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SOME NEW FEATURES IN THE MICROSCOPIC THEORY OF (He3 ,t) REACTIONS* 
· .. t 

R. Schaeffer 
Lawrence Radiation Laboratory, University of California, 

Berkeley, California 94720 · 

I. ·INTRODUCTION 

The (He3 ~ t) reaction turns out to be1 
'
2 

'
3 a powerful spectroscopic 

I 

tool for nuclei which can be reached otherwise only by particle transfer 

reactions. This was achieved oniy recently, after G. Bruge et al. have shown1 

(Fig. 1) that the angular distribution was as typical, for a given angular 

momentum trans fer, as for (a ,a' ) scattering. Simple rules could be ·stated, 

which permitted one to identify nuclear levels with their spin. The interest, 

which previously was mainly in analogue states of the target nucleus, is now1 
•

2 
'
3

· 

. more specifically in the lower excited states of the residual nucleus. The 

·excitation of these states involves an isospin transfer ~T = 1, since initial 

and final bound states differ generally by one unit isospin. Tnis cah, in gen-

eraJ., only be described in terms of a microscopic model of the charge exchange 

reaction. With such a model two major problems have to be solved in order to 

deduce the experimental results from theory: one needs a good description of 

the initial and final bound states and also a good description of the reaction 

mechanism. vle shall discuss more specifically this latter point, that is, con-

·sider cases where the microscopic structure of the target is reasonably well 

known, and try there to reproduce the experimental cross-sections . 

\iork bktially supported by the U.S. Atomic Energ~r Corri.mission. The first 
· p13rt of this woi·k was done at Saclay, in collaboration with P. Kossanyi-Demay, 
P. Roussel, and lL Faraggi .. 

t . 
On leave of absence from C.E.N., SACLAY, France. 
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The (He3 , t) reaction has features very si.milar to the inelastic scat-

tering of light projectiles, and in the fo~er case it is possible to find so~e 

target nuclei where core polarization effects are presumably small whereas they 

are important ih almost all cases for inelastic scattering. To some extent 

the (He 3 ,t) reaction is therefore si.mpler than inelastic scattering and, if the 

former process is understood, it may be possible to learn something on the 

latter. 

On the other hand, of course, the charge exchange cross-sections are 

very snall and two step processes for instance may be more important than for 

inelastic scattering. 

II.. THE CENTRAL D.W.B.A. 
'4 

The microscopic description of the (He 3 ,t) reaction is usually5 done 

' by using an effective force acting between the projectile center-of-ma3s aJJ.d 

the excited nucleon in the target. The nucleon-nucleon interaction is generally 

restricted.to its central part: 

and the effective interaction is then: 

f(;) = J f(-;_-;, )p(-;' )o:;' 

That is f is the average of f over the mass distribution p(-;) • 

of the projectile: 

_.. f ~ ~ _.. -+' -+ _.. ' ., ,-.. _.. _.. + + 
p(r) = · uJ 

3
(r,r' ,r")wt(r,r' ,r' )6\.r+r'+r")dr'dr" 

He 

vhere w stands. for the in".:ernal (spatial) vc:..ve function of the projectile 

.f has in general a snoothcr behavior as a ftL'1Ction of r than f. 
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It has been shown5 that if 
-+ 

f(r) is a Gaussian, f is still a 

Gaussian, but of larger range. ·For a Yukawa nucleon-nucleon interaction, the 

average over the projectile leads6 to a Yukawa shape only at large relative 

distances: 

f(r) rv f(r) (0> sh r'/ll_p(r')r' 2dr' , 
larger Jo r'/}1 

f(r) = 
-r/}1 

e 
r/}1 

Incidentally, one can see that, since the nuclear forces are of short range, 

sh r/}1 increases rapidly with r and the contribution of p(r) to the effec-

tive force comes mainly from the projectile surface. 

. 48 . 3 48 We shall be especially interested 1n the Ca(He ,t) Sc experiment 

made at Saclay by G. Bruge et al. 1 which presents all the typical aspects of 

(He3 ,t) reactions. Moreover, since the doubly closed shell picture of 
48

ca 

7 48 . 
was seen to be very good, the lower states of Sc are probably rather pure 

-1 
f
7
; 2(proton)-f712 (neutron) excitations. 

-1 
Configuration mixing-(with p312-f7; 2 

for instance) is presumably small for this odd-odd nucleus since the f 712 shell 

-1 48 + + 
is a major shell. All the f 712f 712 states in Sc, with spins from 0 to 7 , 

were seen (Fig. 1). 
++ 

The 2 7 doublet is however not very well resolved. The 

only strength for natural parity states is y. For unnatural parity states, 

only 6 contributes. The angular distributions are typical for each spin 

transfer, as was seen (Fig. 1) for all the N = 28 nuclei. This seems there-

fore to be an ideal case for extracting the strengths y and 6 from 

experiment. 

A. Choice of the Parameters 

The uncertainties related to the choice of the optical parameters 

are rather small, although several sets of optical parameters which fit the 

elastic data can be obtained. The binding energy of a proton in the f 712 
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shell also is unimportant~ aince a change of 7 MeV in this parameter leads 

only to a . 6.cr_~ 30% variation. Saxon-Wood and harmonic oscillator radial 
(J 

wave functions give almost the same cross-sections. Neither the magnitude of 

the cross-section nor the angular distribution are influenced by the change 

of the f 712 proton orbital into a p
312 

orbital (Fig. 2). This is due to the 

strong absorption, which does not allow the projectile to see the details of 

the nuclear interior. For that reason angular momentum assignments can be very 

easily made, since the cross-section shape is independent of the structure of 

* the considered level. Comparing (Fig. 2) the cross-sections predicted assuming 

different particle-hole configurations shows also that the theory predicts no 

systematic difference in magnitude between in-shell and cross-shell transitions. 

We consider therefore the 48ca(He 3 ,t)
48

sc as a typical charge exchange 

experiment. 

On the other hand, the cross-section is very sensitive to the para-

meters of the nucleon-nucleon force. For (p ,p') scattering, very good results 

could be obtai~ed by using a force which describes the interaction of the low-

energy nucleons at the nuclear surface. Such forces have either Yukawa 

shapes9 with a range of about 1.4 fm or Gaussian shapes10 with a range of about 

1.8 fm, and are equivalent9 
'
10 to a G-matrix interaction for low-energy nucleons. 

This leads to an effective interaction for the (He 3 ,t) reaction with either a 

1.4 fm range Yukawa shape (within the remark made earlier, that actual shape 

is slightly smoother) or a 2.3 fm range Gaussian shape. 

* 'This rule holds even for unnatural parity states when a tensor term is 
adcted to the nucleon-nucleon force if there is no configuration mixing. For 
cross-shell transitions to natural parity states there are however some 
deviations due to the interference of central and tensor terms. 8 

··,,,,.; ... ' . ' .,\'' ,.; !,'·-.. \ 

, ... 
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B. Angular Distributions 

For natural parity states, the angular distributions obtained using 

a l. 37 fm range Yukawa interaction agree q_uite well with experiment. Slightly 

better fits can however be obtained (Figs. 3 and 4) with a shorter range force 

(l fm), especially for large spin transfers. The 2•3 fm range Gaussian gives 

only a small improvement compared to the l fm Yukawa (Fig. 5), mainly because 

the Fourier transforms of these two interactions have the same low-energy 

components. 

For unnatural parity states two orbital angular momenta can be trans-

ferred: L = J - l and L = J + 1. The experimental angular distributions 

show that the L = J + l transfer is the strongest (Fig. 1) and dominates in 

this reaction. This is deeply in contradiction with the microscopic model 

using central forces, which predicts L = J- 1 (Fig. 6). 

C. Cross-Section Strengths 

There is practically no hope to extract the force parameter 6 from 

experiment, since theoretical and experimental angular distributions are in 

disagreement. For natural parity states (J = 0, 2, 4, 6) on the contrary there 

are four independent determinations of y (we shall call this parameter VJ' 

in order to emphasize its dependence on the angular momentum transfer J). 
r 

For both Gaussian and Yukawa shapes , VJ is found to increase strongly with 

J (Fig. 7). The ratio v6;v
0 

is about 3.5 for the Gaussian interaction and 

nearly 10 for the 1.37 fm Yukawa. The phenomenological 1 fm range Yukawa 

gives almost the same results as the Gaussian (i.e., v4;v
0 

rv 4) since, as 

said earlier, these two radial forms have similar Fourier transforms. 

The large effects obtained vrhen varying the force range suggest to 

try other (local) radial shapes, in order to describe the (He 3 ,t) reaction using 
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a completely phenomenological interaction, but which has the advantage of 

reproducing the experimental result. A Saxon~Wood shape (or its derivative) 

may be suitable since such potentials describe elastic and inelastic scattering 

of a nucleon by light particles. We find however that the behavior of the 

force at relative distances smaller than 2 fm has practically no effect on the 

cross-section (this is aresult of the strong absorption). Therefore all radi-

al shapes which have the same slope between 2 and 5 fm give equivalent results 

(Fig. 8). Using the fact that we have now two free parameters (the radius and 

the surface thickness) instead of one (the range), it is possible to get some 

improvement (Fig. 5), but the interaction which gives the right magnitude for 

+ + 
both 0 and 6 cross-sections is an unrealistic square well (Fig. 5) .. One can-

not therefore conclude that these shapes are really better than the Yukawa or 

the Gaussian. 

A detailed comparison between the cross-sections obtained using a 

Yukawa shape f(r) or its average f(r) over the projectile density shows 

that the approximation of Wesolowski (i.e., replacing f by f times a 

constant) is very good for low spin states, but leads to underestimate the 

ratio v6;v
0 

by about 30% for a 1.4 fm range Yukawa and by about 50% for the 

l fm range Yukawa. 

;· Similar discrepancies for the effective strengths are found2 for 

54 3 54 90 3 90 . . . 
Fe(He ,t) Co, and Zr(He ,t) Nb reactJ.ons (FJ.g. 9). 

"' 
D. Conclusions 

It is not possible to obtain a good agreement with experiment for the ·~-~ 

cross-section strengths with any local radial shape using reasonable parameters. 

TI1is suggests that the projectile-target nucleon interaction is strongly non-

Jocnl and that t\vo step processes or exchange effects may be quite important. 
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The same type of discrepancy was s.een11 
· in (p ,p') scattering and 

was precisely removed12 
•
13 

•
14 .by including a knock-on term in the scattering 

amplitude. For a (p,p') reaction at 25 MeV, exchange effects raise14 (Fig. 10) 

the 6+ cross-section by a factor of 12 whereas the O+.cross-section remains 

practically unchanged (Fig. 10). For this reason, several authors2 
•
4 have 

suggested that the exchange effects for composite particles be taken into 

account. These effects are probably reduced because of the strong absorption, 

but the problem is to know by what amount, in order to see if they can remove 

the discrepancy seen in (He 3 ,t) reactions. 

III. EXCHANGE EFFECTS1 5 

We take here account of the exchange effects arising from the anti-

symmetrization of projectile and target wave functions. The formalism we 

propose is simple, but accurate enough to give a definitive answer about the 

size of the exchange effects. We use the approximation that Petrovich et al. 13 

have derived for (p,p') scattering, which introduces very small errors for high 

3 3' 
spin transfers. Exchange effects are as important1 5 for ( a.,a'), (He ,He ) and 

(t,t') as for (He 3 ,t) and our conclusions about their magnitude can be extended 

to these reactions. 

A. Formalism 

The total Hamiltonian H of the system can be split into a part 

describing the projectile motion HP' a part c.escribing .the target HT and 

the projectile target interaction 

H = Hp + ~ + vPT 

We shall call I\)! ) the anti symmetrized eiger.functions of Hp and I~ ) the 

antisyl11."!1etrized eigenfunctions of HT. j1)J ) can be expanded in a sum of 
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Slater determinants of the target shell-model states. Assuming that this sum 

can be restricted to unoccupied states in the target nucleus, we can write1 5 

' 
the transition amplitude in the D.W.B.A. approximation: 

T = ( Hf1)JfjvPTP\1j!i } 

IH1)!> =A<!H> 11)!>) 

A is the operator which antisymmetrizes the two wave functions jH) and 

11)! } . 

The same assumption concerning the expansion of the projectile wave 

function has to be made14 when exchange effects for (p,p') scattering are 

calculated. It was seen14 there that this assumption was not really restrictive 

for (p,p') scattering. 

T can then be expanded in terms of the matrix elements of the two-

body nucleon-nucleon force. This expansion is exactly the same as the one used 

when exchange effects are neglected. The only difference is that the direct 

matrix element entering in the latter expansion is replaced by the antisym-

metrized one. This is a very likely feature, since the interaction of two 

nucleons should in all cases be described taking the Pauli principle into 

account. The approximation of Petrovich et al. 13 can be used to replace the 

antisymmetrized matrix elements by direct ones with an effective (local) 
I' 

force: 

<asjv{!yo >)-joy>)"' <aslv+v'lyo > 

"' -+ 'J ik·; -+ -+ f(k) = e · f(r)dr 

... 
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The mixture for the potential v' can be. obtained from the mixture of v in 

a straightforward manner. 15 
•

16 The effective force for the (He3 ,t} reaction can 

then be deduced by averaging over the projectile density, f(r) is changed into 

f(r) and o(r) into p(r). 
-+ 
k is the relative momentum of the two exchanged 

nucleons, and is given to a good approximation15 by 

-+ m-+ 
k=-K 

M 

-+ 
m is the nucleon and M the projectile mass. K is the projectile momen-

tum: K = /2ME' (E is the projectile energy). 

We have taken a Gaussian forn for p(r). More realistic shapes 17 

have exactly the same tail (Fig. 11) and therefore bring only a very small 

improvement. 

B. Results 

We shall restrict ourselves to natural parity states for which the 

. 4 . 
central nucleon-nucleon force is acceptable. Even if it has not a realistic 

origin, the l fm range Yukawa force gives good angular distribution and leads 

to a ratio V 6;v 
0 

which is not too large (about a factor 4). We therefore 

use this interaction, assuming a Serber mixture. The dependence of exchange 

effects on range and mixture parameters will be investigated later. 

I' + The 0 cross-section is only slightly increased when exchange is 

taken into account (Fig.12), as was the case for (p,p')scattering14 (Fig. 10). 

6+ . 
On the other hand, the cross-section 1s multiplied by more than a factor 2 

at the first maximum (Fig. 13), and almost a factor 3 at larger angles. The ex-

change contributions increase regularly with increasing spin transfer (Table 1). 

This partly removes the discrepancy due to the relative strengths of theoretical 

and experimental cross-sections (Fig. 9). Exchange effects are even more impor

'·+ 
tant for a Rosenfeld mixture, and increase the 6 cross-section by a factor of 4 
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(Table 1, Figs. 9 and 13), but such a force gives. very poor results for (p ,p') 

scattering calculations. 12 There are on the other hand some theoretical 

arguments in favor of a Serber mixture, 9 
'
10 and moreover, the latter gives 12 a 

good agreement between experiment and theory concerning the magnitude of (p,p') 

cross-sections. 

The Gaussian interaction gives results essentially equivalent to the 

1 fm range Yukawa force. The reason, as said earlier, is that the Fourier trans-

forms of the two radial forms are almost the same in the energy range we con-

sider here. For the 1.37 fm range Yukawa, the direct term decreases more rapid-

ly with increasing spin, and the contribution of the exchange term is therefore 

. + + 
relatively more important for the 6 than for the 0 (Table 1). 

A comparison made betvreen the effective strengths obtained analyzing 

the 3 48 54 90 (He ,t) experiments ~m Ca (Ref. 1), Fe (Refs. 1 and 2), Nb (Ref. 2) 

show that, in the three cases, the exchange effects have the same magnitude 

within 10% for a given angular momentum transfer. The results obtained for 

48 
Ca can therefore be considered as typical, (Fig. 9). 

The energy dependence of the exchange effects is rather small. Using 

the 1 fm range Yukawa interaction, one gets practically the same improvement 

for 18 MeV and 75 MeV incident He 3 projectiles. However this feature depends 

strongly on the choice of the nucleon-nucleon interaction, and may be very ,. 
different for more realistic forces. 13 

C. Conclusion 

3 . 
Exchange effects are quite important in (He ,t) scattering. This 

seems15 to be valid also for inelastic scattering of composite particles with 

mass 3 and 4.. These effects are however not strong enough to e~plain the 

d . . th 48c ( 3 ) 48s . r· 1.screpancy seen 1.n e. a He , t c react1.on. n the most favorable case, 

• 
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the ratio V 6;v 
0 

is still about 2. 6 (Rosenfeld mixture, l fm Yuk.awa shape). 

Comparison with (p,p') scattering shows that the strong absorption reduces 

considerably the exchange effects. For 25 MeV protons, the cross-section for 

a 6+ ( the f
712 

~ f
712 

transition to state is increased by a factor of 12 Fig. 

10) (Serber, 1.37 fm Yukawa). 3 For (He ,t), this factor is reduced to about 2. 

IV. THE TENSOR INTERACTION 

The excitation of unnatural parity states occurs through a strong 

tensor term in the effective interaction between the projectile and the excited 

nucleon in the target, as preliminary calculations indicated in Ref. 4 and as 

it was shown18 by Kunz and Rost, (see the talk given by Rost at this same 

conference). Such a term may arise from the nucleon-nucleon interaction: - Kunz 

and Rost have therefore made calculations using the OPEP19 potential, but treat

ing the He3 and H3 as point projectiles (OPEP "point" interaction). We have 

investigated how this potential is altered when performing the average over the 

projectile density (OPEP "averaged" interaction). Vle use the helici ty formal-

ism20 of J. Raynal for the geometrical coefficients. 

A. The Average Over the Projectile 

The nucleon-nucleon interaction contains a tensor term of the form19 

~ 

T(r) = 
~ ~ ~ 

a ·rcr ·r 
1 2 

2 
r 

The average over the projectile leads to an effective force 

T(;) = JT(;' )p(;_;, )d;' 

and T has therefore the form 

T(r) = v'T(r)s
12 

T(r) = J T(r' )p2(r,r' )r•
2
dr' 
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The similar formula for the central part is 

and 

- f 2 f(r) = f(r' )p
0
(r,r'}r' dr' 

are defined by p(-;_-;,) = E r'~(r)}~(r' )p
1
(r.,r'). For a central 

LM 
force, when f(r) has a Yukawa form, f(r) has the same form at distances 

larger than 3 fm. The main difference for the tensor in~eraction is that p2 

reaches its· asymptotic form at much larger radii than p
0 

and therefore r(r) 

has a Yukawa behavior (if T(r) is a Yukawa) only for r larger than 4 or 5 

:f'm. It is therefore much less justified to take the same form T(r) for 

nucleon-nucleon and (He3 ,t) scattering than it is for the central term. 

B. The OPEP Interaction for Point and Composite Projectiles 

The radial forms of the OPEP interaction (Fig. 14) have a positive 

curvature. When averaged over the projectile matter distribution, the curvature 

of the tensor part T(r) becomes negative and it has a somewhat larger range 

since it is increased for large r and depressed for small r (Fig. 14). At 

very large radii (Fig. 14) T(r) has almost the same form as T(r), but is 

larger by a factor 1. 3. For the central term, which has a Yukawa radial form 

of range 1.4 fm, the approximation of WesolOiv"Ski6 leads to the same factor 1.3. 

Moreover, the 1+ cross~section of the 48ca(He3 ,t) 48sc reaction is also increased 

by a factor (1.3)2 when the OPEP "point" is replaced by the OPEP "averaged" 
~· 

interaction. This would be in favor of applying the same approximation6 for 

tensor and central forces. But for the 7+ state, on the contrary, the cross-

section calculated taking the finite size of the projectile into account is 

smaller: T(r) has a much smoother behavior than T(r) as a function of r. 

Making the same approximation as for the central term, i.e., replacing r(r) 

by l. 3 T(r) leads to an error of about a factor 3 in the cross-section normal-

ization. This means that the ratio VJ/V
1 

of the effective strengths needed 

v 

. ~. ~.. . 
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in order to explain the magnitude of the experimental cross-sections is increas

ed by a factor l. 7 for J = 7, (Fig. 15). For the 
48

ca(He3 , t) 
48

sc experiment, 

this ratio, which is approximately independent of J when assuming a point 

projectile, is actually increasing when the finite size of the projectile is 

taken into account, (Fig. 15). 

C. Simple APproximation for the Average OPEP Interaction 

After the average over the projectile has been performed, the overall 

trend of the OPEP radial form is very similar to the one shown by a Yukawa term 

times 2 
r . We have taken advantage of that, and fitted the "equivalent" 

2 r x Yukawa form defined by: . 

00 

(~" T(r)r2dr 
)2 fm 

00 

= ( r 2'T(r )r2
dr 

)2 fm l 2- 2 
r e(r)r dr 

fm 

That is (Fig. 14) 

2 e-r/0.878 
S(r) = 1.7 r r/0.878 

The c~oss-sections calculated using 8 and T are very close, the difference 

is smaller than 5% at angles lower than 50°. Such a good result could be 

obtained mainly because e and T have similar curvatures. 

D. Effective Strengths for Various Reactions 

We have used the OPEP potential in order to extract effective 

t th f th t . t t 1 . . 48s 54 s reng s rom e cross-sec 1ons o unna ura par1ty states 1n c, Co 

and 90h~ (Fig. 15). The finite size of the He3 and H3 particles has been taken 
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into account, but T h b l d b •t ur2 
X ·Yuk.ana - · l t" as een rep ace y 1._ s .. equ1. va en e. 

The smooth variation of ecr) with r leads to larger ratio 

- V 
3
;v 

1 
(Fig. 15) than those obtained by assuming a point projectile. 

On Figs. 9 and 15 it is possible to see the main difference between 

natural and unnatural parity states. For the former, the force strengths 

increase with increasing spin and show a very similar trend for all the in-shell 

transitions we have considered. On the contrary, for unnatural parity states, 

where the tensor term contributes, there is no typical behavior (Fig. 15). 

This difference may be explained either by configuration mixing (Z. Rost, this 

report) or by the fact that the force we have choosen is not the best one, 

although it is very similar to forces 21 describing the interaction of two 

nucleons at the nuclear surface. It would be therefore very interesting to 

study cross-shell transitions where both central and tensor terr~ contribute, 

in order to get a better determination of the relative strength of central and 

tensor forces. 

I am indebted to J. Raynal for helpful discussions a~d for kindly 

introducing me to the use of his "helicity formalism". I would like to thank 

N. K. Glendenning for fruitful comments and P. Kossanyi, P. Roussel, and 

H. Faraggi for many discussions when-starting the work on the tensor force. 
,/' 

I am particularly grateful to G. Bruge et al. for allowing me to show their 

experimental results. 

• 

.... ::': · . .-···.--::;,. , ... 
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TABLE I. Ratio <J[D+E]fcr[D] of the cross-section including exchange 
effects (<J[D+E]) to the one neglecting them (<J[D]) at the first maximum for 
various spin transfers. Column 1 gives the energy of the incident He3 particle 
and column 2 gives the type of radial shape used for the nucleon-nucleon 
interaction, that is, before averaging over the projectile. This average has 
been performed in the calculation. The mixtures used are the Serber (S) and 
Rosenfeld (R) ones. 
=--=~ 

Energy Rad. Shape of Mixture 
48Sc + 2+ 4+ 6+ (MeV) N-N force 0 

30 Yuk.. lfm s 1.3 1.5 1.8 2.2 

30 Yuk. lfm R 1.6 2.1 2.8 3.9 

30 Yuk. 1.37 fm s 1.1 1.3 1.7 2.4 

30 Gauss l. 78 s 1.4 1.6 1.9 2.5 
(2.32) 

18 Yuk. 1 fm s 1.3 1.5 1.8 2.3 

75 Yuk.. 1 fm s 1.2 1.4 1.6 1.9 
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FIG1JRE CAPTIONS 

Fig. l. This figure is taken from the work of G. Bruge et al. 1 Experimental 
angular distributions for the N = 28 nuclei which can be classified to 
suggest spins. The curves drawn through the experimental points are 
experimental curves. 

da / (~J .. ) 2 Fig. 2. Taken from Ref. 4. Predicted angular distributions ,.. for 
+ 52 <iC2 JlJ2 

the second 2 level in Mn, with different assumed configurations. The 
G factors are defined by J. Raynal. 2 0 Their values are: 

( 2 . -1 -1 ) -1 . -1 ) G) = o.38 cr
712

f
712

), o.o5 (f
512

f
712

, o.~l (p
312

f
712

), o.27 Cf
512

f
512 

, 

( -1 
0.16 p

312
p

312
). Calculations are made with a Yukawa interaction of range 

l fm; bound state wave functions are calculated in a Wood~Saxon well with 
the convenient binding energies. 

Fig. 3. Taken from Ref. 4. Fits obtained for the 0+ analogue state with a , 
-a.r 

Yukawa interaction _e ___ . and different ranges. 
ar 

Fig. 4. Taken from Ref. 4. Typical fits for non-analogue states, obtained 

with a Yukawa interaction e-ar ( ) -- V a is the coefficient of the ar T 
term in the effective force. It is denoted y in the text and has 

been adjusted in order to fit the experimental strength of the cross
sections. 

Fig. 5. Taken from Ref. 4· 
e-ar 

Yukawa -- , Gaussian 
ar 

Fits obtained using different radial form factors: 
(r/o)2 r-r0/a -1 

e- ~ ,Wood-Saxon (1 + e ) • 

V is denoted y in the text.and has been adjusted in order to fit the 
eiperimental strength of the o+ cross-section. 

Fig. 6. Taken from Ref. 4. Exp~Bimental and calculated differential cross
section for the 3+ state in Sc. VT is denoted y and VaT is denoted 
o in the text. The cross-section assuming pure orbital angular momentum 
transfer L = 2 ( L = 4) has been calculated assuming VaT = VT arid using 
tp.e force strength VT needed in order to fit the experimental cross
section normalization of the 2+ (4+ for L = 4) state. 

Fig. 7. Taken from Ref. 4. VA is the strength (denoted y in the text) 
needed in order to fit the ex~erimental cross-section normalization 
relative to the transition 0 4 A+ as a function of the angular moment~~ 
transfer A. The ratio VA/v0 is considered for natural parity states 

'-} 

e-r/]J 
and for different shapes: Yukawa I , ]J = 1/a = l. 37, l, 0. 83 or 0. 71 ,) 

or Gaussian e -(r/B )
2

, S = l. 7 or 2 .~ ]J 

Fig. 8. Taken from Ref. 4. Various radial shapes for the nucleon.,-nucleon 
force, normalized in order to get the same cross-section for the first 
maximum of the o+ state. The "Effective Yukawa" >vas calculated by 
Wesolowski et al. 4 and is obtained when using a Yukawa nucleon-nucleon 

' 
. ' 
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interaction but taken the finite size of the projectile into account. The 
(dcr/<ill)J (GQ .)2 

ratio R is defined as R = ( I ~) JJJ 2 ; (dcr/<ill)J=O refers to 
dcr dH J=O (Gjj) . 

the value of the differential cross-section relative to the 0+ state at 
its first maximum. J is the angular momentum transfer. G is defined 

b J R . ( 0 ·; J ) 2 y . aynal ~n Ref. 20; the ratio Gjj Gjj is equal to the ratio 

(D(O,O,O)/D(J,O,J)) 2 , D being defined by Madsen in Ref. 5· He have 
chosen the ratio R, rather than the ratio of the differential cross
section, since it is almost independent of j, that is, the peculiar 
shell-model configuration for this in-shell transition. R is given 
at the three first maxima of the o+ cross-section and only at the first 
maximum for the J = 2, 4, 6 cross-sections. Thes.e values should be 
compared to the experimental ones: R = 1, 0.34, 0.37 for the o+ state; 
R = 3.8 (2+); R = 4.2 (4+); R = 4.4 (6+). 

Fig. 9. Ratio of the effective strengths VJ and v0 needed in order to fit 
the magnitude of the experimental cross-sections. J is the angular 
momentum transfer. [D] is the calculation neglecting exchange effects and 
[D+E] the one including them. S stands for a Serber and R for a 
Rosenfeld mixture for the nucleon-nucleon interaction. The 48sc states 
and the 6+ state of 54co are taken from the experiment of G. Bruge et al. 1 

at 30 MeV. The other cross 'sections were measured by Hayakawa et al.2 ~ 
with 37 MeV incident projectiles. The strengths obtained when neglecting 
exchange effects were calculated in Ref. 4 (48sc) and in Ref. 2 
(54co, 90llfb). The result for the 2+ state of 48sc is only indicative, 
since this state is mixed with the 7+ state. 

Fig. 10. Taken from Ref. 14. Ratio p of total cross-sections including or 
not exchange effects for (p,p') scattering. The assumed transition is 
f 7 /2 + f7 /2 and the optical parameters are taken14 from elastic proton 
scattering on ca40 at 20 MeV. Various spin transfers are considered, and 
a Serber mixture has been assumed for the nucleon-nucleon interaction. 
The results are similar for (p,n) reaction: For a Serber mixture, the 
ratios p would be equal for (p ,p') and (p ,n) reactions if the same 
optical parameters could be used. 

Fig.l'll. Comparison between Gaussian and Fermi radial forms for the (He 3 ,t) 
mass distribution. w and z are taken from Ref. 17.' A and c have 
been chosen in order to fit the mean square radius; p(r) is normalized 

to Jp(-r)r
2
dr = 1. 

Fig. 12. Comparison of experimental and theoretical predictions for the cross
section relative to the excitation of the o+ state at 6.72 MeV of 48sc. 
[D] is the calculation neglecting and [D+E] the one including exchange. 
S stands for Serber mixture. 

Fig. 13. Comparison of the experimental and theoretice~ predictions for the 
cross-section relative to the excitation of the 6+ ground state of 48sc. 
[D] is the calculation neglecting and [D+E] the one including exchange. 
S stands for Serber mixture and R for a Rosenfeld mixture. 
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Fig. 14. Radial part of the tensor interaction. The 11point" OPEP19 radial 
form (T(r) in the test) is derived for nucleon-nucleon scattering. The 
same radial part in the effective force for (He3,t) is obtained when the 
projectile is assumed to be a point. When averaged over the projectile 
densit:t:_, the OPEP potential leads to a tensor term with a dif_ferent radial 
part (T(r)). At 5.8 fm~ the line indicates that the ratio T(r)/l(r) is 

1.3. The radial form referred to as r 2e-r/JJjr/)..l has the same volume 
integral and mean square radius as t(r) (considering only relative 
distances larger than 2 fm). Its parameters are given in the text. 

Fig. 15. v3 is the strength (denoted r5 in the text) needed in order to 
fit the experimental cross-section normalization relative to the transition 
o+ ~ J+ as a function of the angular momentum transfer J. The ratio 
v3;v1 is considered for unnatural parity states. The OPEP potential19 

has been used for the nucleon-nucleon interaction. The projectile has 
been assumed to be a point (dashed line) or of finite size (full line). 
The strengths VJ assuming point projectiles for the 54co and 90Nb 
states are taken from Ref. 2. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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