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that at these energies nuclear states are excited predominantly via
one-step processes., We have used f)-particle ,7—-hole wave functions
which have been tested extensively in different fields /18-20/. As &
result, we have concluded that the normalization factors are now
much closer to unity, they increase approximately f{wice as compared
to calculations with Jﬁd% shell-model wave functions.

2. The Reaction Mechanism

Following ref./?‘” we have assumed that for (p,# ) reactions at
intermediate incident energies the reaction mechanism consists of
one-step direct transitions. Indeed, the explicit calculation of mul-
tistep reaction cross sections indicates that a single-step process
should dominate at forward angles when the excitation energy is less
then half the beam energy /22 . Double scattering becomes important
only for fairly large energy transfer.The effective projectile-tar-
get-nucleon interaction can be approximated by & free N-N matrix,

We have used a parametrization of Love and Franey/23/of the 7 - mat-
rix by a sum of local Yukawa potentials. The parametrization is based
on experimental phase-shift data for free N-N scattering.

We have developed our own version of the DWIA program based on
Madsen's formalism/24/. A main advantage is that this formalism al-
lows us to incorporate the g -~ particle /7 -hole nuclear wave func-
tions, The program includes an exact treatment of knock-on exchange.
Since those calculations were very time consuming, the computations
reported in this paper were made by including the éentra; and tenaor
terms of the effective interaction only. The microscopic spin-orbital
interaction was not included in our program. However, its contributi-
on is known to be very small for transitions to the negative-parity
states 14 « We have used the optical model parameters determined by
ngfort and Karp /ZS/for 1;5 MeV protons elastically scattered from

Ci

3. Shell-Model Wave Functions of the A = 16 Nuclei

The simplest particle-hole- (4014) - configuration-mixing model
of the negative-parity excitations in A = 16 nuclei indeed describes
only the gross features of photoabsorption, A -capture and electron-
and hadron-scattering reactions., In the present investigation we have
used the s - particle /7-hole (»=0,1,2) model which has already
manifested itself positively in the muon capture /18/, radiative pi-
on capture 19 » and inelasitic neutrino-scattering 20 calculations.
In the present section we shall describe this model.




In contrast to the early assumption of the closed L -shell
/0) for the ground-state wave function of “0 it véry soon has
become clear that the ZA¢w and 4#00 admixtures have to be consi-
dered as well, An estimation by Brown and Green 26 shows for the
6o ground state

10> tpth(w)  2p2h(2hw) 4% (Phw)

2%  =0% 22% <2%
In accordance with this result we have performed a diagonalisation
of a 44x44 Hamiltonian matrix constructed on the subspace of all

Ok and 2w configurations. Details may be found in ref,

We recall that five c.m. spurious states have in fact been projec-
ted out before diagonalization. To give a rough idea, we displny he~-
re few most important terms

/*Yg.5.> =0.888J0> + 0459 pere ony > +A165[(Ldlesy) (fp,,, ) 01>-

; -£ -1 -1 g
-012s/(tdsy, ) (s, 40;4, ), 10> +0.448/(1dse o, Xin 25, ) 10>+,
qu the negative-p;rity excitations one observes that there are

a lot of configurations in the35¢0 band which should be admixed to
the Zpfh ( f%c) ) states of the simple model. For instance, one
finds about 1800 3Acw configurations in the subspace 7 7=7 . He-
re one clearly needs to introduce some further restriction on the
basis. An analysis /28/ of the electron and muon excitationa of the
giant dipole resonance has shown that the effect of 3p3& subspace
is probably unimportant. In our calculation we have kept in the di-
agonalization those 2p24 ( 3hw ) configurations which are co-
upled most strongly (i.e.,have a large nondia7ona1 matrix element)
with the hesic Lo  components. In refs. up to 95 of such
components have been taken into account. The results are the follo-
wing: (i) the aﬁplitudea have been slightly diminished, namely,
by ~ 2% for low-lying and by  ~ 7% for high-lying negative-parity
states, (ii) the relative contributions of the different !/’IA com~-
ponents were also slightly changed. The E 7' Z nuclear states which
carry the main spectroscopic strength are therefore basically of the
.4011: nature. The 34 admixtures are always smaller than 7 %.
Centre-of-mass spurious contributione can stem in this case from the
J%cw sector only and are, in the present situation, unimportant.
The antisymmetrized DWIA transition amplitude for the nucleon-
-nucleus scattering can be written as

T =l Ky O )< BbIZ- 206,402~ B )X 5, R, )

where (1) are distorted waves, /a> and /5) are the projectile
spin-isospin wave funotions, /A> and /B) are initial and final nuc-
lear states, the operator f(o,L) allows for the interaction of a
projectile particle ¢ with a nucleus particle £ . The second term
in the (1) is responsible for the exchange in the nueleon— nucleus
scattering and can be treated in terms of the DWIA including a non-
local form factors/ 24/ and nonlocal nuclear transition densities:

bsj,T
§4J o,.')‘(.TTﬂE e 4’5”'

(2)
A 1) %l
”‘}L;wz fiede ’ffz] AIALLNIN VAT ? 5%
where kn[ &} are radial single-particle wave functions and ;S’{ ,,.'5 ,J,JJ
is the " spectroscopic amplitude/ ik o Correspondingly, the 1local
nuclear transition densities entering into the direct transition
amplitudos can be written as:

5 b7 (L)=<LT, /,F 5(’3 ) 7'"4(1)2' (z)//.T 7=

e i 1T, 7=
74' LT Tl 7=

Aag o (3)
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where *ﬂnﬁfa,&lz J-T 8773 2
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If one uses the harmonic-oscillator wave functions to represent the
transition densities it is convenient to write:

lsir Ly . :
% )= 0/0) 21570 (4 875 //zﬁc(c,/,eﬁ»(/;/a'/zz)’/(;)

sexpf-((ro/o)?+ (ry 72)° )/ 2}

M i 2 4 (6)*
£ UG)=(r/r ) ctrC2(r )% (1 /R) )X - ro/R)?S _
where A is the oscillator radius, 0([ equals 1(0) 5 Af 4 is odd.
(even). The coefficient 4,8,(,8,({,{2 and £3 for the transition
considered in this paper are presented in Tables 1 and 2; the oscil-
lator radius K is equal to 1.67 fm for these states.



4. Discussion of Results

The DWIA calculstions for the negative-parity states are compa-
red in Pigs. 1-5 with the measured angular distributions at 135.2
MeV /14/. The normalization factors A= 0'“’/0" required to make
the DWIA calculations to agree in magnitude with the observed cross
gections are given in Table 3.

In the usual 401% ahell—model the 4~ ptate contains a stret-
ched configuration (ﬁnéa?,ﬂqma) and the transition to the 4~ sta-
te is dominated by the isovector tensor term in the effective N-N
interaction.

Fiso 1.

Comparison of the measured an-
gular distribution /1% at

135 MeV for tramsition to the
4™( £%= 6.37 MeV) state in the
reaction “2/p,n) ®F . The

Boip.n"%F Epe 135 2Mev

ul 1 DWIA calculation is based on
0 effective N-N interaction of
E Love and Franey / 23/and the op-
o8 tical model parameters of Com-~
nz fort and Karp/2?/, The dashed

curve is calculated with the
stretched particle-hole
(s, ,)’p;,z ) configuration
and the full line with the cor-
related wave functions /187207,
The normalization factors N are
shown in figure.

10 20 g(fm™) 30
N PR R
0 10 20 30 4 50 60 gpyideg)

The calculated cross sections (Pig. 1) agree well with the measured
angular distributions, but the normalization factor equals 0.31 as :
has been found in /14/, Almost the same normalization (0.44, Rez./17/)
is required for the ( € , &) excitation of this state. If
the multiparticle-multihole configurations are included in the ghell
-model description of the initial and final states, the A/ factor is
enhanced about twice relative to the ZpZ4 case and becomes equal

to 0.56. Note that the angular distributions are not sensitive at
small angles to multiparticle-multihole configurations. Very similar

results for the excitation of 4 level have been obtained in rof./ 30/ :

As is seen from Pigs.2
and 3, the calculated cross sec-
tions for two 2 states with the
excitation energies 0.4 and. 7.6
MeV are fitted well except the
angular distribution for the sta-
te 0.4 MeV which has 8 shoulder
near 35°, and the theoretical
cross sections is underestimated
in this angular region. The nor-
malization factor N increases
from 0.47 (0.24) up to 0.78(0.42)
for the.state with £ = 0.4 MeV
(7.6 MeV) due to the correlati-
ons included in the wave functi-
ons., The shoulder near 35° for
the state at 0.4 MeV can be ex-
plained, if one assumes 144hat
this traﬁsition is an unresol-
ved transition consisting of
itwo states: one of them is the
27 state at 0.4 MeV and the se-
cond is the 3~ state at 0.7 leV;

100 Bo(pnlBe - 1352Mev
y 2, E" 76Mev
) N=042 {corr)
N=024 (1pth)
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N=078{corr.}
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0 10 20 30 40 50 60 Bcpldeg)
: Fig. 2.

The differential cross section's
for transitions to the unresol-
ved states at £'= 0.4 and 0,.7MeV
compared with DWIA calculations
for the 27state. The dashed cur-
ve is calculated with the ZoZ4
shell-model wave functions /15
and the full line with the cor=-
related ones 20/, :

}

Figo 3.

Comparison of the measured angu-
lar distribution /14/for transi-
tion to the state at £ = 7.6MeV
with DWIA calculations for the

2”7 state.



mol Boipn 1k | E, =135 2Mev Fig. 4.
i 0.78G(2",0.4Mev)+ i
N "\ +0886 (7, 07Mev) Comparison of the exp‘eﬁin)ental
7 E%acmev M angular distribution for
3 N=078 "‘* transitions ’to the unresolved
F by states at £ = 0.4 and 0.7 MeV
£ i ] with DWIA calculations for the
g8 27(dashed curve) and 3 (dotted
curve). All calculations have
5 been made with the correlated
0wl I E%07 Mev 3\ wave functions. The full line
7 is the sum
or <
B =a.n£‘ (2704 ev) +
% o6 /o~
07 e z ’AC‘E (3’, a;’”eV).

0 20 30 40 50 60 Ocm ldeg) g

The normalization factor N for this last state is 0.23 (0.68)
without (with) the correlations in the used transition densities.
Comparison of the measured angular distribution at 135 MeV for the
transitions to the unresolved astates at [t 0.4 MeV and 0.70 MeV
with DWIA calculations for the 2 state and 3™ state are given in
Pig. 4. The full curve represents the calculated cross section

(0 -0.78 FT (27, 0.4 MeV) + 068 5% ( 37, 0.7 MeV) with the
correlated wave functions. The excitations of both, 2~ state and 3
state have included approximately equal contributions from the iso-~
vector tensor end central term, as is noted in 4 « The 27(7.6 MeV)
level in 16]! has its isobar analogue in 16O at [t 20.4 MeV observed
731/ witn B(MI= 467 £ 156 My2. fuP, Besides that the (e ,e’) expe-
riment/31'32/ reveals in 60 a strong (8/M2)= 338 % 68/!,2- fm°) ex-
citation at £'= 19.0 MeV. It has been suggested by Speth et al, 133/
that the shell-model 2~ state calculated at £ = 19.5 MeV corresponds
to the sum of two levels. Such an interpretation is also supported

/ by the 160 (ﬂ':() data. One expects a similar situation in the
160 (n P ) N reaction as well. Would such structure be observed
it can provide an explanation of the irregularly low value (0.42) of
the normalization coefficient (see table 3 ) obtained when the 2~
(7.6 MeV) level alone is compared with the shell structure

-f -7
~ 0'6IP3/Z ’S’/Z rd + 0.75/&/{’ df/z"

1
Fig. 5. Uie w
Olpn) F  Ep =135.2Mev

Comparison of the experimen-
tal data 14/ for transitions 4/;/("“
to the states at 9.4 and 11.5 MeV B
with DNIA caloulationsfor the 17state S} " €S

In Pig.5 we compare the g
experimental angular distri- é r(4
butions with our calculations
for the two 1 states at
£% 9.4 and 11.5 MeV. Again,
the effect of multiparticle- wil N-0Slcore)
multihole configurations of N-025(1p1h}
the investigated stgtes has
increased the normalization
factor from 0.25 (0.42) up to 02 . L

0.6 (0.6) for the 1~ state at 0 S5 0 15 20 25 330 35 @
v 8 m ldeg!

£¥= 9.4 (11.5) MeV. These excitations are dominated by the isovec-
tor central component of the N-N force. l’:j ,

In Pig.6 we give the transition densities $ 9 (/) for 1~
(£%= 9.4 leV),tlté in coordinate space, and in Pig.7 - in the mo-
mentum space {€ :/'r(’)= fj[(}r) s ’f'r(r)r'a’r). Dashed and dot-dashed
curves is transition density in the Zpf4 shell-model basis, the
full line takes into asccount the correlations. The calculations with
manyparticle-manyhole configurations diminishes trensition densities
on the nuclear surface and enriches them inside the nucleus. Accor-
dingly, in the momentum space transition densities with correlations
are decreased at low and increased at larger momentum transfers. As
8 consequence we observe modifications in theoretical cross sections
discussed above, ;

The calculated and measured engular distributions are generally
in good agreement for all the analysed negative-parity states veri-
fying that {5”) reactions at intermediate energies proceed meinly
via one-step direct transitions. The utilization of correlated wave
functions has diminished the absolute value of the cross sections
about twice, exceeding nevertheless the experimental one 1.3 to
2.3 times., It is possible to bring several reasons for explaining
this deficiency. That can be contribution of the npnh component
of nuclear states, omitted in the calculations, the medium and other
corrections to the ¥V interactions, uncertainties of the optical
parameters, and so on.

v, E%=9.4MeV

9
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Pig. 6. i)
Trgpsition density for 1~ Pig.7.
£F'= 9.4 MeV state in coordina-
te space. Dashed and dot-dashed Transition density for 17
curves is calculation in Zof4 £%= 9.4 MeV state in momentum
basis, the full line is calcula- space. The meaning of curves

tion with correlations. is the same as in fig.6.

5. Conclusion

The present work demonstrates that prospects for a quantitative
microscopid understanding of intermediate-energy charge-exchange
reactions are promising. We have shown that the results are sensiti~
ve to the choice of nuclear densities. The realistic wave functions
tested in different fields provide & satisfactory description of
spin-isospin excitations. It is possible that the remaining defici-
encies are due to inacouracies in the two-nucleon effective inter-
action whioh'can entail medium corrections. fhese corrections as
has been shown /34,35 play an important role in the isoscalar spin~
independent central component of the N-N effective interaction.

|
10

Parameters of the local transition densities (6)

Table 1

calculated from the. correlated wave functions
described in text

7 Emer) (s i ot c2 s
25 0.4 (1,1,2) 0,02414 -0.27984 =0.00004
(3,1,2) 0.0 0.06735 -0.00099
35 0.7 (3,1,3) 0.0 -0.27518 =-0,00072
(3,0,3) 0.0 -0.23067 0.00008
45 6.37 (3,1,4) 0.0 -0.67106 0.03020
2~ 7.6 (1,1,2) ~0.58400 0.74533 ~0,03142
€3,1,2) 0.0 0.14779  -0.00508
15 9.4 (1,1,1) 0.15049 0.03899 ~0.00271
(1,0,1) 0.35781 ~0.59996 0.02393
1 11.5 (1,1,1) ~0.059267 0.41442 -0.01828
(1,0,1) ~0.06957 0.16633 -0.00556
Table 2

.

Parameters of the nonlocal transition densities (5) calculated from

the correlated wave functions deascribed in text

T Zie) (5d) (0% A A ¢ 2
2”7 0.4 (1,1,2) (1,2) 0.0 0.0 0.73459 0.00181
: (2,1) 0.0 -0.07772 0.0 0.0
(1,0) 0.07772~0.00361 =0.05366 0.00240
(0,1) 0.00784~0.00522 0.0 0.0
(3,1,2) (1,2) ©0.0 - 0.0 0.23205 -0.00309
0.0 -0,02150 0,0 0.0

(2,1)

11



Table 2 gcontinuedz

v N rTmy) @) L) A 8 e 2
37 0.7 (3,1,3) (1,2) 0.0 0.0 0.90087 -0.00227
(2,1). 0.0 -0.04056 0.0 0.0
(3,0,3) (1,2) 0.0 0.0 - -0.74201  0,00025
L(2a) 00 0.02087 0.0 0.0
4~ 637 (3,1,4) (1,2) 0.0 0.0 -2.10804 0.09442
y £ (2.1) 0.0 0.01009 0.0 0.0
2 1.6 (1.1,2) (1,2) 0.0 0.0 . -0.85289 0.03258
(2,1) 0.0 0.06535 0.0 0.0
4 (1,0) -2.11234 0,09799 1.45845 -0.06533
(0,1) 0.04210-0.02806 ' 0.0 0.0
(3.152)  (Q,2) . 0.0 0.0 0.46744 -0.01588
(2,1) 0.0  -=0.00539 0.0 0.0
17 9.4 (1,1,1) (1,2) 0.0 0.0, -0.41704 0,00230
- (2,1) 0.0 0.03486 0.0 0.0
(1,0) 0.54082 -0.03441 -0.37278 0.02294
(0,1) -0.00735 0.00430 0.0 0.0
(1,0,1) (1,2) 0.0 0.0 0.91347 -0,03478
(2,1) 0.0 ~0.06738 0.0 0.0
(1,0)  1.29417 -0.05344 -0.89399 0.03563
(0.1) =-0.02576 0.01717 0.0 0.0
1115 (1,1,1) (1,2) 0.0 0.0 -1.02190 0,04165
(2,1) 0.0 0.09228 0,0 0.0
(1,0) -0.22749 0.00883 0.15718 -0.00589
(0,1) 0.01739 -0.01159 0.0 0.0
(1,0,1) (1,2) 0.0 0.0 -0.31017 0.00806
(2,1) 0.0 0.02235 0.0 0.0
(1,0) -0.24304 0.01249 0.16772 -0.00833
(0,1) -0.00356 0,00238 0,0 0.0

i2

Table 3

The normalization factors A= GrD iy Sreon

J”r E* (MeV ) /V(lp“) /V(npn/;)
25 0.4 0.47 0.78

37 0.7 0.23 0.68 - =
4~ 6.37 ! 0,31 0.56

e 7.6 0.24 0.42

1 9.4 . 0.25 0.60

N 1.5 0.42 0.60

2.
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4.
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