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Breakup reactions of 'Li within a three-body model
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We use a three-body model to investigate breakup reactiorsLof(n+n+°Li) on a light target. The
interaction parameters are constrained by known properties of the two-body subsystertis thieding
energy and fragmentation data. The remaining degrees of freedom are discussed. The projectile-target inter-
actions are described by phenomenological optical potentials. The model predicts dependence on beam energy
and target, differences between longitudinal and transverse momentum distributions, and provides absolute
values for all computed differential cross sections. We give an almost complete series of observables and
compare with corresponding measurements. Remarkably good agreement is obtained. The relative neutron-
°Li p-wave content is about 40%. prresonance, consistent with measurements at about 0.5 MeV of width
about 0.4 MeV, seems to be necessary. The widths of the momentum distributions are insensitive to target and
beam energy with a tendency to increase towards lower energies. The transverse momentum distributions are
broader than the longitudinal ones due to the diffraction process. The absolute values of the cross sections
follow the neutron-target cross sections and increase strongly for beam energies decreasing below 100 MeV/
nucleon.[S0556-281®9)02103-7

PACS numbg(s): 25.60.Gc, 21.60.Gx, 21.45v

I. INTRODUCTION but the neutron distributions within this approach are only
reported for two-neutron halos if24], where the two-

Large efforts are devoted to investigate the properties ofieutron removal cross sections and the related momentum
halo nuclei[1,2]. In particular two-neutron halo nuclei have distributions are nicely described. However, an alternative is
attracted a lot of attention witlPHe (n+n+%He) and to improve the physically intuitive geometric picture estab-
i (n+n+°Li) as the most prominent examples. Theselished by the successful sudden approximation. The next step
nuclei are also Borromean three-body systems, where aih such a description then amounts to instantaneous removal
two-body subsystems are unbouf®l4]. The two neutrons of one halo particle(participant while the remaining two
(the halg are weakly bound to an ordinary nuclethe particles(spectatorscontinue to interact on the way to de-
corg. The halo is spatially extended and the two neutrongection. This modification has only little influence on the
have a high probability of being outside the core. The corecore momentum distribution but affects significantly the dis-
and halo degrees of freedom then approximately decoupliibution of the lighter neutron. Several authors suggested
and three-body models provide a good description of suclhat this final state interaction between the spectators plays
systems. an essential role, especially when low-lying resonances are

The most detailed properties of halo nuclei are obtainegresen{10,19,29. Indeed computations then reproduce the
by measurements of fragment momentum distributions irmeasured momentum distributions remarkably well when the
breakup reactions on stable targéfs-17]. The projectile  final state interaction in a consistent calculation is precisely
energy in these reactions is very large compared to the enethe same as in the initial three-body wave functj@d,22,.
gies of the intrinsic motion of the nucleons in the core, whichin addition the model also fairly well describes the invariant
in turn is much larger than the binding energies of the spamass spectra for the two-body system consisting of the core
tially extended halo particles. Such high-energy reactions arand the remaining neutron.
tempting to describe in the sudden approximation where the This successful model requires, however, a better justifi-
three-body binding is removed without disturbing the motioncation. The sudden approximation assumes that the transition
of the constituent particles. The three halo particles continuamplitude is proportional to the overlap between initial and
their motion independently without any further interaction. final state wave functions and the momentum distributions
The resulting momentum distributions then reflect the mo-are simply proportional to the square of this overlap. The
tion in the initial halo bound state of the two neutrons andparticipant-target interactions, implicitly used, are described
the core. Thus the unchanged initial three-body wave funcas the schematic black sphere scattering where only absorp-
tion should describe the observed momentum distributiongion is considered. The obvious improvement is to use the
The Fourier transform of the wave function indeed approxi-phenomenological optical model to describe the interaction

mately reproduces the core momentum distribufidrl8—  between the participant and the tar§26,27. The qualita-
22]. However, the calculated neutron distributions are sigtive improvement is then inclusion of elastic scattering in
nificantly broader than measured. addition to absorption.

Improvements using Glauber theory are possjlg 24, At the high energies, where these models mostly are
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tested, neutron elastic scattering is about three times smaller
than neutron absorptidr28]. However, the neutron momen-
tum distribution is much broader for elastic scattering than
for absorption. The contribution from neutron scattering is
therefore important. Whether the predictions would agree
with measurements still remains to be studied systematically.
The first important step is to assume that the optical model
describes the interaction between the target and the partici-
pant whereas the spectators remain undisturbed by the target
but still continue their motion under the influence of their £, 1. sketch of the reaction and coordinates used. The target
mutual interaction. The complete three-body breakup reags jabeled by 0 andi,j,k} label the particles within the three-body
tion is then described as a sum of these three independepiojectile. Compare with Eq(1).
contributions. We then neglect processes where two or three
halo particles interact simultaneously with the tar@&,27]. Il. MODEL AND METHOD

The three-body model is strictly only valid for structure-

less particles. The effects of extended density distributionseI:artheefpsr:glllytaerxtgpgfi.tr;]reeei;g?dy ?ﬁg)n ﬁﬁgiderzb\gmta
for the constituent particles are small when the major part of IVely 9 '9 gy P Ly

R ) . hat more than one of the constituents interacts strongly with
the three-body wave function is outside the radii of all thetihe target is small. The differential cross sect'cdm('i)s then
- . . 0 a good approximation a sum of three terths'"” each
completely satisfied for halo nuclei. The mgdel Is then Onlydescrgijbing thpepindependent contribution to the process from
accurate_ for the oqter part of the wave function. Furthermoreme interaction between the target and the halo paiitidiais
the spatial extensions of the particles and the target allovg he assumption used in the classical formulation for a
geqmetrlc conflguratlons where more than one halo partlclgveamy bound projectil§32]. We neglect the binding energy
during the collision must get close to the target. These congs the initial three-body bound state compared to the high
figurations should be excluded in the process. For onegnergy of the beam. The reaction is then described as three
nucleon halos this so-called shadowing effect is known tgarticles independently interacting with the target as if each
produce smaller absolute cross sections and narrower m@article were free.
mentum distributiond29-31]. For two-neutron halos the The process is described as removal of one patritigber-
shadowing effect was included through profile functions inticipany while the other two particle$ and k (spectators
sophisticated Glauber calculations of three-body fragmentasoth survive the reaction undisturbéske Fig. 1 The par-
tion reactiong 24]. We account for shadowing by excluding ticipant is either absorbetstripped or elastically scattered
the participant wave function inside spheres around the twédiffracted by the target. The final state then consists of two
spectator$26,27. independent subsystems, i.e., the target plus participant and
The model then consists of an initial three-body halothe two spectators. The interaction in the final state between
state, reactions caused by the participant-target optical potef2€ two spectatorsandk must be the same as in the initial
tial, a final state with two independent two-body systems!three-body bound state. This consistency is previously only
i.e., the two spectators and the participant-target, and shadePorted in Refs[21,22. ,
owing which excludes the wave function within spheres e shall first show how to compute fragmentation cross
around the spectators. The differential cross sections are th ctions O_f two-neutron halq r_1uc|e| on light targets v_vhere the
products of the participant-target cross section and the squa o_ulomb Interaction is neg.I|g|ny small_. We then prlefly de-
of the overlap previously used in the pure sudden approxi-Scrlbe how the wave functions in the initial and final states
. . are constructed. Finally we give the various interactions used
mation. The results from the successful sudden approxima- .
. . .In the calculations.
tion are essentially recovered, but the model now also, via
the optical potential, contains dependence on beam energy .
and target, distinction between longitudinal and transverse A. Cross sections
momenta and also absolute values of all the cross sections. The masses and the coordinates and their conjugate mo-
The purpose of this paper is to investigate the breakupnenta are denoteah, r, andp, respectively. The three halo
reactions of !Li within the three-body model sketched particles and the target are labeled{byj,k}={1,2,3 and 0,
above. We shall show systematic computations of a numbeespectively. The relative coordinatgg, roi, rijx, Rand
of observables and predict or compare with measurement®’, see Fig. 1, are defined by
The results are then all correlated as arising from the same

model with one set of parameters. In Sec. Il we descibe the k== Toi=lo—ri,
model and the method. In Sec. Ill we compare our results

with the available experimental information and select an m;r;+myry
interaction with corresponding shadowing parameters which ri,ik:ri_W*

best fits the experimental data. Section IV presents predic-
tions for a number of observables including their energy de-
pendence. Finally Sec. V contains a summary and the con-
clusions.

miri+mjrj+mkrk
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Let us now first consider elastic scattering of the partici-
panti by the light target. We denote the initial three-body
projectile wave function by O™)(r;, 1, ), whereJ andM

The corresponding conjugate momenta are analogously dére the total angular momentum and its projection onzthe

noted bypjk, Poi, Pijks Pojjk andpo; jk, 1-e.,

MyP; — M; Py
mk+ m]

M;Po — MoP;
m0+ m;

ik ™ v Poi= ,

(mj+my) pi —mi(p; + Py
m; + m; -+ my ’

Pi k=

(m; +m; +my) po—Mo(p; +pj + Pr)
Mo+ My +m, +m,

P= pOle_

(m;+my) (Po+pi) — (Mo+m;) (P + Pr)
Mo+ m;+m; +my '

)

Poi jk=

axis. The final state outgoing distorted wave functions of the
independent participant-target and spectator two-body sub-

systems are respectivel&fﬁi;) and q’)gk:)z , where s;,
0i i

=5+5,2x=2;+2 ands; and; are sp|n and projection

quantum numbers of particle The corresponding spin func-

tions AreXs;s/s Xs; 3 where we for convenience assume a
|

zero spin target. The participant-target interactionVig,
where we only consider a light target. A possible Coulomb
interaction can then be neglected.

The transition amplitudd” of the process, where par-
ticle i is elastically scattered by the target while partigles
andk are undisturbed, is most conveniently computed in the
center of mass system of the three-body projectile. Using

. . momentum conservation we obtain
These momenta are related in the same way for the flnam

states. We use primes to indicate the final state and may T = <¢(0l+> (ik+)
therefore add primes on all momenta in E2). In particular

P and py are the relative two-body momenta armi
Ep{)”k is the conjugate oR’ in the final state.

We can now easily express the individual momenta in
terms of three relative momenta and one absolute momemetween initial and final states of the spectawrg
This

tum, for examplepjc, Poi, Pojjx and p,+pJ+pk

eiP’R’ Vo | T OM) i PRy 6
polg pksjkzjk | 0|| R> ( )

This amplitude basically factorizes into participant-target
elastic scattering transition amplitud‘éo'), and the overlap

would be natural for the initial state whereas it is more con-

venient to use the beam momentum g@\d pg, P’ inthe
final state. We shall work in the center of mass system of the

projectile where the beam momentum 4sp, and p;+p;
+p=0. Using total momentum conservatiop,=po— p/

—pj — Pk, we obtain the individual momenta in the final

state as
!
o = pl— m;P m; Py
R mimy - mo+my+my+my
, m,P’ MyPo
P 7Pk mm +m+m;+m,’
j k Mo+ M+ m;+my
m; P’ miPo
pi/: _p6|+ | I '
Mo+ m; Mo+ m;+m;+m
moP’ MoPo
Po=Po; + - )
Mo+m; Mo+ m+m;+m

. kE kE 1
l.e
(i) = (0i) np(IM)
T ; Ty s Mg 3,5, )
0i+
_<¢( i )|V |e|p0,rO,st> ®)
MEM = Gk+) iprr (IM)
SikZ (k2 <d)pksjk Jke "'k"JsziEiN’ ) 9

In breakup computations, where only absorption is included
in the sudden approximation, the transition amplitude is pro-
portional to the overlap & (J'V') , see[21,27. This previous

approximation is therefore Stl|| valid provided the elastic
scattering process can be neglected. If furthermore the final
state interaction between the two spectators is neglected the
overlap in Eq.(9) reduces to the Fourier transform of the
projectile wave function ®™), This is the approximation
used in the first attempt to understand these fragmentation
reactiony 3,18-20.

The differential diffraction(elastic scatteringcross sec-

The process is described as a participant-target reactidion is then given by
and two undisturbed spectators, i.e., momentum conservation

dictates that

P +Pc=Pj+P; PotP =Potpi- (4)
In the rest frame of the projectil®,+p=—p and p;
=pi,jk- Then Eq.(4) can be rewritten as
, m; +my
PLk=P" = Iy + My + Myt moe”
00— m; +m;+my mq - 5

m;+m; +my + Mo m+mg

27T 1 5(E0| EOi)
hov  2J+1

(0 MM
x X 2 Ty Mg s,

MSJKEJKE

d90_(|

2
dvl, (10

wherev=pqy/mg is the velocity of the target seen from the
projectile rest frame ané = po,/2,u¢0I and Ej = p(’,?/zﬂm

are the relative energies of partidleand the target in the
initial and final states. We use here the nonrelativistic ex-
pressions, since the optical model is nonrelativistic although
obtained through a relativistic procedure; see the discussion
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later in the paper. The reduced mass of particend the elementMgfk’\g)jkEi from [22] (modified to account for shad-

target is here denotefly; . Then energy conservati(?)n_ de- owing by omission of the unwanted configuratipasid the
mands thaipgi|=[p;[. The density of final statedvi” is  two-body elastic and absorption cross sections determined by
given by the optical model phase shifts. A target with zero spin, e.g.,
3 3 3 an even-even nucleus likEC, and a neutron with spin 1/2
(i d°pp  d7py AP as the participant particle is of particular interest for halo
{= : (11 .
(27h)3 (2mh)3 (27h)3 nuclei. We then havg33]

The differential diffraction cross section in E(LO) can 3o (poi—ph)  S(Ef—Eqgi) ,
now also be rewritten in factorized form. When the partici- do! = 2 (9(poi, 0)|
panti has spin 0 or 1/2 and the target has spin 0, we get, as Poi Hoit
shown in Appendix A, the expression +1h(poi, 0], (16)

d% 5 (P’ pjy .pG) _ a3 (poi— Phi)

M(P1 ik Pji) |2, i T C(1+1/2)
dP’ dpj,dpy, dpg; M(Pj Py oe(Po)=— 2, [(21+1)—(1+1)[edn 7|2
(12) Poi =0
- (1=-1/2)
where the first factor is the differential cross section for the —1]e? 121, (17)

participant-target elastic scattering process, _
whered is the angle betweepy; andpy; ands{’ is the phase
shift of the partial wavé when the total angular momentum

d*c(poi—psi) 127 S(EG—Eg) 1 ©) 2 SN ; ,
—_— == > |Tgigi'| . isj. The functionsg andh are given by

doy v A (2mh)® 2sHLES
(13 1 < (1+1/2)
i,0)= —— I+1 62i5| -1
and the second factor is the overlap matrix element used in 9(Poi . 6) 2ipoi |=20 L 3 )
the original formulation of the sudden approximation for ab- -1
sorption[21,22] +1(e?'% "7 ~1)]P(cosh), (18
1 1 *°
[M(pi jic P 2= > MO 2 (19 = S (e TR gaisf! 2
sthL Ik Fjk 2)+ Imsp 3, Sk ki h(poi , 0) 2P0 21 (e e )
which is normalized to one, i.e., gives unity after integration _ d
ovzr P ik andpj, or equivalently, by use of Ed5), overP’ Xsin GW P(cos®), (19

We also consider the other process, where the participaithereP, is thelth Legendre polynomial.
in the sense of the optical model is absorbed by the target. The two contributions(stripping and diffraction or ab-
We obtain analogously the corresponding differential absorption and scatteringarising from the interactioty; to
sorption(stripping cross section in the same factorized form any measurable cross section is now obtained by integration
6 () /mr o over the unobserved momenta in Eq$2) and (15). The
d°oapd P\ Pjk) _ 00 AIMABr P2 (15 total cross sgction is given by the. sum of both contributions
dP’dp), abs (Poi) | Vs P jic, Pjic) 1 and the weight of each of them is directly dictated by the
! optical potential. We shall compute individual as well as

wheres'Q) is the participant-target absorption cross sectionrelative momentum distributions in the final state both along

The nine-dimensional differential cross section is now re- (longitundina) and perpendicular tp, (transversp
duced to six, since the absorbed or stripped particle inher- !N addition to momentum distributions we shall also com-
ently is of no interest in the optical model description. pute other observables like the invariant mass spectrum of

It is conceptually important to realize that the factoriza-the two particles in the final state. This mass is invariant
tions in Egs.(12) and (15) are incomplete, sincpy; in the under Lorentz transformations and therefore independent of

participant-target cross sections is relatedPtoor (p; ;) in coor.dma_te system. In p:_;trtlcular, in the rest system for the

Eq. (14) via the momentum conservation in E&). For high particlesj an(_j k the invariant mas_s_re_ducc_as f_or the relevant

energy reactions the factorization is in practice fairly accu-Small energies to the nonrelativistic kinetic energy

rate for two reasons. First the rangemf values is limited = Ejx=Pj/2ujk of this two-body system. Then the momen-

to an interval aroundm;/(my+m;)]p, determined by the tum variablepj, can be substituted b, by use ofdEj,

size of the relatively small momenta in the motion of the=p,—’kd pj'k/,ujk.

particles within the projectile; see E). Second the factor Another recently investigated observable is the angular

arising from the participant-target cross section depends onlgtistribution of the relative momentum between the spectators

weakly on energy for the large beam energies correspondinigandk in a coordinate system with theaxis along the center

to this rather small range qfy; values. of mass of their total momentum in the final state. The deci-
Computations of the fragmentation cross sections are nowive variable is then the angle betwepfy and p +p;=

essentially reduced to computations of the overlap matrix-p;=—p; jx, where the latter vector is given in E(). To
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compute this angular distribution we express the differential d2  2m(E-Vai(p)) A\ (p) 15
cross sections as functions efp; ;, and pj’k and integrate - > + > > ——Qunl fnlp)
over all the variables except the angle between these two dp h p 4

vectors.
d
The necessary integrations require variable changesinthe = > | 2P, —+ Qv | 1/ (p), (24)
description of the final state. The expressions in By pro- n’#n dp

vide useful identities for this purpose, i.e., . . .
purp whereVj is an anticipated three-body potential and the func-

, , , tions P andQ are defined as the angular integrals
d° ) (P, pjy . Poi) d°5) (P, pj po) d%4)(P’, py .pGi) Q g g

dP’dpj,dpy; dP’dp;jdpy; dP’dp,dpy; P.(p) ”21 dQ @W* (p, Q)— n'(P Q), (25
9 () pr
- ZP(:pjffJil;ipl) 29 °
Quv(p)= 2, | QO (p, m <I><“<p Q).
d60'(l)s(P' p]k) d60'(l)s(P' pl dG‘T 4P’ P) @ (26)
dpP’ dp]k dpP’ dpj dP’dpy,

The continuum wave functlorqb 2- describing the
]k] jk

We have so far only considered the two contributionstwo-body spectator system in the final state is expanded in
coming from the stripping and the diffraction of particteia  partial waveq 22]
the interactionVy; . However, the reaction in question may
also be a result of the other interactiovg; or V. These (k+) \/5 1
cross sections are then simply added. Possible interference “pj,s;s;, p
terms are neglected, since they in any case are small for
spatially extended projectiles. From Eq42) and (15) we ljk
expect that the absolute values all are of the same order of j_iT_*S_ ( ) E i'ikY|_ka_ (Qp)
magnitude as the corresponding participant-target cross sec- K ™= i K e Tk
tions.

(Pjic.T jic)
' ) s J J
Trpjkrjkjiklikmlk s

ik
X<|jkmljksjk2jk|jjkmjk>a (27)

B. Wave functions and shadowing where(|) is a Clebsch-Gordon coefficient;, is the spheri-

The initial three-body wave functior ®™ of the projec-  cal harmonic an@)’“*(ﬂ ) is the angular wave function ob-
tile is obtained by solving the Faddeev equations in coorditained by couplmg orbital and spins to the total angular
nate spacg4]. We use the three sets of hyperspherical coormomentum and projectignandm. The distorted radial wave
dinates p,€2),Qi={a; €y, Qy}, where eachis related to functlonsuJJk (ka rix) are obtained by solving the Schro
a given Jacobi system; sg&4]. Then¥ M is a sum of the

dinger equatlon with the appropriate two-body potential.

three Faddeev components, which in turn for each hyperr
dius p are expanded in a complete set of generalized angulzNhen this interaction between the two spectators in the final
state is neglected the expansion in E27) reduces to the

()
functionsy’(p, (i) usual expansion of plane waves in terms of spherical Bessel

1 3 functions.
:lez fo(p) > q’ﬁi)(p,ﬂi), (22) The participant—target interaction is d_escribed by the opti'-
i=1 cal potential while the spectators remain unaffected. The fi-

nite extension of the projectile and the target therefore in

wherep %2 s related to the volume elemeptdp dQ; with addition requires exclusion of configurations where the spec-
the angular partlQ; = sir? a; cog @ da;d(,;dC)y; . tators pass the target too close to the participant. This corre-
These angular wave functions satisfy the angular part o§ponds to black sphere models describing the spectator-target
the three Faddeev equations, i.e., interactions. This so-called shadowing strictly requires ex-
clusion of the initial projectile wave function in an infinitely
B2 1 B2 1 long cylinder with the axis along the motion of the partici-
m ), SAZD)+ V(@) + P+ D =50 —7\n(p)<1>(') pant. However, such a cylinder depends on the dynamics of

the reaction and omission of these events would be techni-
cally difficult in large scale systematic computations. Instead
- . . . . we approximate the shadowing by excluding spheres of the
where{_l,J,_k} IS a CyCI_'C permutation _01{1’2’3}' m1s a wavepfFL)mction where the partici%arilt is closet%tr?e spectators.
normalization masé\/jkAls the two-body interaction between Tpiq s mych simpler and has also the appealing feature that
particlesj and k, and A is the p-independent part of the  major parts of the three-body wave function describing con-
kinetic energy operator. The analytic expressionsférand  figurations, where the spatially extended particles are inside
the kinetic energy operator can, for instance, be fourqdjn the radii of each other, simultaneously are excluded. Then
The radial expansion coefficients(p) are obtained from the contribution from densities, where halo and core nucle-

the coupled set of “radial” differential equatiorjg] ons overlap, decreases and consequently the possible uncer-

(23



PRC 59 BREAKUP REACTIONS OFLi WITHIN A THREE- . .. 1277

tainty due to the treatment of the Pauli principle must be The neutror®Li interaction is not very well known, al-
diminished or perhaps completely eliminafe]. though several pieces of information are available. The low-
Thus we account for the shadowing effect by substitutingenergy properties are almost exclusively determined dyd
zero for the initial three-body wave functioh®™) when the p waves and we shall therefore only include these lowest
distances between participardnd the two spectatojsandk  partial waves. The neutrops,, state is bound by about 4
are smaller than the shadowing parametefd andr(¥),  MeV in °Li and due to Pauli blocking this state is unavail-
respectively. Here we indicated that one neutron reacts witable for the valence neutron. We are then left with $he
the target while the core and the other neutron are spectatorand py, states. The total neutron angular momentum of 1/2
Instead of this sharp cutoff a smooth function, varying fromfor each of these states then couple to #he spin of 3/2
zero at small distances to one at large distances, could easitgsulting in two pairs of spin-split states with angular mo-
be used to eliminate the unwanted geometric configurationgnenta 1 and 2 and parities corresponding tand p states,
The cutoff radii are in any case related to the sizes of targetespectively.
and spectators. With the core or nucleon as spectators a rea- The interaction in the present three-body calculations are
sonable parametrization could then be determined by the low-energy scattering properties, which in
turn determine positions and widths of resonances and vir-
o= TO\/W’ Fon= \/Ww, (29) tual states. Th_ese positions are in fz_ict t_he decisive prop_er';ies
of the interaction and the parametrization of the force is in
itself rather unimportant. We have therefore basically only
four parameters of physical importance, i.e., the four posi-
tions of thes and p states. Furthermore, the fragmentation
results are only sensitive to the statistically averaged posi-
tions of thes and p states, i.e., the spin-splitting, almost
navoidable for the strong interaction, does not significantly
fluence the computed differential cross sections, see the
next section. The relative position of tlseand p states de-

bstantially red the absolute val fthe cr i Enermines thep? content in the three-body wave function of
substantially reduces the absolute values ot IN€ Cross SECliong ; 1, sandp wave content are roughly believed to be of

[24,26]. This sensitivity in addition to the approximate na- the same order as shown in both calculations and

g!rf gf tbhe Itrteatrglergsoafr:r;:ggv:crlg r:tiliﬁ;ensc;gstretge Opr:et"nterpretations of experimental fragmentation data
Icted absolute valu u Ired. tﬁ,14,18,21,22,24,35This amount ofp-wave admixture

?i\t/he; h?rr:d’ tne dsr:,a?]es Ofrthr_i dt|srtr|b;|:|r?(;1us ﬁr?hf:'g¥féréisen§rstrongIy influences the fragmentation cross sections, which
€ lo the shadowing parameters 9 f addition also are very sensitive to the binding energy or

significant at the present level of accuracy. equivalently to the radius of'Li

Thus we have two crucial parametessgndp-state posi-
C. Interaction parameters tions) and two sensitive observablébree-body binding and

The model described in the previous subsections needsWave content However, this perfect match is upset by
specifications of the interactions appropriate for the proces@dditional experimental information, especially knowledge
under investigation. We shall here focus on the fragmenta@Pout ap resonance in the neutrotis system([14,36-39
tion of a MLi(°Li+n+n) projectile on a carbon target and As we shall see all three experimental constraints can_only be
divide the parameters into five sets, i@ the four two-body ~ réproduced simultaneously by use of a three-body interac-
interactions between neutron-neutrdit) neutron®Li, (i) tion, wh_lch then is constructed to add the missing binding
neutron-carbon(iv) °Li-carbon two-body systems, ar@)  €neray in the three-body system. _
the three-body interaction for thELi three-body system. We shall therefore first concentrate on the neutfoh-

The neutron-neutron interaction \ contains central, Wo-body system. We assume central, spin-spin and spin-

spin-orbit, tensor and spin-spin interactions, i.e., orbit terms in the neutron-core interaction, i.e.,

Von(N)=Ve(r) +Vsdr)s;- S5+ V(1) Siot VoMl Sans
(29

where for simplicity we omitted the superscripjsandik.
The mass numbers of target and core Ayand A.(A;=9

for L) and Ry=1 fm is the sharp cutoff radius of the
nucleon. We choose the parametgr=1.26 fm, which is
adjusted to reproduce the few reported absolute values
two-neutron removal cross sections. This somewhat larg
value ofry may reflect a parametrization where the range o

VO =VI (1) +VE(r)s, s+ V(NI sy, (30

wherel,,, is the relative orbital angular momentuBy, is the  wherel, is the relative orbital angular momentusy,ands.
tensor operators; ands, are the spins of the two neutrons are the intrinsic spins of the neutron and the core. As for the
ands,,=s;+s,. We assume Gaussian shapes for each of theeutron-neutron interaction the radial potentialgr)
radial potential$/(r). The parameters are adjusted to repro-=exp(—r?/b?) are Gaussians, adjusted independently for each
duce the experimental low-energy neutron-neutron scatteringartial wave.

data fors andp waves. Different radial shapes and in general We choose a large inverse spin-orbit strength to make the
more elaborate potentials have previously been used in the,, interaction sufficiently repulsive to avoid any contribu-
present context. The results are essentially indistinguishabléon of this partial wave in the three-body wave function.
from each other provided the scattering lengths and effectivEurthermore we shall use a shallewave potential without
ranges remain unchanged. We shall therefore use the intdoound states. This automatically excludes the lowest Pauli
actions specified if34], where the corresponding and forbidden neutron-cores-state from the three-body wave
p-wave scattering lengths and effective ranges also are givefunction[3,34).
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As an important constraint we shall use the “strong evi- TABLE I. Parameters for various neutrcii interactions. The
dence” for ap resonance at 53862 keV with a width of ~ form is given in Eqg.(30) and the radial shapes are all Gaussians,
358+ 23 keV[38]. We then place the lowest, resonance exlp(—rzllbz), with Irangesb=2.55 fm and strengths denoted by
at 0.5 MeV with a width of 0.4 MeV consistent with the V& . V&2, andV{} with 1=0,1 for s and p waves, respectively.
experimental values. We choose rather arbitrarily the totaf "© strength parameter for the corresponding three-body interac-
spin of this state to be 1. The range of the Gaussian interadl®: V3 €xp(=p’/b3) with b3=2.50 fm, are also ,g've”'lT,he lower
tion is in this way determined to He=2.55 fm. A different P2t of the table containg-wave content in % in the'Li wave
range produces different widths of the resonances. We thef rzctlon ?nd thf four enezrgles of the resonances and virtual states

: : L : W E@ EW andE® . All the energies and strengths are
continue again somewhat arbitrarily by placing the ofhgs Sz’ TS’ TP’ Pia” . . .
resonance at 0.92 MeV. To get a potential at the limit with-given in MeV, anq thg ranges in fm. All potentials are defined in the
out a three-body potential we determine the statistically ay eXt €xcept lIl which is from{40].
eraged position of the twe,;;, states to be at 350 keV such
that the experimental'Li binding energy is reproduced.
This fixes the strength. of th3|_ntera9t|on when we use the VO _560 _6.42 728 560 560
same range as for theinteraction. Finally we use the spin-

L . ) ©) — — — _
spin interaction to place the lowes, state of total spin 2 at Vss 175 0.75 0.31 0.00 3.00

| 1] I v \%

an energy of 230 keV. This potential, labeled II, leads to av{" -500 -500 1825 -500 —5.00
30% p-wave content in thé''Li wave function. We could as vy 1.00 1.00 1.47 0.00 2.00
well have chosen the lowest,, state with total spin 1 at the . Y&) 33.60 33.60 55.00 33.60 33.60
same energy of 230 keV. The results for such a potentia

would be indistiguishable provided that the average energ}'3 —3.75 el 00N SRS

of the s;, states is the sam@2)]. p2(%) 40 30 20 40 40
We could also have chosen a different position for the_(,

highestp,,, state. However, a lower value than 0.92 MeV ?if)z 0.24 0.23 0.14 0.58 0.09
would place the tw@,,, states rather close. A higher value Espn 1.49 0.62 0.25 0.58 2.37
would require a lower statistically averaged position of theE;ll)/2 0.50 0.50 0.75 0.75 0.27
Sy, States, provided thé!Li binding energy remains un- g@® 0.92 0.92 1.60 0.75 113

P12

changed, and the resultifgwave content then becomes un-
reasonably smalbelow 30% in disagreement with the frag-
mentation dat§10,14,24. lowestp state. Potential | is a rather good starting point. To

We can now increase thewave content by increasing investigate the effects of spin splitting we also constructed
the statistically averaged position of thg, states while the the potentials IV and V, where the statistically averaged po-
parameters for thp waves remain unchanged. The resultingsitions of thes andp waves are maintained. Then thavave
underbinding of''Li must then be compensated by an attrac-content and thé"'Li binding energy is also unchanged.
tive three-body force. In this way we construct potential |  In conclusion, the neutrofiLi potential is already rather
with 40% p-wave content. Again we could have chosen aseverely constrained by existing data. The lowmsgt state is
different position for the highesi,, state while maintaining experimentally determined to be around 0.5 MeV. The
a reasonabl@-wave content between 35% and 40%. How-ground state is as state. The distance between the statisti-
ever, a lower value would then require a lower statisticallycally averaged positions for th&,, and p,, states is deter-
averaged position of the;,, states and a repulsive three- mined by the requirement of about 408wvave content of
body force in order to get the corretiLi binding energy. A the neutron-core relative motion in the tofalLi wave func-
higher value would require a rather high statistically aver-tion. For example maintaining thé'Li binding energy at
aged position of the,, states, i.e., close or even above thearound 300 keV, thep-wave content around 40% and the
statistical average of the,, states. The freedom in choosing three-body force in potential I, @, average energy at
the positions of the resonances and virtual states is in fa@round 0.65 MeV would require th®,, average energy at
limited. roughly the same value. If the lowesi,, state is at 0.5 MeV

The parameters of the potentials | and Il are given inthe highesp,,, state has to be above 0.72 MeV, because the
Table | along with thep-wave content and the energies of the p1/, average energy otherwise would fall below the av-
resonances and virtual states. The statistically averaged perage energy. In the same way, a ley state close to zero
sition of the two virtuals states in'°Li is higher for potential  requires the highest,;, state below 1.7 MeV to avoid the
| than for potential Il resulting in the correspondingly larger same inversion.
p-wave content. The three-body interactioris chosen as/; exp(—pzlbg),

In Table | we also for comparison give the parametersvhereb;=2.50 fm and the strengti; is adjusted to repro-
corresponding to the neutrat-i interaction(called Ill) used  duce the measured two-neutron separation energy-fdr
in [40,41]. The main difference compared to potentials | andi.e., 29535 keV. This additional force is necessary, since
I is that the lowesp resonance is placed at 0.75 MeV with the two-body interactions reproducing all low-energy scatter-
a width of 0.87 MeV. Maintaining the interaction and in- ing phase shifts lead to an underbinding of the three-body
creasing thep-wave content to about 40% would require a system. For®He this deficiency amounts to around 0.5 MeV
statistically averaged position of tisestates above the cor- [41,42. The idea is that the three-body force should account
responding average position of thatates. This is the reason for the polarization of the particles beyond that described by
for the choice of the slightly lower value of 0.5 MeV for the the two-body interactions. Then all three particles must be
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distribution with a relatively large broad background. These
predictions are simple consequences of the model, where the
fragmentation cross sections essentially are proportional to

---- Elastic 3560
—— Total

the neutron-carbon cross sections.

Thecarbon-Li interactionis needed to estimate the cross
sections both when th&Li core is destroyedabsorpegiand
the two neutrons detected and when the core is scattered
(diffracted on the target. These cross sections are obtained
by a two-body computation of the carbdhi reactions using
the simple almost schematic optical potential define#B]
and described if49]. In this model the beam energy depen-

\ dence is introduced through the proton-proton and neutron-
h proton cross sections. Experimental data of these nucleon-
nucleon cross sections can be found30].

In the calculation of th€'Li-12C cross section we assume
spin zero for®Li. We need around 150 partial waves to get
convergence. At a beam energy of 280 MeV/nucleon the

FIG. 2. The totalsolid), elastic(dasheg and absorptiotshort-  computed elastic cross section is 419 mb and the computed
dashedl cross sections for neutron?C reactions as functions of absorption cross section is 795 mb. This gives a total of 1214

the neutron laboratory kinetic ener@y,,. The inset focuses on the mb consistent with the results [81]. These values are dra-
region of the minimum. The open and filled circles are EXperimentahwatically reduced by the shadowing effect

points from[46,47], respectively. The curves are obtained in an
optical model computation as decribed ##4] using the parameters
in [28]. We include 35 partial waves in the calculations.

IIl. COMPARISON WITH EXPERIMENTS

close to produce this additional polarization or modification ~ The interaction parameters discussed in the previous sec-
of the intrinsic structure of the composite particles. Thus thdion determine the structure of the three-body projectile. The
three-body force must be of short range. positions of the resonances and {r@vave content are the
The importance of the three-body interaction is perhap$rucial quantities. The reactions are described by the
seen most clearly in three-body continuum calculationdParticipant-target interactions and the cutoff radii taking the
where the resonance structure of the two-body subsysten§fiadowing effect into account. We previously used the cutoff
probably is decisive. The three-body force is designed tdadii 'nc=rq,=3 fm[27], which is consistent with the frag-
give the correct three-body binding energy while the two-mentation data foPHe on carbori26]. For *'Li fragmenta-
body interactions remain unchanged still reproducing thdion the neutron-neutron shadowing parameter should remain
two-body structure. With the correct two-body interactionsthe same, since the physical origin is unchanged. Therefore
the computed three-body continuum structure is much mor#e user,,=3 fm while we still maintain the neutrofiki
reliable[43]. shadowing radius,,. as a parameter for adjustments within
For theneutron-carbon interactionve use nonrelativistic rather narrow limits around the value obtained from &4).
optical potentials obtained from relativistic potentials The radius of°Liis 0.9 fm larger than the radius dHe and
through a reduction of the Dirac equation into a Sdimger-  the value ofr, is then expected to be about 4 fm foLt.i. In
like equation[44]. These phenomenological potentials in thethis section we shall compute different types of observables
Schralinger equation produce the same scattering data &&s discussed in the previous section and use the experimental
obtained by use of the relativistic potentials in the Diracdata to select a promising set of interactions and shadowing
equation[45]. parameters. We shall only display results for potentials 1, Il
In particular for a carbon target the interaction used is theand Il and omit the curves for potentials IV and V, which in
parametrization EDAI-C1228] valid for a range of neutron all cases barely can be distinguished from those of I.
kinetic energies from 29 to 1040 MeV. The resulting The two-neutron removal cross sectian », is known
neutron#?C cross sections are shown in Fig. 2. For energiegxperimentally for*'Li fragmentation on a carbon target at
above 150 MeV the cross sections are relatively weak func280 MeV/nucleon[14]. All events, where®Li is detected
tions of energy and absorption is much more likely thanafter the fragmentation, contribute to this cross section. Ac-
diffraction. The factorization of the fragmentation cross sec<cording to[14] three different reaction mechanisms lead to
tions in Egs.(12) and (15) is then rather accurate at these such a halo breakup. First electromagnetic excitation of the
high energies. halo state into the continuum followed by decay of these
At energies below 150 MeV the neutron-target cross secexcited states. We shall neglect this process, since it is ex-
tions increase dramatically. The factorization is then less agPected to give a rather small contributi@iess than 10 mb
curate, but still a useful approximation. Furthermore, diffrac-for a light target like carbon.
tion quickly dominates over absorption. The absolute cross The second mechanism is the stripping of one of the halo
sections for fragmentation of'Li can then be expected to neutrons by the target. This process is also called absorption
increase with decreasing beam energy. The shapes of tknd the corresponding cross section is denotedi:%. Itis
distributions also should change from narr@absorptionto  fully described in our model via the imaginary part of the
broad(elastic scatteringwith decreasing energy. At interme- neutron-target optical potential. On the other hand, we ne-
diate energies we can expect a mixture exhibiting a narrovglect processes where both neutrons are absorbed by the tar-
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TABLE II. Core diffraction (¢<3,), two-neutron removal cross
sections ¢_,,) equal to the sum of neutron diffractiorr'EZn) and
neutron stripping "é’§2n) computed for fragmentation dfLi at an
energy of 280 MeV/nucleon. The lowest part of the table is for an
aluminum target whereas everything else refers to a carbon target.=
The cross sections are in millibarns. The potentials and shadowmg»
parameters are from Table |. The experimental data are fiath
and[12] for carbon and aluminum, respectively. Potentials IV and
V produce the same values as potential .

Pot. |
----- Pot. Il
\.——— Pot. ll

“units)

do/p,dp, (a

r=3.5fm S
Int Tne  Ton 0°3, o, e T r=30fm | r,=30fm X
C 80+20 20020 280+30 0.01 ‘ ‘ ‘ :
0 20 40 0 20 40 0 20 40

I 0 0 88 146 437 583 p, (MeV/c) p, (MeV/c) p, (MeV/c)
y 0 0 88 146 437 583 FIG. 3. Radial neutron momentum distribution after fragmenta-
I 0 0 89 145 436 581 tion of !Li on a carbon target at 280 MeV/nucleon. Core diffrac-
I 35 3 63 68 204 272 tion is not included. The experimental data fr¢f®] is compared
1 35 3 65 72 215 287 with calculations using the potentials(s$olid), 1l (short-dasheqd
m 35 3 65 76 297 303 and 1l (long-dashef in Table I. The shadowing parameters are

given in the figure. The optical model parameters are ffa8j.
| 4 3 52 61 184 245 . . o .
r 4 3 55 65 195 260 However, the comp_uted core d|ffract|or} contrl_butlons in
I 4 3 55 69 207 276 Table Il are not negligible, but for comparison with experi-

mental values they should be reduced, sifigea fraction
Al 470+80 corresponds to elastically scatterédLi particles, (i) the
large transverse momenta 9fi precisely obtained through

! 0 0 107 358 901 1259 the scattering process to a large extent are experimentally
' 4 3 0 150 379 529 excluded due to limitations in the large angle acceptance,
' 5 4 52 100 251 351 (iii) the shadowing by the core is probably larger than the
' 6 > 38 68 172 240 shadowing by a neutron corresponding perhaps rather to

r,.=5 fm andr,,=4. Furthermore, the calculations rely on
rather uncertain optical model parameters. The effect is al-
get and no neutrons appear in the final state. This contribumost entirely confined to the absolute values while the
tion to the cross section is expected to be small, since thshapes of the distributions only are marginally influenced.
large spatial extension of the projectile diminishes these siUsing the complete factorization approximation we estimate
multaneous reactions. the size of this cross section to be about 60% of the values of
The third mechanism is the diffraction of one of the halog , in Table II. If necessary it can be added at the appro-
neutrons. We also refer to this process as elastic scatterlqg.ate places, but we shall in the remaining part of this paper
and we denote the corresponding cross sectioa'by,. For  not include this process unless explicitly mentioned.
weakly bound systems and not too small beam energy the The radialneutron momentum distribution after neutron
main contribution tcxr[_’2n comes from processes where the removalin fragmentation of a 280 MeV/nucledLi projec-
neutron after scattering on the target ceases to interact witfile on carbon is measurgd0]. The variable isp, , where
the remaining two halo particles. This is precisely our modelp?=pZ+ py is expressed in terms of the projectiomsand
where the final state is described as two independent twgs, of the neutron momentum along the two directions per-
body systems and the interaction between them is Ignoreqbend|cular to the beam direction chosen aszheis. In Fig.
see Fig. 1. 3 we compare our calculatiorsuitably scaleffor different
In addition to these three mechanisms there must be potentials with the measured momentum distributions in ar-
contribution (0' ») Where the core is scattered by the target.bitrary units. Without shadowing, shown in pds), poten-
In Table 1l we give these computed cross sections for theials | and Ill give too broad and too narrow distributions,
potentials in Table | and different sets of shadowing paramsespectively, whereas potential 11 with 30péwave content
eters. It is remarkable that the cross sections calculated witlreproduces the data. This result is consistent with previous
out shadowing are virtually independent of the potentialscomputations without shadowing and diffracti¢g1,22.
and furthermore clearly much larger than observed. Th&Vith shadowing, shown in part$) and (c), we obtain as
computed values are reduced by roughly a factor of two byexpected narrower distributions. Variation fram.=3.5 fm
using the shadowing parameters=3.5 fm andr,,,=3 fm.  to 4 fm is hardly visible showing a very weak dependence on
Then by neglecting the two-neutron absorptigrot com-  the r,. shadowing parameter. Now potential 1ll gives a too
puted and the core diffraction processes the experimentaharrow neutron momentum distributions while potentials |
numbers are reproduced within the error bars for the total aand Il both reproduce the data.
well as for the stripping and diffraction cross sections. There- Theinvariant mass spectrumf °Li is independent of the
fore we should underestimate the experimental values ancbordinate system and in the rest systent%f the invariant
use the larger shadowing parametefs=4 fm andr,,=3 mass is(after subtraction of the rest maspexjual to the
consistent with the parametrization in Eg8). total kinetic energyE . of the neutron2Li system[14,34]. In
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FIG. 4. Invariant mass spectrum &iLi after fragmentation of 0 2‘0 4‘0 \éo
i on a carbon target at 280 MeV/nucleon. Only neutron and core p, (MeV/c)
spectators forming'®Li are included. The experimental data are
from [14]. The calculated curves ifa), (b), and(c) are obtained FIG. 5. Radial neutron momentum distribution after core

with the same parameters as in Fig. 2. The maxima for the combreakup fragmentation of'Li on a carbon target at 280 MeV/
puted curves in pandl) (outside the figureare around 500 mb/ nucleon. The calculations are for the interactions in Table | and a
MeV, 650 mb/MeV, and 1000 mb/MeV for potentials |, II, and Ill, neutron-core shadowing parameter of 4 fm. Tté-carbon inter-
respectively. In panelé) and (c) the maxima for potential Il are action providing the absolute values is the optical model from
430 mb/MeV and 400 mb/MeV, respectively. For potential Il we [48,49. The experimental dafd 1] in arbitrary units are scaled to
obtain instead 650 mb/MeV and 600 mb/MeV. match the calculations.

. lculat ith . I d bcharged fragment different froniLi. The contribution of
Fig. 4 we compare calculations with experimental data obye irons coming from the core is eliminated in the experi-

tained after fragmentation of'Li [14]. The experimental en by subtraction of the corresponding neutron momentum
distribution is given in absolute numbers and we compargjistribution obtained from the measurddi-carbon reaction.
directly without any arbitrary scaling. We only include pro-  Thjs distribution arises only from absorption, i.e., we
cesses where the spectators form the detetted i.e., we  must compute the cross section in Efj5), where the®Li
neglect those neutron-core combinations where the neutragore is destroyed by the target while the neutrons continue
or the core have been through the scattering process. Theaffected. For simplicity we assume complete factorization
latter contributions are relatively small, i.e., the core diffrac-such that the’Li-carbon interaction only is necessary to pro-
tion and half of the neutron diffraction cross sections. Fur-vide the absolute scale through the absorption cross section.
thermore the corresponding contributions from these particiThis is a very good approximation for large beam energies.
pants are probably not fully included in the measurement. The momentum distribution is then given by HE44) and

The calculations without shadowing in parie) produce therefore computed as described 22]. The absolute cross
for all potentials distributions with maxima much higher thansection is obtained afterwards by multiplication of the ab-
observed. With shadowing the maxima are reduced as showgorption cross section computed with the optical model pa-
in panels(b) and(c), which again are rather similar, but still rameters 48,49 to be 795 mb for a beam energy of 280
potentials Il and Ill both give too high peaks. Clearly the MeV/nucleon.
best comparison is obtained for potential | and especially Both from Table Il and Figs. 3 and 4 we found good
with the shadowing in panét). The discrepancies appear as agreement between theory and experiment with the choice
a slightly too low-lying peak energy and a slightly too nar-r,.=4 fm andr,,=3 fm for the shadowing parameters. For
row peak. However, the response function of the detectocore breakup reactions, where only the neutron-core shadow-
system is not accounted for and a more accurate comparisdng parameter is relevant, we therefore usg=4 fm in the
would shift the peak towards higher values, decrease theomputation of the neutron momentum distribution shown in
maximum value and broaden the pedl]. Thus all defi-  Fig. 5. The agreement between theory and experiment is re-
ciencies may be improved in this way. In any case the bemarkably good in view of the simplicity of the model, where
havior of the invariant mass spectrum is strongly influencedhe interactions between the halo neutrons and all the frag-
by the properties of the low-lying resonances. For example gnents from the core destruction have been neglected. In con-
narrow p resonance would produce a shoulder or a peak inrast to the other observables this reaction produces frag-
the distribution at the position of the resonance. A broadements with approximately the same velocity as the halo
resonance would only show up as a larger cross section at theeutrons and final state interactions beside that of the two
corresponding position. Thus a more detailed and more ateutrons could be significant. The two spectator neutrons
curate comparison between computed and measured distriboeuld also be disturbed during such violent reactions.
tions would provide information about the neutron-core reso- The largerp-wave content arising for potential | gives a
nance structure. broader distribution closer to the data than the potentials I

The radial neutron momentum distribution after core and Ill. The comparison in Fig. 5 is then also supporting the
breakupof 'Li on a carbon target at 280 MeV/nucleon is choice of potential and a neutron-core shadowing parameter
also known experimentally for collisions whefti is de-  of 4 fm in the description of the fragmentation reactions of
stroyed[11]. The neutrons are detected in coincidence with allLi on a light target.
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FIG. 6. Momentum distributions for th&i core after fragmen- 02, (Short-dashedand neutron diffraction” 5, (long-dasheplare
tation of 1Li. Core diffraction is not included. The left hand side is Shown along with the surr_, (solid). The shadowing parameters
the transverse distribution for a beam energy of 280 MeV/nucleor®® (nc.rnn) =(4 fm.,3 fm) for carbon and (5 fm,4 fifor alumi-
on a carbon target and the experimental data is ffa@] (filled num, the interactions are potential | from Table | and the optical
squaresand[20] (filled triangles. The calculations are for the po- Model is specified in28,49. The experimental data are from
tentials in Table | with €,.,r,)=(4 fm,3 fm). The right hand [8,14,9 for increasing energies for carbon and frh2] for alumi-
side shows the experimental longitudinal distribution for a beamnum. For[5,8] only the total cross section is given.
energy of 468 MeV/nucleoffilled circles and 648 MeV/nucleon
(open circley on an aluminum targdtl5]. The calculations are for bon target gives an excellent agreement between theory and
an energy of 280 MeV/nucleon for potential | and the three sets oexperiment for the observables discussed. This is a strong
shadowing parameters specified on the figure. The optical modgustification for the model and the method.
parameters are froffi28]. All the computed distributions are scaled
o the experiment. IV. BEAM ENERGY DEPENDENCE

The transverse®Li-core momentum distributiorfor We have now established a model with a set of param-
breakup of!lLi on a carbon target at 280 MeV/nucleon is eters successfully reproducing a variety of experimental data,
computed and shown in Fig. 6 for the potentials and shadke., potential I,r,.=4 fm, r,,=3 fm and optical model
owing parameters in Table I. Detailed comparison with theparameters fromi28,49. In the remaining part of this paper
data[12,15 requires folding of the computed curves with the we shall only use these parameters and explore the conse-
experimental beam profile resulting in a few MeV broaderquences of the model for a number of observables. Particu-
curves[20]. Due to the large experimental errors this distri- larly we shall in the following concentrate on the predicted
bution is not very helpful in constraining the potentials andenergy dependence of various quantities in fragmentation re-
shadowing parameters. However, we can still conclude thactions of'Li on carbon. The model only has a dependence
the agreement between theory and experiment is satisfactoon the beam energy through the interaction between the par-
for potential I. ticipant and the target. This interaction is described by phe-

In Fig. 6 we also show the experimental longitudinal corenomenological optical models, which give absorption and
momentum distribution on an aluminum target for two dif- elastic scattering cross sections as functions of particle en-
ferent beam energies. In the next section we shall show thargy, see Fig. 2. These cross sections are decisive factors in
the difference between longitudinal and transverse momerkgs. (12) and (15) and two-neutron removal cross sections
tum distributions is rather small and the widths of the distri-must show the same energy dependence.
butions are almost independent of the beam energy. The dif- This is indeed seen in Fig. 7 where we show two-neutron
ference between the transverse and longitudinal data in Figemoval cross sections as functions of the beam energy.
6 can be explained by the use of a different target in thélThese calculations do not include two-neutron absorption
experiments. The aluminum radius is almost one fermi largeprocesses and processes where the core interacts with the
than the carbon radius, the optical model parameters are difarget. The cross sections are clearly governed by the behav-
ferent and more important the shadowing parameters must her of the neutron-carbon cross section, with a minimum at a
larger for aluminum with the resulting narrower momentumbeam energy of around 250 MeV/nucleon. For larger ener-
distributions as seen in Fig. 6. Still the tail of the distribution gies we observe smooth increases towards a flat region. For
is not reproduced. The theoretical prediction of the two-smaller energies the cross sections increase rather dramati-
neutron removal cross sections for fragmentatiort'bf on cally. The prediction is an increase by about 70% when car-
an aluminum target are shown in Table Il. The parameterbon and aluminum are interchanged as target. The computed
(rne e =(5 fm,4 fm) are consistent with Eq28) and  curves underestimate the latest experimental pdid$ as
the corresponding two-neutron removal cross section is theexpected due to the neglect of core diffraction. On the other
expected to ber_,,~350 mb. hand, the older data are far below the calculations. However,

The conclusion of this section is that potential | with the at 30 MeV/nucleon total two-neutron removal cross sections
shadowing parameters {.,r,,)=(4 fm,3 fm) for a car- are measured for targets of beryllium 040.10 b and
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8 ‘ T — TABLE Ill. The maximum values in mifMeV/c) (one-
Thick: Longitudinal — 790 NeVioon | dimensional and mb{MeV?/c?) (radia) and the FWHM in MeV¢
. —— 280 MeVinudleon | / as functions of beam energy in MeV/nucleon for various momen-
Thin; Transverse —-- 100 MeVinucleon | | \ o ) . .
=~ ~——— 50 MeV/nucleon tum distributions computed for fragmentation Bt.i on carbon in
S) 61 ___ Diffraction the rest frame of the projectile. Core diffraction is not included. The
% ----- Stripping subscriptsL, |, andr indicate transverse, longitudinal, and radial
g Tt_JtaI distributions, respectively. For the radial distributions the FWHM is
Sg4| & Diffr.core the width at half maximum multiplied by two. For the invariant
g mass spectrum we give the maximum value in mb/MeV and the
o) width in MeV.
s
B2t Beam energy 50 100 280 500 700
©
n, max. 184 8.7 5.4 6.2 6.7
n, FWHM 42 41 39 39 39
0
100 50 0 50 100 max. 216 102 60 71 79
Py (MeVic) n| FWHM 42 41 39 39 39
FIG. 8. Longitudinal(thick) and transversé¢thin) neutron mo-  (n-°Li), max. 16.2 8.0 5.2 5.9 6.4
mentum distributions in coincidence wifl.i after fragmentation of = (n-gLi) I FWHM 37 37 37 37 37
i on carbon at 280 MeV/nucleon computed in the rest frame of
the projectile. The beam momentum is the reference direction. Th8r _ max. 27 13 09 10 11
short-dashed and long-dashed curves are the contributions to the(n-°Li), FWHM 3T 3 31 31 3
total (solid) f_rom q#fre_lctlon and stripping of the p_artlmp_ant neu- oLiy, max. 94 45 29 34 3.7
tron. Core diffraction is shown separately as the filled circles. The' o FWHM 63 63 63 63 63
inset shows the total transverse neutron momentum distribution foF( D
the s(,jamde reactflon for dlffere_nt b_eam _energlgs in the same unit. Theo j) | max. 123 60 39 45 49
standard set of parameters In Flg 7 is used. :(loLi) I FWHM 49 49 49 49 49
. L . inv. max. 998 488 317 361 394
nickel 1.3+ 0.4 b[7]. This is in agreement with the computed mass FWHM 042 042 042 042 042

increase towards smaller beam energies.
The two-neutron removal cross sections can be separated

into a number of differential cross sections. We shall discus# the figure to the total, but the total width would only be

the momentum distributions of the halo particles both relaimarginally influenced.

tive to each other and individually with respect to the center The inset in Fig. 8 shows the transverse neutron momen-

of mass of the projectile. In addition we shall discuss thetum distribution for different beam energies. The shape of

invariant mass OfllLi and the angu|ar correlation of the the distributions is essentially independent of the energy due

emitted neutrons. These observables are in most cases 116t the approximate factorization in Egél2) and (15 at

experimentally available and our results are therefore moddhese fairly high energies, see Table Ill. The computed
predictions. FWHM decreases slightly with an energy increase from 50

In Fig. 8 we show the neutron momentum distributionsMeV/n“CIeon to 280 MeV/nucleon and remains then essen-

after fragmentation of'Li on carbon. When the participant tially constant at higher energies. In contrast, the maximum

neutron is absorbed in the stripping process, the detected peak value for the momentum distributions changes con-

neutron must be a spectator and then there is no differencsé!\derabIy with the beam energy. The behavior of the peak

between longitudinal and transverse momentum distributionvalues’ e, a sharp decrease, the passing of a minimum
: 9 A . around 250 MeV/nucleon followed by a smooth increase is
in the rest frame of the projectile. When the participant neu

; . NN . .~ as expected similar to the variation shown in Fig. 2.
tron is scattered by the targaiffraction) it receives addi- Instead of referring the neutron momentum distribution to

tional momentum perpendicular to the direction of the beamipq rest system of the projectile as in Fig. 8, we could refer it
This process therefore contributes with a broader momentuRy, inhe rest system of the spectator neutPauinsystem. Ac-
distribution in the transverse than in the longitudinal direc—tua"y in this frame the neutron momentum is the relative
tion. The tail in the total neutron momentum distribution is neytron®Li momentum. This momentum distribution is
then more pronounced for the transverse than for the longishown in Fig. 9, and it is identical to those of Fig. 8 for an
tudinal distribution. On the other hand, different tails do notinfinitely heavy core. In Fig. 9 we only include the dominat-
necessarily imply that the full width at half maximum ing term arising from the spectator neutron and the longitu-
(FWHM) of the distributions also differs. The relative size of dinal and transverse distributions are therefore identical. The
the stripping and diffraction contributions reflects the size ofneglected contribution is about half of the diffraction part.
the corresponding cross sections in Fig. 7. The contributioThe FWHM and the peak values for the curves in the inset
to the neutron momentum distribution from the core diffrac-are given in Table Ill. The FWHM is 37 Me\¢ for all the
tion (dotted line in the figureis the same in the longitudinal energies coinciding with the energy independent width of the
and transverse directions, as expected because both neutragpping part in Fig. 8.

are spectators. This contribution of about 30 mb is not added For comparison the neutron-neutron relative momentum




1284 E. GARRIDO, D. V. FEDOROV, AND A. S. JENSEN PRC 59

12 ‘ ‘ -
—— 700 MeV/ucleon N .
Longitudinal and Transverse —— 700 MeVinudieon
Longitudinal and Transverse __ 228 mmﬂ:ﬁ:zzz 9 - ggg m:mzz::g
10 | : ;gom’:\‘}\/l,::gg:zn ) 3 3L . . : ;gOMM\s/\/l/nulcleon
= ———- Diffraction v A = Diffraction eVinucieon
§ ------ Stripping 4 S | T Stripping 2
> 8[| — Total 4 ] ©® | —— Total
= , = |- core (long.)
= ~ 2
L . 9, . ¥e] — core (trans.
S 6 [ Thick: °Li-n 2 (trans.)
=, | Thin: n-n % e
o 4t oy
o | .
100 0 100 50 0 50 100
P, . (MeV/c) p,, (MeV/c)
FIG. 9. The neutrorfLi relative momentum distribution for the FIG. 11. The®Li momentum distribution for the cases in Fig. 8.

cases in Fig. 8. The relatively small contributions from the neutronThe transverse and longitudinal contributions from the diffracted

and core participants are not included and the longitudinal an¢ore are shown separately, but not included in the total cross sec-
transverse momentum distributions are therefore identical. Theion. The longitudinal and transverse momentum distributions are
neutron-neutron relative momentum distribution computed for corgherefore identical. The inset shows the distributions in the same
destruction using the complete factorization approximation is alsanit for different beam energies.

shown for an energy of 280 MeV/nucleon. The carBanabsorp-

tion and diffraction cross sections are 795 mb and 419 mb, respec- ) . L. )
tively. tion as well as the relative size of the stripping and diffrac-

tion contributions are again consistent with the result in
distribution computed using the complete factorization ap-F'g' 2. . o
proximation is also shown in Fig. 9. The shape is in this The radial neutron momentum distribution analogous to
approximation energy independent and the scale is deteF—ig' 8 is almost indistinguishable from the results in Fig. 10.
mined by the carborfLi absorption(core destructioncross The cross section for the neutron-neutron momentum distri-
section. For diffractior{core survival we should multiply it ~Pution corresponds to core destruction for a beam energy of
by about a factor 0.53 for a beam energy of 280 Me\/280 MeV/nucleon. The core survival process is obtained by
nucleon ' multiplication with the factor 0.53. The widths are energy

The two-dimensional radial momentum distributions are'dependent in this approximatign. Lo
often used to increase the number of observed events. The 1h€ neutron momentum distribution is narrower than that
variable is therp, (p2=p2+ p2) and integration of this m0.- of the °Li core due to the final state interaction. We show in
r r X y i i ictri i

mentum distribution ovep, (or py) gives the transverse mo- Fig. 11 the Comp“t?d"—' momentum distributions for the
mentum. The results are shown in Fig. 10 for the cases ifame cases as in Fig. 8. The transverse d's”'b“"or.‘ f“’”? the
Fig. 9. The widths and the peak values for the curves in th(_gjlffracted core is small and very broad due to the diffraction
insét ;’;\re given in Table Ill. We find the same qualitativeprocess' The longitudinal distribution is as usual narrower.
behavior as for the one-dimensional distributions. This varia:I.—hese gontrlbuthns add about.30 mb to the total cross sec-
tion while changing only marginally the shape of the total
distribution. They are not added in the figure where the total

15 |~ 15 W ] distribution then only includes contributions from the partici-
N --—Diffracion & L | T 50 Nevideon pant neutrons. The displayed longitudinal and transverse mo-
~ \ - Stripping I A ot ons mentum distributions are therefore identical, since the differ-
o \ Total 51'0 ’ ] ence between them is due to the diffraction process. The
S 10 \ £ inset shows the core momentum distributions for different
§ \ e beam energies. The computed widths and the peak values are
3 \ = given in Table Ill. The behavior is again a reflection of the
£ B 00 e — results in Fig. 2.
o p, (MeVic) The momentum distributions GlLi are not far from those
= 0.5 ] found in the simplest approximation described by the Fourier
B Thick: °Li-n transform of the initial three-body wave function. However,
© \ o Thin: n-n the neutron momentum distributions are strongly influenced
R by the final state interaction. Instead the momentum distribu-
0.0 2‘5“_““‘:';;‘6 o tion of the center of mass of’Li shown in Fig. 12 reveals
p, (MeVi/c) direct information about the neutron momentum distribution

in the initial three-body system. The process is removal
FIG. 10. The radial distributions of the spectator neuttan-  (Stripping or diffraction of one halo neutron by the target
and the neutron-neutron relative momenta for the cases in Fig. 9.with the remaining'°Li system as the two spectators. In the
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L itudinal and —— 700 MeV/nuclaon ———- Diffraction 3 ‘ —— 700 MeV/nucleon
--- . . === 500 MeV/nucl
4  Longiudinalan T ovevmeeen | 1YL 1 Nl - Stripping £ 500 | = 260 Mevinudeon |
Transverse — - - 100 MeV/nucleon | | 200 + — Total — — -~ 100 MeV/nuleon |
—— 50 MeV/nucleon =] —— 50 MeV/nucleon

= 4 R
L ———- Diffraction a 9&’/
% 31 - Stripping \E/ @
> —— Total 2 o [}
3 =3 \
£, | )
~ £ 100 +

:» 100 Q
5 3
%,
©

= - — T 0 ‘
100 50 0 50 100 -1 -0.5 0 0.5 1
p,, (MeV/c) cos(0)
FIG. 12. The momentum distribution for tH&.i center of mass FIG. 13. The distribution of the relative angldn the rest frame

for the cases in Fig. 8. The relatively small contributions from thef the initial three-body system. The ang)efeg_eflned as the angle
neutron and core participants are not included and the Iongitudinx’:{?et\"’eer:3 the center of mass momentumfi and the relative
and transverse momentum distributions are therefore identical. THAEUtrOn=Li momentum. The reactions are the same as in Fig. 8.

inset shows the distributions in the same unit for different beam! N€ relatively small contributions from the neutron and core par-
energies ticipants are not included. The inset shows the distributions for

different beam energies.
center of mass of the three-body projectile the momentum

. . . 10 . . .
distributions of “Li and the participant neutron are then ¢ 5 yaye alone produces a constant angular distribution.

identical. C
This observable is insensitive to the final state interactior;rhe p wave alone produces a distribution of the form 1

where the opposite erroneously was postulatefb]. On +aco§_0, €., symmetric am“[‘g’ _Cﬁo' Forpwav_es with
the other hand, the sensitivity to the shadowing parameters [€ Projectionm==1 on the “Li momentum,a is very
large[16,26. Experimental data could then be very useful toSTall and negative, whereasor m=0 is positive and of the
check the validity of the shadowing parameters extracted ifrder one. In other words the variation in the angular distri-
the previous section from the comparison between computeution is almost entirely due to tiwave with projection 0.
momentum distributions and available experimental datalf Poth s andp waves are present the distribution takes the
The final state momentum of the participant neutron does nderm 1+acos’ #+bcosé, i.e., becomes asymmetric due to
enter in the measured momentum and the longitudinal anthixing between these partial waves.
transverse'°Li momentum distributions are therefore identi-  Thus our pronounced asymmetry arises from stand p
cal. This can also be understood from the fact that the initiamixing term, which dominates the angular variation, since
three-body momentum of the participant neutron does nothe largest contribution from thewave alone is constant. A
have a preferred direction. The inset of Fig. 12 again showslominatingp wave would have produced a much more sym-
the variation of the distribution with the beam energy. Themetric distribution. Substantial deviations between measured
behavior is the same as discussed in connection with thend computed distributions would indicate a selective reac-
previous figures. The related key numbers are given in Tabldon mechanism emphasizing specific partial waves. The
[l shape of the angular distribution is independent of the beam
The momentum distributions were recently supplemente@nergy as shown in the inset of Fig. 13. Only the absolute
by an angular correlation measurement, where the observablalues of the cross section changes in accordance with Fig. 2.
is the angular distribution of the relative momentum betweenThe shape in Fig. 13 deviates slightly from that[2%] due
the detected neutron and the core in a coordinate system witb the highemp-wave content.
the z axis along the center of mass momentum of the The momentum distributions reveal properties of the ini-
neutron-plus-core spectator syst¢éfiy]. This observable is tial three-body system and the reaction mechanism. The in-
shown in Fig. 13 for our standard case'dki fragmentation  variant mass spectrum dfLi after fragmentation of-'Li on
on carbon. In the computation we assumed thas con-  a light target carry in addition information about the proper-
structed as the angle between the momentum of the center tés of the two-body system. The computed spectrum is
mass of the!®Li spectator system and the relative momen-shown in Fig. 14, where we only included contributions from
tum between®Li and the spectator neutron. The small con-the spectator neutron, i.e., the invariant m&sg is con-
tributions, where the neutron or the core'flii are the scat-  structed with the momentum of the spectator neutron even
tered participants, are not included in this figure, becauswhen the participant neutron is scattered by the target. In the
they are small and furthermore almost completely excludedenter of mass system dfLi the invariant mass is, apart
in the experiment. An estimate of the shape and size of onffom the rest mass, simply the total kinetic energy of the
of the neglected contributions can be found[2Y], where  two-body system.
both ®He and!Li fragmentation are discussed. The spectrum must start from zero due to the phase space.
The computations as always involve Eq$2) and (15. The very low-lying peak is a signature of a dominating
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directly with the experimental data as we did throughout this

——— Diffraction i\ —— 700 MeV/nucleon paper. On the other hand, then we immediately face the
800 1f\ - Swpping 400 i | oo S0Mevinudken | 1 problem that the data too often include purely experimental
— E’ —-—- 100 MeV/nucleon effects related to beam profile, acceptance range, resolution
S S %0 — 50MeVinudieon and target thickness. It is therefore important to compare
= 225 50 with the properly interpreted data or alternatively to fold the
-g ui’ experimental effects with the calculated results.
LB 150 3 X
'g eSS V. DISCUSSION AND CONCLUSIONS
© TN Fragmentation reactions of weakly bound two-neutron
SN > halo nuclei provide detailed information about structure and
___________________________ reaction mechanism of corresponding three-body systems.
0 LS e The three-body structure can be computed to the needed ac-
0 2 3 - : - o
E.. (MeV) curacy provided the interactions are specified whereas the

reactions are much more difficult to treat propertly. Our aim

FIG. 14. The invariant mass spectrum Bti for the cases in is to understand and describe the principal features of all
Fig. 8. The rest mass is subtracted. The relatively small contribuffagmentation observables qualitatively and quantitatively to
tions from neutron and core participants are not included. The inse?n accuracy comparable with that of the experimental data.
shows the distributions for different beam energies. As an important step we have chosen to investigdte

considered as a three-body system in a physically simple and
s-wave contribution. The height of the peak, not the positiontransparent model based on geometric properties and phe-
reflects the energy of the underlying two-body virtaatate. nomenological interactions.
In contrast, a dominating-wave contribution produces a One main assumption is often the sudden approximation
peak at the energy of the corresponding two-body resonancehere the reaction is instantaneous. The reaction time must
In the present case thewave contribution is smeared out in then be short compared to the intrinsic time scale of the
aregion around 0.5 MeV. A narropswave resonance would relative motion of both the three halo particles and the nucle-
show up as a peak in this invariant mass spectf2®h. The  ons in the target and the core. Thus the intrinsic motion must
measured spectrum then indicates a low-lyingtate and a be frozen during the collision or equivalently the beam en-
higher-lying p resonance with a moderate width, see Fig.ergy must be large compared to the three-body binding en-
4(c), where the curve computed with potential | is the sameergy and the Fermi energy of the target and the core. As
as shown in Fig. 14 for a beam energy of 280 MeV/nucleonexpected this approximation has successfully passed the tests
The contributions from stripping and diffraction as well as at high energies.
the energy dependence shown in the inset is consistent with In the present model we do not directly use the sudden
the results in Fig. 2. The energy dependence of the pea#pproximation. We fully include the interaction between the
heights and the widths are given in Table IlI. target and each of the halo particles by use of a phenomeno-

As seen in Table Il all the cross sections first decreasdogical optical model. The description of the interactions is
with energy and then after a minimum slowly increase againthen only limited by the validity range of the parameters
When the contribution from the scattered neutron is include@mployed in the optical model. On the other hand then only
the widths follow qualitatively the same pattern, althoughelastic scattering is described in details while all other pro-
much less pronounced, and in particular they essentially doesses are included as absorption from the elastic channel.
not vary for energies above around 200 MeV/nucleon. Wherkortunately this is precisely the level of information required
only the spectator neutron contributes the widths are energy discussions of fragmentation reactions, because the inelas-
independent. This behavior disagrees with thd26fl, butis  tic channels overwhelmingly produce different reaction
on the other hand consistent with the experimental resultproducts or particles scattered outside the detection range in
described iM13,15. the forward direction.

In this comparison we implied that our FWHM is the  Furthermore we only include the interaction between one
same quantity as the widtlor I values discussed in previ- halo particle(participanj and the target while neglecting the
ous experimental papers. Although these quantities armteractions between the other two halo partidlgsectators
strongly correlated this is not strictly true, since the FWHMand the target. In addition we also neglect the interactions
precisely is defined as the full width at half maximum of the between the spectators and the participant-target system in
computed distribution whereas the experimental width is obthe final state. The halo particles must then interact indepen-
tained as the width parameter in a fitted function. This easilydently with the target as three spatially correlated but nonin-
shifts the emphasis from the small momenta in the calculateracting clusters of nucleons. The motion of the spectators
tions to the large momenta of the tail in the experimentaimust remain undisturbed by the participant-target interaction.
analysis. This could easily produce uncertainties of severdWlore precisely the two criteria for the validity of the model
MeV in the FWHM. are that(i) the sum of the participant and target radii is less

As we have demonstrated the distributions are more comrthan the halo radius an@) the intrinsic velocity of the par-
plicated than simple one-parameter functions. Comparison dfpant within the halo is much smaller than the velocity of the
our FWHM with published experimental widths could then projectile or perhaps better that the characteristic time for the
be rather misleading. The only safe procedure is to compar@trinsic halo motion is much larger than the collision time.
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These main approximations are justified for weakly boundongitudinal distributions. This is then a direct effect of the
and spatially extended halos colliding with a target with andiffraction mechanism.
energy per nucleon larger than the intrinsic kinetic energy of The distribution for neutrons is relatively narrow due to
the participant within the halo, i.e., roughly the usual Fermithe final state interaction, which affects the core less. The
energy for nuclei although in principle unrelated to the Fermidistribution for the center of mass of the core-plus-neutron
energies of the nucleons within target and core. With thesspectators is the broadest reflecting the extension of the ini-
approximations one halo particle can interact with the targetial wave function. Increasing the shadowing parameters de-
without disturbing the motion of the other two. The total crease the widths of the distributions. The invariant mass
cross section is obtained by adding the contributions fronreveals information about the low-lying continuum structure
the three possible participants. The sudden approximation isf the neutron-plus-core system. The large and very low-
reached when the optical model is reduced to a black sphetging peak is the signature of a low-lying virtuaktate while
when the elastic scattering also is neglected. the shoulder indicates a low-lying and fairly bropdeso-

The model is described for point particles and the neceshance. The angular correlation of the emitted neutrons in the
sary generalization to finite radii involves the concept ofneutron-plus-core center of mass system is highly asymmet-
shadowing. We eliminate the geometric configurations in théiC revealing thas andp relative neutron-core states roughly
three-body wave function where the spectators move in th@ré equally populated AL _ _
shadow of the participant. The need for this correction arises 1he experimental data are available for several energies
from the simplifying choice of treating the participant-target 2nd targets, but systematic high precision data given as func-
interaction properly while leaving the spectators untouchedO" Of energy for one target does not exist at the moment.
in their initial state. If the spectators are close to the partici—We can compute absolutg Va'!JeS of a number_of differential
pant they would be either absorped or similarly scattered"©SS sections. However, in this paper we confined ourselves

X . . fo the energy dependence of three-body observables for frag-
However, these events contribute in the model computations

ith th bability ai in the initial function. Con mentation on a carbon target with one excursion to an alu-
w € probabiiity given In the initial wave function. Lon- .,y target. The distributions are essentially independent
sequently we must omit those unwanted configurations. An

. X - of target, but the absolute differential cross sections increase
other improved treatment with better final state wave f“nc'with target size. The scaling with target size seems to be

tions could directly take these effects into account. somewhat larger than the square of the target radius.

To use the model we must specify the interactions and the The energy dependence for the given carbon target is
shadowing parameters. Within the halo projectile we haVQ:omputed for allLi beam of 50 to 900 MeV/nucleon. The
the neutron-neutron and neutron-core interactions suppleyidths of the distributions are essentially constant above
mented by the three-body force. They are parametrized aground 200 MeV/nucleon and slightly increasing towards
Gaussians to reproduce th€Li binding energy, give a |ower energies. The absolute values follow the participant-
neutron®Li p,, resonance at 0.5 MeV with a width of 0.4 target cross sections. For neutrons this means a smooth in-
MeV and finally to produce about 40% pf configurations crease with energy above around 150 MeV/nucleon and a
in the *'Li wave function. These requirements are necessargtrong increasee towards lower energies. Furthermore dif-
to reproduce various experimental data. The only freedonfraction contributes much less than absorption at energies
left for the halo interactions is then the spin-splitting, arisingabove 200 MeV/nucleon whereas the inverse is true for en-
from the two different couplings to the core spin of 3/2, of ergies below 50 MeV/nucleon. This has the consequence that
both thes,;, andp,,, states in the neutron-core system. Thethe widths of the transverse distributions are broader at low
related spin-splitting parameters influence neither the abovenergies due to the domination of diffraction.
data nor the fragmentation data. Good agreement with the These predictions presuppose that the model is valid at
data then indicates approximately correct statistically averthe low energies and the energy dependence of the param-
aged positions of the and p states in'%Li, i.e., 0.71 MeV  eters are correctly included. The criteria for validity indi-
and 0.76 MeV. cated relative neutron-target energies above around 20 to 30

The two-body interactions between halo particles and tarMeV and perhaps even lower for very pronounced halo sys-
get are described by use of the phenomenological opticakms. The optical model parameters for the neutron-carbon
model with parameters adjusted to reproduce the correspong@otential are adjusted to scattering data down to these ener-
ing elastic scattering and absorption cross section data. Thgies, but the shadowing parameters are assumed to be con-
two shadowing parameters related to the sizes of halo pastant. These parameters have a strong influence on the abso-
ticles and target are determined to reproduce both the abstite values of the cross sections and a significant, but much
lute two-neutron removal cross section and the momenturtess pronounced, influence on the shapes of the distributions.
distributions after fragmentation. The predicted widths could perhaps be systematically

We compute all momentum distributions related to frag-changed by small amounts due to such possible energy de-
mentation of*'Li on carbon. For the same reactions we alsopendence.
compute the invariant mass otLi and the neutron angular In conclusion, we computed systematically essentially all
distribution, which recently was measured fie fragmen-  observables for thé'Li three-body fragmentation on a car-
tation. These observables are in general consistent with theon target. The same consistent model is used throughout.
available measurements. When the neutron and core partididost of the computations are in agreement with available
pants are scattered they receive momentum transfer perpemeasurements. This strongly indicates that the reaction
dicular to the beam and the transverse momentum distribumechanism essentially is correctly described in the model.
tions are therefore broader than the correspondinghe predictions are therefore useful as the unit for compari-
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son with future experimental data. Detection of discrepanciefssuming that particlé has spins;=1/2 and the target has
would then be significant and therefore also very suggestivepin zero, we can write the transition amplitude[33]

of necessary improvements like, for eaxmple, different de- )

pendencies of some of the parameters. The same consistent o) ™

model for all observables is crucial at the present level of 5.5 M_m<XSi2i'|g(0)+h(0)(n'0')|X5i2i>’ (A1)
accuracy and understanding. In this connection it is worth

keeping in mind that treating'Li as a three-body system is whered is the angle betweepy; andpy, , o are the Pauli spin
an approxomation and the intrinsic structure must be unmatrices and the functiorgy ) andh(6) are given by Eqgs.

avoidable at some point in the interpretation. (18) and(19), respectively. The vectar is defined as
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APPENDIX: SPIN-1/2 SCATTERING (n-o)=(n-0)'= ne—iny —n, |-

(A3)
ON SPIN ZERO TARGETS
In Eq. (8) we give the transition amplitude for the scatter- which implies that - o)?=1.
ing process between the participant particknd the target. We can then rewrite the key part of E4.0) as
|
S |z e )
T ! r E E
wspe |5 5
(277)2 * IMx M
2 <XsZ |g* () +h*(6)(n- (T)leZ ><X52 lg(6)+h(6)(n- o) |XsE”> 2 M5, s E-Ms. S s
,U«o. 5 35! M8 IRTIRTT Sk ki
(2 )2 2 2 * NYES IM
22, Ol MO+ 2RAG(ON" (D10 0)lxsx), 3¢ MIE s ML o
0i 22 i
(2m)?
=——(g(O)*+|ho)D) > MP <2 (A4)
Hoi MSjk2jmi L
where we used that
IM* IM -
E <XsE|(n o |XSE”> JZKE MsjkEjKEiMsjkijkEi”_o (AS5)
as seen from EqA3) and the fact that the matrix
J _ IM JM
By, x/= 2 Mg s M s (AB)

i Msjkzjk

is diagonal with identical diagonal elemef®2]. Insertion of Eq(A4) into Eq.(10) and use of Eqs(11), (14), and(16) then
immediately leads to Eq$12) and(13).
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