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Probing the halo structure of 1T and B
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We have measured the parallel momentum distributions of outcoming fragments in the one-neutron breakup
of the odd-mass carbon isotop¥s' 1T and *“B. Owing to their low neutron separation energies, the study of
these nuclei is of particular interest regarding the appearance of the halo phenomenon. Discrepancies between
experiment and theory observed f6iC and 1B indicate that their halos are not as prominent as'Be or
1 i, and that core excitations start playing a role in the breakup mechanistClthe halo appears hindered
by ad-wave neutron ground state configuration. Finally, the datd®@hsuggests as-wave neutron around
the 2" excited state in"®C. [S0556-28188)00805-X]

PACS numbgs): 25.70.Mn, 21.10.Dr, 21.60.Cs, 27.20

[. INTRODUCTION topes[4] predict a deformation of the neutron-rich isotopes
which peaks at'®C, and ground states of 1/2 3/2*, and
As our knowledge on nuclei far from stability deepens, it1/2* for 1°C, 1’C, and !°C, respectively.
becomes more apparent that nuclear halos are a general fea-
ture of loosely bound nuclei. As the binding energy becomes Il. EXPERIMENT
smaller in the vicinity of the drip lines, the valence nucle-
on(s) tunnel out of the central potential, and enhance the
diffuseness of the nuclear surface. Eventually, this leads to a In this experiment the halo structure of the studied nuclei
delocalization of the valence nuclgghwhich can be pic- was probed using knockout reactions in which the valence
tured as a halo surrounding the core of the nucleus. Thaeutron is removed from the projectile and the momentum of
appearance of this halo is determined by the height of théhe recoiling core is measured. Qualitatively we then expect
potential barrier, which itself depends on the binding energyfrom the uncertainty principle that the width of the valence
the angular momentum and, for protons, the Coulomb potemeutron distribution in momentum coordinates is inversely
tial. proportional to its width in space coordinates. In the sudden
In order to investigate the formation of halos in nuclei, weapproximation [5], the momentum distribution in the
present the results of experiments performed on the series bfeakup of the deuteron directly reflects its internal momen-
nuclei *171T and 1*B. The choice of these nuclei is moti- tum distribution and provides a direct measurement of the
vated by their broad range of binding energies and possibl¥ourier transform of the internal wave function. The same
angular momentum!°C and “B have presumably very technique is used in atomic physif8] to probe the wave
similar =0 neutron shell structures, confirmed 1AC by  function of valence electrons. The presence of a strongly
1c(d,p) reaction angular distributiofd]. The nucleus’®C  absorbing nuclear core in heavier nuclei modifies this pic-
has been shown to be the heaviest halo nucleus $@ffasut  ture, most strongly for the transverse component of the neu-
its detailed structure remains uncertain, partly because of thison momentum, which essentially reflects diffraction disso-
large uncertainty in its mass. The structure 9€ is still ciation [7]. The longitudinal momentum distribution of the
unknown experimentally, but shell model calculations pre-charged fragmentand, presumably the neutrpis expected
dict a very close proximity between thgorbit and the to be less affected8] and has been successfully used in
d-orbit in this nucleus. The known characteristics of thesemany experimentgsee for instanc¢9—11]), including our
four nuclei are summarized in Table I. Shell model predic-previous study of the halo of°C [2]. Small corrections to
tions are also included for those cases where no experimentdiis picture are discussed below.
assignments are available. The selection of the one-neutron removal channels re-
Shell-model calculations using the WBP interacti@  stricts the total reaction cross section to impact parameters
indicate that the well known inversion of thel§, and 1s,,,
orbits in ¥°C is reproduced by the calculation, but also that
the situation for'’C and *°C is not so clear, and the ground
states of those two nuclei could have a more complex stru

A. Method

TABLE |. Characteristics of the studied nuclei. Shell model
predictions have been included when the orbitals are unknown ex-
égerimentally(calc.).

ture. Relativistic mean-field calculations on the carbon IS0\ ucleus S I gs. Valence neutron orbit
1B 970 +21 keV 27 (expt) 1s,), (expt)
*Present address: Department of Physics, Allegheny Colleget®C 1218.1+0.8 keV 1/2" (expt) 1sy/, (expt)
Meadville, PA 16335. ic 729+18 keV  3/2" (calc) 0dsy, (calc)
"Present address: Department of Physics, Florida State University2C 160+110 keV  1/2" (calc) 1s,, (calc)

Tallahassee, FL 32306.
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greater than the sum of the core and target radii. Reactions

leading to the breakup of the core do not contribute to the 8 om0

observed momentum distributions, which therefore only con- j§ 0601

tain information about the outer region of the wave function. g ]

This localization or shadowing effe¢tl2—14 leads to a 0.50

modification of the momentum distributiofmostly a sup- 05 0.0 05

pression of the high-momentum compongraad a reduc- ABp/Bp (%)

tion of their width. It should be emphasized that this method ;5 1600

seems valid only if there is a definite delocalization of the 2 @ﬁ T L

halo particlés), and one can assume that the breakup reac- "7 % 12004 ﬁg ¢

tion does not affect the core. As soon as the valence par-, sw- % @ 1000 - 3

ticle(s) are closer, other channels involving the core will be- g . % 5 § 400 o 3

come open and start contributing to the cross section. More“ T v o 3

complete calculations taking into account these core excita- - o %%m R B %ﬂ

tions would therefore be necessary for a complete description %@m Mo A

of experimental data. il o, | 200" P, |

55IOO 55I50 56I00 56|50 55'00 55ISO 56I00 56I50
B. Experimental details Momentum (MeV/c) Momentum (MeV/c)
The experiment was performed at the A140®] frag- FIG. 1. Top: momentum acceptance of the A1200 spectrometer.

ment separator at the National Superconducting Cyc|0troﬂ-he curve has been used to correct the data for each momentum bin
Laboratory. The secondary beams®B. 15C. andl’C were ©Of the distributions. Bottom: example of an uncorrectel and
produced by fragmenting aoO beam at 100 MeV/nucleon corrected(b) momentum distribution. The distribution consists of
on a 790 mg/crf thick Be target. Because the production three momentum bins pieced together.

cross section front®0 is smaller, the'®C were produced by ~ The reaction targets of Be and Ta had thicknesses of 190
fragmenting an“’Ar beam at 100 MeV/nucleon on a 470 mg/cn? and 295 mg/crA respectively, chosen for equivalent
mg/cm? thick Be target. The separator was operated inenergy loss. The situation is particularly favorable in the case
dispersion-matched mod6] in which the reaction targetis of a neutron stripping reaction, since the differential energy
placed at a dispersive location, and the intrinsic dispersion dbss betweerf'Z and*~1Z is very small. The thickness limi-
the secondary beam is compensated for by the last section tftion was the energy straggling, chosen to be about the same
the spectrometer. The magnetic rigidity of this last section ignagnitude as the resolution of the spectrometer. The mo-
set according to the momentum of the outgoing core fragimentum dispersion and the resolution were measured by
ment. stepping the elastically scattered secondary beam across the
The horizontal position of the particles at the focal planefocal plane. This also allowed the mapping of the acceptance
was recorded using a Cathode Readout Drift Chambef the last section of the A1200. The momentum resolution
(CRDO) filled with gas in which the primary electrons pro- Was 0.12% with the Be target agd 0.16% with the Ta target,
duced by the particle drift to a single wire to produce an*hich would correspond for thé°C breakup to 6.7 Me\/

avalanche. The charge distribution produced by this ava@nd r?'o MeVE FWHM, respectively. . I sil
lanche is then imaged and recorded on a series of pads lo- The beam intensity was monitored bY a set of small si -
cated along the wire. The measured position is the centroi on detectors located near the production target. The ratio

of the charge distribution. Behind the CRDC were two 300 etween th_e number of incoming nuclei .Of. interest and the
. . . beam monitors was measured by transmitting the secondary

gunr]efrllggg :ﬁ;egt?;?clvg'g;ti ros\:;li(:]?iﬂattr:)? iin\?vrr%)é}:otshse T)g‘:‘beam directly to the focal plane. This ratio was later used to

ticles stopped. The time of flight from the production targetdetermlne the breakup cross sections.

to the focal plane was measured between the plastic scintil-

lator and the rf-cyclotron signal.

As fragment separation was provided by the first section On the top of Fig. 1 is shown the shape of the measured
of the spectrometer, the selection of the fragments was imomentum acceptance. As can be seen from the figure, it is
magnetic rigidity only, which introduced numerous contami-flat in a momentum range of about 1% and therefore limits
nants in the secondary beams. However, this allowed sonthe extent to which the tails of the momentum distribution
of the nuclei of interest to be transmitted simultaneouslycan be measured. For this reason, the measuremeRCof
such as**B and 1'C which were transmitted at the samp B *B and ’C consisted of 3 magnetic rigidity settings at in-
setting. Although other reactions and scattered particles frortervals— 1%, 0%, and 1% from the calculated momentum of
the contaminants arrived at the focal plane, the group ofhe core fragments. The reconstruction of the final momen-
events corresponding to the one-neutron breakup of the ndum distribution was performed using the acceptance map-
clei of interest was uniquely identified because of its uniqugping as well as the normalization of secondary beam inten-
time of flight and the specific setting of the magnetic rigidi- sity for each setting. An example of such a reconstruction is
ties of the A1200. The elastically scatter®d'Z nuclei were  shown in Fig. 1, taken from the breakup &iC on the Be
not transmitted through the last section of the spectrometearget. In the left spectrum one clearly sees the effect of the
because their momentum did not match the rigidity. limited acceptance for the overlap regions between the set-

C. Data analysis
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tings of the spectrometer. After correcti¢spectrum on the or not. If the initial shape is close to a Gaussian, then the
right), the overlap regions show a much better agreemeriransverse and parallel components are independent and
between each setting. there is no modification. If the distribution is closer to a

The limited angular acceptance of the last section of thé-orentzian, then a partial integration @f and p, in the
A1200 spectrometer can modify the shape of the paralleintervals |pyim|=(p,) X sinA6/2) and |py”m|=(pz>
momentum distributions after integration over the transversé< sin(A¢/2) whereA # andA ¢ are the horizontal and ver-
dimensions. However, this modification depends on whethetical acceptances, respectively, leads to the following line
the initial shape of the 3-dimensional distribution factorizesshape for thep, distribution:

o
)

_ 1 [pxnmarctarﬂ py|im/\/p§|im+(pz_<pz>)2+(ﬁ/P)Z]
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o
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where p is the decay length inversely proportional to the wave function to the internal solution obtained, e.g., from a
Lorenztian width of the distributionp=2#A/T". At the limit ~ Woods-Saxon wave functiors the range in momentum
wherep,;, andpy;i, go to infinity, the term in brackets does space obtained from the reduced mass and separation energy
not depend onp, anymore leading to a Lorentzian line through x=2uS,/% and y the argument of the modified
shape. These effects are studied in more detafllif]. In  gagsel functiong=b/x2+K2. The impact parameter is de-

medium acceptance mode, th® andA ¢ angular acceptan- ; ik dictribg it .
ces of the A120015] are 20 mrad and 40 mrad, respectively. ?gsfggn%y?c.) Ihh: fo;et:{gjti?n;h?rgm E%bll:;c]y:dlsinl;l;téomn:cor

These values are used with the modified Lorentzian Iine+2 tivelv the last being th £ tant. Aft
shape to fit the data and extract directly the Lorentzian width— respectively, the 1ast being the most important. Alter
corrected from the angular acceptance cut. It should be erﬁr_ltegratpn over the impact parameter, the differential cross
phasized that this method of extracting a width from the dat&€Ction 1S

is model dependent since it assumes a Lorentzian for the
shape of the distribution, which corresponds only to the case
of an 1=0 single particle wave function and assumes the

22
do _ o 1B b
3

(3k2+ k?)?(K2—K32)

absence of the shadowing effect discussed above. In the fol- dk, 8wk
lowing calculations, the effect of the geometrical acceptance
of the spectrometer is taken into account whenever relevant. +12K2(K2+ Kz)( K2—K2— zKle)
I1l. CALCULATIONS ¢
A. Hankel wave functions +3(k2+ K2)2( KZ—K3— ngKg) } : 3

The first calculation used in the comparison to the nuclear
breakup data uses Hankel wave functions which are the exact
solution of the Schrdinger equation outside the range of the Where the argument of the modified Bessel functisiss
potential. It is assumed that the radius of light targets is smalf=b i\ x*+ kzz. The minimum impact parametby,;, is the
compared to the scale of the wave function, which is ressum of the core and target radii, chosen to reproduce heavy-
placed by its value at the center of the target. The details ofbon interaction cross sections. The halo breakup cross section
the calculation are given ifl2]. The expressions derived can be deduced by integrating the differential cross section
analytically have been found to be within 1% of the resultsalong the parallel momentum axis.
obtained by a numerical calculation using a Woods-Saxon
potential[12]. We have extended the calculation to the case
of a d-state, needed for comparison with thé&C data. Fol- B. Shell model mixing and Woods-Saxon wave functions
lowing the notation in[12], we obtain for the probability

e : X In the second calculation presented in this paper, we have
distribution as a function of the momentum along thaxis P pap

used shell model calculations to determine the parentage of

and forl =2: the ground state to single particle wave functions. These
dW, oB2 wave functions are calculated using a Woods-Saxon poten-
TR SLBKE+ k) 2KE(x) + 12KE(KE+ kK (x) tial with radius and diffuseness parametegs-1.25 fm and
z 8wk a = 0.7 fm, the well depth being adjusted to reproduce the
+3(k§+ Kz)ng(X)] 2 binding energy. The localization effect is calculated numeri-

cally and yields parallel momentum distributions which are
in which o7 is the free nucleon cross sectidha dimension-  subsequently summed according to their relative contribution
less constant obtained, in principle by matching the Hanketo the ground state. For pure single particle ground states, the
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102 giving the best fit in a DWBA calculation also gives a spec-
5 s troscopic factor of 0.88. This spectroscopic factor is in line
1074 o 0d1/2 with shell model calculations. The ground state'® is 2,
= 10" - 5/2 resulting from a hole in the ff;,, proton shell coupled to a
Z 1054 £ single neutron in the 4,,, neutron shell. The neutron shell
5 © structure of B is therefore very similar to that ofC, and
5107 a shell model calculation yields a spectroscopic factor of
“a 1074 0.95.
10% The parallel momentum distributions &fC and 3B after
\ the breakup of°C and B on the Be target are presented in
1074 the top parts of Fig. 3. The momentum distribution fréfs

' ' ' ' breakup was measured simultaneously with 1@ breakup,

radius as 1B was transmitted as a contaminant in tH€ second-
ary beam. A fit to the data with a modified Lorentzian line-
1.0 < : . .
[ Ts,), free shape is used to extract the experimental witlthe also
-~ 1s, , localized Table Il). The dashed lines shown in the spectra obtained for
5 087 T nfree nuclear breakup come from dr=0 Hankel function calcu-
2 — lation with localization. A calculation using a Woods-Saxon
£ 0.6 potential gives very similar distributions. The effect of a pos-
2 sible d-component in the wave function is negligible at the
S04+ level of 10%, as it is the most supressed by the localization
S effect. Because the binding energies'et and“B are well
2024 known, there is very little error on the calculated width. The
L J \ . width of the vertical bar crossing the dashed curve represents
0.0 dmazzz o el e the error due to the mass uncertainty, and is less than the line
. ' ' ' ' thickness
200MeV/c  -100 0 100 200 _ : _
Parallel Momentum It is apparent from Fig. 3 that the observed parallel mo-

FIG. 2. 0des and 1s.., wave functions calculated in a Woods- MeNtUM distributions from the one-neutron nuclear breakup
it 512 1/2 - 15, 14 . . .
Saxon potential and their corresponding parallel momentum distripf C and B are. dlffe.rent f[:.)m tf}e FI)re.dICtﬁd shapes.hThls
butions with (dashed ling and without(plain line) a localization comes as a surprise, since this calculation has been shown to

effect. The calculation assumes a neutron separation energy of 97gProduce the morlnentum 8distributi0ns observed in the
keV. nuclear breakup of'Be and ®B [12,11]. In particular, the
wave function of1*Be is also known to be an almost pure
results are similar to those obtained with the Hankel calcuS-State, although with a different binding energy. The main
lation presented in the previous section. discrepancy with the calculation is found in the tails of the
Figure 2 shows an example of wave functions and thejfnomentum distributions, which correspond to smaller radii
corresponding parallel momentum distributions witlashed |n.spa.10|al coordinates. A closer look at Fig. 3 reveals that
line) and without(full drawn line) localization for Gls, and  this discrepancy seems more pronounced fa than for
1s,, orbits. The only part of the wave functions left at radii - B- These two facts suggest that the origin of the difference
greater than the cutoff are the exponential tails, which ardetween the observations and the calculations lies in contri-
essentially identical to the Hankel wave functions of the prebutions from the core. As the binding energy increases, the
vious section. Because of the centrifugal barrier, the tail ofize of the halo decreases and breakup reactions where the
the's orbit wave function extends farther out than that of theCOre gets excited become possible. For the cases that we
d orbit, and the localization effect leads to a greater reducdiScuss here, the halo still extends far beyond the core radius
tion of thed orbit momentum distribution than the orbit ~ Of @pproximately 2.5 fm. A calculation with Woods-Saxon
(the maxima of the distributions have been normalized tdVave functions for the halo neutron gives root-mean-square
unity in the figure to better show the width modification due "adii of 5.62 fm and 5.98 fm for°C and **B, res?ecnvgly.
to the localizatioh This means that even a small componentVery recent data were taken on the breakup & with
of s orbit in a wave function can play an important role in the ¥-rays detected in coincidence with the fragment. They sug-
final momentum distribution, whereasdacomponent would ~ 9€St that an important contribution in the neutron stripping

have to dominate in order to affect it. leads to the I state at 6.09 MeV in'“C, which has the
parentage °C ® 1s,,. This will explain the high-
IV. RESULTS AND DISCUSSION momentum tails of the distributions.
A. Breakup of 15C and 14B 2. Coulomb breakup

The bottom spectra of Fig. 3 show the parallel momentum
distributions obtained in the one-neutron breakupg¥f and

As can be seen on Table 1°C and B are the best B. The dashed curves show a Coulomb breakup calculation
known nuclei of our study set. The angular distribution frombased on the analytical expressions giveflifl]. As in the
the ground state of°C in the reaction'*C(d,p)*°C [1] re-  nuclear breakup data shown in the previous paragraph, the
veals the assignment 172 The set of optical parameters biggest discrepancy between the calculated and observed

1. Nuclear breakup
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FIG. 3. Left: Unnormalized parallel momentum distribution ¥6€ after the breakup ot°C on Be(top) and Ta(bottom) targets. The
dashed line in the top figures corresponds td-af Hankel function calculation taking into account the localization effect. The solid curve
in the bottom figures comes from a Coulomb breakup calculation using a Yukawa potee¢iaéxt Right: parallel momentum distribution

of 1%B after the breakup of*B on Be(top) and Ta(bottom targets. Th
here and in Fig. 5 are within the uncertainties of the calibration.

e deviations between the experimental and calculated peak positions

momentum distributions lies in the tails. This again suggestsorrection, here of the order of a factor 2, gives less precise
that core contributions may be responsible for the discrepestimates than was the case for the more loosely bdtBe
ancy, where reactions removing a neutron from the cor¢7,18].

rather than from the halo account for a significant part of the  The most striking feature, however, is that the measured
cross section. The mismatch in absolute momentum betweetoulomb cross sections given in Table IIl are factors 4—8
the experiment and the calculations is consistent with th@maller than the calculated values, whereas the agreement
uncertainty in the absolute calibration. , was essentially exact for the case HBe, bound by 0.5

_ The experimental Coulomb breakup cross sections afteje\/ since we neglect nuclear contributions to the reactions
integration over longitudinal momentum are given in Table,yith the tantalum target, the real reduction factor is likely to
lll, where they are compared with a calculation usingphe |arger. We believe that this primarily reflects the increas-
Woods-Saxon single-particle wave functions both for thejng influence of the giant dipole resonance with increasing
bounds-state and for the continuuprstates. For complete-  senaration energy of the halo neutron, 0.97 and 1.22 MeV for
ness we show also the absolute cross sections obtained witlag 5,4 15¢, respectively, so that we are seeing the onset of
a Yukawa wave functiorigiven as set JI the approximation  yhe gquenching of the low-enerdgl strength. This is quali-
that we used for calculating the shape of the momentungaively what is expected for the behavior of the soft dipole
distributions in Fig. 3. The difference in cross section of ;,54e of a halo nucleusvhich seems to be predominantly a
approximately 30% illustrates that introducing a ﬁnite'sizesingle-particle and noncollective modé more quantitative
comparison must, however, await the clarification of an ex-
perimental problem affecting the absolute normalization of
the cross sections for Coulomb dissociation.

TABLE Il. Measured FWHM of the parallel momentum distri-
butions expressed in the c.m. system. The width idtlparameter

given by Eq.(1).

This problem arises from the Coulomb deflection of the
projectile. If the average of the horizontal and vertical accep-

Nucleus Be target Ta target tance is taken to be 30 mrad, then the minimum impact pa-
] 57 + 2 MeVic 48 + 3 MeVic rameter becomes of the order of 20 fm, which cuts the cal-
5¢c 67 = 3 MeV/c 67 = 1 MeVic culated Coulomb cross sections by approximately a factor 2
lic 145+ 5 MeV/c relative to the values given as set 2 of Table Ill. We hope
19¢ 42 + 4 MeV/c 41 + 3 MeV/c soon to be able to carry out measurements with a spectrom-

eter with higher angular acceptance.
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TABLE lll. Measured and calculated cross sections. The nuclear breakup cross sections were calculated
by integrating the parallel momentum distributions obtained from the Hankel function calculations. The
calculated Coulomb breakup cross sections are based on pertubation theory and represent electric dipole
transitions from the bounststate to continuunp-states. The first set uses a Yukawa potential with finite-size
correctiong 18,24, and the second a Woods-Saxon potential. Note that the experimental cross sections are
not corrected for possible contributions from the angular acceptance of the spectrometer. The quoted errors
on °C are statistical only. For the other nuclei the dominating error is systematic and is estimated around
10%. Its two most significant contributions come from the beam monitoring which did not scale linearly with
intensity and the inhomogeneity of the reaction target.

Nucleus Beam Be Calculated Ta Calculated Calculated
energy target nuclear target Coulorf)  Coulomb(2)
1B 86 MeV/u 48 mb 112 mb 157 mb 447 mb 676 mb
5¢ 85 MeV/u 33 mb 120 mb 75 mb 394 mb 625 mb
ic 84 MeV/u 26 mb 37mb
%c 88 MeV/u  105+17 mb 84 mb 1.1+ 0.4 b 3.68b 452b
B. Breakup of *'C culations using the Hankel function solutions lead to widths

Little is known about the structure &fC. Its ground state  ©f 45 MeVlc and 142 MeV¢ for a s-state and al-state,
and an excited state at 2980 keV have been observed in f€spectively. These calculations point towards a predomi-
the reaction*®Ca(*®0,1’C) at 6.2 MeV/nucleorf19]. How- ~ nhance of ad component in the ground state of this nucleus.
ever, no spin assignment could be deduced from these datdowever, the shape of the parallel momentum distribution
Shell model calculations indicate that three closely space@@lculated for a purd-state does not match the observed one

low-lying states are expected, their order varying with the(see Fig. 4 _
interaction used in the calculations. Shell model calculations suggest that both thandd

The parallel momentum distribution of°C core frag- single-particle components are present in the ground state. A
ments from the nuclear breakup YiC on a Beryllium target calculation perfqrmed with the WBP interacti¢8|] predicts
is presented in Fig. 4. No useful data could be extracted fronkarentage coefficients of 1.58 and 0.16 to tigHand Is,,
the Coulomb breakup because of background coming fror@rbits respectively, assuming a coupling to thé &tate of
the contaminants in the secondary beam. The striking featuré C- The shell model ground state is 3/2nd theds, par-
of the spectrum displayed in Fig. 4 is the large width of the€ntage to the®C ground state is small. In this case the bind-
momentum distribution, which is fitted in the center-of-massing energy is augmented by the excitation energy of the 2
system by a modified Lorentzian line shape of width 45  state, which yields 2.5 MeV instead of 0.73 MeV. Because a
MeV/c, despite the relatively small binding energgee d-state wave function is more concentrated in the potential
Table ). The large discrepancy between this value and thdhan ans-state wave function, the localization caused by the
one found in our previous pap§2] is attributed to a poor reaction suppresses tilecomponent more than thecom-

identification of the'®C fragments in that earlier work. Cal- ponent. This effect counterbalances the parentage coeffi-
cients in the case of this calculation, and the two components

give comparable contributions. The resulting momentum dis-
tribution is shown in thick line on Fig. 4, and agrees remark-
ably well with the data. The corresponding FWHM is listed

with the experimental value in Table II.

600

C. Breakup of *°C

As in 1C, the low-lying states of°C are expected to be
0ds, and 1sy5,. Shell model calculations predict anstate
but some uncertainty remains due to the proximity of the
3/2" and 5/2" states. The3-decay of °C has been studied
experimentally{20] and delayed neutron emission to excited
states of*N have been observed. However, comparison of
the GT strength distribution with shell model calculations
0 does not allow a determination of the spin and parity of the

T T T T T T
6250 6300 6350 6400 6450 6500 19C ground state.

16C Parallel Momentum MeV/c)

400+

do/dp,, (arb. units)

200

o 1. Nuclear breakup
FIG. 4. Parallel momentum distribution 6fC after the breakup
of 'C on a Be target. The thin line corresponds td a2 Hankel The nuclear breakup of’C on a Be target was measured

function calculation. The thick line is the sum sfandd compo-  in our first experimen{2]. The data from that experiment

nents calculated with a Woods-Saxon potential and parentage coghave been revised, and the overestimated error bars have
ficients of 0.16 and 1.58, respectively. been reduced. The parallel momentum distribution?g
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the width of the parallel momentum distribution is much less

- sensitive to the mass determination B€, as indicated by
2 30- the horizontal error bar. The comparison of cross sections
= calculated with either as-orbit coupled to the 0 ground
'(% 20 state or the 2 state of'®C leads to the same conclusion. The
- first calculation yields 290 mb and the second 84 mb, com-
o pared to the experimental value of 1G5 17 mb (see also
T 10 Table Ill). The same result is also suggested by recent
< - ) coupled channel calculations performed using a deformed

0dZ" S Woods-Saxon potentigR1].

T T T T
6900 6950 7000 7050

8C Parallel Momentum MeV/c) 2. Coulomb breakup

50 The parallel momentum distribution fC from the Cou-
2 { | lomb breakup of*°C on a Ta target is displayed on the bot-
2 40- K tom of Fig. 5. The observed width is very similar to the
= nuclear breakup width, wih a modified-Lorentzian fit yield-
'(% 30+ ing a FWHM of 41+ 3 MeV/c. This width is in agreement
~ with the results from a recent experimdi22] where neu-
ar 207 trons from the breakup of°C have been observed. The two
3 curves are from a Coulomb breakup calculation similar to
-8 104 that of [18] using a Yukawa potential. The solid curve cor-

0 responds to the tabulatd@3] value of §,=0.16 = 0.11

me0 M0 ™60 MeV, and the dashed curve 8=0.6 MeV, value needed to
18 reach agreement with the data. The discrepancy between cal-
C Parallel Momentum (MeV/c) 1ag _ - pancy
culation and experiment suggests, as for the nuclear breakup
FIG. 5. Parallel momentum distribution &fC after the breakup ~ data, that the ground state wave function '6€ is more
of '°C on a Be targeftop) and a Ta targetbottom). The dashed complex than a simple-orbit coupled to the ground state of
line in the top figure corresponds to kR0 Hankel function calcu-  the 18C core. Although the error bar on the masse€ is
lation. The large uncertainty on the width due to the error on thequite large, it would have to be stretched by more thart
mass is indicated by a horizontal error bar at half maximum. Thegive reasonable agreement with the data.
thick line is the sum of andd componentsalthough thed com- The measured cross section is listed with the other results
ponent is negligible in this casealculated with a Woods-Saxon from this experiment in Table I1I. The two Coulomb breakup

potential and parentage coefficients of 0.49 and 0.08 reSpeCtivel%alculations (see Sec. IVA 2 were calculated using the

The curves in the'bottom part of the figure corrgspond to a.COUIomt\)/alueSn=0.16 MeV, and also overestimate the experiment,
breakup calculation using a Yukawa potential. The solid curve

15,
stands for the tabulated valug,S0.16 MeV and the dashed curve although by a smaller factor than fof8 and *°C. As already

for S,=0.6 MeV, value needed to reproduce the date text mentioned in Sgc. IV A 2, the discrepancy is 'I|nkeq to the
fact that a significant part of thE1 strength still is going to

the giant dipole resonance, but because of the large uncer-

fragments is shown on the top of Fig. 5. A fit t0 the tainty in the neutron separation energy, a more precise com-
modified-Lorentzian line shape yields a FWHM of 42 4 parison is not possible.

MeV/c in the c.m. systenisee Table ll. Although this width
clearly indicates a delocahzgtlon of the valencg neut.ron in V. CONCLUSION
the form of a halo, a comparison to &r0 calculation using
the Hankel wave function fails to reproduce the data. The In this experiment, we have measured the longitudinal
dashed line displayed on the top of Fig. 5 shows a muclmomenta of core fragments emitted in the one-neutron
smaller width, even though the large uncertainty on the massreakup of the following nuclei*’B, 1°C, ¥'C and!°C. Both
introduces a large error bar on the calculatialso displayed nuclear and Coulomb dissociations were investigated using
in the figure. Be and Ta targets, except in the Coulomb dissociatiot{©f

A shell model calculation using the WBT interaction pre- for which the background could not be removed. Little is
dicts a 5/2" spin-parity for the ground state dfC, corre- known about the two heavy carbon isotopes and our data
sponding to the coupling of an=0 valence neutron to the allow only a tentative interpretation.
2" state in8C. In this calculation, the separation energy of  The broad parallel momentum distribution obtained from
the last neutron is augmented by the excitation energy of ththe one-neutron nuclear breakup Y shows no halo for-
27 state, yielding 1.8 MeV. The parentage coefficients to thamation in this nucleus. With a separation energy of 0.73
1s,,, and sy, orbits are 0.49 and 0.08, respectively. Be- MeV, this suggests a halo suppression due to the centrifugal
cause thel component is so weak and more suppressed byparrier. Indeed, the spin-parity of tHéC ground state is not
the localization effect than the component, it can be ne- well established, and shell model calculations indicate that
glected. The momentum distribution calculated using ahe 1/2", 3/2™, and 5/2" levels are very close. A calculation
Woods-Saxon potential is displayed on top the data in Fig. ®ising parentage coefficients obtained from the shell model
and is in better agreement than the0 Hankel calculation. gives the best agreement with the data for spin-parity of
Due to the larger separation energy of the valence neutror@/2™ arising froms- andd-state neutrons coupled to the first
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2% excited state of'®C. However, this agreement is still is provided by the heavier analogéB and °C that have
uncertain due to the large error bars on the data. Clearlffirmly established assignments. They are asstates, but
better statistics would be desirable in order to distinguish théhe neutron separation energies are higher by factors of 2 and
shape of the parallel momentum distribution and make &.4, respectively, and the quenching ¥B and '°C disso-
more sensible comparison to the calculations. ciation probabilities is, as discussed above, clearly much

With our previous measurement on the nuclear breakup dfirger and suggests a return towards normal nuclei for which
19C on Be targef2], this experiment completed the prelimi- the major part of the electric-dipole strength is shifted to the
nary program by observing its one-neutron Coulomb breakupegion of the giant dipole resonance. There are two reasons
on a Ta target. The observed width is very similar in bothwhy it is difficult to make quantitative evaluations of the
breakup processes. The analysis of these data is complicatgdenching on the basis of the present data. The first is that
by the large uncertainty on the mass of this nucleus, anthe technique used here is expected to introduce acceptance
further experimental progress in that direction would be wel-effects that make the absolute Coulomb cross section uncer-
come. As in the case of'C, the ground state properties of tain and the second is that the smaller Coulomb cross section
19C are not well known, and shell model predictions varymakes it necessary to correct for the nuclear dissociation,
from one interaction to another. The nuclear breakup data dhich clearly must contribute also for the tantalum target.
not seem to be consistent with arground state coupled to The conclusion is that the shapes of the momentum distribu-
the ground state of°C. Rather, an=0 ground state coupled tions confirm the picture that has emerged from studies of
to the first 2" excited state of*¥C seems to give the best 1Be and other halo states, but that more precise experiments
agreement with the data, although a large leeway is allowe®ith improved techniques are required are in order to under-
by the large error bars on both calculations and data. stand the absolute cross sections.

For Be, the best studied case of a single-neutron halo in
an |=0 state, the Coulomb dissociation cross section has
essentially full single-particle strength, and the comparisons
in [7,18] suggest a spectroscopic factor of the order of 0.8, The authors are indebted to H. Esbensen for providing the
consistent with 10—20 % of th&Be (2*) ® 0ds;, compo-  Coulomb breakup calculations. This work was supported by
nent in the 1/2 ground state. An interesting contrast to this NSF Grant No. PHY95-28844.
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