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Momentum distributions in stripping reactions of single-nucleon halo nuclei
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The widths of the longitudinal momentum distributions of projectilelike fragments produced'fe,(
Be+n) and in €B,”’Be+p) breakup reactions are analyzed using a single-particle description. The strong
absorption limit of the Serber model reproduces both data sets quite accurately. The transparent limit, on the
other hand, can reproduce the width of tHBe data reasonably well but it fails dramatically for tf@ data.

The reason is that the absorption of the projectilelike fragment has a much larger effect on the width when the
orbital angular momentum of the valence nucleon is nonzero.

PACS numbsd(s): 25.60.Gc, 25.70.Mn

The longitudinal momentum distributioMD) of pro- In his original work[1], Serber also considered the more
jectilelike fragments, observed in the two-body breakup of aealistic opaqueor strong absorptionlimit, where the ab-
halo nucleus, is often compared to, and sometimes identifiegorption of the observed particle is taken into account. This
with, the ground state momentum distribution of the twoapproach has more recently been applied to the cluster
fragments. This identification is realistic if the basic breakupbreakup of halo nucl€i4—8]. This model is adopted in the
mechanism is stripping and the target nucleus is completelfollowing and it is applied to the stripping of single-nucleon
transparent to the observed fragment. This is one of the limhalo nuclei:a—c+ x, wherex is the valence nucleon that is
its that was considered by Serber in his study of the neutroabsorbed by the target nucleus ands the detected core
production in deuteron stripping reactigrlg, and it is often  fragment.
referred to as the Serber model. The basic expression for the momentum distribution of

The LMD of 1°Be fragments, produced in the breakup of corelike fragments in stripping reactions is
1Be, has recently been measured on a beryllium target at 63
MeV/nucleon[2], and it was shown that the observed width do dP(k,b,)
can be reproduced quite well in the transparent limit of the (W) =f d<2)bx(1—|Sxt(bx)|2)T. D
Serber model. It was therefore surprising that this limit failed str
and gave a much broader distribution than observed in the
(®B,’Be+p) breakup on a carbon target at 1471 MeV/ The two-dimensional integration is over all impact param-
nucleon[3]. In the following it is demonstrated that this fail- etersb, of the valence nucleor with respect to the target.
ure is due to the neglect of absorption. It is shown that abThe functionS,; is the so-called profile functiofor S ma-
sorption plays a crucial role for the width of the LMD if the trix) for the scattering of nucleor on the target nucleus

valence nucleon is in p-wave(e.g., 8B), while it has only a The last factor in Eq(1) is the momentum distribution of
minor effect if it is bound in ars wave (e.g., }'Be). the corelike fragment for a fixed value bf,
|
db(k,b,) 1 —ikr (gs) 2
k= e D, (& Sl r DS @

It contains the matrix element of a similar profile function, The profile functions can be calculated in an eikonal ap-
S.i, for the interaction of the core fragmentvith the target  proximation, for example as it was done in R¢&10] from
nucleust. The ground state wave function of the halo nucleusthe free nucleon-nucleon scattering. A simpler approximation
is here assumed to have the usual single-particle form, that is often used is the black disc mod#)5,6,d,

o b L . Sub)=0, b<Ry, Su(b)=1, b>Ry, 4
q,(/gjm(r): . Z </m/§ms|lm>XmsY/m/(r)v (©))
m,mg H—

wherei = x or ¢ represents the valence nucleon or the core
fragment, respectively. This approximation will be used in
and Eq.(2) includes an average sum over thesubstates. the following. Other, more realistic, diffuse profile functions
The final state of the core fragment is assumed to be a simpleave also been usdd,7].
plane wave, and Eq2) also includes a sum over the two  There is an additional contribution to the momentum dis-

spin projectionsms= *1/2, of the absorbed nucleon. tribution due to diffraction. The valence nucleon is not ab-
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sorbed in this case but it is emitted into the continuum due to 2500 T T T
the nuclear interaction with the target nucldiis-8]. This
contribution is more difficult to calculate because it requires
realistic wave functions for the relative motion of the emitted
nucleon and the corelike fragment in the final states. It has so
far only been considered in cases where the ground state has
been approximated by a simple Yukawa type wave function
[6—8]. The diffraction component is neglected in the follow-
ing. Coulomb dissociation is also ignored, since we shall
only consider light target nuclei.

Before the results of detailed calculations are presented,
let us first consider the simpler, transparent limit of the Ser-
ber model. Thus, if we put the core-target profile function,
S.t,» equal to one in Eq(2) we just obtain the ground state
momentum distribution. For a particular substate this dis-
tribution is
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2|R (k)| FIG. 1. Longitudinal momentum distributions &1Be fragments
d > (/' m,1/2mgjm)? |Y/m (k) )|2, (5) in the laboratory frame, from the breakup &iBe at 63 MeV/
k? msm,/ nucleon on @Be target. The data are from RE2], and the curves
o . have been normalized to match the measured peak height. The
where the radial integral is dashed curve is the result obtained in the transparent limit and the
" solid curve is from the opaqu@r black disg¢ limit of the Serber
R/j(k):J drkrj(kr)é,(r). () ~ Mmodel
0
The average ground state momentum distribution that onéhe valence proton ifiB is mainly bound in &, orbit [12].
obtains from Eq(5) is One can easily illustrate the effect of absorption in the case
of 8B (i.e., for ap wave by considering the dependence on
dP(k) _2|R/j(k)|2 1 - the orientation of the single-particle orbit. Here it is conve-
dk T oak?  2/+ 1% |Y/m/(k)| nient to choose the axis along the beam direction. Then it
ave appears obvious that the most dominant productior Ré
IR/ (k)| fragments will occur whem, = +=1. The proton orbit will
N @

The associated longitudinal momentum distribution, ob- 0.006 ' ' l l l

tained by integrating Eq.7) over all transverse momenta, is

d P( k) 0.005

=—J SRl ®

This expression gives a reasonable estimate of the width of
the measured LMD of%Be fragments emitted in the breakup
of 'Be[2]. However, it fails for the®B breakup; the mea-
sured width(FWHM) of the ‘Be LMD is 81+6 MeVic,
whereas Eq(8) predicts a width that is about twice as large
[3].

In order to understand the above discrepancy it is impor-

dP/dk, [1/(MeV/c)]
o
[o)
8

0.002

tant to realize that the transparent limit is unrealistic, i.e., the 0001

absorption of the core fragment cannot in general be ne-

glected. This is particularly obvious when one wants to ac- 0 I l N L L

count for measured breakup cross sections but we are here -150 -100 -50 0 50 100 150
mainly concerned with the width of the LMD. We shall see k| (MeV/c)

that the opposite limit, namely the opagiee strong absorp-

t|0n) I|m|t |S more I’ea|IStIC In faCt Sel’bel’ came tO the same FIG. 2. The SO“d curve |s the average |0ng|tud|na| momentum

conclusion in his original work1] on the energy distribution  gjstribution of the’Be core in the ground state 8B. This is the

of neutrons produced in stripping reactions of deuterons. result one obtains in the transparent limit of the Serber model. The
The crucial point in the present context is that the valencelashed curves are the two separate contributions frors 0 and

neutron in!'Be is mainly bound in as wave[11], whereas m,=+1 discussed in the text.
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then stick out perpendicular to the projectile trajectory, and it dap 1 (> dk

can hit the target nucleus, while the core can stay farther (W) = ;J ?|R/j(k)|25in2( 6, (9

away and survive the collision. When,=0, the proton or- L m, Ikl

bit is aligned with the®B trajectory. If the proton hits the

target nucleus, then it is also quite likely that thBe core

will hit the target and get absorbed. where sif(6)=1—(k_/K)%. The last factor reduces the width
Based on the above geometric picture of the absorptionf the ‘Be LMD, as discussed below in connection with Fig.

process, one can make a crude estimate of the LMD for a@, from 166 to about 104 Me¢/(FWHM).

initial p wave simply by neglecting then, =0 contribution. Let us now return to the more realistic estimate of LMD

This approximation leads to a large reduction in the width ofthat is based on Eq$1)—(4). By integrating over all trans-

the LMD. This can be seen by considering the LMD oneverse momenta one obtains an expression that is local in the

obtains in the transparent limit from the two remaining con-transverse coordinates. Moreover, by inserting the single-

tributions, fromm, = +1. The latter distribution can easily particle wave function3) into Eq. (2) one can perform the

be determined from Eq?7), sums ovem andmg and obtain,

2

sze izl ¢)/J(r)Y/m/(r) (10)

1
(2) 2 (2) 2—
(dkL)Str Jd bx(l |Sxt(bx)| )J d rL|SCt(|b rL|)| 2/+1)

This expression clearly shows how the LMD for stripping the opaque limit. The latter result is almost identical to the
probes the ground state wave function. One feature is that italue obtained above from the more realistig;;2 single-
contains the geometrical aspects of absorptionpfavaves  particle wave function. This result clearly confirms the sec-
discussed above. Another feature is that the LMD probesnd feature mentioned below E@10), namely that the
mainly the tail of the single-particle wave function, at largeropaque limit probes mainly the tail of the single-particle
values ofr | , where the LMD is narrower. These features arewave function.
illustrated below. The p3, wave function of the valence proton i#B is
The interaction of the valence nucleon with the core iscalculated from the single-particle Hamiltonian used in Ref.
parametrized as a Woods-Saxon well, with diffusenes$13]. The nuclear interaction used there includes a spin-orbit
a=0.52 fm and radiuR,., and it is supplemented with the term but it is essentially equivalent to a pure Woods-Saxon
Coulomb interaction in the case of a valence proton. Thavell with a radius of 2.48 fm for @4, state. The ground
well depth is adjusted to reproduce the known binding enstate LMD obtained from Eq8) is illustrated by the solid
ergy. The black disc model, E), is used for simplicity to  curve in Fig. 2. It has a width of 166 MeV/c. This result
model the absorption. The associated radii are parameterizedpresents the transparent limit of the Serber model.
asRy =T 1 d AV3+ A for the core, andRy =T 4, AM3+0.8 Also shown in Fig. 2 are the two separate contributions
fm for the valence nucleorn8]. Results are shown for fromm,=*1, Eq.(9), and fromm,=0. The latter distribu-
r..—=1.5 fm, and the sensitivity to this parameter is dis-tion can be obtained from Eq9) simply by replacing the
cussed. factor sirf(6,) by cog(6) = (k_/k)2. It is seen to be quite
The valence neutron if'Be is mainly bound in a &, broad and it vanishes f&q =0. The large width is due to the
single-particle statéi.e., an exciteds wave which has one fact that the kinetic energy inside the core is larger inzhe
node, and we choos®,. = 2.7 fm. The two LMD’s of direction than in the two transverse directions in this particu-
10Be fragments that one obtains in this case for a berylliumar substate. This feature ofawave is particularly evident
target are shown in Fig. 1 together with the data of Rgf.  in a three-dimensional harmonic oscillator model. The con-
The dashed curve is transparent limit, £8), and the solid tribution fromm, = =1 represents the crude geometric esti-
curve is the opaque limit of the Serber model, Egs.and  mate, Eq.(9). It has a width of 104 Me\y.
(10). The calculated LMD’s have here been transformed into The corresponding three LMD’s one obtains in the opaque
the laboratory frame of the experiment and they have beelimit, Egs. (4) and (10), are shown in Fig. 3 for a carbon
normalized to match the peak height. The effect of absorptarget. It is seen that the, =0 contribution is strongly re-
tion is seen to be quite modest in this case. In the rest framduced in comparison to Fig. 2, in particular in the tails at
of the 1Be, the width(FWHM) is reduced from 46.5 to 40.7 large momenta. The width of then,=+1 distribution is
MeV/c. The latter value is consistent with the measuredalso reduced, from 104 to 64 Med// These reductions are
width [2], of 41.6 + 2.1 MeVL. both consistent with the two qualitative features discussed
In this connection it is also interesting to quote the resultdelow Eq.(10). The solid curve in Fig. 3 shows the total
one obtains from the simple Yukawa wave function that isLMD. It has a width of 82 MeW¢, consistent with the the
commonly used in the study of halo nuclei and which has theneasured valug3] of 81 = 6 MeV/c. Comparing this dis-
correct asymptotic form for as wave. The width of the tribution to Fig. 2 it is seen that the crude geometric estimate
LMD that one obtains for this wave function is 58.6 MeV/ [Eq. (9), the dashed curve in Fig. 2 witlm,=*+1] gives a
c in the transparent limit, and it is reduced to 40.8 Me¥i  more realistic estimate than the transparent limit dgks
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08 | | | | - sitive to this variation. Thus it appears that stripping can
account for a major fraction of the measured cross section.
In order to get a better understanding of the nuclear in-
duced breakup process it would be very useful to have mea-
surements, both of the cross section and the width of the
LMD, over a wide range of beam energies. To calibrate or
test the absorption as a function of beam energy, it would be
important also to include the contribution from diffraction in
the calculated cross section and LMD. Work in this direction
is currently being pursued, using more realistic, diffuse pro-
file functions. Preliminary results show that the diffraction
component is quite sensitive to the diffuseness of the profile
functions, whereas the stripping component is more stable.
An alternative insight into the breakup mechanisms may be
obtained from multiplicity measurements. The multiplicity of
0 protons in the §B,’Be) breakup, or of neutrons in the
150 - . (*'Be,'%Be) breakup, must be related to the relative yield of
diffraction events. However, it may be difficult in an actual
measurement to clearly distinguish between stripping and

FIG. 3. Average longitudinal momentum distribution dBe  diffraction eventq14].
fragments(solid curve from stripping reactions ofB on a carbon Apart from uncertainties in the total cross section, it ap-
target, calculated in the opaguer black disg limit of the Serber ~ pears that the width of the observed LMD &Be fragments
model. The dashed curves are the two separated contributions frohd] is consistent with the opaquer strong absorptionimit
m,=0 andm,= =1 discussed in the text. of the Serber model, whereas the transparent limit grossly
] o ) ] overestimates the width. This conclusion is based on a
solid curve in Fig. 2 However, the crude geometric estimate gjngje-particle description of the valence protor?B, with a
Is not suff|c7|ently accurate at a quantitative level. P> ground state wave function. The conclusion made in
The @B, _Be) stripping cross section obtained from qus-,Ref. [3], namely that a mean fieléor single-particlg de-
(4) and(10) is 68 mb whereas the measured cross section i§crintion cannot reproduce tHi@ data, is clearly misleading

94 = 4 mb([3]. There is of course some uncertainty in the pecayse the analysis made there was based on the transparent
choice ofr 4. If we reduce the value of this parameter, from |imit of the Serber model.

1.5 to 1.25 fm, the stripping cross section increases from 68

to 78 mb, and the width of the LDM increases from 82to 91 The author is grateful to Sam Austin and John Kelley for
MeVi/c. If we instead increase the radius of the Woods-stimulating discussions. This work was supported by the
Saxon well by 0.3 fm, the stripping cross section increase$).S. Department of Energy, Nuclear Physics Division, under
from 68 to 77 mb, whereas the width of the LMD is insen- Contract No. W-31-109-ENG-38.
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