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Momentum Content of Single-Nucleon Halos
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The longitudinal momentum distributions of the core fragment in the dissociation of halo states on
light targets provide information pertaining to the external part of the halo. The calculations agree
well with the measured momentum widths and cross sections for the reacti@es'{Be) and €B,

Be). The measured widths are not expected to be sensitive to the instrumental transverse-momentum
acceptance. [S0031-9007(96)00770-3]

PACS numbers: 21.10.Gv, 25.60.Ge, 25.70.Mn, 27.20.+n

Nuclear halos [1] are characterized by the low bindingfunctions appropriate for halo states do not factorize,
of the last nucleon (or pair) and by having an appreciabland the effect to be discussed arises from localization
single-particle component of low angular momentum.perpendicular to the beam direction.

Their wave functions can best be studied in momentum The analysis can be simplified in a number of ways.
coordinates, where the wide spatial distributions translateExcept for a brief remark about Coulomb dissociation to-
into a narrow momentum distribution. This connectionwards the end, it is here restricted to purely nuclear re-
was first explored by Serber [2] for the deuteron, theactions of single-nucleon halo systems with light targets.
mother of all halo states, and for reactions at highGood data exist fot'Be [10] and®B [11,12], for which
energy (95 MeVYu), at which the interaction with a light the structure is well understood [3,13,14] as predominantly
target is essentially instantaneous. The neutron and then s-state halo neutron andastate halo proton, respec-
proton spend most of the time outside the range of theitively. It is a good first approximation to represent these
interaction, and the removal of one of them will leaveby a single-particle product wave functi@y. The high

the other with the momentum it had at the instant of theprojectile energies allow a description in terms of a classi-
collision. Serber referred to this process as “stripping,” arcal impact parametds, see Fig. 1. The dissociation prod-
obscure reference to a procedure in weapons technologycts 1°Be or ‘Be are formed at impact parameters greater
see his recent remarks on the subject [2]. Modern workhan b, = Rc + R4, where the energy-dependent core
on halo states frequently invokes the Serber mechanism tand target radii are chosen to reproduce measured heavy-
justify the assumption that the momentum distribution ofion interaction cross sections [15]. There are two reaction
a fragmentation product will be that of the initial wave channels: (i) nucleon stripping (or absorption) in which the
function. In the following it will be shown that this halo nucleon has interacted strongly with the target and
does not hold in general. The essential point, recentlglisappears from the beam, and (ii) diffraction dissociation
noted by several authors [3—-5], is that a halo state differs which the nucleon moves forward with essentially beam
from the dumb-bell structure of the deuteron, and thawelocity. Collisions at impact parameters smaller than
collisions with a nuclear target cannot explore all parts
of the halo’s spatial wave function with equal probability.

L
As a consequence, the observed momentum distributions %’ ﬁ
relate to the outer part of the halo structure and are, in fact, / n
more specific and more interesting than had been thought R,

initially. oo
The momentum components transverse to the beam
direction are known from experiment [1] to carry the
imprint of the reaction mechanism. For the parallel X
momentum components, experiments [6] suggested, as
we shall see correctly, that the mechanism would play
a smaller role. Theory [7-9] subsequently argued that / / R
the parallel distribution would, indeed, be close to that of Z A, Z
the total halo state, one argument being that the nucle&lG. 1. The coordinate system is centered in the projectile

interactions will not lead to localization of the wave core.C relative to which coordinate of t.he halo neutron.ris
function along the beam direction. It will be seen from 1€ impact parameter of the targé(moving along thez axis)

L . is approximated by the two-dimensional vectoinstead of the
what follows that this is true for wave functions that vectorb, connecting to the center of mass. The target radii are

factorize in_cylindrical coordinates such as plane waveghe heavy-ion interaction radiug, and the nucleon interaction
and Gaussians. However, the external two-body waveadiusRr,.

\
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are assumed to lead to core fragmentation and hence wdél quantity that must now be evaluated with the wave

not contribute to the dissociation cross section. function 64 introduced above. The differential cross
The high beam energy also implies that the eikonabkection

approximation is applicable. The target trajectory (in

the coordinate system used here) is a straight line, and do _ fw d—depbdb )

the range of the interaction, which does not have to dk bmin dk;

be weak, is of the order of the effective target radiusemerges as an integral over impact parameter.

R, In this approximation, see Gottfried [16], the wave For 3 narrow reaction zone with radisg, it is a
function of the halo statg, remains unchanged throughout good approximation to replace the wave function in the
all space except in a cylinder of radiug,, where it jntegrand in (1) by its valueso(b,0,z) along the target

is set to zero. This is the commonly used black-diskyajectory. The integral ovex andy now gives a factor
model. Its most important Ilmlta_ltlon, the assumption g2 " \which may be interpreted as the (free) nucleon
of a sharp target surface, is of little consequence in geaction cross section. The contribution from diffraction
discussion of the longitudinal momentum componentsgissociation relates in the same way to the elastic nucleon-
Let the wave function originally contained in the reactiontgrget cross section. The sum of the two is obtained by
zone be denoted )y, a function that vanishes outside the replacing 27TRZ, with the experimental [18] total cross

interaction radiusk,, which can be chosen to reproduce sectiono;. If the integrand is symmetric about thexis,
the experimental reaction and elastic cross sections for frgéq. (1) can be approximated as
nucleons.

Finally, the sudden approximation is valid. At the dW o7

moment of impact, the nucleon stripping reaction selects d—kz T on

the state of the system to bidy. The normalization since the two integrals overandz’ factorize. For initial
P, of this state is the stripping probability for a given tates withl equal to 1 or greater, this expression must

and the square of its three-dimensional Fourier transfor o :
e averaged over initiah states in the usual way. It can

gives the momentum distribution, which must be that o rasily be shown that, when taken in the limitigf,, equal

the core fragment since the halo nucleon is no longe . .
present. For the same reason, the question of final> #€0: the integrals (3) followed by (2) give the true

state interactions does not arise. If the nucleon is nof oMentum distr_ibution of the .cor.nple.te wave function,
stripped, the new state represented by the complemeﬂplt%p?ﬁen;grseed(;?gﬁ;l% ynsgli‘:'g;uwf’h:méo IE CII,[ i(slza.as

of the wave functionji, — 8¢ is mainly the unchanged to derive closed expressions for Egs. (2 ’ar'1d 3 A)s/ the
halo state. The (small) probability that it decays by P as. (2) (3).

diffraction dissociation is obtained directly if it is assumed reaction zon&y is enﬂrely oth|de the nuclea_r core, the
[17] that the halo statey, is the only bound state of exact external wave function is the first spherical Hankel
the system, which can be projected out to give the Wavéunctlon
function of the decaying stat¢p, = P,y — Sy With Yo(r) = Bk (ikr)Y (9, @) (4)
normalization ofP, — Pg. It will be seen that the first
term in the wave function of the decaying state is a smal
correction, necessary to preserve orthogonality. Henc ; o .

Y y P 9 y mensionless constaBt of order unity, is determined by

tahrg ggs%zlilmaitsel?/f ISJQEE(I:Z? ZQS ggflzgft;oqn dé.sl.?]?gl?stlonjoining the outer and inner solutions to the Schrddinger

related to the fact that the total cross section for fasgquation. For anf = 0 _state, a_Yukawq wave function
orresponds to the choide = v/2 (sometimes [17] aug-

neutrons is approximately twice the geometrical value.)gc_‘ S . )
If final-state interactions are neglected, which seems t ented by a finite-size COI’I’eCtIOlrl), while a Woods-Saxon
calculation suggest8 = 2.26 for ~‘Be. For ap state and

be a good approximation fol'Be [17], the momentum - :
g . ; ; o : a neutron binding energy of 0.137 MeV (corresponding to
distribution for diffraction dissociation is also given by that of the proton irfB), one has — 0.47.

the square of the Fourier transform &, which is than X T .
all that needs to be calculated. The integral (3) forl = 0 is given in Sect. 3.961 of

2

f exp(—ik.2)o(b,0,2)dz | (3)

ritten in terms of the reduced mass and neutron separa-
gon energy through the relation = (2uS,)"/?/k. The
i

To obtain the probability distribution in momentum [19],
(written in terms of the wave vectd) along thez axis dWo  orBk
i its Four = K3(x) (5)
for a general wave functio#(r), the square of its Fourier dk g2 nolX)s
Zz

transform is integrated ovet, and k,. This fivefold o - , . .
integral can be reduced to and patrtial differentiation of the two integrals given in

AW | the same reference with respect to the impact pararbeter
T f f ] f by, 2N (x,y,2) leads to the expression for= 1,
v

dW, _ orB?
X exflik,(z — z)]dxdydzdz', (1) dk, 27k

[k2K3(x) + (K2 + «HKi(x)],  (6)
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where the argument of the modified Bessel functions isadius as the Woods-Saxon well. The results are insensi-
x = b(k? + k2)!/2. The two terms inside the square tive to the choice of the Coulomb radius.

bracket in Eg. (6) are the contributions from the= The approximation leading to Eq. (3) assumes that the
0 and m = *1, respectively, the latter being the most effective radiusk, of the target is small. (At 63 MeXu
important. The differential cross sections can now bet is of the order of 2.0 fm for®Be as compared with a
obtained by integrating Egs. (5) and (6) ouerto give  decay length of thé'Be halo wave function of 6.75 fm.)

forl =0 This assumption can be tested in the other extreme limit,
doy  orBikb, ) ) Fhat of infinite target radius, in which th'e reaction' zone

T o [Ki — Kql (7) is bounded by a planar cutoff. Expressions for this case

and forl = 1 z have been given eI;ewhere [1,4]. The four pairs of dashed

curves shown in Fig. 2 demonstrate that the two extreme

do o7B*bin approximations give nearly identical results, and also that

= [kf(Kf — Kg) + (k2 + &%)

dk, 27K the parallel-momentum distributions depend strongly on

the impact parameter.
ﬂ The momentum distributions of the cross section are
(8) shown as large dots in Figs. 2 and 3, and the widths
where the argument of the modified Bessel functioné"md dissociation cross sections are summarized in Table I,
which shows that there is very good agreement with the

is understood to b& = bmin(k? + k2)'/2. The single- . .
nucleon stripping cross sections are obtained by inte€XPerimental results [10,11,17,20]. The cross sections,

grating overk,. Results obtained with Egs. (5)—(8) are "0ughly one-third and one-tenth of the free-nucleon val-
shown in Figsz. 2 and 3 and in Table I. ues, provide a valuable quantitative verification of the

Complete single-particle wave functions were calcuSimple model_ used. It is seen that the qalculati_on, in
lated in a Woods-Saxon potential-well model with radius@dreement with .that of Esbensen [5], satisfactorily ex-
and diffuseness parametegs= 1.25 fm anda = 0.7 fm plains the reduction ofB width to roughly half of that of

and with the well depth adjusted to reproduce the expert-he total wave fl_m_ction, 153 Mext. '_I'his apparent Qis-
imental separation energy. The results obtained for nelfepancy _had originally led to the claim [11.] that an inter-
trons when Egs. (2) and (3) were evaluated numericall oretation in terms of a complex many-particle wave func-

with these wave functions were identical with the results'©" Was required. A.S the effect of Iogallzatlon must in
of Egs. (5)—(8) to within 1% as could be expected since@Ny case be present, it should not be viewed as a possible

in this case, Eq. (4) is an exact solution outside the ranglglterna’Eli_vileszIgnation. Twohcurves in Fig. 3 and thekljast
of the potential. For théB calculations, Fig. 3 and Ta- 'N€ In Table | demonstrate that@state neutron wou

ble 1, the Coulomb potential acting on the halo proton wa€have similarly.

taken as that of a uniformly charged sphere with the same .Th(_e interpretation given here ha}s an important im-
plication for the analysis of experimental data. Con-
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FIG. 2. Calculations for the"'Be s-state halo incident on a Parallel Momentum (MeV/c)

beryllium target and for a beam energy of 63 MaV (i) All

parallel momentum distributions are normalized to unity at theFIG. 3. Calculations for the’B p-state halo incident on a
origin; the bar is the measured half width at half maximum, andcarbon target and for a beam energy of 1471 MeV The

the large dots represent the differential cross sedfiofidp.. notation is the same as for Fig. 2 (i). It is seen that the
The full-drawn line is the distributiondW /dp, of the total localization effect reduces the width by a factor of 2, in
wave function. (ii) The four pairs of dashed curves correspondhgreement with experiment. The other pair of curves, dashed
to the quantitydW /dp, for fixed impact parameters of 5, 10, and small dots, are calculated for no Coulomb (NC) interaction
20, and 40 fm with the long and short dashes denoting thén the halo state. The localization effect is, in this case, given
respective limits of small target radius [Eq. (5)] and infinite by Eq. (8) and illustrates the case of a hypothetipatate
target radius (planar cutoff). neutron with otherwise unchanged parameters.
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TABLE I. Beam energy, widths, and cross sections.

FWHM T" (MeV/c) Cross sections (mb)
Ep (MeV/u) calc. exp. free calc. exp.
(i) Reaction®Be(*'Be,%Be), 15 state,S, = 0.504 MeV, T',, = 44 MeV/c
41 39 930 316 290 *+ 40*
63 40 42 + 2b 690 255
460 41 235 98
(i) Reaction2C(®B,’Be), Op state,S, = 0.137 MeV, Ty, = 153 MeV/c
40 69 1078 111 80 = 15°
1471 75 81 * 64 377 54 94 + 44
1471¢ 56 377 82

aRef. [17], PRef. [10], °Ref. [20], “Ref. [11], and*Calculation with thep-’Be
Coulomb interaction neglected. In this cafg, = 103 MeV/c.
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