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synopsis 

Measurements of spectra, linear polarization, angular distributions and correlations 
of gamma rays from the 3oSi(p, y)3’P reaction at resonances below E, = 2 MeV 

provided information on the decay scheme, spin and parity of the levels slP* = 3.13, 

3.29, 3.41 and 3.51 MeV. The following branching percentages were observed in the 

decay: 3.13MeV (YO loo%), 3.29MeV (~1 82%. 7.2 18%), 3.41 MeV (71 loo%), 3.51 

MeV (70 70%. yl + ys 30%). The mixing parameters of the gamma rays de-exciting 
these four levels have also been determined. Spins and parities are as follows: 3.13 MeV 

J = l/2, 3.29MeV J” = 5/2(+), 3.41 MeV Jn = 7/2(+), 3.51 MeV J” = 3/2(+). 

I. Introduction. With the slP(p, p’) 31P reaction Endt and Parisl) 
measured the excitation energy of thirteen 31P levels. The levels (3), (4), (5), 
and (6) with E, = 3.133, 3.293, 3.414, and 3.505 MeV, all f 0.005 MeV, 

are discussed in this contribution. 

Most of the information about the decay scheme, spin and parity of these 

lower levels has been provided by measurements on the Wi(p, y) 31Preaction. 

Measurements of gamma-ray spectra, angular distributions and triple 
angular correlations of various gamma-ray cascades have been carried out 

by Hoogenboomz) and Broude e.a.3) at proton resonances up to 1 MeV. 
This report discusses similar experiments performed over a broader energy 

range: E, = 0.3-2.0 MeV. Some of the older measurements have been 
repeated. New results could be obtained due to modernized apparatus and a 

more elaborate method of analysis using an electronic computer. The large 

number of resonances in the energy range studied makes it possible to select 

the most suitable resonances in order to get more reliable information about 
specific lower levels. New results on the levels 31P* = 3.29, 3.41, and 3.51 

MeV are given. In addition, the properties of the 3.13 MeV level, that have 
been measured and briefly reported earliera), are further discussed. Infor- 
mation about the resonance levels can be found in references 5, 6 and 7. 

Concurrently, similar experiments have been performed by Harris and 
Seagondollars)g) at proton resonances between 1.0 and 1.5 MeV. 

*) Boursier de 1’Institut Interuuiversitaire de Sciences Nucleaires de Belgique. 
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Recently, elastic and inelastic scattering of electrons by srP has been 
studied by Kossanyi-Demay e.a.10). Measurements on the sOSi(d, n)siP 
reaction by Cujec e.a. ii) lead to results in agreement with previous ex- 
periments. 

II. Ex$erimental. The experimental set-up has been described in an 
earlier publications). All the measurements were carried out using the two 
machines of the University of Utrecht: the 850 kV Cockcroft-Walton 
generator and the 3 MV Van de Graaff accelerator. In both cases, the 
accelerated protons were deflected through 90”, before hitting the 3% 
target . Enriched 3OSi targets of thickness 25 ,ug/cms, supplied by the 
Atomic Energy Research Establishment, Harwell, England, were produced 
by evaporation onto 0.3 mm tantalum strips. Deterioration of the targets 
was not observed, even with 30 W beam power. 

The gamma radiation was detected with two 10 cm diameter by 10 cm 
long NaI(T1) crystals (resolution 8% for the 662 keV 137Cs line). The pulses 
were sorted by a 400-channel RIDL pulse-height analyser. 

Four geometries, noted I, II, V and VI, were used in the triple angular 
correlation experiments. The distance between the target spot and the front 
of the two crystals, called A and B, was 10 cm. Coincidences between yr and 
72, respectively the first and the second gamma ray of a cascade, were 
measured. Counter B was moving in the horizontal plane through the proton 
beam at angles between 0” and 90” with respect to the beam. Counter A 
was fixed perpendicular to the beam, either in the horizontal plane (geome- 
tries I and II), or vertically above the target (geometries V and VI). In 
geometries I and V, yi was detected in counter B, and in geometries II and 
VI, yr was detected in counter A. The use of four differential discriminators 
and two coincidence circuits made it possible to measure geometries I and 
II simultaneously in one run and geometries V and VI in another one. 

III. A~zalysis. Gamma-ray spectra. The measured single and coin- 
cidence (resolution time T = 1 ps) spectra corrected for background were 
analysed by the “peeling” method, using standard line shapes of monoenerge- 
tic gamma rays. The relative intensities of the gamma rays were then 
calculated from the relative heights of the peaks, appropriately adjusted for 
the detection efficiency of the crystals. 

The determination of the branching ratios is still subject to errors due 
to 1) the possible presence of P4cos 19) terms in the angular distributions 
(single spectra measured at 55” and at 10 cm from the target), 2) summing 
effects (coincidence spectra measured at 1 cm from the target), and 3) 
different anisotropies in the angular correlations of the various cascades 
(coincidence spectra, in general). 

Triple angular correlations. The s%i ground state has J” = O+. 
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Thus the channel spin can only have the value S = 4. Consequently, mixing 

of proton orbital momenta does not have to~be taken into account. However, 

both gamma rays of a cascade, yi and ys, can be mixed and the data must 

be analysed, for a given spin combination, in terms of their quadrupole/dipole 

mixing ratios, x and y. We assume that octupole radiation does not occur. 

All the calculations were performed with programs written for the Utrecht 

University ZEBRA electronic computer. 

In a first step the experimental data, corrected for background, eccentrici- 

ty and chance coincidences, are least squares analysed in terms of the Legendre 

polynomials Ps(cos 0) and P~COS 0) where 0 is the angle between the moving 

counter and the proton beam. This analysis yields for each geometry the 

coefficients us and u4 in the expansion W(0) = A (1 + asps + adPa), their 
errors and the correlation coefficient. In cases where theoretically the coeffi- 

cient a4 should vanish, an expansion is used of the form W(0) = A (1 + ups). 

In a second step the quantity chi-squared is calculated; it is defined as: 

1 

x2= M--R ij 
2 (at - Ui*)(Uj - a;) X,l 

where 

M-R is the normalization factor equal to the number of free parameters, 

M is the number of measured ar coefficients, 

R is the number of radiation mixing parameters used in the computation 

(R may be two, one or zero), 

Xi? l is the inverted error matrix, 

Q are the experimental angular correlation coefficients, 

Ui* are the corresponding theoretical coefficients found with the tables 

given by Smithis) with the relevant solid angle attenuation factors 

taken into account. 

The calculation of chi-squared for all possible spin sequences, varying 

arctg x and arctg y from -90” to +90” in steps of lo”, yields all possible 

solutions. 
Finally, using the results just obtained, a program written by P. H. 

Vuister finds, for the best spin combination, the minimum of chi-squared, 

and consequently the corresponding values of the mixing parameters which 
best fit the experimental data. 

In all chi-squared plots, a horizontal line is drawn at ~2 = c, such that 
the probability for ~2 > c is smaller than 0.1 y0 la). Solutions with a ~2 
value above this “0.1 oh limit” are rejected. 

IV. The 3.13 MeV level. Decay scheme. At the 1289 keV resonance 

(resonance spin = 4, resonance strength (21 + 1) y = 0.23 eV, where 
y = P,P,/P‘s)) th’ 1 IS eve1 is strongly excited. The (7) + (3) intensity is 71 Oh. 
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It is found to decay only to the ground state. From a coincidence spectrum 

measured with both crystals located 8 cm from the target spot, an upper 

limit of 1% could be estimated for possible transitions to the first or second 

excited states. This value must be compared with a 5% limit adopted by 

Broude e.a.3) and by Harris and Seagondollar*). 

Triple angular correlation measurements. Triple angular 
correlation measurements on the (Y) --f (3) + (0) cascade were performed 
in geometries I, II, V and VI at the 498 keV resonance (resonance strength 

(2J + 1) y = 0.18 eV, (r) -+ (3) : 13% 5)). The resonance level has J = 3/2 
(J = l/2 and 5/2 are excluded by the (r) + (0) angular distribution: 

Ep=498 keV ANGULAR CORRELATION h+-_(3)-_(0) 

GEOMETRY I GEOMETRY II 

I- 

k-i-% 
GEOMETRY P GEOMETRY = 

Fig. 1. Measured angular correlations of the (Y) + (3) + (0) cascade in geometries I, 
II, V and VI at the 498 keV resonance. The quantities as and a4 are the coefficients 
of the Legendre polynomials in the expansion W(0) = A (1 + a&(cos 0) + afla(cos 0)) 
which best fit the experimental data. The solid lines are the best fits in each case. 
The quantity a is the coefficient of the Legendre polynomial in an expansion of the 

form W(0) = A(1 + aPa(cos 0)). 

as = -0.39 f 0.01, u4 = -0.01 & 0.01). The data are displayed in fig. 1. 
These data must be analysed for the spin sequence 3/2 + J(3) -+ l/2 with 
J(3) as a parameter. The ~2 analysis shown in fig. 2 easily excludes the highest 

possible value J(3) = 5/2 (in this case, (3) + (0) is assumed to be a pure 
quadrupole transition). For J(3) = 112, the ~2 plot given in fig. 2 yields two 
solutions with different values of x (for this particular spin combination, 
(3) -+ (0) is a pure dipole transition). The ~2 contour plot presented in fig. 3 
tar the remaining possibility J(3) = 312 gives four solutions with different 
values of x and y. The mixing parameters for the (r) --f (3) and (3) -+ (0) 
transitions are given in table I for all possible solutions. 
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WI(P.Y )“P Ep.498 keV 

xg contour plot for (r) 2-e (3) A (0) 

J=3/2 - % -‘% 

Fig. 2 Fig. 3 

Fig. 2. Chi-squared of the fit to the angular correlation measurements of fig. 1 plotted 
as a function of the mixing parameter x of the first gamma ray, with J(3) as a parameter. 
For J(3) = l/2 the (3) + (0) transition is a pure dipole transition, for J(3) = 5/2 it is 
assumed to be a pure quadrupole transition. The meaning of the 0.1% limit is discussed 

in the text. 
Fig. 3. Resonance 498 keV. Chi-squared contour plot of the fit to the angular corre- 
lation measurements on the (r) + (3) -+ (0) cascade in geometries I, II, V and VI 
for J(3) = 3/2. The (x, y) combinations for the four solutions are given in table I. 

TABLE I 

Mixing parameters of the (r) + (3) and (3) + (0) transi- 

tions as measured at the 498 keV resonance. The spin 

J(3) of the 3.13 MeV level is assumed to be l/2 or 3/2 

J(3) 

l/2 

312 

Mixing parameter of 

first gamma ray 

x1 = -0.05 * 0.02 

x7_ = 1.94 & 0.09 

x1 = 0.66 * 0.05 

x1 = 0.66 * 0.05 

x2 = 3.1 + 0.4 

xs = 3.1 & 0.4 

Mixing parameter of 

second gamma ray 

pure dipole 

y1 = -0.24 + 0.02 

ya = 3.3 f 0.3 

ys = -0.27 f 0.02 

y4 = 3.7 & 0.3 

In fact, a second J” = l/2+ state in 31P at relatively low excitation 
energy (the ground state also has J” = l/2+), predicted by the Nilsson 
scheme 3), by the vibrational model14), and by a recent shell model calcu- 
lationrs), has not yet been identified. 

For some time it was thought that J = l/2 should be assigned to the 
3.13 MeV level. Angular correlation measurements by Hoogenbooms) 
on the s%i(p, y)siP reaction gave J = l/2 as the most probable value, 
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without excluding, however, J = 312. The 312 assignment to this level 

resulted from the observed (small) anisotropy of the 3.13 MeV gamma-ray 

angular distribution at the 983 keV resonance in the same reactions). Recent 

angular correlation measurements by Harriss) gave no new information. 

As well as in the measurements described above, the data are in perfect 

agreement with J(3) = l/2 but never exclude J(3) = 3/2, in which case 

rather large mixing ratios are always needed for the (r) -+ (3) and (3) + (0) 

transitions. 

Actually, one can prove by closer inspection of the theoretical expressions 

for the angular correlation, that, if the spin of level (3) is l/2, the spin 

determination by angular correlation measurements alone can never be 

unique. Exclusion of a J = 312 assignment is impossible. Mixing ratios can 

always be found for the (r) -+ (3) and (3) --f (0) transitions, such that the 

theoretical expressions fit all the experimental data*). 
This difficulty can be circumvented by direction-polarization correlation 

measurements. 

Direction-polarization correlation measurements. A. Experi- 

ment. The measurement was carried out at the 498 keV s%i(p, y)srP 

J = 312 resonance. The Compton scattering polarimeter was almost 

identical to that used by Suffer t e.a. 16) in this laboratory. It incorporates 

a NaI scattering crystal (5 cm long and 5 cm diameter) below the target (with 

the proton beam coming in horizontally), and two NaI counters (10 cm 

long and 10 cm diameter) to detect the scattered radiation. The electronics 

used with the polarimeter was arranged according to a suggestion by 
Hazewindusi7). The pulses from the scattering crystal and either of the 

two detecting crystals are added in a summing circuit and stored in 100 

channels of the 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 T = 1 ps), b) the pulse from the detecting 

crystal has an amplitude between E, = 0.6 and 0.9 MeV. With a routing 

system the pulses of the two detecting crystals A and B, at “table” angles of 

0” and 90”, respectively, are stored simultaneously, each in 100 channels 

(the angle between the proton beam direction and a detecting crystal is called 
“table” angle). These measurements are alternated with measurements 
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 -9O”, and the two spectra at 0” are added separately. A conventional 

*) There are two exceptions to this rule. The J = 3/2 possibility can be excluded if the as and 

a4 coefficients in a Legendre polynomial development of the (I) + (3) angular distribution fulfill 

one of the following requirements: a) as smaller than -0.60 (if the resonance spin is 3/2); b) CZ~ is 

measurably different from zero (if the resonance spin is 5/2). Such unusual coefficients have not 

yet been encountered in the sOSi(p, y) PaI reaction. 
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gain stabilizer was used for the scattering counter. The stabilizer wasadjusted 

on the photopeak of the 662 keV gamma ray from a 137Cs source positioned 

just above the target. A correction for eccentricity, only 2.2%, was de- 

termined by performing an analogous measurements at the E, = 620 keV, 
J = l/2 resonance, emitting isotropic and unpolarized radiation. 

B. Results. The resulting spectra from a 60 hour run, together with 

the decay scheme of the 498 keV resonance, are given in fig. 4. In a preceding 

3 4 5 6 7 E 
+GAMMA-RAY ENERGY (Mel 

Fig. 4. Sum-pulse spectra (see text) at “table” angles of 0” and 90”, at the E, = 498 
keV sOSi(i(p, y)slP resonance. The 4.64 MeV peak is more intense at 90” than at O’, 
which points to negative polarization of 73. The yo transition has also negative polar- 
ization, while (3) -+ (0) is unpolarized. The inserts show the polarimeter used in this 

experiment, and the decay scheme of the resonance level. 

paper4) an analysis has been given of these polarization data. As pointed 
out by Dr. G. I. Harris, however, all polarizations in this paper were given 
with the wrong sign. The following analysis uses the correct signs. 

a) The J” = 3/2- assignment to level (3) can first be excluded using the 
life-time of this Ievel as measured by Booth and Wright 1s). Odd parity 
would entail an M2 component in the (3) -+ (0) transition of at least 40 
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Weisskopf units, even for the small value of the M2-E 1 mixing (see table I). 
b) One can then prove that the resonance level has J” = 3/2-. The 

(r) -+ (1) and (1) --f (0) angular distribution measurements have been 
carried out by Hoogenbooms) and by Broude e.u.3). The measured 
(r) -+ (1) angular distribution (average value a = 0.38 -& 0.02) leads to two 
values of the mixing ratio (xi = 0.02 & 0.01 and x2 = -4.1 f 0.3) but 
only the small value xi fits the (1) --f (0) angular distribution data (a = - 
-0.17 5 0.02). In the calculations use was made of the value y = 0.28 for 
the E2-Ml mixing ratio of the (1) + (0) transition 6)a). The predicted 
(Y) --f (1) polarization is then P = 0.75 s 0.01 if we assume odd parity for 
the resonance level. The predicted polarization has the opposite sign for 
even parity. The measured polarization is P = 0.71 f 0.32. 

An analogous analysis of the 5% (r) --f (2) --f (0) cascade (angular 
distribution (I) + (2) : a = 0.13 f 0.05; angular distribution (2) --f (0) : 
a = 0.42 f 0.082)) leads to the same conclusion, but the errors are larger. 
Here also the small value of the mixing ratio for the (r) + (2) transition has 
to be used. The predicted (r) --f (2) polarization for 3/2- --f 5/2+ is P = 

- 0.30 & 0.05, and P = 0.30 f 0.05 for 3/2+ + 5/2+. The measured 
zlarization is P = -0.42 f 0.67. 

c) Finally a comparison between predicted and measured polarizations 
of the (r) -+ (3) transition for the three remaining Jn(r) --+ Jn(3) spin-parity 
combinations and for all mixing parameter possibilities is presented in 

TABLE II 

Comparison between predicted and measured polarizations of the 

(I) + (3) transition 

J”(Y) -+ F(3) 

3/2- -F l/2- 

3/2- --f l/2+ 

3/2- + 3/2+ 

Possible x-values Predicted 

for (r) * (3) polarization 

-Y:;: : i:it / _Obp~&Obp~3 

-0.05 * 0.02 -0.66 f 0.03 

1.94 & 0.09 0.65 * 0.03 

0.66 & 0.05 0.64 rt 0.02 

3.1 * 0.4 0.23 + 0.03 

Measured 

polarization 

-0.63 & 0.27 

table II. The data are consistent only with J(3) = l/2 and x = -0.05 -& 
f 0.02 for M2-El mixing or x = 1.94 * 0.09 for E2-Ml mixing. It is 
still impossible with this experiment to determine the parity of level (3). 
Recent measurements on the seSi(d, n) sip reaction by Cu j ec e.a. ii), 
yielding I, = 0 for the neutron group to level (3), determine the parity as 
even. 

C) Remarks. The (3) --f (0) transition is found to be unpolarized 
within the experimental error (P = 0.15 f 0.20), corresponding to ex- 
pectation if J(3) = l/2. It is a pure dipole transition and one obtains 
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IMjz(M1) = 9 x 10-s using the life-time of level (3) as measured by Booth 
and Wright 18) (the radiative widths are given in Weisskopf unitssl)). 

The combination of the (r) + (0) angular distribution (a = -0.39 f 
f 0.01) and its polarization (P = -0.56 f 0.26) yields the mixing ratio 
x = -0.045 f 0.005. This transition certainly is an M2-El mixture. The 
M2 strength is )M12(M2) = 1.2 x 10-s and the El strength is (Mjs(El) = 
= 8 x 10-S. 

The (r) --f (3) transition also may have M2-E 1 mixing character. A 
pure El transition would yield IMJs(El) = 9 x 10-s. If the M2 component 
(x = -0.05 f 0.02) is taken seriously it would lead to a strength jM]2(M2) 
= 4.6 x 10-Z. 

The JMj2 values calculated here do not strongly deviate from the average 
transition strengths given by Van der Leunsa). 

V. The 3.29 MeV level. This level is strongly (35%) excited at the 1176 
keV resonance. The resonance level has J = 712 and does not decay to the 
other levels in the 3.0-3.5 MeV region nor to the first excited state. The 
resonance strength is (2J + 1) y = 0.29 eV6)*). 

Decay scheme. A coincidence spectrum was taken with both crystals 
at 10 cm from the target. The spectrum of the detector fixed at 90” with 
respect to the beam direction was measured in coincidence with the pulses 
from the second detector rotating in four steps from 0” to 90”. A narrow 
channel centred on the photo-peak of the (r) --f (4) transition in the spectrum 
of the moving detector provided the gating pulses. The result is presented 
in fig. 5. 

It is seen that the 3.29 MeV level decays to the first and second excited 

60 ” %i(P,Y)“P COINCIDENCE SPECTRUM 

E 
Ep=l176keV ,,27 WITH +4.9-55MeV CHANNEL 

$ 
IL 600 II 

- GAMMA-RAY ENERGY (MeV) 

Fig. 5. Resonance E, = 1176 keV. Spectrum in coincidence with the transition to 
the 3.29 MeV level and final result for the decay of this level. 
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states (resulting in gamma rays of 2.02 and 1.06 MeV) and that the ground- 
state transition accounts for less than 1% of the decay. By combining the 
results obtained from this coincidence spectrum with those obtained from 
single spectra, the following decay modes could be established: (18 f 5) o/o 
for the (4) -+ (2) transition and (82 f 5) o/o for the (4) -+ (1) transition. 

A previous experiment by Harris and Seagondollar*) indicated the 
presence of a ground-state transition. Recently Harrisis) has repeated 
his measurements; the existence of a ground-state transition was not con- 
firmed. For the branching ratio mentioned above, he reports the value 
25 : 75 in good agreement with our results. 

Spin and parity. The triple angular correlations of the transitions 

(r) + (4) -+ (1) and (4 + (4) -+ (2) were obtained simultaneously by 
measuring spectra coincident with the primary radiation. For each geometry, 
the spectra were taken at four angles (0 = O”, 35”, 55” and 90”) and each 
spectrum was stored in 100 channels of the 400-channel analyser. This 
experiment was carried out in geometries I, II, V and VI. The four spectra 
for geometry II are shown in fig. 6. 

3oSi(P.Y)“P COINCIDENCE SPECTRA 

0 
Ep.l176 keV WITH 

A 

EY.4.9-5.5MsV CHANNEL 

_ GAMMA-RAY ENERGY (M.?Vl 

Fig. 6. Resonance E, = 1176 keV. Spectra in coincidence with the (Y) --f (4) transition 
detected at 90” with respect to the proton beam direction. The second counter was 
successively located at O”, 35”, 55” and 90” with respect to the beam. The analysis of 
these spectra yields the triple angular correlations of both transitions (Y) --f (4) --f (1) 

and (Y) + (4) + (2) in geometry II. 
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TABLE III 

Resonance E, = 1176 keV. Legendre polynomial coefficients of the 

measured angular correlations of the (r) + (4) -+ (1) and (I) + (4) -+ (2) 

cascades, and values of the mixing parameters x, y1 and yz of the three 

gamma rays (r) -+ (4), (4) + (1) and (4) -+ (2), respectively, for the 

solution 114) = 512 

Decay studied 1 (VI + (4) + (1) I (f) + (4) + (2) 

a2 = -0.32 & 0.03 as = -0.04 * 0.13 

Geometry I a4 = 0.03 * 0.04 a4 = -0.08 + 0.13 

a = -0.31 f 0.03 / a = -0.08 l 0.10 

0.2 = 0.36 & 0.04 a2 = 0.49 f 0.09 

Geometry II a4 = 0.09 i 0.04 a4 = 0.14 f 0.10 

a = 0.38 i 0.06 1 a = 0.53 & 0.10 

j a2 = -0.37 * 0.05 1 a2 = -0.62 f 0.09 

Geometry V a4 = 0.04 & 0.06 j a4 = 0.17 f 0.10 

a = -0.35 & 0.04 I a = -0.52 + 0.09 

a2 = 0.25 * 0.03 I a2 = 0.28 + 0.07 

Geometry VI a4 = -0.06 i 0.03 j a4 = 0.06 I_t 0.07 

a = 0.23 & 0.04 / a = 0.30 f 0.07 

Results for J(4) = 5/2 

Mixing parameter of 1 x = 0.01 f 0.01 1 x = 0.04 & 0.03 

first gamma ray 

Mixing parameter of 

second rramma rav 

y1 = -0.37 * 0.02 ys = -0.05 & 0.06 

The sixteen spectra were “peeled off” and the intensities of the radiation 

in the photo-peaks of the 1.06 and 2.02 MeV gamma rays as a function of 
the angle 8 were analysed into Legendre polynomials. The results are given 

in table III. The measurements on the (7) -+ (4) + (1) cascade were analysed 

with J(4) as a parameter. For J(4) = 3/2 or 7/2, one of the gamma transitions 

can be assumed to have pure quadrupole character. The resulting chi-squared 

plot is presented in fig. 7. Both these spins can be excluded. For J(4) = 5/2, 

both gamma rays can be mixed. The chi-squared contour plot shown in fig. 8 

yields very low ~2 values. The 512 spin assignment to the 3.29 MeV level is 

in agreement with various other experiments 2) a) a). The minimalization 

of ~2 gives the mixing ratios x and yi for the primary radiation and the 

2.02 MeV transition, respectively (see table III). As a comparison, the ~2 
plot for J(4) = 5/2 is also given in fig. 7 assuming x = 0.01, the best value 

of this parameter. The measurements on the (7) + (4) --f (2) cascade were 
then computed for the spin sequence 712 -+ 512 + 512. The mixing ratios x 
and ys for the primary radiation and the 1.06 MeV transition are given in 
table III. They were obtained by minimalization of ~2. Both computed x 

values are small and equal within the experimental error. The yi average 
value observed by Harris and Seagondollara) is -0.47 f 0.03. The 

agreement with the value found in the present work, yi = -0.37 f 0.02, 
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T3(P,WP Ep.1’176 keV 

?3I(P.v)*P Ep:llT3 k# 

x’ contour plot ‘or (r) A(4) A(l) 

J=%--M4% 
- Y. 

Fig. 7 Fig. 8 

Fig. 7. Resonance 1176 keV. Chi-squared of the fit to the angular correlation measure- 

ments on the (Y) + (4) --f (1) cascade in geometries I, II, V and VI, with J(4) as a para- 

meter. For J(4) = 3/2 and 7/2, one of the gamma rays is assumed to have pure quadru- 

pole character. The resulting chi-squared is plotted as a function of the quadrupole/ 

dipole mixing ratio of the second one. For J(4) = 5/2, chi-squared is plotted as a 

function of yi for x = 0.01, as obtained in fig. 8. The meaning of the 0.1% limit is 

discussed in the text. 

Fig. 8. Resonance 1176 keV. Chi-squared contour plot of the fit to the angular 

correlation measurements on the (Y) + (4) + (1) cascade in geometries I, II, V and VI 

for J(4) = 5/2. The minimum value of chi-squared (1.7) is reached for x = 0.01 f 0.01 

and yi = -0.37 52. 

is not very good. In more recent work, Harrisia) gives two possible ya 
values, -0.39 and - 1 .li’, without further discussion. Both values are in 

disagreement with the unique value found in the present work, y2 = -0.05 
f 0.06. 

A survey of M2 strengths evaluated for all available results could not 

completely exclude the odd parity assignment to level (4). The even parity 
is strongly favoured by theoretical predictionsa) 14) 15) and by the presence 
of a large quadrupole/dipole mixture (yi = -0.37 f 0.02) in the (4) -+ (1) 
transition. The 3.29 MeV level in aiP has thus Jn = 5/2(+), where the 
brackets indicate that the parity determination is probable but not quite 

certain. 

VI. The 3.41 MeV level. Decay scheme. The spectrum measured in 
coincidence with the (r) + (5) transition at the 1510 keV resonance is 
shown in fig. 9 (the distance between the target and both crystals was 10 cm). 
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As earlier obtained at the 1348 keV resonance6), the 3.41 MeV level decays 
only to the 1.27 MeV level. The (Y) -+ (2) decay mode is weaker than 2%. 
The ground-state intensity is below 1%. This is in agreement with the 
results reported in a recent publication of Harris Is), which supersedes 
an earlier report a) giving a 10% ground-state transition. 

E 
3 
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Fig. 9. Gamma spectrum at the 15 10 keV resonance, in coincidence with the 5.34 MeV 
(Y) -+ (5) transition. The weak peak at about 3.41 MeV is due to sum pulses. The decay 

modes of the 3.41 MeV level in s1P are also shown. 

Spin and parity. The 7/2 spin assignment to the 3.41 MeV level has 
recently been established by triple angular correlation measurements at 
the 1348 keV resonances) and at the 15 10 keV resonance 9). 

The 15 10 keV resonance level has J” = 5/2+ (odd parity is very improbable 
since it would entail an lM2 component in the (r) -+ (1) transition of 3 
Weisskopf unitss)s)). The resonance strength is (2J + 1)~ = 2.5 eV. 
Measurements by Harris and Seagondollarg) on the 29% (r) --f (5) -t(l) 
cascade yield the quadrupole-dipole mixing ratio of the (r) --f (5) transition: 
x = 0.13 f 0.02. Odd parity assignment to level (5) would yield an M2 
width of 3.1 Weisskopf units for the (r) -+ (5) transition. The parity of the 
3.41 MeV level in srP is thus very probably even (the (5) -+ (1) transition is 
then a pure E2 transition). This 7/2+ assignment is in agreement with 
several theoretical predictions 3) 14) 15). 

Transition probabilities. If Jn = 5/2+ and 7/2+ are assigned to the 
resonance level and the level (5), respectively, four /Ml2 values can be 
calculated. 

For the (r) + (1) transition the E2 strength is IMls (E2) = 9.2 ,x 10-s 
Weisskopf units and the Ml strength is IIM/s(Ml) = 3 x 10-s. For the 
(Y) --f (5) transition the E2 strength is IMjs(E2) = 9.5 x 10-s and the Ml 
strength is IMls(Ml) = 3.8 x 10-s. 
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VII. The 3.51 MeV level. Spin and parity. At the strong 1770 keV 
resonance (J” = 5/2+, (21 + 1) y = 2.0 eV7)), the sixth excited state in 

3iP at 3.31 MeV is populated through a 21% (r) -+ (6) transition. This 
level decays to the ground state, and to either (1) or (2). Angular correlation 

TABLE IV 

Legendre polynomial coefficients of the measured angular corre- 
lations of the (I) --f (6) + (0) cascade at the 1770 keV resonance, 
and values of the mixing parameters x and y of the (I) -+ (6) and 
(6) --f (0) gamma rays, respectively, as obtained for the solution 

~(6) = 3/2 

Geometry / a2 a4 I a 
I -0.05 f 0.09 0.03 5 0.09 -0.03 f 0.07 
II 0.25 & 0.06 -0.05 + 0.07 0.24 + 0.06 
V -0.12 * 0.07 0.18 f 0.08 -0.05 f 0.09 
VI 0.23 * 0.06 i 0.02 i. 0.07 0.23 & 0.06 

Results for J(6) = 3/2 

Mixing parameter x of first 
gamma ray 

Mixing parameter y of 
second gamma ray 

-0.15 * 0.02 

-0.43 + 0.03 or 8.2 & 1.8 

measurements on the (r) -+ (6) -+ (0) cascade were performed in the four 

standard geometries. The results are summarized in table IV. These data 

were analysed for the spin combination 5/2 --f J(6) -+ l/2 with J(6) as a 

discrete parameter. 

ForJ(6) = 5/2, the (6) + (0) t ransition is assumed to have pure quadrupole 
character; the resulting ~2 plot is given in fig. 10. For J(6) = l/2, the first 

gamma ray of the cascade is assumed to be a pure quadrupole transition and 
the second one is a pure dipole transition; the value of ~2 for this case is also 
given in fig. 10. It is seen that both the spins 512 and l/2 can be excluded. 

For J(6) = 3/2, both gamma rays can be mixed quadrupole/dipole transi- 

tions. The corresponding ~2 contour plot shown in fig. 11 yields two solutions, 
with x = -0.15 f 0.02 in both cases and with y = -0.43 f 0.03 or 8.2 f 

& 1.8 (see table IV) ; here x and y are the mixing parameters of the (r) + (6) 

and (6) -+ (0) transitions, respectively. The 3/2 spin assignment to level (6) 
and the value of the mixing parameter y are in agreement with the results 

of several other authorss) 3) 9). 
The 3.51 MeV level probably has even parity since odd parity would 

entail an M2 component in the (Y) + (6) transition of 2.1 Weisskopf units. 

If even parity is assumed, the E2 strength is IMjs(E2) = 6.4 x 10-s and 
the Ml strength is IMIs(Ml) = 2.0 x 10-s. 

Decay scheme. The insert of fig. 12 shows the three possible decay 

modes of the 3.5 1 MeV level, as obtained from coincidence spectra measured 
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tool- I -Y 

Fig. 10 Fig. 11 

Fig. 10. Resonance 1770 keV. Chi-squared of the fit to the angular correlation measure- 
ments on the (Y) + (6) -+ (0) cascade in geometries I, II, V and VI for J(6) = l/2 and 
5/2. These two spin assignments to level (6) can be excluded since the resulting values 

of xs are larger than the 0.1 o/0 limit. 
Fig. 11. Resonance 1770 keV. Chi-squared contour plot of the fit to the angular 
correlation measurements on the (r) -+ (6) + (0) cascade in geometries I, II, V and 
VI for J(6) = 3/2. The values of the mixing parameters x and y for the two solutions 

(x2 = 0.88) are given in table IV. 

Coincidence spectrum gated with the 

2.23MeV gamma ray 

Fig. 12. Resonance E, = 1770 keV. Spectrum in coincidence with the 2.23 MeV 
gamma ray (both crystals were at 10 cm from the target spot). As explained in the 
text, this spectrum is the sum of the eight spectra used for geometries II and VI in 
the (r) + (6) + (1) and (Y) + (6) + (2) + (0) angular correlation measurements. The 

insert shows the different decay modes of level (6) at 3.51 MeV. 
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at resonances rather strongly decaying through this level. From the analysis 
of single spectra, the following decay modes could be established: (70 f 5)% 
for the (6) -+ (0) transition and (30 + 5) o/o for the sum of the (6) + (2) -+ 
-+ (0) and (6) --f (1) -+ (0) cascades. From intensity measurements only, 
it is impossible to find the relative intensities of the latter two cascades, 
since the energies of the gamma rays involved in these cascades are almost 
identical (2.23 and 2.24 MeV, 1.27 and 1.28 MeV). 

It was tried to determine the branching ratio by means of angular 
correlation measurements. At the 1770 keV resonance, spectra were measured 
in coincidence with the 2.23 MeV gamma ray, at sixteen angle combinations. 
In each spectrum, the intensity of the radiation in the photo-peak of the 
5.49 MeV (r) --f (6) transition was determined. The complete analysis of the 
data in the four standard geometries yielded the sum of the following angular 
correlations: (r) --f (6) -+ (1) and (Y) --t (6) + (2) --+ (0) where the (6) -+ (2) 
transition is not observed (the coincidence spectrum shown in fig. 12 was 
obtained by adding the eight spectra measured in geometries II and VI). 

In the first step of the analysis, it was assumed that the 3.51 MeV level 

Fig. 13. Resonance E, = 1770 keV. Chi-squared of the fit to the angular correlation 
measurements on the (Y) + (6) --f (1) and (Y) --f (6) + (2) + (0) cascades in geometries 
I, II, V and VI. The curve labelled 5/2 + 312 + 312 represents xs values plotted as a 
function of the mixing parameter yi of the (6) -+ (1) transition. The curve labelled 
512 -+ 3/2 -+ 512 + l/2 represents ~2 values plotted as a function of the mixing para- 
meter ys of the (6) -+ (2) transition. In both cases, the value x = -0.15 was used for 
the mixing parameter of the (Y) + (6) transition. The (2) -+ (0) transition was assumed 
to have pure quadrupole character. The meaning of the 0.1 oh limit is discussed in the 

text. 
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does not decay through the 2.23 MeV level. The data then pertain to the 

(r) + (6) + (1) cascade. They were analysed for the spin sequence 5/2 -+ 

+ 3/2 -+ 3/2, using the earlier obtained value x = -0.15 f 0.02 for the 

mixing parameter of the (r) -+ (6) gamma ray. Chi-squared was calculated 

as a function of the mixing parameter xi of the (6) --f (1) gamma ray; the 
~2 plot shown in fig. 13 yields two solutions with yi = 0.21 f 0.06 or 

yi ” -23. In the second step, it was assumed that the (6) -+ (1) transition 

does not exist. With the x value given above, the data were then analysed 
with the spin sequence 512 --f 3/2 --f 5/2 --f l/2 for the (r) --f (6) -+ (2) +(O) 

cascade. In this case, the second gamma ray (mixing parameter: ys) is not 

observed and the third one is assumed to have pure quadrupole character 

(mixing parameter: ye = 0). In fig. 13, the resulting values of ~2 are plotted 

as a function of ys. Two broad minima appear for lyil 3 1.6. Therefore 

one has to conclude that these measurements do not give any additional 

information on the branching ratio discussed here. From an analogous 
measurement is), Harris concludes that the (6)-t(2) transition is weak 

relative to the (6) -+ (1) decay. 

VIII. Conclusions. From the measurements discussed here, the spins 

of the 3iP levels at 3.13, 3.29, 3.41 and 3.51 MeV were uniquely established 

as J = l/2. 512, 712 and 312, respectively. These four levels very probably 
have even parity; it would be interesting to check these assignments with 

polarization experiments or with measurements on the saSi(d, n) 3iP reaction. 

The decay scheme of each level and the values of the mixing parameters 

of the gamma rays were also determined; for the 3.51 MeV level, however, 
there are still two possibilities for the mixing parameter of the ground-state 

transition. The branching ratio ((6) + (l)}/{(6) --f (2)) could not be determin- 

ed. 
The measurement of a small M2 component in the (Y) --f (0) transition 

at the 498 keV resonance, together with similar observations at other 
resonances in the reaction discussed here7) and also in the reaction s6Mg 

(9, y) s7Al ss), is of considerable interest. It sheds doubt on many previous 

parity assignments that were based on the assumption that any observed 
quadrupole/dipole mixing in an odd A nucleus indicates E2/Ml mixing. 

Therefore many of the older parity assignments have to be reconsidered. 

In future work the utmost care ought to be taken in the assignment of 
parities on the basis of observed quadrupole/dipole mixing. 

In fig. 14, the first seven experimental levels in 3iP are compared with 
the levels up to 4.15 MeV predicted by shell model calculations recently 
performed by Glaudemans e.a. 15). It is seen that the experimental results 
and the theoretical predictions are in agreement. The absence of the 2.23 
MeV level from the theoretical results and the shift of the 3.41 MeV level 
could be explained in terms of excitation of the s&i core (see reference 15). 
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Fig. 14. Comparison between experimental and theoretical 15) levels in slP below 

4.15 MeV. The brackets indicate that the even parity is not yet quite certain. 

Using the shell model wave functions obtained by Glaudemans e.a.15), 
Wiechers and Brussaard23) have calculated the life-time of the 3.13 MeV 
level, assuming pure Ml decay to the ground state. Their result is in good 
agreement with the experimental valuels). 
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