
1.E.l: I I 
Nuclear Physics A91 (1967) 521-528; @ North-Holland Publishing Co., Amsterdam 

2.B Not to be reproduced by photoprint or microfilm without written permission from the publisher 

THE SPINS OF THE FIRST AND SECOND EXCITED STATE OF 53Mn 

P. H. VUISTER 

Fysisch Laboratorium der Rijksuniuersiteit te Utrecht, Nederland 

Received 6 October 1966 

Abstract: The %r(p, y)53Mn resonances at 1724, 1788 and 2149 keV were investigated. Gamma- 

gamma angular correlation and gamma polarization measurements are described. The 53Mn 
levels at 0.38 and 1.29 MeV, and the 1788 and 2149 keV resonances have J” = g”, s-, J- and f, 
respectively. The multipole mixing ratio of the 0.38 MeV gamma transition is x = -0.61 kO.08. 

NUCLEAR REACTION Wr(p, y), E = 1.724, 1.788 and 2.149 MeV; 
E measured p, yy (O), y-polarization. 

53Mn levels deduced J, .z, multipole mixing ratios. Enriched target. 

1. Introduction 

Shell-model calculations predict J” = $- and $- for the spins and parities of the 

first and second excited state of 53Mn at 0.38 and 1.29 MeV, respectively I). The Ml 

transition strength of the gamma rays de-exciting these levels is expected to be sup- 

pressed 2). 

The aim of this paper is an experimental verification of these calculations from an 

investigation of the 52Cr(p, y)53Mn reaction. Spins, parities and multipole mixing 

ratios are deduced from (p, rr) angular correlation and gamma-ray polarization 

measurements. 

Literature data used in the analysis are the J” = $- spin and parity of the 5 3Mn 

ground state 3, and the I,= 1 stripping pattern 4* ‘) of the deuteron group to 5 3Mn( 1.29) 

in the reaction 52Cr(3He, d)53Mn. The decay schemes of the resonances investigat- 

ed, were found in a previous experiment 6). 

2. Experiment and paethod of analysis 

2.1. ANGULAR CORRELATIONS 

Spins of nuclear levels, and multipole mixing ratios of gamma rays de-exciting 

these levels can be determined from measured angular distributions and correlations 

of gamma rays from a proton capture resonance with sharp spin and parity. The ex- 

pected distributions and correlations, W(J, J2 J3, xy,O,8,$), can be derived from 

formulae given in refs. 7-9). 
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The definitions of the spins Ji and of the multipole mixing ratios x and y are given 

in fig. 1. The angles between the direction of the incoming protons and the directions 

of the first and second gamma rays in a cascade are denoted by 0, and 0,, respectively. 

The angle between the two planes, defined by the proton beam and the first and second 

gamma ray, respectively, is given by 4. 

ALIGNED STATE Jl ! 

VI 
XCQUADR. / DIP.) 

Fig. 1. Definition of quantities used in the angular correlation formalism. 

2.2. GAMMA-RAY POLARlZATION 

The degree of polarization, P, of a gamma ray emitted by an aligned state, is a func- 

tion of the spins and parities of the states concerned, and of the mixing ratio of the 

gamma ray ‘, 9, ’ O). The expected absolute value of P can be calculated from A, and 

A,, the coefficients of a Legendre polynomial expansion of the measured angular dis- 

tribution, and from the possible spin and radiation maxing ratio combinations found 

from the angular correlation measurements 9-11). A measurement of the sign and 

absolute value of P then may result in a rejection of spin, parity and mixing ratio 

combinations that could not be excluded on the basis of angular correlation measure- 

ments only. 

2.3. APPARATUS 

The experiments were performed with the proton beam of the Utrecht 3 MV Van 

de Graaff accelerator. A target of electromagnetically separated 52Cr, 7 pg/cm2 in 

thickness, on a 0.3 mm thick tantalum backing was used 6). The detection apparatus 

and auxiliary equipment has been described previously 6,9). Angular distributions 

and correlations of cascades through the first excited state were measured with con- 

ventional scaler techniques, and correlations of cascades through the second excited 

state were measured with a multichannel analyser. The two cylindrical 10 cm x 10 cm 

NaI(T1) crystals were mounted in an iron shield of 5 cm thickness on a turntable. 

Both detectors can rotate around the centre point of this table in a horizontal plane, 
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and one of them can also rotate in a vertical plane; the proton beam comes in hori- 

zontally. 

For the angular correlation measurements the turntable was positioned such that 

its centre point coincided with the beam spot on the target. The distance from the 

front face of the crystals to the target was 10 cm. In order to absorb the low energy 

background originating from Coulomb excitation and bremsstrahlung in the tantalum 

target backing the front face of the crystals was shielded with 5 mm of copper. The 

angular correlation measurements were carried out in the four standard geometries 

I, II, V and VI (refs. ‘, “)). 

The degree of polarization, P, of the 0.38 MeV gamma ray was measured with a 

Compton polarimeter ‘, lo). The 2.5 cm x 2.5 cm NaI scattering crystal was placed 

vertically below the target spot; it wascenteredonthe vertical turntable axis. The mean 

scattering angle, 9, from this crystal to the two 10 cm x 10 cm crystals was 84”. This 

gives rise to maximum polarization efficiency, p(9), for the 0.38 MeV gamma rays lo). 

The mean polarization efficiency of the polarimeter,p(S), for the 0.38 MeV gamma ray 

was calculated to be 0.70. A third 10 cm x 10 cm NaI crystal, detecting the gamma ray 

de-exciting the resonance state and feeding the 0.38 MeV level was used as a radia- 

tion monitor. The electronic arrangement of the polarization experiment has been 

,described previously ‘* ’ 3). The eccentricity of the experimentalarrangement was deter- 

mined with the 0.511 MeV gamma rays from a “Na point source. 

2.4. THE ANALYSIS OF THE MEASURED ANGULAR DISTRIBUTlONS AND CORRELA- 

TIONS 

The analysis was carried out in two steps. 

After the necessary corrections for eccentricity, absorption in the target holder. 

background and accidental coincidences, the measured distributions and each of the 

measured geometries of the correlations were least-squares fitted to 

W(ei) Oc 1 +A,P,(COS Bi)+A,P,(COS 0;). 

The Aj of the angular distributions of the primary gamma rays of the cascades were 

compared with the theoretically expected Aj(J, J2, x). In this way some spin combina- 

tions J, J2 and/or regions of the multipole mixing ratios x could be excluded from 

further analysis. 

The weighted least-squares sum, x2, provided by the analysis of the angular cor- 

relations in terms of Legendre polynomials, was used to determine the experimental 

errors, which were in some cases larger than the normally accepted statistical ones. 

If this sum was larger than 1 the errors in the experimental data, ANi,, were multi- 

plied by 1x1. In other words, the error assigned is either the internal or the external 

error, whichever is the largest. 

The analysis of the measured angular correlations of each of the investigated cas- 

cades consisted of the calculation of x2 = min Q2(xy) = Q2(xo~o), for the remaining 
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spin combinations, where 

In this sum i labels the measured data, IV,,, and g the geometries. The normalization 

factors, cly, are calculated for each geometry independently. The function W is cal- 

culated with coefficients given in ref.‘). The values of x0 and y0 and their errors zls, 

and dy, were found by fitting the Q*(xv) surface to a paraboloid in the vicinity of 

the minima 7Y 14). The method used is similar to that given in ref. 15). 

The 0.1 “/, limit, defined such that the probability of finding, a value of x2 larger 

than this limit is 0.1 % for a correct solution, was considered as the boundary between 

acceptable and unacceptable solutions r7). 

The values of the solid angle attenuation factors I’) Q, and Q4 used for the 0.38, 

0.91 and 1.29 MeV gamma rays are 0.89 and 0.66, 0.90 and 0.69, and 0.90 and 0.70, 

respectively. The attenuation factors for the primary gamma rays are 0.91 and 0.73. 

The analysis was carried out for all spin values JCresj 5 -1 and for J”(O) = $- (ref. “)). 

Only quadrupole/dipole mixing ratios were taken into account. 

3. Results and discussion 

The coefficients of the Legendre polynomial expansion of the measured angular 

distributions and correlations, given in table 1, summarize the experimental data. 

TABLE 1 

The coefficients of the Legendre polynomial expansion of the measured angular distributions and 
correlations, corrected for absorption and eccentricity. 

res + 0.38 + 0 

A, A, 

Ep = 1724 keV 
A.D.y, -0.55~0.06 +0.04111-_0.02 

res-tl.29-tO 

A, A, 

res --f 1.29 + 0.38 

‘4, A, 

El, = 1788 keV 
A.D.y, 
GI 
G II 
GV 
G VI 

+0.01*0.02 +0.00+0.02 
+0.03*0.05 i-o.01 +0.05 -0.12&0.04 -0.0910.05 
i-0.0210.05 +0.02&0.05 -0.15 10.04 +0.03 *0.04 
-0.04~0.05 -0.01 ho.05 +0.02cO.O5 +0.06&0.05 
-0.02$0.05 -0.0110.05 -0.06&0.04 +O.OOJrO.O4 

Ep = 2149 keV 
A.D.yl +0.37*0.02 -0.01*0.02 
GI +0.69+0.06 +0.03 CO.06 -0.34*0.04 -0.01 kO.04 -0.38I_tO.O4 +0.03&0.04 

G 11 -0.41+0.06 +0.05+0.06 +0.09iO.O4 -0.00+0.04 -0.2710.04 +0.0110.05 
GV +0.14&0.05 +0.03*0.05 -0.35&0.04 +0.01*0.04 -0.36&0.04 +0.07&0.04 
G VI -0.66*0.05 +0.05$0.05 +0.0210.04 -0.02+0.04 -0.24-1-0.05 -0.01 iO.05 
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3.1. THE 2149 keV RESONANCE 

This resonance decays 50 % to the first and 30 % to the second excited state. As a 

first step in the analysis, the x2 criterion was applied to the correlations of the cascade 

through 53Mn(0.38). All possible spin combinations with J(res) 5 3 (I, 5 3), 

J(0.38) 5 J$, and J(0) = 3 were considered. Only three of these, the combinations 

J(res)-J(0.38) = 3-5, 4 -5, and i -9, are acceptable. 

This result considerably simplifies the analysis of the correlations of the cascades 

through the second excited state. One has to consider only the combinations of the 

spins J(res) = 3 or 4 (see above), J(1.29) = 3 or + (refs. “,“)), J(0.38) = 3 or 9 (see 

above) and J(0) = 3. The x2 criterion then indicates 2-3- 2 as the only acceptable 

spin sequence for J(res)-J(1.29)-J(0.38). The x2 values for these solutions are of 

the order of the number of free parameters. The x2 values for the rejected spin com- 

binations are at least twice the 0.1 % limit. 

In conclusion, the correlation measurements at the 2149 keV resonance combined 

with a 1, = 1 assignment for the 1.29 MeV level from 52Cr(3He, d)53Mn experiments, 

lead to the following assignments: 

J(res) = 3, J(1.29) = 3, J(0.38) = +, 

x(res + 1.29) = -0.01+0.02, 

x(res + 0.38) = +O.Ol kO.04, 

~(1.29 --+ 0.38) = -0.18+0.03 or +30+::‘, 

~(0.38 + 0 ) = -0.61t_0.08 (or -2.4kO.4; rejected in sect. 3.3). 

The parity of the 0.38 MeV level is most likely odd, since the multipole mixing ratio 

of the 0.38 + 0 transition, y = -0.61 iO.08, would be unusually high for a M2/El 

mixture. Combination of J(1.29) = +, found above, and I, = 1 for the 1.29 MeV level 

found from the 52Cr(3He, d)53Mn reaction 4, 5), leads to the conclusion 

P(1.29) = +-. 

3.2. THE 1788 keV RESONANCE 

This resonance, which mainly (50 %) decays through 5 3Mn(1.29) was investigated 

to remove the remaining ambiguity in ~(1.29 -+ 0.38). 

The angular correlations (see table 1) were analysed for the four possible combina- 

tions of J(res) 5 3, J(1.29) = 3, and J(0.38) = 3. An acceptable x2 value was found 

for J(res) = $ and 3. Resonance spin J = 3 can be excluded since the corresponding 

values of the mixing ratio ~(1.29 --f 0.38) deviate from those found above by more 

than four times the combined errors. Unfortunately, the rather large regions of pos- 

sible ~(1.29 + 0.38) values for J(res) = 3 overlap with both values found at the 2149 

keV resonances and thus do not remove the ambiguity. 
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The results at this resonance are: 

J(res) = 4, 

x(res --f 1.29) = +0.12+0.10 or -2.4kO.8. 

3.3. THE 1724 keV RESONANCE 

The angular distribution of the 0.38 MeV gamma ray is strongly anisotropic (cf. 

table 1) and therefore this resonance, which decays 75 % to 53Mn(0.38), is suitable 

for a polarization measurement on this gamma ray. From the measured anisotropy 

one calculates (see sect. 2.2.), with the known spins of the ground state and first 

excited state, P = +O.OlF0.02 and +0.11+0.03, for ~(0.38 --t 0) = -0.61kO.08 

and -2.4kO.4, respectively. The measured polarization is P = -0.01 kO.02. The 

high value of the mixing ratio can be rejected since the difference between the meas- 

ured and calculated values of P is more than three times the combined error. 

3.4. REMARKS 

The discussion given above was considerably simplified by the I, = 1 assignment 

to the 1.29 MeV level from the (3He, d) stripping reaction 4,5). It was also tried to 

find unique solutions without the use of this assignment. Therefore a more extended 

analysis of the angular correlation and polarization measurements was carried out. 

This more involved analysis, including all values of J(1.29) 5 -i’_, essentially led to 

the same results as those found above. One additional solution, however, with 

JJ1788) = 3, JJ2149) = 3, J(1.29) = $ and J(0.38) = 4, could not be rigorously 

excluded on the basis of the 0.1 % limit. The combined evidence of relatively high 

I”-values, an unusually large mixing ratio, and the lP = 3 or 4 capture for the 2149 

keV resonance, makes this solution highly improbable. 

4. Conclusions 

The results of the analysis of all measurements is given in fig. 2. The measured spins 

and suggested parity are in agreement with shell-model calculations (ref. 18) and the 

papers quoted therein). They also agree with the spins found for the first and second 

excited states of the nuclei t:Ca,,, i:Ca,, and z:VZ, (ref. ‘“)). The ground state con- 

figuration of these nuclei and that of ::Mn,, consists of three identical particles or 

holes in the f+ shell. The measured values of the E2/Ml radiation mixing ratios, 

~(0.38 -+ 0) = -0.61 and ~(1.29 + 0.38) = -0.18, and the 60 : 40 intensity ratio 

of the 1.29 and 0.91 MeV gamma rays, indicate that the first and second excited states 

cannot be described as purefi configurations. Between states of such pure configura- 

tions Ml transitions are forbidden. It may be noticed that the multipole mixing ratios, 

~(0.38) = -0.61+0.08 and ~(0.91) = -0.18+0.03, are equal within the experimen- 

tal errors to those measured for the corresponding transitions in 51V (ref. I”)). 
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E,( keV) EJMeV) 
2149 8.670 

=’ 
1788 8.315 

512 
30 

_ l/2 

g5Jy-y 
53Mn 

Fig. 2. Final results of the measurements. 
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