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Coulomb breakup mechanism of neutron-halo nuclei in a time-dependent method
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The mechanism of the Coulomb breakup reactions of the nuclei with neutron-halo structure is investigated
in detail. A time-dependent Schiimger equation for the halo neutron is numerically solved by treating the
Coulomb field of a target as an external field. The momentum distribution and the post-acceleration effect of
the final fragments are discussed in a fully quantum mechanical way to clarify the limitation of the intuitive
picture based on the classical mechanics. The theory is applied to the Coulomb breakup reat@e-of
208, The breakup mechanism is found to be different between the chantjéls b2~ and 3/2, reflecting
the underlying structure ot'Be. The calculated result reproduces the energy spectrum of the breakup frag-
ments reasonably well, but explains only about a half of the observed longitudinal momentum difference.
[S0556-28186)01905-X

PACS numbds): 25.60.Gc, 25.70.De, 25.70.Mn

I. INTRODUCTION final states involve continuum states. Several theoretical ap-
proaches have been proposed to understand the postaccelera-

The neutron-halo structure has been observed systemation effect, including a classical treatment of the breakup
cally [1] in light neutron-rich nuclei near the neutron drip reaction[9], a distorted-wave Born approafhO], a simpli-
line. A large Coulomb breakup cross section has been oliied treatment of the higher order perturbati¢td], and a
served for the neutron-halo nucleus in reactions on a heawoupled-channel approach with discretized continuum states
target nucleu$2], which indicates that a significant amount [12]. Contrary to these approaches, some groups have inves-
of E1 strength exists at low excitation energy region of thetigated the time evolution of the projectile nucleus by solving
neutron-halo nucleu$3]. Since stable nuclei do not have a time-dependent Schiimger equation on mesh points of
such a stronde1 distribution at low excitation energy, this space and time variabl¢$3,14.
unusual feature of the neutron-halo nucleus has attracted In our previous papefl4] we studied the Coulomb
much attention. The origin of the strorigl distribution is  breakup of'Be and found large transverse and small longi-
still controversial: It may be a resonant character due to théudinal momentum differences between the neutron and the
vibration of the halo neutron against a core nuclglsOr it 108e nucleus. The result was understood in the picture of a
may be understood from an analogy of the str&igtransi- free-particle breakup mechanism which is in contrast to the
tions known in°Be, 'Be, and*C where a single nucleon is direct breakup mechanism. However, the reproduction of the
weakly coupled to a core nuclefi§]. A recent argument experimental momentum difference remained an open prob-
suggests that the low-lying1 strength of the light halo nu- lem. In this paper we extend the previous calculation to a
clei is not considered the vibrational stad. more realistic case by including the spin-orbit interaction

Recent experiments of the Coulomb breakup reactiondyetween the neutron and the core nucleus. A full three-
1) j+29%pp [7] and MBe+ 2°%Ph [8], have observed a sig- dimensional dynamical calculation has also been done in
nificant longitudinal momentum difference between the hald13(b)] assuming a simple internal Hamiltonian. No investi-
neutrorgs) and the core nucleus. The momentum differencegation has, however, so far been performed to clarify the
has been explained in terms of the Coulomb postacceleratiaiwles of thels potential and the level structure of excited
effect by assuming a direct breakup mechanism. In thistates. We first analyze the mechanism of the Coulomb
mechanism the breakup is assumed to occur instantaneoudiyeakup quantum mechanically for various cases of the
at the closest approach point between the projectile and taneutron-core Hamiltonian. The results are discussed in com-
get nuclei. After the breakup of the projectile nucleus, theparison with the intuitive arguments based on the classical
target Coulomb field accelerates only the core nucleus, anohechanics. The usefulness and limitation of the classical ar-
causes the momentum difference between the neutron amgiments is made clear. We then analyze the Coulomb
the core nucleus. If the breakup proceeds through a resonabteakup reaction of'Be+ 2°%b[8] with a realistic choice of
state of the projectile nucleus, the core nucleus and the hakhe potential between the halo neutron aiBe. We show
neutron move together during its lifetime and the postaccelthat the breakup mechanism is sensitive to the structure of
eration effect should become small. The observation of thé¢he excited states of the projectile and that the inclusion of
longitudinal velocity difference is thus recognized as a directhe spin-orbit interaction is very important to reproduce the
evidence for the nonresonant character of EBdestrength at  observed features quantitatively.
low excitation energy. In Sec. Il we formulate the quantum-mechanical treatment

The postacceleration effect is not explained in the lowesbf the Coulomb breakup reaction using the time-dependent
order perturbation treatment of the Coulomb excitation. TheSchralinger equation. The method of calculating the time
evaluation of higher order effects is not easy because thevolution of the wave function is briefly explained. In Sec.
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Il the theory is applied to various cases of the halo nucleus ZcZ+1€7 ZcZ+1€?
to discuss the limitation of the classical arguments for the — Vex(r,t)= I[m, /(M + M) ]r + b+ vi] - lb+vi|
Coulomb breakup reaction and to reveal the characteristics novn ¢

% the quant_um aspect. _The Coulomb l_:)reakup”ﬁe Ona  Hereb is the impact parameter which specifies the straight
2%b target is analyzed in Sec. IV. A brief summary is givenjine trajectory,v is the incident velocity of the projectile, and
in Sec. V. Z+ and Z¢ are the charge numbers of the target and core
nucleus, respectively. The masses of the neutron and the core
Il. FORMULATION nucleus are denoted by, andM¢, respectively.
The wave function is expanded in partial waves as

@

We consider the Coulomb breakup reaction of the nucleus
with neutron-halo structure. The projectile of the halo
nucleus is assumed to consist of a single neutron and a core W(r,t)=>
nucleus. The core nucleus is treated as a structureless particle
and binds the neutron weakly by an appropriate potential.

We describe the reaction in the projectile rest frame wherdVhen the internal Hamiltoniahl(r) includes the spin-orbit
the center of mass of the projectile is put at the origin of thdnteraction, it is convenient to couple the spin of the neutron
coordinate. The time deve|0pment of the wave function,With the relative orbital angular momentumto the total
W(r,t), of the relative motion between the neutron and thedngular momenturp. Since the generalization to such a case
core nucleus is described by the following time-dependents straightforward, we develop the formulation by assuming
Schralinger equation: the wave function of Eq(3).

We descretize the time variable in a st&p, and repre-
sent the wave function of theth time step asl("(r). The
wave function of (+1)th time step is calculated by the
following formula:

U|m(r,t)

Yim(T). ()

iﬁ%\If(r,t)={H(r)+Vext(r,t)}‘I’(r,t), oy

where H(r)=— (#%/2u)V?+V(r) is the internal Hamil-

tonian describing the relative motion between the halo neu- YD () =g  HNAUR = VeI, DAUA (M) (1) (4)

tron and the core nucleus. We assume that the projectile

moves along a straight line trajectory with a constant velocThe radial part of the wave function of theh step is de-

ity. The target nucleus exerts a Coulomb poterdal(r,t)  noted asu{"(r). The time development is then achieved by
on the projectile. The potential is treated as a time-dependemivo successive procedures. First, the development due to the
external field in the projectile rest frame, external fieldV,,(r,t) is approximated by

um 2 () =uf@(r) —iAUR X, (Im[Ve(r,H)1'm yull (r). (5)
1'm’

The evaluation of the matrix element in E®) is done by ternal Hamiltonian. The breakup component of the wave
expanding the external field into multipoles. Next the timefunction is obtained by eliminating all the bound state com-
development by the internal Hamiltonian is performed sepaponents of the Hamiltonian

rately for each angular momentum chanted, by using the

following approximation: |\I’EU(r,t)>= 1— 2 |d )il |2 (r,1)). ®)
i e bound
1-i(At/2R)h(r)
(n+1)/ 0y — (n+1/2) L . .
Upm (1) T+ (AUZR)h (1) Upm (1), (6)  Here the subscrigh is kept to stress that the time evolution

of the wave function is calculated for each impact parameter
of the external field.

with The momentum distribution of the relative motion be-
s 2 ) tween the neutron and the core nucleus after the breakup is
AT d® AT+ obtained b
h(r)=— 5=+ ———+ V(). (7) y
2w dr 2ur
PouBE) _ i (W Er ) 2 ©
To obtainu{h*1(r) from u{h*Y3(r), we discretize the ra- dk M b

dius variabler on mesh points of an equal spacing and em-

ploy the Crank-Nicolson formul&15] using a three-point Where|k) represents the plane wave state. The integration of

formula for the second-order differential operator. Eq. (9 over k yields the Coulomb breakup probability,
The time evolution is calculated according to the abovePgy(b)=lim,_ (W (r,t)|¥Y(r 1)), for a givenb. Inte-

prescription from an initial wave functionp(r,t=—) grating Pgy(b) over the impact parameter vector yields the

= ¢bo(r), which is the ground-state wave function of the in- total Coulomb breakup cross section.
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The breakup cross section can be expressed as a functiorhereAc is the mass number of the core nucleus. The wave
of the relative motion energl between the neutron and the functions¢; and ¢, of Eq. (14) are the bound excited states

core nucleus as follows: and continuum states of the Hamiltoni&H{r) and E; and
d g b K Ey are the corresponding eigenvalues, respectively. To cal-
gy ” Pgu(b,k) culate theB(E1) strength function we rewrite Eq14) in a
dE —277fbmmdbbj dko(B—B) g 19 time-dependent form,

whereE, =#2k%/2,1. The convergence of the integral in Eq. 9B(E1)

(10) is very slow with respect to the impact parameter. Fur- dE

thermore the calculation of the relative momentum distribu-

tion requires a long time step for large impact parameters. To 3
circumvent this difficulty, we divide the integration interval i bo
of b to two parts,[by,n,bs] and[bg,>], and in the latter

interval employ the first-order perturbation theory to calcu- 3 " () E+ien s

late the energy distribution. The valuelnfis chosen in such = ﬁRefo dte (dolD1d (1)), (16)
a way that the first-order perturbation theqRBT) and the

time-dependent(TD) calculation give approximately the \here the ground state is assumed to hav®. The wave
same energy distribution di= b Equat|0n (10) is then function l//(t) e ('lﬁ)HtD10¢0 satisfies the time- dependent

DIOL dte(i/h)(E+is)te(i/h)HtDlo‘ ¢o>

recast to Schralinger equation with the Hamiltoniad(r) and its ini-
q 4o (TD) (PT) tial wave functionz//(IO) is equal toDq¢g. By solving the

98U _ ThU n dogy (11) time-dependent Schdinger equation without an external
dE dE dE field, it is possible to obtain the wave functigrft) and then

calculate theB(E1) strength function according to E(L.6).
The second term of Eq11) is expressed in a closed form by |t is straightforward to generalize E(L6) to the case where
using the perturbation theory. For this aim we use thehe spin-orbit potential is included.
breakup probability distribution which is obtained in the

first-order perturbation theory, IIl. QUANTUM-MECHANICAL ANALYSIS
OF COULOMB BREAKUP PROCESS
dPg'(b) 167 Z7e? g)Z[K (El)

dE 9 (hv)? Ki(8)] 7 To elucidate the breakup mechanism of a neutron-halo
(12) nucleus, we investigate the breakup process for various
choices of the internal HamiltoniaH (r). Before showing
where K, and K; are the modified Bessel functions and calculated results, we first discuss typical intuitive pictures
£=DbE/hv. By integrating Eq(12) over the impact param- for the breakup mechanism based on the classical mechanics.

eter in the interva[bg,>], we obtain They include(1) a direct breakup mechanisif2) a resonant
breakup mechanisn{3) a free-particle breakup mechanism.
do-(BPU17 167 Z dB(E1) In the direct breakup mechanism, the neutron is assumed to

“dE 9 (hu )227753 o(é)K1(€)—4g—+ (13 be removed suddenly from the core nucleus when the pro-
jectile nucleus approaches the point closest to the target

where&,=bElfiv. nucleus. After the breakup occurs, only the core nu_cleus is
The B(E1) strength function in Eqg12) and(13) is de- accelerated by the target Coulomb field. The relatlv_e mo-
fined by mentum between the neutron and the core nucleus is finite
both for the longitudinal and transverse directions. When the

dB(El) projectile nucleus has such a resonance state that can be ex-
—2 (iID 1wl o) |*8(Ei—E) cited from the ground state by the target Coulomb field, the

resonant breakup process may become important and the
breakup may proceed dominantly by way of the resonance. If
+ J dk|(¢w|D1u| ¢o)|*S(Ex—E) the lifetime of the resonance is long enough, the neutron and
M the core nucleus would move together for a long time before
the breakup occurs. In such an extreme case there is no dif-

:% (¢o|DIy 8(H—E)D 1| o) ference in the relative momentum between the neutron and
the core nucleus. In the last case of free-particle breakup

1 mechanism we consider the limiting case where the binding

== ;EM: Im< ®o DIMleM ¢o> energy of the neutron is extremely small. Then the neutron

and the core nucleus behave independently during the reac-
(14)  tion. The core nucleus moves along the Rutherford trajec-

tory, while the halo neutron, receiving no Coulomb force
with the dipole operatoD,y defined by from the target, moves on the straight line. In the end the
core nucleus receives the momentum only in the transverse
direction. The momentum difference between the neutron

Diy=— . . U
M and the core nucleus arises only in the transverse direction.

2C_ory( 15
mer (1), (15
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TABLE I. The classical estimates of the average longitudinal —
and transverse momentg,) and(k, ), of the relative motion after 0.06 S

the projectile nucleus fragments into the neutron and the core “E """"""""""""" <k>

nucleus by the target Coulomb field. Three reaction mechanisms are = 0.04r 7
classified and characterized by the classical momentum Q 002' <k>
ke=[my/(M,+M¢)1Z1Zce%hibv, whereZqe (Z1e) is the charge v - i
of the core(targe} nucleus,m, and M. are the masses of the 0.00 e I L
neutron and the core nucleus, respectivelis the incident velocity 0 Vo

of the projectile nucleus, anld is the impact parameter. The zero
momentum for the resonant breakup is the limiting case of a long
lifetime.

E [MeV]

Resonant Direct Free particle 4 —1s 7
---0d
k) 0 ke 0 '675' - '7|0' - .6IS. - '6|0' = '5|5'
(k) 0 ke 2 V, [MeV]

FIG. 1. The average values of the longitudifedlid curve and
Table | summarizes the momentum differences for the threthe transversddashed curyemomentum difference between the
cases discussed above. neutron and the core nucleus as a function of the neutron-core po-
It is not clear how well the above classical arguments ardential depthV,. The impact parametéris set 12 fm. The energies
quantitatively correct, though they are easily accepted intyof the bound orbits from the neutron threshold are shown in the
itively. In what follows we show results of the quantum- lower part.
mechanical calculations for various cases of the neutron-core
interactions for which the above-mentioned reaction mecha- (WP =iV |wR(r 1)
nisms are expected to be manifest. (k)= lim (PBY(r,t)[wBY(r 1))
, t—o b F b (I
We choose various parameters for the study of the
breakup reaction of'Be on a***Pb nucleus performed at the sjmilarly the average values of the longitudinal and trans-
incident energy of 72 MeV/nucledi]. Hence the projectile  yerse momentum differenced) and(k, ), are defined by
nucleus of “Be has the incident velocity af/c=0.37. By e breakup componenleU(r,t). We use the convention

choosing the reaction plane to be & plane, the target 4 the longitudinal and transverse directions indicatezthe
nucleus moves on the straight lifg(t)=(b,0,—vt) inthe  ,4x directions respectively.

projectile rest frame. The impact parameteris fixed to
b=12 fm in the present section. The radius variablés
taken up to 800 fm and it is descretized with the mesh size of
Ar=0.4 fm. The time stepAt/4=0.01 MeV ! is used for To discuss the validity of the classical arguments summa-
calculating the time development of the wave function. Thefized in Table I, we first show the result of calculation ob-
Schralinger equation is solved for the time interval of tained by changing the neutron-core potential deyghof
—10<t/A<10 MeV 1. At the initial and final stages of the |=0 channel. The value 0¥, is varied to understand the
calculation, the target nucleus is apart from the projectile’slependence of the breakup reaction mechanism on the bind-
center-of-mass coordinate by about 750 fm in the longitudiing energy of the halo neutron of thes brbit. The potential
nal direction. depth of other channels, denot&f,, is set the same as
We assume that the T72ground state of thé'Be nucleus V. The (p orbit is always bound below theslorbit, and
is described with a single neutron-halo structure in tise 1 there is no resonant nor bound excited state which can be
orbit around the inertBe core. The potential between the excited from the ground state by the dipole field. The halo
neutron and the core nucleus is taken to be a sphericalucleus considered in this subsection is thus a very simple
Woods-Saxon potential. The spin-orbit interaction is turnedsystem, and excited to the continuum directly by the Cou-
off in the calculation presented in this section. The radiudomb field.
and diffuseness parameters of the potential are fixed to Figure 1 displays the magnitude @) and(k, ) values
R=2.67 fm anda=0.6 fm, whereas the depth of the poten-as a function ofVy,. The lower part of Fig. 1 shows the
tial is treated as a variable parameter to investigate thbinding energy of the 4 orbit. As the binding becomes
breakup mechanism. The partial waves upl o4 are in- weaker, the longitudinal momentum difference decreases and
cluded in the expansion of Ed3). The contribution of approaches zero in the vanishing binding energy, while the
higher partial waves is found to be negligible. The targetiransverse momentum difference increases slightly. This re-
Coulomb field of Eq.(2) is expanded in multipoles around sult is consistent with the free-particle breakup picture. How-
the projectile’s center of mass, and the dipole and quadruever, the transverse relative momentum is always smaller
pole multipoles are included in the calculation. The dipolethan the value, B.=0.092 fm™*, which is expected from
field plays a dominant role in the present system. The conthe classical argument. On the other hand, in the strong bind-
tribution of the quadrupole field is found to be small. ing case, both of the longitudinal and transverse momentum
The average value of the relative momentum between thdifferences are finite and close to the value kgf0.046
neutron and the core nucleus is calculated by the followingm ~, which is just expected from the direct breakup pic-
formula: ture. These calculations including both weak and strong

17

A. Dependence on the neutron binding energy
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FIG. 2. TheB(E1) strength as a function of the enerigyof the V, Mev]

relative motion between the neutron and the core nucleus. Two o
choices of the neutron-core potential dejth are made to locate FIG. 3. The average values of the longitudifsdlid curve and
the 1s ground state at—0.503 MeV (V,=-58.3 MeV) and the transversédashed curyemomentum difference between the
—2.00 MeV (- 65.2 Me\). neutron and the core nucleus as a function of the neutron-core po-

o o . tential depthV, of | #0 channel. The impact parameteis set 12
binding cases indicate that the breakup mechanism of thgn The solid curve in the lower part shows the energy of the bound
neutron-halo nucleus, whose binding energy is typically lesgp orbit from the neutron threshold. The energy of tredtbit is
than 1 MeV, proceeds between the two mechanisms of thfed to —0.503 MeV as indicated by dashed line in the lower part.
direct and free-particle breakup. The free-particle picture be-
comes more suitable with the decreasing binding energy of _. :
the halo neutron. Figure 3 plots the average relative momentum as a func-

We show in Fig. 2 th&(E1) strength as a function of the 10N Of V. As expected, when the resonance state exists
neutron-core relative energy. The valuesaf Eq. (16) is set both of the average relative momenta in the longitudinal and

0.01 MeV. TheB(E1) strength function is closely related to transverse directions are very small. It is impo_rtan'g to note,
the energy spectrum of the breakup cross sedis@e Eq. however, that the transverse momentum remains finite even

(13)]. The nonperturbative effect gives only a small effect on'When the resonance energy is very close to zero and thus its
the energy spectrum of the cross sectid®,13b)]. The lifetime becomes very long. This indicates that the resonant

B(E1) strength is shown for two cases of the ground-stat@r€@kup mechanism is too much oversimplified. When the
energy: E=—2.00 MeV (V,=-652 Me\), and potential depth is deep enough to have a bound excited state,

E=—0.503 MeV (/o=—58.3 Me\). The latter value is the average relative momentum shows quite different behav-
ofor between the longitudinal and transverse directions. The
longitudinal momentum difference is still very small and
changes continuously from the case where the excited state is
the resonance. In contrast with this the transverse momentum
fifference increases discontinuously from the resonance
case. These results of small longitudinal and large transverse
elative momenta might suggest that the breakup proceeds
hrough the free-particle breakup mechanism in this case.
here is, however, no physical reason that the free-particle
breakup mechanism is correct. This is because two breakup
processes occur when there is a bound excited state: One is
the direct breakup to the continuum. The other is the breakup
Here we investigate how the breakup mechanism dependsa the bound excited state. The latter process apparently
on the structure of the excited states of the halo nucleus. Fatoes not fit in with the free-particle breakup mechanism. At
this purpose we employ the angular momentdr) (lepen- present we do not have a simple explanation for the discon-
dent neutron-core potential. The potential depthlef0  tinuous change in the transverse momentum difference and
channel is fixed t&/o= —58.3 MeV in order to fit the energy the continuous behavior in the longitudinal momentum dif-
of the 1s orbit to Eq= —0.503 MeV, the ground-state energy ference which show up when the excitep Orbit crosses the
of 'Be from then+'%Be threshold. The value of, is now  threshold. When the [® orbit is bound more deeply
treated as a variable parameter. As shown in the lower part ¢v,<<—35 MeV), or is in the nonresonant continuum
Fig. 3, there is a bound@state wherV,<—31.3 MeV. In  (V,>—25 MeV), the momentum differences become similar
the case of-33.2 MeV<V,<—-31.3 MeV, the bound @  to those of the previous subsectiov,=V,= —58.3 MeV,
state appears between the ground state and the neutron see Fig. 1, that is, (k;)=0.026 fm ' and (k, )=0.059
threshold. This P state is excited by the dipole field in the fm 1, and are rather insensitive to the potential depth.
breakup reaction. In case 6f31.3 MeV<V,<—-30 MeV a The B(E1) strength function is compared in Fig. 4 for
p-wave resonance with a long lifetime appears in the contwo choices ofV,: One isV,=—30.0 MeV where the
tinuum. resonance appears at about 0.2 MeV. The other is

chosen to fit the empirical neutron separation energy
1Be. No resonance exists fnwave for both cases. There-
fore the peak in théB(E1) strength which appears at low
excitation energy in case &= —0.503 MeV has nothing to
do with any resonant character. We see that the energy sp
trum of theB(E1) strength is very sensitive to the neutron
binding energy. Since the breakup probability is sensitive td
the E1 strength at low excitation energy, the breakup cros
section is also sensitive to the neutron binding energy.

B. Dependence on the level structure of excited states
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FIG. 4. TheB(E1) strength as a function of the enerfgyof the FIG. 5. The Coulomb breakup cross section as a function of the

relative motion between the neutron and the core nucleus. Twémnpact parameteb. The solid curve is the result of the present
choices of the neutron-core potential depthof [0 channel are model, while the das_hed curve is the result with teepotential
made to locate theforbit at—0.183 MeV (/,=—32.0 Me\) and  turned off[14]. Experimental data are frofig].

0.2 MeV (—30.0 MeV). The dotted curve indicates the strength

reduced to one-tenth of the result shown by dashed curve. into account. The values employed ag=—58.3 MeV and
V,=—40.4 MeV, respectively.

The time evolution of the wave function is calculated by
using the same parameter sets as the previous section. The
Toulomb breakup cross section is obtained by the integration
. . " over the impact parameter larger thlag;,,= 12 fm [see Eq.
cited state of'Be is known to have the strorigl trar_1$|t|on (10)]. The reaction of the impact parameters smaller than
st.rength. The B(El.) _strength calculateq W'th the bmin proceeds by the nuclear force as well as the Coulomb
|-independent poFentlaI is already presented in Fig. 2. Whe'ﬂ:)rce, and is assumed to lead to more violent nuclear reaction
the resonance exists, the sharp peak appears at the resonagp&esses_

energy. Except for the energy region of the sharp peak, th The Coulomb breakup process is dominated by the dipole
B(E1) strength is rather similar between the two cases of th%omponent of the target Coulomb field, and proceeds

resor)ance.and the.bound excited statg. BlEel) strength through the excitation to two angular momentum channels,
function with thel-independent potential has also similar ;=_ 1/o- 249 3/2°. The B(E1) transition strength to the
if;]gpz,_ﬁalthough its n;agnltugebls Iarger bﬁ/ a ;:onsr;cant facto ound level of 1/2 is calculated to be 0.254% fm? in the

Is difference Is understood by noting that, for the case of,agan model, which is considerably larger than the mea-
the I-independent potential, there is no resonant nor boun ured value, 0.1150.011€? fm?2 [5]. The transitions to the

excited state in thp wave so that all th&1 strength appears other bound levels below the ground state, which should not

in the continuum. The si'millarity in the shape of H¢E1) occur in principle, are not excluded in the process of the time
strength for three cases indicates that the energy dependengg,tion of the wave function, but the mixing-in of those

of the nonresonant part of t&(E1) strength is mainly de- a5 is found to be negligible in the present calculation.
termined by the wave function of the ground state, and is A recent experiment at GANI[16] observed the Cou-

rather insensitive to the level structure of the excited stateS;ymp excitation to the 1/2 state. The extracteB(E1) tran-
sition strength is noticeably less than that determined from
IV. ANALYSIS OF *BE COULOMB the lifetime measuremefi5]. In order to see if higher order
BREAKUP REACTION effects have some hint for this puzzling result, we compared
the excitation probability to the state between the present
In this section we analyze the Coulomb breakup reactiormodel and the perturbation theory. The difference between
of MBe+2%Pb at the incident energy of 72 MeV/nucleon the two calculations is not significant; about 20% larger at
done at RIKEN[8]. To reproduce the known properties of b=12 fm in the present model. This suggests that the higher
the M'Be structure, we choose the potential between the newrder effect cannot explain the GANIL data. Another Cou-
tron and the'®Be core nucleus in the following way: The lomb excitation experiment has very recently been done at
depthV, is determined to reproduce the neutron separatiolRIKEN to extract theE1 transition rat¢17]. According to it
energy of the''Be (0.503 Me\} by assuming thedorbit of  the rate is consistent with that determined from the lifetime
the halo neutron. Fdr# 0 channels the central ahsl poten-  measurement.
tials are included. The strength of the potential is set the We show in Fig. 5 the impact parameter dependence of
standard value for thep-shell nucleus,V|;=32.8 MeV  the breakup cross secti@tog,/db=27bPgy(b). The cal-
fm?2. The strength of the central potential is then determinedulated distribution is compared with the d#8 which are
to reproduce the observed I/2excited state located at extracted from the measured breakup cross sections by using
—0.183 MeV from the neutron threshold. The state is asthe classical argument for the trajectory. Figure 6 compares
sumed to be described simply with thp{, orbit. No defor- the energy spectrum of the breakup cross section,
mation or clustering effect of thé&®Be core nucleus is taken dogy/dE, with the measuremeri8]. The calculation rea-

V,=—32.0 MeV which locates the@excited state aE=
—0.183 MeV. The latter case corresponds to the previou
calculation in[14]. This was chosen because the 71/x-
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FIG. 6. The Coulomb breakup cross section as a function of the 03k

energyE of the relative motion between the neutron and tfge
nucleus. The solid curve is the result of the present model, while the
dashed curve is the result with the potential turned off{14].
Experimental data are frof8].
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sonably reproduces the measured distribution. Dashed curves . N
in Figs. 5 and 6 show the previous results[©#] obtained 04 02 00 02 04
without use of thds potential, where the  orbit was fitted k, [fm™]

to the energy of the bound excited 1/2evel. Since the

E1 transition to this excited state, though fairly strong, does FIG. 8. The longitudinala) and transverseb) momentum dis-
not lead to the breakup reaction, the breakup probability wasibutions of the relative motion between the neutron andfige
underestimated in the previous calculation. By the introduchucleus. The impact parameteis set 12 fm. The solid curve is the
tion of theIs potential the ® orbit now splits into two result of the present model, while the dashed curve is the result with
levels, 0,, and s, in the present calculation. Since the the!s potential tumed off14].

boun_d_ M3 orpit is quated below the ground state _and thehowever, that the present model overestimatesBhE1)
transition to this state is small, most of th& strength in the strength to the 1/2 excited state, and do not know what
P32 channel is distributed in the continuum. This is the réa-gftacts the overestimation causes on the breakup mechanism.
son why the b(eakup cross section mcreased in the present We display in Fig. 8 the longitudinal and the transverse
model which mcludgs thels p_oter_mal. The calc_;ulated momentum distributions of the neutron-core relative motion.
B(E;) strgngth function shqwn in Fig. 7 aIsp conflrms that-l-he impact parameter is set the smallest vahse12 fm.
the inclusion of thds potential leads to the increase in the tpg |ongitudinal momentum distribution is obtained by inte-
strength for the same reason mentioned above. H{tl ) rating the distribution of Eq(9) with respect tok, and
strength is compared to the experimental data which are ez e the transverse distribution is obtained by the inte-
trac.ted from the breakup cross sections by using the methogt..::i o overk, andk;,. The longitudinal momentum distri-
of virtual photon spectrfl8]. The agreement between theory 1y, ion slightly shifts to the negative direction, whereas the
and experiment is rather good, which is expected because tgf'ansverse momentum distribution shifts to the positive di-
energy spectrum of the breakup cross section has alrea ¥ction. The average value of the momentum of the relative
shown reasonable agreement as shown in Fig. 6. We notg, .0 is (kj)=—0.019 fm-L, and(k, )=0.053 fm 2, re-
- . ’ 1/ Y !

spectively. The measured difference of the longitudinal mo-

L2—— mentum is about 0.04 fm', which is close to the value of

o
=)

k.=0.046 fm ! expected from the classical picture. Though
> 10 1 the calculation reproduces a right order of magnitude, it ex-
2 plains only a half of the measured value.
£ 08 i Finally we consider the breakup mechanism referring to
= 06 4 the result of the previous section. The mechanism is different
= in two channelsj™=1/2" and 3/2', because they have dif-
= 04 . ferent level structure of the excited states. In jfie=1/2"
:% channel there is a bound excited state which is very close to
= 025 T the threshold. This situation is similar to the case of
V,=—32.0 MeV which we already investigated in Fig. 3

4 with thels potential turned off. As expected, the momentum
difference in this channel, especially in the longitudinal di-
rection, is very small. On the other hand, there is no bound

FIG. 7. TheB(E1) strength as a function of the eneryof the  excited state in thg"=3/2" channel. The situation is thus
relative motion between the neutron and the core nucleus. Expersimilar to the case o¥,= —45 MeV in Fig. 3. The average
mental data are frorf8]. longitudinal momentum difference increases and turns out to

E Mev)
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be —0.022 fm~1, about a half of the classical value kf. the bound excited state locates close to the neutron threshold.
The breakup reaction of'Be is thus considered to occur in Small longitudinal and large transverse momentum differ-
these two different mechanisms. Our previous treatrfilefit  ences were found in this case.

which did not include thds potential is equivalent physi- We analyzed the Coulomb breakup reaction ‘oBe+

cally to including only the former process. It is therefore 2°%b by employing a realistic potential that describes the
understandable that we obtained the very small longitudinalelative motion between the neutron and fBe nucleus. A
momentum difference in that case. A realistic choice of thespin-orbit potential was included to describe the splitting of
internal Hamiltonian, particularly the inclusion of the spin- the structure op states. The reaction proceeds through two
orbit interaction, is very important for a quantitative analysischannelsj”=1/2" and 3/2". Since the 1/2 channel has a

of the breakup reaction of th&Be nucleus. bound excited state near the threshold but the 3Rannel
does not have any bound excited states or low-lying reso-
V. SUMMARY nances, the breakup mechanism is rather different in the two

) ] ) channels. By including the neutrofiBe Is potential we took

We investigated the Coulomb breakup mechanism of the,io account, in the present analysis, the difference in the
nuclei with single neutron-halo structure, focusing on thepreakyp mechanism which is sensitive to the level structure
mechanism which causes the momentum difference of thgs the nucleus. By this improvement the postacceleration ef-
neutron-core relative motion after the breakup. The breakugsct was enhanced compared to the previous case which ne-
process was described in the framework of the timeyected thels potential and moreover the magnitude of the
dependent Schainger equation by treating the target Cou- gnergy spectrum of the fragments was in reasonable agree-
lomb field as a time-dependent external potential. ment with the measured values. The momentum difference in

We first discussed the validity and the limitation of the y¢ |ongitudinal direction was, however, still underestimated
classical arguments made for the postacceleration effect fror[f,ly a factor of 2 compared with experiment.

the quantum-mechanical viewpoint by investigating the de-

pendence of the reaction mechanism on the neutron binding

energy and the level structure of the halo nucleus. We found ACKNOWLEDGMENTS
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