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Measurement and theoretical analysis of neutron elastic scattering and inelastic reactions leadin
to a three-body final state for 6Li at 10 to 20 MeV
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The neutron elastic and inelastic scattering double-differential cross sections of6Li were measured at
incident neutron energies of 11.5, 14.1, and 18.0 MeV. A phenomenological neutron optical model potential of
6Li was constructed to describe the total and elastic scattering cross sections from 5 MeV to several tens MeV,
based on the present data together with information from other works. This potential was found to describe the
inelastic scattering to the first excited state (Ex52.186 MeV) well via the distorted-wave Born approximation
~DWBA! calculation with the macroscopic vibrational model. The continuum neutron energy spectra and
angular distributions were then analyzed by the theory of final-state interaction extended to the DWBA form,
with an assumption that thed-a interaction is dominant in the three-body final state consisting ofn, d, anda
particles. Such a calculation was found to be successful in explaining the major part of the low-excitation
neutron spectra and angular distribution down to theQ-value region of29 MeV, except for theQ-value range
where then-a quasifree scattering will give a non-negligible contribution at forward angles.
@S0556-2813~98!04810-9#

PACS number~s!: 25.40.Fq, 13.85.Hd, 25.10.1s
er
f

n
s

r

d

si

n

l
tiv
ri

on
er

ku
e

a

nly

an
,
ical
a
re-
of

at

l-
e on
ill
kup

e-
asic
nnel
I. INTRODUCTION

The 6Li nucleus is known to have a dominant clust
structure, with thed-a probability in the ground state o
around 0.70@1–4#. Furthermore, thed-a breakup threshold
is very low ~1.475 MeV! due to a weak-binding betwee
these two particles in the 2S state. Because of those feature
the breakup of6Li into d anda is one of the major reaction
channels involving this nucleus from very low to high ene
gies. Consequently, the structure and breakup reaction of6Li
have been a subject of long and intensive studies as
scribed in, e.g., Refs.@2–15# and references therein.

The breakup of6Li nucleus intod1a in the low relative
energy region is also of a great interest from the astrophy
point of view, because the radiative capture reactiond1a
→6Li1g at very low energies (Ecm<10–100 keV) is one
of the key reactions in the nucleosynthesis in the early U
verse or during stellar evolution@16#. Baur et al. @17# has
suggested using the Coulomb breakup of the6Li projectile to
study the6Li1g→d1a process by absorption of a virtua
photon, which is the time-reversed process of the radia
capture. A couple of experiments have been already car
out to extract the astrophysicalS factor according to this
concept@18#. They have argued that the nuclear breakup c
tribution is negligible at extremely forward angles. Howev
it was pointed out by Hirabayashi and Sakuragi@19# that the
nuclear contribution is as important as the Coulomb brea
even at very forward angles. Therefore, an accurate treatm
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of the nuclear breakup of6Li is essential to interpret the dat
from such experiments. In this sense, the neutron-6Li reac-
tion provides a unique testing ground for theories since o
the nuclear breakup is present there.

The few-body, especially three-body, problem is still
open ~and therefore interesting! subject in nuclear physics
and has been studied intensively by various theoret
frameworks@20–25#. At low-bombarding energies, such
multiparticle decay is known to proceed as a sequential
action via intermediate states, which are definite states
particle-unstable systems@26–29#. For example, a reaction
sequence like

n16Li→n816Li* ,

6Li*→d1a,

will be the dominant one forn16Li reaction, while other
intermediate states such as5He* or t are also possible. In
this mechanism, the final-state interaction~FSI! effect, in
other words the interaction between, e.g.,d and a, is par-
ticularly important to comprehend the particle spectra
the final states. In the Watson theory@20#, the effect of the
FSI is factored out from theT-matrix element so that the
wave function of the two particles interacting in the fina
state determines the essential cross-section dependenc
the secondary particle energy. This method, which we w
use in the present work, has been applied to analyze brea
reactions of light nuclei at low projectile-energy region b
cause of its simplicity, and has been able to extract the b
reaction mechanisms dominating a certain reaction cha
@26–35#.
2205 © 1998 The American Physical Society
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Beside these basic interests, the neutron interaction
6Li is important from the application point of view, sinc
lithium is the major tritium breeding material in thermo
nuclear fusion reactor system. The data for the (n,n8)da
reaction is particularly important because the statist
model, which is used often in evaluation of nuclear data
medium to heavy nuclei, cannot be applied to the few-bo
breakup process of light nuclei@36,37#.

In spite of the importance of then16Li reaction as de-
scribed above, the6Li( n,n8) reaction data leading to con
tinuum breakup process is extremely rare. Except for sev
data at 14 MeV or below@38–40#, there is only one data
point reported in our previous work at 18 MeV@41#. In
ef. @41#, we measured the (n,n8) spectra at 18 MeV, and
have shown that the FSI formula given by Werntzet al. @30#,
with the assumption ofd-a FSI, can explain the major par
of the neutron spectra at lowd-a relative energy domain by
taking account of theS- and D-waves ind-a system. That
work, however, suffered from several deficiencies. Firs
the experimental resolution was not good enough, so th
was a considerable ‘‘tail’’ of the elastic scattering in th
continuum spectra. Secondly, there was an appreciable b
ground coming from theD(d,np)d neutrons produced
from the neutron source, elastic scattering of which coinci
with the (n,n8) continuum part. Because of these reaso
their data could not be considered to be very reliable. F
thermore, they have used thed-a phase-shift data read from
an article graphically, which may not necessarily be ve
accurate.

The purpose of this work is to carry out a series
neutron-induced neutron-producing data measurement
6Li in the 11–18 MeV region with improved energy resol
tion compared with our previous works@40,41# to enhance
the database on this nucleus. Then, an optical model po
tial ~OMP! is developed, to describe the neutron elastic a
total cross sections of6Li in a broad energy range, an
is utilized in the analysis of the inelastic data via t
macroscopic-vibrational DWBA formalism. Secondly, th
measured data leading to the continuous final states
employed to test the Watson FSI theory extended to DW
form by Pong-Austern@33# and Dattaet al. @35#, which
will be of particular importance for nuclear data evaluati
purposes@36,37# due to its simplicity in practical computa
tion.

In the following sections we describe the experimen
details, development of the optical model and DWBA ana
sis of inelastic scattering data, and FSI theory analysis of
(n,n8) continuum spectra.

II. EXPERIMENTAL PROCEDURE AND DATA
REDUCTION

Experiments were carried out for 11.5, 14.1, and 1
MeV incident neutrons using the Tohoku University Dyn
mitron time-of-flight ~TOF! spectrometer. The details of th
experimental procedure are described in Refs.@42–48# and
will be further described in Ref.@48#, so only a brief expla-
nation will be given here.

In the 14.1 and 18 MeV measurements, an improved
ergy resolution was achieved by the post-acceleration ch
ping system@45# and by using a thinner target compar
th
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with our previous works@40,41#. Source neutrons were pro
duced via theT(d,n) reaction for these incident energie
and the effect of low-energy background neutrons were c
rected by the Monte Carlo method@49#. The data for 11.5
MeV neutrons were obtained by using the15N(d,n) source
and a ‘‘double-time-of-flight method’’@43,44# ~inverse scat-
tering geometry! to eliminate background events due to no
monoenergetic components in the source. A pulsed deut
beam with a 1.5–2.0 ns duration@full width at half maximum
~FWHM!# and a 2.0 MHz repetition rate was provided by
4.5 MV Dynamitron accelerator. The energy spread of p
mary neutrons were around 400 keV for 18 and 11.5 Me
150 keV for 14.1 MeV measurement in FWHM.

The scattering sample was a cylinder of enriched meta
6Li ~95% in 6Li), 3.2-cm-diam34-cm-long and was placed
12 cm from the neutron target. The secondary neutron de
tor was a cylindrical NE213 scintillation detector, 14-cm
diam310-cm-long for 14.1 MeV neutrons and a long-liqu
scintillation detector of NE213@46,47#, 80-cm-long310-cm-
wide36.5-cm-thick for 11.5 and 18 MeV neutrons. Th
flight path was around 5 m for 11.5 MeV, and 6 m for 14.1
and 18 MeV measurements. In double-TOF, the targ
sample distance was extended to;3.2 m and secondary
neutrons were detected by the NE213 detector, 14-cm-d
310-cm-long and 12-cm-diam35-cm-long, at 80 cm flight
path.

The TOF spectra were measured at 12 or 13 scatte
angles between 20° and 150° at 14.1 and 18.0 MeV. On
other hand, the TOF spectra were measured at 11.5 MeV
the continuum part at 60° and 120° only by the double-T
method, while the elastic scattering and inelastic scatterin
the first excited state were measured at 13 angles from 20
150° with the normal TOF method. The energy spectra w
obtained from the measured TOF spectra.

The sample-independent background was measu
without the sample, and was subtracted. The detection
ciency was deduced from the measurements of the252Cf
spontaneous fission spectrum for the low-energy region~be-
low about 4 MeV! and the calculations with theSCINFUL

code @50# for the high-energy part~above about 4 MeV!.
Absolute cross sections were determined relative to
1H(n,n) cross section. The energy spectra were correc
for the finite sample-size effect by the Monte Carlo co
SYNTHIA @49#. In the Monte Carlo calculation, we used th
JENDL-3.2 data@51# as input data for neutron interactio
with the 6Li. The calculation results reproduced the expe
mental data generally well over the energy and angle
therefore provided reasonable correction factors. T
angular-differential cross sections of the elastic and inela
(Ex52.186 MeV) scattering were deduced from the doub
differential cross sections by integrating them over the c
responding peak regions.

III. EXPERIMENTAL RESULTS

Examples of the measured double-differential cro
sections are shown in Fig. 1 for pairs of incident ener
and emission angle of~11.5 MeV, 60-deg.!, ~14.1 MeV,
30-deg.!, and ~18.0 MeV, 30-deg.!. Arrows show the
positions of secondary neutron energies for elastic (Ex50)
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FIG. 1. Observed neutron energy spectra for projectile energy and emission angle of 11.5-MeV, 60-deg.~left!, 14.1-MeV, 30-deg.
~middle!, and 18.0-MeV, 30-deg~right!. The smooth curves show the three-body phase-space factor, and the broken curves de
spectra of neutron coming from the intermediate5He nucleus. Positions of neutrons corresponding to various excited states in6Li and n-a
quasifree scattering with 0 relatived-a momentum (q50) are shown by arrows.
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of 6Li at Ex52.186 MeV(31), 3.563 MeV (01, T51),
4.31 MeV(21), 5.37 MeV (21, T51) and 5.64 MeV
(11). It must be noted that these excited states, exc
for those with T51, are all particle unbound, and the
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break up mostly tod and a. In other words, they are the
resonant states of these two particles.

The solid curves in Fig. 1 represent the three-body pha
space distribution corresponding to a final state consistin
neutron,d anda @52#
r3
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lab
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, ~3!

M5mn1md1ma , ~4!

andm denotes the mass of a particle represented by the
script (p denotes the projectile,T denotes the target!. On the
other hand, the broken curves show the neutron spectra
the process

6Li1n→d15He,

5He→n81a,

which was calculated by Beynon’s kinematics formula@34#.
The phase-space factor and Beynon’s function are norm
ized to the data at each energy/angle point.

Figure 1 shows that there is a noticeable deviation fr
the phase-space distribution at the excitation energy re
up to 6 MeV or higher, which corresponds to the know
excited 6Li states, showing a clear evidence of thed-a final-
state interaction. However, those states withT51 will not be
b-

m

l-

n

contributing significantly, because the 3.563 MeV state d
not enhance the spectra. The process leading to the inte
diate 5He nucleus results in neutron energies much sma
than thed-a FSI domain.

There is a possibility that then-a quasifree scattering
~QFS! contributes to the spectra at thed-a FSI region,
because the neutron energy corresponding to QFS
incides with the excitation of about 4.3 MeV, as indicat
in the same figure. Here, then-a QFS (q50) denotes
the elastic scattering of neutrons with thea particle in
the 6Li target with 0 relatived-a momentum, after the
binding energy is corrected, and treating the deuteri
as the spectator. However, it is known that such QFS p
cess leads to a rather flat particle distribution@12#, so it
will not produce an appreciable structure as seen in
present data at this energy region. We will return to t
point later.

Other processes, such as the (n,2n) reaction, are known
to produce very soft neutron spectra@40#. The bump
toward the lower energy below 4 MeV at the projectile e
ergy of 14.1 and 18.0 MeV will probably be due to such
process, which is again well separated from thed-a FSI
region.

Therefore, we can conclude that thed-a FSI is the domi-
nant reaction mechanism at the low relative energy regio
the residuald-a system which causes the neutron spectra
deviate significantly from the phase-space distribution.
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IV. THEORETICAL INTERPRETATIONS

A. Optical and DWBA model analysis

A spherical optical model analysis was carried out by t
ing account of the total cross section data and elastic sca
ing angular distribution data simultaneously. We have
cluded our elastic scattering data at 11.5, 14.1, and 1
MeV. Other data@53–59# were retrieved from the EXFOR
system at the NEA Data Bank, and a grid search proced
based on the Metropolis method was performed to seek
the minimumx square. The results were then put into t
ECISVIEW system by Koning@60# and the parameters wer
slightly adjusted to get a better result. This result was furt
fed into a search procedure based on the Bayesian me
@61# to get the final parameter set.

We have adopted a following form of the potential:

U52~Vr1 iWv! f ~r ,r v ,av!14iadWd

d

dr
f ~r ,r d ,ad!

1S \

mpcD 2

l •s Vso

1

r

d

dr
f ~r ,r so,aso!, ~5!

where the form factorsf are of the standard Woods-Saxo
shape

f ~r ,r x ,ax![
1

11exp„~r 2r xA
1/3!/ax…

. ~6!

Here, theax is the diffuseness parameter, andA the target
mass number. The potential depths were assumed to hav
energy dependence similar to the one used by Delaro
et al. @62#:

Vr5V0e2lv~E2EF!1V1 , ~7!

Wd5Wd0
e2lWd

~E2EF!
~E2EF!4

~E2EF!41Wd1

4
, ~8!

Wv5Wv0

~E2EF!4

~E2EF!41Wv1

4
, ~9!

Vso5Vsoe
2lso~E2EF!. ~10!

The symbolEF denotes the Fermi energy, and was calc
lated as

EF52
1

2
@Sn~A!1Sn~A1n!#, ~11!

where Sn(A), Sn(A1n) denote the neutron separatio
energy from the target nucleus~A! and target1 n nucleus
(A1n), respectively. The calculation was done with t
ECIS96optical model code@63# with the relativistic kinemat-
ics option turned on.

We have found two sets of potentials that equally desc
the experimental data. Those parameters are given in Ta
as Set-1 and Set-2. The results of the present analysis
shown in Figs. 2~total cross section! and 3~elastic scatter-
ing!. Both potentials give almost indistinguishable results
the total cross section, except for the several MeV reg
where Set-2 gives slightly smaller cross sections than
bulk of the data.
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The inelastic scattering cross section to the first exci
31 state was calculated with the DWBA mode ofECIS96,
assuming the collective-vibrational model, and by using
present optical potentials. The result is given in Fig. 4. Bo
potentials give a fair description of the experimental resu
except at the lowest energy point.

The normalization constants for the DWBA cross sect
to reproduce the measured excitation of the 2.186-MeV le
was found to be 0.95 for Set-1, and 1.15 for Set-2 OMP
These values are too large to be interpreted as the squa
the deformation parameters in the normal vibrational mod
Instead, it should be interpreted to be more of a nature of
proportionality factor for the effective nucleon-nucleon inte
action inn16Li reactions. Indeed, the fact that the norma
ization constants obtained in the present analysis are clos
unity shows that the effective nucleon-nucleon strength
almost similar for the diagonal part~OMP! and the off-
diagonal part~transition form factor! of the interaction po-
tential, as is the case for the coupled-discretized continu
channels~CDCC! formalism, where a commonNR and NI
parameters are multiplied to both the diagonal and o
diagonal potentials constructed from the M3Y interacti
@10#.

TABLE I. Optical potential parameters forn16Li interaction.

Parameter Set-1 Set-2

V0 65.64 71.68
V1 226.71 229.69
lv 0.00486 0.00495
r v 1.34 1.22
av 0.707 0.822
Wv0

10.19 10.06
Wv1

18.42 14.03
Wd0

74.69 321.4
Wd1

15.69 18.76
lWd

0.207 0.315
r d 1.59 1.37
ad 0.899 0.699
Vso 8.374 8.702
lso 0.01407 0.01407
r so 1.58 1.64
aso 0.427 0.311

FIG. 2. Neutron total cross section of6Li. The two curves,
marked as Set-1 and Set-2, denote the values calculated by
optical model with the potential sets given in Table I.
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B. Analysis of the continuum spectra by the Watson
theory of final-state interaction

It was shown in the previous sections that the final-st
interaction ~FSI! between deuteron anda particles, origi-
nally confined in the target6Li nucleus, plays an essentia
role in producing the continuum part of the neutron spec
at relatively high neutron energy, corresponding to the ex
tation energy below several MeV. Therefore, the FSI effe
together with the three-body kinematics have to be con
ered for a quantitative understanding of this part of the c
tinuum neutron spectra produced via the6Li( n,n8d)a reac-

FIG. 3. Neutron elastic scattering angular distribution of6Li.
The two curves, marked as OMP Set-1 and OMP Set-2, show
values calculated by the optical model with the potential sets gi
in Table I. The numerical values denote the projectile energy
MeV. The data for 8.96, 9.96, . . . were subsequently shifte
downward by a factor of 0.1, 0.01, . . . , respectively.

FIG. 4. Neutron inelastic scattering angular distribution to
first excited state of6Li. The two curves, marked as OMP Set-1 a
OMP Set-2, show the values calculated by the optical model w
the potential sets given in Table I. The numerical values denote
projectile energy in MeV. The data for 14.1 and 18.0 MeV we
shifted downward by a factor of 0.1 and 0.01, respectively.
e

a
i-
t,
-
-

tion. Here, we follow the basic framework established
Watson@20#, which was extended by Pong and Austern@33#
and Dattaet al. @35# to the DWBA form. For the purpose o
completeness, we give first the essence of the theory tha
will utilize for the analysis.

1. Essence of the FSI theory

The total Hamiltonian~H! for the three-particle system i
assumed asH5H01U1V, where H0 is the free Hamil-
tonian for three particles,U is the potential acting betwee
the two particles (d anda in our case! at the final state, and
V is the residual interaction. The transition matrix eleme
Tba between the initial channela(6Li1n) and the final chan-
nel b (n1d1a) is therefore given by

Tba5^xb
2u~U1V!uca

1&, ~12!

wherec6 and x6 denote the complete three-particle wa
function and free three-particle wave function, respective
with the appropriate boundary condition corresponding to
subscript6.

The Lippman-Schwinger equation forc is given by

c65x61~E2H06 i e!21~U1V!c6. ~13!

Here, E is the total energy of the system. In the Wats
theory, the transition matrix element Eq.~12! is modified in
the following way so that the FSI effect is easily factored o
from theT-matrix element.

The exit channel three-particle wave-functionf is defined
in a way that a pair ofd anda interacts via potentialU while
the neutron stays free,

f65x61~E2H06 i e!21Uf6. ~14!

On the other hand, the entrance channel wave functionc0
consists of three particles (6Li5d1a bound state and neu
tron in our case! interacting via the effective potentialV
alone, i.e.,U50:

c0
65x61~E2H06 i e!21Vc0

6 . ~15!

The T-matrix element of Eq.~12!, together with Eqs.~13!
and ~14! yields

Tba5^cb
2uVuca

1&1^xb
2uUufa

1&. ~16!

It is Watson’s argument that the FSI potentialU is chosen
so that the second term of this expression vanishes. The
term is then further modified, by utilizing Eq.~15!, as

Tba5^fb
2uVuc0a

1 &1^cb
22fb

2uUuc0a

1 &. ~17!

Now, the residual interactionV is assumed to be weak, socb
tends tofb , and consequently the second term in the l
equation can be omitted. The final form of theT-matrix ele-
ment is thus written

Tba5^fb
2uVuc0a

1 &. ~18!

In this expression, the effect of the final-state interactionU is
contained only infb .
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The exit channel wave functionfb can be separated int
two parts, ignoring the spin function of neutron:

fb5fda~kda ,rda!X~kn ,Rn!, ~19!

wherefda(kda) is the unbound wave function for thed-a
system,X(kn ,Rn) is a wave function for the relative motio
between neutron and center-of-mass of thed-a system. By
employing the usual DWBA approximation for the transitio
matrix, we get forTba an expression

Tba5^fda
2 X2uVuR1f 6Li&, ~20!

whereR1 is the relative wave function between the proje
tile and 6Li in the entrance channel, andf 6Li is the intrinsic
wave function of the target6Li nucleus.

According to Pong and Austern, we now make the follo
ing approximation to factor out the dependence of theT ma-
trix on the final-state particle energy with an assumption
the short-range nature of the residual interactionV:

Vfda~kda!;A~E!VW~kda ,r !, ~21!

where A(E) carries the bulk of the energy dependence,E
5\2kda

2 /(2mda), andW(r ,kda) is a relatively energy inde
pendentd-a bound wave function, having a specific sp
structure and normalized to unity within a certain radiusr
5R0 . With this form inserted in Eq.~20!, we obtain

Tba5A~E!^Wda
2 X2uVuR1f 6Li&5A~E!Tba

DW , ~22!

where Tba
DW denotes the normal DWBAT matrix with the

bound-state final-state wave function.
The enhancement factoruA(E)u2 is calculated by utilizing

the relation

uA~E!u25uA~E!u2E
0

R0
r 2drE dVuW~kda ,r !u2

5E
0

R0
r 2drE dVufda

2 ~kda ,r !u2, ~23!

wheredV denotes an integral with respect to angles and
internal coordinates~such as spin!. Writing fda

2 (r ,kda)
5@x(k,r )/r #Y where Y represents a proper~normalized!
spin-angle wave function, we get

uA~E!u25E
0

R0
drux~k,r !u2. ~24!

Now, we adopt two methods to evaluate the right-hand s
of this equation.

2. Pong-Austern method

Pong and Austern had transformed the integral in
right-hand side of the above equation to a surface limit us
the radial Schro¨dinger equation. Furthermore, by assumi
that the energy derivative of the Coulomb function is sm
compared with the derivative of the nuclear phase shiftd,
they have arrived at the following formula:
-

-

f

y

e

e
g

ll

uA~E!uc
2;

ddc

dE
, ~25!

where subscriptc specifies the partial wave state, i.e.,c rep-
resents2S11LJ in the usual notation.

3. Werntz method

If we make the assumption that the residual interactionV
is of the surface-peakedd-function form, only the wave
function value at the nuclear surface~a! is relevant. There-
fore, Eq.~24! can be written in this case to be

uA~E!uc
2;ux~k,a!cu2. ~26!

The wave function value at the surfacex(k,a) may be evalu-
ated by using the external solution

x~k,r !c5~k!21@cos~bc!FL~kr !1sin~bc!GL~kr !#,
~27!

wherebc is a nuclear phase shift for elasticd-a scattering,
and GL and FL are the Coulomb wave functions which a
irregular and regular at the origin. Then, we arrive at t
following expression:

uA~E!uc
2; sin2~dc!

GL
2~ka!1FL

2~ka!

k2
, ~28!

wheredc5ac1bc , andac5tan21@FL(ka)/GL(ka)#.
The two expressions@Eqs.~25! and~28!# give essentially

the same energy dependence for the enhancement f
around an isolated resonance. For example, if we assum
resonance of the form

d~Ec!5tan21S 1/2Gc

E2E0c
D , ~29!

whereGc andE0c
denote the resonance width and resona

energy for partial wavec respectively, Eq.~25! leads to the
following Breit-Wigner type enhancement factor:

uA~E!uc
25

1/2Gc

~E2E0c
!21~1/2Gc!

2
. ~30!

This shape is also reproduced by the sin2(d) part in Eq.~28!.
The main difference between these two formulas comes f
the presence of the second factor in Eq.~28!, which may not
be significant around sharp resonances~this corresponds to
taking theGc constant!. Phillips et al. @22# has also derived
essentially the same expressions from discussion on the
eralized density of states functions. In this work, we will u
the formula Eq.~28! because the Coulomb function prese
in Werntz formula will be important due to the broadness
resonances in thed-a system.

4. Cross section formula

The double-differential cross sectionsc for a specific fi-
nal partial-wave statec is related to the transition amplitud
by
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sc[
d2sc

dEndVn
5

2p

\v
uTbauc

2rnrda , ~31!

where rn and therda are the phase-space density for t
residualn16Li* system andd1a system, respectively, an
v is the projectile velocity. It is known that these two-bod
phase-space densities are proportional to the velocity~or the
wave number! of the relative motion in each pair:

rn5
mn6Li* \kn6Li*

~2p\!3
, ~32!

rda5
mda\kda

~2p\!3
~33!

with the obvious condition coming from the energy cons
vation

~\kn6Li* !2

2mn6Li*
1

~\kda!2

2mda
5Etot

cm, ~34!

whereEtot is the total available energy in the cm system,m
denotes the reduced mass in the system specified by the
script. With the condition of Eq.~34!, the product of two
phase-space volumes in Eq.~31!, rnrda combines to produce
the three-body phase-space factorr3 @52#. By putting Eq.
~22! into Eq. ~31!, the cross section is now written as

sc5
2p

\v
uA~E!uc

2uTba
DWuc

2r3 ~35!

5uA~E!uc
2sc

DWrda , ~36!

where

sc
DW5

2p

\v
uTba

DWuc
2rn ~37!

is the cross section calculated by the DWBA formalism
suming6Li* to be a bound system ofd anda in partial wave
statec.

We assume that this formula holds for eachc indepen-
dently, so the total cross section is an incoherent sum of
contributions from various partial-wave states:

scm5(
c

Ncsc , ~38!

where Nc is the normalization constant for each statec to
take account of the possible difference in the transit
strength to each channelc[2S11LJ . This expression is then
converted to the laboratory frame to compare with the
perimental data:

s lab5Jscm. ~39!

The Jacobian of transformationJ is given by@52#

J[
]~En

cm,cosun
cm!

]~En
lab,cosun

lab!
5AEn

lab

En
cm

. ~40!
-

ub-

-

e

n

-

If we take the rather radical assumption that theT-matrix
element in Eq.~35! is constant, the partial-wave cross secti
becomes of the form

sc
lab;uA~E!uc

2r3
lab, ~41!

wherer3
lab;Jr3 . This is the form employed in many work

with Werntz enhancement formula@31,32#, including our
previous one@41#. In the present work, however, we wi
adopt the form of Eqs.~36! and ~37!.

5. Gaussian broadening

The calculated cross section must be broadened by
sidering the finite resolution of the experimental apparatu
be compared with the measured data. We assume tha
energy resolution functionG is expressed by a Gaussia
form,

G~E,E8,w!5
1

A2pw
e2~E2E8!2/2w2

, ~42!

where the standard deviationw consists of two components

w5
1

2A2ln~2!
AwE

21wT
2. ~43!

Here, the first term (wE) denotes the contribution from th
finite-energy resolution~in FWHM! of the neutron source
due mostly to the energy reduction of the deuterium beam
the neutron producing target, while the second term (wT)
represents the energy spread caused by the finite timing r
lution expressed in FWHM. The latter term is written mo
explicitly by using the time-of-flight resolving powerR
5DT /L, whereDT denotes the timing resolution andL the
flight path,

wT5
2

72.3
E3/2R. ~44!

In the above expression, energyE is expressed in MeV,DT
in ns, andL in m.

The double-differential cross section,s(E,V)broad, which
includes the resolution broadening and can be compared
the experiment, at secondary energyE and angleV, is then
calculated as

s~E,V!broad5E dE8G„E,E8,gw~E8!…s~E8,V!, ~45!

where the Gaussian widthw, Eq. ~43!, is calculated at en-
ergy E8. In actually applying this formula, the Gaussia
width w was multiplied by an adjustable parameterg to ac-
count for other sources, such as angular resolution, wh
contributes to broaden further the spectra. The parametg
was determined to reproduce the width of the observed e
tic scattering peak.

The effect of the Gaussian broadening was found to
significant for 3D3 , less significant but noticeable for th
3D2 partial waves. For other partial waves, the effect w
almost negligible.
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FIG. 5. The phase-shift data to reproduce thed-a elastic scattering. The curves were obtained by a R-matrix analysis of the6Li system.
The symbols show the experimental data.
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6. The d-a phase shift

The d-a phase shift datadc were obtained from the R
matrix analysis of the6Li system by Haleet al. @64# up to
deuteron energy of 7 MeV. Over 1000 data points, includ
the elasticd-a scattering and deuteron analyzing power da
have been included in this analysis. The results of theR-
matrix analysis was found to be essentially good even
higher energy except for the partial waves of3S1 , 3D1 , and
3D3 . Therefore, the phase shifts for these partial waves w
slightly modified to match the data above relatived-a en-
ergy of 7 MeV. The results are shown in Fig. 5. Here, t
partial waves3S1 , 3D1 , 3D2 , and 3D3 show remarkable
resonant behaviors, i.e., crossing ofd590°, corresponding
to the excited states in6Li, while 3P0 , 3P1 , 3P2 ,
3F2 , 3F3 , 3F4 , 3G3 , 3G4 , and 3G5 partial waves have
more off-resonant behaviors. The main structure in the s
ondary neutron spectra, therefore, is expected to come f
the contributions from the former four partial waves, wh
the rest will form more or less ‘‘background’’ component
The channel radius for thed-a system was chosen to be 4.6
fm.

7. Comparison with the data

We have included the following five partial wave
3S1 , 3P0 , 3D1 , 3D2 , and 3D3 in the FSI formula given
previously. Contributions from the other states were repla
by the three-body phase-space factorr3

lab given the smooth
nature of the phase shifts for these partial waves. Ad func-
tion was also inserted to represent the elastic scattering p
which leads to a usual Gaussian function after Gaus
broadening. Therefore, the fitting formula becomes

s5GFNelad~E2Eela!1(
c

Ncsc
lab1Npsr3

labG , ~46!

where G@ . . . # denotes the Gaussian broadening,d(E
2Eela) is for the elastic scattering peak located atE5Eela,
andc53S1 , 3P0 , 3D1 , 3D2 , and 3D3 .

The DWBA cross sections contained in thesc
lab were cal-

culated byECIS96 with the macroscopic-vibrational mode
g
,

r

re

c-
m

d

ak,
n

with optical potential Set-1, at the excitation energy interv
of 0.5 MeV and angular interval of 1°, and for the orbit
angular momentum transfer of 0, 1, and 2. Such a tw
dimensional table was employed to interpolate the val
needed at a specific excitation energy and angular point.
normalization coefficients,Nela, Nc , and Nps were deter-
mined by the least-squares method. These normalization
efficients were firstly determined at each projectile ene
and angle point, and then they were averaged over angle
each projectile energy. As a result, it turned out that
contribution from the3P0 and 3D1 partial waves were al-
most negligible at all projectile energies, so we ignored th
partial waves in the final analysis.

The calculated values are compared with the measu
data at selected angles in Fig. 6. In this figure, the exp
mental data are shown as open circles, the elastic scatte
peak as the broken curves, the3S1 contribution by the dash-
dotted curves, the3D2 by the thin solid curves with a dot
3D3 by the thin solid curves, and the phase-space~PS! com-
ponent by the long broken curves. The present calcula
reproduces the general feature of the measured data
well, except for the very low secondary neutron energy
gion, where the contribution other than thed-a FSI, such as
the (n,2n) or n-a FSI, will be dominant. It is obvious that, a
all projectile energies, the3D2 and 3D3 partial waves are the
major channel in the neutron inelastic scattering, while
3S1 and PS contributes as the background.

V. DISCUSSION

The two OMP’s, Set-1 and Set-2 in Table I, were found
be able to describe the elastic scattering and total cross
tion of 6Li above 7 MeV very well. Indeed, a preliminar
result of a measurement by Dietrich carried out at WN
indicates that the present OMP’s can describe the total c
section of 6Li up to 500 MeV @65#. The possibility of pre-
dicting the data up to such a high energy is an import
feature in application fields.

The present potentials are characterized by large diffu
ness parameters, i.e.,a of about 0.7~Set-1! or 0.8 ~Set-2!.
This will probably be a reflection of the loose bound ‘‘2S’’
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FIG. 6. Comparison of the neutron spectra calculated by the final-state interaction theory~as described in the text! and measured data a
selected angular points.
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nature of the6Li ground state. The three-body calculatio
@1,3# show that thes-wave d-a wave function has a nod
around 1.7 fm, and have a very long tail. The thickness of
surface predicted by these calculations is in good agreem
with the diffuseness parameter obtained in the present w

The root-mean-square radiusROMP are calculated from
the presently obtained real central OMP to be 3.2 fm~Set-1!.
This value yields theRc ~root-mean square radius for charg
distribution! of 2.6 fm if the difference between theROMP
andRc is corrected based on the improved local-density
e
nt
k.

-

proximation of Jeukennd-Lejeune-Mahaux prescripti
@67,68# with the matter and charge distributions calculat
by the Hartree-Fock theory@69#. The value ofRc52.6 fm is
in good agreement with the measured one of 2
60.05 fm @3#. Therefore, the form factor of the optical po
tential obtained in the present work is consistent with
major properties of the ground state of6Li.

The inelastic scattering to the first excited 31 state was
also reproduced well by the DWBA calculation based on
macroscopic-vibrational model employing the present pot
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tials. The normalization factor was found to be almost un
which is consistent with the CDCC method if it is interpret
as the proportionality factor of the effective nucleon-nucle
interaction. However, it was shown by Hirabayashi a
Sakuragi@19# that the use of a simple collective-vibration
form factor, i.e., derivative Woods-Saxon shape, is not c
sistent with the full-microscopic form factor derived by th
CDCC theory@24#. The form factor calculated by the CDC
theory is wider than the collective one by about a factor
1.5, due to the unbound nature of the 31 state. On the othe
hand, the difference between these two form factors is
very significant except for the width. Indeed, the calcula
results are similar in the angular-dependent shape excep
the overall magnitude, which may be adjusted to match
changing the normalization constant of the transition fo
factors. We have also made a comparison of the real pa
the transition form factor, and it is shown in Fig. 7. Here, t
CDCC form factor was calculated for neutron-6Li interac-
tion @66#, and was normalized to the present one. Obviou
the present form factor coincides with the one derived by
microscopic theory both in the peak position and peak wi
very well. This is again due mainly to the large diffusene
parameter in our potential. The difference in the interior
gion is not important because most of the reaction ta
place at the exterior region, where the two methods yi
very similar results. It must be stressed that we did not fo
the OMP search to coincide with the CDCC form facto
Therefore, the fact that the6Li have a diffuse ground stat
and unbound excited states seem to be implicitly embed
in the large diffuseness parameter, which our search gav
automatically. Just a simple prescription of making thea
parameter larger than the normal values would be then
effective way in calculating cross sections for other lig
nuclei which have similar features. Anyway, it was co
firmed that use of the simple macroscopic-vibrational mo
in calculation of inelastic neutron scattering from6Li with a
large diffuseness parameter is a good approximation of
microscopic approach such as the CDCC theory.

Ideally one would do a miscroscopic calculation of inela

FIG. 7. Comparison of the transition form factor for the tran
tion from the ground state to the first excited 31 state in6Li. The
solid curve was obtained on the assumption of the macrosc
vibrational model~derivative of the Woods-Saxon potential! with
the optical potential Set-1 in Table I, while the broken curve w
calculated by the fully microscopic coupled-discretized continu
channel theory by Sakuragiet al.
,
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tic scattering, but such calculations are also fraught with
rameter ambiguities and the difficulty of choosing a reas
able imaginary part for the microscoptic interaction. Nucle
exchange would also contribute to inelastic scattering sign
cantly at these energies, and the exchange amplitudes o
have somwhat different angular distributions from the dire
These differences are masked by destructive interferen
among the many configurational amplitudes of a medium
heavy nucleus. For such a light nucleus with relatively fe
important shell-model configurations, such interference n
not diminish the effects of exchange.

As shown in Fig. 6, the present assumption of thed-a FSI
and the Watson’s theory extended to DWBA form gives
fairly good description of the experimental doubl
differential cross sections for the low-excitation energy
gions at all projectile energies. To show how the pres
model describes the angular distribution of neutrons co
sponding to variousQ values, we have plotted the angul
distribution of inelastically scattered neutrons with 1-Me
Q-value intervals in Fig. 8. They have been converted to
center-of-mass system assuming the two-body kinema
The present model gives a very good overall agreement w
the measured data, except for theQ-value bins from23 to
24 MeV, and from24 to 25 MeV. One possible explana
tion of this discrepancy is the neutrons from the inelas
scattering to the 3.563 MeV (T51) state, which was no
considered in our model but falls in theseQ value bins.
However, we do not think it is likely, because the cross s
tion of exciting this state is estimated to be about 1 to 2
at this energy region. Another possibility is then-a quasifree
scattering. The differential elasticn-a scattering cross sec
tion has a very large value of around 100 to 200 mb/sr
this projectile energy region, and is very forward peak
Probably, then-a QFS is the reason for the discrepan
between the present calculation and the data for theQ
523 –5 MeV region at the forward angular range. Exce
for theseQ-value bins, however, the present model descri
the data up toQ528 MeV for 14.1 MeV incident neu-

ic

s

FIG. 8. Angular distributions of continuum neutrons for vario
Q-value bins at projectile energies of 14.1 MeV~left! and 18.0
MeV ~right!. The open circles show the experimental data, wh
the solid curves were calculated by the FSI theory as describe
the text. The data forQ523 to 24 MeV, 24 to 25 MeV, . . . are
shifted downward by a factor of 0.1, 0.01, . . . , respectively.
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trons, and to29 MeV for 18.0 MeV neutrons, covering th
major part of the low-excitation regions.

VI. SUMMARY

A phenomenological optical model potential was co
structed which can describe the neutron total cross sec
elastic scattering angular distribution of6Li from 5 MeV to
several tens MeV. This potential was also found to desc
the inelastic scattering to the first excited state very well
the macroscopic DWBA formalism. Therefore, this OM
will be a valuable tool for the future analysis of neutro
interaction with 6Li, which will be important from both the
fundamental and applied points of view.

The analysis for the continuum neutron spectra, based
the Watson’s final-state interaction theory extended to
DWBA form, was found to be of modest success. Proba
we miss the contribution from then-a quasifree scattering
P
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Such a contribution may be calculated by the PWIA
DWIA in principle, and added to the present calculatio
However, we dare not to try such a calculation in this wo
because the ability of the DWIA calculation for the QF
process of6Li itself is still a matter of open question@12#.
Nevertheless, the model proposed in this work was able
describe the major part of the continuum neutron spectra
the Q-value range as deep as29 MeV.
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