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synopsis 
Gamma-gamma triple angular correlation measurements were performed at eight 

resonances, and polarization experiments at three resonances of the ssK(p, y) ‘%a 
reaction in the proton energy range E, = 1.1-2.1 MeV. Spins and parities could be 
determined of the following %a levels (energies in MeV) : 
3.73 3-, 3.90 2+, 4.48 5-, 5.24 2, 5.27 4f, 5.61 4-, 6.28 3(-j, 6.94 (1, 2), 7.29 0, 7.49 2, 
9.41 2, 9.61 3+, 9.65 2-, 9.79 3, 9.87 1, 9.96 4f and 10.33 1. 

In addition, a number of gamma-ray multipole mixing ratios in 40Ca were determined. 
A shell-model calculation has been made with the surface delta interaction to explain 

the odd-parity levels. 

1. Introduction. In a previous publication on the ssK(p, y) 4aCa reaction 1) 

(henceforth quoted as paper I) the decay modes were reported of levels in 
4aCa. The present paper describes double and triple angular correlation 

measurements, performed to determine spins and gamma-ray mixing ratios 
(sect. 2). In sect. 3 the parities of some levels are deduced from polarization 
measurements. 

Information on energies, spins and parities of 40Ca levels has also been 
obtained from electron is) si), proton is) 23) 24) 25) and alpha-particlei6) 26) 27) 

inelastic scattering and from an investigation of the ssK(sHe, d) 40Ca 
reactionss). In sect. 4 of this paper the results of the present investigation 
are compared with the literature data. In sect. 5 a shell-model calculation 
with the surface delta interaction is described to explain the odd-parity 
levels, and in sect. 6 the results of this work and other theoretical calculations 
are compared with the experimental level scheme. 

Some preliminary results, published earlier ss), are superseded by the 
present data. 

2. Angdar correlations. 2.1. Experimental technique. Information 
about the accelerator, apparatus and targets was reported in paper I. For 
the measurements presented here, however, only KsSO4 targets highly 
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enriched in ssK were used. The two NaI scintillation crystals (10.2 cm long 
and 10.2 cm diameter) could be rotated around the target in the horizontal 

plane. One counter could also be moved in a vertical plane. 
The triple angular correlations were measured by observing coincidences 

(resolving time 2t = 2 ~JS) between two gamma rays of a cascade in four 
geometriesa) indicated as I, II, V and VI. In each geometry, data were taken 
at four positions of the rotating crystal, at 8 = O’, 35”, 55” and 90” with 
respect to the proton beam. The distance of the target spot to the front of 

the NaI crystals was 8 cm. The corresponding solid angle attenuation 
factorss) are Qs ranging from 0.84 to 0.88, Q4 from 0.56 to 0.65 and Qs from 
0.26 to 0.40, depending on the gamma-ray energy and the channel setting4) 5). 

In simple cases, e.g. two-steps cascades, coincidence rates were determined 
by measuring coincidences of differential discriminator pulses; the back- 

ground was measured just below the resonance. The more complicated 

cascades were usually studied by measuring coincidence spectra at the four 
angles given above. A few of the complicated cascades were investigated 
with differential discriminators; the background then was determined with 
the four-discriminator method described in ref. 2. 

Further, corrections were applied for absorption in the target holder and 
for eccentricity of the target spot as determined at the isotropic E, = 620 
keV %i(p, y) arP resonance. The number of change coincidences was 

negligible. 

2.2. Analysis. The first step in the analysis of the double and triple 

correlation experiments is the determination of the alignment of the initial 

state of a cascade. In the second step the proton capture formation para- 
meters are deduced from the alignment of the resonance level. 

2.2.1. Population numbers. The alignment of a level can be ex- 

pressed in its magnetic substate population numbers or in the corresponding 
statistical tensors. First the analysis in the population number representation 
will be described. 

In the analysis of the correlation of a two-step cascade the population 
probabilities $(m) of the magnetic substates of the initial level and the 
amplitude mixing ratios xi of the gamma transitions are treated as unknown 
parameters to be determined by a least-squares fit of the experimental data. 
The method is described in refs. 7 and 8. The spins of the states involved are 

treated as unknown discrete parameters. They are determined by performing 
the analysis for all possible spin sequences. 

The best fit is obtained by minimizing the value q2 defined by 

The summation is performed over all experimental data A$&, with weighting 
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factors W3. The N,$Li are the corresponding theoretical values calculated as 

a function of 9(m) and x2. 
For each assumed spin combination, 42 is minimized for fixed values of 

the mixing parameters xi by varying p(m) in a straightforward computationi’). 
The minimized q2 normalized by dividing through the number of free para- 
meters is called ~2. This ~2 value is calculated for values of xi ranging from 
arctg xi = -90” to +90” in steps of 10”. Finally, the minimum value of 

~2, J&,, is obtained by approximating the ~2 surface in the region of small 
~2 values by a paraboloid. From the ~2 probability distribution14) one can 

find a value ~2 = a, such that the probability that the correct solution has 

a value of ~2 > a is smaller than 0.1%. Spin and mixing ratio combinations 

leading to a xfi, above the “0.1 o/o limit” are rejected. 

The values of ~2 were computed with the Utrecht EL-X8 electronic 

computer giving optimum values of the mixing ratios and the normalized 
9(m), together with th eir errors7). The program uses as input data the 

counting rates observed at different angles in the triple correlation ex- 
periments, and the Legendre polynomial coefficients of the double angular 
correlations. Hence, the data of the triple correlation measurements should 
be internally normalized. Such normalization would have been obtained 
automatically if the measurements in all four geometries would have been 

performed under identical circumstances (e.g. equal widths of the dis- 
criminator channels set on the same gamma transition). Because the actual 
measurements were not performed under identical circumstances, the data 
had to be normalized afterwardsis) by a least-squares method. 

The coefficients AQ and A4 in the Legendre polynomial expansion of the 
experimental angular distributions are obtained from a least-squares 

analysis of the data measured at four angles after correction for background, 

eccentricity and absorption. 
At a few resonances two cascades could be investigated with the same 

initial level. In this case the ~2 analysis was performed for the two cascades 
simultaneously, with identical population parameters for the initial state. 

The analysis of a correlation of two gamma rays from a three-step cascade 
of which the first gamma is not observed, is similar to the analysis of a two- 
step cascade described above; one extra mixing ratio has to be taken into 
account. The coefficients needed for this case were defined and computed 

by ErnCQ). 

2.2.2. Statistical tensors vs. population numbers. An analysis 
of the angular correlations analogous to the one discussed above can be 
made using statistical tensors pKo instead of population numbersQ). The 
two methods are not essentially different, since the statistical tensors and 
the population parameters are linearly related. The coefficients in the 
statistical tensor representation are tabulated in ref. 10. 
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Cascades with a resonance level as initial state have been analysed using 

the population number representation. Since J”(saK) = 3/2+, the highest 
channel spin involved in the saK(fi, y) 4eCa reaction is 2+, and thus only 
three population numbers (of which only two are independent) enter the 

analysis. 
In all other cases the statistical tensor representation is used. The rank 

K of the tensors is limited, a.o., by the orbital angular momentum I of the 
incoming proton (K I 21) 11). In the proton energy range from 1103 to 

1666 keV (statistical tensors have not been used at higher resonances) a 
proton orbital momentum 2 2 4 is very improbable since this would lead 

to reduced widths of more than 10% of the Wigner limit (except for the 
E, = 1666 keV resonance; see sect. 2.3.5.) As a result it is sufficient to 
search for solutions with K I 6, thus with three independent parameters. 

2.2.3. The formation of the resonance state. The second step 
in the analysis treats the formation of the resonance state through proton 

capture a). The observed population probabilities are interpreted as functions 
of the channel-spin mixing fraction 7 and the orbital mixing parameters 

~1 and ~2 in the competing l+ and 2+ channels. The phase shiftsis) between 
s and d, fi and f waves etc. have to be taken into account. Because, however, 
the number of independent population parameters is generally smaller than 
the number of formation parameters, the latter often remain underdetermi- 

ned. Nevertheless, the requirements that ~1 and ~2 be real and that 7 is non- 
negative impose useful restrictions on the range of possible solutions. 

2.2.4. The radiative widths. Some solutions that are acceptable on 
the basis of the ~2 analysis discussed above, can be discarded since they lead 
to prohibitively large radiative widths. For an easy comparison, the measured 
widths r,, are expressed in Weisskopf units, /Ml2 = rY/rYw, where .P,, is 
the Weisskopf single-particle estimate, calculated with a nuclear radius 
R = 1.2 x Al/3 fm, where A is the mass number. 

If a solution yields an M2 radiative width of more than 5 W.U., it is 

rejected. The strongest M2 transition observed in s&shell nucleii5) has a 
strength of less than 1 W.U. 

2.3. Results. The experimental data are presented in table I. Listed are 
the A2 and Aa coefficients of the Legendre polynomial expansions of the 
angular correlations. Although for the triple angular correlations the original 

data and not these coefficients were used in the analysis, these coefficients 
present the experimental data in a concise form. 

2.3.1. The 3.73 and 3.90 MeV levels at the E, = 1344keV 
resonant e. The peaks corresponding to the gamma rays of the cascades 
through the 3.73 and 3.90 MeV levels were not resolved in the spectra. 
Therefore the intensities of the gamma rays were determined by fitting 
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TABLE I 

EP 
keV) 

1103 

1306 

1344 

1374 

1487 

1575 

1666 

2043 

Cascade 

(level energies in 

MeV) 

r-+3.73+0 

4.48 + 3.73 + 0 

6.28 + 4.48 + 3.73 

I + 3.73 + 0 

4.48 -+ 3.73 + 0 

6.2% -+ 4.48 + 3.73 

r -+ 3.73 + 0 b) 

r+3.90+OC) 

r --t 7.49 + 0 

4.48 + 3.73 + 0 

6.20 + 4.48 + 3.73 

r + 5.61 --f 3.73 

5.61 + 3.73 + 0 

r-t0 

r + 3.90 + 0 

r -+ 6.94 + 0 

7.29 + 5.24 + 0 

r + 5.27 + 3.90 

5.27 + 3.90 --f 0 

r+O 

I + 3.90 + 0 

CaS- 

cade 

in- 

tensi- 

tY “) 

30 

32 

32 

20 

40 

40 

40 

50 

10 

32 

32 

23 

23 

79 

5 

2 

2 

74 

74 

90 

2 

‘ge !ndre polynomial coefficients ol Le 

Angular distribution 

of the first gamma ray 

A2 

+0.105 * 0.010 -0.033 j, 0.010 

to.087 + 0.012 f0.004 * 0.012 

+0.130 & 0.011 

+0.057 * 0.015 

+O.C6 -‘- 0.05 

-0.12 * 0.04 

-0.14 * 0.02 

+0.20 + 0.03 

+0.08 f 0.06 

-0.09 & 0.03 

-0.32 & 0.03 

-0.045 & 0.011 

-0.009 & 0.011 

-0.008 j, 0.015 

-0.08 j, 0.05 

+0.04 rt. 0.05 

+0.02 j, 0.02 

-0.04 :t 0.03 

SO.06 _C 0.06 

+0.04 * 0.03 

-0.02 * 0.03 

-0.010 & 0.011 

+0.31 f 0.03 -0.c9 & 0.03 

-0.036 & 0.010 +0.001 & 0.010 

10.45 + 0.07 to.02 -!- 0.07 

A4 

Geometry I 

AZ 

-0.04 + 0.05 

-0.01 f 0.05 

-0.11 + 0.06 

$0.16 & 0.04 

+0.09 5 0.04 

-0.13 * 0.07 

+0.33 :L_ 0.06 

-0.31 * 0.04 

-0.29 & 0.06 

t-O.04 & 0.06 

-0.17 * 0.07 

-0.30 & 0.11 

-0.11 i 0.17 

+0.07 + 0.03 

+0.31 * 0.09 

-0.65 & 0.08 

+0.15 f- 0.04 

+0.19 & 0.06 

+0.14 & 0.03 

A4 

+0.03 + 0.06 

-0.05 & 0.05 

to.04 & 0.06 

$0.01 f 0.05 

-0.06 i 0.04 

1-0.07 & 0.08 

+0.04 rt 0.06 

-0.08 + 0.04 

$0.07 f 0.06 

+0.02 & 0.06 

-0.02 & 0.08 

-0.G7 & 0.13 

-0.11 i_ 0.19 

+0.04 * 0.04 

$0.01 f 0.09 

+0.45 & 0.09 

-0.09 & 0.05 

-0.07 & 0.06 

-0.04 f 0.04 

8) Total decay of a resonance is equal to 100. 

b) Angular distribution of the second gamma ray gives AZ = -0.18 + 0.04, Ad = +0.04 & 0.04. 

0) Angular distribution of the second gamma ray gives As = -0.14 + 0.04, A4 = +0.03 f 0.05. 

standard line shapes to the spectra with a least-squares method. The data 
are given in table I. 

The angular correlations of the cascades from the resonance through the 

3.73 and 3.90 MeV levels were analysed simultaneously. All possible spin 
combinations with J(r) I 4 (b ecause the resonance, denoted with r, decays 

with a two-step cascade through the 7.49 MeV level) and J(3.73) and J(3.90) 
= 1, 2 and 3 were considered; only two combinations yield a ~2 below the 

0.1% limit. One of these can be rejected since it implies J(3.90) = 3; this 
assignment is incompatible with the results obtained at the E, = 1575 keV 
resonance (see section 2.3.2.) The remaining solution yields J(r) = 2, 
J(3.73) = 3 andJ(3.90) = 2. The corresponding mixing ratios and population 
numbers are given in tables II and III, respectively. 

The parity of the resonance is odd, since a formation fit is impossible for 
J”(r) = 2+. Th e f ormation for Jn(r) = 2- proceeds through pure fi capture, 
30% in the l+ channel and 70% in the 2f channel. 

The measured mean life16) of the 3.73 MeV level (7m = 71 + 3 fis), 
together with the knowledge of the spin, determines the parity as odd, 
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easured angular correlations 

Geometry II Geometry V Geometry VI 

AZ A4 AZ A4 AZ A4 

+0.25 h 0.05 t-O.07 5 0.06 -0.11 * 0.05 -0.07 & 0.06 +0.14 * 0.05 -0.09 + 0.06 
+0.02 & 0.04 -0.07 * 0.05 +0.16 & 0.05 -0.02 f 0.06 +0.20 * 0.05 -0.07 & 0.06 
-0.09 + 0.05 -0.03 I_t 0.06 +0.25 & 0.07 -0.04 f 0.08 +0.17 * 0.07 -0.10 * 0.07 
t-o.11 + 0.05 +0.03 * 0.05 +0.38 * 0.05 +0.03 f 0.06 +0.36 zt 0.05 -0.01 * 0.06 
+0.19 * 0.04 -0.06 + 0.05 +0.20 * 0.05 +0.02 + 0.05 +0.31 * 0.05 +o.oi3 * 0.07 
-0.02 f 0.06 +0.02 & 0.06 +0.12 * 0.09 +0.03 * 0.10 +0.19 j= 0.08 -0.02 & 0.08 
+o.oa * 0.07 -0.02 & 0.08 +0.08 f 0.05 -0.04 & 0.05 -0.14 & 0.06 -0.04 & 0.07 
-0.33 & 0.03 -0.05 & 0.03 -0.22 + 0.04 -0.01 * 0.05 -0.20 + 0.04 -0.04 & 0.05 
-0.29 & 0.05 -0.02 f 0.06 -0.17 & 0.06 -0.03 * G.06 -G.19 + 0.06 -0.01 3 0.07 
+0.03 +- 0.05 +O.G3 i 0.06 +0.35 & 0.08 fG.03 ~_t 0.08 +0.38 f 0.07 -0.03 5 0.07 
-0.05 & 0.07 -G.G7 & 0.08 0.00 5 0.08 +0.08 & 0.09 +0.18 & 0.07 -0.11 & 0.08 
-0.56 _C 0.11 -0.02 * 0.12 +O.ll 5 0.09 -0.15 & 0.12 -0.25 & 0.11 +G.G5 & 0.14 
+0.81 & 0.12 $0.03 * 0.15 -0.50 & 0.09 -0.13 + 0.10 -0.50 & 0.09 -G.13 + 0.10 

+0.08 & 0.03 -0.07 * 0.04 +O.G7 f 0.04 -0.02 & 0.04 +0.01 f 0.04 -0.03 & 0.04 
+0.25 f 0.09 +0.06 & 0.09 +G.G9 5 0.07 +O.G2 & 0.08 +O.G3 & 0.08 +0.07 + 0.08 
-0.51 & 0.07 +0.29 f 0.08 +G.Gl f 0.08 -G.G9 f 0.09 0.00 & 0.08 +G.ll I 0.09 
+0.13 & 0.03 -0.01 f 0.04 +G.69 & 0.05 -0.09 f 0.05 +0.66 5 0.04 -G.15 f 0.04 
+G.14 & 0.06 +O.Ol & 0.06 +0.39 & 0.05 -0.12 & 0.06 +0.36 5 0.05 -G.ll & 0.06 

+0.13 & 0.03 -0.08 _C 0.04 +0.06 &- 0.04 -0.03 & 0.04 +G.O4 + 0.04 0.00 & 0.04 

Jn(3.73) = 3-, b ecause for even parity the strength of the 3.73 + 0 transi- 
tion for M3 radiation would be 1.1 x 103 W.U. The parity of the 3.90 MeV 
level is even, Jn(3.90) = 2+, because for M2 radiation the r --f 3.90 transition 
would have a strength of at least 6 W.U. 

2.3.2. The 3.90 MeV level at the E, = 1575 keV resonance. The 
results of the analysis of the r + 3.90 -+ 0 correlation together with the ye 

angular distribution are shown in fig. 1. The strong ground-state transition 
limits the resonance spin to 1 or 2. For the 3.90 MeV level J = 2 and 3 were 
tried, because J = 1 was already excluded in section 2.3.1. The only 
solution yields J(r) = 1 and J(3.90) = 2. The corresponding mixing ratio 

and population numbers are given in tables II and III, respectively. The 
resonance formation is possible both for Jn(r) = I- and l+. 

2.3.3. The 4.48 MeV level. The spin of thislevelis determined from the 
analysis of the 4.48 -+ 3.73 + 0 cascade measured at the E, = 1103, 1306 and 
1374 keV resonances. The analysis was performed for J(3.73) = 1, 2 and 3 
and J(4.48) = 0 to 5, with the restriction 1 J(4.48) - J(3.731 I 2. The only 
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-so0 -so* -30° OS 30. so* 
-ARCTG X 

Fig. 1. Plots of x2 against the mixing ratio x of the first gamma ray calculated in the 
analysis of the Y + 3.90 -+ 0 correlation together with the ground-state angular 
distribution measured at the E, = 1575 keV resonance, for J(r) = 1 and 2 and 

j(3.90) = 2 and 3. 
1 

TABLE II 

Spins, parities and mixing ratios found with the 

s9K(p, y)%a reaction 

Level 

(MeV) 

3.73 

3.90 

4.40 

5.24 

5.27 

5.61 

6.26 3(-l 

6.94 132 
7.29 0 
7.49 2 

9.41 2 

9.61 3+ 

9.65 2- 

9.79 3 

9.87 1 

9.96 4+ 

10.33 1 

J” 

3- 

2+ 

5- 

2 

4+ 

4- 

Transition Mixing ratio 

-+ 3.73 +0.01 * 0.02 

-+ 3.90 +0.02 * 0.05 

-+ 3.73 +0.27 i 0.05 

+ 4.48 +0.7 * 0.2 

+ 4.48 -0.03 f 0.02 

+ 3.73 

--t 6.20 

+ 3.73 

-> 6.28 

+ 3.73 

-+ 3.90 

+ 7.49 

+ 5.61 

+ 3.90 

-+ 5.27 

* 3.90 

+0.03 & 0.02 

0.0 f 0.3 

-0.18 5 0.03 

f0.42 & 0.06 

-0.05 & 0.03 

+0.09 * 0.04 

0.00 * 0.04 

-0.07 f 0.04 

+0.18 f 0.03 

-0.04 & 0.03 

to.16 i 0.03 
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TABLE III 

Population numbers of resonances in the *OK@, y)%a reaction 

Resonance Corresponding Experimental population numbers 

J% (keV) EZ (MeV) HO) P(1) P(2) 
.Tn 

- 1103 9.41 0.53 * 0.10 0.17 f 0.14 0.30 & 0.05 2 
1306 9.61 -0.03 & 0.05 0.33 & 0.05 0.70 f 0.06 3+ “) 

1344 9.65 0.10 * 0.02 0.33 * 0.05 0.57 f 0.02 2- b) 

1487 9.79 -0.55 * C.65 1.51 5 0.85 0.04 & 0.21 3 

1575 9.87 0.390 * 0.008 0.610 5 0.008 - 1 

1666 9.96 0.34 If 0.06 0.48 5 0.06 0.18 f 0.06 4 

2043 10.33 0.362 * 0.005 0.638 & 0.005 - 1 

*) The experimental population parameters can be explained as pure d-wave capture via the 2+ 
channel yielding p(0) = 0, p(1) = 0.29 and p(2) = 0.71. 

b) The experimental population parameters can be explained as pure p capture, 30% in the l+ 
channel and 70% in the 2+ channel, yielding p(0) = 0.11, p( 1) = 0.32 and p(2) = 0.57. 

I 020 

1 
! 

Ep = 1575 keV 

I 
-ii&-0. 

I I I 
-SO0 

I 
-60' -30* o 

1 

-ARCTG x” 
3o” eon 90” 

Fig. 2. Plots of ~2 against the mixing ratio x of the first gamma ray calculated in the 
analysis of the 7.29 -+ 5.24 + 0 correlation measured at the E, = 1575 keV resonance, 
varying at most two statistical tensors of the 7.29 MeV level for J(7.29) = 0 to 3 and 

J(5.24) = 1 and 2. 

solution yielding a ~2 value below the 0.1 o/o limit at the three resonances 
corresponds to J(3.73) = 3, J(4.48) = 5. The 4.48 + 3.73 transition is 
practically pure quadrupole, x = +O.Ol f 0.02. 

2.3.4. The 5.24 and 7.29 MeV levels. At the E, = 1575 keV re- 
sonance, the 7.29 -+ 5.24 + 0 correlation was measured. In the analysis, 
J(7.29) = 0 to 3, and J(5.24) = 1 and 2 have been tried. For each spin 
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combination, ~2 values were calculated, plotted in fig. 2. All spin combi- 
nations are excluded except J(7.29) = 0, J(5.24) = 2. 

2.3.5. The 5.27 MeV level at the E, = 1666 keV resonance. First 

the 5.27 -+ 3.90 --f 0 correlation was analysed. Although for this resonance 
the reduced width for I = 4 would be 5% of the Wigner limit and, in 

conclusion, g capture seems possible, this analysis was also performed with 
the rank of the tensors K I 6. The population parameters finally found 
show that the formation of the resonance can be explained without g capture. 
The spin values tried were J(5.27) = 1 to 4. Spin J = 0 is excluded because 
the angular distribution of the 5.27 + 3.90 transition is anisotropic. The 
results are plotted in fig. 3. The only solution gives J(5.27) = 4 and an 
octupole-quadrupole mixing ratio x2 = +0.02 f 0.05. 

I I I I I I 
90’ 60’ a a 30° 60’ 90’ 

- A;:TG i, 

1 ED=1666 keV 

g.g6x1T3’4 1 

I I 
-go0 -60’ -3o* 

- ARCTG i; 
30° 60’ 90’ 

Fig. 3. Plots of ~2 against the mixing Fig. 4. Plots of ~2 against the mixing ratio 
ratio $2 of the first gamma ray calculated x1 of the Y + 5.27 transition calculated in 
in the analysis of the 5.27 + 3.90 + 0 the analysis of the Y + 5.27 + 3.90 and the 
correlation measured at the E, = 1666 5.27 + 3.90 -+ 0 correlations measured at 

keV resonance, for J(5.27) = 1 to 4. the E, = 1666 kevresonance, for J(r) = 3 

and 4. The mixing ratio of the 5.27 + 3.90 
transition is fixed at x2 = +0.02 

The following step was the fit of the r -+ 5.27 -+ 3.90 and 5.27 -I+ 3.90 
-+ 0 correlations simultaneously, with J(5.27) = 4 and x2 = +0.02. The re- 
sonance spins J(r) = 3 and 4 were tried, because the resonance decays to the 
3.90 MeV level with J = 2 and to the 4.48 MeV level with J = 5. The 
resulting ~2 values are plotted in fig. 4. Two solutions yield a ~2 value below 
the 0.1% limit. One of them can be rejected, as the large mixing ratio for 
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J = 3 (xr = +0.51 -& 0.02) would give a strength for quadrupole radiation 
of more than 60 W.U. In conclusion, J(r) = 4. The corresponding mixing 
ratio and population numbers are given in tables II and III, respectively. 
The formation of the resonance can be explained for both parities, with d 
capture for even and f capture for odd parity. 

2.3.6. The 5.61 MeV level at the E, = 1487 keV resonance. First, 
the 5.61 + 3.73 + 0 correlation was analysed. The spin values tried are 
J(5.61) = 3,4 and 5, because this level decays to the 3.73 MeV level (J = 3) 

and to the 4.48 MeV level (J = 5). The results are plotted in fig. 5. The only 
spin giving ~2 values below the 0.1% limit is J(5.61) = 4. The plot shows 

two dips, at xs = +0.27 f 0.05 and at x2 = +4.3?:::. 

Ep=1487keV 

I I I I I I 
-90' -60’ -30' 

-ARCTG “x’, 
30' 60' 90' 

Fig. 5. Plots of ~2 against the mixing ratio x2 of the first gamma ray calculated in 
the analysis of the 5.61 + 3.73 + 0 correlation measured at the E, = 1487 keV 

resonance, for J(5.61) = 3, 4 and 5. 

Second, the 5.61 --f 3.73 --f 0 and the Y -+ 5.61 + 3.73 correlations were 
treated simultaneously. The ~2 values were calculated for J(5.61) = 4, 
J(r) = 2, 3 and 4, and for x2 varying from +0.2 to +5. The spin of the 
resonance is at most 4, because the resonance decays to the 3.90 MeV 
(J = 2) level. Th e results of the analysis for x2 = f0.27 and x2 = +4.3 are 
plotted in fig. 6. The only solution gives J(r) = 3. The corresponding mixing 
ratios and population numbers are given in tables II and III, respectively. 
Because the errors in the population numbers are large, the resonance 
formation remains largely undetermined. 
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Fig. 6. Plots of x2 against the mixing ratio x1 of the Y + 5.61 transition calculated in 
the analysis of the Y --f 5.61 -+ 3.73 and the 5.61 -+ 3.73 --f 0 correlations measured at 
the E, = 1487 keV resonance, for J(r) = 2, 3 and 4. The mixing ratio of the 5.61 + 

+ 3.73 transition is fixed at x2 = 0.27 and 4.3. 

6.28 3.4 

4.48 x2 
3.73 

F 

x2 
5 
3 x,=*0.01 

0.3 0.3 
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Fig. 7. Plots of ~2 against the mixing ratio xs of the 6.28 + 4.48 transition calculated 
in the analysis of the 6.28 + 4.48 + 3.73 and the 4.48 --f 3.73 + 0 correlations 
measured at the E, = 1103, 1306 and 1374 keV resonances, for J(6.28) = 3 and 4. 

The mixing ratio of the 4.48 -+ 3.73 transition is fixed at xs = +O.Ol. 

2.3.7. The 6.28 MeV level. The 6.28 -+ 4.48 + 3.73 and4.48 + 3.73 + 
- 0 correlations, measured at the E, = 1103, 1306 and 1374 keV resonances, 
were analysed simultaneously. The spin values J(6.28) = 3 and 4 were 
tried, because this level decays through the 3.90 MeV (J = 2) and 4.48 MeV 
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(J = 5) levels. The mixing ratio xs of the 4.48 + 3.73 transition was varied 
from -0.05 to $0.07. 

Fig. 7 shows the results for x3 = +O.Ol . There are four possible solutions 
with ~2 values below the 0.1% limit. Those with high mixing ratios can be 
rejected because the composite ~2 value for the three resonances would be 
above the 0.1 y. limit. Although from the remaining possibilities J(6.28) = 3 
is 100 times more probable than J(6.28) = 4, one cannot make a unique 
assignment. 

Additional information is provided by the polarization measurement of the 
6.28 + 4.48 transition at the E, = 1374 keV resonance (see sect. 3). 
Calculation of the effective polarization fiP for this transition gives (the 
values for the mixing ratios obtained at the three resonances were averaged) 

I: J(6.28) = 3, x2 = -0.03 f 0.02, lfiP[ = 0.04 f 0.03; 

II: J(6.28) = 4, x2 = +0.29 & 0.02, IfiPl = 0.13 f 0.03. 

Comparison of these values with the experimental result $P = 0.04 & 
& 0.04, shows that in this experiment possibility I is 20 times more pro- 
bable than II. The angular correlation and polarization data taken together 
then decide J(6.28) = 3 and x2 = -0.03 & 0.02. 

2.3.8 The 6.94 MeV level. Because the Y + 6.94 + 0 correlation has 
poorer statistics than the r + 3.90 + 0 correlation at the E, = 1575 keV 
resonance (see 2.3.2), the former correlation is analysed using J(r) = 1, 
$(O) = 0.39 and p(l) = 0.61. The spins tried are J(6.94) = 1 and 2. Plots 
of the ~2 value against the mixing ratio show three dips below the 0.1% 
limit; J(6.94) = 1, x = -0.01 & 0.04; J(6.94) = 1, x > 40 and J(6.94) = 
= 2, x = -0.02 f 0.05. 

The second solution is very improbable because of the high mixing ratio, 
but it cannot be definitely rejected. 

2.3.9. The 7.49 MeV level. Since the resonance spin and population 
were determined in sect. 2.3.1, the r + 7.49 -+ 0 correlation measured at 
the E, = 1344 keV resonance was analysed using J(r) = 2, $(O) = 0.10, 
p(l) = 0.33 and p(2) = 0.57. The spinvalues J(7.49) = 1 and 2 were tried. 
The results are given in fig. 8. There are two dips below the 0.1 y. limit. 
One solution with J(7.49) = 1 and x = -4.8 f 0.8 can be rejected, because 
both for E2 and for M2 one would obtain a strength above 500 W.U. In 
conclusion, J(7.49) = 2. The corresponding mixing ratio is given in table II. 

2.3.10. Resonance spins. The E, = 1103 keV resonance. The r -+ 
-+ 3.73 --f 0 correlation has been treated together with the other two corre- 
lations measured at this resonance (see table I). The only unknown mixing 
ratios are those for the r -+ 6.28 and r + 3.73 transitions, the others were 
determined in sects. 2.3.3 and 2.3.7. The spins tried are J(r) = 2, 3 and 4, 
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Fig. 8. Plots of ~2 against the mixing ratio x of the first gamma ray calculated in the 
analysis of the Y --f 7.49 + 0 correlation measured at the E, = 1344 keV resonance, 
for J(7.49) = 1 and 2. The resonance population numbers are fixed at p(0) = 0.10, 

p(l) = 0.33 and p(2) = 0.57. 

because for J(r) = 1 the strength of the (r) + (6.28) transition would be 
above 100 W.U. for quadrupole radiation. The only solution yields J(Y) = 2; 
the corresponding mixing ratios and population numbers are given in tables 
II and III, respectively. The formation of the resonance can be explained 
for both parities. 

The E, = 1306 keV resonance. This resonance was treated in an analogous 
way. The analysis gives two solutions, J(Y) = 3 and 4. The latter can be 
rejected because the corresponding mixing ratio (CC = 52.7 f 1.0) of the 
“r + 4.28 transition gives a radiative strength for quadrupole radiation 

above 30 W.U. The remaining solution is J(r) = 3; the corresponding mixing 
ratios and population numbers are given in tables II and III, respectively. 
The parity of the resonance is even, because a formation fit excludes J”(r) = 
= 3-. For J”(r) = 3+, the formation proceeds through pure d capture via 
the 2+ channel. 

The .EE, = 1344, 1487, 1575 and 1666 keV resonances. See sect. 2.3.1-6. 
The E, = 2043 keV resonance. Because this resonance has a strong 

ground-state transition the resonance spin is J(r) = 1 or 2. Analysis of the 
r -+ 3.90 + 0 correlation together with the ya angular distribution gives 
a unique solution J(r) = 1. The corresponding mixing ratio and popu- 
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lation numbers are given in table II and III, respectively. The formation of 

the resonance state is possible for both even and odd parity. 

3. Polarization measurements. In order to determine the parities of some 
levels y-ray linear polarization measurements were performed with the 
Compton-scattering method as described in ref. 17. The experimental 
arrangement is identical with that described in ref. 18. The gamma rays 

were scattered by a NaI crystal (length 5.1 cm and diameter 5.1 cm) below 
the target (the proton beam coming in horizontally), and detected in one 
of two NaI crystals (length 10.2 cm and diameter 10.2 cm). The pulses from 

the scattering and either of the two detecting crystals are added in a 
summing circuit and stored in a 400-channel pulse-height analyser. The 
analyser gate only transmits pulses for storage if a) the pulses from the two 
crystals are in coincidence (resolution time 27 = 2ps), and b) the pulses 
from the two crystals have amplitudes in the energy ranges that correspond 
to a single scattering of the gamma rays to be detected, such that for E, 

lower than 2 MeV the gate for gamma rays in the detecting crystal is between 
E, = 0.2 and 0.9 MeV (the 0.51 MeV line contributes to an isotropic back- 
ground which is subtracted in the sum spectra), and for E, higher than 

2 MeV the gate for gamma rays in the detecting crystal is between E, = 0.6 
and 0.9 MeV. With a routing system the pulses of the two detecting crystals 
A and B at azimuthal positions of 0” and 90” resp. are stored simultaneously, 
each in 100 channels. These measurements were alternated with measure- 
ments where the counting system has been rotated over 90”, such that 
counter A is at -90” and counter B at 0”. After the measurement, the 

spectra at -90” and 90” and the two spectra at 0” are added separately. The 
eccentricity was determined using the isotropic ye angular distribution at 
the E, = 620 keV a%($, y) srP resonance. 

TABLE IV 

Polarization experiments with the sQI<(p, y)40Ca reaction 

I 
Mixing ratio PP “) 

calculated 
PP Y 

Deduced parities 

experimental Radi- 
ation 

Level 
EP 
keV) 

1374 0.75 4.48 + 3.73 
1374 1.80 6.28 + 4.40 
1487 1.13 5.61 + 4.48 
1487 1.88 5.61 + 3.73 
1666 1.37 5.27 + 3.90 
1666 4.69 I -+ 5.27 

(MEeyV) 
Transition 

-to.01 & 0.02 0.53 10.14 l 0.03 
-0.03 5 0.02 0.28 50.04 * 0.03 
+0.7 f 0.2 “) 0.40 TO.06 & 0.02 

+0.27 f 0.05 0.27 +0.08 & 0.01 
-to.02 * 0.05 0.35 *0.20 * 0.05 
-0.04 f 0.03 0.14 *0.11 * 0.03 

- 

- 

+0.15 f 0.03 E2 Jn(4.48) = 5- 
+0.04 & 0.04 (E2) JX(6.28) = 3(-) 
+0.15 _C 0.13 Ml/E2 Jn(5.61) = 4- 
-0.06 & 0.05 Ml/E2 Jn(5.61) = 4- 
+0.22 f 0.06 E2 Jn(5.27) = 4’ 
-0.14 & 0.10 Ml/E2 J”( r ) = 4+ 

a) The upper sign corresponds to electric radiation for the lower multipole order. 
b) Corrected for eccentricity and background. 
O) This mixing ratio was determined from an angular distribution measurement yielding As = 

= +0.51 & 0.20 and Aa = $0.10 f 0.25. 
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Measurements were performed at the E, = 1374, 1487 and 1666 keV 
resonances. The results are shown in table IV. The first column gives the 
resonance energy, the second the energy of the observed gamma ray, the 
third the levels between which the transition occurs and the fourth the mixing 
ratio of the gamma ray in question. In the fifth column the polarization 
efficiency fi, calculated as described in ref. 17, is indicated. The product pP 
(P is the expected polarization calculated from the angular distribution, see 
table I, and the mixing ratio of the corresponding transition) is given in the 
sixth column. This value can be determined except for the sign depending 
on the parity of the transition. The upper sign corresponds to electrical 
radiation for the lowest multipole order. The experimentally observed effect, 
defined as +Pexp = (IV900 - N~~)/(N~o~ + NW), is given in the seventh 
column. The definition of the angles 0” and 90” corresponds to the azimuthal 
positions of the crystala) in agreement with the definition customary in 
angular distribution experiments, when the beam comes in horizontally. 

TABLE V 

E, 23) 
(MeV 
3.35 
3.73 
3.90 
4.48 
5.20 
5.24 
5.27 
5.61 
5.62 
5.90 
6.03 
6.28 
6.51 
6.54 
6.58 
6.75 
6.9 1 
6.93 
6.95 
7.11 
7.24 
7.28 
7.30 

Spin and pal 

(P, P’r) as) 

3- 
2(+) 
5(,-, 

O(1) 
2 
4 

2 
1 
3 
2. 3 

- 
ritl 7 assignments to excited states in @Ca(E2 ( 7.3 MeV 1 

(a, 4 9 

3- 
2+ 
5- 

(a = -) 

(R = -) 
3- 

3- 

3- 

(1-, 2+, 3-) 

(a, 4 9 (3He, d) 33) 

3- 
2+ 
5- 

(3-9 I-) 

4+ 
l- 

3- 

3- 

(k) 

3- 

5- 

4-(2-) 

(l,- 
3- 

(3)- 
m= - 

nzz- 
.n= - 

present 
experiment 

3- 
2+ 
5- 

2 
4+ 
4- 

3(-) 

(1, 2) 

0 d, 

- 

- 

conclusion 

o+ “) 
3- 
2+ 
5- 

0(1) 
2 
4+ 
4- 

2 Y 

(:,- 0) 
3- 

3- 

(I)- 

0 4) 

8) See ref. 22. 
b) The result of ref. 27 can be doubted, because the energy resolution (0.12 MeV) was insufficient. 
C) As this level is excited in the (*He, d) reaction, the parity of the 6.03 MeV level is odd. The 

analysis of the experiments of ref. 23 gives a high mixing ratio (1x1 > 10) for the transition to the 
3.90 MeV J* = 2+ level, which is improbable if Jn(6.03) = 3-. 

6) This assignment can be ascribed to the 7.28 or to the 7.30 MeV level. 
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The last two columns give the conclusions regarding the parity of the radia- 

tion and of the levels concerned. 

4. Discussion. The Wa level schems (ex$erim:stal). The measurements 

presented in this paper yield J” assignments to ‘%a levels, and mixing 
ratips of gamma transitions in ‘Wa. A survey of the results is given in tables 

II and III. 
Very little was known about the spins and parities of the resonance states. 

An assignment of J” = l(+) to the 1575 keV resonancers) is in agreement 
with this experiment, but an assigment of J = 2 to the E, = 2043 keV 

resonancesa) does not agree, probably because the arguments were based 

on a poor (#, y) strength measurement. 
More is known about the spins and parities of bound states in Wa, from 

electron21) 16), protonls) 23) 24) 25) and alpha-particle 16) 26) 27) inelastic scat- 

tering angular distribution measurements, and from an investigation of the 
asK(sHe, d) 4aCa reactions*). In table V a survey is given of the most 
important results for E, < 7.3 MeV. The first column gives the excitation 
energies of the levels (rounded off to 10 keV) as given in ref. 23 (in excellent 
agreement with the values in ref. 22). The following columns show the spin 
and parity assignments of refs. 23, 26, 27 and 28, and the results of the 

present work. In the last column the conclusions are given. 
The conclusions need little comment, except for the J = 2 assignment to 

the 5.62 MeV level. In ref. 23 a ground-state transition was observed from 
either the 5.61 or 5.62 MeV level. The present work, in which the decay of the 

5.61 MeV level was studied, shows that this level does not decay with a ya 
such that the latter should originate from the 5.62 MeV level. Because the 
p’ - ya angular correlation, measured in ref. 23, shows a strong P~(COS 13) 
component, the spin of the 5.62 MeV level is J = 2, instead of J = 1, the 

other possibility to be considered. 
The results of the last column of table V, together with the branchings 

given in paper I and ref. 23, have been compiled in a decay scheme in fig. 9. 
The radiation mixing ratios found in this paper are in excellent agreement 

with the ratios reported in ret. 23 for the 4.48 --t 3.73 (x = +0.05 f 0.05), 
5.27 --f 3.90 (X = +0.02 f 0.04) and 6.28 -+ 4.48 (x = -0.03 f- 0.17) 

transitions. 

5. Shell-model calculatiort of the odd-parity %a levels with the szGrface delta 
i&eractiorz. The low-lying odd-parity states in %a are believed to arise from 
the excitation of a particle from the (ds,s, ~112, &Is) shell to the (f7/2, 9312, 

*l/2) subshells. The residual two-body interaction for the particles (and 
holes) outside the closed shells of ‘%a is assumed to be of the general form 

J712 = Jqnz)l-w + BPa + MPr - HP,]. 
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Fig. 9. The 4Wa 

E,(MeV) 

4oCa 
level scheme for E, < 7.3 MeV. The data are 

paper I and ref. 23. 
taken from table IV, 

The coefficients W, B, M and H give the relative strengths of the Wigner, 
Bartlett, Majorana and Heisenberg forces, respectively; Pa, P, and P, are 
the exchange operators for spin, space and isospin, respectively. In the 
present calculation the Rosenfeld mixture (W = -0.13, B = 0.46, M = 
= 0.93 and H = -0.26) is used. 

For V(yrs) the surface delta interaction (S.D.I.) of strength G is chosenso). 
The S.D.I. can be consideredsr) as a delta interaction, acting only at the 
surface, for which one makes the further assumption that all radial integrals 
are equal. It then can be written as a delta function in the angular coordi- 
nates of the interacting particles with the following expansion in spherical 
harmonics (+ denoting the spatial unit vector) 

V(rrs) = -47zGS(.&s) = -4nG x Yr* (41) Yp(r^z). 
km 

The matrix elements for a particle and a hole scattering from configuration 

(j;r> j4) J, T to ( - il ‘, is) J, T can be expressedss) (with the use of 6j-symbols) 
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in terms of matrix elements for two particles scattering between the same 

shell states 

<j&JT IV1 jy’jqJT) =J&(2J’ + 1)(2T’ + 1) x (-1)j1+j4+J’+T’+1 x 

x {$$){; : ;j <jzjzJ’T’ 1 VI jlj4 J’T’) + single-particle terms. 

The single-particle terms have no influence on the level spacing of each 
two-quasi-particle spectrum, but represent the binding energy of the particle 
or the hole to the closed shells of %a. 

The particle-particle matrix element can easily be evaluatedss) for the 
interaction as postulated above. Finally one gets: 

<j;$JT IV121 jg’j4JT) = -&{(S + 1)(2jz + 1)(% + l)(% + I))* x 
x (2J + 1)-l x (- l)jl+jz+ja x C{(W + M) - (B + fq(1 + (-Y)} x 

x (_ qzz+z4+34 
x (jl, iz, $, tlJ, 1) x (j3, j4, 4, #J, 1) + 

+ {-(W + M)(l + (-1)T x (1 + (-l)rl+rs+J)) + 

+ (B + H)(l _(_l)zl+r?+J+T)} (_l)ia+zl+re+J x 

x (ji, ja, 3, --+I J, O)(j3, j4, 4, --*I J, 0)] + single-particle terms, 

where (ji, js, ml, ~221 J, M) denotes a Clebsch - Gordan coefficient. 

The binding energy differences assumed for the particle-hole pairs moving 

in the shells mentioned above (equal to the energy differences of the two- 
quasiparticle system without residual interaction) are determinedsa) from 
the energies of the single-particle levels of 39K, 4rCa and 41Sc, and are given 

in fig. 10. The total binding energy of the two-quasiparticle system to the 
‘Wa ground state has been determined from the requirement that the 
energy of the lowest 3-(T = 0) state is equal to 3.73 MeV. 

Fig. 10 gives a plot of the calculated excitation energies against the strength 
G of the S.D.I. The requirement that the lowest 5-(T = 0) state has an 
excitation energy of 4.48 MeV determines the strength equal to G = 0.90 
MeV. 

Comparison of the calculated level energies with the experimental level 
scheme shows two remarkable differences : 

A. The lowest I-(T = 0) level has a calculated energy E, = 1.2 MeV, 
but the probably lowest experimental l-(T = 0) level is found at 5.90 MeV. 
The large difference is presumably due to a spurious state that is inherent in 
this kind of shell-model calculation of the J = 1 (T = 0) states34). It has not 
been attempted to remove this spurious state. 
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Fig. 10. Plots of the calculated excitation energy of the negative parity levels in 4Wa 
against the strength G of the S.D.I. The total binding energy of the two-quasiparticle 
system was determined requiring that the lowest 3-(T = 0) state has E, = 3.73 MeV. 
The binding energy differences of the system without residual interaction, as de- 
termined from the single-particle energies in neighbouring nuclei, are given at the left 

side of the figure. 

B. The energies of the calculated T = 1 states are about 2 MeV below 
the experimental ones. The same effect was found in a recent S.D.I. calcu- 
lationss) applied to the whole region of nuclei with 28 < A ( 40, where 
also an ad hoc energy shift (LET = 2.4 MeV) had to be assumed between 
the T = 0 and the T = 1 levels to obtain good agreement with experiment. 
In the present calculation this energy shift was determined from the re- 
quirement that the lowest T = 1 (J = 4-) level has an excitation energy 
of 7.66 MeV resulting in AET = 1.85 MeV. 

The calculated level scheme for E, < 9 MeV, with G = 0.90 MeV and 
the energy shift AET = 1.85 MeV, is shown at the left hand side of fig. 11. 
The agreement with experiment is rather good considering the simple model. 
All known odd-parity levels, except for the J” = l- states, with E, < 6.5 
MeV are reproduced. One can expect that above E, = 6.5 MeV also the 
excitation of three ‘(or more) nucleons may be important considering that 
the excitation energy of the lowest two-particle-two-hole state is 3.35 MeV. 

The value of the strength of the S.D.I. can be compared with an empirical 
relations6) for the strength of the pairing force for heavier nuclei, G(pairtng) = 
= 24/A MeV, with A the mass number. This yields for %a Gtpairing) = 0.60 
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MeV; this value is in reasonable agreement with the value found in the 

present calculation with the surface delta interaction, G = 0.90 MeV. 
The discrepancy between the parameters obtained in this calculation 

and those from an earlier calculationa7) of Glaudemans e.a. based on 
the level spacings only in the region 28 < A < 40, is more serious. The latter 
involved two independent strengths, Go for T = 1 and Gi for T = 0 matrix 
elements. These quantities are related to the parameters used in this paper 

according to Go = G x {(W + M) - (B + H)} and Gr = G x (W + M + 
+ B + H). The values found by Glaudemans e.a. are Go = 1.07 MeV 

(present work 0.54 MeV) and Gr = 0.49 MeV (present work 0.90 MeV). 
The result Go > Gr implies an exchange mixture that appreciably differs 
from those customarily in use. 

6. Comparisoti with theoretical calcztlations. Several other calculations have 

been carried out for the odd-parity levels in %a. In all calculations only 
one-nucleon excitations of the %a closed-shell configuration were con- 

sidered. 
Horie and Y okozawass) constructed particle-hole wave functions 

assuming that L, S and T are good quantum numbers. The wavefunctions 

were generated in the SU(3) SC h eme. Such calculations are restricted to 

S = T = 0 states. 
Gillet and Sandersonss) calculated the energy spectrum for mixed 

particle-hole configurations, using harmonic-oscillator wave functions 

constructed in the jj-coupling scheme with a finite-range two-body interac- 
tion.. Excitations were considered of a nucleon from the (ds,s, sr/s, a5,3) shell 
to the (/7/s, $313, f5,3) subshells. The right order of the lowest 3- and 5- 
(T = 0) levels could not be reproduced in this calculation. Only in a second 
calculation with a random-phase approximation the order of the mentioned 
levels was obtained in agreement with experiment. 

Er1-1640) fitted 14 parameters to 60 odd-parity levels of nuclei in the region 

33 I A I 41, using the shell model. An inert 3% core was assumed with 
a residual two-particle interaction of the outer nucleons, one in the f7,2 shell 
and the others in the ds/s shell. From these parameters the energies of 
240 levels were derived, amongst those of eight 4aCa excited states. 

Stamp and Mayersdi) used a Yukawa radial two-body interaction and 
calculated 3- and 5- states in ‘%a with harmonic-oscillator and with Woods- 
Saxon wave functions for the excitation of a particle from the (da/s, sr/s, dsp) 
shell to the (f7,2, $3/z, @l/3, f5,2) shell. Rosenfeld and Gillet exchange 
mixtures gave very similar wave functions and level energies. 

A survey of the results of these calculations is given in fig. 11, together 
with the experimental level scheme. The experimental data were taken 
from table V extended with the T = 1 levels found in ref. 28. The configu- 
ration assignments in the latter work determined from the values of the 
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Fig. 11. Experimental and calculated level energies for 40Ca. In the theoretical level 
schemes the (main) configurations assumed in the shell-model calculations are in- 
dicated. The T = 1 levels shown, calculated with the S.D.I., all have more than 95% 

(&/z-l, f7,2) character. 

spectroscopic factors in the (sHe, d) reaction are added to the experimental 
level scheme. In the theoretical level schemes the (main) configurations 
assumed in the shell-model calculations are indicated. 

The work of ref. 38 shows that the restriction to S = 0 states is acceptable 
to give qualitatively good results for the energy calculation of the lowest 
levels. 

The various shell-model calculations show that configuration mixing is 
important to reproduce the T = 0 levels in Wa. The same effect@) is found 
for the levels of 20sPb. This is probably the reason that Em6 has not obtained 
the right order of the T = 0 levels. Better agreement with experiment 
was obtained in ref. 41 and in the present calculation. In these calculations 
at least three subshells have been taken into account both for the particle 
and for the hole. 

Gille t and Sanders on in their calculations allowed for isospin mixing 
and quantitatively based the mixing on the proton-proton hole Coulomb 
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energies, which they calculated from the /T/s-particle energies and &s-hole 
energies, to be given by 0.7 MeV. A recent analysis@) of the experimental 

data, however, yields an appreciably different value of 0.1 MeV, which is 
mainly due to a revised value of the /T/s-proton energy. This now justifies 
working with the isospin as a good quantum number and it may probably 
explain part of the discrepancy of Gillet’s results with experiment and 
with other shell-model calculations. 

Further, one can conclude from the remarkable agreement of the results 
of Stamp and Mayers with those of the present calculation, even for 
excitation energies up to 14 MeV, that the level energies are less sensitive 

to the particular interaction than to configuration mixing. 
All calculated T = 1 levels show good agreement with experiment, 

those of Gillet and Sanderson less than the others. 
The even-parity levels above 3.35 MeV show rotational character and 

might suggest a deformed 4Ka nucleus in the excited states in contrast with 

the assumed spherical shape in the ground state. The same phenomenon has 

been found42) in 160. According to this, one would expect a 6+ level at 7.4 
MeV. It would be interesting to check this possibility experimentally. 

Acknowledgements. The author thanks Professor P. M. Endt for 

his excellent guidance during the investigation. Many advices from and 
discussions with Dr. P. J. Brussaard have contributed to the final result 

of the theoretical calculation, Professor A. M. Hoogenboom, Dr. C. van 
der Leun and Dr. D. M. Sheppard kindly criticized the manuscript. 

The collaboration with my colleagues, especially the help of Dr. H. A. van 

Rinsvelt, A. H. E. van Hengel and R. Geerlings during long runs, and 
the use of programs from Dr. P. J. M. Smulders aand Dr. F. C. Erne, are 
gratefully acknowledged. 

This investigation was partly supported by the joint program of the 
“Stichting Fundamenteel Onderzoek der Materie” and the “Nederlandse 
Organisatie voor Zuiver Wetenschappelijk Onderzoek”. 

Received 27- 12-66 

1) 
2) 
3) 
4) 
5) 
6) 
7) 
8) 

REFERENCES 

Leenhouts, H. P. and Endt, P. M., Physica 32 (1966) 322. 
Van Rinsvelt, H. A. and Smith, P. B., Physica 30 (1964) 59. 
Rose, M. E., Phys. Rev. 93 (1954) 477. 
Smulders, P. J. M. and Van Hengel, A. H. E., private communication, Utrecht (1965). 
Twin, P. J. and Willmott, J. C., Nucl. Instr. and Meth. 22 (1963) 109. 
Litherland, A. E. and Ferguson, A. J., Canad. J. Phys. 39 (1961) 788. 
Smith, P. B., Canad. J. Phys. 42 (1964) 1101. 
Smith, P. B., Nuclear Reactions II, ed. by P. M. Endt and P. B. Smith (North-Holland 
Publ. Co., Amsterdam, 1962). 



312 SPINS AND PARITIES OF LEVELS IN 40Ca 

9) 

10) 

11) 

12) 

13) 

14) 

15) 

16) 

17) 

18) 

19) 

20) 

21) 

22) 

23) 

24) 

25) 

26) 

27) 

28) 

29) 

30) 

31) 

32) 

33) 

34) 

35) 

36) 

37) 

38) 

39) 

40) 

41) 

42) 

43) 

44) 

Erne, F. C., Nuclear Phys. 84 (1966) 241. 

Kaye, G., Read, E. J. C. and Willmott, J. C., Tables of coefficients for the analysis of triple 

correlations from aligned nuclei (Chadwick Physics Laboratory, University of Liverpool, 

England, 1963). 

Nordhagen, R., Proton capture formation tables (Universitetet i Oslo, 1964). 

Heyligers, A., thesis Utrecht (1964). 

Gove, H. E., Nuclear Reactions I, ed. by P. M. Endt and M. Demeur (North-Holland Publ. 

Co., Amsterdam, 1959). 

Nijgh, G. J., Wapstra, A. H. and Van Lieshout, R., Nuclear Spectroscopy Tables (North- 

Holland Publ. Co., Amsterdam, 1959). 

Van der Leun, C., Proceedings of the Lawrence (Kansas) Symposium on “The structure of 

low-medium mass nuclei” (1964). 

Endt, P. M., and Van der Leun, C., Nuclear Phys. 34 (1962) 1. 

Suffert, M., Endt, P. M. and Hoogenboom, A. M., Physica 25 (1959) 659. 

Van Rinsvelt, H. A. and Endt, P. M., Phps. Letters 9 (1964) 266. 

Rangan, L. K., Harris, G. 1. and Seagondollar, I. W., Phys. Rev. 127 (1962) 2180. 

Eckert, A. C. and Shrader, E. F., Phys. Rev. 124 (1961) 1541. 

Blum, D., Barreau, P. and Bellicard, J., Phys. Letters 4 (1963) 109. 

Braams, C. M., Phys. Rev. 101 (1956) 1764 and thesis Utrecht (1956). 

Grace, M. A. and Poletti, A. R., Nuclear Phys. 78 (1966) 273. 

Gray, W. S., Kenefick, R. A. and Kraushaar, J. J., Nuclear Phys. 87 (1965) 542. 

Yagi, K., Ejiri, H., Furukawa, M., Ishizaki, Y., Koika, M., Matsuda, K., Nakajima, 

Y., Nonaka, I., Sahi, Y. and Tanaka, E., Phys. Letters 10 (1964) 186. 

Springer, A. and Harvey, B. G., Phys. Letters 14 (1965) 116. 

Springer, A., thesis Berkeley (1965). 

Bauer, R. W., Bernstein, A. M., Heymann, G., Lippincott, E. P. and Wall, N. S., 

Phys. Letters 14 (1965) 129. 

Erskine, J. R., Phys. Rev. 149 (1966) 854. 

Leenhouts, H. P. and Endt, P. M., Phys. Letters 5 (1963) 69. 

Arvieu, R. and Moszkowski, S. A., Phys. Rev. 145 (1966) 830. 

Plastino, A., Arvieu, R. and Moszkowski, S. A., Phys. Rev. 145 (1966) 837. 

Lane, A. M., Nuclear Theory (W. A. Benjamin, Inc., New York, 1964). 

De-Shalit, A. and Talmi, I., Nuclear Shell Theory (Academic Press, New York and London, 

1963). 

Elliott, J. P. and Skyrme, T. H. R., Proc. Royal Sot. A232 (1955) 561. 

Glaudemans, P. W. M., Utrecht, private communication (1966). 

Kisslinger, L. S. and Sorensen, R. A., Rev. mod. Phys. 35 (1963) 854. 

Glaudemans, P. W. M., Wildenthal, B. H. and McGrory, J. B., Phys. Letters 21 (1966) 

427. 

Horie, H. and Yokozawa, T., Phys. Letters 7 (1963) 145. 

Gillet, V. and Sanderson, E. A., Nuclear Phys. 54 (1964) 472. 

Gillet, V., thesis, Paris (1962). 

Erne, F. C., Nuclear Phys. 84 (1966) 91. 

Stamp, A. P. and Mayers, D. F., Nuclear Phys. 82 (1966) 296. 

Carter, E. B., Mitchell, G. E. and Davis, R. H., Phys. Rev. 133 (1964) B 1421. 

Mattauch, J. H. E., Thiele, W. and Wapstra, A. H., Nuclear Phys. 67 (1965) 32. 

Green, A. M., Rep. Progr. Phys. 28 (1965) 113. 


