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Nuclear Spectroscopy of "Ca via the (d, f), ('He, d), all (a, a') Reactions
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Measurements of the "'Ca(d, t) and "'K( He, d) reactions have been carried out at incident energies of 20
and 23 MeV, respectively, with an energy resolution of 9—14 keV full width at half maximum. Single-particle

strength distributions have been studied up to an excitation energy of 6.24 MeV in "Ca. About 75% of the
total l = 3 pickup strength is observed in the even-parity states up to the 6+ state at 3.188 MeV, The other
25'Fo is distributed over 10 states between 3,2 and 6.2 MeV. The l = 2 pickup transitions should populate
four T= 1 states of the [(1f7/2)' X 1d3/2 ']multiplet with J~=(2, 3, 4, 5) . The strength is found to be
spread over at least 20 states, however, and many transitions show considerable l = 0 admixture. The

stripping measurements also show extensive fragmentation of the l = 3 strength leading to the
negative-parity states of "Ca, and large differences are observed between the strength distributions observed

in stripping and pickup to these states. The particle transfer measurements were supplemented by
high-resolution measurements of the ' Ca(a., 0.') reaction at 28.5 MeV which provided definite spin-parity

assignments to many natural parity states in "Ca.

1. INTRODUCTION

A great deal of experimental and theoretical ef-
fort has gone into the study of the structure of
4'Ca. Single-particle structure has been investi-
gated in the "Ca(d, t)4'Ca, 4'Ca('He, u)"Ca, and
"K('He, d)"Ca reactions. ' ' Collective states have
been studied via inelastic scattering of protons, '
deuterons, and u particles. ' Measurements of
the 4'Ca(t, p)4'Ca reaction" '" and the '4Ca(p, t)"Ca
reaction' "have also been reported. Particle-y
coincidence" "and P-decay" "studies have re-
sulted in measurements of spins and lifetimes for
most states of "Ca up to about 4.2 MeV. The "Ca-
(d, p)"Ca reaction has also been studied recently. "

Several theoretical calculations have been per-
formed using different models. Extensive work,
with some success, has been directed toward the
study of positive-parity states by making use of
different interactions and the lf 2p space" -" or a
more expanded space. 9' Somewhat more suc-
cessful calculations using both spherical and de-
formed basis states have been performed. "" In
an attempt to explain the high density of negative-
parity states, a shell-model calculation with the

[(If,~,)' x 1d,i, '] configuration" has had little suc-
cess. A core-particle-coupling calculation with
random-phase approximation(RPA) core states"
succeeds in explaining the position and density of
the low-lying odd-parity states, but cannot pro-
duce the observed spectroscopic factors for the
"K('He, d) reaction. Recently the Padova group
has repeated the (3p-1h) shell-model calculation'
using different sets of (1f„,x ld„, ') interaction
parameters, but their stripping strengths do not
agree with the experimental values.

The present measurements were undertaken

initially to study the negative-parity states as-
cribed to the [(lf»2)3 x ld, z ']r, configuration in
"Ca. One earlier (d, f) measurement' went only
to an excitation of 3.19 MeV. Although it gave the
distribution of lf», strength among low-lying
states, it provided no information on the l =0, 1,
and 2 strengths. A later (d, t) measurement' ex-
tended to higher energies, but with a limited ener-
gy resolution (of about 100 keV). A measurement
of the "Ca('He, o.) reaction' was reported up to an
excitation energy of about 10 MeV in 4'Ca. This
permitted identification of the [(lf„~)'x ld, ~, ']z.,
states, but the angular distributions in ('He, o.) did
not allow clear l assignments for many low-lying
states.

The present pickup results provide a clear mea-
surement of transfer l values and spectroscopic
strengths for states up to about 6 MeV in "Ca. An
immediate conclusion from these results is that
the expected states of the (/», )' x d, I,

' multiplet
are extensively fragmented, and the measurements
provide little information on the f»;d»~ effective
interaction.

The l = 3 transitions showed a strength distribu-
tion in good agreement with earlier results for
states up to the 6' state at 3.188 MeV. About 25%
of the total l =3 strength was observed in higher
states. Weak l = 1 admixtures were observed i~.

many 1 =3 transitions, but the total l = 1 strength
indicated very slight excitation of 2P particles in
the target ground state. If it is assumed that
1f», excitations are correspondingly small, then
the observed l= 3 strength must be essentially all
assigned to 1f,~, pickup. As a result, the cen-
troids of the (f»,)'r, states are shifted appre-
ciably from the values based only on the even-
parity states up to the 3.188-MeV 6' state.
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Measurements of the "K('He, d) reaction have
been reported' at 11.0 MeV, going up to an excita-
tion energy of 5.79 MeV. At this incident energy,
it was difficult to measure mixing of l = 1 and l = 3
strengths in transitions to the negative-parity
states. There also appeared to be some incon-
sistencies between the results of the previous
('He, d) measurements' and the present (d, f) re-
sults. For these reasons, measurements of the
('He, d) reaction were repeated, at a few angies,
at an incident energy of 23.0 MeV. These show a

strength distribution for f = 3 transitions to the
negative-parity states in "Ca which is quite dif-
ferent from that observed in the I=2 pickup. This
is a further indication of the extent of fragmenta-
tion of the [(f„,)' x d, ~, 'J states.

2. EXPERIMENTAL PROCEDURES

The "Ca(d, t) measurements were carried out
at an incident energy of 20 MeV. Line targets of
"Ca 1 mm in width were prepared by simultaneous
decomposition of CaCO, and evaporation of the Ca
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FIG. 1. The spectrum of tritons from the 43Ca(d, t)42Ca reaction at laboratory angle of 15'. The letters A, (C), (D),
(E), and (F) stand for the ground state and the 0.59-, 0.99-, 1.96-, and 2.05-MeV excited states of 43Ca. These groups
are due to the 5.4% of the 44Ca impurity in the target. (8) indicates the location of the ground state of Ca, arising from
a 0.65% of Ca impurity in the target.
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as metal from a tantalum boat. Targets were
evaporated on carbon foils 20 gg/cm' in thickness.
The enriched material contained 81%%u~ "Ca, with
about 8%%up "Ca and 14% "Ca. Target thickness was
about 60 p, g/cm', giving an energy resolution in
the (d, f) measurement of 10 to 14 keV. Reaction
products were detected in nuclear emulsions by
using an Enge broad-range spectrograph. Angular
distributions were measured in steps of 2.5 or 5
over the range from 7.5 to 60 lab.

The "K('He, d) measurements were carried out
with 23-MeV 'He. Line targets 1 mm in width
were prepared by evaporating KI enriched to 99%
in "K on 20 pg/-cm' carbon foils Ta. rget thick-

ness was about 70 p, g/cm', yielding an energy
resolution of 12 to 14 keV. In these measurements,
it was intended merely to obtain a comparison of
the relative excitation in stripping of the states in
"Ca seen in pickup. For this reason, data were
taken only at angles of 10, 20, 30, and 45 . These
angles were chosen on the basis of distorted-wave
Born-approximation (DWBA) calculations which
indicated that transfer / values could be clearly
determined from measurements at these angles.
If the parity of the final state is known from (d, t)
measurements, then mixtures of l=0+ l=2 or
l= 1+3=3 can also be determined.

Since many of the states seen at high excitation
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FIG. 2. Spectrum of deuterons from the K( He, d)4 Ca reaction.
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in the particle-transfer reactions lacked spin and
parity assignments, measurements of inelastic
e scattering were carried out at 28.5 MeV to iden-
tify some of the natural parity states. For these
measurements, targets of enriched "Ca (94% "Ca)
were prepared in the same fashion as the 4'Ca tar-
get. Target thickness was about 90 Ij.g/cm', and
the energy resolution was about 25 keV. Measure-
ments were carried out for the angular range 14 to
43 in steps of 2 or 3' at forward and 5' at large
angles. Since the spins of all low-lying states are
known, measurements were carried out only for
states above 3 MeV excitation.

Reaction cross sections were determined by
comparison with the elastic scattering cross sec-
tion. The elastic scattering was monitored by a
counter fixed in the scattering chamber at 60' for
the ('He, d) and (d, f) measurements and at 45' for

"Ca (u,u')"Ca'
E„(lab)=28.5 MeV'" lab Angle=50'

the (n, o. '). Elastic cross sections were calcu-
lated using the same optical-model parameters as
used in the DWBA reaction analysis. The over-all
uncertainty in absolute reaction cross sections is
estimated to be about 25/p. Relative uncertainties
for measurements at different angles are given by
the counting statistics which were between 3 and
10%, except for very weak or very intense groups.

3. EXPERIMENTAL RESULTS AND DWBA ANALYSIS

Typical spectra for the three reactions studied
are shown in Figs. 1-3. The excitation energies
of the observed levels are listed in Tables I and G.
Except for very weak states, the excitation energy
measured at different angles did not deviate from
the mean by more than 5 keV, and the mean exci-
tation energies reported are believed to be accu-

I200-

600-

400-

200-

E
E

D
cJ 0

CA

C)

$50

o
LA

cJ

60

co o
5 Mg

~J

80 I00

PO

o

O

R

, O 0
I

I

l20

l2C'(O. 4S MeV)

l40

400-

ct
tA

y) (g~'O g) (g

rq P)g ~/ m ~u o

,.A~, ,,.~
l80 200

DISTANCE (mm)
220 240

FIG. 3. Spectrum of n partic'. es from the 42Ca(n, a')42Ca reaction at 28.5 MeV. Only states above the 4+, 2.750-MeV
state &vere observed in these measurements.



1786 A. SAMSHIDI AND W ~ P. ALFORD

TABLE I. Resu1ts of the present 3Ca{d,t)~ Ca and K( He, d)~ Ca reactions.

Pickup reaction

E„(MeV) l i+l2 ~ C2[S(Z &) +&S(l &)]b C [S(l2)+ES(Z2)] E„(MeV)

Strapping reactxon
(2 Jy+1) (2Jf+1)

Z~+Z2 x C [S(Z&) ~QS{Z&)] x C [S(22)+4S(Z,)]

g,s.
1,523
1.836
2.425
2.750
3.188
3.253

(3.297)
3.393
3.446
3.656

(1) +3
(1) +3

3
(1) +3

1+(3)
0+2

3

0.46 + 0.01
0,19+ 0.01
0.04

(o.oo4) 0,16+0,01
(0.01) 0,59+ 0.02

(0.87 + 0.03)
(0.001) 0,08 + 0.01

Very weakly excited
0.003 (0.01 + 0.01)

0.09 + 0.01 0.14+ 0,02
0,06 + 0.01

g.s.
1.522
1.832
2.418

(3.297)

3.444

3.880

1 +3

1+{3)

2,22+ 0,21
0.25 + 0.06
0.39+0.07
0.37+0.06

Very weak1y excited

0.06 + 0.02

0.02

1.06 + 0.12

(0.06 + 0,01)
3.890
3.956
4.043
4.099

(0) +2
0+ (2)
0+2

2

(0.002)
0.002
0.01

0.02
(0.01)
0.01
0.30+ 0.01

3.949
4.044
4.093
4.116
4.225

1 +3

(1)
(1)

0.03 + 0.01

('0.18)
(0.02)

2.77 + 0.28
0.27 + 0.04
3.03+0.31

4.355
4.421
4.447
4.690

4.895

4.966
5.012

2
2

1 +3
0+2

0.02
0.04

(2)
(1+3) (o.oo3)

{0)+ 2 (0.02+ 0.01)

0.29 + 0,02
0.09+ 0.01
0.04 + 0,01
0.06+ 0.01

0.16 + 0.03

{0,18+0.01) ~

(0.08 + O.02)

4.420

4.685
4.710
4.896
4,944
4.969

5.075
5.156

1+ (3)

1+3
1+ (3)
1 +3

1+(3)
1+3

0.03+ 0.01

0.14+0.02

0.18 + 0.03
0.06
0.09 + 0,01

0.26 + 0.03
0.07

0.71 +0.07

(0.11+ 0.03)

0.40 + 0.06
(0.07 ~ 0.01)
0.23 + 0,05

(0.32 + 0.08)
0.12 + 0.03

5.189
5.204
5.321
5.377

5.403
5.436
5.467
5.488

5.590

5.767
5.790

5.923

5.985
5.997

6.034
6.098
6.162

3
1+3
0+2

2

(0) +2
0+ (2)
1+3

(1) +3

0+2

0+ (2)
o+ (2)

(0)+2
2

(0+2)

0.01
0.02

(o.oo4)
0.01
0.01

(o.oo1)

0.08+ 0.01

0.17+ 0.02
0.16+0.02

0.02
0.03

(0.004)

(0.01)

0,13+ 0.01
0.08+ 0.02
0.12 + 0.02
0.05+ 0.01

0.05 + 0.01
(0.02 + 0.01)
0.04
0.03

0.10+ 0.02

0.06 + 0,01

{0.03 + 0.01)
(0.02 + 0.01)

0.04 + 0.01
0.06 + 0.01

(o.o2+ o.o1)

5.205
5.322

5.389
5.410

5.466
5.488
5.509
5,587
5.622
5,665
5.720

5.795
5.826
5.877
5.918
5.975

6.023
6.039
6.100
6,158
6 ~ 191

1+(3)
1 +3

3
1 +3
1+3
1+3
1+(3)
1 +3

(1+3),(2)

1
1

(1+3) (2)
{1+3}

2

(1+3}
(1+3)

0.10+ 0.01
0.06 + 0.01

0.11+ 0.02
0.07 + 0.02
0.06+ 0.01
0.16+ 0.01
0.07 + 0.01

0.12 + 0,01
0.04+ 0.01

(o.o2)
0.02 + 0.01

0.27+ 0.04
(0.03+ 0.01)
(0.01 + 0.01)

0.07

0.32 + 0,05

(0.12 + 0.03)
0.15+0.02

0.34+ 0.07
0.49 + 0.09
0.37 + 0.07
0.27+ 0.03

(0.16 + 0.06)
0.30 + 0.06

(o.o7+ o.o1)

(0.13~ 0.05)
(0.24 + 0.06)
0,23 + 0.02
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TABLE I (CInItinued)

Pickup reaction

E„(MeV) l g+ l2 C [S(lg) +b, S(l g)] C [S(l2) +AS(l ~)] E„(MeV)

Stripping reaction
(2m~+1) (2Z, +1)

Eg+l2 &&C [S(lg)+AS(lp)] XC [S(l2) +AS(l2)]

6.207
6.235

0+ (2)
0+2

0.05
0.002

(0.04 + 0.01)
0.05 + 0.01 6.242 (1+3) (0.05+ 0.01) (0.19~ 0.04)

' Values of l in parentheses indicate uncertain fits due to missing experimental points or poor statistics. For mixed
transitions, parentheses on one component only indicate that the data permit, but do not require, a small admixture.
The corresponding spectroscopic factor represents an upper limit for that component.

"The quoted uncertainties in the spectroscopic factors are due to statistical errors only. For weak states for which
no error is given, it is generally about 25% of the quoted strength.

20% of the observed strength of this group has been subtracted to account for the g.s. of the Ca(d, t) 3Ca impurity
group.

Observed only at backward angles.

1,0-.
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Ex= I 858 MeV
L-5

rate to within 5 keV. ln a number of experiments
with the Enge spectrograph, measured excitation
energies consistently show agreement with accu-
rate values obtained from y-decay work to within
a few keV.

Some angular distributions measured in the "Ca-
(d, f)"Ca reaction are shown in Figs. 4-7. In this
reaction, the target has nonzero spin so that the
transition to a given final state can generally in-
volve admixtures of different l and j values. Since
the present measurements were undertaken to

provide a determination of the strength distribu-
tions for different single-particle states in "Ca,
the problem of l discrimination is a major con-
cern. In the distorted-wave (DW) analysis of the
results, fits to the observed angular distributions
have been obtained with the assumption of transi-
tions involving a single l value, or admixtures of
two different l values. Because of the experi-
mental uncertainties in the data and theoretical
uncertainties in the DW calculations, no attempt
was made to look for admixtures with more than
two components, although these are allowed by
angular-momentum selection rules in some tran-
sitions.
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FIG. 4. Typical pure l =3 angular distributions from
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size of the circles. The curves are the least-squares
DWBA fits to the observed angular distributions. When
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TABLE II. Summary of assignments for levels in 42Ca.

Published
results

Z„{MeV) H,ef.
Present {d,t)

Z„(MeV) J"
Present {3He,d)
Z„(MeV)

Present (o. , Q' )

E„(MeV)

Final
J' 1T

g.s.
1,523
1.836
2.422
2.750
3.191
3.250
3.297
3.389
3.442
3.651
3.883

3.95
4.043
4.09

4,23
4.35
4.41
4.45
4.68
4.71
4.75
4.86
4.90

4.96
5.01
5.07
5.15

5.20
5.32
5.37

5,41

5.46

5.52
5.58
5.61
5.66
5.70

5.76
5.79

5.92

5.98

a
a, b
a, b

a

a
a, b

0+
2+

p+

2+

4+

6+

4+

(0')
2+

3
2+

1

2
2+

3

2+

2+

2', 3
4+

b 4
a, b (2, 3)

b 5

g,s.
1,523
1.836
2.425
2.750
3.188
3.253

(3.297)
3.393
3.446
3.656

3,890
3.956
4.042
4.099

4.355
4.421
4.447
4.690

4.895

4.966
5.012

5.189
5.204
5,321
5.377

5.403
5.436
5.467
5.488

5.590

5.767
5.790

5.923

5.985
5.997

(0-6)'
{0-6)
(0-6)'
(0-6)'
(0-6)
(0-6)
(0-6)'

(2 4)'
(3, 4)
(0-6)'

(2-5)
{3,4)
(3, 4)
(2-5)-

(2-5)
(2-5)
{2-4)'
(3, 4)

(2-5)-

(0-6)'
(2, 4)
(3, 4)-
(2-5)

(2-5)
(3, 4)
(2-4)'
(0-6)+

(3, 4)-

(2-5)-
(o-6)'

(2-5)-

(3, 4)
{3,4)-

g.s,
1.522
1.832
2.418

(3.297)

3.444

3.880

3.949
4.044
4.093
4.116
4.225

4.420

4.685
4.710

4.896
4.944
4.969

5.075
5.156

5.205
5.322

5.389
5.410

5.466
5.488
5.509

5.587
5.622
5.665

5.720

5.795
5.826

5.877
5,918
5.975

6,023

(0-3)'
(0-3)'
{0-3)'
(0-3)+

(2 3)

(0-3)

(2-5)
(2, 3)
(2-5)

{2 3)

(0-3)-

(2 3)
(0-3)
(2 3)

(0-3)
(2 3)

(2-5)-

(2 3)
(2 3)

{2-5)-
(2 3)
(2 3)

(2* 3)
(0-3)
(2 3)

(0-3)"
(0-3)-

(0-3)-

(0-3)+

2.750
3.188
3.250
3.299
3.390
3.446
3.653

3.891

4.046
4.100

4.446
4.686

4.760
4,865
4.902

4.972
5.017

5.156

5.205

5.375

5.494

5.527
5.591
5.623
5.667
5.693
5.720

5.794

5.866

5.924

6

(0~)
2
3
2

{2)
2
3

3
(3, 4)

(3)
(3)

(4, 5)
(4)

0+
2+
p+

2+

4+

6+

4+

(0')
2
3
2+
1"
3

(4)
3
5

(2-5)
(2)

2, 4
3

2+
2+

3
(0-3)-

3
4+

(0-3)-
3

(0-6)+
2+

.(3, 4)
(2-5)
{2,3)
(2, 3)
{3,4)

{2-4)' (2-5)
(0-6)+, 3-

(2 3)
3
3

(3)
3

(4, 5)
(4 )

{2-5)
{0-6)

3
(0-3)

2+

{2-5)-
(0-3)
(3, 4)
(3, 4)

2+
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TABLE II (Continued)

Published
results

E„(MeV) Ref,
Present {d,t)

Z„(Mev)
Present (3He, d)
E (MeV) J~

Present (0. , 0.' )
Z„(MeV)

Final
J1T

6.10
6.17

6.20

6.034
6.098
6,162

6.207
6.235

(2-5)-
(2-5)

(3, 4)-
(3, 4)

6.039
6.100
6,158
6.191

6,242

(2, 3)
6.106
6.154
6.192

6.239

(4)
(2-5)

4', (2-5)-
3

(3, 4)
3

' See Ref. 14.
b See Ref. 17.
c All higher levels Ref. 10, except 4.41 MeV from Ref. 5.

10.0.

1.0-.

4~Ca(d, t) 42ca

eV

1.0.

45Ca(d, t) 42Ca
x=&9ae Mev
L=o.z, (o)

0.1 =

In order to obtain reliable spectroscopic factors
for the components of admixed transitions, the
DW calculations must provide good fits for the
known transitions involving a single / value. For
this reason, a search was made for optical param-
eters which could provide fits to the pure l = 3
(assumed to be If», ) and I = 2 (assumed to be Id, &,)
pickup transitions leading to the known 0' ground
state and the 4.10-MeV 5 state of 4'Ca, respec-
tively.

Zero-range DW calculations using local poten-
tials were carried out using the code DWUCK. "
The optical-model parameters used in the DW

analysis of the present (d, t) and ('He, d) reactions

are listed in Table III. The deuteron parameters
are the same as those used by Yntema' in the
analysis of a series of (d, t) and (d, 'He) reactions
on Ca and Ti isotopes at 21.4-MeV incident energy.
The triton parameters are similar to those used
by Gaillard et al."in an analysis of (d, t) and

(tf, 'He) reactions on "Ca at 28.0 MeV. It was
found that best fits to the ground state and 5 state
of "Ca were obtained by some adjustment in the
triton parameters and by introducing a lower
radial cutoff of 4.5 fm. The effect of varying the
cutoff radius out to 8 fm is shown in Fig. 8. Out

to 6 fm changes in shape and magnitude were not
very large, but they were important in producing
the detailed fits to the data shown in Figs. 4-7.

In the present analysis, it has been assumed
that all the observed l=0, 1, 2, and 3 pickup tran-
sitions correspond to the 2s, y2 2p3/2 &43]'2 and

If„,orbitals, respectively. The weakness of the

l = 1 transitions indicates that there is little excita-
tion of particles into the 2p state in the 4'Ca ground

. 0.01
E
E p
c3

Cy

bn
1.0-.

4~Ca(d, t) 42ca
Ex-589o Me

L=o+z, (2) I.p-.

4~Ca (d, t)42Ca

Ex=4.690 MeV

(o)

25 50 75 100 0 25 50 75 100

01-

0,01-.

45Ca(d t) 42

0.1-

0.01-.

4&ca(d, t)42ca
Ex=5 255 MeV

LI Zg)

O.l-. 0.1 =

u

E
' 0.001E '

p

I.O=

b

25 50 75 100 0 25 50 75 lop

Ca(d, t)4 Ca -. 4~Ca(d, t)" Ca

0.01- 0.01-. O.I-. 0,01 =

0.001
0 25

!

~ 0.001
50 75 100 0 25

SCATTERING ANGLE (c.m.)

, /
'I„S

50 75 100
0.01 I I I 0.001 I I I

0 25 50 75 100 0 25 50 75 100

SCATTERING ANGLE (c.m. )

FIG. 6. Typical mixed l =0+2 angular distributions
from Ca(d, t) Ca. See caption to Fig. 4.

FIG. 7. Typical mixed l =1+3 angular distributions
from 3Ca(d, t) Ca. See. caption to Fig. 4.
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state. Excitation to the lf», orbit should be com-
parable to that of 2p so that neglect of 1f„,pickup
is probably justified. Neglect of 1d,z, pickup is
based on the observation that the 1d, /2 1d, (2 split-
ting is about 5 MeV at A = 39 so that states in-
volving substantial 1d, /2 strength should lie at
excitation energies above the limit of the present
measurements. It is quite probable that some p, ~,
strength is included in the L= 1 transitions, but

this cannot be discriminated in the present mea-
surements.

The DWBA fits to the angular distributions for
transitions observed in the present (d, t) and
('He, d) reactions have been obtained using a com-
puter program which adjusts the relative contri-
butions from two specified 1 transfers in order to
minimize the value of g' for the DW fit to the
data. DW calculations for different l transitions

DNBA CALCULATIONS

4'Co(d, l)"Co

Ed=20MeV; Ex=5 MeV

LCOR = 3.0 frn

LCOR = 4.5 frn

.LCOR =6.0frn

LCOR =8.0 fm

IO.O Ip.p

l.p I.O

O.I—
V

L

I

cj
I I I I I I

po Ipo 2Qo 30 40 50o 60o

2=2
O

O.I—

I I I I I I

Oo 10 20o 30o 40o 50o 60o

I.p- I.O

O.I O. I

O.OI Q,QI

I I I I I I

Oo lpo 20o 50 40o 50 60o
I I I I I I

Oo lpo 20o 50o 40o 5po 60o

SCATTERING ANGLE (c.m. )

FIG. 8. Effect of a lower cutoff radius in DWBA calculations. A value of 4.5 fm was used in the analysis.
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were performed in steps of 1-2 MeV of excitation
energy. The program then calculated the DW dif-
ferential cross sections for each specified / com-
ponent of a given transition by interpolation. The
best fit to the measured angular distribution for
each state was then obtained by adjusting the rela-
tive strengths for the two specified components.
A few typical X' distributions for fits to some of
the states in 4'Ca are shown in Fig. 9. The DWBA
fits to some transitions, representative of all the
(d, f) transitions observed here, are exhibited in
Figs. 4-7. The measured spectroscopic factors
are listed in Table I, The errors quoted are
statistical uncertainties arising from the least-
squares fit of the data to the DW calculations.

One of the problems contributing to the uncer-
tainties in the spectroscopic factors of different
components, in an admixed transition, is the dif-
ference in the magnitudes of DW cross sections
for different / values. The DW cross sections for
the /= 0 and /= 1 transitions are about 16 times
larger than those for the /=2 and /=3, respective-
ly. Small admixtures of up to a few percent of
/=0 or /=1 in the predominantly /=2 or /=3 tran-
sitions can easily be detected. However, the
sensitivity of separating the /=2 or /=3 compo-
nents of even up to 50% from transitions with large
contributions from /=0 or /= 1 is much less.
Therefore, spectroscopic factors for the /=2 or 3
transitions with less than a few percent of /=0 or 1
admixtures should be taken as lower limits and
those with more than 50% of I = 0 or I admixtures
as upper limits.

For the "K('He, d)4'Ca reaction, the 'He param-
eters were the same as those used by B. Bock
et a/. "and the deuteron parameters the same as
those for the (d, f) reaction; the DW predictions

are shown in Fig. 10. It is seen that the relative
cross sections at the four angles at which measure-
ments were made provide clear discrimination of
/ values for unmixed transitions. It is less obvious
from the figure, but a detailed analysis shows that
the relative strengths of I= 1+I=3 or i=0+I=2
are reasonably well determined provided that the
parity of the final state is known from the (d, f)
results. The present results were thus useful
primarily as a means of identifying / = 1 admix-
tures in the /=3 transitions to negative-parity
states. These mixtures had not been reported in
the earlier measurements of "K('He, d) at lower
energies. "

The extraction of strengths was carried out as
for the pickup measurements, and results are
shown in Table I. For /=2 transitions, the
strengths are in good agreement with those ob-
served" at lower energies. For /=3, the mea-
sured strengths are definitely smaller than in the
earlier measurements noted above. The most
probable explanation of this discrepancy is that
the DW calculations are failing to reproduce the
energy dependence of the cross sections for tran-
sitions of different / and j.

Typical angular distributions observed in the in-
elastic o scattering measurements are shown in
Fig. 11. The DWBA curves were calculated by
using optical parameters taken from a similar
study at 25.5 MeV. ' The agreement with experi-
mental results for states of known spin is seen

4'cc(d, i)"c
I00 =

TABLE III. Optical-model parameters used in the
DWBA calculations of pickup and stripping reactions.

Particle U rp ap Wg) ap f'p Vso

d 105.0 1.02
t 153.0 10.8 1.188

sHe 165 0 20 2 1 14
BOund U a 1.2

0,86 60.0
0.703
0,723
0.65

0.65 1.42 12.0 1.3
0.813 1.43 1.4
0,81 1.6 1.3

55.4 1.2

aU was chosen to give the observed separation energy
for each energy level:

V(x) =U& +U(1+e") i+zW(1+e" ) i

+ iWg) —,(1+e" ) Vso(L' Sd

(1+ ~x)
1

dx

l0: "$30
0.50
0.70

090

x=4.099MeV

L=2,(0+2)

0.5 0.25 0
S(0)iS(2)

Ex 4447MeV
L= I+3

.002

.Qlo

l0= -0.M:.aso
970

a90

{199

I

l 0.5 0
S(l)SS{3)

Ex= 4.690 MeV

L=O+2
I I

I 05 0
S{0)/S(2)

E„=5.204MeV

L=l+3

0.5 0.25 0
S(l)iS(3)

x=(r -roAi 3)/a x' =(r' -FOAi )/a(),
U& =Coulomb potential of a uniformly charged sphere

of radius R, =r,Ai~3.

FIG. 9. Typical g distributions for DW fits to four
states of Ca excited in the present 43Ca(d, t)4 Ca reac-
tion. : S(l) is the strength corresponding to the l com-
ponent of the angular distribution.
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to provide a satisfactory determination of spin
and parity for the natural parity states excited in
this reaction. The results of the (u, u') measure-
ments are also listed in Table II, which gives the
final spin (or spin limits) determined by all three
measurements.

10.0

I.O

Ca (o,~')4~Ca

E, (lab) =28.5 MeV

Ex= 3390 MeV

4. DISCUSSION

'K(3He, d)" Ca

Ex 5'795 MeV

(I+&)
O. I .-

4'K (3He, d) 4eca

Ground State
Ls2

O.OI; 0.01 =

g

O.OOI,0'
U

b

I

l5'
I

30
I

45' 60

4'K(~He, d)42Ca

Ex = 5.949MeV

O.OOI 00
I I

l5' 50' 45' 60'

o.ij "y

'K(~He, d)
E„= 6.I58 MeV

L=I+S, (I)

The final results for measured strengths and
spin assignments or limitations are shown in
Tables I and II. All of the known states of 4'Ca up
to 4.10 MeV inclusive are excited in at least two
of the present experiments, and their previously
assigned spin-parities are consistent with the pres-
ent observations. The known (0') level" at 3.297
MeV is very weakly populated in both the pickup
and stripping reactions, and no definite hL value
could be obtained for it in the present (ct, a') work.
The reported 1 level at 3.883 MeV" may corre-
spond to the present stripping state at 3.880 MeV
if a pure l =1 is assumed for it. Since a definite
AI. =3 transition at 3.891 MeV in the (n, o. ') re-
action and a weak l = (0) + 2 pickup at 3.890 MeV
are consistent with a 3 state at this energy, there-
fore the existence of a (1, 3 ) doublet at 3.88-3.89
MeV is quite possible.

The strong l = 3 stripping state at 3.949 MeV is
seen in the pickup reaction as a weak l =0+ (2)
transition at 3.956 MeV. The fact that no inelastic
group is observed at this energy supports the pre-
vious 4 assignment based on the stripping
strength. ' Also a group at 4.044 MeV, seen as

100.0
00

I I

20' 40'
IO.O

CA

E
10.0

C3

b

1.0 ~

Oo

10.0

Ex 5.446 MeV

hLs3

1.0

46 MeV

I I I

20 40o '0' 20 40'
10.0

-4.100 MeV

La5
Ex=3 l88 MeV

hLs 6

1.0 I.O-

0 I I I0' 20' 40s
0.10' 20'

SCATTERING ANGLE (c.ln}

40'

l =1+3 transition in the stripping reaction, corre-
sponds to the i=0+2 pickup group at 4.043 MeV;
therefore a 3 assignment would be reasonable.
As for the 5 state at 4.10 MeV, all the present
observations support this assignment. Finally, it
shouM be noted that no transition corresponding
to the reported 4.0-MeV state"" has been ob-
served in the present experiments.

At higher excitation energy, the only work which
can be usefully compared with the present results
is a measurement" of "Ca(t, p)"Ca with a resolu-
tion of 20 keV. The (t, p) results assign spine and
parities to levels at 4.68, 4.75, 4.86, 4.96, 5.01,
5.20, and 6.10 MeV which are in agreement with
present results. A strong EL=2 transition is re-

TABLE IV. The observed and expected total strengths
for the T =1 states of Ca excited via K( He, d) and
43Ca(d, t) reactions.

FIG. 11. Typical ~L=2, 3, 4, 5, and 6 angular distri-
butions for the Ca(&, &')4 Ca reaction. Solid lines are
DW calculations.

O.OI .- O.OI-

Reaction
Spectroscopic strength
l=0 l=1 l=2 l=3

O.OOI
I

l5 % 45 60 ' 0 I5 I' 45 60

SCATTERING ANGLE (c,m.)

Observed
Expected

0.49 0.88 3.11
0.00 3.00 1.00 6.50

FIG. 10. Typical DW angular distributions for the 4~K-

( He, d) Ca reaction. Data points are shown to indicate
the discrimination possible with observations at angles
of 10, 20, 30, and 45'.

Observed
Expected

0.38 0.05 2.03 3.02
1.50 0.00 3.00 3.00

' Spectroscopic strength equals g (:S for (d, t) and
equals Q (2J& +1)/(24&+1)CtS for ( He, d).



NUCLEAIt SPECTIIOSCOpV OF "Ca VIA THE (d, f), . . .

ported to a state at 4.45 MeV in the (f,p) results.
The present (u, c.') measurements indicate a 4'
state at 4.446 MeV, suggesting a doublet near this
energy. Finally, two 0' states are strongly ex-
cited in the (i,p) results at 5.85 and 6.01 MeV,
but are not seen in any of the present measure-
ments.

The total single-particle strengths seen in the
present measurements are shown i.n Table IV. In
taking the strength sums for pickup, it was as-
sumed that all /= 3 transitions corresponded to
the If7~2 orbit. In support of this, it has been
noted that the I= 1 strength, presumably arising
from 2p excitations in the 'Ca ground state, is
only a few percent of the sum-rule limit. It thus
seems reasonable to assume negligible 1f,~, ex-
citations in the ground state. This is also sup-
ported by the observation" that pickup strengths
to known —,

' states in "Ca and "Ca are very small.
If this assumption is correct, it is then seen that
the full sum-rule limit for lf„, pickup strength
has been observed in these measurements. The

{f7('2j CENTROIDS IN Ca
42

observed 1 = 2 strength is assumed to involve id, ~2

neutrons. The justification for this lies in the
fact that only about 25/~ of the total 2s„, strength
is observed in these measurements, while the un-
perturbed 2s, &, hole state is expected to lie 1 to 2
MeV below the Id, I, hole state. Convincing evi-
dence for the importance of 1d,~, transfers would
be provided by the observation of significant L = 2
strength to a 1 or 6 state. Unfortunately no such
states have been identified at high excitation in "Ca.

The uncertainty in the absolute normalization in
the DWBA is large enough that the observation of
the Ii„, sum-rule limit for 1=3 pickup is not very
slgnif leant. It ls noteworthy, however, that with
the same normalization as for lf,~„ these results
indicate that no more than two thirds of the total
1d„, strength and one quarter of the 2s„, strength
has been identified below 6.2 MeV excitation.

Perhaps the most interesting result of these
measurements is the distribution of strength for
the lf, i, and, to some extent, the Id, l, neutrons.
Previous neutron-pickup measurements on ~'Ca
have failed to identify the I = 3 strength above the
6' state at 3.188 MeV. Present results show that
about 25% of the total I = 3 strength lies in states
between 3.2 and 6.2 MeV excitation. Spins and
parities are known for all these except states at

2
urW.

YgD/JC

2+
jWZj

vxmu'
Q+

2
YX/rY~

:(2-5)-
:(2-5)

" 5.5MeV
I

: (2-5)-

' 4.5MeV

'(2-5)

o+

(o)

{)+

(b) (c) (d)

FIG. 12. Centroids of (f7&2) & &
strength in Ca. Dia-

gram {a) takes account of states below 3.2 MeV only. In

(b), (c), and (d) the uncertainty in the 2+ and 4+ centroids
arises from uncertainty in the spin of the 4.447-MeU
state. Spins of the 5.189- and 5.790-MeV states are as-
sumed to have the following values. (b) 6 6 ~ (c) 0' 6+

(d) 0+, 0 . See text for further discussion of assignments.

"5.5MV

5.0 2.0 l.0 0
(2J)+ t) C~g(+ (1=5, j =7/2)

'K( He d) Ca

O.I 0.2 0.5
C~g' '(1=2, j=W2)

4'Ca(d, t)4'Ca

FIG. 13. The strength distributions for the presently
observed l =3 (presumably 1f7~2) stripping and l = 2 (pre-
sumably id@2) pickup transitions as a function of exci-
tation energy in 42Ca.
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5.189, 5.466, 5.488, and 5.790 MeV. The levels
at 5.466 and 5.488 MeV involve l = 1+3 transfer
and so must have spins between 2' and 5'. Levels
are seen at 5.467 and 5.488 MeV in the ('He, d)
measurements, but show a clear indication of /=3
stripping strength. The inelastic o. scattering re-
sults indicate a 3 state at 5.494 MeV, but do not

populate a level near 5.466 MeV. Thus the only
conclusion from the present results is that in both
cases these levels are actually close doublets.

The levels at 5.189 and 5.790 MeV carry more
strength and, hence, are more interesting. These
are populated apparently by pure l =3 pickup. Ex-
cept for the 2', 3.656-MeV state, all known 2' and
4' states show a small l =1 contribution so that
it is most probable that the two states in question
have spin-parity either 0' or 6'. An unsuccessful
attempt was made to observe the y decay of these
levels in a "Ca('He, ay)4'Ca coincidence measure-
ment. A search for transitions to these states was
also made in the "Ca(d, p)4'Ca measurements. "
From the observed strengths in the pickup reac-
tion, it is expected that in stripping a 6' state
would have a strength about 10 times that of a 0'
state. The level at 5.189 MeV is apparently not
excited in the (d, p) results. There is some indi-
cation of a state at 5.787 MeV, but it is not well
resolved from a strong l = 1 transition to a state
at 5.774 MeV.

Indirect evidence on these levels is also provided

by an analysis4' of the mixing of spherical and de-
formed states in "Ca. The conclusion from this
study is that the level at 5.790 MeV is most likely
the 6' state arising primarily from the rotational
band built on the deformed 0' state at 1.836 MeV.
The available evidence is thus consistent with a 6'
assignment for the 5.790-MeV state and 0' for the
5.189-MeV state, though a more direct determina-
tion would clearly be desirable.

The inclusion of the observed 1=3 pickup tran-
sitions above the 3.188-MeV, 6' state of "Ca has
a significant effect on the centroids of the (lf„,)'r,
states. This is shown in Fig. 12 for different as-
sumptions about the spins of the levels at 4.447,
5.189, 5.466, 5.488, and 5.790 MeV. The levels
at 5.189 and 5.790 MeV are assumed to have spin
0' or 6' as discussed earlier. The other three
levels may have spin 2' or 4', and it has been
assumed that the 5.466- and 5.488-MeV levels have
spin 4'. The uncertainty indicated in the cen-
troids of the 2' and 4' states then arises from the
uncertainty in the assignment of the 4.447-MeV
state. If either of the 5.466- or 5.488-MeV states
is assumed to be 2', then the 4' centroid lies only
about 150 keV above the 2' centroid. If both states

are assumed to be 2', then the 4' centroid lies
below the 2+. The 4' assignment to the two upper
states is thus reasonable, but more direct evi-
dence would again be desirable.

Figure 12 then indicates the (f»,)'r, centroids
for the possible 0' or 6' assignments of the 5.189-
and 5.790-MeV states. If 0' is assumed for both
states, then the level ordering is unreasonable.
Either of the other possible assignments results
in a spectrum quite different from previous re-
sults based only on states below 3.2 MeV.

If the negative-parity states are assumed to
arise from the fd», '&& (f„,)'J configuration, then
the k =2 strengths observed in the pickup reaction
should be proportional to the [=3 strengths in
stripping. A comparison of these strengths is
shown in Fig. 13. There is reasonable propor-
tionality for the states identified in stripping' as
the main components of the 2, 3, and 5 shell-
model states, but the 4 state is very weakly
excited in pickup. A state at 4.355 MeV is excited
in pickup, with a strength expected for the 4
state, but is not seen in stripping. At higher exci-
tation, many negative-parity states have been
identified, but in many cases a state is excited in

one reaction but not the other, indicating a compli-
cated structure.

5. SUMMARY

The results of the present studies are summa-
rized in Tables I, II, and IV. It appears that the
total strength for the l = 3 pickup transitions (as-
sumed to be lf, ~, ) have been observed. About 25%
of the total l =3 strength lies in states between
3.2 and 6.2 MeV of excitation. Among these, two
relatively strong l =3 pickup groups at 5.189 and
5.790 MeV could be candidates for 0' or 6' states
of "Ca. It is observed that the centroids of the
low-lying (1f,~,)'r, states are significantly shifted
by the inclusion of these highly excited states.
Only two thirds of the total /= 2 (assumed to be
1d„,) pickup strength and about one quarter of the
l=0 (2s», ) pickup strength has been observed be-
low 6.24 MeV of excitation. The l=2 pickup
strength is found to be severely fragmented and

many transitions show considerable l = 0 admix-
tures. Therefore no information concerning the
centroids of the [(lf„,)'x (1d,j,) '] r, multiplet
and the corresponding particle-hole matrix ele-
ments could be obtained. Extensive fragmentation
is observed for the /=3 stripping strength. The
observation of large differences in the strength
distributions of the l =2 pickup and l =3 stripping
transitions indicate the complexity of the structure
of the negative-parity states in "Ca.
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