PHYSICAL REVIEW C VOLUME 58, NUMBER 2 AUGUST 1998

Coulomb breakup of 'Be and 1°C
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We investigate the Coulomb part of the one-neutron removal cross section in breakup reactions of the
neutron rich nuclei*'Be and'°C. Approximate Coulomb breakup amplitudes are derived from two distinct
theoretical viewpoints. One of these uses an approximation to the distorted-wave Born approximation. The
other assumes an adiabatic treatment of the projectile excitation to the low energy continuum. Both approaches
include approximately the finite range of the interaction between the breakup fragments and so can treat non-
s-wave projectiles. Calculations are analyzed and compared with available experimental data for total one-
neutron removal cross sections, neutron angular distributions, heavy charged fragment momentum distribu-
tions, and excitation energy spectra for breakup on Eighrgets[S0556-281®8)00108-3

PACS numbgs): 24.10.Eq, 25.60-t, 25.70.Mn

[. INTRODUCTION constituents of the projectile, as did the authord 24,21
Other semiclassicdll1l] and prior form DWBA[16] calcu-
Experiments with beams of neutron rich nuclei, like.i, lations also make the ZR approximation.

11Be, and!“Be, have revealed the existence of a neutron halo A consequence of using the ZR approximation is that the
structure. In their ground states these nuclei have valencstructure of the projectile is assumed to affect the breakup
neutrorgs) which extend far out in space beyond a smalleramplitude only as a multiplicative constant. Although the ZR
dense cord1-3]. '°C, the last particle stable odd-neutron approximation is justified in studies of low energy deuteron
isotope of carbon, also promises to be a halo candidaf®  breakup[27-29, its use for more massive projectiles at
with a very small one-neutron separation energy of 24Zigher beam energies is very suspect. The approximation is
+95 keV [6]. Such systems provide a stringent test ofcertainly inapplicable in cases where the projectile’s internal
nuclear structure models developed for stable nuclei as theyrbital angular momentum is different from zero, when it is
involve new structures and surface phenomena. The halerucial to include the effects of the finite-range of the inter-
structure is manifest experimentally through large reactioraction. This in turn introduces a more complex dependence
and Coulomb dissociation cross sectiojs-9], forward and sensitivity of the breakup amplitude to the projectile
peaked angular distributions of neutrons measured in coincitructure.
dence with the core nucl¢ll0,11, a narrow component in In this paper we report approximate finite-range quantum
the neutron angular distributions in core breakup reactiongnechanical calculations of elastic Coulomb breakup'Be
[5], and extremely narrow measured momentum distributiongind *°C induced reactions at beam energies below 100 MeV/
of these core nucldil2—-14. nucleon. We derive finite-range breakup amplitudes from
Consideration of the fragmentation of these halo nuclei iswo theoretically distinct viewpoints. One of these makes an
important. Most have only one bound state, the ground statepproximation to the distorted waves Born approximation
and a broad featureless continuum. Thus conventionaheory. The other assumes an adiabatic treatment of the pro-
nuclear structure methods, dealing with the energies angctile excitation to the low energy continuum. Calculations
spin-parities of excited levels, are inappropriate. One mussf the exclusive neutron angular distributions, parallel and
consider processes that excite the continuum and the study gansverse momentum distributions of the core fragment, and
breakup reactions provides such a tool. In particular, a preexcitation energy spectra are also presented. In Sec. Il we
cise knowledge of halo nucleus Coulomb dissociation crospresent details of the theoretical formulations. Structure
sections would place constraints on their electric dipole remodels used fot'Be and°C are presented in Sec. Ill. Our

sponsg15-19. results are discussed in Sec. IV and conclusions are drawn in
The Coulomb dissociation of'Li and ''Be has been Sec. V.

studied by Cantet al.[20] and Bertulankt al.[21] within a

semiclassical coupled-channels formalism. Kiekoal. [22]

and "Bertschet al. _[23,24] have sqlved th_e time-dependent || THREE-BODY MODEL OF COULOMB BREAKUP
Schralinger equation for the relative motion of the core and

halo. The results if22—24 are however dependent on the =~ We consider the elastic Coulomb breakup of a two-body
range of impact parameters chosen for the assumed straigbemposite projectilea=c+v, with spinss,, s., ands,,

line trajectories used to describe the motion of the projectildrom a spinless target Thus we treat the+t—c+uv+t

in the field of the target. Shyamt al. [25,26 have studied ~dissociation process as an effective three-body problem,
the Coulomb breakup of several neutron dripline nuclei uswhich are assumed to have massgsm, , andm,. We also
ing the post form of the distorted-wave Born approximationassume that the valence partiolés uncharged and does not
(DWBA) theory. However, they make the simplifying ap- interact with the targety,;=0, and that the charged coce
proximation of a zero-rang€ZR) interaction between the interacts with the target through (apin-independeptpoint
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on the two approaches are discussed with our results. The
basis of the two formulations is first clarified.

In the DWBA it is assumed that Coulomb excitations of
the projectile are weak and so need be treated only to first
order. ¥(*) s therefore approximated, as is usual, by the
product

i) (LRI~ WY (R =®,, (DX (ke R (3)

Herex(™) is a Coulomb distorted wave describing (peint)
projectile elastic scattering and, by definitio#r,®" has a
vanishing overlap with all projectile inelastic channels. Sub-
stituted in Eq.(2) this yields the usual post form transition

FIG. 1. The coordinate system adopted for the core, valencgmp"tudeTDW of DWBA theory.
particle, and target three-body system. By contrast, the adiabatic approach does not assume the

breakup states are weakly coupled. It is assumed however

Coulomb interactionV.;. We adopt the Jacobi system of that the states which are strongly coupled to the projectile
coordinates shown in Fig. 1. ground state in Eq1) havec—v relative energie&,<E, or

The Schrdinger equation satisfied by the three-body scatthat the energies associated wih, are smallH,, is there-
tering wave function, for the projectile incident with momen- fore rep|aced by a representati@@nstan) energy, taken as
tum fik, and spin-projectionr, in the center-of-mas&.m)  — ¢, It was shown in Ref[30] that the resultingadiabatia
frame, is therefore three-body equation has an exact solution which separates in
the variablesR, andr, namely

[Tr+Va(R=yD)+He, —EJW, (LR)=0, (1) |
i Yo V) (LR =TS, (R =y, (NeTa Y (ke Ry).

wherey=m, /(m.+m,) andH_, is the internal Hamiltonian (4)

for the valence-core systery is the kinetic energy operator The x*) here is the same Coulomb distorted wave as ap-

for thde prOJeq'Itlllg—ta(ljrget ;glatlve m_oglon. The p(;OjeCtlle peared in Eq(3) but is evaluated at the core coordin&g.
ground state will be denoteli,, (1), with an assumed sepa- e wOW AP solves the adiabatic three-body equation

ration energy— €, and is obtained by solving the SChro and by construction it retains breakup components—evident
dinger equation for the core-valence particle relative motiofrom its complicated dependence on This approximate

in their binding potentiaV, (r). . ~ three-body solution, when substituted in EB), derives the
The transition amplitude for elastic Coulomb breakup, inadiabatic approximation to the elastic breakup amplitude
the c.m. frame, is TAD [31].
. In both cases the projectile ground state appears as a fac-
Too, 0= (X (ke RS, 8RS, [V, [ W) (1,R), tor, which we now write explicitly, to clarify its orbital com-

(2)  ponentd, as

whereS% andS, are the core and valence particle internal D, (N= E (scolim|s,o,)
v Oq

wave functions witho; and o, their spin projectionstik, lpjmogo,
and 7k, are the asymptotic momenta of these fragments, s lu

conjugate tR; andR, , respectively, ang!™) is an in-going X(lus,oy|jm) @ (r)S"éS"zﬁ’ ®)
waves Coulomb distorted wave function describing the R

relative motion in the final state. Since it is assumed thaWhereq)'a“(r):i'u|(r)Y,M(r), the u, are radial wave func-
V,+=0 the valence particle is described by a plane wave irtions, and theé|,, are the spherical harmonics. Since the only

the final state. distorting interactiorV; is assumed central the integrations
over spin variables can be carried out in Eg). The re-
A. DWBA and adiabatic approximation schemes quired (AD and DW) approximate transition amplitudes can

. . . then be expressed as
We outline two approximation schemes for calculations

of the exact quantum mechanical amplitude &j.based on _ _

() an approximation to the distorted-wave Born approxima- Vo, :0,= 2 (ScOciM|Saoa)(| s, o, |im)By,,  (6)
tion (DWBA), and (i) an adiabatic treatment of the projec- i
tile's excitation[30,31]. We show that, dependent on the
precise assumptions made in the first of these methods, t
formulas derived from the two approaches can look similar,

or even identical. We stress however that in deriving these BPMW=<X(_)(|<C,Rc)eik"'R”|ch|q’;”(f))((“(ka,R)>,
formulas the two models make quite distinct physical ap- 7)
proximations to the exact three-body wave functiéf™.

Possible observable differences between calculations basedd in the adiabatic model

where the reduced transition amplitud@s, are, in the
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BP0 =(x"" (ke R ™ o[V, | DI (r) ey () (K, R)).
®

Since R,= aR.+r, where a=m;/(m;+m.), then without

further approximation the entire adiabatic amplitude now

separates exactly in the coordinaiesandr, as
BRO= (e Vg, | DY)
X(X(i)(kcch)eiakv.R°|X(+)(kach)>
= (0, Vo PUN X () 0k X (). (9)

The momentumg, appearing in the first term ig, =k,
— 7K,

B. Effective momentum approximation to DWBA

The entrance channel distorted wave function AR
does not separate in the variablRs and r. The DWBA
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projectile—through its ground state wave function. These are
the same vertex functions as arise in transfer reaction calcu-
lations and can be written

(0] Ve | D) =Dy(@)Y,,,(@) =D(q), (13)

where

D|(Q)=47TJ:O|”2]|(qf)VcU(r)U|(f)- (14)

The second factors, the overlapg ) (k.); ak,|x{)(ky)),
are identical in Eqs(9) and(12). These can also be evalu-
ated in closed form using the bremsstrahlung inte{s4]
and are associated solely with the reaction dynamics.

C. Comparison of model amplitudes

From the computational point of view, the reaction ampli-
tudesBPW and B”P differ only through the momenta which

amplitude thus remains a six dimensional integral. An ap-appear in the first terms, the vertex functions. The amplitudes
proximate variable separation, and hence factorization of thbecome identical in the limit that we choosg=K,(Rp
argplltude,lcanI however be developed _|f one ar?sumes, €.0sw)k,=k,. The factors (x()(kJ);ak,|x(*)(k,)), and
[32,33, a local momentum approximation to the entrancenence the treatment of the reaction dynamics, are treated

channel Coulomb distorted wave f&(=R;+ yr) values
about the poinR., i.e.,

X(Jr)(kavR)%qui7Ka'r)X(+)(kaaRc)- (10

Equation(10) is of course an exact Taylor series expansion
aboutR; if K (= —iVRC) is treated exactly. This is not done

here. RatheK,=K,(Rp) will be interpreted as aeffective

identically in the two cases.

While Egs.(9) and(12) appear very similar, we stress that
they result from quite distinct approximations to the three-
body wave function? ("), Whereas the adiabatic wave func-
tion WAP of Eq. (4) is an exact solution of the three-body
equation(with H,.= — ) for all R andr, the approximation
to WPV used in Eq.(10) is introduced as an approximate
representation of the elastic distorted wave over only a small

momentunfor the projectile, to be evaluated at a represenyegion of the configuration space. Clearly this approximate
tative distanc&,, from the target, where the integrand in EQ. form has nonvanishing overlaps with projectile excitation
(7) is thought to be large. The choice of direction of this channels if assumed for all in contradiction with the defi-

vector is discussed later, however, singg, restricts the
integrals in Eq(7) to small|r|, Eq.(10) may be a useful first

approximation.

nition of WPV, The approximation used in E(LO) does not
specify an appropriate choice for the direction of the effec-
tive momentumK, which remains a free parameter within

It was shown in(32] that a condition for the validity of a  5¢ approach. Sensitivity of calculations to its choice are
local momentum approximation is that the variation of thegiscussed in the following.

magnitudeK , = |K,| with positionRy should satisfy

-1
, (11)
r=Rp

dKa(r)
dr

Ka(Ro)
WSy

whereR, is of order of the range df ., . We will show that
for the reactions of interest this condition &h is satisfied.
In the following Eq.(10) will be used assuming fixedvalue
of K, for all R, but whose direction, when used in EQ),

can be allowed to depend dq andk,. Equation(10) pro-
vides a separation of the six dimensional integralgi"V

which then reads

B =(Q, Ve [P (X (ko) ak, [ X (ko). (12)

Now, in the first teervz k, — vKa, whereK, is the effec-
tive momentum which has yet to be specified.

In previous work[25,26,35, for s-state projectiles, simi-
lar factored expressions for the transition amplitude were ob-
tained by the following steps. Fir&® was replaced by. in
Eq. (7), termed a “no-recoil approximation.” This is seen to
be equivalent to assuming=0 in our formulas, requiring
Dy(q) to be evaluated at tHarge final state valence particle
momentumg=k, . Secondly, despite this requirement, a ZR
approximation to the vertex function was made, replacing
Do(k,) by Dy(0)—its small momentum value. These two
steps are seen to be inconsistent. The inconsistency arises
because, for the heavy projectiles and the beam energies con-
sidered here, the distorted waves undergo significant varia-
tions over the range of the interactidfy,, and the applica-
tion of the ZR approximation is unjustified.

In our Coulomb breakup amplitudes the finite-range ef-
fects, thatR.# R, have been retained. The result is that the
D|(q) appear evaluated at momentuy or Q,. In the
three-body model used here, momentum transfers to the neu-

The two factors in Eqs(9) and (12) also separate the tral valence particle can take place only through its interac-
structure and dynamical parts of the calculations. The firstion with the core particle. The vertex functions describe this
terms carry all information about the structure of themomentum transfer from the ground state\lyy . The pres-
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ence of the terms involving in these transferred momenta ll. STRUCTURE MODELS
is the direct result of treating the finite range effects inithe There is both theoreticdB8] and experimenta39] evi-
variable. These momentum transfers take on small values ig expenin

ence that the ground state &Be is, dominantly, a &;,,

kinematical regions where the Coulomb breakup amplitudes ! : .
. . neutron configuration. Model calculations suggest a spectro-
are large, with the result that relatively low momentum com-

o . scopic factorS=0.78[38] for this configuration. We calcu-
2?; ?)rr]éSs eor:té?jei np;ﬁj: ?gllﬁ)v\\:ﬁgcs?clt(iga are probed. These | e the breakup of'Be assuming a €, neutron orbital

with separation energy 0.504 MeV.

For 1°C, a simplest shell model picture suggests that the
last neutron should be in adg, orbit. More detailed calcu-
The triple differential cross section for the elastic breakuplations however, based on the Warburton-Brown effective

D. Expressions for differential cross sections

reaction is interaction, predict ars-state 1°C ground state, due to the
5 lowering of the J,, orbit [40]. There is also the possibility,
d*o _ 277[ 1 D T 2 considered in recent model calculatiof&l], of a 3/2" or
dE.dQ.dQ, ﬁua[ 25yt loora,  7c07a 5/2* ground state with a large amplitude of
18C(2%;1.62MeV) ®s,, configuration. Therefore, fof°C,
Xp(Ec,Qc, (), (19 three sets of calculations will be carried out, with the neutron
in either a k,,, or 0ds, orbit bound by 0.240 MeV, or with
or, upon carrying out the spin projection summations, the 1s,,, neutron bound by 1.86 MeV to a core excited state,

which is probably a 2 state[42].
d3o 20 [ 1 We assume a Woods-Saxon potential ¥, with radius
= > |B,M|2] p(Ec,Q¢,Q,). and diffuseness parameters 1.15 fm and 0.5 fm, and with
dE.dQ.dQ, ﬁval i (21+1) depth adjusted to reproduce the bound neutron energies.
(16 with this choice the rms radius for the relative motion be-
tween the two fragments is 6.7 fm fdBe. This gives an
Hereuv, is thea—t relative velocity in the entrance channel. overall rms radius fot'Be equal to 2.9 fm when the size of
The phase space facter(E;,(,(,) appropriate to the the °Be core is taken as 2.28 ff@3]. For °C, the valence
three-body final state 36,37 neutron rms radii are 8.9 fm and 4 fm for the assurseand
d-states with separation energy 0.240 MeV. The correspond-
ing rms sizes off°C are 3.45 fm and 2.96 fm. The radius is
(17)  3.00 fm for the °C core-exciteds-state configuration. The
m, +m,—m,p, - (P—pc)/p? rms size used for thé3C core is 2.9 fn{44].

Unless otherwise stated we have used théBe and°C
where, for the differential cross section in the |aboratorywave functions in all calculations. The resulting vertex func-
frame,P, p., andp, are the total, core, and valence particle tions D (q) are shown, as a function of, in Fig. 2.
momenta in the laboratory system.

The total dissociation cross sections and neutron angular IV. RESULTS AND DISCUSSIONS
distributions are obtained by integrating the above triple dif-
ferential cross sections with respect to solid angles and/or The sensitivity of calculations to the choice of the magni-
energy of the appropriate fragm@t Starting from the tude and direction of the effective local momentllﬂpis of
same triple differential cross section, the parallel and transimportance in assessing possible quantitative differences in
verse momentum distributions of the heavy charged fragthe predictions of the DW and AD approaches.
mentc can be obtained by integration over the unobserved
momentum components. A. Choice of effective momentum

To calculate the—v relative energyor excitation spec- . : .
trum, we first compute the triple differential cross section we 1i|rst examine the results for a first case, dendid

d3o/dE,dQ,dQ ). This is related to the triple differen- where K,(Rp)=k,. We look at the total Coulomb one-
tial cross section in Eq15) according td36] neutron removal cross sections , for 'Be on **’Au and
19C on 2%%pb at 41 and 77 MeV/nucleon, respectively, as a
3 function of Rp—which controls the magnitude¢, . We find,
d°o in all cases considered, that the calculated cross sections in-
dE.dQ.dQ, crease by order of 10% &, increases from 5 to 10 fm,
(18 after which there is even less variati@t?o). The integrated
cross sections are therefore essentially independent of the
Here the subscriptsu and (cv)t denote relative quantities ParameteRp in the physically plausible region beyond 10
between the fragmentsandv, and the target and center of fm. We cannot therefore dlstmqwsh between the results of
mass of the two fragments, respectively, gnis given by  the two models for this choice df, .
Eq. (17). Integrating over the solid anglé3., and Q). The local momentum approximation has been used
one calculates the relative energy spectdwddE,, which,  mostly for nuclear transfer reactiof33,45—48 where there
sinceE¢,=E.,+ €q, is equal to the excitation energy spec- is similar uncertainty regarding the direction to be taken. The
trum do/dEgy. authors of Ref]33] believed that the choice of direction does

h~®mm.m, pcp,
P(Ecch,QU): t'llc pcp

d3—0 ] MeyPeyMicu)tPien)t
dE¢,d0,dQ h8p(E,Q¢,Q,)

cu)t
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100 |

0 ., /o " '0 . .
. destate (0.24 MeV)
< —— s-state (0.24 MeV)

100 R s-state (1.86 MeV)

100 4 .

50 | T 1
Be + Au, 41 MeV/A
0 10° ! )
MeV 0 10 20 30
50 L —— s-state (0.504 MeV) | 0, (degrees)

D(q) (MeV fm*%)

100 A ! FIG. 3. Exclusive neutron angular distribution for Coulomb
0 1 . 2 3 breakup of'Be on Au at 41 MeV/nucleon, witts=0.78. The
q(fm) experimental data are from RéfL1]. The solid line uses cag@)
. 19 1 . and the dashed line cage) for the direction of the effective mo-
FIG. 2. Vertex functiond,(q) for ~°C and *"Be as a function mentumK, .

of momentum transfeq.

not affect the results, so they took it along the direction ofof 'Be on Au at 41 MeV/nucleon for the cags), shown by
the corresponding asymptotic momentum. The authors dfhe dashed line in Fig. 3. This angular distribution is broader
Ref.[32] assumed that the choice of the directiorkgfdoes than the previous one, the peak height somewhat smaller,
not matter for breakup reactions. and there is no minimum at intermediate angles. We observe
Concerning the validity of a local momentum approxima-no dependence of the calculated widths of the parallel mo-
tion, in Eq.(11) R, is less than 10 fm while the right hand mentum distributions of the heavy charged breakup fragment
side is greater than 15 fm for all values Bf, used here, (1°Be from Coulomb breakup of'Be on U at 63 MeV/
when K, is determined by the Coulomb potential only. hucleon on the direction ofK,. The solid curve in Fig. 3
Therefore Va'ldlty can be achieved for pure COU'OmbWOmd be Changed On|y atits peak, by of order SO/R[bf: 10
breakup reactions. However, this does not prove the globam were used.
constancy ofK, over the whole of the configuration space  We conclude that, in the presented approximation to
necessary for the calculation of the finite-range DWBA am-DWBA, there is some dependence on the choice of the ef-
plitude. This discussion does not arise in the adiabatic fOTfective momentumK, . This shows up as Changes in the
mulation. cross sections, sind®(Q,) can be very sensitive to small
To study sensitivity to the direction ¢, we have exam-  changes inQ,. Within the adiabatic approach, there is no
ined two further cases and S€} to the direction of(b) the  such interpretation or reference to an effective local momen-
mean of the incoming and summed outgoing fragment motum. The observables that have so far been measured for halo
menta, andc) the summed outgoing fragment momenta. Fornucleus breakup are not of sufficient precision to distinguish
HBe andC we see decreases of less than 5% in the crosthe changes we see here. For the purpose of calculations of
sections fors-state ground statgsee Table)l For ad-state  the Coulomb breakup ot'Be and'°C, the two approaches
wave function of*°C, (a) and (b) are very similar, but the give similar results for the observables. We thus concentrate
choice(c) gives very significantly larger cross sections. Webelow on what physics can be learned and, unless otherwise
also calculate the neutron angular distributions for breakuptated, we us&,=Kk,.

TABLE |. Calculated Coulomb part of_,, for 'Be and°C in barns, for the given g.s. spectroscopic
factorsS and neutron bound state energiesColumns(a), (b), and(c) correspond to different choices of
direction of the effective local momentum of the projectéee text The cross sections have been obtained
with Rp>10 fm (see texk

Projectile € Epeam @ o_, (b) o_, (© o_q

+ target (MeV) S  (MeVinucleon s-state d-state s-state d-state s-state d-state
UBe+ A0  0.504 1 41 2.64 2.64 2.53
UBe+%Au  0.504 0.78 41 2.06 2.06 1.97
19C+2%%pp 0.240 1 77 3.57 0.37 3.56 0.35 3.49 0.51
19C+ 18119 0.240 1 30 5.30 0.23 5.30 0.23 5.13 0.37
19C+ 18119 1.860 1 30 0.22 0.22 0.20
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TABLE II. Experimental one-neutron removal cross sections 80.0 T T
o_, (exp of MBe and'°C in barns. L "Be + Au, 41 MeV/nucleon (a)
— 60.0 | J
Projectile + target  Epeam(MeV/nucleon o, (exp) Ref. £ NN e 2.8fm
= < — 29im
e+ 1978y 41 25:05  [11] g 40.0 ———- 301m
19C+2%%pp 77 1.1%+0.4 [57] g 20.0
19C+ 1817 30 0.8:0.3 [53] :
0.0 L L
B. Total Coulomb | . 0.0 5.0 10.0 15.0
. Total Coulomb one-neutron removal cross sections 8_ (degrees)
Since the majority of ther_,, on targets of highZ is
100 T

accounted for by Coulomb break(ip5,2€6, we have made
calculations for Pb, Au, and Ta targets. However, as we do
not consider nuclear breakup as well as absorption effects, it
is not easy for us to calculate realistic total breakup cross
sections. For example, we have to perform angular integra-
tions up to 30° for both the fragments in order to obtain
convergence of the Coulomb cross sections. Our calculation .
of the cumulative cross section étBe on Au at 41 MeV/ \
nucleon beam energy shows that 10% of the Coulomb 0.0 1.0 2.0
breakup is attributable to angles for the total momentum of q (fm’)

S . 0
tf:(:\z[iJr:Ojgﬁtllli I)I}eligg;sgasceb?gg)ndBésongr:geig gnb?ae){sor?gcltger FIG. 4. (a) Neutron angular distributions fof'Be on Au at 41
9 g ang - Bey 9 Revinucleon forl!Be wave functions with the rms radii indicated

effects will be predominant bUt.' to compare with pUbIIShedand S=0.78.(b) The vertex functions for these wave functions.
results, we shall present and discuss below the total breakup

from the pure-Coulomb dissociation mechanism.

For Be on Au at 41 MeV/nucleon we obtain a pure-
Coulombo_, of 2.06 barns, within the error bounds on the
experimental datgsee Tables(d) and I)]. The authors in
[11] used a semiclassical theory of Coulomb dissociation,
ZR Yukawa form for thel!Be ground state wave function,

D(q) (MeV fm*®?)

certain conditions the experimental momentum distributions
are shown to be proportional to the square of the momentum
space wave function of the ground st§#¥,49. However,

glhe fragment-target interactions lead to deviations from this
simple picture[35,50,5] and, since the Coulomb parts of

together with a finite size correction. They also calculated éhesg Interactions are included to a}l orderg in our models, we
cross section of almost 2 barns. can investigate the effect of such interactions on the shapes

For 1°C on Pb at 77 MeV/nucleon and on Ta at 30 Mey; ©f the fragment momentum distributions.
nucleon, our calculated_, are 3.6 and 5.3 barns, respec- In. F'g' 3_we show the c_alc_ulated exclus!ve neutron angu-
tively, when assuming as-state wave function. These are lar distributiondo/dQ, (solld ling) as a function of,,, from
close to the values of 3.9 and 5.9 barns predicted in a similat\he ICoquanw]b break_up OI ?g (t)n a} éu :tLarget ?t 41hMeV/
coret-neutron model by Ridikast al.[41] using semiclassi- nucieon. The experimental data o EE1] are also shown.
cal Coulomb excitation theory with,; =10 fm. Thed-state Exclusive here means that both breakup fragments are de-

cross sections are an order of magnitude smaller than tho%gggids’ srlljévtvmegrgniitcglersataeroelj ét‘/g? til;mcrgre: f?;er;;r;eeﬁzlrcu—
for an s-state. This is becausg takes on small values from 390 to 430 MeV gWhich includes the mosgt Si nificantgy
(around 0.2 fm?!) at which the vertex function for the ' g

d-state is smaller than that for thestate(Fig. 2. With in- contributions to the cross section. The angular distribution is

) . . forward peaked, reflecting the neutron halo structure
crease in beam energy, higher values fcontribute to o . .

: . ) . [10,11,26,52 and is in good agreement with the experimen-
D(q). This explains the increase of thestate cross sections

with beam energy and the corresponding decrease of thtgl data up to angles where nuclear contributions should be

s-state cross sectior@able ). Although experimental error considered. There is a minimum in the calculated angular
bars are largéTable ) com. arison g\]/vith 'IE)abIe(di) Shows distribution at around 25°, corresponding to the node in the
g ’ P . vertex function in Fig. 2, but this is outside the region where
that experiment could allow at most 10—-17 % of this pure- S .
I et ..~ the Coulomb mechanism is dominant.

Coulombs-state contribution. This is in disagreement with

) . The same distribution, calculated in REE1] using semi-
Ref. [4] which concluded that the ground state ¥C is a classical theory and a Yukawa wave function, has a dip near
well-developeds-state neutron halo.

0°. There is also a dip in the experimental data, inset to Fig.
3, but this is not as pronounced as calculatedlih]. We
only obtain a dip near 0° if we do not integrate over frag-
The study of the momentum and angular distributions ofment energies. When we calculad@a/dE.d(),, with the
fragments emitted in the dissociation of these neutron drip-lOBe core moving with exactly the beam velocity, then there
line nuclei is useful in probing the halo structure in theiris a 3% dip near 0° and a peak at 2°.
ground state. Distributions of the momenta are related to The neutron angular distribution also reflects the size of
their spatial distributions by Heisenberg’s uncertainty relathe neutron halo. In Fig. 4 we show neutron angular distri-
tion. In projectile fragmentation with stable isotopes, underbutions for'Be on *%’Au at 41 MeV/nucleon for wave func-

C. Neutron angular distributions
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FIG. 5. Neutron angular distributions following Coulomb FIG. 6. Calculated parallel momentum distributions 3Be,
breakup of*°C on Ta at 30 MeV/nucleon. The solid and dashedfollowing Coulomb breakup of*'Be on U and Ta at 63 MeV/
lines are for thes- andd-state configurations with bound state en- nucleon, in the projectile rest frame. The centroids of the experi-
ergy 0.24 MeV. The dot-dashed line results from the core-excitednental data, fronj14], have been shifted to compare the widths.
s-state configuration. The data are from R&3].

MeV/c. The cross section magnitude is seen to be
~1.5 b/sr at forward angles. Of our Coulomb breakup calcu-
lations, only the model in which the ground state is described
as ans-wave neutron coupled to a core excited state comes
“close, both in magnitude and shape, to the data. In this case,
‘Wwe calculate the cross section for detection of tf@ core in

the excited (2) state. A coherent superposition of
18C(0")®dg, and 8C(2%)®s,,, configurations is also al-
lowed, for a 5/2 ground state, and would lead to an inco-
gerent superposition of the lower two curves in Fig. 5.

tions with three different values of th&Be rms radius. All
calculations us&=0.78. The solid line is the same as in Fig.
3, with rms radius 2.9 fm. Varying the shape of the Woods
Saxon binding potential to obtain different sizes of the neu
tron halo, we get the dotted and the dashed lines'tge
rms radii of 2.8 fm and 3.0 fm, respectively. The different
peak magnitudes at forward angles reflect the different val
ues forDy(q) for g~0 (Fig. 4, lower pairx from the three
wave functions. Improved experimental data could be use
to determine the size of!Be. For a given neutron separation
energy, in the analogous zero-range semiclassical or quan-
tum mechanical calculatiorjd 1,26 there is only sensitivity In Fig. 6 we show the parallel momentum distributions
to the size of the neutron halo if one renormalizes the groundPMD) do/dp as a function ofp; of the 19Be, for 'Be on
state wave function from unity, e.d.9], so as to scale the U and Ta targets at 63 MeV/nucleon. The calculated and
halo (Yukawa wave function tail to a realistic amplitude.  experimental14] distributions have been shifted in energy

The possible amplitude of d-state component in the and normalized at the peaks so as to compare their widths.
ground state of:°C could also be observed in the exclusive The peaks of our calculated PMDs fall at the momenta of the
neutron angular distributions fot°C breakup. These are beam velocity and we do not predict post-acceleration of the
shown in Fig. 5 for'®C on Ta at 30 MeV/nucleon. The shape °Be fragment in this inclusive observable. The calculated
and magnitude of the-state angular distributiofupper part ~ Coulomb breakup distributions are seen to agree quite well
is quite different from that for thel-state, whose angular with the measured widths for both targets. For the Ta target
distribution is distinctively broader. This can be understoodhowever, where the data are more extensive, the calculated
from the vertex functions shown in Fig. 2. Since increasingdistribution is seen to underpredict the data for laygerdue
scattering angles probB,(q) at largerq the cross section probably to nuclear breakup contributions at larger angles
increases for the-state and decreases for thetate. which we have not included.

Very recent measurements 6fC one-neutron removal Our PMD widths for the U and Ta targets are 44 MeV/
cross sections and neutron angular distributions taken a&nd 43 MeVt FWHM. Experimentally there is also very
GANIL [53] therefore give a direct indication of the ground little change in these widths with target mass, and also with
state structure. The magnitude of the cross section at forwariie probable reaction mechanism. Our widths agree with the
angles is expected to have a significant contribution from thealue 43.6:1.1 MeV/c [14] averaged from data on Be, Nb,
Coulomb breakup mechanism calculated here. Recent data Tra, and U targets. The width of the PMD fétBe breakup
[53], reproduced in Fig. 5, show a broad neutron distributionestimated from a simple Serber model calculatjéd] is
with a full width at half maximum(FWHM) of 120+18 46 MeV/c which is also close to our calculated values. Since

D. Core momentum distributions
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FIG. 7. Transverse momentum distributions!®8e in the Cou- FIG. 8. Excitation energy spectrum for the Coulomb breakup of

lomb breakup of!Be on U and Ta at 63 MeV/nucleon beam en- *'Be on Pb at 72 MeV/nucleon. The data are frigh
ergy.
¥ [9]. We calculate 1.4 barnG@ssumingS=0.78) from the
the Serber model does not take into account the effects of tHeoulomb breakup mechanism alone.
final state fragment-target interactions, and moreover the
PMD from this model has no reference to the reaction V. CONCLUSIONS
mechanism, there are strong indications that the PMD pro-

vides a measure of the size of the extendeglave neutron We have performed approximate finite-range quantum

mechanical calculations of elastic Coulomb breakup of neu-

halo for 'Be. More generally, for nos-wave and/or less . L .
alkon rich nuclei with a single valence neutron. We have for-

extended projectiles, and on light targets, nuclear effects ¢ X - . .
proJ 9 g mulated practical finite-range calculations using two theoret-

Eggusltaln changes in the PMD widths from the intrinsic onesical approaches which differ considerably in their physical

Figure 7 shows the transverse momentum distribution{"erPretation. . .
(TMD) do/dp, as a function of, of the %Be, for the same In the adiabatic approach we make the single approxima-

reactions as above. In contrast to the PMD, the transverstfleon that t_he strongly excited core-valence partic_le. relative
! energies in Coulomb breakup are small. The finite-range

widths are broad and are sensitive to the target charge. Ttl)reakup amplitude which results is a product of factors de-

FWHM widths change from 110 Me¥/ on Ta to o A .
145 MeVic on U. A similarly broad TMD was observed for scribing separately the projectile structure and the dynamics
i of the reaction, and revealing the sensitivity of breakup re-

°Li in the reaction of*Li on Pb[12], which is also Cou- actions to the projectile structure. This factored form can also
lomb dominated. This TMD broadening with target charge : projecti -
be obtained by making an effective local momentum ap-

was not observed in the ZR DWBA calculations [@&5]. I .
Since this broadening is sensitive to the fragment-target ﬁnaﬁroxmatlon in the post form of the DWBA breakup ampli-

state interactions, measured TMD widths do not simply re-Ude.' U”"k’? this DWBA formulation, which is first order in
L the interaction between the core and the valence patrticles, the
flect the projectile structure.

adiabatic formulation is nonperturbative. A requirement of
both methods is that the Coulomb interaction acts only on a
single charged fragment in the two-body composite projec-
The calculated excitation energy spectrum of tHBe tile.
+n system, for''Be on Pb at 72 MeV/nucleon, is shown in  The two theories give rise to different results, dependent
Fig. 8. Also shown are the experimental data of H&f  on the direction assumed for the effective momentum in the
whose authors estimated the nuclear contributions to be le$3WBA approach, and which enters that formulation as a free
than 10% at the peak position. They interpreted this as @arameter. Unlike semiclassical and gquantum mechanical
direct breakup spectrum because they were able to fit ththeories which use the zero-range approximation, and which
measured excitation spectrum using a dipole strength distriare unable to include possibtestate components of, e.g.,
bution and a direct breakup model. This use of direct’°C, the present work is applicable to projectiles with any
breakup was in the sense of a prior-form DWBA model,relative orbital angular momentum structure between its
rather than the post-form amplitude used here. Their succedsagments. We have investigated the one-neutron removal
indicates the low strength of the dipole transition from thereactions of'!Be and'°C.
ground state. We cannot make a similar claim, since we can For Be, both of our theoretical approaches give gener-
derive our post-form results within an adiabatic theory whichally similar results, and the-_,, and neutron angular distri-
includes all interactions to higher orders. butions at forward angles are consistent with experimental
Our calculated energy spectrum agrees in shape with thatata. The neutron angular distributions are sensitive to the
measured, the peak coming around 800 keV. The experimesize of the neutron halo and so reflect the ground state con-
tal total dissociation cross section folBe is 1.8-0.4 barns  figuration of the projectile. The neutron halo structure is also

E. Excitation energy spectra
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manifest in the very narrow widths of the parallel momentum°C preakup are shown to provide a more direct indication of
distributions of the'%Be fragment calculated for Coulomb this ground state structure. A model in which the ground
breakup of'Be on U and Ta targets, and which are essenstate is described as amwave neutron coupled to an excited
tially equal. For''Be, these parallel momentum distributions 18c ¢gre gives Coulomb breakup cross sections closest in

are rather independent of the interactions governing thghagnitude and shape to these new data.
breakup process. The transverse momentum distributions on

the other hand are much wider and are also affected by Cou-
lomb final state interactions, even for the well developed
s-state halo in*!Be. They are unsuitable for probing the halo
structure. No post-acceleration effect is calculated in the par- The financial support of the United Kingdom Engineering
allel momentum spectra dfBe. The shape of the excitation and Physical Sciences Research CoutEiPSRG in the
energy spectrum of'Be, for breakup on a Pb target, and the form of Grant No. GR/J95867 is gratefully acknowledged.
appearance of a strong peak at a low excitation energy agr&éhe authors would like to thank Professor R. C. Johnson for
with experimental measurements. many stimulating discussions and Dr. J. H. Kelley and Dr. T.

For 1°C, a comparison oé_, with available experimen- Nakamura for providing copies of their experimental data.
tal results is consistent with th&C ground state being a We would like particularly to thank Dr N. A. Orr for making
superposition ofl- ands-states, but at most 10—17 % of the available the new data of Rg3], for the neutron angular
s-state is allowed by these data. Very recent measurementsistribution following °C breakup, and for his valuable
taken at GANIL, of the neutron angular distribution from comments on an earlier draft of this work.
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