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ABSTRACT

, 1The excitation of the 2+ analogﬁes of the Cu isbtopes of the lowest>
collective 2% states in thé'Ni isofoﬁes through the reaction Ni(h,t)Cu is
a case where the DWBA has to be corrected by two-step processes due to ine-
lastic scattering in the initial and final states, The study of the interfe-
rences between.first and second order terms shows fhat, in order to reprodude
the experimental results, the effective interaqtion betWeén the projectile and
a bound nucleoh'has'to'be taken éphplex and not real, as is commonly assumed
in the microscopic fheory of'inelastic.scattering and charge exchaﬁgé of

helions and tritons.



I. INTRODUCTION

Due to recent experlmental progress, the theory of the(h,t) reaction

has been con51derab1y improved. The early macroscoplc[ J or mlCPOSCOplC[2]

models have both been refined., From the optlcal parameters obtained by fitting

elastic scattering it was realized[1 3] that, for both inelastic h scattering

and charge exchange, the excitations should occur'fhrough the dominant imaginary

coupling potential, On the other hand5 the microscopic model (_ assumes generally real

form factors, since the two-body nucleon—nucleon interaction is usually treated

to first order, The microscopic, although totally phenomenological, thecory of

the (h,t) feaction is however in quite good shape, The strengfh of the effective

force is typical 4’6] for each angular momentum fransfer; and provided a tensor

force 5,6 is used for unnatural parity transition, the experimental angular

distributions can in general be reproduced quite well, There are however a fewj=.
7

discrepancies, The most striking are the shapes of some O -0 transition

(27]

which have an L =1 d1ffract10na1 pattern due to the formation of an inter-
. N 9

mediate @ cluster and also the angular distributions for some 2" s‘cates[8 ]
which_have[s’g] minima and maxima greatly shifted from the expected DWBA predic-

tions. These£8’9:| anemalous 2" states are analogues of exc1ted states of the tar-
~get nucleus. We shall be 1nterested in the study of these states for the Ni iso-
topes (and thelr analogues in the Cu 1sotopes) s1nce in this case, very ‘complete
microscopic wave functions 10 are avallable. Moreover, the isospin structure of
these states, which is very 1mportant for our study, could be deduced[1 ] from
experiment (comparing (p,P ) and (e,e") scattering) As explained below, this
results in a strong inhibition of the direct (h,t) transition to the excited
‘analogue in Cu (computed invthe usual DWBA) compared to the (h,h') transition

to the corresponding (eollective) state in Ni. Therefore although two-step pro-
" cesses due to inelastic effects are generally seen to be negligible*, in this
case the (h,h') excitation of the 2+ lowest coOllective stafcs in Ni foliOWGd by
the (h,t) transition to its analogue in Cu can be expected to be vefy important,

Both of these steps correspond to strong transitions “hCIOJS the usual one-slop

excitation is quite weak.

) , :
Other two-step processes via more complicated states than the collective vibra-
tional levels of the target nucleus cannot be excluded a priori. Both h and t
projectiles . break easily. The prediction of a complex {form factor byfthe vibra-

tional model can also be an indication that other higher order effects occur,



'We shall use a m1croscop1c formallsm,‘ln order to calculate the crosc
sect1on for the (h h') scatterlng to the collective states of the ‘Ni 1sotopes
and the (h,t) oross—seetlons to_thelr analogues in the Cu-1sopopes-. the first
aim of nuclear reacfionsvis to provide some ihformationvabout the etructure of
nuclei ThlS is of course also achieved by the. vibratlonal model which in this

(8] B(o) Ese

case provldes , and . There is however no
direct connection between these parameters and the m1croscopic wave functions

two deformatlon parameters

of the states involved.'The only way to get some precise information on the

- accuracy of these wave functione, is to use a mierosoopic description for the
various transitions. For elastic scattering, however, we have still to rely on
phenomenologlcal optlcal potentials since there is yet no good: mlcroscoplc v
.theory in this- case. Furthermore, since all reactlon processes have to be inclu-
. ded explicitly 1n a mlcroscoplc treatment of (h, h ) and (h,t), 1t is pos51b1e
to learn something about the various reactlon mechanlsms which lead to these

transltlons.

~We shall investigate in detail the following p01nts : i) is the DWBA
trans1t10n to - the analogue of the excited 2 .state inhibited as suggested by
the wave functions obtained by analysing (p,p') and (e,e') scattering ? , and

ii) if yes, are two~step processes_important and.how do they change'the.cross—

section ?

First; wevhave however to develop a'suitable formalism which will

permit us to carry on our study.

© II. FORMALISM

1. The coupled'equationse

Provided an additional isospin quantum number is ihtfoduced the set
of coupled equatlons to solve for (h, h ) and (h, t) scattering can be directly

deduced from Ref, [12]

<1‘C’ + V(I;.C.(r). - EC) Z VI " U ..(r) | ; (1)

c''zc!

VC,CH is reluated to the interaction V{(r,A) of the A+l nucleus by

: |
Vorgn(®) = (i, (x,A) [v(r,a) ] e (2,A)) . (2)



The:generai ohiiosophyvof DWBA is i) to consider elastic'transitions as strong
and thorefore to sum them up to all orders :ivV£.C,(r) is replaced by an opti-
cal potential (Opt)(r) whose channel dependences reflect tho_tWo kinds of
particles which are present in our problem and ‘ii) to consider inelastic tran-
sitions as weak enough to be treated to first order, For the four chaonel pro-
_blem we are interested in, the DWBA equations are therefore (denoting G and B

the ground and excited states in the target, and A and AL their analogucs) :

<T + v(°pt)(r) - EG> UG(rI) - 0
(Opt) _ _ '
<T (r) EE)UE(r) = ’G(r) UG(r_)
' ‘ (3)
(opt) : _ ' ‘
< (r) - EA_> U, (r) = ,G(r) UG(r)

: (opt) _ _ S '
<T VAE ( ) EAl; UAE(r) = VAE,G(r) UG(r_)

which represents equation (1) solved to the flrst order of the inelastic (or

charge éxchange) coupllng, as shown in Flg.la .

Whereas the coupllngs VE G and VA ,G are strong, VAE,G is expec-
ted to be weak and.the last equatlon may have to be corrected for second order
effects which might be of the same magnitude as the flrst order : the equation

to solve in this case are therefore (Fig.1b).

. (opt), .\ _ A o
<T + _VG (I‘) EG) UG(I') = O
(opt) o : - I .
(T + VE (r) - bE>UE(r) = VE,G(r) UG(I) ‘
. . . . : (4)
<T»+ v§°p“<r> - EA>'UA(r-) = "i,c"r) U, ()

(opt) I | I - .
<T + VAE . EAé)UAE(r) VAE GUG(r) + \ 9(1)U (1)+V’AF (r)U

, .

This correction to Fq (4) is expected to be 1mportan1 since
~V and \'# V' . the two second order coupllng ‘potentials are

\%
AE,E A,G AE A . E,G
therefore much stronger than the first order coupling.

The cquations (4) have been solved using the source technique of
Ascuitto and Glendenning 13 . They have the great advantage over the usual set

of coupled equations, solved to all orders, of permitting the use of the usual

(r)



opticai potentiels without'correctioh for double counting of some processes

(as G 2 E = G).

2. Coupling Potentials and Transition Densities
a) Elastic Scattering

€Y, . -
As usual, we havz chosen VéOp )( ) = V(ODt)(r) _as being the optical

potentiai fitting the elastic scattering of He partlcles at the energy FG .

. & .
Similarly, we have taken _YXOP )( ) = V(0pt)(r) to be the optical potential

for elastlcally scattered tritons at an energy close to EA . The significant
difference between the- he11um and triton parameters is the radius of the 1mag1—
nary part, which 1s[14 15] cons1derab1y smaller for trltons, reflectlng[14 15]
the smaller radlus (due to the Coubomb effects) of the latter prOJectlle The
potentials (r) and. V (r) can be deduced from this dlfference 1f one
assumes isospln 1nvariance. It is however not yet clear how good this assumptlon
is, since thevrelevant part ‘'of the symmetry potential obtained this way is pure-
lylimaginary and arises from the different‘absorption radii for helium and tri-
tons., As said above this difference arises at least ih part from Coulomb effects
ih the projectiles and therefore should not be included in the symmetry potential.

Anyway, ‘consistent w1th the descrlptlon of the 1ne1ast1c or quas1 ~inelastic tran-

51tions, we have to- use.a microscopic model for VAE and_VAE,E .

b) Inelastic Scattering'and Charge Exchange

Follow1ng Refs, [12] and [16]* the potentlal coupllng channels Cl and

i C2 can be written in terms of the more usual form factor F and the transition

- densities . & :

o L a o :
: ’ I 12 '
- . \ - 5
VC]CZ - }_—: _ Varp CLsg r[.SJ,T(,r) )
LSJ,T '- ' '
% B TP 2 |
~ & = : 1 6 . ] ] 1,1 :
}‘LSJ,T(I‘) / .‘VL(r'l ) LS_J,T(r ) r . . )
S o _
3 ., o
¢} ' "4 E: a a j r 7
LSJ’T(r) x sJ T( %) <J HYLSJHJb)Ua( ) U () (7)
: a,b '

<a 10, 6,1 11 e)

J, T 1 2 m

The difference in notdation between Refs.[]2] and [16] is explained in Ref.[lﬁ],

footnote p 60
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‘The reduced matrix element is taken in the Spin'space only, but not

in the isospin space.

The amplitude S relative to the Ni exc1ted states and those relat1ve

" to their analogues in Cu are closely related, The wave functions for the analo—

guesbare
hy = = 1 la) S | (9)
ANy |
)= == r_ &) | , (10)
- Vg '
“We assume alsozthat the states k}>and ha) have a good isospin To .
This is a very good approximation[17] for the ground state, For the excited

state, the isospin violating terms are built of particles excited from orbitals
occupied by both neutrons and protons to‘brbitals with neither protons nor neu-
trons, wh1ch ‘play only a small role in the usual models,

Moreover,these models still overestlmate[17] this admlxture The

approximation of good isospin can therefore be expected to be very good, If T

_ o
is the ‘isospin of the states considered, NA = NAE = 2TO and
T ) = o
' (11)
T .=
L E> = o :
The amplitudé S for the transition’ G - AE is :
‘ L + -1 '
gab el 6] 8,0 o) - .
J T(AE G) = < — . (12)

2J+1

Using (10) and (11) and the standard[ls] commutation rules of isospin

operators, S can be expressed as

6., ®lle s P e )

. 8
(AE,G) = a  bdJl = L ¢?P g (13)
J T ] — — T .
| MEO JR2I+1 JT O‘T

(8]

Similarly, for the transitions G = A and E - AL , we get, for zero

spin Lrunsfer
5 . n(n?_ n(p)
8¢ T(A G) = <G|l[B B, 0 1![(:) 5 8 A2 (14)

a T
) . 1 ab o7
. O



5 . (n) n(p) ,
(e,E) = —L (|| (6 Bb1g . HE) 6T1v 8 (15)

T
O .

n(x) is the occupation pfobability of shell a by neutrons (x=n) or protons'

in the target ground state, Strictly speéaking, the probabilities used
E .vThe approx1mat;on

(x =p).
in Eq.(15) should be taken for the target excited state
involved by the use of (15) is exactly the same as the one made by replacing

' the optical potential in the channel E by the potential fitting elastic scat-

Slmllarly, the amplltudes J T(AE E) for JZO

tering in the channel G .
* made for the elastic

should be omitted for consistency with the approx1matlons
.I¢0 when summed

channels., Anyway, these amplitudes do not add coherently'for

over a or b , whereas they do for J=0O . The assumption J¢O T

therefore not very important for the calculation we have made, .

c) Transition Densities

The advantage of introducing the form factors and transition densities

is that, for each transition we considér, there is almost only one set (LSJ,T)

for which F or & are sizeable, Since the G and A are_o+ states, only.one

value of the spin transfer J is aliowed for the G = A ; G —>Ev and A —)AE

excitations. This is also true for the tran51t10n E = AE within the approx1-

matidhv Jw~ O d1scussed earller
The quantum numbers L-(L=J since we are dealihg with natural parity

o and o , The tran—v
1° “1 0 2
5 (r)

states) and J can therefore be included in the labels.

sition density (7) can therefore be denoted more simply

We shall make sdme further approximations, which will not be used in

the actual calculatlons, but will prov1de some physical insight into. the mecha-
nism of collective excitations. ' '
& is a coherent sum of densities descri-

From (7) one can see that

bing the transition a — b ‘with some spin transfer S andviséspin transfer T

a1a2' o o o, ' o : '
by Yxy = Y Sr,an’™) - .o (16)
' ab . : : '

In principle a momentum transfer JZ7 0 is allowed for clastic scnttcring

on a state with noun-zero spin, Anssuming that the optical potential is the

same for excited states (with non zero spin) as for the ground state (with

zero spin) amounts to neglect all JZO transfers in elastic scattering.

'S



Equlvalently, one could have considered the den51tles relative to proton or

" neutron ex01tat10ns

Boolr) = 8 (r)

N alaz
R = S :
Ogo(r) + 51 (F)

E

51 2(!‘) ~

Formulae (5) and (6) could also have been written in terms of proton

and ncutron excitations, VST being replaced by V and Vg .

All nuclear models for collective states predict the sum (16) to be
17,18

small for S: 1 . Th1s can be understood since Vlb and Vlh: are . repul-

sive and pr » Vbn are attractive for any reasonable'nucleon-nucleon force,

Therefore the 0011ect1ve states are those which possess the partlcular correla-
tions that are- 1nduced by the attractlve part of the force and are, so to speak,
antlcollective with respect to the repulsive parts, This is only possible since
the 'sum over a and b runs over a sufficient number of orbitals with different

spin orlentations (that is J = &+1/2 and 3 = 6—1/2 in  j-3 coupllng).

~In isospin space, since Vbo is attractive and Vg, repulsive, the
same aFgumenf can be used?_leading to the prediction- 561_<< 500 . However in
the current nuclear models, the possible a — b excitations are generally
sufficiently different so these models do not predict the averaging out of the
qol(r) transition densities.vFor the nuclei we afeVCOnsidefing,xthe Ni
isotopes,'the‘pfoton shell is'closed and the neutron shell is open, qu these

reasons many models[zp] consider the 1owest (collectlve) 2" state as built only

out of neutron excltatlons that is
3 = -3 oo e  Gs
01(r) oo(r? CoT e | (18)

More realistic’ moclels[1 ],’whlch include exc1tat10ns of both klnds of partlc]es

'1ead[10 11, ]9] to the approx1mate rel'ttione

o (x) & -2 8 (r) S B (19)

‘NIH

for the 2 collective state. The proton excitations (obtained using Eq.(17))
which are inhbibited by the gap associated with the closed shell, are still about
3 times less important than neutron excitations, Within the same model 7, the

3" collectlve state for which both proton and neutron shells behave almost as

closed, leads to the relation -



o1 (¥) ® z ooF-r) , . . | (20)
Finally, *the ratio of proton and neutron excitations, as extracted
from experiment by comparlng (p,p ) and (e e') scattering us:nb ‘the method

of Refs.[ll] and [19], leads to T=1 +transition dcn51tles at least 10 t1mes

smaller than the T =0 ones,.

Thls has an important consequence in comparlng (h h') and (h,t)
cross- scctlons relative respectively to the E and the EA states. From (13)
it follows-that the G - EA. transition goes through 5 (r) whereas the
G » E transition is dom1nated by 5 (r) , the contrlbutlon.of 501(r)- being
small (this is true even if 8 is not much smaller than 600 , -since

Vbi,<<_Vbo for the mass 3 pargiclesvwe consider). The comparison of the E and
EA cross-section strengths leads therefore to a direct determination of the
ratio of the T=1 versus the T=0 excitations. FrOm‘the results obtained
[11’19] by comparing (p,p") and (e,e') exﬁériments, one can expect the G‘~¥EA

transition to be strohgly inhibited compared to the G — E tranéition.

I1I. DIRECT TRANSITIONS ( THE USUAL DWBA)

‘In order to compare the tran51t10n densities (7) for proton and neu-
tron exc1tat10ns we have calculated the N1(h t)Cu ‘cross-sections for the
first 2F excited analogue Wthh were mcasured by Kunz et al, [8]. We have used
the wave functions of Gillet et alglo], which are the most realistic, corrected
in the same way as in Refs.[ll] and [LQ]. We shall briefly recall_the mcthod

used for this correctibn.'

1. Model -Wave Functions and Real Transitions

.[10]}

Gillet, Giraud and Rho describe the ground state of the Ni isotope

as a proton closcd shell and a neutron BCS state, In this model, the lowest 2*
excited state of Ni is a mixture of a 1arge number of partlcle hole proton and
tyo quasl—paxtlcle_neutren_states. The transition densities (labelled 55 (r)
X = p or n) present therefore a collective behavior for both proton and neutvon
excitation, that is are peaked at the nuclear surface, Onc caﬁ therefore expoct

the trué densitics O to be proportional to the model ones
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s,n ~ "n "s,n " . o .

In Refs.[il]_end,[lg] ,. Xb.was chosen in.ordeh to reproduce the experimenfal
B(E2) value and A _then fitted in order to obtain the strength of the (pp')
cross-section, Since the same densitics (21) and (22) appear in the scattering
amplitudé of the (h,t) transition to the excited analogue, 2 state in Cu, it
is p0551ble to obtain another value of K » independent of the (p,p') estimate,

and therefore check the property shown in Refs [11] and [19] i.e,

5 1 2( ) % 5 1 2(r) Since the (h,t) amplitude is proportional to qo' (r)-50 b
’ L RS

’ ’ .
which almost cancel, a slight variation of X produres a very large change in

the (h, t) cross—sectlon strength Thedetermlnatlon of }h by this method should
therefore‘be quitevprecise,

An alternafive way of obtaining the correction factors K and x
would be to fit- 51mu1taneously the (h,h') cross-section to the Ni 2* collectlve
state and the (h,t) cross—sectlon to the Cu ex01ted analogue, We have not used
_ this method since there.is only one inelastic He3 experiment available[21]

58Ni(h h')58Cu . In addltlon, this latter method requires the. knowledge of the

effective force for both (h h') dnd (h,t) scattering and introduces thcrefore

an addltlonal uncertainty.

In order to characterlze more 81mp1y the ratlo of proton and neutron’

excitation, we introduce the quantity

o0 -

rz %, n*? r2 dr
O,n

p =
3 4 /a;2 8y, p(¥) T dr

0

(23)

as was done in Refs, [11] and [19] The ratio p , as extracted from experiment,
has the advantage of heing ea°11y oaloulable and provxdcs a strd1ghtf01“ard
check for dny nuclear modc] since it is directly r(]a1(d 10 1h< (nmmnn]y us td

isoscalar and isovector elcctromagnot]c tran81tion rates,

2. Choicce of Parametors
The optical potential purameters are taken from Ref.[B], where it was

noticed that different paramcters for the h and t channecls lead to slightly

(r)
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better fits, Wé‘have-therefofe used the parametersvof Table 1 .
The effective projectile-target nucleon interaction for (h,t) is quite
' 5 , T - :
well known[4’ ]. We assume ‘a Serber mixture for the nucleon-nucleon potential,
v ‘ , AR ‘ S P v .
and deduce the (h,t) mixture parameters in the usual™ ~ manncr. The choice of
the force mixture is not.ihporfant in this caée-sincé there is ulmdst only one

force parameter contributing to the scattering amplitude A , fTor the

Sz0 Tz1
collective, natural parity state we consider, The strength of the effective
(h,t) force was fitted in order to reproduce on the average the experimental

‘strength of the G = A tfénsition, for the various isotopes,

We have therefore used the following parameters :

Vor __-vi1' = 7.5 Mev . : _ o (29)

3. Results

a) “®Ni(n,t)°%cu

[19]

the predicted cross—section for the 2" EA is about a factor 8 too low (Fig.2).

. Using the transition densities extracted from {c,e') and (p,p'),
However, a 30% change in’ %h 1eads to the right magnitude for this cross-section
(Fig.2). Such a variation of’ )h is within the errors of the method used in

Refs.[11] and [19] for its determination, The slight uncertainty in the parame-

ters Vblland Vll does not lead to importaqt»chénges in’thisvvaihe of )h .
The new value of )h corresponds-to a ratio of neutron over proton

excitations p = 1.2 compared to p = 0.9 _for (p,p') (the ratio obtained with

the wave functions of Ref.[10], that is without the correction factors %p and

kh , is P = 2.8).

It ié interesting to notice that the transition densities we obtain
lead to a very good agfeement for the 58Ni(h,h')sSNi cross-scétion to the 2"
cxcited state (Fig.2). For'fhb effective h-target nucleon inelastic interaction
we have ﬁsed a Serber mixture (as for the charge exchange reaction, this is not

a very important assumption, since in this case practically only vOO contribu-

tes to the scattering amplitude), We have fitted: the force strength in order to

40 40 - :
reproduce the Ca(h,h') Ca (3 ,3.74) cross=-section with the wave functions

oo _ 5
of Gillet and Sanderson which are believgd[23, 4]

to be. quite good,

We have alsoc examined the (h,t) cross~section when allowing larger

variations of %h . From Fig.3, it can be seen that for %h>:'1.2 ,- the AE cross-

tl.
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section almost'vanishes._This corréSponds to the cancecllation of the tails of

the proton;andvneutron transition densities, and to' p = 0.8 . As can be noti-

: 2 . . 5 . . )
ced the  r~ integrals of vQO»n and 50 b cancel each other for a slightly different
. ’ ? .
value Of‘..)\.n (A =1.5) , corresponding to p=1 . This is not astonishing since the
strong abSorption favors much more the tail of the transition density than the:

r2 factor does,

to the (h,t) cross-section leads actually

Fitting the value of %h
501(r) . The second -

to two values (Fig.3),'¢orreSponding to opposite signs for

value we obtain is }h = 0.6 , that is p = 0,3 , This value should however he

rejected since it reproduces neither the (pp') nor the (h,h') cross-section

strengths (Figs.2¢3)

b)iother Ni:iSotopes_

All the Ni isotopés (60,62,64) present very similar features, and the
transition densities obtained'by‘fitting the (h,t) cross—sectioné are consistent
with those'obtained_ffom (pp") scattering (Table 2), Although the ratio of neu-
tron over proton excitation is muéh closer to 1 than thertheoretical prediction

and confirms therefore the conclusions of Refs.[ll,lg] it is found‘fo be syste-
matically 1argér than when obtained from (p,p') and'(e e') scattering. This
difference might be due cither to the uncertalnty in the parameters used here,

or more probably reflect the assumptlon (21), that is that the renormallzaflonv

is independent of Y , Since we have used harmonic oscillation single particle

wave function, A may have fo be larger for reactions with strong absorption

which weight more the tail of the transition densities,

58

If the angular distribution calculated for the ~ cCu 27 EA was accep-

table (Figs.2 and 4), those for the higher isotopes are not (Fig.4). Whereas the

theoretical angular dlstrlbutlons all exhibit a typical dlffractlon pattern and

-are. therefore qu1te simllar, the experimental patterns present marked differences

62
(Flg 4) for the 60 and 64 isotopes (and probably also for ~Ni, but the lack of

measuremcntq in the interesting region around 20° make any precise conclusion

difficult).

This discrepancy is not"partﬂnﬂar‘to the microscopic model, since it =
[s]

.

can also be noticed in the vibrational picture when a real form factor is used

1. CQNﬂ}usqu
An important picce of information has been obtained for the Ni isotopes

using the DWBA apprOXimatién : althoﬁgh proton and neutron shells are quite dif-
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one being'clbsed and the other open, for the lowest 2% coilecfive stdtc
This

ferent,
the strcngtha ‘of the pxoton and neutron exc1tatlon are qu1te e1m1]ar

confirms the results obta1ned[11 19] from. (p,p ) and (e e") ecatterlng, but is

not predlcted by any nuclear model for these 2 statés

An equal strength for‘protgn and neutron excitations 1eads-however
to a strong inhibitions of the first order‘DWBA transitions and therefore second
order effects might be imporfant. " The discrepancy seen for the angulér~distri— '

butions may be due to such higher order processesr

"IV, INDIRECT TRANSITIONS

Equatlon (6) prov1des an 1nd1rect ex01tat10n of the EA by means of two
different processes (Fig. 1b) '

1) The inelastic (h,h') excitation of the collective E state followed by

a charge transfer E —» EA , Among the collective states of the Ni target only

one has to be COnsidered since the tran51t10n of an. ex01ted state to 1ts ana-

logue is much stronger than to any other state.,

2) The charge exchange reaction to the analbgue of the Ni ground state '
G 2 A followed by an inelastic (t,t‘) excitation -A - EA which is expected to

be as strong as the collective “G —+E transition,

1. Parameters

The two new ccupling terms in Eq.(4) are given by formnlae (5) to (15).

: . o I o
The effective projecti]e-target nucleon interaction for VAF is the same as

for Vi G since both coupllng terms describe a (h,t) tran51t10n with 0" spin
’ J
and parity transfer. Similarly, the same force parameters can be used for VAF A
LA
and V. after having corrected for the isospin dépendence of the projectile,

v G .
? . - L
All the force constants are chosen to be real, This choice is crucial, since it

determines the interference properties of first and second order contributions,

As said earlier, the vibrational prediction for the transition operatoyr
shows that the effective force_to‘be nséd'in'the'microscopic description might-
be complex. The evidence for such a feature is however difficulﬁ-to obtain from
a DWBA process ; even if the realvand imeginary pafts of the force have a diffe~
rent radial behavior, since the crcss;seétion'is sensitive to the modulus squarcd,

it is quite possible to obtain gcod fits.with a pure realvinteraction, A change
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ei . in the phase of the projectile-target nuclear multiplies the one-stcp
. . . T3 } : : ' ) . i P '
contribution in Eq. (4) by e’ , and the two-step contribution by e21(I . It is
fhéréfore_bossible to get some information about the phase of the effective

interaction,by studying_the interferences of:one and two'step processes,

The force we usc (referred as force.I) is therefore :
- . r 2
(2;25)

: ) = (~28, 5T T, +7.50, 0] 50,0, .7 . .
v(r) (-28.5+ 7.5 1 Tp ¥ 7450,0,+7.50,.0,. T T,) e _

The first two parameters Vbo and Vbl being fitted to experiment

and the less important Vo and V,  being simply assumed to bé equal to Vor

The 7.5 MeV strength needed in order to fit the G — A cross-section

can be compared to the 6 MeV needed 4] for the 48Ca(0+,G) 48Sc(0+,A) transition.

Park and satchler[ls] use a much lower Value, 2.5 MeV , but the (h,h') cross-

sections:they‘Calculate'are not very sensitive to this parameter. For VCO ’

they use 22.5 MeV which is'deduced[15] from realistic forces, This value leads .
to slightly too low a cross-section for 40Ca(0+—-8—)--aj'round 40°, even when Saxon-

Wood radial orbitals are used for the bound sfafes'(wé use harmonic'oscillator
wave functions with the standard parameters hw = 41 A—I/3 MeV and therefore

b = 1.00 A1/6 £m),

2. Real Effective Interaction

Using the transition densities fitted previously, one obtains quite

o ' : a8 . o+
a small second order contribution for the excitation of the ? Cu,2 EA , It in-

creases however the cross-section by about 30%. The value of ‘Xh needed in or-

der to reproduce the magnitude of the experimental 58Ni(h,’t)58Cu cross~section
aftcr having taken the tonStép pfbcess'into'account is only 10% smaller than the
DWBA value, Nevertheless, inC1uding the two—step_prOduces (Fig.4) a slightly
better angular distribution because of an overall shift of ‘about 29 towards
smaller angies. |

When Xh is varied over‘a large scale, frqm 0.7 to 2 the DWBA cross-
section at the maximum around 25° varies by almost two orders of magnitude (Fig.3).

Nevertheless, the two-step contribution leads to almost a constant increase

(about 4 pb), and can be therefore seen to contribute incoherently to the 2" EA
cross-section, | - |
For the other Ni isotopes, the two-step contribution is larger, This

is not astonishing since the G =2 A (and therefore also the B - FA) coupling



potential 1ncreases like ‘ﬁ?:— , whereas the G —>E ahﬁ G —;AE ampli%udesv
are roughly constant Qualltatlvely, this is the effect obqerved experlmentally
the dlscrcpancy w1th the DWBA calculatlon is more important for the h;gher~maes
" isotopes. But the washing out of the diffractional pattern, obtained when'twce
step processes are included, and which 1s_characterlst1c_of en incoherent con-
tribution has little to do with tne exberimenfally.observed angular shifts;»’
We have nevertheless fitted new values of %h in ordcr tc obtain
a better estimate of the neutron transition density (FFig.4 and Table 2),
An attempt to chenge the interference properties‘by_using differentv
optical parameters was unsuccessful, With any reasonable potential, i.e. fitting

elastic h or t scatterlng at about the energy of the experlment the first

and second ordor contrlbutions remain’ 1ncoherent

3, Complex Effective-Intefactionb

Since the second ordei‘contribution to the scattering amplitude may
interfer with the first'order one, the resuiting cross-section are expected to
be quite sensitive to the relative phase of the two contributions to the scat-
terlng amplitude. This phaqe may arise from the interplay of the various partial
waves, but, as seen earller it is difficult to modify the interference propertles
by changlng the optlcal potential. On the other hand different 1nterference
"properties can be easily obtained by using a complex nucleon-nuclcon interaction,
This may be justified by the contribution of higher crder terms in the effective
force. | V . ' a A

However, if'the introducfion of a comblex phase seems therefcre likely,
it is by no means obvious that such a phase

1),w111 produce any angular shift, and espec1a11y the right shift needed
invorder to reproduce the observed pattern,

ii) cven if it'prquces the needcd shift, will have a valuc consistent
~with the vibrational model,

We shall of coursc make quite a few simplifying assnmptions. The usual,
real force v(r) has a range of about the size of the projectile after averaging
with the h or t wave functions. A complex nucleon-nucleon force v(r)+ iw(r)
leads therefore to an effcctive'interaction v(r)+ i;(r) where v and w have
simiiar ranges even if v and w have not, If therefore the complex phase comes
from the_nucleon~nucloon interaction itself, it may be simulated by simpiy mul=
tiplying the usual force .;(r) by- e é', o being a constant phase. We shall

refer thereafter to the interaction @ v(r) as force II . of course, if the



complex phese arises from a_process particular to the (h,h') andr(h;tf reaction,
w(r) may have quite a different.rah e than ';(r) . It might even'be non local,
There is actually some evidence 4’25 that the variations as-a fﬁhction of: fhe
sp1n transfer of the effectlve force needed to fit the experiment cannot be

reproduced by a local interaction. However, we have no indication a pr10r1 how
v(r) should be modificd. We,shall therefore use force‘]l-as a first gucss . and

make afterwards the changes in the force parameters that might'be necessary in

order .to fit experiment.

a) ForcevII

‘ lTbere is no a priori limitation on the values that ® might have,
except O < ¢ < 5 if one wants to have a form factor with the same phase than
for the macroscopic. model, o ' '

A phase & = %_ 1eads'a1ready'fo a characteristic shift in'fhe-oaibo;
iatedvangular diStributioﬁ-(Fig.s),‘fhe effect being larger for the ieotooes‘

with more neutron excess (the two-step contribution increases as N-Z whereas
the direct contributionois roughly c¢onstant), It can also be noticed espeoialiy
for 2N1 and 6_4Ni , that fhe s1ope of the calculated aﬁgulur’disfribution'ie not
steep enough, compared to experiment; when the indirect transitions are important,
More 1n£erestingé however, is that the shift goes towards the smaller angles,

that is the calculated pattern is muoh'closer to the experimental one,

For @bzlg , the effect is over emphasized (F1g.6) the angular distri-

butions being shifted sllghtly too much and the fall off belng even slower, '
A phase D = 7w leads as for . =0, incoherent contrlbutlons

from the dlrect and’ 1nd1rect amplitudes, and therefore it is not possible to

obtain any shift in the angular_dlstrlbutlon.

Although @ = %; leads alqo to 1nterferencos between one and two—vtop
processes, 1t was not possible to obtain a pattern bearlng some resomblance with

the experlmental one (Flg 7)

. . . ’ 2K
The main conc1u51on of this calculation is that a complex phase Q’Qiz

in the.effective.interaction is able to explain the shift of the maxima and the
minima of the angular distribution when the two-step procossoe are'includod; The
radial qhape'of the force, as deduced from the nhcleon—nucleon inferaction ave-~
‘raged over the projectile dcnsnty, is however not able to 1opxoduco the fall ofj
~of the experimental anguldr‘dlstrlbutlon. 1t is also Jhitl(otlng to HOLJLb that,
although a compiex phaee brings important changes, the cross—sect1Ons vary rather

smoothly with ¢ , the results with & = % and ¢ = g' being qualitatively iden-



fical although-differing qcantitatively; The range -Z <3 < g.. seems to be
’acceptable and leads to maxima and minima at about the rlght angles
A . ' . '
b) Force III

To correct the fall off of the calculated angu1a1 d]strlhutlon, wcﬂ
have simply increased the range of v(r) ; Since the prev1ous calculation havc
shown that a complex interaction is needed there is actually no recason for
keeplng the range deduced from the standard flrst order calculatlon which any—
way leads to only a real force. The best results were obtained with a range
of 3 fm (that is an 1ncrease of about 30% compared to the usual values) A some-
" what smaller range would probably better fit the (h,h') cross- sectlons at angles
larger than 60°, but it was noticed earller 4] that long range forces give qulte
acceptable fits to the (h, t) cross- sectlons at angles beyond 60°, In add1t1on,
increasing the range has the advantage (Figs. 7,8) of shifting slightly the
maxima in the right dlrectlon already for the one-step calculation. The strength
of- force I1II has been renormallzed in order to obtain the same crOSstectlons to
the analogue stafes as for force I and II (since we treat the indirect excita-
tions to tﬁe‘lowest order in the.coapling constaht, the cross-section to the ,.

analogue is.not affected by.theAinclusion,of the-two-step contribution).

Force III is therefore

vIH(r) = ?%%[5.,6+.1.‘3’5(0‘1.0‘2+’Tl.1'cz+'. 0'1.62.171.12)]_ e (3) .

As expected, & :Z—E and & = 12‘- lead to quite good fits for the
angular distribution after the two-step contriﬁution.has been included, the
agreement being better for $ = g' ’AAS for force II,'thevdirect transitions

‘lead to the same angular distributions for all isotopes, and the indirect tran-
sitions are rcally'ﬁeeded in order to reproduce the increasing shift for the
nuclei with the larger neutron excess (Fig.8), '

'_ Since the indirect transitions affect the magnitude of the EA cross-
secthns as well as their patterﬁ, sligﬁt adjustmehts had to be-ﬁade for the
valucs of )h (%p being fixed to its (e,e') value)., The new values for 'Ah are
given in Table 2 , As can be seen this parameter is somewhat scnsitive to the
choice of the complex phase for the interaction.: Since. ye had to adjust quite
a few earameters before being able to reproduce the EA cross~sectlons,'wc expect
these values of .%h vnot te be toq brecise. In particular, these values are.

found to be systematically'larger than those obtained fromf(p,p') scattering, -



. Neverthelesa, they display qualitatively theisame feature as seen from (p,p')
~and (e,e') : the ekcitationa_of neutroﬁs and.profons have within a faofor'of 2
the same strength, althoughdthe’proton shell is closed and the neutron shell

" open., It is:interestlng_to;note the increasihg‘amouht of neutron excitation
with increasing neutron exeess. A aystematics of high enecrgy (p,p') or (a,a')

experiments would be the most accurate way to check this point.,

. To summarize, the following calculations have been made

i) with a real interaction, the transition density is cXtracted[11’19]
from (p,p') and (e,e') experiments, without any adjustable parameter,
Within the unoertainties of the extraction[llilg], these transition densities

lead to acceptable cross- sectlon strengths for the 2" E state excited by (h,h')
"and the 2 EA , ex01ted by (h t) Second order effects are already seen to be

very 1mportant. The angular dlstrlbutlons.are however poorly reproduced.

.

ii) w1th an adJustable complex phase for the potentlal wh1ch is crucial
for reprodu01ng the experimental max1ma and m1n1ma of thé angular dlstrlbut1on
by allow1ng interferences between»dlrectvand 1hd1rect transitions, An even better
agreement with experimentvcan be obtained,'prorided an additional change in thc .

force range corrects for,the slope of the angular distribution,

'

V. CONCLUSION

We have'examined the (h,t) transition which feeds the analogue of a

state of the target ThlS is a very favourable case for studylng

0,11
indirect transitions. From our prev1ous -knowledge[1 )1 ] f the wave function

colleotive 2

for these states, the d1rect process could be expected to be somewhat hindered,

and this is conflrmed by the- prcsent analysis (although the direct transltlon
came out to be stronger than pICdlCted when u51ng the pdtamclels of Ref, f]l])
Nevortholtqj, due to the collect1v1ty of the 1ntermed1ate 2, state in the tdlgct
(and also of the transition ot A > 2" Ea ), the indirect transitions have o

magnitude almilar»to the direct one, Thie allows the study of the interferences

between the two Lran51tlon amplitudes, ln order to reproduce these interferences,
it wag uoc<‘aary 10 use a comp]cx offnctlve prOJect1lo target nuclcon intcrac-
tion., This effrctlyo_intoractzon turns out to be actunlly almost pure imaginary,
this featuredbeing consistant with'the;predictions of the vibrational model.

Previous evidence for an almost pure imaginary effective interaction was obtained
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by Satchler < in a quiteraifferent way.

Several problems are yet open. First, we nceded a very long range
eforce in order to reproduce the fall off of the angular dnstrlbqtlon The rea- .
son is that we have mocked-up the peculiar features of the higher order conir;—
butions in the vffcctlve force by using a local interaction. It has been‘sbown
[27,28] that the sccond oxdcr contributions su¢h as (h,a) , («,t) -and also
(h,a) , (a,h") - are essential in explaining the main features ’GJ of the (h,t)
reaction.iThese brecesses lead[27] to a strongly complex‘and‘non local‘effecf-
tive interaction., Investigations are currently done‘27 to see whether or not
the long range complex interactioﬁ neededvin this work arises from such proces-
seé. Also, the interference between one and two-step amplitudes depend on the
phase of the optical wave functions used in the caiculatibn. This phase seems
to be independent of the particular set of parameters chosen for the opticai'
potehtial. Neverthelesé, it would be interesting to cbeck the properties of:the
effectivevinteractidn we have observed by.looking on the tranSitione to the
2¥ EA  for other nuclei, Finally, the shift we obtain in the angular distribu-.
tion should also be predicted by theIVibrational model. A eoupled'channel ana~
lysis has been carried but[s] for these transitions, and leads ‘to a similar
shift for 62Ni when a complex interaction is used; However, as said earlier,
the form factor for the‘ G - EA , as well as for the G -+ A transition, is
obtalned by maklng the dlfference between the h and t optlcal potential, |
assuming 1sosp1n 1nvar1ance Part of this dlfference comes from the different
radiji of the two projectlles Wthh are therefore absorbed at a dlfferent place.
Since the change in size between the h and t partlcles 'is mainly a Coulomb
effect, the assumption of- these two progectlles belng good analorues is not true.
Th1s cast some doubt on the origin of the imaginary part of thc coupllng poten-
tial in a macrOQCOplc model of the charge exchange reaction, and was one of
our motivations to undertake thls study. As we have seen, one needs complex cou-
pling cven in a microscopic model. The question remains however, to see if therc
is a spurious part in fhe'iMaginary from faetor-of the macroscopic model, due
to Coulomb effecfs_ An interesting expériment Woﬁid be the comparison of h and
t elastic scattering on a T= 0 nucleus at an energy high cnough so thet the
Coulomb barrier plays a minor role, If 1sosp1n invariance holds, the h and t

optical potentlals should be identical, and espe01ally it should be poss1ble to

fit the elastlc croqs sectlons w1th the same radlus for the 1mag1nary potcntlal

One of the authors (R.S.) isﬁgrateful to the Lawrence Radiatien Labo-

ratory‘for its hospitality while this Qork'was done.
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TABLE CAPTIONS.

Table»l'é thiéal parameters forvthevhelion and triton channels,
Table 2 - Renormalizations Wb'and )h of the proton and neutron densities
' ' of‘Gillet.et'al" , needed in order to fit the experimental cross-

séction strengths. The ratio vp(n/p) of neutron to proton excitation
. . o : i \
is defined in the text.
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" TABLE 2
\' r a w r a
v
170.6  1.143  .712° 18.5 1.6 . .829

153 . 1.24 .678 94.7 1.45 .841
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TABLE 2
58 60 | 62 64
A 4.2 3 2,6 -3
p B
A
n
pp' 1.3 | o0.9-1.4 1.1
—-—————————————;—~—,— L"--—"",—""ﬂ ————————— Pm———————— o —————
o ' , ' »
o D 1.8 1.7 - | 1.5-1.7 2
@ _
] ) .
& -Di(I) 1.7 1.5 1.3-1.5 1.7
b = . ,
g D+1I : .
o =74 1.8 1.8 1.7-1.9 1.9
- D+1 , '
o 1.8 1.7 1.4-1.7 1.9
bb
g =0
~ D+1 :
: : . .7 .6-2 2.3
o /4 1.9 1 1
4
® D+1 o
' 1.9 2, 1.6-1.9 2.4
=2
Th ) 2.6 3 2.5
- pp' . 0,8-1.2 1.3
D > 1.4 1.7-2 1.7
~ 2.25 fm range - ,
N D+T 1.2 1.5 1.8-2.3 1.6
B:_ | | ?£:7(/4
' 3 fm range :
DI 1.3 1.7 1.8-2.2 { 2,
=2 : . :
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FIGURE‘CAPTIONS

v Figure 1 - Varlous transltlons con51dered 1n the calculatlonq G stands for-
' - ground state, E for excited state, A and AE f01 analogue and

fexcited aﬁanalogueﬂsfates{
Figure 2 - Cross- bectlona for exc1t1ng the 10west 2 statc (E) of Ni and its

58 s .
Cu-, The various curves correspond to various -

analogue (AE) in
_renormallzatlons of the tranSition densities.‘The proton transition
dénsity is obtained from the EM transition rate, whefeas the neutron
transition dens1ty 1s adgusted : ' |
1) to reproduce the (p,p ) cross-sectlons (dashed line), or
ii) to reproduce the (h, t) cross-section (full 11ne, and dash-dotted
11ne, correspondlng to the two possible signs of the 1sovector
transition den81ty) '

Figure 3 - Cross—section strength at first maximum (ardundv259) for excitihg

58\i and its analogue (AE) in 58Cu as a

the lowest 27 state (E) of
function of tﬁe neutron transition density. %h is the factor by

which the calculated neutron transition density is renormalized,
p(n/p)"is_fhe ratio of. neutron ovér proton excitations, as defined

in the text.

Figure 4 - Cross-section for'ihe (h,t) transition to the 2% STATES (EA) in the
Cu isotopes, analogues of the Zf collective statés in Ni , The dashed
line corresponds to a pure direct (D). transition, the full line to
the calculation‘(D4I)vinciuding indirect transitions via thé'ineléstic
channels. The effective force (a 2, Zofm range gau351an) for thc tran~'

51t10ns is taken to be real,

Figure 5 - Same as Fig.4, except for the effective force which is multiplied
by AVE '
Figure 6 ~ Same as-Fig.4, except for the effectivé force which is multiplied
by 12 . ' '
Figure 7 - Same as Fig.4, cexcept for the effective forcc which has a longer
' range (3fm gaussian) and a phase elm/4 .
Figure 8 - Same as Fig.4;'except'for the effective force Which-haé a longer

eivvz

range (3fm géusSian) and a phase.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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