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The remaining case to be discussed is that of the
thermal spectrum of Mn56. The ratio of capture in the
two-spin state at thermal energies has been measured??
to be g7_3/07-2=0.96. Since the relative contributions
from both spin states is roughly equal, a high degree
of correlation might be expected in this case. However,
Coté and Bollinger?® have shown that interference
exists between the partial radiative cross sections of
two or more resonances. It is highly possible that the
observed widths at thermal energies are affected by such
interference effects, thus again weakening the correla-

22 S. Bernstein, L. D. Roberts, C. P. Stanford, J. W. T. Dabbs,
and T. E. Stephenson, Phys. Rev. 94, 1246 (1954).

2 R. E. Coté and L. M. Bollinger, Phys. Rev. Letters 6, 695
(1961).

GAMMA-RAY SPECTRA OF Cobo

AND Mn?5s 1229

tion. It can be concluded therefore, that the results
observed in this work may be encompassed within the
framework of a direct-capture model. A more quantita-
tive evaluation can only be made when further in-
formation regarding the spins and stripping amplitudes
of the final states are obtained.
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The reaction #Ca(d,p)*Ca has been studied at 8.50- and 4-MeV bombarding energies. In the higher
energy experiment, proton angular distributions were measured for 31 transitions, by means of the Alder-
maston multiangle spectrograph. The /, values and spectroscopic strengths were obtained from a distorted-
wave analysis of the angular distributions. Energy levels were determined in the 4-MeV experiment by
detecting the protons in the Copenhagen heavy-particle spectrograph. A ground-state Q value of 8920410
keV was obtained. The spectroscopic strengths were analyzed in terms of the non-energy-weighted sum rules
for multipole orders A=0, 1, and 2. Eight fi/, transitions were observed, compared with four predicted by

the seniority-coupling scheme.

I. INTRODUCTION

HE configuration (f72)* with T=T,=2 is one
of the simplest cases in which the angular-mo-
mentum quantum numbers are not sufficient for
characterizing the states allowed by the Pauli principle.
A study of the neutron-transfer reaction **Ca(d,p)*Ca
therefore may give valuable information on the coup-
ling-scheme situation in #*Ca.! The only previous work
on the #Ca(d,p)*Ca reaction® gave information on the
#Ca energy levels; in the present experiment the 7,
values and spectroscopic strengths were measured in
addition to level energies.

II. EXPERIMENTAL METHOD, RESULTS,
AND ANALYSIS

The *Ca target was prepared in the Copenhagen
isotope separator?® to an isotopic purity of =999,

! M. H. Macfarlane and J. B. French, Rev. Mod. Phys. 32,
567 (1960).

?C. M. Braams, thesis, University of Utrecht, 1956 (unpub-
lished).

8J. H. Bjerregaard, H. R. Blieden, O. Hansen, G. Sidenius,
and G. R. Satchler, Phys. Rev. 136, B1348 (1964); T. A. Belote,

The angular-distribution measurements were made at
the Aldermaston tandem accelerator at a bombarding
energy of 8532 keV. The multiangle spectrograph of
Middleton and Hinds* was used for momentum analysis
of the reaction protons. The over-all energy resolution
was 15 keV. A proton spectrum is shown in Fig. 1, and
the measured angular distributions are presented in
Figs. 3-6.

The cross-section scale in mb/sr was established by
measuring the ratio of (d,p) vield to (d,d) yield at a
bombarding energy of 8522 keV and by using the
elastic-scattering cross sections of Ref. 3. It was assumed
that the (d,p) cross sections at 8532 and 8522 keV were
identical. The estimated uncertainty on the cross-
section scale is =259,

A more detailed description of the experimental
procedures may be found in a previous paper.® Energy
levels in #Ca were also determined from the #Ca(d,p)
process at about 4-MeV bombarding energy. The
deuterons were accelerated in the Copenhagen 4.5-MeV
_gigl-ésgfljerregaard, O. Hansen, and G. R. Satchler, ibid, 138, B1067

*R. Middleton and S. Hinds, Nucl. Phys. 34, 404 (1962).

8 J. H. Bjerregaard, O. Hansen, and G. Sidenius, Phys. Rev.
138, B1097 (1965).
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Fic. 1. Proton spectrum from the 4Ca(d,p) reaction at 8532-keV incident energy. Proton groups corresponding to a residual mass of
44 are marked with level numbers in correspondence with the notation used in Table I. When an impurity group is coincident with a
mass-44 group at this reaction angle, the level number is given in parentheses. Unmarked groups at proton energies higher than that
of group No. 46 originate from light impurities of C, N, O, Si, S, and Cl. No analysis was attempted below group No. 46.

electrostatic generator and the reaction protons were
analyzed in a heavy-particle spectrograph. The experi-
mental set-up and procedures have been described
previously.® The 2Po a-particle energy was taken
from the work of Rytz.” A proton spectrum is shown in
Fig. 2. The ground-state Q value was measured to be
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FiG. 2. Proton spectrum from the #Ca(d,p) reaction at 4029-keV
incident energy. Notation as in Fig. 1.

6 J. H. Bjerregaard, P. F. Dahl, O. Hansen, and G. Sidenius,
Nucl. Phys. 51, 641 (1964).

7A. Rytz, in Nuclidic Masses, edited by W. H. Johnson
(Springer-Verlag, Wien, 1964), p. 221.

8920410 keV, in good agreement with Ref. 2. The
excitation energies determined in the present experiment
are given in column 3 of Table I, whereas the values of
Braams? are shown in column 2.

It is clear from the spectra of Figs. 1 and 2 that many
weak (d,p) transitions may have been missed in the
present measurements.

The angular distributions were analyzed with dis-
torted-wave (DW) techniques. The deuteron optical-
model parameters were taken from Ref. 3. and the
proton parameters from the work of Perey.® The
captured neutron was assumed to move in a potential
well of Woods-Saxon shape with a binding energy
equal to the experimental separation energy (Qa,,+2.23
MeV) and with geometrical parameters as in Ref. 5.
The DW calculations® were made in the zero-range
approximation, lower cutoffs were not employed in the
radial integrals, and spin-orbit and nonlocality effects
were ignored. The calculated angular distributions are
shown in Figs. 3-6 in comparison with the experimental
data.

Spectroscopic strengths

[75+1)/ QT4+ 1)IX ST a+7— T5)

were determined by matching the sum of the observed
differential cross sections for a given transition to the
corresponding sum of calculated differential cross

8 F. G. Perey, Phys. Rev. 131, 745 (1963).

9 The DW calculations were performed at the Massachusetts
Institute of Technology, Computing Center. The code jULIE
originated by R. M. Drisko was used.
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TaBLE I. Ca levels and spectroscopic strengths.®

Level E. (keV) E. (keV) Spectroscopic strength?
No. Braams® This expt. 2s/3s 2p 1f Comments
0 0 0 e 0.36
1 115744 116210 0.05 0.36
2 188544 1886410 e 0.07
3 22865 2289410 0.008 0.22
4 265845 2668410 <0.01 0.45
5 3047£5 305210 e 1.46
6 33006 3296410 2.45 Not resolved from level 7
7 330846 330210 v Weak, no /, assignment
8 3357+6 336710 Weak, no /, assignment
9 358546 Not observed here
10 36606 Not observed here
11 3675+6 368210 In the 4-MeV expt. only
12 3729410 In the 4-MeV expt. only
13 3792410 Weak, no I, assignment
14 388010 e In the 4-MeV expt. only
15 3934410 (0.04)
16 402610 e e In the 4-MeV expt. only
17 4104410 o 0.09
18 4207410 e 0.02 e
19 4410410 0.013/0.005 i
20 4491410 e (0.04)
21 4569+10 e Weak, no yields
22 4598410 e Weak, no yields
23 461610 . In the 4-MeV expt. only
24 4662410 0.28
25 469610 e Weak, no yields
26 48264-10 cee In the 4-MeV expt. only
27 4914410 0.12
28 4992+10 0.05
29 501610 0.25 In the 8.5-MeV expt. only
30 5143410 0.12
31 5172+10 e In the 4-MeV expt. only
32 5243+10 0.54
33 529610 0.27
34 5351410 0.28
35 5385410 0.07 In the 8.5-MeV expt. only
36 5405410 (0.01) In the 8.5-MeV expt. only
37 546810 0.33
38 5558+10 0.40 Levels 38-46
In the 8.5-MeV expt. only
39 5666410 e No yields
40 5743+10 0.75
41 577610 e No yields
42 5832420 cee No yields
43 587310 (0.16)
44 597510 e No yields
45 605010 0.08
46 615610 e 0.46
Strength sums 0.013/0.005 4.33 5.46

= The energies of Ref. 2 have been corrected to the more recent value for the energy of 20Po « particles (see Ref. 7). The Ez of the next column is the
average value of the 4- and 8.5-MeV data. The strengths are given in single-hole units. No I» values other than 0, 1, and 3 were found. The uncertainty on

the strengths is 25% from the uncertainty on the cross-section scale alone.
b If a strength is given in parentheses, the I» assignment is tentative.
¢ See Ref. 2.

sections. In cases of mixed /, values (/,=1 and 3), the
ratio between the two contributions was obtained by
comparing experimental and calculated intensities at
angles around 20° (where /,=1 distributions have their
maximum) and around 35° (where /,=3 transitions are
at maximum). The 1f strengths obtained as described
above were multiplied by a factor of 1.45 in order to
simulate the neglected effects of finite range, spin-orbit
coupling, and nonlocality (see, e.g., the discussion of
Bjerregaard et al.’ and Lee et al.1%). No corrections were

101, L. Lee, J. P. Schiffer, B. Ziedman, G. R. Satchler, R. M-
Drisko, and R. H. Bassel, Phys. Rev. 136, B971 (1964).

applied to the 2p strengths. The final strengths are
presented in Table I. The /,=1 angular distributions
(Figs. 3-6) exhibit no evidence for a sharp back-angle
minimum as observed for even targets and 2p1,
transitions in this region.!!

III. DISCUSSION
A. Level Scheme

The low-lying part of the 4Ca level scheme is shown
in Fig. 7. The spins and parities of the states at 0,

1 L. L. Lee and J. P. Schiffer, Phys. Rev. 136, B405 (1964).
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Fic. 3. Angular distributions from the “Ca(d,p) reaction at 8.5-MeV bombarding energy. The experimental points are marked with
filled eircles. The error flags indicate statistical and scanning errors. The cross-section scale has an additional uncertainty of =4-25%,.
The curves are DW predictions (see the text). In one case the decomposition into /,=1 and /,=3 contributions is shown. Each distri-
bution is identified by the Q value and excitation energy. Level No. 7 was not resolved from level No. 6, but the yield from level No. 7

is less than 109 of the yield from level No. 6 as estimated from observations at angles with particularly good energy resolution.

1162, 1886, and 2668 keV are known,?:!® whereas the
spin assignments for the 2289-, 3052-, and 3296-keV
states are tentative and supported by the present data
only.

A 6% state of the (fr2)* configuration is expected
around 3-MeV excitation by analogy to **Ca. Such a
state should be excited in (d,p) with a pure /,=3 tran-
sition and with a strength of 2.17, in good agreement
with the data (Table I) for the 3296-keV state. The 4+
assignments for the levels at 2289 and at 3052 keV
were made because the sum of the /,=3 strengths to

12 P, M. Endt and C. van der Leun, Nucl. Phys. 34, 1 (1962).

18S, M. Matin, D. J. Church, R. Horoshko, and G. E.
Mitchell, Phys. Letters 15, 51 (1965); G. E. Mitchell (private
communication).

these two states equals the (f7/2)%, J=3%— (f12)%
J=4 strength allowed by the shell model. (See also
below.) There is, however, a conflict in the 4% assign-
ment for the 2289-keV level. The l,=1-+3 character of
the (d,p) transition limits the spin to 2<J <S5 and the
decay-scheme data!? lead to J=1 or 2.

B. Strength Function and Sum-Rule Analysis

The *Ca strength function is shown in Fig. 8. The
main portion of the /,=3 strength is located below 3.3
MeV of excitation with only one small fragment at 4.1
MeV. Thus, the /,=3 strength probably is due to
1f7/2 transfers and most of the available strength
presumably has been observed. The analysis of the
4Ca(d,) experiment® was consistent with a pre-
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F1G. 4. Angular distributions from the 4Ca(d,p) reaction at 8.5-MeV bombarding energy.

dominating (1f7,5)3, J=% character of #*Ca(0); hence
a (d,p) strength of =5 neutron holes is expected, in good
agreement with the value of 5.4-4259%, found here
(Table I).

The shape of the 2p strength function would suggest
that only part of the total 2p strength has been found.
The 2 strength sum is 4.3 (Table I) compared to the
expected value of 6 neutron holes.

The conclusion from the (d,f) experiment? that an

(f1/2)%, J=1% configuration is probably predominant in
#Ca(0) has further implications. For example, the
(d,p) strength sums for definite final spin Jp should
equal 0.50, 0.83, 1.50 and 2.17 for J5 =0, 2, 4 and 6,
respectively. This is fulfilled for J5=0 and 2 and, as
shown above, spins of 4 and 6 may be assigned so that
the corresponding (d,p) strengths obey this rule.

More information on the 4Ca ground state can be
obtained from the higher-order multipole sum rules of

French.'* The dipole sum rule for a neutron-capture
reaction is

T aT alTo(D|T 4T 4)
Ja

=2 £U4/5)

,JB
2Jp+1
2J 441

X

Si(Jat+j5—JTp). (1)

The left-hand side of Eq. (1) is the relative contribution
to the ground-state spin J 4 coming from neutrons in the
7 orbital (here j=3%). The factor £(J4,7,75) is

Ja(Ta+ 1)+ (G+1)—Tp(Jp+1)
27 4(Ja+1)

and J, designates the 2 component of the spin operator.
14 J. B. French, Phys. Letters 13, 249 (1964),

°G(]A7jyjﬂ)=

, (2
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F16. 5. Angular distributions from the *Ca(d,p) reaction at 8.5-MeV bombarding energy.

The corresponding sum rule for neutron pickup between The f7/2 strengths of Table I combined with the spin
assignments of Sec. ITTA lead to a value of the left-

nuclei of maximum isospin is
) hand side of Eq. (1) of 0.94£0.2 and the (d,f) data® yield
(JaTal Jo(5) [T 4T a) 1.04-0.2 for the same quantity [using Eq. (3)]. Thus,
the 1f7,2 neutrons line up their spins in the #Ca ground

=3 (4,75 Jc)Si(Ja— j+J¢). (3) state to produce an expectation value of 7. The expecta-
tion value for the resultant spin of all other configu-

%,J¢

Ja
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Fic. 6. Angular distributions from the 4Ca(d,p) reaction at 8.5-MeV bombarding energy.

rations in #*Ca(0) must vanish. A pure (f7,2)%, J=% J=1%, it should also be close to the total magnetic
configuration gives the value unity for Eqgs. (1) or (3). moment of *Ca(0). This latter moment is 829, of the

The magnetic moment generated by the f7/2 neutrons  Schmidt value, but whether this deviation is caused by
in the ground state of #*Ca should then be close to the small configuration admixtures, or by a change in the
Schmidt value and, provided the state is pure (f7/2)?, free neutron magnetic moment cannot be distinguished
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The quadrupole sum rule for a (d,p) reaction may be
written

N @i= DG+ 2543) (2 a= DT a(Tat+1)(2T a+3)

XY BXX-1)—45(G+1)Ta(Ja+1)]

%2, JB

X=j(j+1)+Ta(Ja+1)—Ts(Jp+1).

Q(7) is the expectation value for the mass quadrupole
operator, operating on the j neutrons taken for the
ground state with M =7 4, and (r?); is the mean squared
radius of the j neutrons. Taking (r?)7,2=17.0 F? (see
Ref. 3) and using the present (d,p) data, we arrive at
a value of Q(3)=-—0.0520.03 b. The total *Ca
quadrupole moment is not known. The numerical value
of Q(%) for 4Ca is smaller than the Q(f) of #"*Ti that
were found, from (d,p) data, to be +0.09 and +0.15 b,
respectively.’s The #Ca Q(3) is consistent with an
(fi2)%, J=1% configuration in a spherical shell model
4-j coupling scheme. A comparison between Q(3) and
the total #3Ca quadrupole moment would be interesting,
since it would indicate the degree of core polarization.

C. Nuclear-Structure Discussion

Detailed shell-model calculations on the Ca isotopes,
which take into account 1f and 2p orbitals, have been
published recently.’®:'” Since the appropriate wave

E,(keV) R
LIT., USED HERE

4104 (0-6)*
L]
—_—
3052 ————— 4t Fi16. 7. Low-lying levels
in #Ca. Energies and
2668 ———— 2% 2% spin parity assignments
are shown for levels ex-
2289 (1,2) &* cited by l,=3, (d,p) tran-
sitions. The tentative J~
1886 —————— 0+ 0% assignments from the pre-
sent data are discussed in
the text.
162 ——————— 2% 2%
0 — o* o*

44
Ca

15 O, Hansen (to be published).
16T, Engeland and E. Osnes, Phys. Letters 20, 424 (1966).
17 B, J. Raz and M. Soga, Phys. Rev. Letters 15, 924 (1965).

2]B+15 U T "
i +j5— ,
27 a+1 4T ? @)

functions are not given in Refs. 16 and 17, a detailed
comparison with the present data is not possible. The
present data on energy levels do not change the basis for
the level scheme discussions of Refs. 16 and 17.

The seniority coupling scheme allows all together
four (d,p) transitions to the lowest 0, 2, 4, and 6 -+ states.
Since eight are observed, the seniority-two and -four
states mix strongly; in fact, the main part of the Jp=2
and 4 seniority-two strength is found in the second
2+ and 4 states.

As pointed out in Ref. 17, the 04 state at 1.89 MeV
does not belong to the f-p degrees of freedom, but it
should rather be considered as a candidate for a six-
particle two-hole assignment of (fr/2)%(ds2)=2 or
(f2/2)%(s1/2)~2 composition. Particle-hole admixtures
of the (f1,2)"%(s,d)~? type have been found in the ground
states of all even Ca isotopes below #Ca,® so some
admixtures of (f7,2)%(s,d)~? into #Ca(0) would be ex-
pected. Such a component would allow a (d,p) tran-
sition to proceed to a predominantly (f1/2)%(s,d)~% 0+
state in #Ca. The experimental strength for this
transition is 209, of that of the ground state. A quanti-
tative evaluation of the percentage of (f7,2)3(s,d)~2
configuration in the *Ca ground state cannot be made
before one knows the isospin of the particle components
of the (fr/2)"t%(s,d)™? configurations of 4#Ca as well
as the degree of admixture of (f7/2)%, 04 into the
1.89-MeV state in *Ca.

The collective 3~ state at 3.302-MeV excitation!?
(level No. 7) presumably is not excited strongly in the
present experiment (see captions of Fig. 2 and Table I).
Another odd-parity state at 4.410 MeV is observed
with a weak 7,=0 transition. The nature of this state
is not known otherwise.

18 C, Glashausser, M. Kondo, M. E. Rickey, and E. Rost,
Phys. Letters 14, 113 (1965); T. A. Belote, H. Y. Chen, O. Hansen,
and J. Rapaport, Phys. Rev. 142, 624 (1966).

19T, A, Belote, W. E. Dorenbusch, and O. Hansen, in Nuclear
Spin-Parity Assignments, edited by N. B. Gove (Academic Press
Inc., New York, 1965), p. 350.



155 REACTION ¢43Ca(d,p)**Ca 1237

7 6 5 ) 4

3 2 1 0

T T T

|..|IIJ||.L. L

T T I I

2p

20 -

[235+1)/ (23, +1]]x S(T,+]=T5)

19,

o
+

w
~
—_
o —

Ex(MeV)
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