWHM) of 141+6 MeV/c, slightly
fragment longitudinal momentum distributions from reac-broader than reported here, was extrag@®] together with
tions on a Ta target were also measu(edy. 5. The mo-  a cross section of 129+22 njb7]. Recently an experiment
mentum widths, which are seen to be almost identical withusing the same setup as that of Rg&8,57 has been carried
those obtained on the C target, are listed in Table Ill. Asout to explore single-neutron removal on neutron-rich iso-
outlined in Sec. Il, the corresponding transverse momenturfopes of N, O, and F at some 900 MeV/nucleon. The pre-
distributions were observed to be much broader than the agminary results for the momentum distributions—in particu-

ceptances of the spectrografsiee, for example, Fig. 6As  |5; for 230 (Sec. VIl Dy—are in very good agreement with
such no reliable cross sections could be derived. _those reported hersg].

. g_s (lj"nqtedthm Tablestll anlg r'}”’ a tr:umb(_ar of {Fhet n(‘;c'?' In the case of reactions on the tantalum tadeble 111),
\?vrljei Iéntheecef)sr:;%rilB V;?]L 15,;”;}’13: n?:gsijnr\grenselr?tz ?nages%ere is a relative paucity of work with high-targets with
: which comparison can be made. Indeed, of the nuclei mea-

at similar energies on a Be target by Bazahal. [53,54 .
found longitudinal momentum distributions with widths in ?suisd here, the literature reports results for offlp and
+C. In the case of the former, very good agreement is

good agreement with those presented here. The associated 4 with th d lovina th
single-neutron-removal cross sections are, however, signiffound with the measurement made employing the S800 spec-

cantly smaller than those measured in the present work. A§ometer[30], while the earlier work of Baziet al. found a
pointed out in our earlier papgB9] the origin of this dis- SOmewhat narrower core momentum distributiGd]. The
crepancy lies in the rather limited acceptances of the A12060re momentum distribution measured f6€ in the same
fragment separator. This is clearly apparent from the transexperiment[54] is in reasonable agreement with that ob-
verse momentum distributions presented h@fig. 4) [45]  served here. In the case of the heavier isotdfie a prelimi-
and is also confirmed by more recent measurementéBof nary study[59] reported a momentum distribution consistent
[30] and *817C [32] undertaken using the high acceptancewith that found in the present work. Unfortunately the more

S800 spectrograptrable 1I). complete study of Maddalena and Shyggf] does not quote
Very recently a measurement féfC (83 MeV/nucleof  any widths for the momentum distributions.
on a C target has been repor{&®)]. The results, which were In order to examine quantitatively the relationship be-

obtained using a new time-of-flight technique to deduce theween the projectile structure and the measured distributions
core momentum distributiofi56], are in very good agree- we now turn to a detailed development of the necessary re-
ment with those reported here. action theory.
A measurement has also been carried out with the time-
of-flight technique, at an energy somewhat higher
(72 MeV/nucleon than that employed here, of the breakup V- EXTENDED GLAUBER MODEL FOR NUCLEAR
of 230 by carbon[56]. The resulting??0 longitudinal mo- DISSOCIATION
mentum distribution is in good agreement with the present 1o ensemble of data presented in the preceding section
work. Moreover, as discussed in Sec. VIII D, the correspondegonstitutes a test not only for the structure models of
ing one-neutron removal cross secti@83+37 mb is " neutron-rich nuclei irpsdshell but also for the description of
good agreement with that calculated heFables Il and V. the reaction mechanisms involved. The aim of this section is
At much higher energies(~900 MeV/nucleoh, the 5 provide a model that, starting from realistic projectile
single-neutron breakup 6fC by carbon has also been mea- waye functions and taking properly into account the reaction
mechanism, can explain the momentum distributions and
!As no reliable beam intensity normalization was available in theCross sections. In the formal development, the principal fea-
present study fof30, no experimental cross section could be ex-tures of which are similar to approaches developed by Es-
tracted. bensen16], Bertschet al. [20,61], Negoitaet al. [22], and
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TABLE Il. Summary of the results obtained with the carbon target. Where available the results of other experiments are also listed.

Energy FWHM? FWHMST  FWHMY FWHMEY o oSjauber
Az (MeV/nucleon (MeV/c) (MeV/c) (MeVl/c) (MeV/c) (mb) (mb) J7
12 64 158+3.5 142435 175+3 173+3 81+5 91 1
=) 54 150+7 135+7 178+2 176+2 59+4 62 3/2
14 50 63.6+0.5 56.5+0.5 7942 7542 153+15 185 -2
86 57+2 48+5
59 55+2 176+16
58 43 82+2.5 73+25 84+9 80+9 108+13 112 372
14c 67 200+5 180+5 222+3 220+3 65+4 89 0
5c 62 71+0.7 63.5+0.7 81+1 86+1 159+15 168 1/2
54 137+16
85 67+3 33+
16 55 12142 108+2 143+3 14043 65+6 75 *0
62 77+9
83 90+9 6515’
(o 49 125+3 11143 169+9 166+9 84+9 105 3§athi
84 145+% 26+£3*¢
62 115+14
96.8 94+18 41+4¢
904 141+6 129+27"
18C 43 143%5 126+5 159+16 156+16 115+18 119 0
86.2 110+15 35+ ¢
N 65 158+4 141+4 217+4 214+4 55+5 67 1/2
18\ 59 188+3 168+3 219+3 216+3 109+11 91 -1
19N 53 199+3 177+3 229+5 22615 86+9 99 If2
20N 48 184+4 162+4 220+16 217+16 98+13 101 <2
2IN 43 1737 149+7 140+44 151 172
%0 68 214+8 190+8 253+13 250+13 104+12 84 5/2
1241 183+18 56+1d'
200 62 247+5 219+5 254+7 251+7 112+11 96 0
1152 199+18 569"
210 56 237+6 210+6 246+7 243+7 134+14 123 559
1073 190+10 729
20 51 235+4 206+4 240+16 237+16 120+14 143 0
1002 206+16 709"
230 47 135+9 114%9 162+28.5 157+28.5 © 224 1/2*¢
72 94+1% 175+ 14 23337 185
938 133+160 85+158' 82
2F 64 212+14 185+ 14 278+28 274+28 121+16 87 * 4
2 59 267+4 235+4 236+10 232+10 114+12 106 5%

044603-6



ONE-NEUTRON REMOVAL REACTIONS ON LIGHT.. PHYSICAL REVIEW C 69, 044603(2004)

TABLE Il. (Continued)

Energy FWHME FWHMST FWHM}2 FWHMSY o_1n g Sjauber
Az (MeV/nucleon (MeV/c) (MeV/c) (MeVl/c) (MeV/c) (mb) (mb) J7
24 54 151+4 129+4 203+18 198+18 124+16 115 3
25F 50 128+8 106+8 173+45 168+45 173+46 154 5/2

*Referencg54] (Be targe}.

bReferencq30] (Be targe}.

“Assignment from present experiment.
dReference{62].

CAffected by limited transverse momentum acceptances.
fReference[32] (Be targel.

9Reference55).

hReference[Sl].

'Referencd47].

IReferencg93].

kReference[53] (Be targe}.

'Reference[SS] (C targej.

MReferencg57] (C targej.

"Referencg58] (C targej.

°No beam intensity normalization available.
PSee Table V.

YReferencg56] (C targey.

'Referencq48].

*Reference49].

'Reference50].

Tostevin[23,35, we have attempted to retain the role playedingredients—in particular th&matrix elements—are also
by the wave function via its Wigner transform as this revealsprovided.

clearly the momentum content. The formulas obtained for We shall assume that the ground state of the projectile
the fragment momentum distributions and cross sections exJ™) could be approximated by a superposition of configura-
plicitly display, in the spirit of the Glauber model, the dis- tions of the form[IZ7@nlj]’", where |7 denotes the core

tortir]g functions arising from. the reactioq mechanism. Th.estates an(m” are the guantum numbers Specifying the Sing]e_
details concerning the practical calculation of some basic

200 E_Boron ° Carbon
300 E
E Boron Carbon 150 3
E 100
200 3
[ 0---Q . 50 F
100 | o ot
0 b 1 1 1 1 1 1 1 1 1
Y 12 13 14 15 14 15 16 17 18 — 200
S L 1s0f
© 300 [ Nitrogen E 3
E E --0---5 g--0--o---3 £ 1005
g 200 f;*:_—.\.\! }/‘\;——4\% o S0f
S E oE
100
§ F Oxygen _
g 0 | | 1 | | 1 1 | 1 | 200 E Fluorine
@ 17 18 19 20 21 19 20 21 22 23 3
E 150 F e
s00E & . 100 5--- &+ -+
200 F =~ o N 50 _ g't'?'i"ﬁ‘if'?"&?" o
0E— 1 1 1
100 F 22 2 24 2
00 E Fluorine 3 ® A
0 C 1 1 1 1
22 2 24 25 A FIG. 3. Experimental one-neutron removal cross sectjbithesd

circle9 compared to the results of the Glauber calculations—open
FIG. 2. Comparison of the width&WHM) of the longitudinal  circle, total cross section; open triangle, absorption; and open dia-
(filled circles and transverséopen circles core fragment momen- mond, diffraction(see text for details The points are connected by
tum distributions for reactions on the carbon target. lines to guide the eye.
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FIG. 4. Comparison of the core fragment transverse momefyyndistributions obtained using a carbon target and the Glauber model
calculations(solid line).
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FIG. 5. Comparison of the core fragment longitudinal momentpp distributions obtained using a tantalum target and the Glauber
model calculationgsolid line).

particle wave function of the last neutron, taken here ashe final state and dynamical excitation of excited core states
Woods-Saxon wave functions evaluated using the effectivén the reaction. In this approximation the reaction can popu-
separation energ&ﬁ”:&+ng (Eox being the excitation en- late a given core state only to the extent that there is a non-
ergy of the core stajeWe neglect coupling of core states to zero spectroscopic fact@S(17,nlj) in the projectile ground

TABLE Ill. Summary of the results obtained with the tantalum target. Where available the results of other experiments are also listed.

Energy FWHME FWHMCT o1 Gjauber
Az (MeV/nucleon (MeV/c) (MeV/c) (mb) (mb)
l4g 50 62+2 57+2 a 864
59 50+3 638+4%
86 48+3% 1574
15¢ 62 69+0.5 63+0.5 a 978
85 67+F 7504
16 55 106+3 97+3 a 193
17c 49 131+7 121+7 a 280
61 350+67
62 ~110
N 65 147+5 134+5 a 173
18\ 59 1765 159+5 a 238
9\ 53 194+11 176+11 a 216

¥No reliable cross section could be estimated owing to very broad transverse momentum distrilsetorexx
PReferencg30] (Au targey.
‘Referencg54] (Ta targe}.
daffected by restricted transverse momentum acceptances.
°Referencg60] (Au targe}.

'Referencd59] (23U targed.
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Neutron (n)

J J-2j-1 —1/2T2}23 N ~INJ -
Py = 2 (=)A= i WLl 2N
A Var 2

XWj3], L MRS (1Y u(F), (7)
with the property

1
Trp:§2 p‘KA,MﬁM,M:Rﬁ|l(r)/47TEPzal(r): (8)
M

with Ry;(r) the radial part of the single-particle wave func-
tion. It is useful to introduce also the projected density

Target (t) -3 £ 3
p|v|/|\/|(§) :f dszrM(F)v 9
FIG. 6. Coordinate system used in the Glauber model -
calculations.
state. When more than one configuration contributes to a Pralls) = 2 MM(S) (10
given core state, then the total cross section for one-neutron _ o
removal is written, following Refg23,35, as an incoherent If S and§, are theS matrices in impact parameter repre-
superposition of single-particle cross sections: sentation for the core and neutron-target interactions, the ab-
sorption cross sectiofor stripping is given by
71n(1) = 2 C2SUZ Nl ol ). (1)
g v [ S Sl0sbraf,

The total inclusive one-neutron-removal cross section

(02" is then the sum over the cross sections to all corevhere ¢, are scattering states afitf, =(1-|S,?)|S/? is the
states. A similar relation holds for the momentum distri- transition operator for neutron absorption. As the neutron is
butions. The coordinate system used in the calculations iabsorbed, only the scattering states are available to the core.
sketched in Fig. 6, whereby the impact parameters for thén this case the closure relation is

neutron and the core are given by

2 [l =1. (12)
S5 A . k
b,=R, + S, 2)
A+l Combining Egs(11) and(12) we obtain
1 (o N
b=R, - ——. (3) Tabs™ ;% f db f dF [1 - [Sy(b+§)P1ISu(B) PpRum(F)
Act1l
(13

We shall neglect recoil effects, so th@.>1)
which we rewrite in the form

- S 1
Pn=b +O(Ac)’ @ Cabs= J dbdS[1 - S,(5+ ) PI|SD)%P c(9)
h=b+of+) ® = | dDuntIpa), 14

rs{vhere D.ys is the distortion kerne[22]. This kernel has a

the core plays a spectator role. Thus it is sufficient to Convery intuitive physical interpretation: it is the convolution

sider only the neutron degrees of freedom as described by tfR§educt of the survival probability for the core and the prob-
wave function¥,,, corresponding to the coupling scheme ability for the absorption of the neutron, as originally defined
by Hufner and Neme$6]. In fact the general absorption

[l® 2]] ®1.]J. We assume only one bound state in the pro'operator can be decomposed as follows:
jectile and we need to consider density matrix elements of

the form 1-1SASP =S -1SP) +[SA2 - |SP)

2 2
(D) = oW o) spins (6) +(1-IsP-IsP), (15
where the first term corresponds to neutron absorption, the
where ( )sins Means average over spin coordinates. A littlesecond to core absorption, and the double-scattering term to
angular momentum algebra leads to the absorption of both the core and the neutron. For the last

Since the core states are not coupled by the interactio
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two (inelastig channels the total cross section is formally _
identical to Eq.(14) with appropriate redefinitions of the 1=2 | s ds dbQ(b,9f, "’ ~ 5,0. (21
distorting kernels. A

For diffraction a similar formula to Eq11) holds, except

L : . . Therefore the main contribution to such integrals comes
that the transition operator is replaced in this caseys 9

; ! from multipoles with.=0 and only the diagonal elements of
=5.5,—-1. We shall again assume a structureless continuu ° ultipoles with..=0 and only the diagonal elements o

and treat it via sum rules. In addition it is assumed that thrHenSIty matrix contribut¢M’=M, see Eq.(7)]. Our final

. . N8 ormula for diffraction cross section is then
projectile has only one bound state. Since the scattering

states should be orthogonal to the ground state, the closure R R
relation is in this case T gitt :f dbd$|S.(b)[|1 - Sy(b + 9)|%pa(S)

% W (W ] + % |l = 1. (16)

1 R . 2
‘§§M: fdb|5c(b)|2 Jd§[1—$n(b+§)]bﬂ,|,\,,(s) -

Clearly, the “one bound state assumption” will lead to an (22)
overestimation of the breakup cross section, since any addi-

tional bound state will subtract cross secti@®2]. The or- g mentioned earlier the first term is dominant and can be
thogonality condition allows us to replace thel” in the  \\itten in the form

definition of the diffraction transition operator by any func-

tion which does not couple the nucleon coordinates. For the

purpose of convergence, the most convenient form for this ofjli%fzfd@diff(s)ﬁm(s), (23
operator isQ) it =S(S,—1). With this, the total cross section

for diffraction is with Dygir= Daps

Further simplifications arise if one observes that for spin

Ogitf = Ai f dB{E (O 3wl iAW ) independent transition operators one can neglect the intrinsic
J? M spin of the nucleon and the coupling to core spin. In this case
the total spinJ is replaced by the angular momentlinThus,
- |<‘I’JM|Qdiff|‘1’JMr>|2}' (17)  for example, the density matri) becomes
M’'M
12
which demonstrates that the diffraction cross section is given I - LRI -
by the fluctuation of the transition operator in the ground Prvnl) Rf(r)% \,rﬂxcoooc"m'm“\()‘” ©, 29
state. In terms of the density matrpEgs. (6)—(10)] the
nuclear diffraction cross section is which has the same properties as in E§(10). The total

cross sections for absorption and diffraction become
Oiff = J dbd3 |S,(b)[*1 = Sy(b + 5)[P,al(S) ) )
7= [ GBOS1- 6+ SISOl (25)

1 R . - 2
—;E db‘ J d&Qi1(0, 870 (| - (18)
M'M

The first term is similar in structure to E¢L4) and provides Tdiff :f dbds|Sy(b)[1 = Sy(b + 9| *Pra(9)
the main contribution to the diffraction cross section. The

second is a small correction arising from the orthogonality _ 12 fd6|SC(b)|2
requirement. One can further simplify this correction by ob- 12°'m

serving that it arises essentially from the diagonal elements

R 2
| ag1-56+9Tuis)|

of the density matrix. Indeed, if one considers the following (26)
integral, Finally one may note that the absorption cross section is
fully equivalent with the corresponding cross section ob-
| :J dgjz{)(ﬁ’g)pill’M(F)’ (19) ET?n]ed by Hussein and McVoy in the core spectator model
and expands the density in multipoles,
V. MOMENTUM DISTRIBUTIONS
P = 2 pru(1Py(0)EH2, (20) A. Longitudinal momentum
A

As final state interactions are neglected the scattering
where cosf=z/r and ¢=¢(x,y) and assume that the de- states are taken as plane waves. The basic matrix element
pendence of) on angles ofS is weak and may be ne- which gives the localization probability in momentum space
glected, we are left with is
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dp 1 - do \@ - e
EZ(Z )3"j2MME |<e_ler(l/2)”‘s(U)X'M|(§)|Q(b’§) (i)d,ffz > fdb|Sc(b)|2fdSle(Sakz)sz(S,kz)
T |mg i mmym,
X|W yu(F, 0, ). (27)

% [ A0l 6+5) - 1) [ a5
Integration is taken over nucleo(i,o) and core spin(é)

coordinates. The intrinsic momentum distributi[cWO(IZ)] is
obtained by choosing§l=1. For absorption and diffraction
one uses the appropriate operators defined in the preceding (da'>(3)

X[Sy(b+8) - 1], (36)

section. After applying some angular momentum algebra,

=23 [eBSOF [ d5in

one finds 7/ diff
S, 2 C(b+8) - 1] | dEwin(S k)W, (S5, k
wp. 1 5 f A OB, IR(NYm ()| . (28) *[Sb+s) ]f S2Win(S2: ko) Wi, (S2:1)
dk  (2m3%m ' .
X[Sy(b+5sy) - 1]. (37)

The longitudinal momentum distributiofk,) is obtained by o _
integration over the unobserved componeigsandk,). To ~ To a good approximation one can use again the fact that the
obtain closed formulas it is useful to introduce the partialmain contribution to diffraction arises from the diagonal part

Wigner transform of the wave function, of the density matrix. In this case the second and third terms
become
1 .
Win(S, k) = ——= f dz &R ()Y (P, (29 4o\ @ A
V22 (901" =5 [ adisor [ dswniskor
di/gitr “m
in terms of which the total Wigner transform is . 2
x| | 08,6+ )~ ot |
WIS ky) = 2% [Win(8, k)2, (30)
m
do\©® -
with the properties (—) =-2Re), fdb|Sc(b)|2
dk;/ gifs m
f dkW(S,kp) =Pral(S), (3D X J A3 Pmn SIS (b + ) - 1]
X J A5 Win(S k)1 Su(b+8) - 1], (38)
J dsdkW(s k) =1, (32

It can be checked that integration ovky in the range

(-0, +) leads exactly to the integrated cross sections
fd§N(§,kZ):WO(kZ). (33)  derived in the preceding section. It has been shown by

Bonaccorso and Bertscf63] that the error introduced by

o o . these limits is less that 5% for the beam energies considered
The longitudinal momentum distribution for absorption is iy the present experiment.

thus calculated as

B. Transverse momentum

(do-) ) :fd6d§[1_|S“(6+§)|2]|Sc(b)|2W(§,kZ)

dk, Transverse momentum distributiolis, k,) are obtained

by projecting the probability28) onto the axis of interest.

= f d3D, L sIW(SK,). (34) For example, we have
o] oo 2
For diffraction the situation is somewhat more complicated dp - iz f dy dz f dx ékXXQ(B,g)Rl(r)YI @] .
and three terms must be considered, dke 242" J o "

(39)

do \ > > R
(921" - [ aslsbris+9 - 1Pwts .
2/ diff For the other transverse direction one simply exchanges the

(35 indicesx«Yy. The corresponding cross sections are given by
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do 1 - 5 tion for diffraction and leads to a broader distribution as
a) " _AZE f dby[1 - [S,(by)|*] compared to that arising from absorptitsee Fig. 1%
abs 27lc m
2
VI. COULOMB DISSOCIATION

dey dZUdX S|~ S )R(1) Yim(F)

(40) In this section we describe the Coulomb dissociation

within the framework of the eikonal approximation which is

and formally equivalent to a first-order perturbation theory. We
use the long wavelength approximation for the transition op-

do 1 - erator and obtain a general formula for any electric multipo-
— 2 . .
k)" o dbjS,(b)|* [ dy dz larity (Elm). However, the calculations are done only for
diff 2al” m dipole and quadrupole transitions, since these give rise to the

2 principal contributions to the cross sections.
The Coulomb excitation amplitude for a projectile in the
field of a target may be expressed in terms of the electric
(41) multipole matrix elements characterizing the electromagnetic
decay of nuclear states. If the charge distributions of the two

I o e nuclei do not overlap during the collision, then the relative
derivation, we assume small excitation energies in a stru

| . | S d I Ghotion takes place along a classical Rutherford trajectory. At
tureless continuungp ane wave approximatioran neg'ect very high energies, the trajectory is well approximated by a

Straight line and the first-order eikonal approximation should

tion. If A=1, integration _Of Eqs(40) and(41) over k_x leads give reasonable results for momentum distributions and inte-
to the total cross section€l4) and (23), respectively. It %rated cross sections.

should be noted that the transverse momentum distributions ~ . starting point for the Coulomb amplitudé.) is the
arelsymirjnetr:(c artoundX:O. There |stno %?ytmﬁ”y n the result of Bertulani and Bauji64] in a first-order eikonal ap-
nuclear breakup transverse momentum distributions, prInCIf)roximation(formally equivalent to the first-order Born ap-
pally due to the straight line approximation for the trajectory roximatior)

and the inherent neglect of the conservation of the energyp '

This symmetry means that only half of the distributions need 5 |

to be computed. The necessity to evaluate a five-dimensional ¢ (3 g) = iﬁkRz im[(ﬂ) Ge M(EIm
integral for each value df,, for two different transition op- o(Q.9) y % c) Em m(QM(EIm),
erators and for each core state, renders the calculations oner-

ous. One may reduce the complexity by assuming that the

angle dependenc@ﬁ,§) of the transition operators is weak

X

f dx d(S,([6+ 1) - LIR(1)Yym(P)

with A=A./(A;+1) as a measure of recoil effects. In the

(43

where M (EIm) are the matrix elements for electric transition

and can be replaced by an average value. For example, in tta)q; multipolarity (Im)
case of diffraction one has
27 * A >
S,(b,s) = Zi f de[S,(Vb? + \%s% + 2\bs cos ¢) — 1]. M(Elm) = _Elzzj f e (DN Yim(Fe(NdF,  (44)
m™Jo =1,

42
(42) and ¢;(, are initial (final) states of the projectile. This is the

The use of average transition operators allows a straightfolong wavelength limit of the transition operator written in
ward integration over angles bfand reduces the integration (€ms of cluster coordinatg$(j=1,2). The two clusters are
domain to(0,%) for x, y, andz variables. The computational characterized by massesn), charges(Z;), and momenta
time is thus reduced by one order of magnitude and the prek;). The relative motion of the outgoing clusters is described
cision in the calculation is significantly increased. We havein terms of the relative momentum
checked that averaged transition operators contain almost the
same transverse momentum components as the original ones,
at least for impact parameters in the range of the strong ab-
sorption radius. .
Equations(40) and (41) illustrate the essential difference while the momentum change in the scatteri@j is given by
between the longitudinal and transverse momentum distribuQ=2k sin /2, where § and k are, respectively, the scat-
tions. The former are given essentially by the Wigner transtering angle and the incident momentum in the center of
form of the valence nucleon wave function weighted by dis-mass. The other notations in formu(d3) are the target
tortion kernels for absorption and diffraction, while for chargeZz, the velocity of the projectile in units of the
transverse momentum distributions additional componentspeed of light,3, the relativistic Lorentz factory, the
appear due to nuclear interaction. The neutron-target intera¢ine-structure constant, and the interaction radiuR. In
tion influences strongly the transverse momentum distribuaddition

G= (m2|21 - m1|22)/(m1 +my),
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wR wR
é=

2u w C ,37

is the adiabaticity parameter, defined in terms of the excita-

ing energy and the kinetic energy of the separated cluster%On energyhw and the minimum impact parametey given
The relativistic functions of Winther and AdIg85] are used  °Y

in the form Gg;,=i"""G(, y) with the complex phase fac- w7 7,2

torized out, while the nondimensional functios,(Q), also R=R,+R+ ﬁ

defined in Refs.[64,65, contain information on reaction o

mechanism whereby which includes a correction due to the deviation of the tra-
jectory from a straight lind65]. The function(48) is ob-
tained in general by numerical integration except for the di-
agonal term which admits a simple analytical expression.
However, one can profitably perform first the integration

is the excitation energy, i.e., the sum of tfabdsolute bind-

®(Q) = J m(QRX)K( Rﬁ)xdx

and standard notation has been employed for the Besse?/er the azimuthal anglep) of the relative momentum,
functions. The transition matrix elemer{#4) are calculated dg= g?dq sin 6 do de.

using a simple shell-model wave function for the ground
state, This integration automatically selects only the diagonal

terms in Eq.(48) and

(N =R(r)Y u@). 45 —
@(F) = R(D)Y L (P) (45) B
Note the change in notation with respect to the previous
sections for the quantum numbers of the wave functigi Wwith functionsk given by
instead ofl,m. If final state interactions are also neglected,
the continuum may be considered to be structureless and the
final state wave function may be treated as plane waves. This
is a good approximation for small excitation energies.

Under the above approximations, the matrix element in
Eq. (44 is given by

Ko(®) = (K2-K2),

— 2
Ky(&) = EKoKl - (KE-KD),

— 4

i ) Ko(&) = Ki+ (Ki-K),

M(EIM) =[Z,8) - (=)'Z,] f dF &I Y (YRLN Yo (F) &

whereK;,, are modified Bessel functions of the first kind and

K_m=K. After some simple calculation we obtain the follow-
ing expression for the differential cross section:

xfo radr r'j, (qr)R (1), (46) d’o
0

= anZg LY i7N1Y,,(8) ChChim,
Av

th o’ S (=)t ( I-1)/2}2) 25

(= )M Aty II)\A
?dgsin 6de \ar =)77)
with an obvious notation for the effective chargé and
Bi2)=Myy/ (M +my). Since the spin orientations are not
specified, the differential cross section for Coulomb excita-
tion is obtained by averaging the square of the Coulomb

~ w w
xsrl<;) (;) Z"Z1G) G K &)

LI LA o~ A oSl 118
X i (@10, (@) Cogo *Codo ?Codo” Crivimo

amplitude over the magnetic projections,
{ Stz @ (49
S0) I
~ - . ,00Q dQ LA2Ag
dlo= LS [f QAP ) 7 (a7) | | .
M (2m)k wherel|,(q) is a shorthand notation for the radial integrals

appearing in Eq(46). The summation runs over all quantum
The main contribution in Eq(46) is given by dipole(El) ~ numbers exceplt. The angular dependence of the cross sec-

and quadrupoléE2) transitions, therefore only terms with o, is given by functionsfs, which are the standard spheri-
|=1 orl=2 are included. The complexity of E(47) arises  cal harmonics defined without the phase fa@®f (whered
from the evaluation of integrals has already been integrajedhe energy dependence of the

reaction mechanism is governed by the functiGhand K.

from (§)=2R2§2f Q dQ @, (Q,9P,,(Q,&, (48  However, the magnitude of the cross section for a given
e 0 ! 2 multipolarity transition is mainly determined by the effective
charge. If the clusters have equal charge to mass ratio, then
where the dipole transition has vanishing cross section in this ap-
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proximation. This is readily understood from classical argu-fragment momentunThis is done most easily in the projec-
ments since in this case the dipole field acts on the twdile rest frame, taking into account momentum conservation
clusters with the same force in the same direction and does

not lead to dissociation. This is a consequence of the as- 4= B101 ~ B2,
sumption of a well-defined cluster structure for the projec-
tile. Experimentally an appreciable but not complete sup- d1+%=0,

pression of theEl transition occurs. The interference term

E1E2 does not contribute to the total cross section.
Various observables may be readily obtained from Eq. do

(49) by appropriate integration or change of variables. The g0 = J daday, () 80, = B10a + B202) A0z + O)

total Coulomb dissociation cross sectiog=o0g;+0g, can

be obtained by numerical integration of £E49). In practice =f(d0),

we have used the closed formulas given in the Appendix. For

momentum distributions a change of variables is made suc

and

heref is a generic notation for the theoretical momentum
istribution. A similar formula holds for the other fragment.

that
dd = da,dq,dg, = 2mg?dq sin 6 dg= 2mq,dg da,. VIl. S MATRICES AND OPTICAL MODEL
. s . . . POTENTIALS
The radial momentum distribution is obtained by integrating
over the longitudinal momenta, The remaining physics is to describe interaction of the
" core and the removed nucleon with the target. These enter
do _ f dqu Aa(q)v <q_2) through the associateésimatricesS; , expressed as a function
gdg J. Tas s 0 of impact parameter. Previouslg;matrix calculations have

" q been based on the optical limit of the eikonal model

=2 > A;’(q)Yso<—Z)dqz, [2(_),22,23,2$_In this app.roach the nucleus-nucleus phase
q shifts are entirely determined by nucleon-nucleon collisions

) in the density overlap volume. The energy dependence is
where we have used a sh(_)rthanzd_ ngtatéon for t_he generdictated by the total nucleon-nucledhIN) cross sections
c_ross_ section(49). In addition, g =0+, COS 0=0,/0, onn- However, diffraction dissociation is sensitive to the re-
sin #=q;/q, and @ denotes all summation indices appear-gactive power of the optical potential and these effects are
ing in Eq. (49), different fromS. There is noELE2 asym- o very well controlled in the above approximation.
metry in the radial momentum distribution since the inter- Recently, a more fundamental approach has been intro-
ference term in Eq.(49) contains only oddS values. y,ceq hy Bonaccorso and Carstd6] and Tostevin35],
Similarly, one can demonstrate that the longitudinal mo'whereby theG-matrix interaction of Jeukenne, Lejeune, and

a,S=even 0

mentum distribution takes the form Mahaux (JLM) [67], which is obtained in a Brueckner-
do oc — (q, Hartree-Fock approximation from the Reid soft core
d—(q2> 0= fc,'(CI)Yso<—)q dq nucleon-nucleon potential, has been employed. This interac-
% @S 4 q tion is complex, density and energy dependent and, there-

fore, provides simultaneously both the real and imaginary

and parts of the optical potential. The optical potential calcula-

do ” oy | Yz tion with this interaction is described in detail in Refs.
E(q2< 0)= azé o (-)® As(q)YSf’(E)q da. [66,68. The single-particle densities for the core and target
oo were generated in a spherical Hartree-Fock+BCS calculation

This leads immediately to using the density functional of Beiner and Lombd@#].

The strength of the surface term in the functional was
M( <0)= m(q >0) slightly adjusted in order to reproduce the experimental bind-

dg, “ do, - ' ing energy for each nucleus. The matter radii resulting from

these calculations are in good agreement with the existing
dogies OE1E experimental values of Liataret al. [70] and with results of
W(qz )= - W(QZ> 0). relativistic mean field calculations by Ren al. [71-73, as
shown in Fig. 7. In Fig. 7, other experimental radii values
From the above relations it can be seen that the loss alerived from reaction cross sections at higher energy are also
information—concerning, e.g., tHelE2 interference term— presented74,75. Except for the case of oxygen isotopes,
inherent when an integration over all variables is performedhese values are systematically slightly smaller than those
may be partially compensated for by measuring the longituebtained by Liatarcet al.
dinal momentum distribution. In an inclusive measurement, The resulting optical potentials were renormalized in or-
such as that performed here, only the corelike particle moeer to reproduce the total cross section for neutron-target
mentum is measured. To compare with the data, we have tateractions in an eikonal calculation including noneikonal
transform the theoretical momentum distribution which iscorrections up to second order. For the core-target potentials
given as a function ofelative momentunto a function of the renormalization constants have been taken from Ref.
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FIG. 7. rms matter radii extracted from Hartree-Fock+BCS cal- > . 0 ,
culations of single-particle densitigblack line, compared with o 2 4 6 8 10 0 5 10 15
experimental values from Liataret al. [70] (filled circles, Ozawa b [fm]
et al. [74] (open circley and Tanihataet al. [75] (open diamonds ) ) ] o ]
The relativistic mean field calculations of Ren al. [71-73 are ~ FIG. 8. S matrix, absorption profiles, and transmission coeffi-
indicated by the dashed lines. cients forn-12C (left panelg and “C-12C (right panel3 interac-

tions at 30 MeV/nucleon obtained from the JLM folding model
calculations. Results using the lowest order of the eikonal approxi-

) ) ) mation are shown as a dotted line, those using the first-order cor-
[68]. These constants describe well the interactiop-shell  rections by the dot-dashed line, and those using second-order cor-

nuclei at 10 MeV/nucleon. At higher energies, such as thoseections by the solid line. FoFC+12C the calculations converge

employed here, they still provide for a good description ofwith the use of first-order corrections.

the forward angle elastic scattering cross section—the region

of most importance for breakup. It should also be noted that Finally, the neutronS-matrix has been checked against

the potentials are strong and the eikonal expansasnde-  known experimental total cross sections for four targé®.

fined by Wallaceg[76]) does not converge at low energies. The results are displayed in Fig. 10. The comparison is rea-
The resultingS-matrix elements and transmission coeffi- sonably good for all targets except tantalum where the ab-

cients are displayed in Fig. 8 far+%°C and “C+'%C at  sorptive potential is too strong to be treated in the eikonal

energies of 30 MeV and 30 MeV/nucleon, respectively. Oneapproximation. Nevertheless, we have been able to find nor-

sees clearly substantial changes in the shape and magnitugi@lization constants which reproduce at least qualitatively

of all matrix elements for the neutron if higher order non-the experimental cross sections. The second-order eikonal

eikonal corrections are taken into account. These effects alculation fom+*2C match reasonably well recently evalu-

most pronounced at low impact parameters where neutrofted data for elast|cl and reaction cross sections in the range

absorption profile shows an important contribution from tra-20—100 MeV[78] [Fig. 1Qb)].

jectories reflected inside the barrier superimposed on a char-

acteristic strong absorption at the nuclear surface. The eiko- VIII. DISCUSSION

nal approxmatlon ('jn hIOWESt or.der. ur;]derest;matgs t.he A number of features are apparent from the systematics of
mFeract:ﬁon rar]lge an t_ €a sorfurc])n it If nuclear 'me”?‘rthe core fragment momentum distributions and associated
Given the surface dominance of the breakup reactions, t 'Single-neutron removal cross sections for reactions on carbon

approximation will lead to an underestimation of the S"ip'(Figs. 1-3. First, the crossings of thi=8 shell andN=14

ping and dissociation cross sections. The distortion kernelgyhshell closures are associated with a significant reduction
obtained from thes&matrix elements are displayed in Fig. in the widths of both the longitudinal and transverse momen-
9. It is clear that diffraction dissociation is most sensitive totum distributions for** %8B, 15C,230, and?*2¥ compared to

the noneikonal corrections. The asymptotic behavior of thehe neighboring less exotic nuclei. Such behavior is a clear
distorting kernels is most affected and this has importanindication of the role played by the structure of the projectile
consequences for the calculation of the momentum distribuewing to the large valence2s;,, admixtures expected in the
tions, since large impact parameters probe the low momerground-state wave functiongs discussed in detail below
tum content of the projectile wave function. Second, as a result of this and the weak binding of the va-
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FIG. 9. The effect of noneikonal corrections on the distortion [
kernels(see the text for definitionsas a function of impact param- . % so00fF . L.
eters, for neutron absorption and diffraction, caféC) absorption E N2 r
and for absorption of both the core and neutron ¥ at 400 2000 [
30 MeV/nucleon. Dotted lines: lowest order eikonal approxima- 200 o L
tion. Dashed-dotted lines: first-order noneikonal corrections in- 0 T T T TR 1000 List AT
cluded. Solid line: second-order corrections included. 0 50 100 150 200 25 50 75 100
E (MeV|
lence neutron*B (S,=0.97 MeV) and **C (§,=1.22 MeV) FIG. 10. Elastiqdotted, reaction(dash-dottey] and total(solid

exhibit enhanced cross sections in comparison to the neighine) cross sections for reactions of neutrons on Be, C, Si, and Ta
boring isotopes, suggesting a spatial delocalization of theargets as a function of incident energy. The calculations were per-
valence-neutron orbitdB9]. formed using JLM microscopic potentials in the eikonal approxima-
In order to analyze quantitatively the measurements pretion. Noneikonal corrections up to second order were included and
sented here, we now proceed to make a comparison with tHae effects on the.tot.al Cross sectior.] are shown'for Be, C, and Si
results of calculations using the extended Glauber model dé@rgets by the solid linegthe calculations employing the second-

scribed above coupled with the results of shell-model Calcugrder corrections provide the best agreement with the) data the
lations Ta target, the eikonal series does not converge in the range of en-

ergies shown. The experimental data for the total, elastic, and reac-
tion cross section@pen and closed circles and open squanese

. - o taken from Refs[77,78.
A. Cross sections and longitudinal momentum distributions:

Carbon target culated cross sections are given in Table?IV.

) e 1 Aside from the spectroscopic factors the principal param-
The spectroscopic factor€°S(I7,nlj) employed here gorg entering into the calculations were Senatrices and

were calculated with the shell-model cod&BAsH [79] US-  the geometry of the Woods-Saxon potential used to define
ing the WBP[80] interaction within the p-2sld model  the single-particle wave function. As described in Sec. VII,
space. In order to avoid energy-shift effefd] only pure 0,  the JLM calculations of th& matrices were verified through

1, or Ziw excitations were considered. The older Millener- comparison with measured total, elastic, and reaction cross
Kurath [82] interaction(PSDMK) was also investigated and section data. The strength parameter of the single-particle
the results were found, for the nuclei examined here, to b@otential was fixed by fitting the known experimental one-
comparable to those obtained using the WBP interactionneutron separation energy. The radius and diffusivity of the
Where known, the experimentally established spin-paritpWoods-Saxon potential were fixed gs=1.15 fm anda,,

(J™) assignments and core excitation enerdé®-8 have =0.5 fm for the isotopes of B and C, amgs=1.2 fm, and
been used for calculation of cross sections and momenturdws=0.6 fm for N, O, and F. These values were chosen to
distributions. In all other cases, the shell-model predictiongrovide a good global agreement with the measured cross
were employed. It was found that the cross sections were

relatively insensitive to the excitation energies of the core 2Since our original publicatiof39,45 the 2224 and230 calcula-
states. A detailed listing of the spectroscopic factors and cakions have been revised.
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TABLE V. Calculated spectroscopic factot€?S) and cross sectiongr(17)] to the core excited statd&g,,|7) populated in single-
neutron removal from the projectile nucle(f,J™) by the carbon target. The contributions arising from absorpigg) and diffractive
dissociation(oy;¢s) are detailedthe latter includes the very small contributions arising from Coulomb breadugh the total inclusive cross
sectlon(aﬂﬁ” ®) to all core states is given. Projecti)§, and core excited state energies taken from the shell-model predictions are marked

in parentheses. Only the results for the preferred ground structure are given here—the listings 3% otagrbe found in Ref[45].

Eex Tabs Tdift a(lg)
Az J7 (MeV) |7 nlj c3s (mb) (mb) (mb)
] 1* g.s. 3/2 1pys 0.71 19.9 14.7 34.6
2.124 1/2 1ps) 0.27 6.6 4.4 11.0
4.444 5/2 1pgs2 0.2 4.14 2.66 6.8
5.02 3/Z 1pss 0.36 7.2 4.5 11.7
8.92 5/2 1pgs2 1.02 17.2 10.0 27.2
oGlaube= g1 mp
38 3/ g.s. T 1pss2 0.61 13.0 9.9 22.9
0.953 z 1pys 1.17 22.6 16.7 39.3
O_Glauber 62 mb
1B 2 g.s. 3/2 1ds), 0.31 9.6 8.7 18.3
251/ 0.64 57.0 64.7 121.7
3.483 3/2 1pys 0.41 8.5 7.1 15.6
3.68 5/2 1py1s 0.8 16.2 13.3 29.5
oSAuber= 185 mb
158 (3/2) g.s. 2 1ds), 0.28 5.8 5.3 11.1
251/ 0.48 20.3 22.3 42.6
(0.89 1 251/ 0.27 9.4 9.9 19.3
0.73 1* 1pys 0.58 11.7 11.3 23
(0.96 3 1dsy, 0.47 8.7 7.6 16.3
oSAubeI=112 mb
c o g.s. 1/2 1p1sn 1.67 26.4 15.9 42.3
3.089 1/2
3.684 3/2 1pg) 2.05 29.7 16.9 46.6
oCRube=89 mb
15¢ 1/2 g.s. o 2512 0.83 62.1 62.1 124.2
6.094 T 1pss 0.16 2.8 1.9 4.7
1pys 1.03 16.3 10.9 27.2
6.903 0 1py1s 0.46 6.9 4.6 11.5
oSAuber= 168 mb
16C o g.s. 1/2 2515 0.6 19.3 17.5 36.8
0.740 5/2 1ds/, 1.23 21.9 16.2 38.1
oCRube=75 mb
(e (3/29 g.s. o 1dg), 0.035 0.9 0.8 1.7
1.762 z 1ds/, 1.41 29.3 25.5 54.8
21/ 0.16 6.9 7.2 14.1
4.1 2,3,4 1ds/, 0.76 12.5 10.0 22.5
251/ 0.22 6.1 5.7 11.8
oCAuber= 105 mb
&c o g.s. 3/2 1d3, 0.1 1.4 1.2 2.6
(0.0 5/2 1ds), 2.8 43.3 38.0 81.3
0.3 1/2 251/ 0.65 17.2 17.7 34.9

oSAube=119 mb
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TABLE IV. (Continued)

Eex Tabs Tdiff a(l)
AZ J° (MeV) |7 nlj c?s (mb) (mb) (mb)
N 1/ g.s. z 1ds), 0.59 11.1 7.6 18.7
0.120 o 25,/ 0.12 3.4 2.7 6.1
0.298 3 1ds), 0.784 14.5 9.8 24.3
0.397 T 1ds/, 0.36 9.9 7.8 17.7
oS5 P*'=67 mb
18N 1 g.s. 1/2
1.374 3/2 1ds/ 0.65 13.4 10.1 235
25,/ 0.195 6.7 5.9 12.6
1.850 1/2
1.907 5/2 1ds), 0.89 15.4 11.4 26.8
3.129 712 1ds), 0.42 7.6 5.4 13
3.2 312 25,/ 0.15 4.1 3.4 75
1dg), 0.29 4.6 3.2 7.8
oCRUe=91 mb
\ (1/2) g.s. T 1dz, 0.02 0.3 0.24 0.54
25,/ 0.005 0.14 0.16 0.3
0.115 2) 1ds/ 1.26 21.6 16.9 38.5
0.747 (3) 1ds), 1.71 24.9 18.7 43.6
(0.936 (1) 25,/ 0.35 8.6 7.7 16.3
o5 "*=99 mb
20N ) g.s. 1/2 1ds), 0.36 8.5 7.9 16.4
(1.68 3/ 1ds), 0.66 12.4 10.7 23.1
(2.17) 5/2° 1ds), 0.38 6.8 5.8 12.6
(3.9 717 1ds), 1.73 26.8 21.6 48.4
oSRUPe=101 mb
21N (1/2) g.s. z 1ds/ 1.744 28.3 25.1 53.4
(0.6) 3 1ds), 2.61 40.1 35.1 75.2
(0.74) 1 25, 0.45 11.1 1.1 22.2
oSAuber= 151 mb
1% 5/2¢ g.s. o} 1ds), 0.685 14.1 9.8 23.9
1.982 74 1ds/ 0.48 8.4 5.6 14.0
1dy), 0.019 0.3 0.2 0.5
25,/ 0.009 0.25 0.2 0.45
3.555 4 1ds), 1.24 19.7 12.6 32.3
3.92 74 1ds/ 0.22 3.4 2.2 5.6
25,/ 0.06 1.34 0.96 2.3
5.25 74 1ds), 0.023 0.3 0.18 0.48
1ds), 0.016 0.2 0.18 0.38
5.38 3 25,/ 0.11 2.2 15 3.7
oCRube=g4 mb
200 o+ g.s. 5/2 1ds), 3.43 51.3 345 85.8
0.096 3/2 1dg), 0.05 0.66 0.44 1.1
1.471 1/2 251 0.28 5.3 4.0 9.3

Glauber—
o2 =96 mb
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TABLE IV. (Continued)

Eex Tabs Tdiff a(l)
Az Jm (MeV) |7 nlj c3s (mb) (mb) (mb)
2o (5/2) g.s. o 1ds), 0.345 6.7 5.4 12.1
1.67 V4 1ds), 1.3 21.8 16.4 38.2
251/ 0.004 0.1 0.1 0.2
3.57 & 1ds), 2.59 38.0 27.3 65.3
4.072 z 1ds), 0.09 1.3 0.9 2.2
251/ 0.05 1.0 0.9 1.9
4.456 o
4.85 &
5.23 V4 1ds), 0.12 1.6 1.1 2.7
oSjAuber= 123 mb
220 o g.s. 5/2 1ds/, 5.22 74.9 56.9 131.8
1.33 1/2 251/ 0.23 4.3 3.7 8.0
2.20 3/2 1dg/, 0.03 0.33 0.27 0.6
3.08 5/2 1ds/, 0.14 1.7 1.2 2.9
oSjaubeI= 143 mb
230 (1/29 g.s. o 251/ 0.8 31.7 33.8 65.5
3.38 2 1d3/» 0.053 0.7 0.5 1.2
1ds/, 2.1 30.5 24.5 55.0
(4.62 o 251/ 0.11 2.2 1.9 4.1
(4.83 3 1ds/, 3.08 40.5 317 72.2
(6.5 2t 1dsy, 0.24 2.9 2.1 5.0
(6.64 0 1pys0 0.36 3.4 2.6 6.0
(6.9 1 1pys0 0.94 8.6 6.5 15.1
oCRUbeI=224 mb
22F 4 g.s. 5/2 1ds), 0.56 9.1 6.4 15.5
0.2799 1/2
1.73 3/2 1ds/, 0.24 3.6 2.4 6.0
1.9 9/2 1ds/, 0.96 13.6 9.1 22.7
(3.5 3/2 1ds), 0.09 1.19 0.81 2.0
(3.6 712 1ds/, 0.087 1.15 0.75 1.9
281/ 0.015 0.3 0.2 0.5
3.7 9/2* 1ds), 0.58 7.4 4.8 12.2
(4.02 1/2°
(4.45 7/2° 1ds/, 0.03 0.4 0.2 0.6
251/ 0.02 0.3 0.2 0.5
(4.84 11/2° 1ds), 0.54 6.5 4.1 10.6
1dg), 0.04 0.4 0.3 0.7
(4.9 13/2° 1ds), 0.52 6.3 3.9 10.2
(5.31) 7/2° 1ds/, 0.07 0.8 0.5 1.3
281/ 0.03 0.5 0.3 0.8
(5.5 7/2 1ds), 0.012 0.2 0.1 0.3
(6.99 13/2° 1ds/, 0.075 0.8 0.5 1.3

Glauber_
oCRPe=87 mb

044603-20



ONE-NEUTRON REMOVAL REACTIONS ON LIGHT.. PHYSICAL REVIEW C 69, 044603(2004)

TABLE IV. (Continued)

Eex Tabs Tdif a(l)
Az Jm (MeV) |7 nlj c3s (mb) (mb) (mb)
2k (5/2%) g.s. 4 1ds, 1.2 15.9 11.1 27.0
0.2 3 1ds, 0.76 10.0 6.8 16.8
281/ 0.06 1.1 0.9 2.0
0.7 2t 1ds/, 0.64 8.1 5.6 13.7
281/ 0.03 0.63 0.49 1.12
1.41 5 1ds/, 1.4 17.0 11.4 28.4
(1.6 1* 1ds/, 0.06 0.7 0.5 1.2
(1.65 3 281/ 0.07 1.2 0.8 2.0
(1.67 2t 1ds/, 0.31 3.7 25 6.2
2.3 1* 1ds/, 0.27 3.1 2.1 5.2
3.5 5 1ds/, 0.11 1.2 0.8 2.0
oCAubeI=106 mb
24 (39 g.s. 5/2 1ds), 0.09 1.6 1.3 2.9
281/ 0.74 22.3 21.1 43.4
(1.8 1/2° 1ds/, 0.073 1.1 0.8 1.9
2.9 7/2° 1ds), 0.44 6.0 4.4 10.4
3.2 5/2° 1ds), 0.37 4.9 3.6 8.5
3.7 9/2* 1ds), 0.96 12.3 9.0 21.3
4.2 712 1ds), 0.38 4.7 3.4 8.1
(4.4 3/2 1ds), 0.2 25 1.7 4.2
(4.61) 5/2 1ds), 0.09 1.1 0.8 1.9
251/ 0.04 0.7 0.5 1.2
(4.65 9/2* 1ds), 0.2 2.4 1.7 4.1
4.79 5/2 251/ 0.052 0.9 0.7 1.6
(5.6 5/2* 1ds/, 0.12 1.4 0.9 2.3
(6.77 3/2 1ds), 0.16 1.7 1.2 2.9
oSjAuber= 115 mb
25F (5/2%) g.s. 3 251 0.82 21.6 21.0 42.6
1ds/, 0.08 1.3 1.0 2.3
0.2 2 251/ 0.64 16.6 16.0 32.6
(0.8 1* 1dg/, 0.06 0.7 0.6 1.3
2.2 4* 1ds), 1.0 13 10.0 23
(2.5 3* 1ds/» 0.7 84 6.3 14.7
2.9 1* 1ds), 0.18 2.1 1.6 3.7
2.9 1* 1ds), 0.1 1.2 0.9 2.1
3.5 5 1ds/, 1.6 18.3 13.5 31.8

oSRubeI= 154 mp

sections. Better agreement is obtained if, for example, radiut® an increase of about 27% in the total one-neutron-removal
and diffusivity parameters are tuned locally. The sensitivitycross section. As might be expected the shape and width of
to the choice of these parameters may be illustrated by th#ne momentum distributions were found to be rather insensi-
example of®C breakup at 50 MeV/nucleon, for which a tive to the radius and diffusivity since these parameters
change in geometry to,s=1.20 fm anda,=0.65 fm leads mainly affect the single-particle asymptotic normalization
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coefficient of the wave function. It should also be noted that se00 50000 F
in the present calculations the ground and excited states @
the core were assumed to have the same density distribL 6000
tions. As such the same Woods-Saxon geometry was em
ployed for all core states of each projectile. 4000
In order to facilitate the comparison of the calculated and
measured momentum distributions, the former were filtered 2000
through a Monte Carlo simulatiofSec. 1) to take into ac-
count the experimental broadening effects. As may be seenii® ¢
Figs. 1 and 3, the measured distributions and cross section§ >*® ¢ 4%
for all the nuclei included in the present study, including &
those nuclei with well established structure, are well repro-
duced with the exception oF, where the cross section is
somewhat underestimated. 600
It is, however, apparent that for a number of nuclei the
calculated momentum distributions are slightly broader than ~ 4®
the experimental onésin particular the low and high mo-
mentum wings are somewhat more pronounced. This effec
appears to arise from the specific shapes of the distorting 0
functions[D(s), Sec. ] at low impact parameters, as shown
in Fig. 9. The use of distortion kernels calculated with less
oression of the high momentum components n the wave. FIG: 11 Selected examplesce testof the core fragment on-
function, and momentum distributions consequently becom@!tudinal momentum distributions obtained using the carbon target
much narrower. showing the contributions from the different reaction mechanisms.

: — . The calculated distributiong@hick solid lineg include the absorp-
To illustrate the contributions from the different mecha- . ; - ) )
nisms leading to the removal of the neutron, the variousgg';e(éh';riotigft?‘ diffraction (dashegl and Coulomb(dash-
contributions—absorption,  diffraction, and Coulomb P '
dissociation—to the breakup dfB,'°C,¥’C, and 2O are

displayed in Fig. 11. The Coulomb dissociation cross sectioifharipandest al. [89]. Individual values are plotted in Fig.
is typically less than 1 mb in all but the most favorable 13 as a function of projectile mass number. A_veragmg over
cases—“B and 15C—for which the Coulomb induced the 22 one-neutron-removal reactions for which cross sec-
breakup was estimated to amount to some 7 mb. As expectd{pns were measured here, one obtags 0.98+0.16. Note
[17], absorption and diffraction result in distributions with that our database includes both loose§;~1 MeV) and
very similar line shapes. The diffraction cross section isWell bound nuclei(S,~2-8 MeV). For the loosely bound
however, smaller than that for absorption for well bound
states, while the two are essentially identical for weakly 250 ) 3 -
bound stategFig. 3). This evolution with binding is also 200 elkonal 0,s 40| elkonal 0, d
illustrated in Fig. 12 for single-neutron removal at 150
50 MeV/nucleon from amA=17 system comprising a core 100
and a single-valence neutron. In the case where the neutro 50
occupies ars-wave configuratior{left pane) the absorption o
and diffraction cross sections are almost equal independer 250
of the binding energy. If the beam energy is increased, ab-g 200
sorption becomes the dominant process, while at lower energ 150
gies diffraction is favored. For d-wave valence neutron the g1oo§
cross section is dominated for all energies by absorption anc® soE
the contribution from diffraction decreases $sincreases. :
The effects of applying the noneikonal corrections de-
scribed in Sec. VIl are also displayed in Fig. 12. These cor-
rections lead to an increase in the tatabsorption and dif-
fraction) cross section:; for example, for a valence-neutron
binding energy of 1 MeV, an increase of some 12% occurs.
As expected[87] the effect is even more pronounced at
lower energiege.g., some 19% at 30 MeV/nucleon
Following Brown et al. [88] we introduce a quenching

factor Rs=0_1,/ °R""*"in analogy with thez factor of Pan-
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FIG. 12. Calculated absorptiotsolid lineg and diffraction

(dashed linescross sections vs binding energy f®rand d-wave
*The asymmetric nature of some of the distributions is discussedtates of anA=17 system at 50 MeV/nucleon on a carbon target

in the following section. using the JLM interaction and various orders of eikonal theory.
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FIG. 13. Ratio of experimental to theoretical cross sectidtys
as a function of projectile mass number for the data obtained with
the carbon target. The dotted line indicates the mean value and th I y I .
shaded band thedlvariance. TS i
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systems(1*B and '°C) R;=0.8+0.1 in agreement with the
values deduced by Browet al. [88] and Enderst al. [37]

for 8B and°C. FIG. 14. Test case calculations of the longitudifig) and trans-

verse(k,) core fragment momentum distributions for one-neutron
o removal by a carbon target at 50 MeV/nucleon assuming-apr,
B. Transverse momentum distributions: Carbon target or d-wave state in amfA=14 system withS,=1 MeV. The total

The transverse momentum distributiofg) were calcu- ~ (solid line), absorptiondashed} diffraction (dash-dotteyj and Cou-
lated as described in Secs. V and VI. In order to make 4°mP (dotted components are indicated.

comparison with the experimentally measured dlstr|but|onstum components of the total distribution. In addition, only

the calculated distributions were filtered through asimulatiorlhe swave configuration gives rise to a relatively narrow

which took into account the various broadening foects_distribution. Thep- and d-wave states are relatively broad
straggling, the resolution of the tracking detectors and th

: - ith the former presenting a flat topped distribution with a
Zﬁgﬁﬁ;maitféﬁg %c!sagg tﬁzbgeg;:%ggerg];r:. V.\;_'LZ t&eogtng?gn”s_mall central dip. Thgse_ features _combined with the _intri_nsic
cant effect was that arising from the acceptances wherebéFrU(.:t.ure of the propctlle result in transv_ersg dISt.I’Ibl.JtIOI’IS
the high momentum wings of the distributions weré reduce .|gn|f|cantly ghfferent in form from. the Io_ngltudlna! dIStI’I'bU-
S 4 A ions. In particular, the presence in a mixed configuration of
in intensity.” Good agreement, as may be seen in Fig. 4, wa

found between the measured and calculated distributions a non-negligibles-wave component will manifest tself in the
) . " transverse momentum distribution as a narrow feature super-
As mentioned in Sec. V B, the transverse momenta ar

strongly influenced by the interaction with the target and thq?/\r/rgl)loﬁﬁgt?gt ea drr;)l;/crtlhk;r?ggﬁlrtscc;ggoonggg 2-[1@5'3: I?F?g rtlgularly

distributions arising from absorption and diffraction exhibit Thus, while the line shapes of the transverse momentum dis-

e o e oot s o Sblons iy e more compex ey e sensive o e
culated fors-, p-, and d-wave single-particle states with hature 9f _the propcul_e ground state and may furnish spec-

binding energ'ies ;)f 1 MeV in aA=14 system. In the case of troscopic |nf9rmatlon N a.compler_nentary manner. .
the longitudinal momenta both tree and(to allesser extent AS noted in the pr_ecgdm.g sectlop a number of the qugl—

p-wave states result in relatively narrow distributions WhiletU(.jlnal momentum dlstr|put|qn§ exh|b|t low momentum ta!ls
the d-wave state may be identified with a broad distribution('.:'g'.l)' Such asymmetr!c_dlstnbunons may arise frpm dis-
exhibiting two symmetric peaks sipative core-target collisions, such as ok_)served in stable
In the case of the transversé momenta, the contributiort?ealm fragmentationl,2,9q or, more likely n the case of .

’ weakly bound systems as a result of diffractive/elastic

breakup[62]. Experimentally a correlation exists between
"he longitudinal and transverse momenta for events in the
low momentum tail, as displayed in Fig. 15. Here the data

“As the emittance of the beam was relatively lat§ec. 1), the  for *°C, where the yield is dominated by breakup to the

angular acceptances of the spectrometer do not introduce a shagwound state, was analyzed so as to minimize any momentum
cutoff in the transverse momentum distributions. shifts arising from core excited states. When events situated

arising from diffraction is systematically much broader than
that from absorption and as such dominates the high mome
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FIG. 15. Correlations between the longitudinal and transverse F|G. 16. Core fragment transverse momentum distributions for

one-neutron removal frorPC by the tantalum targefilled circles.

the carbon target. Dashed line: calculated transverse momentum distribution for Cou-
lomb induced breakup. Solid line: same calculation after convolu-

14C core fragment momenta for one-neutron removal i@ by

in the tail are selected the Corresponding transverse momeﬁon with the orbital deflection in the Coulomb field of the target

tum distribution is broad. In contrast, for events with  (See text for details
greater Fhan. the mean momenﬁjﬂme transverse momentum o qe momentum distributions were encountered experimen-
distribution is m_uch_ narrower, with a width identical to that tally. As an example the distribution obtained f6€ is dis-
of the total distribution(Fig. 4). The low momentum events piaved in Fig. 16. It is clearly evident that the acceptances
constltgtlng the tail t_hus, on average, exh|b|.t a much Iarge(pxz +200 MeV/c) of the spectrograph were too limited to
scattering angle. This result is consistent with the observag)ioy either transverse momentum distribution or the single-
tion by Tostevinet al. [62] of asymmetric longitudinal mo- neytron removal cross section to be determined.
mentum distributions at scattering angles away from 0° in  An estimate of the effects of Coulomb orbital deflection
the breakup of°C. Furthermore, the average momenta of theon the dissociation of°C is shown in Fig. 16. For simplicity
distributions were observed to be down shifted with increasthe transverse distribution has been calculated assuming pure
ing scattering angle. Such energy nonconservation effectsoulomb breakugwhich is expected to dominate for the
cannot be described within the framework of the eikonal apbreakup of'°C) and considering only the dominastwave
proximation employed here. As described in Hé2], fully ~ component in the ground-state wave function. The solid line
dynamical coupled discretized continuum channel calculain Fig. 16 corresponds to the assumption that the core frag-
tions are capable of reproducing these effects, suggestingent is deflected, following dissociation, along a classical
that the origin is diffractive/elastic breakup. A model inde- Rutherford trajectory. In this case the angle of deflection de-
pendent confirmation could be furnished by fully exclusivepends only on the impact parameterThe final transverse
measurements in which the beam velocity neutrons fromgistribution was simulated assuming a distribution of impact
breakup(a signature of diffractive dissociatipare measured parameters given by the calculations described in Sec. VI for

in coincidence with the core fragments and deexcitatjon b> b ;,=Rsoret Riarget joined smoothly with a diffuse shape
for b<b,;, mocked up by a Woods-Saxon form factor. The

rays.
calculation in Fig. 16 shows that the broadening effect in the
C. Longitudinal and transverse momentum distributions: transverse momentum distribution is largely explained by
Ta target core deflection in the target Coulomb field and suggests the
As noted earlier, the longitudinal momentum distributionsbrea.kdown of t.he straight line trajectory assumption at inter-
were measured for the breakupdB, 1>-1C, and*"~*N on mediate energies for heavy targets.
We can now turn to the longitudinal core fragment mo-

Ta (Fig. 5), and distributions almost identical in width and e . . .
form to those obtained for reactions on C were observeo{“erlltum dlztrg)utllo nsbon Ta targ?t. Calculatlons”mc_I;Jhdl?hg
Owing to the Coulomb deflection of the projectile and coregUC ear g_n | Ol:quF. cogna(\)n?n shcompalre V\;)e 'Wld . ﬁ
fragment in the field of the target nucleus very broad trans ata as displayed in Fig. 5. As for the results obtained witt
the carbon target the theoretical predictions have been fil-
tered through a Monte Carlo simulatig8ec. I)) to take ac-
®We note that such events should reflect most directly the intrinsicount the experimental effects. Details of the calculation are

momentum of the removed neutron. shown in Fig. 17 fof>1C. In the case of°C, with a ground
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Clearly a nuclear component must be present in these data

12500 -
5c 200 | e and the calculations presented in Fig. 17 suggest that the
@ 10000 absolute nuclear and Coulomb contributions predicted by the
S 7500 bl + % Glauber model coupled to first-order perturbation theory for
3 : N kv Coulomb dissociation seem to be realistic.
O 5000 100 A W\
a Rys W
2500 oF #L N D. Momentum distributions as a spectroscopic tool
' L L/I AN - . . . .
4600 4800 0 600 2800 On the basis of the preceding comparisons, the reaction
P, [MeV/c] mechanism on the carbon target appears to be understood

and, except for the low momentum tails, well described by a

FIG. 17. Examples of the core fragment longitudinal momentumGlauber-type approach within the eikonal approximation.
distributions for reactions on the Ta target. The filled circles repreA\When the nuclear structure is well known, as is the case for
sent the data. To aid in the comparison the calculated distributionthe nuclei closest to stability, the data are well reproduced by
for the total(solid lines, nuclear(dotted, and Coulomb dissocia- the model. In this section the manner by which the spin-

tion (dashed lingare normalized to the data. parity assignments given in our earlier pajpa®] to nuclei
with poorly established ground-state structure will be out-
state dominated by aswave valence neutron and lo§, lined. This will also be instructive in illustrating the sensitiv-

the nuclear and Coulomb distributions are almost identicality of the inclusive core fragment momentum distributions to
an example of the “numerical coincidence” pointed out bythe structure of the projectile.

Hansen[15]. In the case oft’C, which is dominated by a A comparison of the measured core fragment longitudinal
d-wave valence neutron the Coulomb and nuclear distribumomentum distributions from reactions on the carbon target
tions are not identical. The Coulomb interaction samplesand those calculated for the possible ground-state spin pari-
large impact parameters and selects small momentum corties is provided in Fig. 18. Here both the calculated and
ponents and the corresponding momentum distribution igxperimental distributions are displayed on an absolute scale
narrow. For the cases detailed here, the laboratory grazingnb/(MeV/c)] without any normalization, except fo®O
angle is about 1.4°, while the measured angular rang@9s  where no cross section could be extracted experimentally

— =32 *B
- e +
P SSEL Y
05 -
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'/, \‘\
. 2 foe
3750 4000

= .
§ FIG. 18. Comparison of the
Q measured core fragment longitudi-
5. nal momentum distributiondrom
'g . reactions on the carbon target
/ - . . .
= ,}«\\ 0.25 with those predicted for different
g J "\\ projectile ground-state spin-parity
% RN + assignments. The favored assign-
-/ 5 . . .
0 : 0 4t LN 0 ments are displayed as solid lines
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TABLE V. Predicted cross sections for one-neutron removal ffém (Jgs_:1/2+) by a carbon target at
47 (present experiment 72 [56] and 938[58] MeV/nucleon. The core excited states and spectroscopic
factors are those listed in Table IV.

E|ap (MeV/nucleon

EC (MeV) 54 47 72 900
g.s. o 65.5 53.0 27.2
3.38 z 1.2 0.99 0.4
55 45.4 19.3
4.62 o 4.1 3.33 1.6
4.83 3 72.2 59.8 24.6
6.5 2 5.0 4.2 1.7
6.64 o 6.0 4.9 1.9
6.9 T 15.1 13.2 5.2
o Sjauber 224 185 82
o 233+37[56] 85+15(58]

(Sec. ). In this case the calculated momentum distributionsdinal momentum distribution assuming a 1/@ound state,
have been normalized so as to best reproduce the experimdpdt a cross section of 82 mb is predicti@@ble V) as com-

tal distribution. In most of the cases the choice between thgared to the experimental value of 85+15 mb.

variousJj  is clear and the favored spin-parity assignments, In the case of'C the three possible ground-state spin-
represented by the solid lines in Fig. 18, are listed inparity assignments are shown in Fig. 18. It is clear that the
Table 11° Interestingly, in all the cases presented here, thél/2" assignment grossly overestimates the cross section. The
favored spin-parity assignments correspond to those sug/2” a@nd 5/2 assignments reproduce the data quite well,
gested by the shell-model calculations. with the former providing a marginally better description of

In two cases!’C and?%0) the spin-parity assignments are the central part of the distribution. As noted in Table IV, a

e : , 1 ;
not directly evident from inspection of Fig. 18. As it has beendg.s=3/2" results in a large yield to thé®C 2; state in

the object of recent attention owing to claims of a modiﬁca_zlnlgle-neutron removal fronC. The observation by Mad-
tion in the shell structurgs6], we will first turn our attention e?aeln%Z] and Datta Pramanikt al. [93] of the correspond-
to 2%0. The form of the single-neutron removal longitudinal in 1 76 MeV v rav transition th.us confirms direcrt)l the
momentum distribution obtained here is well reproduced b g+ v ray Y

¥3/2" assignment.
both Jgs=1/2" and 5/2 assignmentgsimilar results hold g

s. IMETLRS Interestingly, the transverse momentum distribution mea-
for the transverse momentum distributjomhe former, how- g\ ;red here fot’C also supports this assignment. This may be

ever, leads to a predicted cross section of some 224 M@een in Fig. 19 where the predictiofubtained with the same
(Table 1V, Table Vj," a factor of around 4 higher than for gpectroscopic factors as above and without adjusting the pa-
Jgs=5/2". Based on the systematics of the cross sectiongameters of the reaction calculatjofor the three possible
obtained here for the oxygen isotop@sg. 3), a 1/2 assign-  gpin-parity assignments are compared to the measured distri-
ment was favored39]. This conclusion is, contrary to the pytion. This illustrates, as noted earlier, that the transverse
arguments made recent[1] by the authors of Ref[56],  momentum distributions can carry spectroscopic information
confirmed by their measured cross section for single-neutroeommementary to that provided by the longitudinal mo-
removal—233+37 mb as compared to a value of 185 mhyenta.
which we predict(Table V) using the ground-state structure | the light of the results described here, the evolution of
given in Table IV, at their beam energy of 72 MeV/nucleonthe core fragment momentum distributions wikh may be
(a very similar result was also found by Browet al. [92]).  ynderstood, in particular through the competing contribu-
Further support for this ground-state structure f® may  fions of the valence neutross, , and v1ds/, admixtures. In
be found in the results for single-neutron removal at Verysummary, following the crossing ®i=8, the ground states
high energy (938 MeV/nucleoh obtained using the FRS of theN=9—14B, 15C— andN=10 isotones-B, 16C—are
[58]. Not only can we reproduce well the measured longitu-significantly influenced by the intrude®s,, and v2s2,, con-
figurations, respectively. As the neutron number increases so
SOwing to an error in the compilation of Ref45], the likely ~ t00 does the contribution fromrlds, configurations. This
spin-parity assignments fo¥¥F were given as %, 3" rather than €aches a maximum &t=14 and then, as expected from the
2*,3" in our original papef39]. naive shell model, the2s,,, orbital is occupied foiN=15
The calculated cross section listed in Table I of our original pape@nd 16. Similar conclusions may also be drawn from the
[39] omitted the yield to the 3state predicted at around 4.8 MeV in interaction cross section measurements of Ozawaal,
220 (Table V). which exhibit enhancements fé0 and?*2F [74,94.
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' ' 17 tributions. D_espite a number of simplifying assumpti_ons the
! ' C model predictions agree very well with the experimental

! ' data, in particular those obtained for nuclei near stability
with relatively well-known structure.

In the case of nuclear induced breakup the model suggests
that for the longitudinal momentum distribution the reaction
mechanism factorizes in a manner such that only the low or
surface momentum components in the wave function are se-
lected. As a consequence only the asymptotic part of the
wave function is probed. In the transverse momentum distri-
butions this factorization does not occur and additional mo-
menta arising from interactions with the target come into
play. The principal drawback of the present approach, which
is inherent to all Glauber-type models, is the neglect of en-
ergy and momentum conservation in describing diffractive/
elastic breakup. The predicted momentum distributions are
thus always symmetric and the low momentum tails ob-
served here for some of the weakly bound nuclei cannot be
. — — reproduced. As noted in Sec. VIII B, the description of such

-200 0 200 asymmetries requires the implementation of fully dynamical
P_[MeV/c] calculations(see, for example, Ref62)).
x Shell-model spectroscopic factors calculated using the

FIG. 19. Comparison of the measurdi€ core fragment trans- Warburton-Brown effective interaction formed the structural
verse momentum distribution for reactions ¥C on the carbon input for the calculations. The resulting momentum distribu-
target with the distributions calculated for the three possibletions and cross sections were found to be in very good agree-
ground-state spin-parity assignments. ment(except for the cross section féfF which was under-
predicted by some 30%with the measurements. This
agreement, especially for those nuclei with well established
structure, suggests that the longitudinal momentum distribu-

An investigation of high-energy one-neutron removal re-tions and associated inclusive cross sections constitute a
actions on 23 neutron-ricpsdshell nuclei has been pre- spectroscopic tool and ground-state spin-parity assignments
sented. By studying isotopic chains extending from stronglywere proposed fol®B, 1'C, 19-2IN, 2120, 22-2F. In addition
bound near stable systems to weakly bound near driplinéo the dominance of the2s,,, intruder configuration in the
nuclei, the evolution of structure with isospin as expressedi=9 isotones/B and *°C, significant 12s,, admixtures
by the core fragment observablé@engitudinal and trans- were found to occur in the ground states of the neighboring
verse momentum distributions and inclusive cross sedtiondN=10 nuclei'®B and°C. Similarly, following the crossing
has been explored. Experimentally, the measurements wetke N=14 subshell, the occupation of th&s;,, orbital is
carried out using a broad range high resolution, high accepzlearly observed fof0, 242%F.
tance spectrometer which permitted the data to be collected The calculations of the transverse momentum distribu-
at a single magnetic field setting. Data were recorded usingons were also seen to agree well with the measurements.
both carbon and tantalum targets in order to explore nuclearhus, while being systematically somewhat broader than the
and Coulomb induced breakup. In the case of the carbofongitudinal distribution the transverse distribution also car-
target data, the large angular acceptances of the spectrometess structural information. Interestingly, due to the interplay
were sufficient to encompass the full range of transverse maf the projectile structure and reaction mechanism the trans-
menta, thus permitting unambiguous measurements of theerse momenta were seen to often carry information in a
longitudinal and transverse momentum distributions and assomplementary manner. In particular, the competition be-
sociated cross sections to be made. Owing to the large Cotweens- andd-wave valence-neutron configurations can ex-
lomb deflection present in the reactions on the tantalum taribit itself directly in the transverse momentum distribution.
get, the effective transverse momentum acceptances weBuch complementary information may be of utility when
very limited. As such only the longitudinal momentum dis- conducting experiments with weak beams.
tributions could be deduced. Ultimately, the experimental determination of the core ex-

From the theoretical standpoint, an extended version ofited states populated in the reaction is required if detailed,
the Glauber model which incorporates effectN#l interac-  unambiguous spectroscopic information is to be deduced. As
tions and second-order noneikonal corrections to the JLMseen elsewher@8-34 this may be obtained for bound core
parametrization of the optical potential has been developedtates using large scale Nal or Germanium-detector arrays.
The treatment of Coulomb dissociation using first-order perAs the neutron dripline is approached and the core itself
turbation theory has also been described. Particular emphadiecomes weakly bound, coincident neutron detection will
has been devoted to retain the role played by the valencedso become necessary to identify the core states.
neutron wave function via its Wigner transform in mapping Finally, in terms of perspectives, we conclude with some
the intrinsic momentum components onto the measured disnore general observations concerning the use of high-energy

do/dp, [mb/(MeV/c))

e
N
T

IX. CONCLUSIONS
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single-nucleon-removal reactions as a probe of structure. AG-rancg and EPSRQUnited Kingdom. Additional support
noted above, the reaction probes only the surface content &fom ALLIANCE programme (Ministere des Affaires
the projectile wave function. As such comparatively simpleEtrangéres and British Coungithe Human Capital and Mo-
wave functions have been employed to describe the valendglity Programme of the European Commun{tyontract No.
nucleon. These wave functions, weighted by spectroscopiCHGE-CT94-005§8 and the GDR Exotic Nucle{CNRS
factors derived from large scale shell-model calculations areyas received. One of the autho@s.C.) acknowledges the
as described here, coupled to relatively sophisticated reactiosupport furnished by LPC-Caen and the IN2P3, including
model calculations. As is evident from the present work andhat provided within the framework of the IFIN-HH —IN2P3
has already been pointed out by oth§2g,3q, remarkably  convention.
good agreement has been achieved to date in describing the
measurements. APPENDIX

A few caveats should, however, be added. First, given the |n this appendix explicit analytical expressions for the
uncertainties inherent in the calculations, such as those d&oulomb dissociation cross section, E49), are given for
scribed in Sec. VIII A, uncertainties of order +10% should s, p-, andd-wave functions foiE;, E, transitions andg;E,
be ascribed to the predicted cross sectfb@supled with the  interference. The shorthand notatide¥%, are defined below.
experimental uncertainties—typically of a similar order—it P, denote Legendre polynomials where the argumentécos

would appear that deficiencies in our modeling-al0-20% 55 peen omitted. The functiois, are defined in Sec. VI.
in cross section could easily be overlooked. High precisiofy, have the following relations:

data obtained employing beams with very well establishe

structure would, therefore, provide a means to help validate FlEIZEO(f) +E1(§)72, (A1)
the accuracy to which the present approaches can be em-

ployed. A recent reanalysis of very high-energy inclusive

measurements of single-nucleon removal from beamé®f F2g; = = 2Ko(&) + Ky(9) 92, (A2)
and %0 [88] is an encouraging step in this direction and - - -
dedicated experiments employing coincidestay detection Flg, = 3Ko(&) + Ko(8) + Ky (8922 - B2, (A3)

are to be expected.
Second, modeling employing “realistic” wave functions

- 3K, K. 1 _ 2\2
should be explored. In the case of single-nucleon transfer F2g, = 3Ko(8) — Ky(9) + 3Ky (97 (2-B2)%,  (A4)
reactions it has long been known that despite their surface o - -
nature, the extraction of absolute spectroscopic factors can F3g, = 9Ko(é) + %Kz(@ - 2K,(Y2(2- %2, (AB)

depend strongly on the description of the valence nucleon
wave function[95]. In this context, it is instructive to recall

a recent reanalysis ofd,®He) measurements by Kramers Fleier = 2Ko(9) + Ky(§) (2 -89, (AB)
et al. [96]. In this study it was demonstrated that while only o -
the tail of the bound-state wave function is sampled, it is F2e1m0 = 3Ko(€) — Kl(g)yZ(z -/32)_ (A7)

very sensitive to the exact shape of the potential, thus intro-
ducing a significant model dependence in the calculate4 =0

cross sections. In terms of weakly bound nuclei, the need to o 4212(Zeff)2a2
employ realistic wave functions was also found in the analy- ———=—— = —="—=——12 ,(+ Flg, - P,F2g),
sis of the p(*!Be,1%Be(2*))d reaction[97]. Similar effects g’dgsinode 3 B
must almost certainly be addressed in the analysis of high- (A8)
energy, single-nucleon removal, and the levels to which they
occur may provide a limit to the relatively simple analyses o, ~ izf(zgff)2a2( 10712
employed to date. —qqu sinodo_ 105—7234 wIC)"lgo0
X (+ 7TF1g, + 10P,F2¢, + 6P4F3g,),
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ing us with the results of her work prior to publication. This L=1:
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X (+ P1Flgigs + PsF2g1g,). (AL10)

d2o 4212(Zeff)2a2
o°dq si:le do~ 3 ;Bz [+ Flg(130+ 2091

8As noted in Sec. VIII A, the widths of the momentum distribu- )
tions are far less sensitive. + PoF2g1(2111d 112 1115)] (A11)

044603-28



ONE-NEUTRON REMOVAL REACTIONS ON LIGHT..

d*oe, _ iZtZ(ZS”)zaZ
g’dgsin 6de 525 2B
+31199% + 2PF2g5(71%,,+ 1275,

= 611511 123) + 6P4F3eo(1355— 4l 1211129,
(A12)

(wlc)[+ TF1g(21%,,

Poeie 4 Ziffzgff 2,2

=— /C)[+ P1F g5l

qqu singde_ 75 '}/2,83 (w )[ 1 E1E2( 11d 121
= Tl1d 101+ 11129 + PsF2g1e,

X (=5Bl13d 123~ 6l11d 121+ 4112 129)]-

(A13)
L=2:
dzUEl 4 (Ziff)zztzaz 2 2
=— +5F1-,(215,,+ 3l
?dgsin6de 75 V3R [ e1(2121+ 31219
+ 2P2F2E1(_ %lgu"' 9514l 213~ 6'%13)]!

(A14)
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Rop, 1 (222
q’dqsin 6de 25725 2B
+ 71550+ 1015,)) + 10P,F2¢,(- 1515,
+9005,,= 982 220~ 72554 22
+ 6P 4F3gp(2005,,+ 27154+ 981250 224
=100 54554, (A15)

(wlc)[+ 4F 1£,(1815,,

dPoeie _ 4 ZEHZSHZTZ o
g’dgsingde 175 B2
X[+ P1F1e1ea(7l 211l 220+ 181213 204
= 3l 213l 220~ 712111 220
+ PaF2e1e5(— 122111 204 = 81213 222

+ 21511l 920+ Tl 13 220+ 61214 224) ]
(A16)
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