
Lawrence Berkeley National Laboratory
Recent Work

Title
THE MICROSCOPIC ANALYSIS OF A CHARGE-EXCHANGE REACTION: 4

Permalink
https://escholarship.org/uc/item/0n93x42w

Author
Schaeffer, Richard.

Publication Date
1970-06-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0n93x42w
https://escholarship.org
http://www.cdlib.org/


.1. 

Submitted to Nuclear Physics 

I<ECEIVED 
lAWRENCE 

nADIATION LABORATORV 

NOV 2i970 
LIBRARY AND 

DOCUMENTS SECTION 

UCR L-199,: 7 
Preprint ? 

C .t:--

THE :MICROSCOPIC ANAL ":{~IS OF A 
CHARGE-EXCHANGE REACTION: 2 Ca(3 He , t)42Sc 

Richard Schaeffer 

June 1970 

AEC Contract No. W-7405-eng-48 

TWO-WEEK LOAN COpy 

This is a library Circulating Col'-Y 
which may be borrowed for two weeks. 
For ap~rsonaJ retention copy, call 
Tech . • "to. Dioision, Ext. 5545 

, .\ . 

LAWRENCE RADIATION LABORATORY 

~ 
() 
;:0 
r 
i 

~ 

-.0 

UNIVERSITY of CALIFORNIA BERKELEY; ~ 



a 

DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal 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. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Goven1ment or any agency thereof or the Regents of the 
University of California. 



''; 

-iii-

THE MICROSCOPIC ANALYSIS OF A CHARGE-EXCHANGE REACTION: 

Richard SChaeffert 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

June 1970 

ABSTRACT 

UCRL-19927 

The microscopic 'description of the 3He ,t reaction is u3ed as a spectro-

scopic tool. First, an effective interaction is ,derived and i ~s parameters are 

deduced from some siffiple transitions. This interaction is then employed for a 

microscopic study of the 42Ca( ~e, t) 42Sc reaction using wave functions with 

both spherical and deform~!l components. The nature of'the various 42Sc even and 

odd parHy states is discussed, in peculiar the inhibition of odd-parity exci-

tations is examined and a"temptative explanation 1s proposed. 

* Hork performed under the auspic.es of the U .. S. Atomic Energy Commission. 

t On leave of absence from C.E.N. Saclay, Franc<€!. 
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1. Introduction 

Great progress has recentlyl been made in the knowledge of the (3He ,t) 

t · h' d th l' 4-7 f . t 1-5. th reac lon mec anlsm, an e ana YSlS 0 experlmen s In e f7/2 and g9/2 

shell has led to an appreciable amount of information about the transition 

operator that is needed for this charge exchange reaction. The central part 

has to be strongly renormalized3,4,6 for the scattering to natural parity states 

when a high angular momentum is transferred. For unnatural parity states, a 

tensor force is needed7 ,8,9 and, indeed, dominates in the transition. There 

to be enough data available for nuclei with simple structure in order to make 

a reasonable choice of the force parameters and a quantitative spectroscopic 

study is therefore possible for a more complex nucleus, 

The 42Ca(3He,t)42sc experiment 2,10 performed by R. Sherr et al. 2 ,10 

provides a nice opportunity for such a work. 2 10 Their resolution was' very 

10 
good (9 keY) and cross sections even of the order of 1 ]1b were measured, so 

seems 

that the spectrum is expected to be very complete and excitations through the 

42 
4p-2h admixture of the Ca ground state can presumably be seen. Normally micro-

scopic calculations including many particle-many hole e:~citations are very dif-

ficult to carry out because of the large dimension of the configuration space 

involved. Here, on the contrary, one 4p-2h component is to a large extent 

favored since the four particles may form a T = 0 cluster whose binding energJ 

is very low compared to other four particle excitations. This reduces the 

dimension of the bound state problem to a manageable size without great loss of 

h b Fl d Sk 11. 11 42S .. . h accuracy, as sown y owers an ouras. Flna . y, ClS In a reglon were 

the knowledge of the (3He ,t) reaction is the most advanced. l This nucleus seems 

therefore to be a nice candidate in order to test the spectroscopic possibilities 

of the microscopic model. 
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It will be however useful to discuss the choice of the parameters for 

42 3 42 . the transition operation before using it for the Ca( He,t) Sc reactlon. A 

careful study has to be made to know for which transitions the usua17,8,9 

3 forces used for ( He,t) are valid, and for which transitions some changes might 

be necessary. 

i ,,: 

'"'." ' w' . 
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2. The Transition Operator 

8 12 
In theDWBA approximation, neglecting exchange effects,' the scat-

tering amplitude with spin and parity transfer J and 'IT can be written
13 

T = L Zii' (~WF(i'i-l)JM,'ITlvlxIWI) 
ii' 

X and Ware the optical and int,=rnal wave functions of the projectile, 

i (=n.Q,j) and i' (=n ' .Q, , j ,) are the qu:mtwn nwnbers of a parti cle in a shell-model 

orbital; v is the swn of the two-body interactions between.the excited particle 

k. and the projectile nucleons K: 

z .. , depends only on the structure of initial and final bound states I~I ) 
II 

A:~~ = \' 
II L 

m 
m' 

( _ ) j -m ( , I) + j 'm , j -m JM· p., , n. 
l m lm 

(4) 

A+ annihilates a neutron in the statei and creates a proton in the state 

if. The matrix element 

( 5) 
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is the scattering amplitude for a transition from orbital i to orbital i' 

with a spin and a parity transfer J and n. 

In order to obtain some information about the coefficient z .. , 
II 

from 

experiment, one has to know as accurately as possible the matrix element (5) 

for all transitions i -+ i' involved in the excitation of the final state of 

interest. A simple way is to find some interaction v from which all matrix 

elements (5) can be deduced. 

2.1. 'l'HE EFFECTIVE FORCE FOR (3He , t) REACTION 

In principle, v should be the free nucleon-nucleon interaction. Very 

, . 13-16 
good results have been obtalned for (pp') and (p,n) scattering using forces 

d d d f f tt " b t 'th t 13- 16 dd "t t" f th e uce rom ree sca erlng, u Wl ou space-o In erac lon or e 

central part (that is, ,a Serber-like mixture). For this reason,we take, 

( 6) 

4 () -XI with ~ = 1. 15 and Y X = e X 

0.7 } 

0.7 
( 8) 

X > 

z( X) = 0 X < 

that is a Yukawa interaction and a Serber mixture for the central part and the 

OPEP tail for the tensor interaction. In order to reduce the number of para-

meters in the force, we have taken only the central and tensor parts since these 

7-9 (3 were seen to be really needed for the He,t) reaction. 
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17 
From the nucleon-nucleon interaction it is possible to deduce an 

effective interaction between the projectile (considered as one particle with 

spin and isospin ± 1/2) and the excited particle in the target: 

that is, we perform the average over the internal wave function of the projectile. 

Assuming that w is the product of a spatial wave function and a spin-

-+ 
isospin wave function, we can define the projectile density at the point X 

( -+R is the center of mass coordinate of the projectile) 

-+'+ = J w~S) -+ -+ -+' -+ -+" -+ 
p(X - R) (X - R, X - R, X - R) • 

(10) 

w (S)(x -+" 
.-+ -+ -+" -+ -+' -+ it) 6(R -
X + X' + X ) dX'dX" - R, X - R, X - 3 I 

and the averaged radial forms 

(ll ) 

-+ -+ 
p(r - r') (r') PA(r,r') 

17 The effective projectile-target nucleon interaction, after the average over 

the spin parts of the internal wave functions has been performed is then 

(12) 
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-r -r 
acts on the target nucleon and O

2
(T

2
) on the projectile spin and 

(isospin) . 

18 3 -Wesolowski et al. have as Sl.Ulle d that, for (He,t), Y can be replaced 

by This approximation was tested8 numerically and it has been 

seen to be very good for low angular momentl.Ull transfer, but for high transfers, 

it overestimates slightly the central part of the force. Since anyway, it will 

not be possible (as wilJ. be discussed later) to keep V independent of the 

momentum transfer J, this approx,imation is not restrictive. We have plotted 

Z in Fig. 1, and this function can be seen to be very close to 

T(r) = 1.1 r2y(~,), ~' = 0.818 for r larger than 2fm, which is the only impor-

6 8 tant part of the force. The calculation made with both radial forms show 

that T leads to the same cross-sections than Z, within 5% at angles lower 

than 50°. 

Finally, the force we shall use is 

2.2 .. SINGLE PARTICLE TRANSITIONS. 

In order to briefly describe the properties of VI' we cOhsider several 

transitions i -r i' with given spin transfer J and V = 1 MeV. The calcu

lations are made with the code NENESSE19 which uses the "helicity formalism" of 

20 
of J. Raynal. We take the same opti cal parameters as in Ref. 9 

He3 channel 

r = 1.22 c 

t channel 

r = 1.22 
c 

V = 161 r = 1.16 

V = 172.6 r = 1.4 

a = 0.115 r = 1.8 a = 0.812 

a = 0.115 r = 1.4 a = 0.610. 
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'llhe choice of optical parameters is not crucial for these calculations 

since, to a good approximation, it does not affect the relative values of the 

predicted cross-sections, and we expect that the values in Table 1 can be used for all 
, 

nuclei in this mass region. The cross-sections for pure shell model transitions (i -+ i') 

are listed in Table 1, where the various transitions are classified according to 

the effect of the tensor force. For all,the natural parity transitions, the 

tensor contribution turns out to be zero (i -+ i transitions) or small (it gener-

ally lowers the cross-section). For unnatural parity transit:~ons, two possible 

L (orbital angular momentum) transfers are allowed, and since the optical potential 

-+ -+ 
used has no L'S term, the cross~section can be written as 

0'=0'. +0' 
L=J=l L=J+l 

2.2.1. .. Pure Central Force 

We shall first consider the predictions with a pure central force. The relative 

contribution of each L transfer is mainly determined13,21 ,37} by the geometrical 

coefficients~ and can be characterized by the ratio 

:::::: p = J+l J + K .. ' 2 
( n) 

J J + 1 - K .. ' 
11 

K .. , = (_}1-j+l/2 (j + 1/2) + (_}1'-j'+1/2 (j~ + 1/2) (16) 
11 

The approximation made in relation (15) is better13 for forces of shorter range. 

Two type:> of transitions can therefore be distinguished: i} transitions from 

j = 1 + 1/2 (j+) to j' = l' + 1/2 (j '+) for which p is generally larger than 

l(K > 0) and L = J - 1 dominates (TYPE l) and ii} transitions from 

j = 1- 1/2 (j-) to j' = l' - 1/2 (j '-) for which K is negative and L = J + 1 
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dominates (TYPE 2). For the transitions j+ -+ j~ (or j -+ j~) no rule can be 

established, except that for long range forces L = J - 1 probably dominates. 

2.2.2. Central + Tensor Force 

Type 1 Transitions. The tensor contribution, mostly L = J + 1, is seen 

to be very large (the central contribution is almost negligible). There is a 

significant difference in the magnitude of the cross-section for natural and non-

natural parity transfers. 
. 1 

Since such a difference is not observed experimentally, 

3 one can conclude that the OPEP tensor, interaction might be too strong for ( He, t) . 

(This point will be discussed in more details below.) 

Mixed type transitions like j+ -+ j~ are generally of type 1, that is the 

tensor contribution is large and leads to an L = J + 1 angular distribution. 

Type 2 Transitions., With the range we have used for the central force 

(1.415 fro), the,rule deduced from (15), that is L = J - 1 seems not to be very 

accurate, but for a 1 fro range force, the angular distributions correspond to 

L = J + 1, even without tensor interaction. Moreover, the effect of the latter 

is weak and leads to interferences with the central term. 

2.2.3. Qualitative Explanation of the Tensor Effects 

These effects can be qualitatively explained in terms of the form fac-

tors for the tensor interaction. As discussed in Ref. 21, the form factor which 

is the most important outside the nucleus is the one (YJ+l,J-l) which transfers 

L = J - 1 to the bound nucleons and L = J + 1 to the projectile. For the com-

parison of type 1 and type 2 transitions, we note (as can be deduced, after some 

calculations, from Ref. 20) that the only geometrical coefficient in YJ +l J-l , 
which depends on the quantum numbers i and i' is 

I 
'~' 

~' 



I 
; 

r .. ,=J+K .. ,' 
~1. 1.]. 
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There is therefore a correlation between the L transfer predicted by the ceQ-

tral force only (for which the same coefficient r .. , is involved) apd the impor-
1.~. '" 

tance of the tensor term: 

Type 1 Transitions (j+ + j~) 

K .. , is large and positive. r .. I is large. From (15) L = J - 1 dominates 
l.~ ~~ 

/' 
'for the central force, but the tensor term leads to a large L = J + 1 transfer. 

Central and tensor terms contribute therefore almost incoherently (14) to the 

cross-section. 

For j+ t. j~, there is no precise rule, but from Table 1, it is seen that 

these transitions can be classified to be of type 1. 

Type 2 Transitions (j 

Kii' < 0, J + K •. , small 
1.1. 

From (15), L = J + 1 dominates, but since r .. , is small the tensor force 
~1. 

contribution is less important. The L. transfer it predicts is also L = J + 1. 

This leads to interferences between central and tensor terms, and both terms 

have still to be included in a microscopic calculation. 

2.3. RR~L TRANSITIONS 

'The strength V can, in principle be taken from free nucleon-nucleon 

scattering and its value should be 5 MeV or slightly smaller. However, from 

typical experiments like 48Ca + 48Sc (Ref. 3), 54Fe + 54
Co (Ref. 3,4), and 40Sc 

(Ref. 9) it was seenl that, if leads to rather good angular distributipns 

(Fig. 2), its strength has to vary for each excitation considered if one wants 
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to reproduce the magnitude of the experimental cross-sections. Typical values 

" 68 
for each momentum transfer can however be found' (Fig. 3). 

2.3.1. Natural Parity States 

For the f7/2 + f7/2 andg
9

/ 2 + g9/2 transitions, where the tensor force 

does not contribute, the ratio P
J 

= VJ/Vo of the strengths needed in order to 

obtain the magnitude of the experimental cross-sections increases strongly, but 

6 ~ B 
regularly, with J. P

J 
is however rather constant' (Fig. 3) from one nucleus 

to an other. A similar feature was observed by J. M. Loiseaux et al. 9 for the 

d f t ·t:·" th 40C (3H t)40s " " t 9 S h h 11 3/2 + 7/2 ranSl lonln e a e, c experlmen. uc cross-s e 

transitions involve a contribution from the tensor term. The force VI gives 

very good fits, much better than those where the tensor strength is decreased 

with respect to the central strength. It can also be seen there9 that the 1.4 fill 

range Yukawa gives a much better fit to the data than the phenomenological 1 fm 

18 3 48 
range Yukawa, often used for ( He,t) reactions. In Sc (Ref. 6), the fits 

with these two ranges were equivalent. 

2.3.2. Unnatural Parity Transitions 

Type 1 transitions (j+ + j~ and j+ t j~). The interaction VI repro-

-1 1+ 3+ 5+ 48 
duces the angular distributions of the (f7/2 f7/2 ) , , states "of Sc 

rather well. The ratio P
J 

is seen to be almost independent of J. When the 

fits are made in order to reproduce the magnitude of the first maximum (Fig. 2), 

one gets Vl = 2.6, V3 = 2.7, and V5 = 3. 

to almost the same ratios Pj (Fig. 3). 

The 5l~Fe·~ 54C t "t" " 1 .. d 
~ 0 ranSl lons ea s 

The tensor force contribution dominates (Table 1) in the scattering 

amplitude for all the transitions of type 1. The calculation with' only half of 

: i 



'. 
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the tensor strength leads (Fig. 2) to almost the same angular distributions as 
I 

with This shows that there are practically no interferences between ten-

sor and central parts of the force. This is actually expected from (111) since 

the former contributes to 0
J

+l and the latter to 0
J

_
l

. A rough estimate, 

obtained from Table 1, shows that for the f7/2 -+ f7/2 transition, the tensor 

contribution represents 60% (1+) to 95% (5+) of the cross-section strength. One 

possibility however would be to decrease the tensor strength sufficiently to let 

and to be comparable and then try to get a better fit than the one 

shown in Fig. 2. We do not believe that such a procedure is very accurate since 

the choice of the two-body force may not be responsible for the differences 

between experiment and theory in Fig. 2. Fitting the details of the angular 

distribution would lead to different parameters for each transition, and in 

such a ease a spectrsocopic work becomes extremely difficult. On the contrary, 

reliable predictions can be made when using an interaction that reproduces the 

gross features of the angular distribution and observing that the strengths V
J 

are typical (Fig. 3 and Ref. 9) a given momentum transfer J, whichever nucleus is 

considered. 

Type 2 transitions (j_ -+ j~): These transitions are very interesting, 

since they will lead to some information about the central force for unnatural 

parity transitions. The only available data22 are the 14C(3He ,t)14N and 

14N(3He ,t)140 experiments,22 where the IP1/2 -+ IP1/2 transition may populate 

the lowest 0+ and 1+ levels. Unfortunately, very bad fits are obtained
22 

for 

the 0+ + 0+ excitations when optical parameters fitting the elastic data are 

used. One has to change22 (arbitrarily) these parameters in order to get 

acceptable fits for most of the transitions. except, however, for the 0+ -+ l~ 
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transition of interest where neith.er of the two optical parruneter choice gives 

acceptable fits. We were therefore not able to us·e this reaction in order to get 

the parameters of the force that ahould be used in all other experiments. Never

theless, it seems that a pure central interaction with a strength of about 10 MeV 

(that is 3 or 4 times stronger than for the 48Sc 1+ state (Fig. 2)) is preferred 

(but the fit is very poor). We have therefore made a rough guess (force VII) 

of what a better force might be: we use' VI only for the type 1 transitions 

and a pure, central force, 4 times stronger, for the d
3

/ 2 ~ d
3

/ 2 transition to 

'. . 42 3 42 
unnatural parity states which is the only one of type 2 ~n theCa( Re,t) Sc 

reaction. Only the prediction for the 1+ and 3+ states may differ, therefore, 

if or VII is used. 

Obviously" more data i's 'required, to Which a force reproducing both 

type 1 and type 2 transitions can be fitted. The most suitable experiment to 

b d· . 38Ar ,3H ,.,38K "e one ~s \ e,~J • 

. j 
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:3 .1. INTRODUCTION 

42 2 
In Se, one might expect to observe mainly the states built wi tIl two 

2 
particles in the f7/2 

- -1 54 
(f7 / 2 f7/2 ) and Co 

10 23 . 
appear ' however In 

configuration, as it is the case for 48Sc (Ref. 3) 

+ +. 
Two 0 and two 2 states 

the T = 1 spectrum at rather low energy, which indicate 

that there must be some mixing with 4p-2h components, as shown by Gerace and 

24 . 11 
Green and Flower and Skouras. The large density of states in the T = 0 

spectrum, above 1.5 MeV,similarly results
ll 

from 4p-2h excitations. The T = 1 

wave functions of R~f. 11 could be checked
ll 

against the decay properties of 
I 

42 . I 
the Ca levels and were seen to be very good. The validity of the T = o wave 

11 3 10 functions is not really known, and will be discussed using the ( He,t) data. 

Since the calculation of Flower and Skourasll is by far the most complete, we have 

. mainly used their (Method- "B") wave functions. We shall investigate in details how 

the predictions for the spins and the transition strengths agree with experi

ment. 
. 23,25 

Comparison will also be made with shell-model type wave functlons 

.. 23. . ) th especially those calculated by Pulhofer Slnce they were also used l for e 

40 3 42 . 23 
interpretation of the Ca( He,p) Sc experlment and ii) for the inter": 

pretation7 of the 42Ca(3He,t)42Sc reaction we consider here (but the transition 

operator used by Rost and Kunz7 was different). 

Spin assignments using a microscopic model are generally difficult since 

the angular distribution depends strongly (Fig. 2) on the nucleon-nucleon inter-

action which is used. But giv~s rather good fits to the type 1 transitions. 

For type 2 transitions, the difference between the calculations using vI 

or vII will give an estimate for the uncertainty due to the lack of knowledge 
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of the force parameters. (This difference will be seen unimportant, except for 

a few states.) Moreover, the microscopic model provides a simplification, compared 

to the colle,cti ve model, since a simple relationsh~p holds approximately between 

the transferred spin J and angular momentum L: L = J + 1 for unnatural parity 

states and L = J for natural parity states, that is only one L value should 

1)e seen in each angular distribution. Of course, there are some deviations 

(Fig. 2) but the hope is that, when using vI' they are small and do not destroy 

the single-L pattern as can be seen for 48Sc (Fig. 2), 40Sc (Ref. 9) and also 

54 90 . Fe and Nb (Ref. 5)~ 

The only way to make reliable strength predictions is, of course, the 

microscopic model. 
. 11 

The wave functions of Flowers and Skouras for the states 

one would have thought to be the "f
7

/
2

2 
states" are very far from such a simple 

picture. Apart from the coupling of all the fp configurations, deformed 4p-2h 

components are admixed. These can be described in terms of the weak coupling 

rnodellO as resulting from the coupling of the 38K states to either the 44Ti 

( ) \ 44 [~ 38 44 . T ' O' '. t d t t T = 0, J = 0 ground state: Ti gs ~ K, or to the Tl = eXCl e sa es: 

1l-4Tt ® 38K • It is worth it to examine the structure of the 42Ca ground state, 

in order to know which are the states that can be excited. This state is almost 

only built with the fp and the 44Ti gs ® 38 Ar components. The'( 3He , t) reaction 

is a one-body excitation and therefore cannot connect i) the fp to the deformed 

44 38 44.* 38 
components and ii) the Ti gs ® Ar to the Tl @ K components. The only 

44 . 38 
possible transitions (see Table II and III) are fp to fp and Tl gs ® Ar to 

44Ti gs ® 38K, if one neglects the small 44Ti* ® 38Ar admixtures in the 42ca 
/ 

ground state. 

i 

r 
! 
: .. 
i 
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3.2. T = 1 LEVELS 

'The matching between experimental and theoretical levels is given in 

Fig. 4, and the calculated cross~sections at the first maximum in Table 2. 

+ 3.2.1. o States (Fig. 5) 

Th . t 1 2 ,10 t· .. e experlmen a cross-sec lons are gJ.ven ln arbitrary units. We 

+ have therefore used the 0 ground state as reference. With the wave functions 

11 
of Flowers and Skouras we need V = 7 in order to get the experimental strength. 

(V would be given in MeV if the cross-sections were in ~b.) Taking now the 

ratio 
VJ+ 

given in Fig. 3, it is possible to make predictions for the 

magnitude of the various cross-sections (Table 2 and 3 ). The 1. 88 MeV 0+ 

state (not resolved from a T = 0,1+ state) for instance should not be seen. 

This state maybe much stronger, and m8¥ possibly have an L. = 1 shape, as shom 

in Ref. 26, but such a phenomenon is beyond the scope of our analysis. 

3.2.2. 
+ 

2 State~ (FiS. 6) 
. 2 2+ 

The (f
7

/
2

) component is split into two parts by the mixing with mo:;tly 

44Ti *® 38K states. The relative magnitude of these states reflects therefor'· 

°2+1 " 8 -
u O. which is·very 

02~ 
mainly the amount of spherical fp admixture (Table II): 

close to the experimental value. The ratio P2 = V2/VO' as extracted from experi-

ment is therefore the same for these two states: P2 '\J 1. 7 and is consistent 

with other experiments6,8 (Fig. 3). The small admixture of 44Ti gs ® 38K com-

ponents leads, for the lowest state, to destructive interference between spheri

cal and deformed states. For the second 2+, the interference is constructive. 

d . t t· 11. 0uch a feature can be only explained if the spherical-deforme ln erac lon lS 

attractive for 0+ states and repulsive for 2+ states, as in Ref. 24. These 
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interferences seem to be needed in order to make the ratio O2+/0
2

+ decrease 
1 2 

from 1.2 to the experimental value 0.8. 

Flowers and Skouras ll predict a weak 2+ state at 3.65 keV which might 

be the analogue 'of the 3.39 state in 42Ca seen by Bjerregaard et al. 27 This 

s tat e was probably' not identifi edlO in (3He , t) • 

( ) 2+ . 23 . 
The f7/2 P3/2 . state pred~cted at 4.4 MeV lies much higher, according 

to the (3He ,p) experiment. 23 The cross-section for this fp state, calculated using 

. 23 •. the wave funct~on of PUlhofer, is however in very good agreement with the experi-

mental cross-section cf the 3.915 MeV state (Fig. 6) which might be T = 1 as sug-

gested in Ref. 10 .. 

+ 4 States (Fig. 7) 

Using the ratio P4 = V4/V0 obtained from the 48Ca(3He,t)48Sc analysis 6 ,8 

(Fig. 3), we obtain very good agreement for the lowest 4+ state.ll A slight 

shift (of about 3°) can be observed in the calculated angular distribution, comp8.red 

to the experimental one. The coupling with the deformed components leads, as 

+ . 4+ 38 ... 4+ 28 
for the 2 states, to two levels. Since K has no low lying state, 

only the 44T· * ® 38K t . 11 . t·h th f t d th t ~ componen s can m~x w~ e p componen s an e wo 

T = 1 4+ states are fed only through their 2-particle stat'es., A candidate for 

+ ' . 
the second 4 could be the 3.282 state. However, the prediction using the wave 

functions of Flowers and Skouras is much too weak (a factor 2.8 too low). The 

main reason is the absence of p and f5/2 admixtures in the wave function for the 
·24 

higher state. On the other hand Gerace and Green predict a much stronger 

mixing of spherical and deformed states. Their wave functions should lead to a 
3 . 

better agreement with the ( He,t) experiment. 

+ 40 ~- ) 42 ~ 23 1be second 4 state was not seen in the Ca(-He,p Sc exper~ment and 

was very weak in the 40Ca(t,p)42ca experiment. 27 A. possibility is therefore that 

the ·first 4+ state is mostly spherical and the second mostly deformed, that is, 

not excited in (3He ,t). The 3.282 state can, in this case, be identified with 
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state (Fig. 7). 

IJCJ{L-1CJ9?'( 

This hypothesis seems to be, sUP"-

ported by the better fit obtained for the 3.282 level with a 4- (calculated) 

angular distribution. Rowever, comparing the experimental angular distributions 

+ c,f the 2.812 4 and the 3.282 states, one can observe a striking similarity which 

4+. would indicate that the latter state is The second possibility is therefore 

+ that these two levels are 4 and both a strong mixture of spherical and deformed 

, 24 29 
states (as predicted for instance by Gerace and Green, or Barz et a1. ), in 

order to get the right magnitude for the (3He ,t) cross-sections. In this case, 

the low (3He ,p) and (t,p) cross-sections for the second 4+ state may be explained 

by the destructive contribution of the deformed component to the scattering ampli

tude, as shown by Barz et a1. 29 We prefer therefore the 4+ assignment for th e 

42 3 42 40 3 42 
3.282 state, but the calculation:of Ca( He, t) Sc and Ca( He,p) Sc cross-

sections using consistent bound state wave functions for both reactions remains 

to be done. 

3.2.4. 
+ , 6 State (Fig. 5) 

% % 2 b all the mo'dels ll ,23,25 This state is predicted to be 900 to 950 f7/2 y 

and the normalization factor between the experimental and theoretical cross

sections (1.4) is consistent with 1, since the ratio P6' taken from 48Sc (Refs. 

6 and 8) (Fig. 3), is very large and very senritive
6 

to the radial shape of the 

interaction. 

3.2.5. Negative Parity States (Fig. 14) 

1 There was a great controversy about the odd parity states. In earlier 

experiments,3 some evidence seemed to appear that such states are not seen, or 

at least weakly excited30 in the (3He ,t) reaction. Theoretical predictions on 
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the other hand, made assuming a simple transition from a shell-model orbital to 

another, cannot explain this inhibition. J. M. Loiseaux et a1. 9 have, however, 

shown that this discrepancy can only be due to the structure of the peculiar 

nucleus considered and not to the reaction mechanism, since in a simple case 

(
40

Sc) the odd-parity states were seen9 with the strength expected from theory. 

The wave function of the 3p-lh odd parity states of 40Sc can be written 

(see appendix 1): 

= < I) 42 I¥'\ 40S 1 1, 1 -1 T 0 CaT=l ~ cT=l 

+ < I) 42 /,,\ 40 
1 0, lOT 0 SCT=l = CaT=l 

42 42 
'l'he sum extends over the positive parity states of Ca and Sc and the nega-

. '40 40 
tive parity states of Ca and Sc. There is however almost only one com-

ponent (see appendix 1) though which such a state can be fed: 42Ca gs ® 40Sc . 

'l'he simple ass\:lIrlption we shall therefore make is that there is only one impor-

tant contribution to the transition amplitude from the wave function (17) 

(18) 

40 
and extract the value a from experiment. Configuration mixing for the Sc 

42 . 40 . 
(lp-lh) part of the Ca ® Sc component can be lncluded in a phenomenological 

, 40 
manner by assuming that it is the same than for the Sc states. That is, we 
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40 3 40 . 9 extract the interaction strength V
J

- from the Ca( He,t) Sc experlment 

assuming, as is done for the 42Ca ® 40Sc components, a pure f7/2 d
3

/
2

- 1 configura

tion for the lowest 2-, 3-, 4-, 5- multiplet. (The lowest 3- and 4- states of 

40Sc were finally resolved by J. M. Loiseaux et al. 9 and we use the strength 

V3= 23 MeV which was deduced from this new experiment.) 

Especially for the 3 state, the component 42Sc gs ® 40Ca (3-, 3.83) 

should be very import-ant in (17) since the 40Ca 3- is collective. Indeed, the 

44 - . 42 31 32 40 ( - - 8 3. 3 state of Ca has been seen ' to carry a large part of the Ca 3 , 3. 3 I 

strength. The analogue of this state in 42Sc is therefore expected to be built 

. 42 40 : -
mostly (50%) wlth the Sc gs @ Ca (3 , 3.83) component and 2 ex for this state 

2 
i~3 expected to be rather small. (ex :;;;; 0.5) 

42 
There are two candidates for the analogue of the 3-, 3.44 state of Ca, 

at 3.38 and 3.58 MeV. A very good fit is obtained for both states, but for the 

first one 
2 

ex is of the order of 0.9. For the second one, we find 
2 

ex = 0.5 

and this state should therefore be preferred for the 3- assignment. It is how-

ever necessary to discuss the assumptions we have made before it will be possible 

to give the 3- assignment to one of these states according to strength argu-

ments. We shall mainly emphasize to which features of the wave function the 

3 ( He,t) cross-section is sensitive, in order to decide which nuclear models 

should be used for the bound state calculations. 

In order to test the assumption (18) of only one contributing component, we 

42 (-) consider explicitly the two components of the Sc 3 T=l wave function which con-

tribute the most to the scattering amplitude: 

[ L~2. ,,,,4o (-)]T=l 42 + )+0 
ex Ca gs 'CJ Sc 3 + S SCT=l (0 ) ® Ca (3-)T=O 
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with 

(20) 

and 0.5 f ( I) tt· 31 rom aa s ca erlng on 
42 

Ca (see discussion above). From 

the weak coupling model,lO the unperturbed energy of the first component is 

about 4 MeV larger than for the second one. States like 

lQ + + ,40 _ 
-ScT=l (2 , 4 ) ® C~=O (3 ) 

only 1 to 3 MeV higher than for should therefore also 

be mixed in the wave function and a 2 certainly does not reach its maximum value 

0.5. This conclusion holds even if one takes into account the slight (10%) cor-

rection to the normalization condition (20) arising (see appendix 1) from the 

non-orthogonality of the two components (19). This non-orthogonality has an 

important consequence, since it provides a contribution to the. scattering ampli-

tude from all the states in (17). This effect is generally small, except for 

the 42Sc (O+)T=l ~ 40Ca (3-) t th h t t 'b t" VY T=O componen because of e co eren con rl U lon 

(see appendix 1) of the lowest T = 0, 3- collective state, From Table 4 (Col. 1), 

it can be seen that, even when this correction is taken into account, only the 

3.58 state can be the analogue of the 3.44 state in 42Ca . ('I'he '40Ca U-)T=O 

wave function is taken from Ref. 33.) The value of 
2 

a for the 3.58 state is 

reduced to 0.35 when assuming that the relative sign of a and' i3 provides a 

constructive interference. A destructive interference would prevent the 3- state 

to be seen in the (3He ,t) reaction. 

The hypothesis that the strength V
3

-
9 40 

extracted from Sc takes care 

of configuration mixing between the (lp-lh)T=l components 'has also been tested. 

This test is necessary, since such a procedure is justified only if the 
I . 

42 40 . 
Ca gs ® Sc component contributes alone to the scattering runplitude. V

3
-, 
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42 . 40 ' 
when used for the Sc Q(I Ca component, should not be renormalized for con-

, 40 
figurat10n mixing in Sc. We have therefore taken this mixing explicitly into 

account, using the estimate for the 40Sc (3-) wave function given in Ref. 3 . 

. The resl..,lts given in Table 4 (Col. 2) show that the error due to the use of a 

renorrnali zed is presumably small, and therefore that the exact amount of 

mixing (which is not very well known) is not very important, provided the mixing 

is the same for 40Sc ' and the 42Ca® 40Sc component. 

Within our understanding of (3He ,t) reactions with an odd parity transfer, 

a much more consistent picture can therefore be obtained when the 3.58 state is 

42 assumed to be the first 3-, T = 1 state of Sc. A definitive answer can pro-

bably be brought by a calculation using a realistic wave function. For instance, 

32 ,,42 + 40 
Goode has made a calculation mixing components l~ke [ SCT=l (Jl ) ® C~O 

(J;)]J. He assumed weak coupling and therefore neglected the components like, 

42 40 T-l [ ea gs ® Sc (3-)] - whose unperturbed energy lies rather high, as dis-

cussed. before. According to this calculation (i = ° and the first T = 1 3-

, 42 2( ) state in Sc should not be seen. The large value we obtain for a = 0.3 can 

only result from a strong coupling between the two components of (19). A struc-

ture calculation taking the collective features of this state into account (in 

order to provide some inhibition of the non-collective part, i.e. a2 
small) but 

42 (-) also assuming strong coupling between the components of.the Sc J wave function as 

given by (17) (so that a2 is not zero) would be very useful. As pointed out by 

Zucker34 for l8F, this may be achieved by using a different basis, i. e. coupling 

3 particle ® 1 

10 by R. Sherr 

34 hole states which may interact more weakly. The results obtained 

using such a model for the energies are rather promising, but the 

wave function may in this case not provide easily the correlations to which the 
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3He ,t reaction is sensitive. Anyway, the 2p®lp.-lhbasis (r() provides a much 

better insight for discussing the physics of the 3He ,t reactio:1, and from' nuclear 

structure calculation using this basis (which is more'difficult to handle) it 

will be possible to learn'much about the excitation of odd pari ty states. A 

shell-model wave function, as for, instance calculated by Dieperink, would be 

much more difficult to use for the calculation of (3He ,t) cross-section, since 

in this case the transition operator has to be renormalized by an amount which 

is unknown. 

From this discussion, a 3- assignment for the 3.38 MeV state can defi-

nitely be ruled out since in this case 

3.3. T = 0 LEVELS (FIG. 8, TABLE 3) 

+ 3.3.1. 1 States 

2 
0'. is to·) large. 

2 
The f7/2 strength is spread over a large number of components. The 

three first 1+ states contain only 50% of this strength. The deformed com-

11 44. + 38 + + ponents are mostly Tl (0 , T = 0) ® K (1 , T = 0), but for the higher 13 

state also 44Ti * ':it 38K* (not excited), as can be seenlO using the weak coupling 

model. These states are however mixed, and the coupling with spherical states 

has to be taken into account since a small admixture of fp' states will change 

drastically the cross-section strength. 

The lowest 1+ state is ll 80% built with fp states. Its wave function 

is in very good agreement with experiment since the magnitude of the cross-section 

can be reproduced using almost the same value
8 

(Fig. 3) PI = Vl/VO = 0.44 as for 

48Sc . The shape is also very well reproduced (Fig. 9): this is due to the 

choice we have made for the radial form of the tensor forc~ (OPEP, averaged over 
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the projectile nucleons). Almost the same agreement can be obtained using the 

" .23 •. wave funct~ons calculated by Pulhofer. The discrepancy observed in Ref. 7 may 

be due to the choice of Yukawa radial form for the tensor part and not to the 

. 7 
neglect of the defonned contributions as was suggested. A slightly better angu-

lar distribution can be obtained beyond 35° (Fig. 10) when adding the 1+ and 7+ 

cross-sections since this doublet was not resolved. The value of P7' = 0.7, 

. . 8 48 even ~f not very accurate~ was taken from Sc. 

~hree levels, of almost equal strength and within a few hundred keV 

(1.88~ 2.223, 2.270 MeV), can be 1+ states since they have similar angular dis

tributiorl (L ,,;, 2 or L = 3), the only way to learn about their differences is to 

consider their excitation energy. (The 2.222 MeV level is definitel~ 1+, as 

discussed in Ref.: 10.) One of these levels, probably the highest, may be 2 

(Fig. 9), and the lowest may as well·be 3-. If these two assignments are 

retained, the second 1+ predictedll by Flowers and Skouras is the 2.223 state 

+ and the third 1 state should not be seen. In this case, the agreement between 

, + 11 . 
theory and experime~t is good, since the 12 state has almost the measured 

(Fig. 10) strength when VI is used. It is however a factor 2 too low (Fig. 9 

and TablE' 3') with VII' 

If on the contrary one of the two levels (1.88 or 2.270) is not of nega

tive parity, but 1+, one has to conclude that the 1; levelll is predicted much 

too weak to consider it as a discrepancy for the calculated
ll 

wave functions. 

1- This may be the case since a possible 1+ identification has been retaine..d for 

the 1.88 state in Ref. 10 as consistent with other experiments. This state is 

however a doublet (0+, T = 1; 1+, T = 0) and may as well be a triplet, 10 the 

third state being 3-, T = O. 
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In Ref. 10, the state seen at 3.670 was identified with the 3.695, 1+ 

level. Two states at 3.695 and 3.880 therefore certainly contain strong admix-

2 ( +. 11) tures of the P3/2 component the lower 1 states don't contain any ,but 

they are much too strong (Fig. 8) to be considered as a simple splitting of 

) 23 the spherical state (P2 calculated by pulhofer. This latter (P2) wave 

f t . 23. b bl t t . . tId t 11 t· b t unc lon lS pro a y no very accura e slnce 1 ea s 0 a cance a lon e ween 

22· 
f

7
/ 2 a Qd P3/2 components. Such a feature, which results from the ort~ogonality 

. . 23 .. 
of the lower and hlgher states glven by Pulhofer, may be entirely destroyed 

by the deformed states admixture. 
+ 

The 3.915 state might be 1 , but it seems 

unlikely to have three very strong states sharing the P3/2
2 

strength. 

+ 
3.3.2. 2 States (Fig. 11) 

Th t t t d · t d
l1 

b Fl d Sk t 2 53 d 3 09 e wo s a-es pre lC e y owers an ouras a . an . are 

too weak to be seen in the (3He ,t) experiment. The three observed states at 

3.366, 3.775, and 3.915 MeV contain presumably strong admixtures of the f7/2 

P3/2 configuration, according to their strength (but the 3.915 might be the T = 1, 

fp state). The wave functions for the latter are not given in Ref. 11, but 

the 3.366 state may be identified with the calculated level at 3.43 MeV. The 

sum of" the strengths of these states is 2 times larger than the prediction· 

. 23.. ( obtained with the wave fUnctlons of Pulhofer, but in good agreement if the 

3.915 is T = 1). A factor of 2 should however be considered as within the 

errors of the calculation since the mixing with deformed states may i) lead to 

some contribution from 4p-2h states to the scattering amplitude and ii) change 

the structure of the spherical state as well as splitting it (this effect should 

+ . 23 
be less important that for the 1 states since, for the f7/2 P3/2 state there 

is no strong cancellation). 
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3.3.3. 
+ 3 States (Figs. 12 and 13) 

+ A very good agreement is obtained for the 1. 491 state using the 3
2 

wave 

function
ll (75% spherical fp) of Flowers and Skouras with a ratio P3 'V 0.47 (to 

be compared with (Fig. 3) P
3 

= 0.45 in 48Sc ). This 1. 491 state is therefore 

built almost only out of spherical components. The same ratio P3 has been 

+ taken for all other 3 states. 

The lowest 3+ state, according to Ref. 11, has less than 1% spherical 

(6 %) 44 0. 38 (' -2) components and is mostly 00 built with the Ti gs 'CI K d
3

/
2 

configura-

tion. The interaction VI predicts however rather weak d
3

/ 2 -+ d
3

/ 2 cross

sections (Table 1) and this state should therefore not be seen. (Table 3). 

Wi th vII' on the contrary the 3~ state has about the magnitude of the 1. 844 MeV 

3+ (Fig. 13) since the calculated cross-section is only a factor 1. 7 too low. 

If, the choice of. VII is the correct one', t spherical and, deformed states ar.e 

11 
seen to be predicted in the reverse order by Flowers and Skouras. 

+ + 11 For the 33 and 34 states, there are experimental candidates at about 

+ + 
the right energy (Fig .8), but the 3

3 
is a factor 5 too strong and the 34 too 

weak by about the same factor. These states are mainly fed through their spheri-

1 rt · th d f d f th 44Tl.· * ~,38K type. 'In.. "t ca pa Slnce e e orme components are 0 e '61 .ue res1.w. s 

are therefore almost insensitive to the choice of the force (VI or VII)' 

t . 38 ( 3 ) 38K . t d 36 After this manuscript has been wrltten, the Ar He,t experlmen was one. 

The 'forc(~ VII was seen to predict about the right magnitude (only a, factor 2 too 

low) for the cross-section of the first 3+ of 38K. If is corrected in order 

to reproduce exactly the magnitude of the 38K 3+ state, this force leads also to 

+ 42 
about the right magnitude for the 1. 844 MeV deformed 3 state of Sc. This shows 

definitely that the two lowest 3+ states predicted by Flower's and Skouras should 

be inverted. 



--- -26- UCRL-19927 

The 3.380 state and the 3.934 state contain probably strong f7/2 P3/2 

admixtures. The cross .... section obtained using the wave functions of Ref. 23 is 

a factor 3-1ower than the sum of the two exp~rimental cross-'sectioh, but in good 

agreement when considering only the 3.934 state. A 3- (T = 1) assignment of the 

3.380 is not possible, despite the fit for the angular distribution is good, 

since this state is stronger than expected for this 3- (see discussion for the T = 1, 

odd parity states). A 4- assignment is excluded for this state, since according 

to the theory, it should have an L = 5 shape' in this case (this has. been seen9 for 

40 9 Sc, and is explained. by the tensor contribution). 

3.3.4. J = 4 States (Fig. 14) 

Two states are seen at 2.387 and 2.650 which might be L = 4 but the 

4+ 11 predicted by the theory should not be seen. One of tl:lese states is pro-

bably the 5- state predicted by Dieperink et a1. 35 at 2.5 MeV, and an L = 5 

shape gives rather good fits (Fig. 14) for both angular distributi.ons. A 4-

identification is also PQssible but such a state is not expected35 to be found 

in this region of the spectrum. 

3.3.5. + 5 States (Fig. 13) 
. 8.. 23 • 11 

Both the wave functions of Pulhofer and those of Flowers and Skouras 

lead to a very good agreement with experiment. Their predictions differ only by 

20% which is far less than the uncertainty in the knowledge of P5 (Fig. 3). 

The 3.090 state is probably built mostly with the f7/2 P3/2 configuration. 

This state was however seen only at 3 angles around 45° on the basis of the 

calculation made by E. Rost7 with the same wave functions,23 its strength was
lO 

not inconsistent with the 5+ assignment made by PUlhofer. 23 This conclusion is 

! 

.! 

, 

L. 

.-
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not modified by our analysis, although the force we have used leads to a cross

section lower by a factor of 2 than in Ref. 7 (the cancellation between f7/22 

and f7/2 P3/2 contributions is more effective with the force we have used). 

3.3.6. + 6 State 

Predicted around 3 MeV, but too weak to be seen. 

+ (. ) 3.3.1. 7 State Flg. 10 

This level is not resolved with the first 1+ level. Adding 1+ and 7+ 

cross-sections improves (Fig. 10) remarkably the fit at larger angles (40°). 

3.3.8. Odd Parity States (Figs. 14 and 15) 

Because of the large number of levels in the T = 0 spectrum, the nega-

tive parity states are not easy to find, especially if their cross-section is 

rather small, as expected (see discussion for the T = 1 states and appendix 1). 

The lowest multiplet should be 2- to 5- and is excited mainly through 

42 40 . -1) 10 
the Ca gs ® Sc (f

7
/ 2 d

3
/ 2 component. R. Sherr et a1. have estimated 

the centroid of this multiplet to be around 1. 7 MeV. Dieperink et a1. 35 pre

dict the 3- and 4- states near 1.5 MeV. Possible candidates for these states 

are the 1.844 and 1.888 states, but neither can be 4-. The first could be 3-, but is 

44 . 38. -2 + presumably the Tl gs ® K (d
3

/ 2 ) 3 state. The fit is anyway not very good, 

but acceptable. The 1. 88 state fits much better a 3- angular distribution~ 

A 3- identification for this state would preserve the picture for the 1+ states 

given by Flowers and Skouras,ll but it seems10 not possible according to other 

experiments. Among the two states (2.223 and 2.270) one is probably 

2-, The predicted35 energy for this state is near 2.2 MeV, and since the 2:223 MeV 

10 + 
state is known to be 1 the 2.270 state is probably the 2- (Fig. 14). 'The 
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1.88 state may be 3-, if of negative parity. A 5- (L = 5) identification is 

possible for one of 'the 2.381 or 2.650 states, but both states have comparable 

strengths and a 5- angular distribution gives good fits for both, so that it 

is almost impossible to distinguish between these two states. A 4- identifi-

cation is possible, but it would be rather astonishing that the lowest 4- state 

,i~; so high. 

Finally, for this lower 2- to 5 multiplet some indication has been found 

that these states have been observed, but no defini ti ve assignment can be made. 

According to the estimation we can make for the cross-section, these states 

should be an order of magnitude lower than for the corresponding (f7/2 d
3

/ 2-
1

) 

multiplet in 40Sc , but still strong enough to be seen. 

40 ( ) -1 " 
In Sc Ref. 9 , approximately 1 MeV above th:: f 1 /2 d

3
/ 2 multiplet, 

a 0- to 3- group appears, mostly built with the P3/2 d
3/ 2-

1 
configuration, but 

seems to be weaker than the lowest multiplet. 
-1 

The f7/2 sl/2 multiplet, 2 MeV 

-1 . 40c above the f1/2 d
3

/
2 

centroid, on the contrary is more apparent ln the 0C 

spectrum. In 42sc , these states should lie around 3.6 MeV according to the weak 

10 42 40 
coupling model. The prediction of the Ca gs ® Sc picture leads to about 

( -1 )-the same value 2 MeV above the f7/2 d
3

/ 2 centroid at 1.1 MeV, the 3 being 

slightly above the 4- slightly below. The 3.801 3 - state fits very well (Fig. 15) 

the f7/2 
-1 

angular distribution. The 4- state should therefore be 700 keV 
sl/2 

below, if the splitting is the same than in 40Sc.9 ,It may be the 3.282 state 

if the latter is not 4+, T = 1. The angular distribution for this state is rather 

well fitted by the 4- curve (but is also compatible with 4+). 

All these odd parity states are weaker than predicted by the assumption 

. . " d" db' th 42C ~ 40S t of pure conflguratlon, Slnce, as lscusse a ove, e a gs \V c componen 
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42 * IV\ 40 42 (+ .) 13', 40 (- . mixes Hith others like Ca ICJ Sc and Sc J, T = 0 \CI Ca J , T = 0), not 

. 42 3 
.connected to the Ca ground state by (He,t). A microscopic calculation for 

these states is needed. The mixing of all the components previously described 

(17) should be taken into account,in order to be able to make accurate pre-

dictions for the cross-section strengths. Wave functions for the lowest T = 0 

states are given by Dieperink et al. 35 but for such shell-model wave functions 

the transition operator has to be renormalized because of the configuration space 

truncaticn (by an amount which is not known) before strength predictions can be 

made. 
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4. Summary 

For the peculiar nucleus we have studied (2 particles outside a closed 

shell), the admixture of 4p-2h (deformed) components was essential to explain 

i) the relative magnitude of the various cross-sections, and ii) the excitation of 

some almost purely deformed states through th.e deformed admixtures of the 42Ca ground 

state. Apart from the splitting of the spherical states by the deformed ones, con-

figuration mixing for the two particle part (and the two-hole part) of the wave 

function is also very important for the relative ratio of the cross-sections. 

Flowers and Skouras have givenl1 the wave function for 23 of the lower, 

positive parity states of 42Sc • Among those, only a few may disagree with experi

ment. + For the second 4 , T = 1 state for instance rr..ore mixing between f and p 

two particle states would improve the results. For the T = ° st~tes, despite 

the uncertainty in the force which has to be used in the calculation, it was 

+ + 11 
seen that the relative cross-sections to the 33 and 34 states is not repro-

duced and that the 1; state is much too weak. Also, th.e lowest 3+ state is the 

spherical 2-particle state and not the deformed 4p-2h state at predicted by 

11 
Flowers and Skouras. 

Evidence has also been found for the existence of negc .t,i ve parity states. 

Their structure is probably rather complex since they are rouc] weaker than 

expected. A microscopic calculation in a rather complete cOnJ'iguration space, 

coupling the 42Ca (T = 1) ® 40Sc (T = 1) and the 42Sc (T = 0, 1) ® 40Ca (T = 0, 1) 

components, is probably needed to account for the observed magnitude of the cross-

section. 
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5. Conclusion 

A careful analysis of the properties of the transition operator shows 

that the interaction ( "'1 7 ) h" h t k h or Slml ar ones w lC was seen 0 wor , w en a 

single J' is transferred, for most of the observed transitions (j+ -+ j:P may 

not be correct for some other transitions (j -+ j~). A rough guess, vII' of a 

better interaction had to be made since it was not possible t,o take the para-

meters for the j_ -+ jJ transitions from experiment. Despite this uncertainty, 

vaiuable spectroscopic information can be obtained using the microscopic modEl. 

All 1 previous microscopic analyses were done using shell-model wave 

function~; . 42 For Sc, strong deformed admixtures to all states are seen to be 

necessary in order to explain the relative ratio of the cross-sections (except 

for the ~ltates with J :> 5). For the strongest states, generally assumed to 

result from the recoupling of 2 particles in the f7/2 orbital, this simple con

figuration represents in most cases less than 50% of the wave function. However, 

2 if only t.hese levels are considered, and a pure j configuration assumed, the 

cross-se<~tions are wrong by not more than a factor of 2 (this feature may be due 

to the fact that the f7/2 shell is rather isolated from the other shells) and 

the anguLar distributions are generally correct. Good re!;mlts for just the 

"j2 states" using simple wave functions and comparing them to similar levels in 

other nuclei (Fig. 3) rather than to the other levels in the same nucleus, does 

not prove that these states have a simple structure. 
2 Using pure j wave func-

tions, however, may not lead to severe errors when comparing the gross properties 

of the transition operator to the properties of the experimental cross-sections. 

But we again emphasize that fitting the fine details of the angular distri-

bution may lead to an interaction which is just valid for the peculiar ctate 

which was considered. 
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. I 
The question of th.e odd parity states is however still open. These are 

weake)' than expected (when seen) and, since they had 9 the right strength in 40sc , 
42· . 

their structure in Sc must be rather complex. Microscopic bound state calcu-
\ 

lations, and more experiments, are needed in order to clarify this point. 
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TABLE CAPTIONS 

Table 1. CI:oss-sections for various 42Ca -+ 42Sc transitions at the first f'laxi-

mum of Lheangular distribution. The angle of this maximum is typical for 

each transfer of orbital angular momentum L: 17° (L = 0), 8° (L == 1), 13° 

(L = 2), 17° (L = 3), 22° (L = 4), 27° (L = 5), 32° (L = 6). The interaction 

used is vI (see text) with its'tensor part (C + T) or without it (C). The 

strength V has been taken to be 1 MeV and the factor Z .. , (see text), to 
II 

be 1. The symbol j+ means,j = R, + 1/2 and j_ means j = R, - 1/2. 

Table 2. Cross-section predictions for the 42sc , T = 1 states. The wave func-

t · d .. 22 ( ) lons use are: a pure configuration, those of Pulhofer P and thofe of 

Flowers and Skouras (FS). The effect of the various components for thE' FS 

wave fUllctions are shown "fp", taking only the spherical fp part; 

"fp + 44Ti gs ® 38K ," taking only the deformed states which are built on the 

44Ti gs and which participate in the excitation, "full," taking the full 

fu t · . 1 d' th 44T · * Q. 38K t 'h" h h dl . t d wave nc lon lnc u l.ng ,e . l. \!)Icomponen s w lC are ar y excl. e 

. 3 ' 
l.n ( He,t).' The cross-sections are given in the same units as the experi-

mental ones. The value of V
J 

has been fitted, using the FS wave functions 

and the interaction 
2 

VI' to the states which have the strongest f7/2 admix-

ture. 

Ta'ble 3. Cross-sections for the 42Sc T = 0 states (see captions of Table II). 

'l'he interaction has been used, and the values of V J are chosen as for 

Table II. In order to show the difference between the predictions of VI 

and for the 1+ and 3+ states, the last column gives the cross-sections 

obtained when using VII and the same strengths V
J 

(the only difference 

between and is the strength of the d 3/ 2 -+ d 3/ 2 transition for 

unnatural parity states). 

Table 4'. 'Values of cl according to various nuclear models (see discussion 'in 

the text). 
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Table .1 

Transitions j+ -+ j~ Transitions j+ 
-+ 

j~ Transitions j_. -+ j , +-.. 
Type I Type I Type II 

J1T C C + T J1T C C + T J1T C C + T 

If'{/2 -+ If'{/2 2s1 /2 -+ Id3/ 2 Id3/ 2 -+ Id3/ 2 

0+ 1'{0 6.'{ 17° 6.,{ 1+ ~ 13° O.'{ 13° 3 0+ 1,{0 2.1 1,{0 2.1 

1+ i 17° 9.1 14° 34 2+ 13° 1.2 1:3° 0.5 1+ 1,{0 L7 15° 1.8 
2+ 13° 2.6 13° 2.6 2+ 13° 0.5 13° 0.5 

3+ 13° 3.4 22° 22 Id5/ 2 -+ Id3/ 2 3+ 17° 0.1 16° 0.06 

4+ 22° 0.1 22° - - -0.1 
1+ 5+ . 22° 0.3 32° 5.8 

1,{0 5.3 1)~0 45 
2Pl/2 -+ 2Pl/2 2+ 13° 1.1 13° 0.3 

If'{/2 -+ 2P3/ 2 
3+ 13° 0.5 22° 4.2 0+ 1,{0 1.9 1,{0 1.9 
4+ 22° 0.1 23° O.O'{ 1+ 15° 2.2 ( 15° 0.3) 

2+ - - - - - -
13° 4.1 13° 2.6 

3+ 14° 2.4 22° 15 Id3/ 2 -+ If'{/2 . IP1 / 2 -+ IP1/ 2 

4+ 22° 0.1 23° 0.1 2 - 8° 14 1'{0 49 0+ 1,{0 0.6 17° 0.6 
5+ 22° 0.5 32° 9 3 - 17° 0.4 18° 0.14 1+ 16° 0.4 19° 0.03 

4- 1,{0 0.2 28° 3. - - -
2s1 /2 -+ 1f7/2 5 - 2,{0 0.05 29° 0.04 Id3/ 2 -+ 2PL/2 

- - - -
3 - 1'{0 0.6 17° 0.4 -1 8° 2.7 8° 1.9 
4- 1'{0 0.8 2,{0 11 Id3/ 2 -+ 2P3/ 2 2 - 9° 0.4 12° 0.12 

0- 8° l.B 8° 14 - - - - - - -
2s1 /2 -+ 2S1 /2 -1 8° 3.3 8° 0.5 

.... 2 - 8° 0.8 1'{0 3.6 
0+ 1,{0 1.1 1,{0 1.1 

3 - 1,{0 0.6 18° 0.3 
,-' 

1+ 1'{0 3.3 13° 23 
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Table 2 

J7T State FS FS FS 
NO Pure P fp fp+ 44Ti gs ® 38K All 

2 I 

0+ 
1 f7/2 85 125 . 80 115 115 

2 0.05 10 0.5 0.45 

1 f7/2 
2 98 150 45 40 40 

2+ 
2 36 50 51 

3 0.2 3.3 3.3 

4 f7/2 P3/2 50 15 

1 f7/2 
2 18 27 16 16 16 

4+ 
, 

2 2.3 2.3 2.3 

6+ 1 f7/2 
2 9 14 11 11 11 

I . 
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Table 3 
- "=;==~---. 

J1T State Pure FS FS FS FS 
No 

P fp fp + 44Ti gs ® .38K All All VII 

-1 f7/2 
2 86 280 160 220 220 200 

1+ 
2 13 14 14 38 

3 -- 0.8 2.8 2.9 2 

4 8 

1 0.15 0.05 0.1 

2+ 2 0.25 0.06 0.09 

3 f7/2 P3/2 50 16.5 

1 0.3 0.53 - 0.51 2.8 

2 f7!2 
2 60 138 84 84 84 84 

3+ 3 15 15 15 13 

4 1.5 1.8 1.9 2.9 

5 f7/2 P3/2 20 11 

4+ 1 0 0 6 10-4 

1 f7/2 
2 32 63 50 50 50 

5+ 
2 0.09 0.09 0.09 

3 0.05 0.05 0.05 

4 f7/2 P3/2 25 5 

7+ 1 f7/2 
2 

9.4 9.4 6.4 6.4 6.4 



2 Values of a 

Wave functie.n 

42C (0+) ~ 40sc (3-)·T=1 a a T=l 't!I 

-40..., 

Table 4. 

Renormalized V3-

for (j I j-l)T=l mixing 

3.38 3.58 

none(>0.5) 0.5 

norie(>0.5) 0.35 

none(>l) none(>a.5) 

lJCRL-19927 

(jlj-l)T=l mixing 

for both 40Sc and 
42Ca @ 40Sc 

3.38 3.58 

none(>0.5) 0.5 

0.5 0.3 

none(>l) none(>0.5) 

... 
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FIGURE CAPTIONS 

Fig. 1. Radial part of the tensor interaction. The "point ll OPEP radial form 

Z(r) is derived for nucleon-nucleon scattering. The same radial part in 

the effective force for (3He ,t) is obtained when the projectile is assumed to 

be a point. When averaged over the projectile density, the OPEP potential leads 

to a tensor term with a different radial part Z(r). At 5.8 fill, the line indi-

-( t 2 ~r/~/r/~ cates that the ratio Z r)/Z(r) is 1.3 The radial form referred 0 as r e 

has the srune volume integral and mean square radius asZ(r) (considering 

only relative distances larger than 2 fm). Its parameters are given in 

the text. 

Fig. 2. Various fits, using different interactions, to the 48ca(~e,t)48Sc 
3 data at 30 MeV. C stands for the calculation using VI (see text) but 

suppressing the tensor part. C + 1/2T and C + T are the calculation 

where the tensor term (taken from the OPEP nucleon-nucleon interaction but 

averaged over the projectile density) is added with the indicated normali-

zation factor (1/2 or 1). C + T corresponds to the full interaction vI' 

VJ . is the value V needed for the force in order to explain the experi-

mental strength of the cross-section. The normalization of the cross-sections 

indicated by C and C + 1/2T is arbitrary. 

Fig. 3. V
J 

is the strength needed in order to fit the experimental cross-section 

normalization relative to the transition 0+ ~ J+ as a function of the angular 

momentum transfer J. The ratio P
J 

= VJ/Vo is considered for various nuclei 

and is shown to be typical for each momentum transfer J. The fits are made 

2 -1 -2) 
to the states that contain most of the f7/2 (or f7/2 f7/2 ,or f7/2 

strength. 
42 2 

For Sc, the states have been described either by a pure f7/2 

11 
configuration or by the wave fUnctions of Flowers and Skouras (FS). For 
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the 2+ of 42Sc, the lower value is obtained when considering only the lowest 

+ 
2 state, and the higher when summing the experimental cross-sections of the 

two lowest 2+ states. The parentheses indicate thcLt the 2+ and 7+ states 

48' 
of Sc were an unresolved doublet. 

Fig. 4. Level scheme of the T= 1 states of 42Sc . Th(~ first column refers to 

the (3He , t) experiment and the second to the theor(~tical predictions of 

Flowers and Skourasll (FS), of Pulhofer23 (p) and ])ieperink et al. 35 (D). 

The lines between the levels indicate the various possible matchings of 

theoretical and experimental levels and the number!> refer to the normali-

zation factor ° /0 between experimental and theoretical cross-sections exp th 

when the strength of the force is taken from Fig. 3. 

Fig. 5. Fits for the angular distributions when using the wave functions of 

2 Flowers and Skouras (FS), or pure shell-model wave functions (f
7

/ 2 ). N is 

the ratio 0exp/Oth,The value of P6 = V6/Vo which was taken for the calcu

lationS is given in F(,ig. 3.' 

Fig. 6. Fits for the an~lar distributions when using the wave fUnctions of 

Flowers, and Skourasll'{FS) or a pure (f7))2 configuration. The factor 

N = 0exp/CJth is the'normalizatioh factor needed when the ratio P2 = V/Vo 

is the one, given in Fig. 3. 

Fig. 7. Fits for the angular distributions when using the wave functions of 

. 11 2 
Flowers and Skouras (FS) or pure (f

7
/ 2 ) configuration. The factor 

N = aeXp/Oth is the normalization factor needed when the ratio P4 = V4/Vo 
is the one 'given in Fig. 3. 
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Fig. 8. Level scheme for the T = 0 states of 42Sc (see Fig. 4). 

Fig. 9. Fits for the angular distribution using the wave functions of Flowers 

11 ( .. ).. 23 ( ) () 2 . and Skouras F0, PUlhofer P or a pure f7/2 configuration. The 

factor N = a /Oth is the normalization factor needed "'hen the ratio .. exp .. 

Pl = Vl/Vo is the one given in Fig. 3. Some fits assLlDling a negative parity 

assignment are also given. 

Fig,. 10. Sum of the calculated cross-sections relative to the lowest 1+ and 7+ 

+ 7+ states compared to the experimental 1, doublet. The values of 

PJ = VJ/VO used for the calculation are given in Fig. 3. 

Fig. 11. Fits for the T = 0 2+ states using the wave function given by Piilhofer23 

(p). The factor N = a exp/Oth is the normalization factor needed when the 

ratio P2 = V2/VO is the one given in Fig. 3. 

Fig. 12. Fits for the lowest 3+ states, using the wave fUnctions of Flowers 

·.11 2 
and Skouras or a pure f7/2 configuration. The fa,:!tor N = a /0 is exp th 

the normalization f~ctor when the ratio P
3 

= V3/VO is the one given in 

Fig. 3. Some fits assuming a negative parity assignment are also shown. 

For the 1.844 MeV state, the upper curves refer to the calculation done 

using force VI' the lower curve to the calculation with force VII' 

Fig. 13. + + Fits for the higher 3 states and the lowest 5 using the wave func-

11 ( ).. 23 ( ) 2 tions of Flowers and Skouras FS, PUlhofer P or a pure f7/2 con-

figuration. The factor N = a /Oth is the normalization factor needed exp 

when the ratio PJ = VJ/VOis the one given in Fig. 3. 



UCRL ... 19927 

Fig • .14. Fits for negative parity assignments assuming a pure d3/ 2 -+ f7/2 

transition. For the 2.262 level, the cross-section using the third 1+ state 

f Fl d Sk 11. 1 h o owers an ouras ~s a so sown. For the 1. 888 state, see Fig. 13. 

Fig. 15. Fits for the negative parity states assuming either pure d3/ 2 -+ f7/2 

or sl/2 -+ f7/2 transitions. For the 3.282 MeV state, see also Fig. 7. 

..' 
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APPENDIX 1 

The structure of the initial and final states tVI and ljiF enters in 

the scattering amplitude through the coefficients 

.1 

The initial state being 

IljiI) = LX"LO,jJ "].1100) (1/2 T 1/2 Till) 

" 
This suggests to describe the 3p-lh final state with the following intermediate 

couplings: 

IljiF (JM,Te) I = j. L X(jlj2)J12T12(j3j4)J34T34 
jlj2 

j12T12 

j3j 4 

j34j 34 

L (J12 M12 J 34 M341JM) (T12 812 T34 834 1T8 ). 

M12812 
IvI

34
8

34 

\' j2-
m

2 I (_)1/2-T2 (! ! -T IT 8 ) L (-) (jlm1 j2-m2 J 1 :fi12 ) 2 T1 2 2 12 12 
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The normalization condition is: 

("ljJ(JM, T8) 11JI(JM, T8) ) 

= 1-

11 (2J 12+1 ) (23
34

+1) (23
12

+1 ) (23
34

+1) (2T
12

+1) (2T 34+1 ) (2T 12+1 ) (2T
34 

+1)' 

x 
j1 j2 312. 

j4 j3 3 34 

3' 
34 

1/2 1/2' T12 

1/2 1/2 T34 (6) 

T 
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The coefficient can then be expressed in terms of the X coefficients: 

1 I Z = T,. < 1 -1. 1 1 TO) j'j u¥ • 

",J 

3 ~(2J12+1)(2J34+1)(2I+l)(2T12+1)(2T34+1)' 

A j J 12 1/2 1/2 T12 

A j' J 34 1/2 1/2 (7) 

0 I I 1 1 T 

Especially for large A, the "9-j" coefficients reduce in general the contri-

bution of the second term. Moreover) the sum of the X coefficients in this 

term is not expected to be coherent i.e. all terms have not the same sign in 

general. In first approximation, we' have therefore 

(8) 

• 
ass~ing that only one XA is different from zero • 

A little more sophisticated models can be used for the T = 1 states, by 

'''; including a second component in the wave function, for which two particles are 

coupled to T = 1 and the particle-hole pair is coupled to T = O. 
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Il/IF > L (1 T, I-T 11 0 > L X(l) + 
Il/II(T

Z
) > = a. A(o'J)IINT 

T z z 
jj' 

j'j J 'z 
z 

+ a L X(O) + 
IJiJI(o) ) A(j'j)IO,NO 

jj' 
j'j 

I l/II ( 1) is the 42Ca ground state, and 

Il/JI(o) = 1:. T - Iy, 1) 
12 

=1 T - Iy, 0 ) 
12 

this wave fUnction is referred in the text as 

42 IWA 40] 42 40' 
0.[ Cags T=l ICI SCT=l T=l' + a SCT=l @ CaT=O 

The amplitude Zj'j is then: 

Zj 'j = (1 .,.1, 1 11,1 ,0 ) a. X 1 + Q X 0 [ 
() 12 (0) ] 
j' j 2j '+1 IJ Aj > Aj' 

the coefficients 

(or the T = 1 states of 

can be roughly taken from the wave function of 40Sc 

40ca) and the X(O) coefficients from the wave func-

40 tion of the T = 0 states of Ca. In particular, the collective excitations 

coefficients which contribute also coherently to the of~OCa lead to 

42ca( 3He , t) 42Sc cross-section. It is therefore important for the calculation 

of the Z coefficients to include the component 

even if others like 

.' 
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4, 28 c '( 2+) ~ 40C a ( -) 
3 T=O 

are not taken into account, since for the latter 

coherent contribution. 

'I , , 
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do not provide a 
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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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