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The reaction Ca( He+) Sc has been investigated at 18 MeV. Several new spectroscopic
assignments have been made for the states in Sc up to an excitation energy of 7 MeV. The
spectrum is dominated by 1+, 2+, and 3' states. The 1+-7' members of the (f&~2) f&&2 multi-
plet are very weakly populated and this result is consistent with distorted-wave Born-ap-
proximation calculations based on such a model. The presence of configuration mixing in
the low-spin members of the multiplet is deduced from a distorted-wave analysis of the
cross sections; in particular the 6.685-MeV 0+ 7 =4 state (the analog of the 4 Ca ground
state} was found to bepopulated about 5 times stronger than predicted by the simple (f&&2) fpr2
model. This enhancement factor is similar to the one found in the reaction 48Ca(t, p) SCa(g.s.)
and can be explained in terms of small admixtures of 2s-1d hole components in the 4~Ca

ground state and of 2p-1f configurations in the 4 Ca ground-state wave functions.

I. INTRODUCTION

The nucleus Sc is important from the shell-
model point of view, since the lowest-lying levels
can be thought of in terms of the coupling of an

f», neutron hole and an f„,proton particie outside
of a closed ~Ca core. This configuration gives

rise to eight positive-parity states with spins rang-
ing from 0 to 7 and such states now appear to be
experimentally well established from ('He, 4) and
nucleon-pickup reactions. ' ' In addition to the lev-
els of the (f„,) 'f„, multiplet, the pickup reac-
tions provide information on the 2s-1d hole states
in ~sc.
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With the exception of states in the (f„,} 'f„,
multiplet and a recent report on 1' states, ' little
information exists on the higher-lying states in
"Sc. In this respect the ('He, p) reaction is well
suited, since particle configurations which lie be-
yond the f», shell may be strongly populated I.t
is the purpose of this paper to report on spectro-
scopic assignments for the levels excited in the
reaction ~Ca('He, p}~Sc up to 'I MeV of excitation
energy. These transitions are expected to be com-
posed primarily of configurations which can be
constructed from the 1f 2p shell -and thus to pop-
ulate states of positive parity.

II. EXPERIMENTAL RESULTS AND

EMPIRICAL SPIN ASSIGNMENTS

A. Procedures and Results

The experiment was carried out with the 18-MeV
'He beam from the University of Pennsylvania tan-
dem accelerator. The target was isotopically pure
~Ca produced by mass-separator implantation in
a carbon foil of about 40 gg/cm' thickness, as de-
scribed elsewhere. ' The target was quite inhomo-
geneous and its effective thickness was unknown,
so that absolute cross sections could not be ob-
tained. The ('He, p} angular distributions were
measured with a multigap magnetic spectrograph
in an angular range from 3.8 to 87.8' in steps of
7.5'. The energy resolution was typically 35 keV
full width at half maximum. A spectrum measured
in the first gap is displayed in Fig. 1, and the ex-
perimental data and empirical spin assignments
are given in Table I.

The ground state was weakly excited and its posi-
tion on the photographic plates could not be deter-
mined accurately. Consequently the excitation en-
ergies were determined relative to the strongly
excited 6.685-MeV T =4 state in ~Sc" except for
the lowest five excited states, where the more
accurate (+10 keV) values of Ohnuma et al. ' were
used. The table also lists the summed cross sec-
tions in the first 10 gaps and the observed max-
imum cross section.

B. Empirical Systematics of the

Angular Distributions

The observed angular distributions are displayed
in Figs. 2-5, grouped according to spin assign-
ments, as discussed below. The spin and parity
assignments for many of the low-lying states in
the neighboring nucleus MSc (J =1'-5') now seem
well established, ' "and we have used the ob-
served shapes of the ('He, p) angular distributions
for these states" as a guide in the interpretation
of the distributions in "Sc. The MSc angular-dis-
tribution data at 18-MeV bombarding energy for
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TABLE I. Ca( He, p)+Sc excitation energies, assign-
ments, and cross sections.

g
(keV) ' Z v ~max

(arb. units) (arb. units)

133
253
624

1095

1145
2085+ 15
2210 + 15
2295+15
2530+ 15

2690+ 20
2995 + 15
3075+15
3175+15
3240 + 20

3510 + 20
3705 + 15
4045+20
4175 + 15
4330 + 20

4690+ 15
4785 +15
4870+ 15
5Q35 + 20
5215~ 15

5350+15
5430+ 25
5520 + 20
5615+20
5750 + 15

6250 + 15
6685(T =4)
6840 + 20
6955 + 15

2

4, 5
2 ~

2. 3
1

4, 5
1
1
1

1, Q

2 j 3
1
1
1

1, 0

1
1

2 3
2 3
2 j 3

2 j 3
1

2 j 3
2 j 3

1

2 j 3
0

1, 2, 3
1, 2, 3

100+ 50
150 ~ 50
150+ 50
300 + 100
300+ 150

550 + 100
1200+200
4300 + 500
2000 + 300

500 + 1QQ

500+ 100
2500 + 300
3700 + 400
2100 + 300

8QO +200

550 + 150
2000 + 300
1700 + 200
6900+800
1700 + 300

2900 + 400
3300 + 500
2000 ~ 300
1600 +400
2100+400

3000+ 500
850+ 250

1500+ 500
1700+500
3000+ 500

3800+ 600
5200 + 800
2000+ 600
4000 + 800

20
20
30
70
4Q

140
200
950
450
25Q

130
1080
1650

950
300

130
600
600

2700
550

850
1000
400
300
500

800
350
450
450
900

800
2100

500
900

~ Excitation energies of first five excited states are
taken from the (~He, t) results of Ref. 2. The remaining
energies are given relative to the 6685-keV state
(Ref. 7).

All levels are assumed to be of positive parity, as
discussed in the text.

Summed cross sections (not weighted by sine) from
3.9 to 73.0' c.m. Beyond 5-MeV excitation energy, N
groups from the ~3C in the target backing obscured some
48Sc states at particular angles. In these cases, the
smooth curves of Fig. 6 were used to define the cross
sections.

The maximum observed cross section.

the low-lying 1'-5' states are displayed in Fig. 6.
The curves in Fig. 6 serve to guide the eye and

are not optimized to give the best account of these
particular transitions. Rather they have been chos-
en to give a representation of many such distribu-

tions of closely similar shapes in both "Sc and
"Sc. As such, they are referred to as "average
curves. " Although one cannot justify the concept
of such average curves from simple theoretical
arguments (in particular not for the odd-spin
states which may be excited by transitions of
mixed I. value), we have found their use to be help-
ful for an empirical classification of the observed
distributions. In this way we arrive at three main
classes of states: 1' states (Fig. 2); (1'), 2', and
3' states (Figs. 3 and 4); and higher-spin states
(Fig 5)

The 1' distributions of Fig. 2 are dominated by
a sharp decrease with increasing angle in the
range from 4 to 20 . The average 1' curve, with

its 25 "plateau, " is distinctly different from the
curve shown for the 6.685-MeV, O', T =4 state in
the same figure. This distinction between 0' and
1', as well as the spectrum of 1' states in "Sc,
is discussed in detail in Ref. 5.

Figures 3 and 4 display the distributions that
are similar to those obtained for transitions to
known 2' and 3 states (Fig. 6). As such, they are
thought to correspond primarily to an L =2 trans-
fer. The shapes in Fig. 3 exhibit a strong de-
crease towards 0', whereas the Fig. 4 shapes are
flat near O'. This effect cannot be associated with
the final-state spin, since, for example, the dis-
tribution for the 624-keV 3' state (Fig. 3) and the
distribution for the 255-keV 2 level in MSc (Fig. 6)
show the same decrease towards O'. The causes
for the existence of the two different shapes for
2', 3' excitations are not understood. It is unlike-
ly that much of this effect is due to an L =4 com-
ponent in the 3' transitions (cf. Figs. 5, 6).

It should also be stressed that an unambiguous
J' =2, 3 assignment cannot be made to the final
states of Figs. 3 and 4, because J"=1' cannot be
rigorously excluded. According to the selection
rules for direct ('He, p) reactions, 1' final states
can be reached from 0' targets by L =2 transitions.
Inside the configuration space of interest, how-
ever, only one 1' configuration, 2P, l, lf„~, would
not carry a detectable L =0 component.

Figure 5 displays the distributions correspond-
ing to states of spin higher than 3 observed in the
~Ca('He, P) reaction. Only four such states could
be identified in the data, reflecting the fact that
the ( He, p) reaction preferentialiy excites states
of lower spin. Unlike the 2', 3' states, there ap-
pears to be a shift of about 10 in the maximum
of the angular distribution between states of spin
4 and 5 . This shift is evident in the ~Sc data of
Fig. 6 and also in the data of Fig. 5. However,
we do not attempt to distinguish between 4' and 5'
on this basis and prefer to classify these states
as (4", 5'). It should be noted that while J' =3'
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cannot be rigorously excluded from this category
of transitions, such a final spin is unlikely, ' the
lowest 3' configurations giving rise to pure L, = 4

transitions are s„,g„, and psf, h9„, both outside
the configuration space of importance here.

III. DISTORTED-WAVE BORN-APPROXIMATION

ANALYSIS AND NUCLEAR-STRUCTURE

CALCULATIONS

3 I ~ I ~ 1Q I ~ ~ 10 A. States in the (f7/2) f7/2 Multiplet

2000 . . . . 2000 2000

1000

500

1000-

500

1000-
3240 (1+O+)

500

100

50

1TQQ

50

100

I 10

2000 4000 I I ~ I 1000 T I I I

1000-

fi)
soo

Z

K

1OO

so

1000

100

500

100

+, o)

10-

2000. . . , 4000

I ~ 5 ~ .I I I

2000 I I T ~

1000

500 1000

1000-
5430, 1+

100

50 100

100

10

2000

1000

~ I ~

5000 I ~ I ~

1000

6685, 0+
1 ~ 4

1Q I I I ~

0 20 40 60 80 100

100

50

1Q
I ~ I 3Q I \ ~ ~

0 20 40 60 80 100 0 20 40 60 80 100

e (deg )

FIG. 2. The 1+ states assigned in 4 Sc. The same 1+
curve (taken from Fig. 6) is drawn through all transitions
and can only be expected to reproduce the forward-angle
behavior of the data. The 6685-keV T =4 transition is
pure I.=0 and this is represented by a different curve.

As noted above, the level positions of the states
in the (f7~, ) 'f7,2 multiplet now seem well estab-
lished. ' ' These multiplet states should also be
observable in the reaction "Ca('He, P)"Sc because
of the predominant (f», ) ' hole structure of the
~Ca ground state. The spectroscopic overlaps for
these states in the ('He, p) reaction are the same
for every state in the multiplet, independent of J,
under the assumption of a pure (fv„)' transfer con-
figuration. However, with the exception of the
6.685-MeV, O', T =4 state, they are all observed
to be only weakly excited. Indeed, the summed
cross sections (Table I) of the 1'-7' states of the

(f„,) 'f»2 configuration represent less than 5% of
the total. This result is in contrast to the "Ca-
('He, f)~Sc data, "where the (f„,) 'f„, states are
among the strongest.

The distorted-wave Born-approximation (DWBA)
calculations were carried out with the zero-range
code DWUCK (developed by P. D. Kunz, University
of Colorado), employing both a Woods-Saxon~ (WS)
and harmonic-oscillator" (HO) form factor for the
transferred neutron-proton pair. The calculated
angular-distribution shapes were practically inde-
pendent of the choice of code. Several optical-
model combinations from different parameter sets
appearing in the literature9 ""were tried in the
('He, p) analysis. Some representative choices
made are given in Tables 0 and III. The param-
eters given in these tables are quoted as they are
entered in the DWUCK code. The coding is such
that both the derivative form of the imaginary po-
tential and the strength of the spin-orbit potential
are 4 times larger than the original Percy defini-
tion. ""

The distorted-wave (DW) fits utilizing the A and
X optical-model potentials of Tables II and III,
respectively, for most of the states of the multi-
plet are given in Fig. 7. The ground-state (6') and
133-keV (5') transitions were very weakly excited
(Fig. 1) and the angular-distribution data were of
poor quality, so DW fits to these data are not giv-
en, The calculated curves are individually nor-
malized in Fig. V. The AX potential gave the best
fit to the data for the (f„,) 'f„, transitions, al-
though the results of the CZ potential were rather
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similar. It is the AX combination, without the
spin-orbit term, which also gave satisfactory fits
to the 18-MeV "Ca('He, P)MSc data of Schlegel et
al. ' We find that the inclusion of the spin-orbit
force makes some difference on the calculated
shapes at forward angles, but little change in the
relative cross sections discussed below. The BY
potentials consistently gave the poorest fits to the

(f», ) 'f», data. Note that a satisfactory account
of the shapes of the 624-keV 3' and 1145-keV 2'
transitions is obtained with the AX potential. Both
of these transitions show the forward-angle L =2
dip referred to earlier. The 1' DW fit appears not
to have enough L =2 component, but the calculated
shapes of the other transitions are in good agree-
ment with the data using this potential combina-
tion.

The calculated cross sections obtained with the
HO code are compared with the observed cross
sections for the (f„,) 'f», transitions in Table IV.
The three optical-model combinations AX, BY,
and CZ have been used in the DW calculations.
All cross sections are given relative to that of the
624-keV 3' state. A normalization to any of the
higher-spin states would be unreasonable with the
present data because of the low accuracy obtained
in the corresponding cross sections (Table I).

In the ('He, p) reaction there is a strong spin
dependence" "expected which favors the S =0

transfer over the S=1 by a factor of about 3, al-
though the calculation of this factor from experi-
mental data depends somewhat on the method used
to construct the two-nucleon form factor. ~ In ac-
cordance with Ref. 19, we have used an enhance-
ment factor of 3 for the (f7„) 'f„m multiplet states
of even spin in Table IV, since these- can only be
populated by pure S=0, T =1 transfers.

The over-all agreement concerning relative
cross sections between the f», theory and the data
for the multiplet states is not satisfactory. The
discrepancies which appear from Table IV clearly
are connected with the spin values: With the nor-
malization chosen the relative strength of the 0'
state is 4-5 times higher than predicted, whereas
the relative strength of the high-spin states is 2-3
times lower than predicted. Over the full range
of spin values the pure f„,theory thus gives rise
to a discrepancy in the cross section by more than
a factor of 10.

Since the comparison between the two form-fac-
tor procedures is of interest, the theoretical
(f»,) 'f„, cross sections obtained with the WS
form factor are also given in Table IV. The bind-
ing energy of each nucleon was taken to be —,

' the
separation energy of the pair. Note that the HO
results and the WS results are similar, in par-
ticular the large discrepancy in the analog-state
transition is unchanged.

400 I 00 2000

62I, 3+( 2+) 11I.5, 2+(3+)
1000 "

2295 (2, 3+)

100-
I—

50-

100

50

500

100

10"

~ ~

I I I

0 20 40 60 80 100
8 (deg)

2 I I I I

0 20 I 0 60 80 100

8, (deg}

I I I I V

0 20 I 0 60 80 100
8, (deg }

FIG. 3. Some {2+,3+) J =2 transitions in 48Sc which show a pronounced forward-angle dip in the cross section. The
curves drawn through the data are only meant to guide the eye but it is the same curve for all transitions and it is taken
from Fig. 6.
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B. Higher-Lying States and Comparison

with the Reaction Ca( He, t) Sc

2000 400 I I I I 2000 ~ i I I

100

3510 (2+3+)
1000-

500

4870 (2, 3 )

100

10

5-

As can be seen in Table I and in Fig. 1, the ma-
jority of the experimental strength found in the
reaction ~Ca('He, p)~Sc occurs beyond 2 MeV.
Since, to our knowledge, wave functions other
than pure (f„,) 'f», are not available for "Sc, we
are unable to make any quantitative comparison
of the states beyond 2 Mev with a realistic nucle-

ar model. However, the effects of a more expand-
ed model space may be examined in rough outline.
The higher configurations of the 2P shell will car-
ry much more cross section in thp two-nucleon-
transfer reaction than those of the f ~7~

shell. This
point has recently been emphasized by Baymana'
and is also borne out in the discussion to follow.

In Table V we present cross sections calculated
with the HO form factor using pure configurations
other than (f„,) 'f», for selected higher-lying
states in Sc. The cross sections are given (in
the same units) relative to the theoretical
(f„,) 'f„, 3' cross section of Table IV. They
are given only for the AX optical model, since
the results of other potentials were very similar,
as can be seen already from Table IV. The theo-
retical ('He, p) cross sections of Table V were

ing (fviR) fsl2& (f1/2) pSIR» (p3/2)
and pg/2 p3/2 configurations. In addition, the

10 s ~ a I I I I

1000 ~ ~ r ~ 2000 y s i ~

1P s

2000

I I I I 500

500-

100-

3 ) 5215 (2+, 3 ) ) 535Q (2+3+)

500
50-

253 4+

100—

1095p7+

(I)

X
10-I
5

2000

10

2000

100

50

1P s ~ ~

10-

50

10-

1OOO-
5520 (2, 3+)

b 500-

1000-
5615 (2+, 3+)

500

100

1000-

500

6250 (2, 3 ) (A

I I

Kl
CL

000

5-

500

100
500—

b 2085 (4,+, 5+) 2690 (4,+ 5+)

10

2000

6840 (1+, 2+, 3+)

10 I \

2000

1000 -
)

500-

2P I I I I

0 20 40 60 80 100

100

50

100

50

100 " 100-
10

10- 5-

10 10 I t I I

0 20 40 60 80 100 0 20 40 60 80 100

ec,m (deg )

FIG. 4. The (2+, 3 ) I =2 transitions in 488c which
show a flattened shape at the forward angles. See cap-
tion to Fig. 3. A possible 1' assignment cannot be ex-
cluded for the 6840- and 6955-keV transitions.

I 3 I I

0 20 40 60 80 100 0 20 40 60 80 100

e„(deg )

FIG. 5. Transitions to states of higher spin populated
in the 46Ca{3He, p) reaction. The curves are drawn to
guide the eye and, with the exception of the 1095-keV 7
transition, are taken from Fig. 6.
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2320, 4+

325, 3+

2SS, 2+

(f,ii) 'f», calculations of Table IV are repeated
for the higher excitation energies, in order to
examine the Q dependence of the calculated cross
sections. As can be seen from Table V, this is
most important for the I.=2 transitions, although
even in this case the effect of a 4-MeV decrease
in the Q value makes only about a 35% increase in
the calculated cross sections. The Q dependence
of the ('He, P) cross sections in this mass region
is then generally weak, a point which has also
been discussed with regard to the 1' states in
Ref. 5.

The cross sections predicted for 2P shell form
factors are much larger than those calculated for
the (f„,) 'f», configuration. Certainly the pure
configurations given in Table V cannot be con-
strued as giving any accurate representation of
the actual wave functions for the states chosen
and, indeed, good fits to the angular-distribution
data for the higher-lying states were not achieved.
However, the calculations given in Table V do
show that the bulk of the cross section in the re-
action ~Ca('He, p)~Sc will come from the orbits
of the 2p shell and are thus in qualitative agree-
ment with the weak population of the 1'-7' mem-
bers of the (f„,) 'f», multiplet (Table I, Fig. 1).

The ('He, p) transitions to the states at 3075,

5- 100—

50—
253 keV
C' 524 keV

34

10—
o

1095 keV

5-

I8SO, I+

100—
b )50—

1145 keV
2'

SeaS kev
0; T*C
"'ho

10—

0 20 40 60 80 100 120

(deg)

FIG. 6. Angular distributions for states of known spin
(1+-5+) observed in the reaction Ca(38e, p)+Sc (Ref. 11)
at 18-MeV bombarding energy. The curves are only to
guide the eye and are meant to give a reasonable account
of all such transitions of similar shape observed in both

Ca and 4sCaf He, p) reactions. 'I1te ordinate does not
give the relative cross sections.

0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

eg ~ (deg)

FIG. 7. DNA fits to the states of the (f&z&) fgag mul-
tiplet observed in the reaction 48Ca(3He, p)4 Sc. Each
curve is individually and arbitrarily normalized to the
data. The optical potential used is the AX combination
of Tables II and ID.
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TABLE II. 3He optical-model parameters.

Label &v av &w aw &so +so so +c Reference

A

B
C

165
157
182

1.14
1.24
1.15

0.72
0.66
0.71

20.2
16.Q
15.1

1.6Q

1.59
1.64

0.81
0.86
0.79

28.0
0.0
0.0

1.14 0.72 1.15
1.15
1.15

9 8

14b
15c

' 3He parameters from the 18-MeV Ca(3He, P)SOSc DW analysis but including a spin-orbit term.
Taken from 20-MeV triton scattering on Ca.
18.8-MeV He scattering on Ca.

3175, 3240, 3510, and 3705 keV agree in excita-
tion energy, within the experimental errors, with
states at 3068, 3179, 3230, 3495, and 3690 keV
observed in the ('He, t} reaction. ' Possibly the
4330-keV level from the present experiment may
correspond with the 4265-keV 1' state reported
in Ref. 2. Other than these states, only the mern-
bers of the (f»,) 'f„, multiplet are common in the
two reactions. Our 3075-, 3175-, 3240-, and
3705-keV levels are all assigned 1' or 1', 0', but
these assignments are difficult to reconcile with
the ('He, t) angular distributions for the 3119- and
3690-keV states as presented in Hef. 2; the ('He, t)
data perhaps indicate higher-spin values (see also
Hef. 1). In view of the high level density of ~Sc
at these excitation energies" it may not be mean-
ingful, however, to compare the two sets of reac-
tion data. The excitation of so many 1' states in
this energy region in i'he ('He, f) reaction would be
difficult to understand on the basis of a closed
~Ca f„, neutron shell.

C. Odd-L Transfers in the ( He, p) Reaction

In Fig. 8 we compare the calculated DW shapes
for transitions of negative parity, L =1, 3, and 5
with those of positive parity L =0, 2, 4, and 6.
The DW curves of Fig. 8 are for an excitation en-
ergy of 3.4 MeV in Sc and are calculated w'ith the
AX optical potential. Only pure L transfers are
shown. The transitions of positive parity (solid
lines} are calculated assuming an (f„~) 'f~~, con-
figuration, while those of negative parity (dashed
lines) were obtained assuming an (f„,) 'g», con-
figuration. Only the L =0 and L =1 transfers are

forward peaked, with the latter showing a flatter
behavior in this angular region. It is clear from
Fig. 8 that the shapes of L =0 and L =1 transitions
are both very distinct from those of higher L val-
ues. Unfortunately, the large majority of ob-
served ('He, P) transitions have mixed L values
and thus do not correspond to any of the curves
of Fig. 8. In fact, most of the observed ('He, p)
shapes can be reproduced reasonably well by more
than one arbitrary combination of L values and we
conclude that the parity of the final state cannot be
determined on the basis of calculated shapes alone.

However, for the states of low spin, we find that
a comparison of empirical shapes often allows a
fairly reliable determination of the final parity.
This is particularly true for the 1' states. Other
than L =0, only L =1 transitions show a rise in
forward angles (Fig. 8), but the available data in-
dicate that ('He, P) transitions dominated by L =1
show a much flatter shape at forward angles" than
we observe for the 1' transitions (Fig. 2). Conse-
quently, 1' should be safely distinguished from 1
and 2 final states. Similarly L =3 transitions are
not observed to be forward peaked. " The prepon-
derance of positive-parity states that we assign
in ~Sc below 6 MeV (Table I) is also consistent
with the very weak spectroscopic strengths mea-
sureda~as to the 2s-1d hole states in ~Ca and ~Ca.

D. 6.685-MeV O' T= 4 Transition

It appears from Table IV that the pure (f», ) 'f„,
model is quite inadequate to account for the exper-
imental relative cross section to the 6.685-MeV
analog state in the reaction ~Ca('He, p)~Sc. Even

TABLE III. Proton optical-model parameters.

Label D aD ~so +so aso &c Reference

X
Y
Z

52.5
49.7
50.0

1.21
1.24
1.20

0.75
0.69
0.75

56.5
48.8
48,0

1.20
128
1.20

0.47
0.46
0.70

32.0
35.2
0.0

1.21
1.24

0.75
0 .69

1.20
1.20
1.20

9 ci

16b
c

Proton parameters from 18-MeV Ca{ He, p)~ Sc DW analysis.
"Percy potential for 17-MeV protons on Fe but with the real well taken from the "best-fit" potential of Bechetti and

Greenlees Puef. 17).' Essentially same as Y potential but containing no spin-orbit, term.
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TABLE IV. Relative cross sections for the states of
the (f,&2) f7&2 multiplet.

I I I I I I I I I I I I I 1 I I I 1 I

(keV) J Qa(exp) ' Q &r(HO) ~ Q rr(WS) Ir

0 6+

133 5+

253 4+

624 3+

1095 7+

1145 2+

2526 1+

6685 0+

35
50
50

100
100
185
165

1750

AX BY CZ
120 75 135
110 120 115
165 135 135
100 100 100
215 190 340
245 195 225
185 150 170
420 380 450

AX
125
120
160
100
275
220
145
300

C
O

O

MI

I/I
Ml
O
I
O

L=2

L e ')

0 20 40 60 80 100 0 00 40 60 80 100

e, (deg )

I I I I I I I

0 20 40 60 80 100

' The experimental cross sections are relative to a
value of 100 for the 624-keV 3+ transition and are taken
from the summed cross sections of Table I.

The theoretical cross sections are labeled by the
optical-model parameters of Tables II and III and are
also relative to a value of 100 for the 624-keV 3+ transi-
tion. The theoretical cross sections are summed val-
ues, from 3.8 to 73' c.m. The last column was obtained
with a WS form factor.

with the inclusion of a factor of 3 enhancement in
the S =0 transfer, the calculated 0' cross-section
sum remains a factor of 5 weaker than the experi-
mental one. Before attempting to explain this dis-
crepancy in terms of a nuclear-structure effect,
it may be worthwhile to examine some possible
sources of uncertainty in the calculated cross sec-
tions. One might expect some problems when try-
ing to compare states which differ widely in excita-
tion energy, here by 7 MeV.

As mentioned previously, the DW calculations
have been carried out with both a WS and an HO
form factor. In the HO calculation, the form fac-
tor decays with a Hankel-function dependence, the
asymptotic behavior of which is determined by the
separation energy of the pair. In this method, the
DW code searches for a matching radius where
the slopes of the bound-state wave function and
the decaying Hankel function are the same. This

FIG. 8. Theoretical DWBA curves for odd- and even-~"
transfers in the reaction Ca( He, p) Sc. The AX op-
tical-model potential has been used.

can introduce some uncertainty, depending on
whether the tail matches at the same radius, in-
dependent of the excitation energy, or at slightly
different radii. Any small differences in match-
ing radii are compensated for by corresponding
small changes in the value of the size parameter
of the oscillator. This unphysical procedure can
lead to appreciable variations in the calculated
cross sections, particularly over wide ranges of
excitation energy and in light nuclei. " However,
we find that in the present analysis of the reaction
"Ca('He, P)4eSc, the sensitivity of the calculated
cross sections to the matching radius represents
no more than a 30/0 effect for the 6.685-MeV tran-
sition, independent of the optical model employed
in the DW calculations.

In the WS code, the calculated cross sections
can be sensitive not only to small changes in the
geometrical parameters of the WS well, "but also
to the choice of binding energies. One may either
choose binding energies for the individual nucle-
ons corresponding to the appropriate single-par-
ticle energies" or corresponding to —,

' the separa-
tion energy of the pair. This latter procedure,

TABLE V. 8Ca(3He, P)4 Sc theoretical cross sections. The theoretical cross sections are again summed values and
are given in the same units as in Table IV. The calculations are shown only for the AX optical potential.

E
(keV) (f7'~ 'f7n (fv2) 'f5' (f7n& 'P3n (P3i2)' P i/2 P3/2

2085
2295
2690
3510
4175
5215
5750
6250

5+

2+
4+
3+
1+
2+

1+
3+

125
265
170
125
185
340
195
160

85
65

195
150
460
85

480
185

1220
2020
810
660

2550

830

1370

1900
1475
1900
1545
2340

2700

2200
3450
2290
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for example, leads to a wide (nonphysical) varia-
tion in the depth of the WS well. We have exam-
ined these effects for the 6.685-MeV transition in
the reaction ~Ca('He, P)~Sc and find that varying
the binding energy of each nucleon by as much as
+25% results in a variation of the calculated cross
section for the T =4, 0' transition of +30% (see
also Ref. 5).

Thus the WS and HO calculations for the 6.685-
MeV transition give the same results to within 20
or 30%, consistent with the previous comparison
shown in Table IV. Moreover, Bayman has re-
cently shown ' that zero-range calculations of two-
nucleon-transfer cross sections agree well in rel-
ative magnitude with the more complex finite-
range calculations.

We have also checked the energy variation of
the real well depth for the outgoing (proton) chan-
nel in the DW calculations, choosing an increase
of 1 MeV per MeV increase of excitation energy.
This is in the correct direction to compensate for
the decreasing proton energy, although the mag-
nitude of the change is surely excessive. "" How-
ever, this again resulted in calculated cross sec-
tions for the analog-state transition which were
within 20% of the values given in Table IV. Final-
ly, we considered that the transferred pair in the
('He, p) T = 4 transition should be bound as a neu-
tron-neutron pair, i.e. , the form factor should
correspond to that for the ~Ca(f, P)~Ca ground-
state transition. This makes a 7 MeV difference
in the binding energy and also considerably wors-
ens the agreement between calculation and experi-
ment.

Consequently, we feel that the disagreement be-
tween the experimental and calculated (f»,) 'f»,
cross sections for the 0' analog state in ~Sc is
of order 5, and cannot be explained by any reason-
able modification of the two-nucleon form factor

an/drothe optical-model parameters in the DW
calculations.

It is clear from the theoretical comparison of
Table V that any 2p contribution to the analog-
state transition wiQ lead to a large change over
what is predicted on the basis of pure (f»~) 'f»3.
In fact, there is already good evidence from the

Ca(t, p) Ca data on 0' states that such admix-
tures are required. '9 ~

The percentage amounts of (2s-1d) ' hole struc-
ture in the ~Ca ground state and of (2p)* particle
structure in the "Ca ground state are sma1l, but
even small admixtures can make an appreciable
difference in the two-nucleon-transfer cross sec-
tion to a single correlated state. Such admixtures
are found to be of order 5% from single-nucleon
stripping'~ "and pickup data "An inte. rpretation
of these data" has yielded the following form fac-

tor overlap for the ground-state reaction ~Ca(t, P)-
~Ca

0.94(1f„,)' —0.14(2s„,)' —0.19(1@„)'

+0.22(2p», )'+0.10(2pU~)'.

The phases are chosen to give a state which is
constructively coherent. Such a form factor pro-
vides a basis for understanding the observed rela-
tive cross sections to the 0' states in the reaction

Ca(t, P) Ca, as well as the absolute cross sec-
tions~ for the ground-state transition. This over-
lap results in a factor of 5-6 increase in the cal-
culated ground-state cross section over that ex-
pected for pure (f», )~. This result may seem sur-
prising when considering that the 2s-1d Bnd 2p
admixtures represent only 10% of the total prob-
ability, but it is a consequence of the very favor-
able A. =0 overlaps that these orbits provide in the
two-nucleon-transfer reaction. ""'" Since the
same overlap of course enters into the 6.685-MeV
analog-state transition in the reaction ~Ca('He, P)-
~Sc, the factor of 5-6 enhancement provides a
very natural explanation for the discrepancy ap-
parent in the (f»,) 'f„, comparisons of Table IV.
Indeed, such a factor brings the calculated cross
sections into much better agreement with the ex-
perimental results.

The importance of including configuration mix-
ing in order to reproduce the strength to the 0'
member of the (f„,) 'f„, multiplet, implies that
similar mixing should also be considered for the
other members. Mixing with the 2s, 1d, and 2P
levels wQl mainly affect the low-spin states. If
this mixing occurs with the right phases, then the
calculated cross sections for these states would
also be enhanced over the predictions of the pure
f„,model. On the other hand, the states of higher
spin, particularly the 6' and 7' states, would pre-
sumably exhibit less configuration mixing, and
thus their cross section should be closer to that
predicted by the pure f„,model. The previously
noted final-state spin-dependent discrepancy (see
Table IV) can then be qualitatively understood in
terms of the above small admixtures. Such admix-
tures could not appreciably alter the one-nucleon-
transfer spectroscopic factors for pure f„,trans-
fer, ' but might have some effect on the ('He, t)
cross sections. ' Let us finally reiterate that the
above conclusions were made assuming that the
DW codes can correctly predict the relative (~He, P)
cross sections for a range of I. values. Further
experiments on the structure of the low-lying ~Sc
states are important for testing our main conclu-
sions.
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