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Simple model of neutron “halo nuclei”
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Analysis of experiments with radioactive beams frBife to 2°C have yielded rms matter radii of neutron-
rich nuclides. These radii increase more rapidly tAdf, suggesting the existence of neutron halos. We have
used a single-particle potential model to compute these radii by adding the radius of a valence neutron in
quadrature with that of the core. This radius is then taken to be the core radius of the next isotope, etc. The
resulting radii are in reasonable agreement with reported values obtained with various models of reaction
mechanism and nuclear structuf80556-28186)04009-3

PACS numbd(s): 21.10.Gv, 21.60-n, 27.20+n

INTRODUCTION ously reported in the literatureThen we proceed to deter-
mine the valence rms radius ) using the Woods-Saxon
In the last ten years there have been many experimentsell to correctly bind the valence neutron ffi. Using the
with beams of light radioactive nuclei. Measurements of in-r,, of ®Li as the core radiusr() in ’Li, we compute the
teraction cross sections by Tanihateal.[1] for neutron-rich  matter radius ofLi via the equatior{7]
nuclei such a$He and!!Li yielded nuclear cross sections
that were considerably larger than expected forAdfi de- A—1 1
pendence. Since then, experiments have been carried out rzm(A)=T |r§+z Fﬁ} 1
with many neutron-rich radioactive beams. There have been
many papers interpreting these cross sections in terms of t ' 8 - L
rms )r/a%iipof the nul?:lidesgand different models of the nuclear'* <, then fmdrm for "Li by coupl7|n_g its valence neutron
structure of the projectiles and models for the interactior2dius t0 the just-computed, for ‘Li, etc. In cases where
process ranging from pure mean-field approfiZhto ones the orblta_ll of valence neutron is unc+erta|n, we present pos-
with empirically adjustable parametdf3]. There is general Sible choices as for exanl?le fﬁB?fo ) \évrere it could be
agreement that single- or double-neutron binding energiedS, 1p, or 1d coupling to""Be 3", 3, or ;" cores.
play a dominant role. However, the resulting radii for many, This procedure fails when the core nucligich asHe,
nuclides vary appreciably from paper to paper. For compari- Li, €tc.) is unbound. Therefore to computg for ~Li, e.g.,
son, we present a simple boot-strap model in which the rmwe use &Li core and assume that thedinding is equally
radiusr, of the valence neutrorobtained with a Woods- shared by the two neutrofg,8,9. Then, usingd(2n)/2 for
Saxon well and a core radius, are combined in quadrature each, we find, and then useA—2)/A and 2A in Eq. ().
to yield a matter radius,,,. This approach allows configura- ~ Our results are presented in Table |. After the mass num-
tion admixtures of the valence neutron to be simply examber A and the spin of the nuclide are the core and its spin,
ined. followed by B, , the valence binding. The angular momen-
Recent fragmentation experiments which determine theum |, of the valence neutron is then used to determine the
momentum distribution of the neutron support our methodradiusr, in a Woods-Saxon well. The well parameters used
for r,. In the experiment of Kellyet al. [4] with *'Be(;"),  throughout were ,=1.25 fm,a=0.65 fm, andV,;=0. (The
the momentum distribution of the valence neutron correpregicted radii are insensitive to moderate changes of these
sponds to that of_ agneutron bound in a Woods-Saxon well; arameter$.The eighth column lists the core radiys(r , of
the.valence lréadms is 6.5 fm, much larger than the 2.3 fn,4 preceding isotopeThe next column gives the ratio of
rad#]s %f the_ Be corfe.h liah ich leii as h tor, for later reference. Our computed matter radius is in the
e description of these light neutron-rich nucleii as A%enth column. The remaining columAs-F list values ofr

ing a "halo” or “skin™ implies that the charge radius in a which have been reported in the literature. Our results are

:r%toa%gesdeq(ge?(r:ﬁo:jeerlnzlnsl'cetslse;;Isal%e(:sotnhs'tsanlflz;frenee-g{org o0 presented in Fig. 1, viz,, vs A for each element, dis-
- U xplcitly u IS. laying our values and the reported values.

calculations indicate that this is a fair approximation. Bertsc
et al. [2] find, for example, that the charge radii f@Be to
14Be changes by at most only 0.14 fm, whilg, varies by COMMENTS ON TABLE | AND FIG. 1
1.52 fm. Liatardet al. [5] find a change of charge radius
betweerrBe and!*Be of only 0.07 fm, while Tanihatat al.
[6] find that the change fdlHe to®He is 0.13 fm, whiler
changes by 0.83 fm.

(a) He isotopes. FofHe, we assume the average of Col-
umnsA andB. The reported values féHe range from 2.46
to 2.75 fm; our result coincides with their average. Bide,
ours is about 0.4 fm above the three reported values. The

qualitative agreement is quite satisfactory.
BOOT-STRAP MODEL (b) Li isotopes. FofLi we took 2.30 fm, a simple average

We start with aT =0 (or T=12) core such aéHe, °Li, ‘Be,  of the reported values. The comparison f&rli is fair ex-

etc., whose rms matter radius,)) is “known” (i.e., previ-  cept for the calculations of Bertseh al.[2] (columnE). Our
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TABLE I. Computations of rms matter radii of neutron-rich nuclides.

Nucleus JZ Core J. |, B, ry re (:_ F'm A[3] B[1,6] C[5] D[16] E[23] F[15]
C
“He o 1.58 157 1.59
He 0" “He 0" 1 038 474 158 296 258 246 252 2.75
He 0" ®He 0" 1 4 418 258 161 288 246 255 2.55
OLi 1* 220 235 246 250 203
Li 3= % 1t 1 725 281 230 122 234 225 235 238 251 207
8 2t i ¥ 1 203 366 234 156 250 247 238 258 260 218
oLi = 8% 2 1 406 322 250 129 257 259 232 253 250 222 245
0 220 103 257 401 461
Hj I W S| 250 6.38 257 248 3.38 315 310 278 305 285 3.26
2 050 417 257 162 283
Be 3- 234 233 245  2.09
Be 3= Be ¥ 1 26 272 2306 118 232 232 238 253 259 218
1%8e 00 *Be ¥ 1 681 296 232 128 237 240 228 248 243 225
HBe it Be 0" 0 050 7.06 237 298 3.02 292 271 3.04 277  2.90
Uger 1= 1%Be 0" 1 018 6.18 237 260 285 2.72
. MBe 3" 0 317 425 302 141 312
"Be 0" g Ly 39 344 285 121 291 204 257 282 2.57
1.12
1ge 0" 1%Be (2) %12 i:gg ;:gi i:ig g:g; 301 311 3.36 3.61
10 3" 2.42 2.56
] 3= 8 3" 1 1145 272 249 109 250 2.41 2.61
] it "8 ¥ 1 337 346 250 1.38 258 253 235 272
] 3= B 1t 1 488 327 258 127 264 263 246 275
_ .. 0 097 586 2.64 222 297
‘8 2™, g 380 264 147 274 273 240 300
3 _ 0 277 466 297 157 3.08
B r B2 2 277 353 274 129 280 209 240 261 2.0
0 1% 658 2.80 235 3.40
7B 3= g 3 2 1% 411 280 145 295 3.00 4.10
2 L 411 3.08 133 319
¢ o* 236 232 248 2.47
8¢ - ¥ 0" 1 495 325 242 134 248 2.45 2.42
e of ¥ 1 1 818 3.00 248 121 251 2.46 2.50
5c 37 Yc ot 0 122 553 251 221 279 2.74 2.78
(*c*) 2 Yc o" 2 048 415 251 165 264
16c, of ®c 3" 0 425 405 279 143 287 »76
16c, 0" cr 3 2 499 336 264 127 267 ' '
c, st 1&¢, ot 2 073 411 2.87 143 295
c, st 18, ot 2 073 411  2.67 150 277 02 3.04
8¢, of Yc, ¥ 2 419 351 295 1.19 2.98
8¢, 0" Yc, 3 2 419 351 277 129 281 282 2.90
¢ it 1%, o" 0 0.1611)° 1073 281 36 3.53%%% 3.75
20c ot ¥c 1t 0 ~334 ~437 ~353 ~1.24 ~3.56 3.05
22c ot 2c of 2 (L™ 440 ~356 ~1.23 ~3.62

2)

@Average of reported radiiXA—F) of core nuclides.

®Audi and Wapstra, Nucl. Phy&565, 1 (1993.

values are about 0.3 fm larger than RgH] for 8784 and
about 0.5 fm larger fot'Li. The difference originates mainly
from the radius fofLi, which we take from experiment, but

which is calculated in Ref2].

In Fig. 1 we plot the”’=1 results for the individual nucle-
ons of the neutron pair if'Li. However, recent papers by
Benensori10] and by Zinseeet al.[11] suggest that the two

neutrons could be an equal mixture ofp)f and ()2 Cal-

culation assuming (9?2 leads tor,,=4.61 fm, completely
off scale in Fig. 1, arguing against an appreciable admixture

of (2s)2. However, recent calculations by Browt2] lead to

an admixture of 61% ()% 26% (1d)? and 13% ()2
These yield a weighted,, of 3.40 fm, the d and X com-
ponents offsetting each other. Recent measurenjéftsof
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FIG. 1. Plot ofr, vs A for He, Li, Be, B, and C isotope¢see Table)l

the momentum distributions St.i arising from the breakup in B or !’B, these might be halo nuclei. Shell model pre-
of a'!Li beam(similar to the!'Be breakup of Refl4]) lead  dictions would be interesting.
to the conclusion that there was an extended neutron distri- (€) Carbon isotopes. BeyondC, the 2 and 1d orbitals
bution with an rms halo radius of about 5 fm, which is not are available. The odd-nuclei can havé™=3" or 3", while
inconsistent with an, of 6.31 obtained with Brown’s con- for evenA there can be a mixture of * and (1d)% Con-
figuration. sequently, we designate the nucleg whers)2components

(c) Be isotopes. Our starting point is the average of remay occur by the subscript 1, e.g%C, and subscript 2 for
ported values, 2.30 fm, fdBe. The tight 21 binding in%Be  Pure (1d)™". One can see that the changerjpis small and
leads to a barely larger, of 2.32 fm. The weak binding of both are in good agreement with gultglllshed results. Recent
the 25 neutron of the'!'Be ground state yields an, of 7.1 fragmentation meas%remerﬁtm] for =" ’13: show momen-
fm, consistent with the findings of Ref4]. As in the Li tuml;j|str|but|ons for*C consistent with; " and sugges§
isotopes, our results parallel those of Bertstfal. [2] for ~ for - ‘C. We adopt these assignments, but note tharg for
910.18e put are 0.14-0.25 fm largéas a result of the core for *'C,, r,=3.00, in excellent agreement with columAs
radius for Be. andC, but is disagreement with the measurements Refl.

For *2Be, if we assume thep,, shell is filled, our values However,i; for *C yields a smalf ,,~3.0 fm. Our valence
of r,, are about 0.35 fm greater than the reported valueg@dius for™C(3) is about 10 fm, larger than 645.9 fm of
Fortune, Liu, and Alburgef9] recently reported on the Ref.[14], probably a difference arising becaus%(ﬂéys
1%Be(t,p) ?Be reaction and concluded tH4Be has compa- 0-1611) MeV, while they use 0.2483) MeV. For “C(; ),
rable (sd)? and (p? components. The,, values for ()2  Ourr,is 4.1 fm, while tlzwey report 3(6) fm. For=“C we find
and (X)? are tabulated. "Be(3") is unbound, but using rm:32’.56 fm for an (3) conflguratlon and about.3.1 fm for
592 hound toX%Be, we estimate 2.84 fm for,,. Thus a (1d)2; the _reported v_alue is 3.05 fm, suggesting a major
mixture of all three components would still be too high. Con-(1d)” amplitude. Detailed shell model calculations would be
sidering®?Be as (1)? coupled to'%Be yields a more com- interesting to compare with our computations. .
patible radius of 2.61 fm. In Ref2], an admixture of 71% N view of the appremable variation of reported values, it
(2s)2 and 29% (H)2 was used. This admixture yields IS evident that_ there is no unambiguous way to dedLH;e
r.»=3.47 fm, in fair agreement with columr@ andE. Our fr(_)m the experlr_ne_ntel data. Therefore an _ove_rall comparison
overall qualitative fit to the reported values for the Be iso-With our model is limited to generally qualitative agreement.
topes is good, showing the large change$'Be and'“Be. The basic expenment_al data which Iead_ to calculetlons of

(d) Boron isotopes. The agreement for=10-13 is good. 'm have b_een the experimental cross sections obte}lned from
For 1B where we expect either as2r 1d neutron, values {transmission me_asurementéor equivalent techniquées
are computed for eachi. Unfortunately the reported values These cross sections, for complex nuclei, are generally as-
cover the range for both. However, foPB, the reported Sumed to be
values suggest d? configuration. For'’B three configura-
tions are computed. Of the reported values, one agrees with o1=m(Ry+ R)?,
d* while the second goes off scale in Fig. 1. If we assume
1p and 1d filling, there is no suggestion of overly large whereR, andR; are the “interaction radii” of projectile and
neutron radii. If, however, there is appreciable@imixture  target[1,2]. The various values af,, inferred fromR, and
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FIG. 2. Plot of ¢,/rc) vs A for various isotopes. Isotopes for which this ratio is greater tharare considered halo nuclei.

listed here were based on models for nuclear densities whidi7], namely, when there is a loose coupling between a core

were then usually used in Glauber-type interaction models tand valence particle or particles. In these cases, one observes

either deduce or fit the experimental interaction cross sedarge collision cross sections and narrow neutron momentum

tions orR,,. distributions[4,13,14. Tanihataet al. [6] reported on rms-
Tanihataet al.[1,6] used Gaussian or harmonic-oscillator calculations for‘He, ®He, and®He and conclude thaiHe

densities and fred-N cross sections for point nucleons. consists of an inertx core plus two neutrons, wherefide

Effects due to binding were not included. Bertsethal. [2]  does not have an “inert®He core; they suggest that not all

used Hartree-FockHF) theory modified to account for bind- neutron excessesking are to be classed as “halos.” Csoto

ing energies. Their matter radii were also calculated with{18] finds agreement with them fGHe.

point density operators. As the actual nuclear radii require In our model it is simple to identify Riisager halo nu-

folding of nucleon sizes larger values would result than thosélides. Figure 2 is a plot of ,/r.. For most nuclides this

listed in columnsB and E. Sagawa[15] also used the ratio lies between 1.1 and 1.6. Then after a large gap we find

Hartree-Fock model including spherical shell model occupaHe(2.96), M'Li(2.48, and™'Be(2.98. Figure 2 suggests that

tion probabilities; the valence neutron was treated separatelyBe(2.40, ““B(2.22, *'B(2.35, 1°C(2.21), and"*C(3.36) are

to account for its binding energy. Bargf al. [16] use a  Riisager nuclei.

Woods-Saxon well for the last neutron, incorporating this Our model can easily be used to look for Riisager nu-

with HF theory for the core particles. clides in other isotopic series. A preliminary look at nitrogen
Two of the listed papers use models with parameters adand oxygen(pending shell model predictions of configura-

justed to fit observed cross sections. Liatatdl. [5] use a  tions) yielded values of , in good agreement with Liatard

simple model in which MS proton and neutron radii areet al.[5].

added(weighted byZ andN) to yield the MS matter radius. ~ For N to ?’N, the assumption of eithers2or 1d yielded

The former is obtained from HF calculations while the latterabout the same,,. This varied smoothly witiA and is well

is adjusted to reproduce the measured cross sections. Lassétied with anr (of the uniform model of 1.382) fm. The

and Lombard 3] decompose the nucleus into a core and ahighest ratior /r. is 1.65 for a 2 component of ®N, while

weakly bound cluster, arriving at a two-parameter expressioifor the others the ratio is about 1.3.

involving each cluster, and its binding energy. The two con- For *°0 to %0, r, was again insensitive to orbitals 2r

stants are adjusted separately for each isotopic series &l and arry=1.331) fm yields a satisfactornA dependence.

maximize the fit to experimental cross sections. We note thathe largest /. is 1.53 for®*O if its spin is3*, the remain-

as some measure of comparison between models, about 7098r having a ratio below 1.3. FGrO, however, the low

of our radii agree within 0.10 freroughly 3—5% with each  neutron binding leads to,~9 fm andr /r. of 3.2 for a &

of the above two empirical mode[8,5]. orbital. If 2%0 also involves the € orbital, the high binding

yields a lowr,/r.=1.29. Thus fragmentation ofO (and
perhaps®N and 25O) would be interesting to investigate.
COMMENTS

. . . CONCLUSION
Our model is perforce a “halo” model in the trivial sense

that onlyr , the rms neutron radii grows with neutron excess. Some puzzling problems may result from the weak bind-
A more unique meaning to “halo” is suggested by Riisagering of the Riisager nuclides, such as the structurebf,
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which is barely stable against two-neutron decay. However21], or the astrophysically interesting reacti¢fLi, 'Li)
only conventional shell model techniquils7,19 have been [22]. Fragmentation experiments, such'#8e—!°Be+n [4],
used here, but the final answer is not at hand. Furthermorafford exceptionally convincing support for the single-
only conventional reaction theory has been used to interprgiarticle model. While our extreme model is a far cry from
nuclear reactions such as stripping or pickup involving these¢he conventional mean-field approach, it illuminates the ba-
neutron rich nuclei, e.g?He(t,p) ®He [20], °Be(d,p)!'Be  sic properties of halo nuclei.
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