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Isospin dependent nucleon-nucleus optical potential with Skyrme interactions
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In this paper, the isospin dependent nucleon-nucleus optical potential theory is introduced on the basis of
the effective Skyrme interactions. From the view of the many-body theory, the nucleon optical potential can be
identified with the mass operator of the one-particle Green function. The first and second order mass operators
of the one particle Green function in nuclear matter are derived, and the real and imaginary parts of the optical
potential for finite nuclei are obtained as usual by applying a local density approximation. Our results, in most
cases, can be derived and expressed analytically. From an extensive comparison with experimental data of various
quantities of interests, it is concluded that for certain versions of Skyrme interactions without parameter adjusting
the agreement between theory and experiments can be obtained satisfactorily. We define the ratio of the difference
and summation of the neutron and proton nonelastic cross sections as the isospin effect value. The calculated
results show that the isopin effect value decreases as the incident energy increases and increases as the asymmetric

parameter oy = (N-Z)/A of the target nucleus increases.
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I. INTRODUCTION

The optical model is one of the most fundamental the-
oretical tools in the analysis of nuclear reaction data. The
phenomenological optical potential with many adjustable
parameters can reproduce the experimental data quite well,
but cannot predict the unknown data with certainty. Thus, the
derivation of the optical potential from the more basic theory
is one of the most important problems in nuclear theory, which
is of both theoretical and practical interest.

As early as 1959, Bell and Squires [1,2] show that from the
view of the many-body theory the nucleon optical potential can
be identified with the mass operator of the one-particle Green
function. This identification makes it possible to utilize the
many-body theory technique to obtain a microscopic optical
potential (MOP) without free parameters. More specifically,
two different approaches have been formulated. One is the
“nuclear matter approach” [3-5] in which one starts from
the realistic nuclear force to calculate the mass operator via
the Brueckner-Hartree-Fock (BHF) approximation in nuclear
matter. From here the MOP for finite nuclei is obtained by
making a local density approximation (LDA). Thus, the MOP
for all target nuclei can be obtained in principle. The other
approach is the “nuclear structure approach” [6,7], in which
one only applies the two-body effective nuclear force via the
Hartree-Fock (HF) method, in conjunction with the random
phase approximation (RPA), to calculate the MOP for some
specific finite nuclei. Thus, the second approach involves
specific features of the nuclear structure of the target nucleus,
while the “nuclear matter approach” involves the effects of the
nuclear structure only in an average way (via the LDA).

Both approaches have their merits and limitations. Since
we are more interested in the global properties of the optical
potential, encouraged by the success of the nuclear matter
approach and the phenomenological Skyrme interactions,
we adopt a simpler and more economical way for MOP
calculation [8-14]. We calculate the mass operator of the
one-particle Green function only up to the second order in
nuclear matter by using the Skyrme interactions. The optical
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potential for the finite nuclei is then obtained as usual by
LDA. Since the Skyrme interactions can be viewed as effective
G matrices in the Hartree-Fock calculations [15,16], we let
only the first-order mass operator M (1) represent the real
part of the optical potential and consider the imaginary part
of the second-order mass operator M(2) as the imaginary
part of the optical potential. The spin-orbit potential has also
been obtained approximately. While this approach is not as
basic as the MOP based on the realistic nuclear force, by
using the Skyrme interaction we can get very simple, in most
cases analytical, expressions for the optical potential, which is
physically more transparent and easier to apply. In addition, at
present there exist many sets of Skyrme interactions, most of
which are quite successful in the calculations of the average
ground state properties of nuclei. As is known, the different
Skyrme interactions give the same good agreement for HF
calculations but yield quite different results for excited states
[17]. Thus, from another point of view our work might provide
a good testing ground for different Skyrme interactions in
reproducing not only the nuclear ground state properties but
also the excited state properties of nucleus.

Moreover, much efforts [18—20] has been devoted to study-
ing the (off-shell) energy-dependent single-particle potential
[off-shell mass operator M (k,E) where E can differ from the
on-shell energy]. However, most of these studies are based on
the effective interactions which seem too simple and not very
realistic. On the other hand, the standard Brueckner-Hartree-
Fock approximation is very hard to carry out with enough nu-
merical accuracy and clear physical interpretation. In addition,
it only sums particle-particle ladders without the so-called cor-
relation term. Thus, it seems very desirable that one could use a
rather realistic effective nucleon-nucleon interaction as a basis
for deriving a single-particle potential which is both complex
and dynamic in an unified and consistent way. Extending our
studies to (off-shell) energy-dependence of the single-particle
potential [21-23], we calculate the off-shell imaginary part
W(k,E) of the second-order mass operator M(2) in nuclear
matter analytically with those Skyrme interactions which give
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TABLE I. The parameters of the conventional Skyrme force.

foMeV - fm® f MeV-fm® £ MeV-fm’ fy; MeV - fm® Xo Wy MeV - fm®

N —1169.9 585.6 —27.1 9331.1 0.34 105

SIII —1128.75 395.0 -95.0 14000 0.45 120

SIV —1205.6 765.0 35.0 5000 0.05 150

SV —1248.29 970.56 107.22 0 —0.17 150

SVI —1101.81 271.67 —138.33 17000 0.583 115
“good” optical potential. The real part of M (2) is then obtained =~ where
with the help of the dispersion relation. From here the effective
mass, the single-particle widths, the spectral function and r=ry—r, (2.2)
the hole occupation numbers are calculated and subsequently - 1 - . .
compared with available empirical values such that reasonable k= 2 (Vi—V2), acting on the right,
agreement is obtained. We also extend our theoretical method (2.3)

to calculate the temperature-dependent nucleon microscopic
optical potential [24-26] in which some interesting results are
uncovered.

In recent years, new experimental data (especially above
20 MeV) have been produced, that can be used to examine
our theoretical method. Having performed calculations and
comparisons with nearly every available Skyrme interactions,
our results show that there indeed exist some sets of Skyrme
interactions with which we can obtain MOP in agreement
with the experimental data. Moreover, the MOP we obtain is
isospin dependent. The nuclear reaction isospin effect includes
the difference of the reaction cross sections induced by neutron
and proton as well as the effect of the rich neutron degree of
the target nucleus. We define the ratio of the difference and
summation of the neutron and proton nonelastic cross sections
as the isospin effect value which is studied. The formulas of
the MOP on the basis of the effective Skyrme interactions are
also reviewed in this paper.

In Sec. II, the basic theory and formulas are introduced. In
Sec. III, the formulation of the nucleon microscopic optical
potential is presented. The calculated results and analysis are
given in Sec. I'V. Finally, a summary is given in Sec. V.

II. BASIC THEORY AND FORMULAS

A. Skyrme interactions

At present there exist many sets of Skyrme interactions.
They can be summarized as follows.

1. The conventional Skyrme force

The two-body interactions of the conventional Skyrme
force are as follows [15]:

Via() = to(1 + x0P?)S(F) + L1, (%8(F) + 8(F) k)
Ttk 8Pk 4 iWo(a) +52) -k x 8(F)k, (2.1)

- 1 - -
K = _T(VI —V3), acting on the left.
1

P° is the spin exchange operator and o is the Pauli spin matrx.
The three-body interaction has the following form:

Wiaa(r1, r2, r3) = t038(r1 — r2)8(ro — r3). 24

In Eqgs. (2.1) and (2.4) to, t1, t2, to3, X0, and Wy are
the parameters of the Skyrme interaction. The conventional
Skyrme interaction parameters SII [15] and SIII~SVI [27] are
listed in Table I.

2. The extended Skyrme force

The extended Skyrme force is only a two-body effective
interaction described by a density- and momentum-dependent
delta function. It can be written in a unified form as follows:

Via(R, 7)
= 1o(1 +x0P*)8(F) + 113(1 + x3 P)p“(R)S(F)
+ 10 (140 P7) K28 + 8(F) k)
+ 301+ x4 P7) (K2 p(R)S(F) + 8(F)p(R) k)
+12(1 + X2 PO)K - 8(r)k + t5(1 + x5 PO/
p(RYS(Fk + iWo(G 1 +72) -k x 8(F)k, (2.5)

where

R=1(+7). (2.6)
From Skyrme-Hartree-Fock theory [15] we can see that the
three-body interaction given by Eq. (2.4) is equivalent to a
two-body density-dependent interaction
Via = o3(1 + PO)p(R)S(). @7
The extended Skyrme interaction parameters GS1~GS6
[17], SGOI and SGOII [28], Ska and Skb [29], SKM [30], SGI,
and SGII [31], and SKMP [32] are listed in Table II.
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TABLE II. The parameters of the extended Skyrme force.*

o MeV h MeV 123 MeV 13 Iy MeV X0 X1 X2 X3 X4 WO MeV o
- fm® - fm® - fm’ - fm?® - fm’

GS1 —1268 887 —71.3 14485 —1853 0.15 0 0 1 1 105 1
GS2 —1177 670 —49.7 11054 =775 0.124 0 0 1 1 105 1
GS3 —1037 336 =73 5774 883 0.074 0 0 1 1 105 1
GS4 —1242 760 —146.2 19362 —2157 0.206 0 0 1 1 105 1
GS5 —1152 543 —118.6 15989 —1079 0.182 0 0 1 1 105 1
GS6 —1012 209 —76.3 10619 579 0.139 0 0 1 1 105 1
SGOI  —1089 558.8 —83.7 8272 0 0.412 0 0 0 0 130 1
SGOII  —2248 558.8 —83.7 11224 0 0.715 0 0 0 0 130 1/6
Ska  —1602.78 570.88 —67.70 8000 0 —0.02 0 0 —0.286 0 125 1/3
Skb  —1602.78 570.88 —67.70 8000 0 —0.165 0 0 —0.286 0 125 1/3
SKM  —2645 385 -120 15595 0 0.09 0 0 0 0 130 1/6
SGI —1603 515.9 84.5 8000 0 —0.02 —0.5 —1.731 0.1381 0 115 1/3
SGII —2645 340 —41.9 15595 0 0.09 —0.0588 1.425 0.06044 0 105 1/6
SkMP —2372.24 503.623 57.2783 12585.3 0 —0.157563 —0.402886 —2.95571 —0.267933 0 160 1/6

Us(MeV - fm®) = 0, xs = 0.

B. Mass operator

The Hamiltonian simultaneously composed of the two-
body and three-body interactions can be written as

H = Hy + H,, (2.8)
where
Hy = "(t; + Uy), (2.9)
1 1
H, :52‘/”4—5 Z Wijk_ZUi' (2.10)
i#] i#j#k i

Here H, is the single-particle Hamiltonian, H; is the
residual interaction, and U; is the mean field of the single-
particle.

Let the single-particle Green function be written as
Gup(ti — 1) and expand it into the perturbation series. The
Fourier transformation for the one-particle Green function is
defined as

Gop(w) = /oo dt €7 G (). @2.11)

Next, applying the Fourier transformation to Ggg(t; — 12)
based on Eq. (2.11), we obtain

Gup(®) = 8epGL (@) + GLY(@) + Gop(@) + -+ (2.12)
which satisfies the Dyson equation

Gup(®) = 8,5GV (@) + Go()
X Y Uay = Moy (@)1G (@), (2.13)
Y

where Uy, is the mean field, M, (w) is the mass operator, and
My (@) = M{)(@) + M3)(@) + - - (2.14)

02

The mass operator M, (E) can be identified with the optical
model potential for the scattering process with the energy
of E.

Figure 1 shows the first order Feynman diagrams of the
one-particle Green functions. The dashed line in Fig. 1(a)
represents the mean field. Figures 1(b) and 1(c) correspond
to the contributions by two-body and tree-body interactions,
respectively. Now, the HF mean field U, is expressed as

1
Uwo = Még = Z Vap,apnp + 5 Z Wap&,ozpénpné, (2.15)

P p3

1,
n, = 0

On the right-hand side of Eq. (2.15) the first term comes
from the contribution of the two-body interactions and the
second term is that of the three-body interactions. Their matrix
elements are, respectively,

where
below the Fermi surface

) (2.16)
above the Fermi surface

(2.17)
(2.18)

Vapfozp = (otp|V|otp)A,
Weps,aps = (ap8|Wapd) 4,

where A denotes the antisymmetrization.

The 15 second order Feynman diagrams of the one-particle
Green functions in Fig. 2 can be offset with the mean field
chosen by Eq. (2.15). The second order mass operator obtained
by seven second order Feynman diagrams in Fig. 3 are as

t tq
a a T
B
12 t2
(@) (b) ©

FIG. 1. First order Feynman diagrams of the one-particle Green
functions.
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FIG. 2. Second order Feynman diagrams of the one-particle
Green functions which can be offset by the mean field.

follows:
M) =Y
Sy W+ & — & —&tie
(1 —n)(1 —n, )l —ng)nyn
+ Z n n — = — _E U_{_;. Bak/tvéga
i Ww+&y+E — €& —&, — & tis
1-— 1-—
8( " 8”[41(8 _ni)n—vf_l’lfg Ca/“)&-;.a, (219)
WVEL v ¢ I &
where

1 1
Aot)\p,vut = 5 oav,A V)\.M,av + z |:Vav,ku <Z WA;Lp,avp”p)
P

+ (Z Wav,o,ku,p”p) V)Lu,,ctv:|

o

1
+ 5 (Xp: Wotvp,A/Lpnp) (26: WA;LS,av&”S) s

(2.20)
Bakuvé{zx = E vl Aué W)»,ué,av{v (221)
1
CD([I.UE{LX = ZWav{,aME |:V/LE,U{ + (Z Wuép,v{pnp):| :
p
(2.22)

In Eq. (2.19) the first term is the contribution of the diagrams
with 2p-1h in the intermediate processes corresponding to the
first four diagrams in Fig. 3, the second term is that of the fifth
diagram with 3p-2h in the intermediate process, and the third
term is that of the sixth and seventh diagrams with 2p-2h in the
intermediate process. There is no time propagation in the sixth

PHYSICAL REVIEW C 80, 024604 (2009)

tq tq
T1 a 'f1
Al
" T2 | T2 d
B P
t2 t2
tq t
T1u T4 r1u 11'1
P P 5
v
A v - 2
B is R t2
a t
e \'
Y

t2

FIG. 3. Second order Feynman diagrams of the one-particle
Green functions which cannot be offset by the mean field.

and seventh diagrams of Fig. 3. If only two-body interactions
exist, then there is only the first diagram in Fig. 3.

III. FORMULATION OF THE NUCLEON MICROSCOPIC
OPTICAL POTENTIAL

In order to simplify the calculation, we use the nuclear
matter approach. In the Fermi gas model for symmetric nuclear
matter, which has equal numbers of neutrons and protons,
the density p of the nuclear matter is related to the Fermi
momentum kr by

2
The symmetric nuclear matter is the special case of the asym-
metric nuclear matter. For asymmetric nuclear matter where
the neutrons and protons have different Fermi momentum k,
and k,, the neutron density p, and proton density p, are
expressed by

@3.1)

pPr = %k?, T =norp. 3.2)
Defining the asymmetric parameter g as
o = (Pn — Pp)/Ps P =Putpp (3.3)
Eq. (3.2) can be written as
pn =51+ a0)p,  pp =31 —a0)p (3.4)
and
kn = (14 a0) Pkr,  k,=(1—ag)kr.  (3.5)
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The Coulomb potential in nuclear matter is expressed as

3zZe*
Ve = . 3.6
c oR. (3.6)
In the nuclear matter the wave function of nucleon « is just
the plane wave function

Vulr) = %elka"x@,xm,
where x,, and x,, are the spin and isospin wave functions,
respectively, €2 is the Volume spin o, = 1 or —% and isospin
Ty = % (for neutron) or — 5 (for proton).

Our purpose is to 1nvest1 gate the MOP for even-even nuclei
with the asymmetric nuclear matter approximation.

The real part of the nucleon MOP is obtained with the first
order mass operator based on Eq. (2 15)

Z Vap ap + = Z Wotp8 apd -

p<F p6<F

3.7

Ve, = M) = (3.8)

The summation conditions < F' and > F represent below and
above Fermi surfaces, respectively. The second order diagrams
are the lowest order diagrams to contribute to the imaginary
part of the MOP. That means

W, =Im M%), (3.9)
The formula for the principle value integral is expressed as
1 1
— =P — Find(x). (3.10)
x*ie x

Based on the above formula we can see that the sixth and
seventh diagrams in Fig. 3 have no contribution to the
imaginary part of MOP since ¢, + &, — &, — & < 0 in any
case. Then from Eq. (2.19) we have

W, = Wy + Wp, (3.1D
where
WA = -7 Z Aakuvaa(‘ea +e&y— & — g,u,)s (312)
k;vaF
Wp=-x Z Bakuvé{aa(sa +é& + Er — & — & — 85)7
A, E>F
v, (< F

(3.13)

&q = w is the incident particle energy. From Egs. (2.20) and
(2.21) Agppwe and By e are obtained as follows:

1 1
Aa)»p.vut = E QUL V)Lu,otv + EVWUJM Z Wkup,avp
p<F
1
+ E Z Wowp,kup V)»u,av
p<F
1
+ E Z Wotvp,kup Z Wku&,avé ’ (314)
p<F S F
1
Boypsta = EWauz,mg Wine av - (3.15)

PHYSICAL REVIEW C 80, 024604 (2009)

Based on Eqgs. (2.17) and (2.18) the two-body and three-body
interaction matrix elements read

Vavin = (Ve DY) Via(R, DI DY)
— Y DY (F))),
Wav;,A/LE = (1#01(71)1#1}(72)10;(73)'“]123
Z(—)"%(?1)%(?2)%(73)>,

)4

(3.16)

X (r1,72,73)

(3.17)

where | p -) means antisymmetrization. Note the state
number of phase space in nuclear matter is

3 Qfdp 5 Q [ dk
~ (@rh)} & @en)
The summations to spin and isispin are included in the above

expression. Putting Eqs. (2.5), (2.4), (3.7) into Egs. (3.16),
(3.17), (3.8) and using the following formulas:

(3.18)

1 s N

@) /elk'rd’ = o), (3.19)
Y (T =N, /Q (3.20)

o ldr=1 pru= /9 .
0= (o, =Y oy, (321

P P

Juljm) = jG+ DCIEjm + ), 52

. .

OpXy = ﬁC;Zzjlﬁp,

where N, is the number of nucleon t, below Fermi surface,
the real part of the nucleon MOP for even-even nucleus are
obtained as follows:

Vr :t0|:(1+x_0>p_<x0+l>prj|
« 5 5 «
+1t3p°‘ [(1+x—3)p—<X3+l>pz]
6 2 2 “

1
+ Z¢03 (,02 - Pi)

il [005)0- ()]
rur[(145)0- (s 3)n ]
ref(142) 0 (4 3)o]
sef3)os (o))

40 2{ [11(1 = x1) + t4p(1 — x4) + 302(1 + x2)
+3tsp(1 + x5)lk + [11(2 + x1) + 14p(2 + x4)
+ 52+ x2) +15p(2 + x5)IK7, ], (3.23)

where k., is the Fermi momentum of the nucleon t,. From the
above expression we can see that the W, term of Skyrme force
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-60

E,=10 MeV (a)

r (fm)

FIG. 4. Radial dependence of the neutron MOP for **Fe at
energies 10-90 MeV. The curves are the theoretical values computed
with GS2. (a) The real parts. (b) The imaginary parts.

has no contribution to the real part of nucleon MOP. Then the
nucleon effective mass m* can be obtained as follows:

Z_{ Sl [0+3) = (4 2) e
Fp [(1 n %) p— <x4 + %) p,a]

+t2|:(l+%)p+<xz+%)pra:| |
+t5,0|:(1+%>,0+(xs—i—%),oza“}_ :

(3.24)

where k2 is given by

2 M
e ( E, -V, — VC> (3.25)

k2 = e
M+ m,, “

o hz

and m,, and M are the mass of the nucleon 7, and the target
nucleus, respectively. E is the energy of the incident nucleon
in the laboratory frame. V¢ is the Coulomb potential. Then we

have
m;, {lo [(1 + )2) o — (xo + 1) Pr, :|
Mo, 2 2 “
5, X3 1 T
+€p [(1 + 3) p— (x3 + 5) pza_
1 1

Vi, =

fos 2
+ 5 (07 =02

PHYSICAL REVIEW C 80, 024604 (2009)

60} E,=10 MoV (a)

r {fm)

E,=90 MeV

(b)

W (MeV)

r (fm)

FIG. 5. Radial dependence of the proton MOP for Fe at energies
10-90 MeV. The curves are the theoretical values computed with GS2.
(a) The real parts. (b) The imaginary parts.

2m, M.
h2 M+m, L ¢
40 2~{[t1(1 x1) + t3p(1 — x4)

+30(1 + x2) + 31sp(1 + x5k,
F 12+ x1) + 1402 + x4) + 12(2 + x2)

+15p(2 + x5)Ik> } (3.26)

This expression shows that the real part of the nucleon MOP
has a linear relation with £, and is isospin dependent.
By using Eq. (3.19) the following relations can be proved:

(2;;)35@ +ky — kg — Ky (2;;)3 k)
- (2;;)33(& k= ks — k), (3.27)
(2”)35(kA ko ke — kg — Ky — k)
(”)35@ tky + ke — ks — Ky — ke)
%”33@ thotk—k—k—k).  (328)
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V,, (MeV)

r (fm)

FIG. 6. Radial dependence of the real parts of the spin-orbit
potential for °Fe. The curves are the theoretical values computed
with W, = 105 and 125. (a) Neutron. (b) Proton.

Putting Egs. (2.5), (2.4), and (3.7) into Eqs. (3.11)—(3.17) and
using the following formulas:

A=) (2 Ae_, =Y Ayer, & ey=258,. (329
p p

n’k2 n?k?
+ V'[a = + VO’
2m 2m*

Ta

Vo, = Vo+bk2, &y = (3.30)
the imaginary part of the nucleon MOP for the even-even
nucleus are obtained as follows:

7
4
Wyo=——ou > W, 3.31
A (271)6; ; (3.31)
Wp=——" W (3.32)
B — (27[)12 T, .
4
_ 2Ta)(n,tot)
a3
| =1
S
2
7]
wn
@1
8
UO
0 20 40 60 80 100

En (MeV)

FIG. 7. Calculated neutron total cross sections compared with
experimental data [36-38] for n + 2’Al reaction. The theoretical
values computed with GS2 are shown as the solid curve, those
computed with Ska are shown as the dashed curve, and those
computed with SII are shown as the dot-dashed curve.
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-
(4]

2T Ai(n,non)

-
o

e
(]

Cross Section (b)

(=]

0 20 40 60 80 100
E, (MeV)

FIG. 8. Calculated neutron nonelastic cross sections compared
with experimental data [39—45] for n + 2’ Al reaction. The theoretical
values computed with GS2 are shown as the solid curve, those
computed with Ska are shown as the dashed curve, and those
computed with SII are shown as the dot-dashed curve.

where

Wi = [2(1 4 x0 4+ x3) 5 + 15 (1 + x3 + x3)13p>
+ %(2 4+ x0 + x3 4 2x0X3)t013 0%
+ (2 4 xo)totozp + %(2 + x3)toto3 '+ + 113,07]
X [ (T, Ta) + 11 (Tas —Ta)]
—[(1 4 4xo + x3)15 + 3¢ (1 + 4x3 + x3)13 >
+ 31 4 2x0 + 2x3 + x0x3)t013p% + (1 4 2x0)ote3 p
+ %,(1 + 2x3)t31030 4% + 213507 11 (t0, 1), (3.33)
Wa = 1[(2 + x0 + x1 4+ 2x0x1)toty
+ (2 + xo + x4 + 2x0x4) 00140
+ 12+ x3 4 x1 + 2x3x1)1311
+ é(Z + X3 4+ x4 + 2x3x4) 13840
+ %(2 + x)ttpe + %(2 + x4)tat03 %]
X [(Te, Ta) + 1(Ta, —Ta)]
— 3[4+ 2x0 + 2x1 + xox1)t01y
+ (1 + 2x0 + 2x4 + xox4)t0t40
+ 3 (1 4 2x3 4 2x1 + x3x1)1311 p°
+ 3 (14 203 4 2x4 + x3x4)1314 0"+
+ %(1 + 2x1)to3t1 o
+ 3 (1 + 2x)t03140° | (T, Ta),
Wi = ¢ [(1+x; +x)if + (14 x4 + x3)130°
+ Q2+ x1 + x4 + 2x1x)0 140 | [ I3(Ta, Ta)
+ I(ta, —Ta)] — 2 [(1 +4x1 + x})1}
+ (1 +4xg + x3)t50° + 201 + 2x1 + 2x4
+xix)h 140 I3(Ta, Ta),
Wy = 1[(2 + x0 + x2 + 2x0x2)l012
+ (2 4 x0 + x5 + 2x0X5)t0t50
+ é(Z + x3 + X3 4 2x3%2)t312 p*
+ é(2 + x3 4+ x5 4 2x3%5)1385 07
+ 52+ x)tatap + 52 + x5)03ts p? | La(Tar —Ta)
(3.36)

(3.34)

(3.35)
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FIG. 9. Calculated neutron elastic scattering angular distributions (solid line) compared with experimental data [46-57] for n + %Al

reaction.

Ws =

W =

W; =

Wr = t351213(Te, Tuy, —Ta) + 1(Ta, —Ta» —Ta)],

The results are offset by factors of 10.

%[(2 + x1 + x2 + 2x1x0)11 1

+ Q24 x1 + x5+ 2x1x5)t1t50

+ (2 4 x4 + X2 4 2x4X0)t412 0

+ (2 4 x4 + X5 + 2x4%5)4t50° | I5(Ta,
gl +x+x3)i3 + (14 x5 +x3)1307
+ Q2+ x4+ x5+ ZXQ)C5)t2l‘5p]

_IC()’

(3.37)

X [6(Ta, Ta) + Io(Tas —T)] + [ (1 + 4x2 + x3)13

+ (14 4xs + x3)12p> +2(1 + 2x;
+2x5 4 x2x5)02t5p | I6(Tars Tar)s
IWERI(te, Ta) + Ir(Te, —Ta)],

(3.38)
(3.39)
(3.40)
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Ii(taa Tu) = Ii(rafvtattv)v

Ip(ty, T, 7)) = Ip(Ta Ty T T Ty T)

Ii(farvfafv)

fi
f3
S5

Je

i=1~17, (341
(3.42)
= f dk,dk K, fikaos i)

S S(Ea + zv - zk - Eu)

X 8(eq +&y—6—¢€y), i=1~7,
(3.43)

L =3k, +k,).

Alt(kgv + k%u)z’ Ja= EW : zlu’

%(kiu + kiu)(kav : ];Ap,)a
(3.44)

%(];ozv : l;}\;/,)z’ 1= (Eav X kku)za
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kow = %a - £Va

EMEEA—ku

I5(Ta Ty Te T Ty Te) = / dk,dk dk; dk , dke
x 8(ka + ky + ky — ks — Ky, — ke)
x8(eq + &)+ & — &) — &y — &2).
(3.45)

The integral I is for three-body force only. In the above
integrals the condition v, ¢ < F and o, A, u, § > F must be
satisfied. fik,, is the incident nucleon momentum. For asym-
metric nuclear matter the integrals (3.43) and (3.45) are
provided in Appendixes A and B, respectively.

The simplest way to obtain MOP for a finite nucleus is to
use the LDA [33]. We assume that the densities of the neutrons
and protons in a spherical nucleus have the same geometrical
distributions and are expressed by Negele’s empirical formula

Por

po(r) = prp——— L t=n or p, (3.46)
where
3N,
poe = 4rc3(1 4 m2a?/c?)’
N,:{N for T=n ’ (3.47)
Z for t=p
¢ = (0.978 +0.02064'/3 A3, a =0.54. (3.48)

In this case the asymmetric parameter can be deduced as

a0 = (N — Z)/A. (3.49)

In general the optical potential has the following form:

U, (r) = Vo, (r) +iWe,(r)

+[VEE) +iwEm]E D (3.50)

However, we only have V; (r) and W, (r) without spin-orbit
parts Ve (r) and W (r) which, as is known, vanish in nuclear
matter. In order to get the spin-orbit term, we start from the HF
calculation for the finite nuclei. In the HF calculation of the
spherical nuclei, for the extended Skyrme force, the spin-orbit
term of the real part is expressed as [17]

. 1 1d
Ve (r) = EWO;E['O(”) + g, ()]
1
- 8—r[I1X1 + taxy + t4x40(r) + tsx50(r)]J (r)

1
t gl — it lap(r) = i5p(r)lJ, (1), (3.51)

where J. (r) is the spin density. The numerical result
[15,34] show that the contribution of the term produced by
the central force involving J (r) is much smaller than the
first term directly arising from the two-body spin-orbit force
Wp. Thus we only keep the first term and Eq. (3.51) can be
reduced to

1 1d
Vg (r) = 3 Wo —lp(r) + pr, (P, (3.52)
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where p(r) and p,, (r) are described by Negele’s empirical
formula (3.46) as before. Then Eq. (3.52) is an analytical
expression.

The imaginary part of the spin-orbit potential W (r) below
100 MeV is usually very small, which is often omitted. Its
contribution to MOP is also omitted here.

Above, the nucleon MOP formulas are derived for the even-
even nucleus. We know that in the nuclear matter approach the
average effect of the nucleus is studied. For heavier nuclei,
the difference between the nucleus with one more neutron
or one more proton than the even-even nucleus is small and
the difference between the nucleus with the spin up or spin
down neutron (or proton) is also small, so we could take their
average value. Therefore, the MOP obtained above can be
applied to the odd-even nucleus approximately. Similarly, the
difference between the nucleus with the unpaired neutron or
unpaired proton is small, so we could take their average value.
Therefore, the MOP obtained above can be applied to the
odd-odd nucleus approximately too. In principle the MOP
obtained above can be applied to all nuclei which are not too
light and the real N, Z, A of the target nucleus should be used
in calculations.

IV. RESULTS AND ANALYSES

Firstly, we use the conventional Skyrme forces SII-SVI to
calculate the MOP. In certain energy regions the calculated
MOP are in reasonable agreement with the phenomenological
optical potential (POP) [35] and the MOP based on the BHF
approximation [3]. Comparing the results calculated with five
sets of parameters SII-SVI, we have found that the real part
of the MOP calculated with SIII is the best, but the imaginary
parts of such are poor, because its energy dependence rises
too steeply. Considering both the real and the imaginary parts
as a whole it seems that the MOP with SII is the best one.
In addition, there also appear some shortcomings in the MOP
calculated with the conventional Skyrme forces. For example,
the surface region of the real parts in the low energy region
has the unnecessary peak; the depths of the real parts are
smaller; energy variation of the imaginary parts is too fast, etc.
We come to use the extended Skyrme forces (fp3 = 0) to

—_ 1.0} zr.nﬂ.l":u,m:m}

£ e

c

L2

°

@

w

3 ---5ka

o ---81

(&)
0 A : e
0 20 40 60 80 100

Ep (MeV)

FIG. 10. Calculated reaction cross sections compared with ex-
perimental data [58—63] for p + >’ Al reaction. The theoretical values
computed with GS2 are shown as the solid curve, those computed
with Ska are shown as the dashed curve, and those computed with
SII are shown as the dot-dashed curve.
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FIG. 11. Calculated elastic scattering angular distributions
(solid line) compared with experimental data [64—70] for p + 27Al
reaction. The results are offset by factors of 10.
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FIG. 12. Calculated neutron total cross sections compared with
experimental data [71-73] for n + *°Fe reaction. The theoretical
values computed with GS2 are shown as the solid curve, those
computed with Ska are shown as the dashed curve, and those
computed with SII are shown as the dot-dashed curve.

calculate MOP to test whether this kind of Skyrme force
can improve the results. The calculations show that with
the extended Skyrme forces many shortcomings due to the
conventional Skyrme forces can indeed be overcome, and
the agreements with the empirical data have obviously been
improved. The results by GS1-GS3 are all quite good, among
which the GS2 is the best one. We also show that the calculated
results by Ska and Skb are better. In the following presentation,
we just show the comparison of the calculation results of cross
sections by GS2, Ska, and SII and the angular distributions by
GS2 with experimental data for targets 2’ Al, Fe, and 2*8Pb.
In Figs. 4 and 5 the real and imaginary parts of the
neutron and proton MOP for *Fe in the energy range of E =
10-90 MeV computed with GS2 are illustrated. The imaginary
part of the MOP changes from the dominant surface absorption
into the volume absorption as energy increase as expected from
the POP. From the figures above we can also see that the real
parts of proton MOP are deeper and the imaginary parts of the
proton MOP are shallower than the neutron MOP, especially
for low energy and at the surface region of the target nucleus. In
other words, the absorption of the protons is less than neutrons.
Figure 6 shows the real parts of the neutron and proton
spine-orbit potential for °Fe calculated by Eq. (3.52) with

2.0

1.5¢ -

1.0

0.5

Cross Section (b)

FIG. 13. Calculated neutron nonelastic cross sections compared
with experimental data [45,74-76] for n + °Fe reaction. The the-
oretical values computed with GS2 are shown as the solid curve,
those computed with Ska are shown as the dashed curve, and those
computed with SII are shown as the dot-dashed curve.
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FIG. 14. Calculated elastic scattering angular distributions
(solid line) compared with experimental data [77-79] for n + °Fe
reaction. The results are offset by factors of 10.

Wy = 105 and W, = 125. Their shape and value are reason-
able.

The comparisons of calculated results of neutron total and
nonelastic cross sections with experimental data for 2’ Al are
given in Figs. 7 and 8. The calculated neutron total cross

PHYSICAL REVIEW C 80, 024604 (2009)

sections computed with GS2 are in good agreement with the
experimental data [36—38] except those for the incident energy
from 20 to 40 MeV where the present results are lower than
experimental data. The calculated neutron total cross section
computed with Ska is in good agreement with the experimental
data for the incident energy below 55 MeV, where for higher
energies, the magnitudes are larger than the experimental data.
As shown in Fig. 8, the shape of calculated neutron nonelastic
cross sections computed with GS2, SII and Ska are similar
to experimental data [39-45], while the calculated results by
GS2 and SII are better in fitting the experimental data for the
incident energy below 20 MeV. And the calculated result by
GS2 agrees with the trend of experimental data even more.

The calculated neutron elastic scattering angular distribu-
tions for 2’Al at incident energies from 1.5 to 96.0 MeV
are compared with experimental data [46-57] in Fig. 9, the
theoretical calculated results are in reasonable agreement with
experimental data.

The comparison of calculated results of proton reaction
cross sections with experimental data [58-63] for 2TAL is
given in Fig. 10. The shape of calculated proton reaction
cross sections computed with GS2, SII, and Ska are similar
to experimental data, while the values for the incident energy
below 10 MeV are in reasonable agreement with experimental
data. For the higher energies, the calculated values are larger
than the experimental data.

The calculated proton elastic scattering angular distribu-
tions for 2’Al at incident energies from 2.004 to 95.7 MeV
are compared with experimental data [64—70] in Fig. 11, the
theoretical calculated results are in reasonable agreement with
experimental data.

The comparisons of calculated results of neutron total and
nonelastic cross sections for *°Fe with experimental data are
given in Figs. 12 and 13. As shown in Fig. 12, the calculated
neutron total cross section computed with Ska is in reasonable
agreement with the experimental data for natural iron taken
from Ref. [73], while the calculated result computed with
GS2 is in good agreement with the experimental data for
the nuclide of °Fe taken from Refs. [71,72]. As shown in
Fig. 13, the calculated nonelastic cross sections by GS2 is in
reasonable agreement with the experimental data [45,74-76]

1.5
ssFe(p,nan)

)
_E 1.0}
‘6'
@
w
o 0.5f
0
e
o

0 . L .

0 20 40 60 80 100

Ep (MeV)

FIG. 15. Calculated proton reaction cross sections compared with
experimental data [58,80-82] for p + *°Fe reaction. The theoretical
values computed with GS2 are shown as the solid curve, those
computed with Ska are shown as the dashed curve, and those
computed with SII are shown as the dot-dashed curve.
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FIG. 16. Calculated elastic scattering angular distributions
(solid line) compared with experimental data [69,83-90] for p + °Fe
reaction. The results are offset by factors of 10.

for the incident energy below 55 MeV, where for the
higher energies, the calculated magnitudes are larger than
the experimental data. And the calculated result by GS2 is
better in fitting the experimental data than those by Ska and
SII.
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FIG. 17. Calculated neutron total cross sections compared with
experimental data [36,91] for n + 2Pb reaction. The theoretical
values computed with GS2 are shown as the solid curve, those

computed with Ska are shown as the dashed curve, and those
computed with SII are shown as the dot-dashed curve.

The calculated neutron elastic scattering angular distribu-
tions for °Fe at incident energies from 9.41 to 75.0 MeV
are compared with experimental data [77-79] in Fig. 14, the
theoretical calculated results are in reasonable agreement with
experimental data.

The comparison of calculated results of proton reaction
cross sections with experimental data [58,80-82] for *°Fe
is given in Fig. 15. The trend of the calculated results by
GS2, SII, and Ska are similar to experimental data, but only
the calculated values by Ska for the incident energy below
25 MeV are in reasonable agreement with experimental data.

The calculated proton elastic scattering angular distribu-
tions for *°Fe at incident energies from 4.08 to 65.0 MeV
are compared with experimental data [69,83-90] in Fig. 16,
the theoretical calculated results are in good agreement with
experimental data.

The comparisons of calculated results of neutron total and
nonelastic cross sections for 2°*Pb with experimental data are
given in Figs. 17 and 18. As shown in Fig. 17, the shapes of
calculated neutron total cross section computed with GS2, Ska,
and SII are similar to those of the experimental data [36,91],
but the values are inconsistent with the experimental data. In
Fig. 18, it can be seen that the calculated nonelastic cross sec-
tions by GS2 is in reasonable agreement with the experimental

©w

208pp(n,non)

ad

Cross Section (b}

=]

o] 20 40 60 80 100
En (MeV}
FIG. 18. Calculated neutron nonelastic cross sections compared
with experimental data [42,74,92] for n + 2%®Pb reaction. The
theoretical values computed with GS2 are shown as the solid curve,

those computed with Ska are shown as the dashed curve, and those
computed with SII are shown as the dot-dashed curve.

024604-12



ISOSPIN DEPENDENT NUCLEON-NUCLEUS OPTICAL ...

10 -

Pb{n,el)
10° W
10° 25

10' 4
10°
10"
10”*
10°
10*
10°
10°
10”7
10°
10°
L —

doldQ (mblsr)

100
6 (deg)

10*
10°
10°
10'
10°
10"
107
10°
10*
10°
10°
107
10°
10°

-10
107, 50

20%pp(n.el) (b)

do/dQ (mr/sr)

FIG. 19. Calculated elastic scattering angular distributions
(solid line) compared with experimental data [54,93-99] for n +
208pb reaction. The results are offset by factors of 10.
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FIG. 20. Calculated proton reaction cross sections compared
with experimental data [82,100-104] for p + 2®*Pb reaction. The
theoretical values computed with GS2 are shown as the solid curve,
those computed with Ska are shown as the dashed curve, and those
computed with SII are shown as the dot-dashed curve.
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data [42,74,92], and the calculated result by GS2 is better in
fitting the experimental data than those by Ska and SII.

The calculated neutron elastic scattering angular distribu-
tions for 2%®Pb at incident energies from 1.8 to 65.0 MeV
are compared with experimental data [54,93-99] in Fig. 19,
the theoretical calculated results are in good agreement with
experimental data.

The comparison of calculated results of proton reaction
cross sections for 2%8Pb with experimental data [82,100-104]
is given in Fig. 20. The shapes of calculated results by
GS2, Ska, and SII are similar to the experimental data. The
calculated values by SII are in reasonable agreement with the
experimental data for the incident energy higher than 50 MeV,
where for the lower energies, the magnitudes of calculated
results by GS2, Ska, and SII are all smaller than those of
experimental data.
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FIG. 21. Calculated elastic scattering angular distributions
(solid line) compared with experimental data [68,85,105-107] for
p + 2%8Pb reaction. The results are offset by factors of 10.
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FIG. 22. The calculated isospin effect values for different target
nucleus by MOP below 120 MeV.

The calculated proton elastic scattering angular distribu-
tions for 2%Pb at incident energies from 16.0 to 80.0 MeV
are compared with experimental data [68,85,105-107] in
Fig. 21. For the energies below 40 MeV, the theoretical calcu-
lated results are in good agreement with experimental data for
the angles less than 70 degrees, while for the greater angles,
the calculated values are inconsistent with the experimental
data. For the higher energy, the theoretical calculated results
are in reasonable agreement with experimental data.

We define the isospin effect value as

Unon,n - Unon,p

Onon,n + Onon, p

AT,

Onon = 4.1
The target nuclei with different asymmetric parameter o
given by Eq. (3.49) are chosen. They are 2%Pb (ap = 0.2115),
19Tm(ag = 0.1834), "¥"I(ap = 0.1654), °Zr (g = 0.1111),
Fe (ap = 0.0714), and ’Al (g = 0.0370). Their neutron
and proton nonelastic cross sections are calculated by MOP
for incident energies below 120 MeV. The calculated isospin
effect values are shown in Fig. 22. For very low energy opon,
equals zero, then A7, tend to 1. The calculated results show
that the isopin effect value decreases as the incident energy
increases and increases as the asymmetric parameter oy of
the target nucleus increases. The isopin effect value above
100 MeV even for 2%Pb(ag = 0.2115) is less than 0.05, which
means that in the high energy region the isospin effect is very
small. These results are reasonable.

V. SUMMARY

In this paper we have presented the progress of our
effort on the microscopic theory of the nucleon-nucleus
optical potential with Skyrme interactions and its applications.
With certain versions of the Skyrme interactions we have
obtained the microscopic optical potential for finite nuclei
(via the local density approximation) which shows that for
certain energy regions the potential depth, shape, relative
contributions of the surface and volume parts, as well as
the energy dependences are in reasonable agreement with
the phenomenological optical potentials and those based on
realistic nucleon-nucleon interaction. The calculated results,
such as the total and nonelastic cross sections and angular
distributions of elastic scattering, are in good agreement with

PHYSICAL REVIEW C 80, 024604 (2009)

the experimental data and, to a certain extent, comparable with
the phenomenological optical potentials. The comparisons
among the different versions of Skyrme interactions show that
all the real parts (only HF term included) with various Skyrme
interactions are close to each other, while the imaginary
parts with those differ very much. Considering both the real
and imaginary parts as a whole among all kinds of Skyrme
interactions the GS2 is the best, and the Ska and Skb are good.
We also define the ratio of the difference and summation of
the neutron and proton nonelastic cross sections as the isospin
effect value. The calculated results show that the isopin effect
value decreases as the incident energy increases and increases
as the asymmetric parameter oy = (N-Z)/A of the target
nucleus increases.
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APPENDIX A: INTEGRALS OF THREE MOMENTUM
VECTORS FOR ASYMMETRIC NUCLEAR MATTER

The seven integrals in Eq. (3.43) are evaluated in this
appendix. The energy e, of a particle or a hole is related
to the effective mass m7 as

n2k? h2k?
Er = + V‘L' = + V-[Ov (Al)
2my 2m*
V9 is a constant. Let
h2
Bo=5~ (A2)
mT

According to the conservation of charge,
Eu &y — &1 — & = Pk + Br ki — Bo ki — Bo ki, (A3)
Thus Eq. (3.43) can be expressed as

Ii(rou Tv) = /dzvd%)»diufi(zav» zku)a(ga + zv - E)L - %,u)

x 8 (Br ks + Bkt — Bk — Bok) . (Ad)

Let

kp=ki+ku q,= Lk —kp. (A5)

It is easy to proved that dk;d I;u = dlg,,dc}p, and it can be seen
that

k)\ = %k[’ +§p’ le = %kp - (}pv

o (A6)
ks — ky = 24,
K= +q>+k,q,
4%p P p p (A7)

ke = 3k24+q2—kp-q,.
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FIG. 23. Momentum composition of two particles.

ﬂfak% + ﬂfuki = (ﬂfut + lgt\;)(%k?y + qlzg)
+ (Be, — B)kp -4 ,)- (A8)

According to the conservation of momentum expressed by the
first § function in Eq. (A4), it can be seen that

kp = ka + kv, (A9)
and Eq. (A4) can be reduced to

li(t, Tv) = fdivdépﬁ(axv’ 22];))7
1
X 8(,31;&](2 + ﬂrka - (:31:0, + ,Brv) (Zkf; + q,2;>

— (Be, — Ba) k) - ap>). (A10)

k, is chosen as the pole axis for the integration variable g 2
the included angle is 6, (shown as Fig. 23), and & is chosen
as the pole axis for the integration variable k,, the included
angle is 0,,, and u = cos 6, so

kp = K2+ K2+ gk, (All)

In Eq. (A10), for i = 1,2, 3, fi(kay, Zq,,) is only dependent
on the absolute values of km, and ¢ po SO I;(ty, T,) can be
rewritten as

I;(ty, 7)) = 27)? / k2dk, / tdu

x / q2dq, f dcos 0, fi (kavs 24 )
(B, +ﬁfv)< +q,,>
= (B = B Ky 050,

= L
=—— [ kidk, — d
,31:0, - ,Br., Y —1 kp CIp qp

X /dCOSpri(zav’ 25[7)

x%m@+mﬁ

S(ﬁraké + ,Br.,ks (,31:0, + ,Br. )( + q];)
(,BTa - ,3%) pdp
—cos@,,), i=1,2,3. (A12)
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k., and k., are the fermi momentums of nuclons « and v,
respectively. Since k} > k2 , ki > k7 , it can be obtained from
Eq. (A7)

Lo o 2
—kp +4q, +kpqpcosty,>k;

(A13)
2 2 2
4kp +4q, —kpqpcosb, >k,
172 2 2 172 2 2
12 42— 12 12 4 g2 —
_wg cos p < 47p qP Ty (Al4)
kpq, kpqp

Equation (A14) gives the range of cos8,. According to the
upper limit of cos 6, and the § function in Eq. (A12), it can be
obtained that

(ﬁfa ﬁlv) ( + qp ki)

1
2 2 2 2
>ﬂruka + ,Br‘,kv - (,Br‘x + ﬁf‘)) <ka +C]p> ,

2 H, + ,31:\,

2> — 3Bk
i 2.,

= Ql, (A15)

where
Hy = B ki + (Bey — Br,) k2

According to the lower limit of cos6, and the § function in
Eq. (A12), it can be obtained that

_(.Br(x ﬂfu) ( + qp ki)

1
< Brka + Bekl — (B, + Br) (Zkf, + qﬁ)

(Al6)

Hy + Bk — 3B k2
2 < vy 27h P = 2 Al7
qP 2,31—” Qza ( )
where
Hy = Br,k; — (B, — Br,)ks,. (A18)
Then Eq. (A12) can be reduced to
21)? 'd
Ity =~ / K2k, f du
ﬁr,, - ,Btv -1 kp
[} N R
X / qpfilkav, 2q )dqp, i =1,2,3. (A19)
1
Since f1 = 1, I1(t4, T,) can be expressed as
2m)? d
(e, 7) = & ”) / K2dk, / w03 = 0F  rap
k ,Br,y - r\,
It can be obtained form Eqs. (A15)—(A18) that
ﬁf ﬁl 2
———— (k% — By) , A21
Q Ql Zﬂfa ( v 0) ( )
where
Bo= - [ﬁf, — B, (ki —kz)]- (A22)
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Then it is easy to get

2

1
d
(1, 1) = — / (k2 — Bo) k2dk, | £ (A23)
To —1 kp
and then
2
(T, ) = / (ki — Bo)k;dk,. (A24)
B ka
According to the § function in Eq. (A4),
Br ko + Be ks = Be ki + Bok,, > Br ki, + Br ks
k, must satisfy
k2> By (A25)
so the range of k, can be
S Bo<0 (A26)
- .
' «/BO B() >0
Then the integral (A24) can be obtained:
2
11(Ta, T) = 3k2 — 5Bo)k3 + 2By 0(By)],
1(Tas T) lsﬂrnka[( 0k, + (Bo)]
(A27)
where
O(By) L By>0 (A28)
““lo By<o0
It can be obtained similarly that
n? 4 2
L(ty, 1) = —————1[15B2k? +21(B; — BoBy)k?
2(Ta, Tv) losﬁrakaﬂrdﬁrv{[ 2k, (B1 — BoBa)k:,
—35ByB, |k} +2(7B; + 3By B,) By *O(By)}.
(A29)
272 1 6 4
L(ty, 7)) = mm{psz}skn + 45(B4 — BoBs)k;,
+63(Bs — ByBs)k. — 105ByB; ]k,
+2(21B; + 9By B + 5B; Bs) By *©(By)}.
(A30)
where
By = Be,Hy + B, Hi, By = (3B, + B:,) B
By = Bf — B, B, Hi Hy,
By = [2(B; Hao + B2 H1) + Br, Be, (Hy + Ha)  (A31)

+ 2&131 +4B7 Brk: ]
Bs = (282 + 3B + BL) B
According to Egs. (3.44) and (A6), f4 can be expressed as

fo=2ker - 4, (A32)

Let B be the include angle between %w and g o (6o, o = 0) be
the solid angle between k., and &, and (6, ¢,,) be the solid
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angle between g , and k »» then

cos B = cosbycosf, + sintpsinf, cos,. (A33)

Then I4(zy, T,) can be expressed as

I(ta. 1) =2 / ko dk, / qp cos fq2dq,d cos ,dg,
1
2 2 2
kv - (ﬁfa + ﬁl’v) <ka + qP)

— (:Bra — ,Btl,)k,,qp CcoS 6,,)

= /—dk
_IBIv
X /qf,dqp/dcosep/cosﬁdgop

x4 (ﬁrd ke + B,

(PR PR B 0e) 06 4
(ﬂra — b, ) p4p
—cos 9,,). (A34)
Since
kv -k, K2 — K2
cos by = P— ¢ (A353)
kavk, kovk,
from Eq. (A33) it can be obtained that
2 2 _ 12
/ cos Bdy, = 27 cos By cos b, = 2w — . ~ cos6,,.
0 avkp
(A36)

Then I4(7y, T,) can be expressed as

4 / 5 n 1 -
— | (K2 —k})—=Xudk,, (A37)
(ﬁr‘y - ﬁrv)z ( )k?’ )

Ii(ty, ©) =

where

[0}3 1
X4 :/; qp I:ﬁrﬂ,ké +,Brx,k3 - (,31,1 + ,Br,,) <Zk%> +6]§)}d6]p-
1
(A38)

Q1 and Q, are given in Egs. (A15) and (A17). The X4 can be
expressed as

Xi= g ﬂ —— (B, — B.) (k2 — Bo) (Bs + Brk2), (A39)
where
1
(k2 kfv) + Zﬂ (ﬁfa - ﬂlu)BOs
B (A40)
B =—3 ﬂfﬂ, —(Br, — Br)
Then the integral of I4(7,, T,) can be expressed as
27 2(12 2
Ii(ty, 1) = B /kv(kv — By)(Bs + Brk;)dk,. (A41)
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And according to Eq. (A26), it can be obtained that

14(Tcts Tu)
= LZ{[ISB#(‘ +21(Bs — BoBy)kZ — 35ByBg |k
1058, ke o
+2(7Bs + 3By B7) By *©(By)}. (A42)
It can be obtained similarly that
7T2 6 4
I5(tq, Ty) = ———{[35B10k® + 45(By — ByB1o)k
5(Ta, Tv) 315,3r0,ka{[ 10k; +45(By — BoBio)k;,
+63(Bs — BoBo)k; — 105ByBsk;
+2(21Bs + 9By By + 5B2Bio) By *O(By)},
27 6 4
lo(ty, 1) = {[35B13k;, +45(B12 — BoBi3)k;,

9458, ky
+63(B11 — BoBio)k? — 105ByBy; k.
+2(21B11 + 9By B> + 5B3 Bi3) By ©(By)}.
I(ty, Ty) = 13/(7:&1 7y) — Is(Ta, T0), (A43)

where

By = FiBs — FyB;, By = F,Bs + F\B7 + 2FyBy,

1

By = FB; — Fy, Fo= 6p2 (ﬂrza - '3121,)’
F T, T, T
| ﬂraﬁn [(Bz, + Be)Brkl
— (-, —ﬁn)(ﬂfﬂ ke, = Bukz,)].
=445, (ﬂra +Bz,),

B,
1
B =3B + Zsng,

1
Biy = 4F, — 4k + 6B B, — ESZBO,

2 12 4
B]3=3B7 +4S+ZS +§,

(A44)

2

L(ta, 7)) = W{[%Bmkg +45(Bis — BoBio)k;,
T M
+63(B14 — BoBis)k; — 105Bo B ]k,
+2(21B14 +9BoBis + 5B Bis) By *©(Bo)}.
By, =3(Fi —k})k,, Bis=5F + (35 — 2k,
7
Bl6 = SS - g

APPENDIX B: INTEGRALS OF FIVE MOMENTUM
VECTORS FOR ASYMMETRIC NUCLEAR MATTER

The integral
Ip(Ta, Ty, Tp) = Ip(TaTo T  Ta Ty Ty ) = /d%vd&d&d%#dzg

x 8(ko + ky + ke — k5, — Ky — ke)
X 8(eq + &y + & — &) — &, — &) (B1)

expressed in Eq. (3.45) is reduced in this appendix.
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According to Egs. (Al) and (A2) and the conservation of
charge it can be seen that

Eqt &yt & —&L—&y — &
= Brky + Br.ky + Brk; — Br,k; — Brk, — Be ki (B2)
Let
kpzku"‘kga apzé(ku_zé)a
(B3)

kn=ko+keo gy =k — ko).

It is easy to proved that dl;,,dZ]p = dk,dke, dkdg,, = dk,dk,,
and it can be seen that

ku=thptd, ke=tk, -4, (B4)

ko = ki + 4y, ig = ki —qn, (BS)

K+ k= 3k +2q2, K24k} =3k} + 27, (B6)

Bek? + Bek? = B (k3 +q2) + B-(kp - 4 ,). (B7)

Be k2 + Bek? = B (3h3 + qF) + B-(kn - ). (B8)
where

Bi = Br, £ Br,. (BY)

Using the conservation of momentum expressed by the first
6 function in Eq. (B1), the integral of Ig(z,, 7,, 7;) can be
reduced to

In(ta, 0, 70) = / ki dg 0k dg 5 (B k2 + By (M2 + 42)
+ B_kngn cosay, — By (1k% 4+ q2)

— Be, (ko + ki — kp)?),
(B10)

— B-kpq, cosa,

where o, is the included angle of Eh and g, ), is the included

angle of k, and g .
Since k;, > k;, and k¢ > k., from Eq. (B4) it can be obtained
that

- _\* 1
(Ek,,+qp) = Zk§+q§+kpq,,cosap>k§v,

FIG. 24. The kinematic transformation for hole.
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f

&=}

Op 1-(';)

FIG. 25. The kinematic transformation for particle.

-\ 1
(—k,,—qp> :—kf,—i—qi—k,,q,,cosap}kf{,

2 4
12 2 2
kZ+qgs —k
3% T4 % < cosa,
kpap
172 2 2
ks 4+ g5 — k:
P — (B11)
kpqp

And since k, <k; and k <krg, from Eq. (B5) it can be
obtained that

1 -~ 2 1 2 2 2
Ekh + qn = Zkh + q; + kth COoS oy, gkrv,

1 - ? 1 2 2 2
Ekh —qy = Zkh+q]1 — kngn COSOthkQ,
1
B k2 — 3k — i
knqn
_ K ki —ai

< cos oy,

(B12)
kngn

In the case of 7, = 7, the integral of I3(zy, 7y, 7,) in (B10)
can be rewritten as

- 1
I5(Tq, To, T) = / dkhdqhdk,,dqp5<ﬂ,ak§ + 28, <Zk,3 +q,3>

1 - N -
— 28, (Zkf, + q,%) — Be, (ko +ky — k,,)z).
(B13)

As the § function in Eq. (B13) is not dependent on cos ¢, and
cos ay,, we have

/dZ]p :2n/q;dqp/dcosap

= 47 / ay fpkp. qp)dgp, (B14)
where

1
Folkp. qp) = E/dcosa,,. (B15)
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According to Egs. (B11) and (B15) it can be obtained that

1, 2_ 12
0 ka‘i‘quktv
1
Totkp,gp) = {1 ko = ap| Z ke, . (BIO)
172 2 2
k5 +q; —k;
w in other case
kpap
Similarly
/df]h :2n/q,§dqh/dcosah E4nfq,%fh(kh,qh)dqh,
(B17)
where
1
Sk, qn) = E/dcosah (B18)

According to Egs. (B12) and (B18) it can be obtained that

1
0 Zk,% +q; >k
1
Sulkn, qn) =41 Ekh +qn <k, . (B19)
K2 — ik —q;

in other case
knagn

(%a + Eh) is chosen as the pole axis for the integration variable
k,, the included angle is 6, and k, is chosen as the pole axis

for the integration variable %h, the included angle is 6, and
then Ip(7,, Ty, Ty) can be expressed as

IB(Tcu Ty, fv)

= 647t / qidqn / k3 fuCkn, qrn)dk, / dcos 6,
x / q,dq, / k> folkp. q,)dk, / dcosd,
1 1
X 5<,3mk§ + 28, (Zkﬁ + q;) - 2B, (Zk]zg + ‘ﬁ)

- IBTE,(%(I + Eh - zp)2>~

e G
t =ky+kp, sp= Z-i—qh

and 6, be the included angle between Ea and 1 (shown as
Fig. 24). It can be gotten from Eq. (B21) that

(B20)

Let

(B21)

ki = \Jk2 + 12 — 2t cos 6,
tcosO, — kg
\/ké + 12 — 2kytcosb,

(B22)

cos O, = (B23)

1
gn = \/s,f = (k2 + 12 = 2kurcosh).  (B24)

024604-18



ISOSPIN DEPENDENT NUCLEON-NUCLEUS OPTICAL ...

and the corresponding Jacobian is
2

d(ky,, cos Oy,
Jy = (kn, cOS 6, qn) _ 2Sh_ (B25)
a(t, cos O, s3) ki, qn
Let
L s . K
Mzkp_t» sy = Z+q[2, (B26)

and 6, be the included angle between 1 and 7 (shown as
Fig. 25). It can be gotten from Eq. (B26) that

k, = \/t2 + u? + 2tu cosb,,
ucosf, +t
\/t2 4+ u?+2tu cos@,,’

B27)

cosf, = (B28)

PR 2
qp = sp—Z(t + u? 4 2tu cos6,), (B29)

and the corresponding Jacobian is
_ 3(kp,cos0,,q,)  u’s,
PO cosb,sp) KAy

(B30)

According to Eq. (B19), it is required that s, < k-, and let

1
qn Ekh + qn < ks,
fi=1 ; (B31)
2 2
E(kr” - 57) Ekh +qn > ke,
According to Eq. (B16), it is required that 5, > k-, and let
k
qp dp = ?p + ke,
= 2 _ g2 kp kp 32
f= _(sp_kr) ?_kfu<‘1p<7+kru' (B32)
P
k
qp qp < ?P — ke,

It is easy to prove that

(B33)

Sou > k. Using Egs. (B21), (B25), (B26), (B30), (B31), and
(B32), Eq. (B20) can be expressed as

U= —k;.

k'fu
I5(Ty, Ty, Ty) = 64714/ shdsh/rzdt/fldcose,

x / spds), / u*du / frdcosb,
kfu kfo(

x 8(Br, kg + 2Br,5; — 2B, 5% — Bru’).

(B34)
Let
dz
z = 2kytcos@;, tdcosH, = T (B35)
dw
w = 2tucosb,, tudcosh, = > (B36)
Since
1
ds, = — | d(28;,s2), B37
/Sp Sp 4:3n/ ( ﬁusp) (B37)
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Eq. (B34) can be expressed as

4 4 ke,

ﬂ::[ka/ Shdsh/dt

X /fldz/ uduffgdw (B38)
kta

and s, can be expressed as

IB(TOU Ty, TU) =

B 2
sy = [ﬁ(kft —u?) + s,f] ) (B39)
Ty
It is also easy to get that
k= Jk2 +12 — 2, (B40)
o _Loa o
qn = 4/S _Z(ka-’_t _Z)s (B41)
ky =vVt>+u’+w, (B42)
1
qp = \/sg - Z(t2 +u? 4+ w). (B43)

Thus the variables kj, g, kp, qp, and s, in Eqs. (B31) and
(B32) are given in Egs. (B39)—(B43).

The range of each integral variable in Eq. (B38) is studied
in the following. According to Eqgs. (B36) and (B43) w need
to satisfy

—2tu < w < 2tu (B44)

and

2 2

w<4s12,—t —u’. (B45)

According to Egs. (B39) and (B45) it can be obtained that

2 2
w < /;3@ kﬁ + 4s,% — 12— —'Br“/;_ P, u’.

From Egs. (B44) and (B46) one can see that the upper limit
of w should be given by Eq. (B46) as u is very large and by
Eq. (B44) as u is very little. The connection point between
them is the following solution of # when the above two upper
limits are equal:

B | [ 2Bu B
“‘2ﬂfa+ﬁn< ”[” f

(B46)

2 1/2
x(f’“k§+4sg—t2)] } (B47)
Then the upper limit of w can be obtained
2 2
ﬁk§+4s}g_,z_mu2 > v
N=1 P B, (B48)
2tu u<v
and the lower limit of w is —2¢u.
According to Eq. (B33),
w* >k (B49)
and from Egs. (B26) and (B3) it can be obtained that
sp=k . (B50)
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Then according to Eq. (B39)

u? <k — %(kiv —s5;) = Bi. (B51)
Br
From Egs. (B44) and (B45) it can be obtained that
4s) — 1 —u*> —2tu. (B52)
Then according to Eq. (B39) one obtains
Pt bup oy 2P k2 —4si +1*<0. (BS3)

ﬂl’" ﬂ‘l’u
When Eq. (B53) is an equality the two solutions of u are

_ B s, 260+ B
ST {’i [t M

2 1/2
x< ﬂf“k§+4s,f—t2>i| .
B,

Therefore B_ < u < B. So from Egs. (B49), (B51), (B53) the
upper limit M; and lower limit M, of u can be obtained:

(B54)

M, = min(By, By), M, = max(k,,, B_). (B55)
From Eq. (B35) it can be obtained that
—2kot <z < 2kyt. (B56)
According to Eq. (B41) the variable z satisfies
2> k2 417 —4s]. (B57)

From Egs. (B56) and (B57) it can be obtained that the upper
limit of z is 2k, ¢, the lower limit of z is

k2 +t* — 4s}
7z =

— 2kt

t > 2s, —ky
(B58)
t<2s, — kg
From Egs. (B56) and (B57) it can be also obtained that
12 — kot + k2 — 4s; <O. (B59)

Thus the upper limit 77 and lower limit 7, of # can be obtained

T\ = ky + 25y, (B60)
ky — 2sp, 285, < kg
T, = . (B61)
0 2Sh = ka
From Egs. (B49) and (B51) it can be obtained that
2
ki <ky— ﬁ(kfv - 57)- (B62)

Ta o ,31;0(

Thus the lower limit of s;, can be obtained

12 2
-] e

H Ty 2[3%{ .

0 k2> k2 + g

o /37.’“ v
(B63)
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Finally Eq. (B38) can be written as

47-[4 ke, T 2kt
Ip(ty, 70, T) = / spdsy, / dr f]dZ
T

ﬂrv koz H 3 V4
M, N
X / udu frdw. (B64)
M, —2tu

In the case of 7, # 1,, the § function in the integral
Ip(ty, Ty, T;) given by Eq. (B10) is dependent on cos &, and
cos a;, and independent on ¢, and ¢;,. We have

/d@l7 :27r/q]2,dq,,/dcosa,,,
/df]h :2n/q,quh/dcosah.

With the similar way the reduced formula of the integral
Ip(ty, T, ;) inthe case of T, # 7, can be obtained as follows:

4pt M 4
IB(TOH Ty, f{) = ﬂ X / ShdSh / dr
—Ra JH, T

Zkal‘ D, P
X f qhdz/ dcosah/ spds,
z D, P

M, N dw
x / udu / 041 = $)O(S — Ay),
2 —2tu

(B65)

P
(B66)
where
S = Bo k2 + Bisi
IB—kqu’( o
+ B_kngn cos ay — Bist — Br,u’), (B67)
A; =min(1, A;), Ay =max(—1, —A,), (B68)
172 2 2 172 2 2
k5 +q; —k ks + g — k=
A'[U __ 47 qp Ty , o — 47p P 4 , (B69)
kpgp kpap
452 — 2 —y? y > 25, —1t
N = r , (B70)
2tu u<2s, —t
M, =B, M;=max(k,,B_), BLr=1tx2s,, (B71)
1
P = 3 (k2 max + Kz max) (B72)
1 2 , 1 2 2 2
{E[ﬁnktv + 'szkfz - E'B—(kuvmax +k$,maX):|}
P, = 1 2 2
2 for Be,k2 + Br k2 > b (k2 max + K2 max) +
1
0 for ﬂrvki + ﬂf;ki < Eﬁ— (ki,max + ké;‘z,max)
(B73)
1
ki,max = /3_ ['Bfa (kg - krza) + ﬂkai] ’
1 (B74)
kémax = ,B_[ﬁr" (ki - ki) + /gt;ki]’
23
Dy = min(1, D), D;=max(—1,—-D), B75)
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1
K — ki —qi

2
D‘L’v = T —k _ _k qh
knqn

Y = ., (B76)

knaqn

{i [ﬂruki + /31; ki - ﬂfa (kgl

H, = for ﬁ,vkzv + ,Bf;k

0 for ﬂrvki + ,BQk

The variables B, B_, kn, qn, kp, qp, Z, T1, T in Eq. (B66)
are given in Egs. (B9), (B40)-(B43), (BS5S8), (B60),

PHYSICAL REVIEW C 80, 024604 (2009)

H? = %(k; e (B77)
K2) = 18- (k2 +#2)])

> B, (ki = k2) + 3B~ (K2, +k7,) (B78)
<Be (ki —k3,) + 3B (2, +k7.)

(B61), respectively. ©(x) is the step function given by
Eq. (A28).
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