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The neutron elastic and inelastic scattering double-differential cross sectiofisi efere measured at
incident neutron energies of 11.5, 14.1, and 18.0 MeV. A phenomenological neutron optical model potential of
61i 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 stakg €2.186 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 trek« interaction is dominant in the three-body final state consisting, ofl, 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@aealue region of~-9 MeV, except for th&-value range
where then-a quasifree scattering will give a non-negligible contribution at forward angles.
[S0556-28188)04810-9

PACS numbg(s): 25.40.Fq, 13.85.Hd, 25.18s

. INTRODUCTION of the nuclear breakup diLi is essential to interpret the data
from such experiments. In this sense, the neuftbnreac-

The SLi nucleus is known to have a dominant cluster tion provides a unique testing ground for theories since only
structure, with thed-« probability in the ground state of the nuclear breakup is present there.
around 0.701-4]. Furthermore, thel-a breakup threshold The few-body, especially three-body, problem is still an
is very low (1.475 MeV} due to a weak-binding between open(and therefore interestingubject in nuclear physics,
these two particles in theSstate. Because of those features,and has been studied intensively by various theoretical
the breakup ofLi into d and« is one of the major reaction frameworks[20-25. At low-bombarding energies, such a
channels involving this nucleus from very low to high ener-Multiparticle decay is known to proceed as a sequential re-
gies. Consequently, the structure and breakup reactiGhiof acthn via intermediate states, which are definite staFes of
have been a subject of long and intensive studies as d@article-unstable systenj@6-29. For example, a reaction

scribed in, e.g., Ref§2—15] and references therein. sequence like

The breakup ofLi nucleus intod+ « in the low relative n+6Li—n’+6Li*
energy region is also of a great interest from the astrophysics '
point of view, because the radiative capture reactiena Li* ~d+a,

—8Li+y at very low energiesH.,<10-100 keV) is one
of the key reactions in the nucleosynthesis in the early Uniwill be the dominant one fon+°Li reaction, while other
verse or during stellar evolutiofl6]. Baur et al. [17] has intermediate states such &sle* or t are also possible. In
suggested using the Coulomb breakup of thiprojectile to  this mechanism, the final-state interactiGgS|) effect, in
study the®Li+ y—d+ a process by absorption of a virtual other words the interaction between, edj.and «, is par-
photon, which is the time-reversed process of the radiativéicularly important to comprehend the particle spectra at
capture. A couple of experiments have been already carriethe final states. In the Watson thed0], the effect of the
out to extract the astrophysic8 factor according to this FSI is factored out from thd&-matrix element so that the
concep{18]. They have argued that the nuclear breakup conwave function of the two particles interacting in the final-
tribution is negligible at extremely forward angles. However,state determines the essential cross-section dependence on
it was pointed out by Hirabayashi and Sakurifl] that the  the secondary particle energy. This method, which we will
nuclear contribution is as important as the Coulomb breakupse in the present work, has been applied to analyze breakup
even at very forward angles. Therefore, an accurate treatmerdgactions of light nuclei at low projectile-energy region be-
cause of its simplicity, and has been able to extract the basic
reaction mechanisms dominating a certain reaction channel
*Electronic address: chiba@cracker.tokai.jaeri.go.jp [26-35.
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Beside these basic interests, the neutron interaction wittvith our previous work$40,41]. Source neutrons were pro-
®Li is important from the application point of view, since duced via theT(d,n) reaction for these incident energies,
lithium is the major tritium breeding material in thermo- and the effect of low-energy background neutrons were cor-
nuclear fusion reactor system. The data for ten()da  rected by the Monte Carlo methdd9]. The data for 11.5
reaction is particularly important because the statisticaMeV neutrons were obtained by using theN(d,n) source
model, which is used often in evaluation of nuclear data forang a “double-time-of-flight method{43,44 (inverse scat-
medium to heavy nuclei, cannot be applied to the few-bodyering geometryto eliminate background events due to non-
breakup process of light nuclg$6,37. , monoenergetic components in the source. A pulsed deuteron

In spite of the importance of the+5Li reaction as de- beam with a 1.5—2.0 ns duratifull width at half maximum
scribed above, théLi(n,n’) reaction data leading to con- (FWHM)] and a 2.0 MHz repetition rate was provided by a
tinuum breakup process is extremely rare. Except for sever .5 MV Dynamitron accelerator. The energy spread of pri-
daFa at 14 Me\( or beIov{3.8—4q, there is only one data mary neutrons were around 400 keV for 18 and 11.5 MeV,
point reported in our previous work at 18 MeM1]. In 150 keV for 14.1 MeV measurement in EWHM.
ef. [41], we measured then(n’) spectra at 18 MeV, and The scattering sample was a cylinder of enriched metallic
have shown that the FSI formula given by Weratal.[30], 6 (95% in 6Li), 3.2-cm-diamk4-cm-long and was placed
with the assumption of-a FSI, can gxplam the major Part 15 cm from the neutron target. The secondary neutron detec-
of the neutron spectra at lodra relative energy domain by o \yas a cylindrical NE213 scintillation detector, 14-cm-
taking account of thes- and D-waves ind-a system. That 45 10-cm-long for 14.1 MeV neutrons and a long-liquid
work, however, suffered from several deficiencies. F'rStly'scintillation detector of NE2146,47], 80-cm-long< 10-cm-
the experimental resolution was not good enough, so therg:oxa 5-cm-thick for 11.5 an<,j 1’8 MeV neutrons. The
was a considerable “tail” of the elastic scattering in the light path was arowh’5 m for 11.5 MeV, ad 6 m for 14.1
continuum spectra. Secondly, there was an appreciable backhd 18 MeV measurements. In double-TOF, the target-
ground coming from theD(d,np)d neutrons produced gumne distance was extended 8.2 m and secondary
from the neutron source, elastic scattering of which coincides,qirons were detected by the NE213 detector, 14-cm-diam
with the (n,n’) continuum part. Because of these reasons,xlo_cm_mng and 12-cm-diam5-cm-long, at 80 cm flight
their data could not be considered to be very reliable. Fury
thermore, they have used thex phase-shift data read from The TOF spectra were measured at 12 or 13 scattering
an article graphically, which may not necessarily be VelYangles between 20° and 150° at 14.1 and 18.0 MeV. On the
accurate. _ _ _ other hand, the TOF spectra were measured at 11.5 MeV for

The purpose of this work is to carry out a series ofyhe continuum part at 60° and 120° only by the double-TOF
ge'u.tron—lnduced neutron-producing data measurement QRieihoqd, while the elastic scattering and inelastic scattering to

Li in the 11-18 MeV region with improved energy resolu- y,q first excited state were measured at 13 angles from 20° to

tion compared with our previous workd0,41] to enhance 540 jith the normal TOF method. The energy spectra were
the database on this nucleus. Then, an optical model pote btained from the measured TOF spectra.

tial (OMP) is developed, to describe the neutron elastic an The sample-independent background was measured

total cross sections ofLi in a broad energy range, and oyt the sample, and was subtracted. The detection effi-
is utilized in the analysis of the inelastic data via theciency was deduced from the measurements of 3REf
macroscopic-vibrational DWBA formalism. Secondly, theS ontaneous fission spectrum for the low-energy re¢hen
measured data leading to the continuous final states Gy about 4 MeV and the calculations with theciNFUL
employed to test the Watson FSI theory extended to DWBA.o4e [50] for the high-energy partabove about 4 Me)\
form by Pong-Austerr33] and Dattaet al. [35], which — Apsoiyte cross sections were determined relative to the
will be of particular importance for nuclear data evaluation H(n,n) cross section. The energy spectra were corrected
purposeq 36,37 due to its simplicity in practical computa- fo ‘the finite sample-size effect by the Monte Carlo code
tion. . . . . SYNTHIA [49]. In the Monte Carlo calculation, we used the
In. the following sections we describe the eXpe”mem""l\]ENDL-3.2 data[51] as input data for neutron interaction
d_eta|ls_, deve_lopment (.)f the optical model and DWBA_analy'with the °Li. The calculation results reproduced the experi-
sis of inelastic scattering data, and FSI theory analysis of thﬁwental data generally well over the energy and angle and

(n,n’) continuum spectra. therefore provided reasonable correction factors. The
angular-differential cross sections of the elastic and inelastic

Il. EXPERIMENTAL PROCEDURE AND DATA (Ex=2.186 MeV) scattering were deduced from the double-
REDUCTION differential cross sections by integrating them over the cor-

) _ responding peak regions.
Experiments were carried out for 11.5, 14.1, and 18.0

MeV incident neutrons using the Tohoku University Dyna-

mitron time-of-flight (TOF) spectrometer. The details of the IIl. EXPERIMENTAL RESULTS

experimental procedure are described in Rp42—48 and

will be further described in Ref48], so only a brief expla- Examples of the measured double-differential cross
nation will be given here. sections are shown in Fig. 1 for pairs of incident energy

In the 14.1 and 18 MeV measurements, an improved enand emission angle of11.5 MeV, 60-deg, (14.1 MeV,
ergy resolution was achieved by the post-acceleration cho@B0-deg), and (18.0 MeV, 30-deg. Arrows show the
ping system[45] and by using a thinner target compared positions of secondary neutron energies for eladfig<0)
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FIG. 1. Observed neutron energy spectra for projectile energy and emission angle of 11.5-MeV, @éfded4.1-MeV, 30-deg.
(middle), and 18.0-MeV, 30-degright). The smooth curves show the three-body phase-space factor, and the broken curves denote the
spectra of neutron coming from the intermedidk¢e nucleus. Positions of neutrons corresponding to various excited stateisand n-«

guasifree scattering with O relativtka momentum ¢=0) are shown

by arrows.

and inelastic scattering corresponding to the excited statdsreak up mostly tad and «. In other words, they are the

of oLi at E,=2.186MeV(3"), 3.563 MeV (0, T=1),
4.31 MeV(2'), 5.37 MeV (2", T=1) and 5.64 MeV

resonant states of these two particles.
The solid curves in Fig. 1 represent the three-body phase-

(1%). It must be noted that these excited states, exceppace distribution corresponding to a final state consisting of

for those with T=1, are all particle unbound, and they

neutron,d and « [52]
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contributing significantly, because the 3.563 MeV state does
not enhance the spectra. The process leading to the interme-
diate °He nucleus results in neutron energies much smaller
than thed-a FSI domain.

There is a possibility that the-a quasifree scattering
(QFS contributes to the spectra at thiba FSI region,
because the neutron energy corresponding to QFS co-
incides with the excitation of about 4.3 MeV, as indicated
in the same figure. Here, the-a QFS (@=0) denotes
the elastic scattering of neutrons with thke particle in

. 6 . . .
andm denotes the mass of a particle represented by the sufe °Li target with O relatived-o momentum, after the

script (p denotes the projectild; denotes the targetOn the
other hand, the broken curves show the neutron spectra fro
the process

6Li+n—d+°5He,
SHe—n'+a,

which was calculated by Beynon’s kinematics form[84].
The phase-space factor and Beynon'’s function are normal
ized to the data at each energy/angle point.

binding energy is corrected, and treating the deuterium
g the spectator. However, it is known that such QFS pro-
cess leads to a rather flat particle distributid®], so it
will not produce an appreciable structure as seen in the
present data at this energy region. We will return to this
point later.

Other processes, such as the2h) reaction, are known
to produce very soft neutron spectfd@0]. The bump
toward the lower energy below 4 MeV at the projectile en-
krgy of 14.1 and 18.0 MeV will probably be due to such a
process, which is again well separated from ther FSI

Figure 1 shows that there is a noticeable deviation fronregion.
the phase-space distribution at the excitation energy region Therefore, we can conclude that thex FSI is the domi-

up to 6 MeV or higher, which corresponds to the known
excited Li states, showing a clear evidence of the final-
state interaction. However, those states wWith1 will not be

nant reaction mechanism at the low relative energy region in
the residuad-a system which causes the neutron spectra to
deviate significantly from the phase-space distribution.
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TABLE I. Optical potential parameters for+ 6Li interaction.

A. Optical and DWBA model analysis

Parameter Set-1 Set-2
A spherical optical model analysis was carried out by tak-
ing account of the total cross section data and elastic scatter- Vo 65.64 71.68
ing angular distribution data simultaneously. We have in- Vi —26.71 —29.69
cluded our elastic scattering data at 11.5, 14.1, and 18.0 A, 0.00486 0.00495
MeV. Other datg53—-59 were retrieved from the EXFOR ry 1.34 1.22
system at the NEA Data Bank, and a grid search procedure a, 0.707 0.822
based on the Metropolis method was performed to seek for w, 10.19 10.06
the minimum y square. The results were then put into the ij 18.42 14.03
ECISVIEW System by Koning60] and the parameters were W, 74.69 321.4
slightly adjusted to get a better result. This result was further W, 15.69 18.76
fed into a search procedure based on the Bayesian method N 0.207 0315
[61] to get the final parameter set. W ' '
We have adopted a following form of the potential: fa 1.59 L.37
ay 0.899 0.699
. _ d Veo 8.374 8.702
U=—(Vr+|Wv)f(r,rU,av)+4|adwdaf(r,rd,ad) Neo 0.01407 0.01407
lso 1.58 1.64
aso 0.427 0.311

+

©)

ho\?% 1d
N 7-s VsoFaf(r,rso,aso),
where the form factor$ are of the standard Woods-Saxon

The inelastic scattering cross section to the first excited
shape

3" state was calculated with the DWBA mode Btis96
1 assuming the collective-vibrational model, and by using the
(6)  present optical potentials. The result is given in Fig. 4. Both
potentials give a fair description of the experimental results

Here, thea, is the diffuseness parameter, aAdhe target except at the lowest energy point.

: The normalization constants for the DWBA cross section
mass number. The pot('enyal depths were assumed to have t{:g(_:‘reproduce the measured excitation of the 2.186-MeV level
enelrg[y ?ependence similar to the one used by DelarOChwas found to be 0.95 for Set-1, and 1.15 for Set-2 OMP’s
et al.[62]: ) ’ : )

These values are too large to be interpreted as the square of

f(r,ry,a)= .
(1@ 1+exp((r—r,AY3)/a,)

Vr:VOe—M<E—EF>+V1, (7) the deformation parameters in the normal vibrational model.
Instead, it should be interpreted to be more of a nature of the
_ gy (E-Ep) (B~ Ep)* proportionality factor for the effective nucleon-nucleon inter-
Wd_Wdoe ¢ (E—Ep)*+W! ' (8) action inn+ 8Li reactions. Indeed, the fact that the normal-
F d ization constants obtained in the present analysis are close to
(E—Ep)* unity shqwg that the eff(_active nucleon-nucleon strength is
W, =W, —————, (99  almost similar for the diagonal paOMP) and the off-
°(E—Egp) +W31 diagonal part(transition form factor of the interaction po-
tential, as is the case for the coupled-discretized continuum
Vo= Vg2 MsdEEF), (100 channels(CDCC) formalism, where a commoNg and N,

parameters are multiplied to both the diagonal and off-
“diagonal potentials constructed from the M3Y interaction
[10].

The symbolEg denotes the Fermi energy, and was calcu
lated as

1
Er=—S[S(A)+S(A+n)], 11 T —

Neutron total cross section of °Li 7]

L Petersonetal.
& Goulding etal.

where S,(A), S,(A+n) denote the neutron separation

energy from the target nucleys) and target+ n nucleus T ; pmeyeta. 1
(A+n), respectively. The calculation was done with the g3r — ompset1 |
Ecisosoptical model cod¢63] with the relativistic kinemat- = Lo oTThowese
ics option turned on. ©

We have found two sets of potentials that equally describe 1 -
the experimental data. Those parameters are given in Table | | . ]
as Set-1 and Set-2. The results of the present analysis are 0= —

10’ 10?

shown in Figs. 2total cross sectionand 3(elastic scatter- E, (MeV)

ing). Both potentials give almost indistinguishable results for

the total cross section, except for the several MeV region FIG. 2. Neutron total cross section 8Li. The two curves,
where Set-2 gives slightly smaller cross sections than thenarked as Set-1 and Set-2, denote the values calculated by the
bulk of the data. optical model with the potential sets given in Table I.
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*Li(n.n) tion. Here, we follow the basic framework established by

Watson[20], which was extended by Pong and AustE36]

and Dattaet al.[35] to the DWBA form. For the purpose of
completeness, we give first the essence of the theory that we
will utilize for the analysis.

—_
QO
~ o
/ T
©
[(=3
3
sl el 1ol 101

Yorsy-Yote?

1. Essence of the FSI theory

The total Hamiltoniar(H) for the three-particle system is
assumed asl=Hy+U+V, whereH, is the free Hamil-
tonian for three particled) is the potential acting between
the two particles d and« in our casg at the final state, and
V is the residual interaction. The transition matrix element
T, between the initial channel(®Li + n) and the final chan-
nelb (n+d+ a) is therefore given by

o vood Condd 1ol :uuui bl ol Do bl ookl vodd ol ol ol

Present Exp.
O Hoguestal

@ Hyakutaks et al
L Hansenetal

T TITO] TTTy TTmy

[ OMP Sei-1
-13 F— — OMP set2
10 ol N A T T T I T T T T

0 50 100 150 Toa=(xp [(U+V)[4), (12
6 (deg)

. . 6 where ¢y~ and y* denote the complete three-particle wave
TheF't(vav;)3C'urhlveei"ﬂ?aﬂgzt'gsséﬁﬁrggﬁ“ﬁﬁfgﬂ}.ﬁrggﬂ;n St;]f(')w th]éunction and free three-particle wave function, respectively,
values calculated by the optical model with the potential sets give Ittl;] th? afpmp“ate boundary condition corresponding to the
in Table I. The numerical values denote the projectile energy irY scrlpt._. ) . L.

MeV. The data for 8.96, 9.96.. were subsequently shifted  |N€ Lippman-Schwinger equation fgris given by
downward by a factor of 0.1, 0.01. ., respectively.

yT=x"+(E—Hoxie) {(U+V)y~ . (13
B. Analysis of the continuum spectra by the Watson Here, E is the total energy of the system. In the Watson
theory of final-state interaction theory, the transition matrix element Ed.2) is modified in

It was shown in the previous sections that the final-statdhe following way so that the FSI effect is easily factored out
interaction (FSI) between deuteron and particles, origi- "om theT-matrix element. o ,
nally confined in the targefLi nucleus, plays an essential  1he exit channel three-particle wave-functi¢ris defined
role in producing the continuum part of the neutron spectrdn @ way that a pair ofl and« interacts via potentidll while
at relatively high neutron energy, corresponding to the excithe neutron stays free,
tation energy below several MeV. Therefore, the FSI effect, - B S T
together with the three-body kinematics have to be consid- ¢~ =x"+(E-HoTie) U (14
;a_red for a <JJ[uant|tat|v$ undedrstanddmg ggh's p%rt of the €ONHn the other hand, the entrance channel wave funatign
inuum neutron spectra produced via the(n,n"d)a reac- consists of three particle$l(i=d+ « bound state and neu-

tron in our casg interacting via the effective potential

102||||||||||||||||| a|0ne,le,U=O

®Li(n,n")°Li @ 1%

bo=x"+(E—Hgxie) WVyyg . (15)

11.5 MeV
LK ]

= S T—
o D%%Qé.;g

10’ The T-matrix element of Eq(12), together with Eqs(13)

and(14) yields

= a

w

10 iy, e Toa= (W [VI92)+ (xo U] 62). (16

@] F ¥ 003 & B

3 C ] It is Watson’s argument that the FSI potentihls chosen

© L i so that the second term of this expression vanishes. The first
10°

term is then further modified, by utilizing E¢15), as

&  Present Exp.
G Hogueetal
¥  Hyakutake et al.

Toa= (o VIt )+ (¥, — b5 [U]Yg). (17)

107 £ T Gieeae g
I R I Now, the residual interactiov is assumed to be weak, gg
0 50 100 150 tends to¢,, and consequently the second term in the last
6 (deg) equation can be omitted. The final form of thematrix ele-

FIG. 4. Neutron inelastic scattering angular distribution to thement is thus written

first excited state ofLi. The two curves, marked as OMP Set-1 and _ 4
OMP Set-2, show the values calculated by the optical model with Toa=(p |V ’/’Oa>'
the potential sets given in Table I. The numerical values denote the

projectile energy in MeV. The data for 14.1 and 18.0 MeV were In this expression, the effect of the final-state interactiois

shifted downward by a factor of 0.1 and 0.01, respectively. contained only ingy,.

(18
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The exit channel wave functiog, can be separated into , dog
two parts, ignoring the spin function of neutron: |A(E)|c~d—E, (29

$b= bda(Kda s Fda) X(Kn, Rn), (19) where subscript specifies the partial wave state, i.erep-

. . resents>>" 1L, in the usual notation.
where ¢y,(Kq,) is the unbound wave function for thee « J

systemX(k,,R;) is a wave function for the relative motion 3. Werntz method
between neutron and center-of-mass of dhe system. By _ _ _
employing the usual DWBA approximation for the transition  |f we make the assumption that the residual interaction

matrix, we get forT,, an expression is of the surface-peaked-function form, only the wave
function value at the nuclear surfa¢a is relevant. There-
Toa=(b3. X |VIR" e, (200  fore, Eq.(24) can be written in this case to be
2 2
whereR™" is the relative wave function between the projec- IAE)[c~[x(k,a)cl*. (26)

tile and 5Li in the entrance channel, anfk,; is the intrinsic
wave function of the targeiLi nucleus.

According to Pong and Austern, we now make the follow-
ing approximation to factor out the dependence ofTiraa-
trix on the final-state particle energy with an assumption of
the short-range nature of the residual interactibn

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

x(K,1r)e= (k) [ cog Bc)FL(kr)+sin(Bc) G (kr)], "

where B; is a nuclear phase shift for elastica scattering,
Vda(Kaa) ~AE)VW(Kgq ,F), (21) and G, andF are the Coulomb wave functions which are

. irregular and regular at the origin. Then, we arrive at the
where A(E) carries the bulk of the energy dependenge, fq|lowing expression:

=ﬁ2k§a/(2,uda), andW(r,ky,) is a relatively energy inde-

pendentd-« bound wave function, having a specific spin Gf(ka)JrFE(ka)
structure and normalized to unity within a certain radius |A(E)|§~ Siré(8,) 5 , (28
=R,. With this form inserted in Eq(20), we obtain K

_ — - N DW where .= a.+ B, anda.=tan {F (ka)/G (ka)].
Toa=A(E)(Wg, X [V|IR" ¢pe ) =A(E) T, , (22 The two expressiongEgs. (25) and (28)] give essentially
the same energy dependence for the enhancement factor
around an isolated resonance. For example, if we assume a
resonance of the form

where TDY denotes the normal DWBA' matrix with the

bound-state final-state wave function.
The enhancement factph(E)|? is calculated by utilizing
the relation

(29

S5(E.) =tan1( il ) ,

R E—Eo,
|A<E>|2=|A(E>|2f DerrJdQlW(kda,mI2
0 whereI'; andE,_denote the resonance width and resonance

(R, _ ) energy for partial wave respectively, Eq(25) leads to the
)" dr [ dQ[dga(Kaa,NI% (23 following Breit-Wigner type enhancement factor:
whered() denotes an integral with respect to angles and any |A(E)|2= var. (30)
internal coordinates(such as spin Writing ¢g4,(r.Kq.) ¢ (E—Eg)2%+(1/2ly)? "
=[x(k,r)/r]Y where Y represents a propemormalized ¢
spin-angle wave function, we get This shape is also reproduced by the?&part in Eq.(28).
o The main difference between these two formulas comes from
0 ; :
ACE 2:J' d k.r)|2. 24 the presence of the second factor in E2f), which may not
IAE)] 0 "xtn)] 24 be significant around sharp resonan¢iss corresponds to

taking thel’; constant Phillips et al. [22] has also derived
Now, we adopt two methods to evaluate the right-hand sidessentially the same expressions from discussion on the gen-
of this equation. eralized density of states functions. In this work, we will use
the formula Eq.28) because the Coulomb function present
2. Pong-Austern method in Werntz formula will be important due to the broadness of

Pong and Austern had transformed the integral in thd €SOnances in the-a system.

right-hand side of the above equation to a surface limit using
the radial Schrdinger equation. Furthermore, by assuming
that the energy derivative of the Coulomb function is small The double-differential cross sectien, for a specific fi-
compared with the derivative of the nuclear phase shift nal partial-wave state is related to the transition amplitude
they have arrived at the following formula: by

4. Cross section formula
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d’e, 27 5 If we take the rather radical assumption that Thmatrix
0= == 7| ToalcPnPda (31) element in Eq(35) is constant, the partial-wave cross section
dEdQ, fv
becomes of the form

where p,, and thep,, are the phase-space density for the \ab » lab
residualn+°Li* system andi+ a system, respectively, and oc ~|AE)[¢ps”, (41
v is the projectile velocity. It is known that these two-body lab o )
phase-space densities are proportional to the velgoitthe ~ Wherépz ~Jps. This is the form employed in many works

wave number of the relative motion in each pair: with Werntz enhancement formul1,32, including our
previous ongf41]. In the present work, however, we will
nbLix FLKpep i adopt the form of Eqs36) and (37).
N (32)
(2mwh)? 5. Gaussian broadening
g lik The calculated cross section must be broadened by con-
_ Hda'"Pda

= (33 sidering the finite resolution of the experimental apparatus to
(27h)3 be compared with the measured data. We assume that the

_ _ N ) energy resolution functiorG is expressed by a Gaussian
with the obvious condition coming from the energy conser-form,

vation

Pda

(ﬁknGLi*)2+(ﬁkda)2
2/.Ln6|_i* 2lu‘da

G(E,E",w)= e (E-ENZ2w? (42)

=Bt (34 V2mw

whereE,, is the total available energy in the cm system, where the standard deviatiam consists of two components

denotes the reduced mass in the system specified by the sub-

script. With the condition of Eq(34), the product of two _ 1 W2+ w2 43
phase-space volumes in E§1), p,,pq, COMbines to produce W 22In(2) WeTWr 43
the three-body phase-space factar [52]. By putting Eg.

(22) into Eq. (31, the cross section is now written as Here, the first termg) denotes the contribution from the

finite-energy resolutior(in FWHM) of the neutron source

o =2—7T|A(E)|2|TDW|2 (35) due mostly to the energy reduction of the deuterium beam in
¢ hv cl ba lcP3 the neutron producing target, while the second temm)(
represents the energy spread caused by the finite timing reso-
=|AE)|262%pg, (36)  lution expressed in FWHM. The latter term is written more
explicitly by using the time-of-flight resolving poweR
where =A;/L, whereA; denotes the timing resolution ardthe
flight path,
pw_ 27 | ow2
o= | Toa" e 37 y
WT—72_3E R. (44)

is the cross section calculated by the DWBA formalism as-
suming®Li* to be a bound system dfanda in partial wave |, the above expression, enerfyis expressed in MeVA

statec. . _ in ns, andL in m.

We assume that this formula holds for eaclndepen- The double-differential cross sectiom(E, Q)P which
dently, so the total cross section is an mcoher.ent sum of thgcjudes the resolution broadening and can be compared with
contributions from various partial-wave states: the experiment, at secondary enefgynd angle), is then

calculated as
ooM="> Ncoe, (39
’ U(E,Q)b“’ad:f dE'G(E,E’ ,gW(E'))a(E",Q), (45)
where N, is the normalization constant for each statéo
take account of the possible difference in the transitio
strength to each channe25"1L ;. This expression is then

converted to the laboratory frame to compare with the ex
perimental data:

Nwhere the Gaussian width, Eq. (43), is calculated at en-
ergy E’. In actually applying this formula, the Gaussian
width w was multiplied by an adjustable paramegeto ac-
count for other sources, such as angular resolution, which

olab— 3 gem (39) contributes to broaden further the spectra. The parangeter
' was determined to reproduce the width of the observed elas-
The Jacobian of transformatiahis given by[52] tic scattering peak. _ _
The effect of the Gaussian broadening was found to be
cm cm lab significant for °D5, less significant but noticeable for the
J(E;",co9,) Eq 2 ) _
==\ om (40 D, partial waves. For other partial waves, the effect was
IER®,cop) En almost negligible.
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FIG. 5. The phase-shift data to reproduce dhe elastic scattering. The curves were obtained by a R-matrix analysis 6t tlsystem.
The symbols show the experimental data.

6. The d-a phase shift with optical potential Set-1, at the excitation energy interval

The d-a phase shift data’, were obtained from the R- of 0.5 MeV and angular interval of 1°, and for the orbital
matrix analysis of thébLi system by Haleet al.[64] up to  @ngular momentum transfer of O, 1, and 2. Such a two-

deuteron energy of 7 MeV. Over 1000 data points, includingdimenSional table was employed to interpolate the values

the elasticd-« scattering and deuteron analyzing power data,”eeded at a specific excitation energy and angular point. The

have been included in this analysis. The results of Rhe normalization coefficientsNei,, Nc, andNps were deter-

matrix analysis was found to be essentially good even foffined by the least-squares method. These normalization co-
higher energy except for the partial waves’&, 3D, and efficients were firstly determined at each projectile energy

3D;. Therefore, the phase shifts for these partial waves Wer@nd angle point, and then they were averaged over angles at

slightly modified to match the data above relatitexr en- each projectile ener%y. As asresult, it turned out that the
ergy of 7 MeV. The results are shown in Fig. 5. Here, theContribution from the"Py and "D, partial waves were al-
partial waves®S;, D,, °D,, and 3Ds show remarkable most negligible at all projectile energies, so we ignored these

resonant behaviors, i.e., crossing & 90°, corresponding partial waves in the final analysis. .
to the excited states irLi, while 3Py, 3P;, °P, The calculated values are compared with the measured

3F,, 3F,, 3F,, 3Gs, 3G,, and 3G partial waves have data at selected angles in Fig. 6. In this figure, the experi-

more off-resonant behaviors. The main structure in the sec@emaI data are shown as open circles, the elastic scattering

ondary neutron spectra, therefore, is expected to come frorrﬁeak as the broken curves, tfig, contribution by the dash-

the contributions from the former four partial waves, while ‘;'g“eg ?ﬁrvﬁf’ thé;%Z by the thl(;ltiolldhcurves with a dot,
the rest will form more or less “background” components. 3 PY the thin Solid curves, and the p ase-spd® com-

The channel radius for thi« system was chosen to be 4.62 ponent by the long broken curves. The present calculation
fm reproduces the general feature of the measured data very

well, except for the very low secondary neutron energy re-
gion, where the contribution other than thex FSI, such as

_ ) _ _ the (n,2n) or n-« FSI, will be dominant. It is obvious that, at
We have included the following five partial waves, )| projectile energies, thdD, and 3D partial waves are the

°S;, °Pg, °Di, °D,, and °Ds in the FSI formula given major channel in the neutron inelastic scattering, while the
previously. Contributions from the other states were replaceds, and PS contributes as the background.

by the three-body phase-space faqﬁé‘P given the smooth
nature of the phase shifts for these partial waves fainc-
tion was also inserted to represent the elastic scattering peak, V. DISCUSSION

\évrkgggelneiﬁgs 'I'tr?e?efgf:atlhg?i?tisr%afr:) rfrﬁzlc;cl;réciftrfésGaussmn The two OMPis, Set-1 and_ Set-2in _Table I, were found to
' ' be able to describe the elastic scattering and total cross sec-
tion of °Li above 7 MeV very well. Indeed, a preliminary
=G| Ngzd(E—Egp) + >, NcoLab+ Npsp';‘b , (46) result of a measurement by Dietrich carried out at WNR
c indicates that the present OMP’s can describe the total cross
section of ®Li up to 500 MeV[65]. The possibility of pre-
where G[ ...] denotes the Gaussian broadening(E  dicting the data up to such a high energy is an important
—Egp) is for the elastic scattering peak locatedgat Eg,, feature in application fields.
andc=3S;, 3Py, D, °D,, and®D;. The present potentials are characterized by large diffuse-
The DWBA cross sections contained in th@b were cal- ness parameters, i.a,of about 0.7(Set-1 or 0.8 (Set-2.
culated byecises with the macroscopic-vibrational model This will probably be a reflection of the loose boundS$2

7. Comparison with the data
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FIG. 6. Comparison of the neutron spectra calculated by the final-state interaction tagadigscribed in the texand measured data at
selected angular points.

nature of the®Li ground state. The three-body calculations proximation of Jeukennd-Lejeune-Mahaux prescription
[1,3] show that thes-wave d-« wave function has a node [67,68 with the matter and charge distributions calculated
around 1.7 fm, and have a very long tail. The thickness of théy the Hartree-Fock theofyp9]. The value oR.=2.6 fmis
surface predicted by these calculations is in good agreemeimt good agreement with the measured one of 2.56
with the diffuseness parameter obtained in the present work: 0.05 fm[3]. Therefore, the form factor of the optical po-
The root-mean-square radil,p are calculated from tential obtained in the present work is consistent with the
the presently obtained real central OMP to be 3.2%®t-1.  major properties of the ground state @fi.
This value yields thdr, (root-mean square radius for charge  The inelastic scattering to the first excited 3tate was
distribution of 2.6 fm if the difference between thRgye  also reproduced well by the DWBA calculation based on the
andR; is corrected based on the improved local-density apmacroscopic-vibrational model employing the present poten-
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S,Ol'd purve was obtglneq on the assumption of the mgcr.oscopm FIG. 8. Angular distributions of continuum neutrons for various

vibrational model(derivative of the Woods-Saxon potenjiatith Q-value bins at projectile energies of 14.1 Mdléft) and 18.0

the optical potential Set-1 in Table I, while the broken curve wasy 1oy (right). The open circles show the experimental data, while

calculated by the fully microscopic coupled-discretized continuuMy,e solig curves were calculated by the FSI theory as desc:ribed in

channel theory by Sakuragt al. the text. The data foR=—3 to —4 MeV, —4 to —5 MeV, ... are
shifted downward by a factor of 0.1, 0,01 ., respectively.

tials. The normalization factor was found to be almost unity,
which is consistent with the CDCC method if it is interpretedtic scattering, but such calculations are also fraught with pa-
as the proportionality factor of the effective nucleon-nucleonrameter ambiguities and the difficulty of choosing a reason-
interaction. However, it was shown by Hirabayashi andable imaginary part for the microscoptic interaction. Nucleon
Sakuragi[19] that the use of a simple collective-vibrational exchange would also contribute to inelastic scattering signifi-
form factor, i.e., derivative Woods-Saxon shape, is not coneantly at these energies, and the exchange amplitudes often
sistent with the full-microscopic form factor derived by the have somwhat different angular distributions from the direct.
CDCC theory[24]. The form factor calculated by the CDCC These differences are masked by destructive interferences
theory is wider than the collective one by about a factor ofamong the many configurational amplitudes of a medium or
1.5, due to the unbound nature of thé 8tate. On the other heavy nucleus. For such a light nucleus with relatively few
hand, the difference between these two form factors is naimportant shell-model configurations, such interference need
very significant except for the width. Indeed, the calculatedhot diminish the effects of exchange.
results are similar in the angular-dependent shape except for As shown in Fig. 6, the present assumption ofdkhe FSI
the overall magnitude, which may be adjusted to match bynd the Watson’s theory extended to DWBA form gives a
changing the normalization constant of the transition formfairly good description of the experimental double-
factors. We have also made a comparison of the real part d@ifferential cross sections for the low-excitation energy re-
the transition form factor, and it is shown in Fig. 7. Here, thegions at all projectile energies. To show how the present
CDCC form factor was calculated for neutrhi interac- model describes the angular distribution of neutrons corre-
tion [66], and was normalized to the present one. Obviouslysponding to variou®) values, we have plotted the angular
the present form factor coincides with the one derived by thelistribution of inelastically scattered neutrons with 1-MeV
microscopic theory both in the peak position and peak widtiQ-value intervals in Fig. 8. They have been converted to the
very well. This is again due mainly to the large diffusenesscenter-of-mass system assuming the two-body kinematics.
parameter in our potential. The difference in the interior re-The present model gives a very good overall agreement with
gion is not important because most of the reaction takethe measured data, except for tQevalue bins from—3 to
place at the exterior region, where the two methods yield-4 MeV, and from—4 to —5 MeV. One possible explana-
very similar results. It must be stressed that we did not forcdion of this discrepancy is the neutrons from the inelastic
the OMP search to coincide with the CDCC form factor. scattering to the 3.563 MeVT(E=1) state, which was not
Therefore, the fact that thélLi have a diffuse ground state considered in our model but falls in the€g value bins.
and unbound excited states seem to be implicitly embeddeldowever, we do not think it is likely, because the cross sec-
in the large diffuseness parameter, which our search gave wi®n of exciting this state is estimated to be about 1 to 2 mb
automatically. Just a simple prescription of making #he at this energy region. Another possibility is thex quasifree
parameter larger than the normal values would be then ascattering. The differential elastit-« scattering cross sec-
effective way in calculating cross sections for other lighttion has a very large value of around 100 to 200 mb/sr at
nuclei which have similar features. Anyway, it was con-this projectile energy region, and is very forward peaked.
firmed that use of the simple macroscopic-vibrational modeProbably, then-a QFS is the reason for the discrepancy
in calculation of inelastic neutron scattering frdthi with a ~ between the present calculation and the data for Ghe
large diffuseness parameter is a good approximation of thee —3-5 MeV region at the forward angular range. Except
microscopic approach such as the CDCC theory. for theseQ-value bins, however, the present model describes
Ideally one would do a miscroscopic calculation of inelas-the data up todQ=—-8 MeV for 14.1 MeV incident neu-
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trons, and to—9 MeV for 18.0 MeV neutrons, covering the Such a contribution may be calculated by the PWIA or

major part of the low-excitation regions. DWIA in principle, and added to the present calculation.
However, we dare not to try such a calculation in this work,
VI. SUMMARY because the ability of the DWIA calculation for the QFS

. ] ) process of°Li itself is still a matter of open questiofi2].
A phenomenological optical model potential was con-nevertheless, the model proposed in this work was able to

structed which can describe the neutron total cross sectiogescribe the major part of the continuum neutron spectra to
elastic scattering angular distribution i from 5 MeV to e Q-value range as deep a9 MeV.

several tens MeV. This potential was also found to describe
the inelastic scattering to the first excited state very well via
the macroscopic DWBA formalism. Therefore, this OMP
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