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ABSTRACT 

The particle-gamma-ray coincidence version of the Doppler-shift 

attenuation method has been employed to obtain the following information 

2o 33 33 
on the mean lives of low-lying states in P, S, and CA: 

States in 33 P 

States in 33£ 

State in 33CJ& 

T (1.38 MeV) = (2.1 ± 0.6) x 10 3 sec 

T (1.95 MeV) = (3.2 * ̂ ) X 10"X3 sec 

T (0.8U MeV) = (9 * J) x 10~X3 sec 

T (1.97 MeV) = (1.5 ± 0.3) x 10"xa sec 

T (2.31 MeV) = (1.1* ± 0.1*) x 10~X3 sec 

T (2.9U MeV) > l.U x 10~xa sec 

T (3.22 MeV) = (k * ̂ ) x 10"X4 sec 

T (0.81 MeV) > 1.3 X 10"xa sec 

In addition, the particle-gamma-ray method for angular corre

lation measurements was used to obtain multipole mixing ratios of 

x = +(0.36 * q*^) for the 1.97- "* 0.0-MeV transition, and x « 

+(0.11 * °*Jg) or x = +(1.3^ ± 0.26) for the 2.31- - Q.8^t-MeV transition 

in 33S. 

The mean life measurements in 20 P and 33CJJ, and the angular cor-

33 
relation measurements in S required the development and use of 

xi 



xii 

techniques for the determination of neutron-gamma-ray time coincidences. 

The efforts directed to this problem and the results of the methods used 

for the neutron-gamma-ray coincidence measurements are described. 

Using the above results, the reduced matrix elements for the 

electromagnetic transitions among some of the low-lying states in 39P 

33 
and S were obtained. These reduced matrix elements were compared, 

where applicable, with the predictions of the extreme single particle 

model, the shell model with configuration mixing, and the Nilsson rota

tional model. 

On the basis of the rotational model analysis, values of the de

formation parameter, 6 = Ar/Rq (where AR is the difference between the 

major and minor axes of a spheroidal nucleus, and Rq is its mean radius) 

were obtained as follows: 

|«| - 0.1(0 ±0.10; |M - • 
XT M 

A value of 19^9 ± 2 keV was obtained for the excitation energy 

of the second excited state in 29P. 



CHAPTER I 

INTRODUCTION 

Considerable efforts have been expended in recent years, both 

experimentally and theoretically, in the description of nuclear proper

ties for that class of nuclei whose outer nucleons are in the 2s - Id 

shell; i.e., those between 160 and 4°Ca. The aims of the researches de

scribed herein are: (l) to obtain information on certain properties of 

excited states in the nuclei 39 P, 33S, and 33Cj&, and (2) to examine this 

experimental information in the light of predictions of theoretical mod

els which have been proposed for the description of these nuclei. 

The two most popular descriptions for this class of nuclei are 

1-1+ 5-9 
the shell model and the rotational collective model. y The first 

description represents the nucleus as an inert even N-even Z core with 

the remaining nucleons outside this core. The wave functions which de

scribe the nuclei are obtained by configuration mixing, considering only 

those particles lying outside the inert core. For example, the shell 

model representation for the ground state of the 33Sl? nucleus gives an 

inert f®Si core with two protons and two neutrons in the 2s, shell and 
14 14 £ 

the remaining odd neutron in the ld3 shell. The wave functions and nu-

clear properties for the excited states of aaS are determined by consid

ering the configurations possible with the five particles outside the 

2q Q 
Si core. Wiechers and Brussaard have used wave functions of this 

type to calculate Ml transition probabilities of low lying levels for 

1 



2 

some of the nuclei in this class including the first excited states in 

33. , 33-, 
S and CA. 

The description, using the rotational collective model, for an 

odd N-even Z or even N-odd Z nucleus gives a rotating, permanently de

formed. even N-even Z core with a, single particle outside the core. The 

energy levels are grouped in rotational bands with the band head being 

the single particle state obtained for a particle in a deformed nuclear 

3 3 potential. Application of the collective model to S has been studied 

8 9 by Bishop and by Cox, West and Ascuitto. Van Oostrum, Hazewindus and 

Wapstra^ and Ejiri^"'" have applied the collective model to 89P. The 

33 energy level scheme for S is shown in Fig. 1. The diagram indicates 

12 
the known information for the states up to the 3.22-MeV level, and 

Q 
also shows the band assignments suggested by Bishop. These band as

signments have received support from the work of Webb, Roberson and 

1^ lU 31 
Tilley and of Wozniak and Donahue on the nucleus 14Si1? which should 

33 
have rotational properties similar to 10S17. 

In addition to the predictions of the two models just mentioned, 

15 extreme single particle estimates will be used to compare the experi

mentally-determined transition probabilities with those for other tran

sitions in this region of the periodic table. A detailed description of 

the nuclear models pertinent to these experiments will be taken up in 

Chapter IV when we discuss the experimental results. 

The experiments undertaken for this work are of two basic types: 

(l) determination of mean lives of nuclear excited states by the parbi-

cle-gamma-ray coincidence version of the Doppler-shift attenuation meth

od, and (2) measurement of the ratio of the competing electromagnetic 
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Fig. 1. Energy level diagram for S summarizing the knovm Y-ray decay 
schemes, spins, parities, and the suggested rotational quantum 
numbers for states up to 3.22 MeV. 



multipole orders (E2/M1) in the decay of certain excited states. Mean-

life measurements were performed on excited states in 29P, aaS and 33CJ&, 

and angular correlation measurements were made on two transitions in 

33S. 

The link between the experimental information and the nuclear 

models lies in the transition probabilities for the decays of the excit

ed states. The total transition probability for the decay of an excited 

state is the inverse of the mean life of that level. The transition 

probability for the decay between two given states is the sum of the 

probabilities for the competing multipole radiations which are allowed. 

Therefore, with the knowledge of the mean life of a level, its branching 

ratios and the multipole mixing ratio for a given transition, we are in 

a position to make comparisons with the estimates for the transition 

probabilities predicted by the nuclear models. 

A detailed description of the specific experimental arrangements 

will be presented in Chapter III. Particle-gamma-ray coincidence tech

niques were used for all measurements. Ionized beams of 3h+ and 4He++ 

were supplied by the University of Arizona 2- and 6-MeV Van de Graaff 

electrostatic accelerators to produce the reactions 28Si(d,n)S9P*> 

30Si(o!,n)33S*, 33S(d,p)33S*, and asS(d,n)33CA*. The (n,Y) coincidence 

runs were complicated by the usual difficulties associated with neutron 

detection. A great deal of effort, described in Chapter III, was de

voted to the development of techniques for detecting and identifying 

neutron-gamma-ray coincidence events. The results of these efforts will 

be examined in Chapter IV vith the presentation of results. 



5 

Mean-life measurements were made on five low lying states in 33S 

using (p,y) coincidence methods. Multipole mixing ratios were obtained 

for two of these levels. We have used the reaction 30Si(a,nv)33S for 

the angular correlation measurements because it leads to a simpler anal

ysis than the (d,py) reaction employed by Becker et al.^ and O'Dell, 

17 
Krone and Prosser. The reasons for this will become apparent when we 

discuss the theoretical aspects of the angular correlation measurements 

in the next chapter. 

The techniques developed for detecting (n,y) coincidences were 

also applied to the measurement of Doppler shifts of Y rays for excited 

29 33 
states in P and CA. Energy level diagrams including the known in-

12 
formation for the particle-stable levels in these nuclei are shown in 

Fig. 2. Rotational band assignments suggested by Van Oostrum et al.^ 

2g art 33 
for P are also indicated. The states in P and C£ should have mean 

lives similar to those in ^Si and 33S. This is expected because ̂ Siig 

33 gg 33 
and 16S17 are the mirror nuclei of ̂ P14 and 17S16 respectively. In ad-

1A 
dition, Bromley, Gove and Litherland and Wozniak, Hershberger and 

19 23 
Donahue have found evidence of collective behavior in „ Si . We 

14 15 

should expect similar collective effects in 

Finally, in Chapter V, we will apply our results, and those from 

previous works to a study of the applicability of the nuclear models to 

the above nuclei. 
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tional quantum numbers for the particle-stable states. 



CHAPTER II 

THEORETICAL BASIS FOR EXPERIMENTAL PROCEDURE 

The experiments described herein fall under two categories: (l) 

measurements of mean lives of excited states of nuclei by the particle-

gamma-ray coincidence version of the Doppler-shift attenuation method, 

and (2) determination of multipole mixing ratios in the decay of some of 

these excited states by particle-gamma-ray angular correlation measure

ments. In this section we will give an outline of these two types of 

experiments from the theoretical standpoint. We will deal with the ac

tual experimental procedures in the following chapter. 

The Doppler-Shift Attenuation Method 

The Doppler-shift attenuation method has been described exten-

19-2 "3 
sively in the literature. An outline of the method as applied to 

these experiments follows. 

A y ray emitted through the decay of an excited state of a nu

cleus moving with a velocity, v, has an energy 

Ey = Eo t1 + I * ^ 

to the first order in v/c. Eq is the energy of the y ray in the rest 

frame, c is the speed of light, and r is a unit vector in the direction 

of the emitted y ray. Therefore, the energy of a y ray emitted in the 

direction of recoil is 



8 

EY " Eo ^ + 5> • 

If the recoiling nucleus is being slowed down in stopping material, its 

velocity is a function of time, and 

E
y = Eo <1 + W 

Now, assuming a parallel beam of recoiling nuclei and a point Y-ray de

tector on the beam axis, the average Y-ray energy would result from a 

weighted average over the entire beam. The weighting function is de

fined by 

M _t/T 
W(t) = ——— - 2_ , (k) 

CO * 

o 

where dN/dt is the time rate of change of the number of undecayed nuclei 

and T is the mean life of the decaying state. So, the average differ

ence between the Doppler-shifted Y rays and the y rays emitted in the 

rest frame, E , can be written 
* o* 

A<Vt = Vt •». ='o i ^dt • <5> o 

Equation (5), then, supplies the connection between the mean life of the 

nuclear excited state and the attenuated Doppler shift in energy which 

can be measured in the laboratory. The largest possible shifl; or unat-

tenuated Doppler shift is obtained if all the recoiling nuclei decay 



9 

before slowing down. The recoiling ions then have the initial recoil 

velocity, v , and the difference between fully-shifted and unshifted 

energies is 

A<Vo • 

The ratio of the attenuated shift to the unattenuated or full shift is 

defined as the attenuation factor, F, and is given by 

A<Vt i r -t/r v(t> dt ,7i 
- mfe 7 J, \ 

Experimentally, the following procedure is carried out. The re

action by which the excited states are populated can be written in the 

general form X(a,b)Y* . A single particle, a, enters the nucleus, X, 

and forms an intermediate state from which a particle, b, is emitted, 

leaving a different nucleus, Y, in an excited state. Kinematically, we 

have a two-body problem. Therefore, by fixing the direction of the 

emitted particles, we can fix the direction of the recoiling nuclei. 

This is done by fixing the position of the particle detector. Gamma 

rays in coincidence with particles associated with a given energy state 

and entering the fixed particle detector, are collected in the direction 

of recoiling nuclei and in a second position as close to 180° as possi

ble from the recoil direction. Two locations are chosen in order to 

maximize the experimental shift, and so that we can deal with the dif

ference in Y-ray energies between the attenuated shifts for the two de

tector positions. The experimentally-determined energy shift is given by 



10 

A<E > . = <E >, - <E >„ , (8) 
Y expt Y 1 V 2 ' v ' 

where (E^)^ represents the average energy of the y rays collected at 

position i. 

The full shift, A<E^)q, is calculated for the experimental ar

rangement used. This calculation has been considered in general by 

2^ 
Hershberger, Wozniak and Donahue. It takes into account the finite 

sizes of both the Y-ray detector and the particle detector, as well as 

the effects of anisotropic particle distributions and particle-gamma-ray 

correlations. A value can then be obtained for the experimental attenu

ation factor, Fex^, which is given by 

OS > - (E > 
F = — — . (9) 

A<EY)O 

Next, a plot of the calculated attenuation factor, Fcalc> versus 

mean life, T, is generated by evaluating the integral of Eq. (7) for 

several values of T.  The mean life is then obtained by going to the 

plot with the experimentally-determined value of the attenuation factor. 

A proof of the equivalence of F£a^c and FeXp^. and a detailed description 

25 
of the evaluation of Fcalc is given by Wozniak. A brief outline of 

the latter will be given below. 

Evaluation of Fcalc by Eq. (7) requires the knowledge of the 

velocity v(t). For this, we use the stopping power equations of Lind-

2 6 
hard, Scharff and Schiott. The recoiling nuclei lose kinetic energy 

in the stopping material by collisions with the electrons of the 



11 

stopping medium, according to the electronic stopping power, (dE/dx)g, 

for the material. Energy is also lost through atomic collisions with 

stopping-material nuclei according to the nuclear stopping power, 

(dE/dx)n. The electronic slowing down has the greatest effect at higher 

recoil energies, while the effect of nuclear stopping increases with de

creasing energy of the recoiling nuclei, and predominates at lower ener

gies. The atomic collisions are accompanied by large angle scattering 

27 
which will also attenuate the Doppler shifts. Blaugrund has modified 

Eq. (7) to include large angle nuclear scattering. 

25 27 
Wozniak has further modified the work of Blaugrund by as

signing the functional representation to the nuclear stopping power as 

follows 

(it) = dn 20 > € > 1.2 , (10a) 
n 

(f)n=^i 1.2 >6 >0.1 , (10b) 

0.1>6>0.01 , (10=) 

27 where dfl is defined by Blaugrund and € and p are the dimensionless 

variables of Lindhard et al.^ Secondly, the slowing down in the target 

as well as the backing was considered by dividing the target into layers 

and calculating the attenuation factor, (F„_, ). for the recoiling nu-
CcLLC X 

clei originating in each layer of the target. The value of the calcu

lated attenuation factor was then taken as 

& 
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N (F 
v - TJ calc7i , * 
calc " ̂  N » (11> 

where N was the number of layers into which the target was divided. The 

integrations were performed numerically using the method of Gaussian 

28 
Quadratures. 

23 
There is evidence that the stopping powers calculated from the 

26 
theory of Lindhard et al. may be in error by as much as 20$. Allow

ance for this uncertainty was made by modifying the calculated stopping 

powers as follows 

5 (I) 
e e n n 

where f and f are constants which are allowed to vary from 0.8 to 1.2 
en 

in the calculation of F(T). The extremes encountered in the Fca^c ver

sus T plots are shown in Fig. 3. These curves are for the decay of the 

O.SU-MeV state in 33S using a Cu^S target thickness of 880 ̂ g/cma, and a 

beam energy Ed = I.93 MeV. 

The procedure to obtain the mean life of a state may be summar

ized as follows: 

1. The mean life, T, is contained in the relation for the attenua

tion factor, (Eq. (7)), 

Wt, _ 4<Vt _ 1 r~ . - t /r  F(t) = m~7; = T J e dt 
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fe = fn = 0.8 
0.8 

fe = fn = 1.0 

fe = fn= 1.2 
u. 

of 
£ 

0.6 

£ 
3 
Z 

<t 

0.2 

.-14 >13 II 10 10 10 10 

MEAN LIFE (SEC) 

Fig. 3. A plot of Fcalc versus T for 33S ions recoiling in a 

880 jig/cm3 CUgS target and a thick copper backing material. 

These curves are for the 0.84-MeV decay in 33S with a beam 
energy of ED » 1.93 MeV. 



Ik 

2. We obtain a value for the attenuation factor experimentally, 

(Eq.(9))> 

<Ey>i - (E^)q (measured) 

6X5 A<E^)Q (calculated) 

27 
3. Equation (7) is evaluated by the method of Blaugrund as ex-

25 
tended by Wozniak. To calculate v(t), stopping powers of 

26 
Lindhard et al. was used. An imcertainty of ± 20%> in these 

stopping powers was considered. 

4. Curves (see Fig. 3) of Fcalc versus t were generated. By 

going to these curves with the mean life for the state 

is obtained. 

The above procedure is explained in complete detail in the the

sis of Wozniak.2-' 

Mixing Ratios From Angular Correlations 

The angnlar correlation method for the determination of multi-

pole mixing ratios has become a familiar tool to the nuclear experimen

talist. The method leads to information on the spin and parity of an 

excited state as well as the multipole mixing ratio. In these studies, 

we are interested in determining values of the mixing ratio, x, which is 

defined as the ratio of the matrix elements for the competing multipo-

larities, i.e., 



15 

where L represents the order of the lowest allowed multipole and a and b 

represent the quantum numbers describing the initial and final states 

respectively. When the lowest allowed multipole is electric in charac

ter, it is generally the only radiation seen. However, when the lowest 

allowed is magnetic multipole radiation, then there is often favorable 

competition on the part of the next higher order electric multipole ra

diation. For example, we are interested in the mixtures of Ml and E2 

radiations in the 2.31 "* 0.8^-MeV- and 1.97 "* 0.0 MeV-transitions in 

33s. 

The method used for these studies follows, in general, the pro-

29 
cedure described by Poletti and Warburton, for applying method II of 

Litherland and Ferguson.^® Let a nuclear state be formed by the absorp

tion of an unpolarized particle, and take the axis of quantization °.s 

the direction of the incoming particle. Then, if there is another par

ticle emitted and detected along this axis, the magnetic substates which 

can be populated in the final state cannot exceed the sum of spins of 

the target nucleus and the incident and emergent particles. This can be 

seen if we represent the emitted particles as outgoing waves expressed 

as exp[i(k • r)]/r. This outgoing wave may be expanded in a series of 

31 
spherical harmonics with 

ei(k'r) = lb £.1  ̂ (kr) • W 

where r is the vector in the direction (0,cp) and the are constants. 

The vector k is the propagation vector with |k| = (2mE/ft) , where m and 
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E are the mass and energy of the emitted particle. The summation is 

over all, possible angular momenta, and its projections, a, on the 

Of 
axis of quantization. The (9,cp) are the spherical harmonics, and the 

(kr) are spherical Bessel functions. Using the addition theorem for 

31 spherical harmonics, we obtain., for the case of k having arbitrary 

direction, 

ei(k"r) = to (0k,<pk)f ̂  (e,9) , (15) 

—> —¥ 

where k has the direction (9^,9^). How, if the direction of k is paral

lel to the quantization axis, then 9, = 0. And, the spherical harmon-
J£ 

ics have the property 

(0,cp) = 0 , if a t 0. (l6) 

So, the orbital angular momenta carried in plane waves moving in 

the direction of the quantization axis have zero projections on this 

axis. Therefore, the final state will be limited by the spins of the 

target nucleus and the incoming and emitted particles. For example, if 

an alpha particle (spin = 0) is absorbed by a nucleus with total spin 

equal to 0, and a neutron (spin = i>) is emitted along the quantization 

axis, then only the magnetic substates a = ± if are populated in the fi

nal state. The population parameter, P(a), is the probability that a 

state is in the magnetic substate a. And, in this example, P(£) = 

P(-"l) =0.5 for an unpolarized beam of incident particles. 
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The system described above has axial symmetry, and its final 

state now becomes the initial state in an electromagnetic decay process. 

The distribution of the emitted radiation can be written as a series of 

Legendre polynomials. 

00 

w(e) < *  S A P  ( C O S  0 )  ,  (17) 
n=0 " " 

where Pn(cos 9) is a Legendre polynomial evaluated at an single 0 meas

ured from the symmetry axis. Further, with the assumption that the 

emitting state has definite parity, the system has symmetry about a 

plane perpendicular to the symmetry axis. Then the Legendre coeffi

cients vanish for odd n, and the distribution reduces to a series of 

even polynomials, 

00 

W(0) = (cos 0) (k even) . (18) 

In addition to the spins of the particles involved, the Y-ray 

distribution depends on the parities of the emitting and final states, 

and upon the multipole mixing ratio which indicates the mixture of com

peting multipole radiations involved in the decay. More specifically, 

the angular distribution of v rays from the decay of a state of spin a 

to a state of spin b has been given by Poletti and Warburton2^ by the 

relation 
V • 

w(0) = 2 Pk(a) Fk(a,b,x) Q^. Pfc (cos 0) , (19) 
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where the coefficients, A^, of Eq.. (18) have been separated into factors 

depending on the alignment of the emitting state, the specific transi

tion, and a geometrical correction for the finite size of the y-ray de

tector. 

The Pk(a) are statistical tensors which describe the alignment 

of the emitting state, a, and are determined by a weighted sum over the 

population parameters, P(or), of the 2a + 1 magnetic substates, or, popu

lated by a; 

a 
P (a) = L Pk(a,a) P(a) (20) 
K ctr= -a K 

The state a is unpolarized so P(a) = P(-a) and normalization is such 

that 2D P(a) = 1. For the 30Si(a,nY)33S reaction, the analysis is Sim
on 

plified because only magnetic substates a = ± § are populated along the 

beam axis. 

The Fk(a,b,x) depend specifically on the transition and are in

dependent of the nuclear alignment. These factors have been given in 

general by Eq. (U) of Poletti and Warburton.2^ 

.L'-L+TR-N' 
l 

P. (a,b) = — — (21) 

=. J'™"' XL' 
LL ^ I Q ^ I — 

X .  s - 3 
L L 

where the summation is over all L and L' from Ia - b| to a + b. 

Associated with the L and L* are TT and TT' respectively with TT = o for 

electric and TT = l for magnetic radiation. The x^ and x^, are given by 
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. <b||L||a> . _ <bllL'lla> (22) 

<bllLJh> <bllyla> 

where Lm is the lowest allowed value of L. In practice, only the two 

lowest allowed multipolarities need be included. For example, in con

sidering ML, E(L+l) competing multipolarities, the multipole mixing 

ratio, x, of Eq. (13) becomes equal to x^, of Eq. (22) and x^ = 1. 

Carrying out the summation in Eq. (21) with L' = L + 1, we obtain 

F. (LLba) - 2x F. (LL'ba) + x2 F. (L'L'ba) 
Fk(a,b,x) = ± (23) 

1  +  X  

The coefficients F^(LL'ba) as well as the P^.(a,O;) have been tabulated and 

can be found in Ref. 29. The values of k for the coefficients F^LL'ba) 

are limited to k ̂  min (2L,a). 

The are attenuation coefficients due to the finite size of 

the Y-ray detector. These coefficients have been tabulated by Herskind 
OO 

and Yoshizawa for 3-in. diameter by 3-in. long Nal(TA) crystals. 

The experimentally obtained Y-ray distribution was compared with 

that calculated from Eq. (19). W(Q^) was evaluated at each of the 

angles, 6L, used as a data point for a range of values of the multipole 

l6 17 
mixing ratio. Spins and parities from previous work ' were assumed. 

The most probable mixing ratios were taken as those which minimized the 

,,2 
X expression 

3 1 N [W(e ) - Y(e )]3 
X = ~r ^ -1 (2U) 

i=l [E Y(9 I ) ]  
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where Y(9^) is the measured yield at the angle 0^ and E Y(Q^) is its un

certainty. N is the number of angles taken as data points. The analy

sis is simplified by plotting X2 as a function of x. These plots were 

generated by evaluating W(9_^) and X2 for values of arctan x ranging from 

-86 to 86°. Details of this procedure as well as the actual plots will 

be presented in the following chapters. 

The particle detector is not a point detector on the beam axis, 

but subtends a finite solid angle from the target. Therefore, we have 

the possibility of populating magnetic substates |a| -> am where is 

30 the maximum allowed on the axis. Litherland and Ferguson have con

sidered this problem in general. If the half angle, ?, (measured in 

radians) subtended by the axial detector is small, then magnetic sub-

states with |a| = am + X will be populated in the ratio of with re

spect to the substates |a| = 0!^. Applying this finite size effect to 

these experiments, |a | - -g- and the half angle subtended by the n-detec-

tor was 12°. Therefore, it is improbable that P(i)/P(i?) ^ 0.05 and con

tributions from magnetic substates |a| = f would be lower than this by 

two orders of magnitude. 



CHAPTER III 

EXPERIMENTAL PROCEDURE 

These experiments were performed using the 2- and 6-MV Van de 

Graaff accelerators at The University of Arizona. All but the earlier 

work on 33S was carried out on the 6-MV machine. We made mean-life 

measurements using the particle-Y-ray coincidence version of the Doppler 

shift attenuation method. For the (p,Y) coincidence experiments, only 

the v rays were counted which were in coincidence with protons having 

energies associated with the particular states of interest. 

It has also been pointed out that the attenuated y rays were 

collected at two angles with respect to the direction of recoiling nu

clei. The energy difference for the two positions was used to arrive at 

the experimental attenuation factor. This procedure was adopted because 

it allowed us to deal with a larger possible full shift and, consequent

ly, larger measured Doppler shifts. In addition, the uncertainties in 

the differences in the peak energies were often less than the uncertain

ty in the absolute energy of the transition in the rest frame, Eq. The 

energy shifts encountered were typically of the order of a few keV. The 

energies of the excited states are not always well known, and are often 

uncertain by an amount greater than the energy shifts for which we were 

looking. Further, there is an inherent non-linearity in the analyzer 

and associated electronic equipment. When coupled with the unavailabil

ity of calibration sources close in energy to the peaks under study, 

21 
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this non-linearity contributes to the difficulty in obtaining an abso

lute energy calibration at the position of the unshifted Y-ray energy. 

Preparation of Targets 

Targets for use in the 32S(d,p)33S* reaction were first made by 

evaporating natural sulfur powder onto thick copper backing strips U mm 

wide. The sulfur was evaporated from a tantalum boat under a vacuum of 

approximately 3 x 10"G Torr, using a current of 150 amps at 10 volts to 

heat the boat. The copper strips were cleaned with emery paper and 

wiped with acetone, and then placed at a distance of 25 cm above the 

tantalum boat. Glass slides, cleaned with acetone and outgassed in the 

evaporator, were placed adjacent to the copper backings during target 

deposition. The glass slides were weighed before and after the evapora-

33 
tion and the amount of S deposited on the strips was obtained from the 

weight difference. All weighings were done with a type B6 Mettler ana

lytical balance. 

It was found that the sulfur was combining chemically with the 

copper backing material. Proton pulse-height spectra taken using these 

targets indicated no abundance of oxygen. This narrowed down the pos-

•3-3 
sible compositions to Cu^S or CuS for the target material. CuS decom

poses at 220°C, while CUgS does not melt until it reaches a temperature 

of 1100°C. 

Some target samples were heated to approximately 300°C. Pro

ton pulse-height spectra were taken for the (d,p) reaction above with 

samples which had been heated and with unheated target samples. A com

parison of the pulse-height spectra indicated that the targets were 
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. However, it was impossible to obtain exact quantitative data be

cause the copper backing oxidized, and carbon, originally present in the 

targets, was driven off during heating. So, for the calculation of the 

attenuation factors, a target of Cu^S was assumed, but an uncertainty in 

target composition large enough to include a target of 50$ of each com

pound by weight was considered as a systematic error. For the target 

thicknesses used, this uncertainty accounted for up to 30$ of the uncer

tainty in the mean-life measurements. The Cu^S targets were used for 

mean-life measurements on the 0.8^-, 2.9^-, and 3.22-MeV states in 33S. 

To avoid the problem of uncertain target composition, the method 

3^ described by Watson was used to make Ag^S targets. Thick strips 15 mm 

wide of silver backing material were cleaned and heated to 200°C in an 

oven. A glass slide with 1 mg of natural sulfur powder was then placed 

in the oven about 10 cm below the heated silver. As soon as the sulfur 

evaporated and came in contact with the silver, the two united chemical

ly and formed a uniform layer of Ag^S. After some practice, thicknesses 

of silver sulfide could be fairly well controlled. However, because of 

the small size of the target and backing samples, the uncertainty in the 

target thickness was about 30% of the thickness. A target of 5*K) ± l6o 

(Jbg/cma was used for mean-life measurements on the 1.97- and 2.31-MeV 

states in 33S, and for the 0.8l-MeV state in 33CA. The uncertainty in 

target thickness accounted for 6$ of the uncertainty in the value of the 

mean lives. 

A Materials Research Corporation model vU-200 electron beam 

vapor deposition gun was used to evaporate targets of 28Si and 30Si, 
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using natural silicon metal and SiOg powder enriched to 95.5% 3°Si re

spectively. Strips of tantalum b mm by 25 mm by 0.13 mm thick were pre

pared as backing material by first polishing with emery paper, then by 

cleaning with acetone. The material to be deposited was placed in a 

carbon crucible about 1 cm below the tungsten filament of the gun. 

In the case of the 38Si targets, the backing strips were posi

tioned approximately 12 cm above the gun filament. The carbon crucible 

was filled with natural silicon metal which was evaporated for half a 

minute with an electron gun beam current of 150 milliamps at 1700 volts. 

Such an evaporation deposited about 30 |ig/cm2 of 28Si. The process was 

repeated until targets with thicknesses ranging from 175 ^g/cm3 to UUo 

[ig/cm2 were obtained. Glass slides, cleaned with acetone and positioned 

next to the target backings during evaporation, were weighed before and 

after deposition to determine the target thicknesses. 

30 
For the Si targets, the carbon crucible was filled with about 

5 mg of enriched SiO^ and tantalum backing material was placed approxi

mately 2 cm above the center of the filament. Targets of 100 and 300 

Hg/cms thickness were obtained using electron gun settings of 100-125 

mamps at 2500 volts. 

33 
Mean Lives in S 

The Movable Y-Ray Detector 

The reaction 32S(d,p)33S with a Q value of 6.H2 MeV was used to 

33 populate states in S for mean-life experiments. The 2-MV Van de . 

Graaff supplied a deuteron beam with energies ranging from 1.86 to 2.05 

MeV for studies of the 0.8U-, 2.9^-j and 3.22-MeV levels. Targets of 
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5^0 i 60 (Ag/cm2 and 880 ± 100 jig/cm1* of Cu^S on copper backing were 

used. Figure U illustrates the geometrical arrangement for the measure

ments on these states. The proton detector, a silicon surface barrier 

detector with 150 mm active area, was fixed at an angle of 125° with 

respect to the beam axis and positioned 2.0 cm from the target. A cov

ering of 0.001 inches of aluminum was placed over the face of the pro

ton detector to protect the detector from elastically-scattered 

deuterons. A proton pulse-height spectrum for the above reaction with 

a beam energy of 2.0 MeV is shown in Fig. 5. The peaks are labeled ac-

33 
cording to the excitation energy in S. Also indicated in this figure 

are the window settings or ranges of proton energies used for the (p,Y) 

coincidence requirements. Gamma rays were detected by a Princeton Gainma 

Tech 10 cc Ge(Li) gamma-ray detector at a distance of 5 cm from the tar

get. This detector was alternated between position 1 at 0° and position 

2 at 160° with respect to the direction of recoiling nuclei. 

A schematic diagram of the electronics used with the movable 

Y-ray detector arrangement is given in Fig. 6. Pulses from the Y-ray 

detector were sent into a transformer and fast timing signals were taken 

off the secondary of the transformer. Cross-over timing was used for 

the double-delay line clipped proton pulses in a single channel ana

lyzer. This analyzer also served to select the desired range of proton 

energies shown in Fig. 5. A fast coincidence resolving time of 50 nsec, 

FWHM, was set between these signals and the beam current was adjusted to 

keep the chance coincidence rate at a negligible level. The chance rate 

was determined by comparing the size of the 0.511-MeV Y-ray peak with 
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Fig. A schematic diagram of the experimental arrangement used for the movable gamma-ray 

detector geometry. 
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Fig. 6. A schematic diagram of the electronics used with the movable 
Y-ray detector geometry. 

The symbols and components they denote are as follows: 

P-det Proton detector Ge(Li) Y-ray detector 
PAMP preamplifier TPO time pick off unit 
AMP amplifier TPOC time pick off control 
TSCA timing single channel GD gate and delay generator 

analyzer PUL pulser 
SCLR scaler IDLY linear delay amplifier 
FC fast coincidence circuit XPO cross-over pick off unit 
LS linear gate MM 1024-channel memory 
STAB digital stabilizer SDLY sum delay amplifier 
ADC analog to digital converter 
BEAD plotter, printer and punched 

paper tape 
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those for the (p,v) associated peaks in the Y-ray free spectra and in 

the coincidence spectra. In the coincidence spectra, all the 0.511-MeV 

counts are chance coincidence. The chance coincidence rates were typi

cally a few percent of the true coincidence rate, and in no case did 

the chance rate affect the energy shifts of the peaks. A pulser circuit 

was introduced to place a peak in the coincidence spectra in order to 

check against any gain shift during the course of taking data. In addi

tion to the pulser peak, the coincidence spectra also contained 0.511-

MeV and 0.87-MeV chance coincidence peaks which were an aid in checking 

against any gain shift as well as a means of energy calibration for the 

coincidence runs. Within statistical uncertainties, no gain shift was 

observed during the coincidence runs. Proton counting rate, beam cur

rent and integrated current were monitored continuously during the tak

ing of data to insure beam stability and to make certain that the target 

was not being burned off. 

Coincident gamma rays were analyzed with a U096-channel analog-

to-digital converter (ADC) of which two octants were stored in a 10£l+-

channel memory. 

Collinear Geometry 

oa 

The 1.97- and 2.31-MeV states in S were populated with a beam 

energy of 2.5 MeV from the 6-MV accelerator. We used a fixed "Y-ray de

tector and the collinear geometry shown in Fig. 7 and described by Hersh-

35 
berger, Wozniak and Donahue. In this arrangement, a deuteron beam of 

about 160 namps passes through an annular proton detector, and part of 

it strikes a horizontally-positioned Ag^S target of 5^0 ± 160 jig/cm3. 
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Fig. 7. Experimental arrangement for the collinear geometry. 

The collimator arrangement for the downstream detector is identical to that shown for 
the upstream detector. 
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The remaining portion of the beam passes through a second annular proton 

detector and hits a second target identical to the first. The target 

positions are adjusted to divide the available current equally between 

them. One advantage of this geometry is that the Ge(Li) detector does 

not have to be moved, thereby disturbing the physical setup. More im

portant, however, is the ability to measure coincidence Y-ray peaks at 

positions 1 and 2 simultaneously, and in so doing to minimize the ef

fects of any gain drift during the course of taking data. With this ar

rangement, Y rays were measured at angles of 2k.2° and 155.8° with 
respect to the beam direction, which in this case is also the direction 

of recoiling nuclei. The annular proton detectors were protected 

against elastically-scattered deuterons with a covering of 0.002 inches 

of aluminum. The active areas of these detectors were 300 mm2 and they 

subtended angles between 12° and 1+0.6° from the point of intersection of 

the beam axis with the targets. 

The electronics arrangement for the collinear geometry is illus

trated in Fig. 8. Fast timing signals for the two proton legs were ob

tained from the timing single channel analyzers as in the movable Y-ray 

detector case, and the windows for the allowed proton energies were set 

in the same way. A pulse shaping circuit using fast amplifiers and low-

level leading-edge timing produced the fast timing signals from the 

Ge(Li) detector. The fast coincidence circuit consisted of a time-to-

amplitude converter (TAC) started with the Ge(Li) signal and stopped by 

the proton signals. The TAC output was fed into a single channel ana

lyzer, and a window was set over the time coincidence peak from the TAC. 

A fast coincidence resolving time of 30 nsec, FWHM, was obtained with 



Fig. 8 A schematic diagram of the electronics used with the 
collinear geometry. 

The symbols and components they denote are as follows: 

P-det proton detector Ge(Li) Y-ray detector 
PAMP preamplifier PUL pulser 
AMP amplifier BLR base line restorer 
TSCA timing single channel LDLY linear delay amp

analyzer lifier 
OR summing amplifier XPO cross over pick 
GD gate and delay generator off unit 
SCLR scaler LLD low level discrim
TAG time to amplitude converter inator 
SC slow coincidence circuit PUPI pile up inspector 
ANTI anti coincidence circuit SUM sum delay amplifier 
EM memory routing unit LG linear gate 
HEAD printer, plotter and STAB digital stabilizer 

punched paper tape ADC analog to digital 
MEM 102U-channel memory converter 
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this arrangement. Four-sixteenths of the l+096-channel analyzer were 

stored in a 1021+-channel memory with half of the memory storing Y rays 

in coincidence with protons from each of the proton detectors. The 

chance coincidence rate was less than 0.5$ of the true coincidence rate. 

The chance rate was determined by making a two-hour run with the fast 

coincidence timing destroyed. This was done by moving the window in the 

single channel analyzer for the TAC output off the fast coincidence TAC 

peak. Beam currents for both targets and proton detectors were continu

ously monitored to keep the beam balanced between the two targets, so 

the coincidence peaks for both directions would grow at the same rate. 

A digital stabilizer and pulser were used to insure against gain drifts, 

and none were observed. 

The Neutron Detector 

It was pointed out in Chapter I that the 30Si(a,n)a3S* reaction 

q g 33 "X" 
was more desirable than the S(d,p) S reaction for purposes of angu-

33 
lar correlation analysis in S. Also, population of the excited states 

39 33 in P and CA for mean-life measurements was accomplished in this work 

with (d,n) reactions. So it was necessary to employ a neutron detector 

and to develop (n,y) coincidence techniques. 

The method of neutron detection adopted was that of proton re

coil detection in a scintillator. A 2" diam. by 2" long NE213 encapsu

lated liquid scintillator was used. The advantage of this type of 

neutron detection lies in its relatively high efficiency. We might ex

pect a proton recoil for about 10% of the neutrons entering the detector. 

However, there are two main disadvantages which must be mentioned; 



(1) the scintillator is also responsive to recoiling electrons resulting 

from Y rays entering the detector, and (2) because of the kinematics for 

the (n,p) collisions, the recoiling protons have a continuous range of 

energies E^ ^ En# The first problem can be greatly reduced because the 

pulses leaving the photomultiplier tube have different shapes for the 

neutron-associated proton pulses than for the Y-ray induced electron 

pulses. 

For these experiments, a Nuclear Enterprises NE5553 pulse shape 

discrimination detector was used. A schematic diagram showing the cir

cuit functions for this detector is given in Fig. 9. It includes an 

RCA 681QA photomultiplier tube and suitable voltage divider to insure 

maximum collection of photoelectrons from the cathode. The pulse shape 

discrimination (PSD) network, described by Daehnick and Sherr, com

pares the charge arriving at the anode during the first few nanoseconds 

of the pulse to that in the following 200 nanoseconds. The pulses are 

stretched and shaped in this network. After passing through the ampli

fier, the pulse shapes can be monitored at the PSD test point. Pulse 

shapes for the proton and electron pulses are shown in Fig. 10a and Fig. 

10b respectively. Ideally, the pulses associated with the proton will 

be positive and the electron pulses will be negative. These pulses are 

then sent into the discriminator networks where the voltage level for 

pulse discrimination is set manually. If the pulses from the amplifier 

exceed the discriminator voltage, the output stage generates a logic 

pulse. A detailed description of the system and circuit functions is 

found in the manufacturer's manual. 
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The voltage divider on the photomultiplier tube and variable 

components in the PSD network are adjusted to achieve the best possible 

pulse shapes. However, in attempting to maximize the number of proton 

pulses passing through the PSD network, some electron pulses become 

positive (see Fig. 10c). Therefore, to effectively discriminate against 

Y rays, one cannot avoid discriminating against some low-energy proton 

pulses. The variable components were adjusted to produce the best sepa

ration between proton and electron pulses obtained with a Pu-Be source. 

Associated with this source are neutrons with energies in the neighbor

hood of 5.0 MeV and Y rays with k.k3 MeV. With maximum pulse separation, 

however, the rejection for low-energy protons was greater than we could 

afford. So, further adjustments were made to lower the rejection ratio 

in order to get a greater number of low-energy protons through the PSD 

circuits. Final adjustments were made to obtain a Y-ray rejection ratio 

of 200 : 1 for a 6°Co source with a yield of 5500 cps. The rejection 

ratio is count rate dependent and the above value was chosen to insure 

sufficient Y-ray discrimination for the counting rates anticipated dur

ing the experiments. In addition, the manual voltage level control in 

the discriminator circuit allows easy selection of higher rejection 

ratios without further changes in the PSD network. 

Following the adjustments mentioned above, linear pulse-height 

6 O 
spectra were plotted for the Pu-Be source and for the Co source. 

These plots are shown in Fig. 11. Also shown are linear pulse-height 

spectra for the Pu-Be source gated by the PSD logic pulses for Y-ray re

jection ratios of 200 : 1 and 1000 : 1. The rejection ratios are ob-

6 O 
tained with the Co source with 5500 cps. 



38 

10,000 

Pu-Be SOURCE 

- UNGATED 
/- GATED (a) 

f GATED (b) 

CO 

3 1,000 

CL 

60, 
Co SOURCE 

100 
UNGATED 

60 80 20 40 0 

ENERGY (ARBITRARY SCALE) 

Fig. 11. Neutron detector linear pulse height spectra for Pu-Be and 

60Co sources. 

Also shown are linear spectra for the Pu-Be source gated by 
PSD logic pulses for rejection ratios of (a) 200 : 1 and 
(b) 1000 : 1. 



The fast output pulse taken from the fourteenth dynode of the 

photomultiplier tube is used for the purposes of fast coincidence timing. 

Again, we are dealing with a range of pulse heights with lower energy 

proton pulses giving smaller fast output pulses. These pulses were 

amplified and converted into fast timing logic signals. The degree of 

amplification used depended on the neutron and Y-ray counting rates en

countered and was chosen in the following way. 

A target containing 160 was placed in the target chamber in a 

deuteron beam. Fast coincidence timing was set up between the neutron 

detector and a Ge(Li) 7-ray detector. The Y-ray coincidence spectra 

showed a 0.511-MeV peak resulting from the time coincidence between a 

pair of 0.511-MeV y rays, with one of these y rays entering each of the 

detectors. There was also a 0.50-MeV peak in the coincidence spectra 

associated with the first excited state in 1?F. These y rays were in 

coincidence with neutrons from the X60(d,n)l7F reaction (Q, = - 1.63 

MeV). The gain of the amplifier which amplified fast coincidence pulses 

from the neutron detector was then adjusted to obtain the maximum 

0.50/0.511 peak height ratio consistent with a low chance coincidence 

rate. 

Every experiment involving (n,y) coincidence measurements is 

different with respect to neutron energies and detector counting ratios. 

Each case had to be handled on an individual basis with respect to the 

electronics arrangements and adjustments. The actual experimental ar

rangements and effects of the neutron detector limitations as well as 

the efforts made to deal with these effects will be considered further 

in the following sections and in the next chapter. 



33 Angular Correlation Measurements on S 

Angular correlation measurements on the 1.97- "* O.O-MeV and 2.31-

"* 0.8U-MeV transitions in 33S were performed with a 4He++ beam of 7.52 

MeV and a 300 - 30 lig/cm2 SiOg target. The 6-MV Van de Graaff accelera-

tor was used to supply a He beam of approximately 50 microamperes, and 

an analyzing magnet then separated out the doubly-ionized beam of about 

rtQ no 

50 namps. States in S were populated by the reaction Si(ar,n) S 

whose Q, value is - 3.5 MeV. The beam energy of 7.52 MeV was chosen in 

order to give the emitted neutrons associated with the 2.31-MeV state as 

much energy as possible without populating levels above the 3.22-MeV 

state (see Fig. l). It was feared that states above the 3.22-MeV level, 

if populated, would cascade through the 2.31-MeV state and thereby give 

one more possible (Y,Y) coincidence associated with the 2.31- 0.8H-MeV 

transition. 

The physical arrangement, illustrated in Fig. 12, restricted the 

angular correlations because the placement of the neutron detector pre

cluded Y-ray measurements at angles less than 1+5° with respect to the 

beam axis. The neutron detector was placed on the beam axis 8.6 cm from 

the target. For a later set of runs, a 1.5 cm lead cap was placed over 

the end of the neutron detector. Gamma rays from the 1.97- "• O.O-MeV 

and 2.31- 0.8U-MeV transitions in coincidence with neutrons detected 

on the beam axis were counted simultaneously at two angles with two 

3 in. diameter by 3 in.-long Nal(T^) crystals. The Nal detectors, at 

if .2 cm from the target, were positioned first at 1+5° and 90° to the beam 

axis, and then at angles of 55° and 65°. 
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Fig. 12. Experimental arrangement for the angular correlation measurements. 

Data were also taken for the Na I detectors at angles of 55° and 65° to the beam axis 



k2 

A block diagram showing the electronic setup for the angular 

correlation experiments is shown in Fig. 13. A separate fast coinci

dence system was set up between each of the Y-ray detectors and the 

fast output signals from the neutron detector. Fast timing signals from 

the neutron detector were used to start a TAC which was stopped with 

Y-ray logic signals. With this arrangement, a fast coincidence resolv

ing time of 15 nsec, FWHM, was achieved. In addition, a slow coinci

dence and routing unit was employed to insure slow coincidence with the 

neutron detector PSD signal, and also to store the coincidences for each 

of the Y-ray detectors into half of the 102U-channel memory. 

Complete sets of measurements were made for three different cir

cumstances. The first runs, which we will refer to as fast coincidence 

(FC) measurements, were taken without the requirement of the slow coin

cidence with the PSD signal. For the second set of data, which will be 

termed fast-slow coincidence (FSC) data, the PSD requirement was used to 

discriminate against (YjY) coincidences. Finally, a set of measurements 

was made similar to the first set, except that a 1.5 cm lead cap was 

placed over the end of the neutron detector. We will designate these as 

FCL measurements. The latter case was tried in the hope of reducing the 

(Y,Y) coincidence rate by keeping the y rays out of the neutron detector. 

This procedure was considered when it was found that the 1.1 MeV neu

trons associated with the 2.31-MeV state were being highly discriminated 

against by the PSD network during the FSC runs. 

Angular correlation measurements were made on the l.U7-MeV Y rays 

from the 2.31- 0.8U-MeV transition and on the 1.97- "• 0.0-MeV decay. 

The peak areas were normalized to that taken at 90° to the beam axis, 



Fig. 13. A schematic diagram of the electronics used for the 
angular correlation measurements. 

The symbols and components they denote are as follows: 

Na I Y-rajr detector N det neutron detector 
AMP amplifier PSD PSD logic pulse 
XPO cross-over pick off FAST fast timing pulse 
TAC time-to-amplitude TPO time pick off unit 

converter TPOC time pick off control 
TSCA timing single channel IDLY linear delay amplifier 

analyzer EM memory routing unit 
SUM sum delay amplifier READ printer, plotter and 
ADC analog-to-digital punched paper tape 

converter 
MEM lOeU-channel memory 
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Fig. 13. A schematic diagram of the electronics used for the angular 
correlation measurements. 
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vising the peak area from the decay of the J = a , 0.8U-MeV state, which 

is isotropic. The decay scheme in Fig. 1 for 33S shows that every 1.1+7-

MeV Y ray is in coincidence with an 0.8H-MeV Y ray, as well as with neu

trons associated with the population of the 2.31-MeV state. As men

tioned earlier, the beam energy was kept at 7.52 MeV so that states 

above the 3.22-MeV state would not be populated, thereby adding possible 

cascades through the 2.31-MeV state. The beam energy was, however, suf

ficient to populate the 2.9^-MeV level which decays through the 1.97-MeV 

state 50$ of the time. Any 1.97-MeV Y ray associated with this cascade 

is then in coincidence with a 0.97-MeV Y ray, and also in coincidence 

with a neutron associated with the population of the 2.9^-MeV level. It 

turned out that in all the coincidence runs, virtually all the 1.97-MeV 

Y rays were associated with neutrons directly populating that level. 

This is because the 2.9U-MeV state was weakly populated. 

Wow, since every 1.1+7-MeV transition is in coincidence with a 

0.8U-MeV Y ray, it was necessary to determine the fraction of the 1.1+7-

MeV coincidence peak which was associated with (Y>Y) coincidences. This 

was accomplished by placing a 32Na source on top of the target chamber, 

directly over the target, during the runs. 32Na decays 90.5$ of the 

time by P+ decay to the 1.27-MeV state in 3sWe, which in turn decays to 

its ground state. Therefore, each 1.27-MeV Y ray is in time coincidence 

with an average of 1.8l Y rays with an energy of 0.511 MeV, and all the 

1.27-MeV counts in the coincidence spectra will be associated with (Y>Y) 

coincidence. Figure ll+ shows part of the Y-ray free and coincidence 

pulse height spectra taken at 90° to the beam axis. By comparing the 

ratios of the 1.27- to 1.1+7-MeV peaks in the two spectra, we obtain the 
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Fig. lU. Gamma-ray pulse-height spectra from angular correlation 

studies in 33S. 

Gamma-ray detector was positioned at 90° with respect to the 
beam axis for (a) y-ray free spectrum and (b) fast coinci
dence (FCL) spectrum. 
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fraction of (Y>Y) coincidences in the l.lf7-MeV coincidence peak. A 

similar procedure was used in the FSC measurements. In the FCL 

case, the 0.511-MeV Y rays associated with the 1.27-MeV peak are more 

highly attenuated than the 0.8^-MeV Y rays associated with the l.Vf-MeV 

37 
coincidences, and tables of attenuation coefficients were used to cor

rect the peak ratios mentioned above. 

The analysis for the 1.97- O.O-MeV transition is simpler than 

for the l.U7-MeV decay. Evidence of the 0.97-MeV Y ray in the Y-ray 

free spectrum (see Fig. 1^-) indicates that the 2.9^-MeV state was being 

populated, and was decaying through the 1.97-MeV level. Every 1.97-MeV 

Y ray associated with this cascade would be in coincidence with a 0.97-

MeV Y ray. Therefore, for every 0.97-MeV Y ray in the coincidence spec

tra, there is a 1.97-MeV (Y>Y) coincidence. However, in the coincidence 

spectra, we see no evidence of a 0.97-MeV peak. At most the 0.97-MeV 

peak might be 1% of the 1.97-MeV peak, and this would be inconsequen

tial. For purposes of analysis, therefore, the 1.97-MeV coincidence 

peak was considered to be entirely (n,Y) coincidence. 

Separate runs without the 4He++ beam were made at all angles 

using only the 22Na source and the 6°Co source in order to determine any 

dependence on the Y-ray energy of the neutron detector efficiency. 

Within statistical uncertainty, the efficiency for the neutron detector 

was constant for Y-ray energies between 0.511 and 1.33 MeV. These Y-ray 

coincidence spectra showed the coincidence peaks to be the same height 

for the four angles taken as data points. This showed that there was 

negligible effect resulting from the Compton scattering by one of the 



Nal detectors of a Y ray which then entered and triggered the neutron 

detector. If the Compton-scattered y ray was a 0.8U-MeV radiation in 

coincidence with a 1.^7-MeV transition, then we would not only have an 

unwanted (Y,Y) coincidence, but one which would also have a dependence 

on the angular position of the Y-ray detector. Fortunately, no evidence 

of this effect was observed. 

The FC measurements took three hours per angle, while FSC and 

FCL runs required 22 and 5 hours respectively. The longer time required 

for the FCL runs resulted because the neutron detector had to be moved 

further from the target when the lead cap was used. In addition, the 

lead had an attenuation effect on the neutrons and this lengthened the 

runs. 

Measurements on 89P and aaCA 

As indicated in Fig. 2, is particle unstable for states 

above the 2 .Uo-MeV level. Also, the 1.95-MeV state decays almost en-

12 
tirely to the ground state. Indeed, from the coincidence spectra, we 

have a limit of bPjo for the 1.95- 1.38-MeV cascade as compared to the 

1.95- "* O.O-MeV transition. And, the y-ray free spectrum indicates that 

the 1.38-MeV state is populated more intensely than the 1.95-MeV level 

by a factor of 2. Therefore the chance coincidence rate for the I.38-

MeV peak must be less than 2% of the true coincidence rate. So, for all 

practical purposes, the 1.38- and 1.95-MeV Y rays are in coincidence 

only with neutrons directly associated with the population of those 

states. These levels were populated by the aaSi(d,n)S9P reaction 

(Q, = 0.52 MeV). Likewise, 33C£ is particle unstable above the 1.99-MeV 



state and the 1.99- and 0.8l-MeV Y rays are in coincidence only with 

neutrons populating these states. The reaction 33S(d,n)33C£ with a Q 

value of 0.07 MeV was used to populate the excited states in 33C£. 

Since there were no (Y,Y) coincidences associated with the excited 

states to be studied, only the fast coincidence requirement should be 

necessary to measure the Doppler shifts of these decays. The 1.38-MeV 

level in ^P and the 0.8l-MeV state in 33CA were studied in this manner. 

However, because of the low yield for the 1.95-MeV state in "p, and the 

high (Y,Y) coincidence rate due to the population of levels by the com

peting (d,p) reactions, the two levels in 29P were studied using the PSD 

feature of the neutron detector. With the PSD requirement, the back

ground and (Y,Y) coincidence peaks were greatly reduced in the coinci

dence spectra and the 1.95- " 0.0-MeV became apparent. 

The movable Y-ray detector geometry was used for the measure

ments on 29P and 33C£. The arrangement was similar to that in Fig. 

with the exception that the proton detector was replaced by the neutron 

detector. The neutron detector was positioned at an angle of 130° to 

the beam axis and 5.1 can from the target. A Nuclear Diodes Ge(Li) de

tector at the same distance from the taxget was alternated between for

ward (17°) and backward (128°) positions with respect to the beam axis. 

The geometrical arrangement for the 33CJ& measurements was similar except 

that the neutron detector was placed at an angle of 100° to the beam 

axis. The large angle is desirable because it affords a larger full 

shift, but the neutron yield in the backward direction was too meager to 

obtain a sufficient coincidence rate. This is because the excited 

33 
states of interest in CJ£ are formed by & = 0 stripping reaction, which 



is very strongly forward peaked. Targets of 180 ± Ho and UHo ± Ho 

3 
Hg/cm of Si were used with beam energies of 2.95 and 3.50 MeV for the 

29 
FC and FSC runs in P respectively. A beam energy of 2.93 MeV and tar

get thickness of 5^0 ± 160 [ig/cm3 were used for the 33CA experiments. 

The electronic arrangements were similar to the movable detector ar-

33 
rangement in S, with the proton fast timing circuitry being replaced 

by a neutron fast timing leg. A fast coincidence resolving time of 20 

nsec, FWHM, was obtained with this arrangement. The chance rate was de

termined by running with the fast coincidence circuit thrown out of tim

ing. The chance coincidence rates were found to be negligible. 

Data Analysis 

Mean Life Measurements 

The sources of error in the determination of the mean lives can 

be considered in three groups, i.e., uncertainties in (l) the full shift 

calculation, (2) the F versus r plot, and (3) the determination of the 

centroids of the experimentally obtained Y-ray peaks. A detailed expla

nation of the method of data reduction and analysis used for the mean-

25 
life measurements is given by Wozniak. 

The errors in the full shift calculation are a result of uncer

tainties in the angular position and distances of the particle and Y-ray 

detectors, the uncertainty in the beam energy due to a slowing down in 

the target, and uncertainties in particle angular distributions and par-

ticle-Y-ray correlations. The error in the full shift due to maximum 

uncertainty for each variable was calculated, and the square root of the 

sum of the squares of these uncertainties was taken as the uncertainty 



in the calculated full shift. Typical results were in the neighborhood 

of 1 to 2(fo) and this error did not affect the results because the uncer

tainty in the measured energy shifts were usually much larger. 

Uncertainty in the generation of the F versus T plots was a re

sult of lack of knowledge with respect to the electronic and nuclear 

stopping powers (see Fig. 3), as well as uncertainty in target thickness 

and chemical composition. Uncertainties due to target thickness were 

handled as random errors, while those due to target composition and the 

201> uncertainty in stopping powers were considered as systematic errors. 

The experimental data stored in the 102h-channel memory was 

printed, plotted, and put on punched paper tape for further transfer to 

computer cards. The centroids of the peaks were found by fitting the 

background with a second-order equation and subtracting it from the data. 

The centroid was then found for the remainder. For each lifetime, sev

eral measurements were made at each position of the Y-ray detector. The 

average value and standard deviation were then found for the peak posi

tions and for the energy shift, A(E^)e .j., standard statistical 
qO 

methods. The experimental data were also examined by a program which 

fitted the peaks to a gaussian shape to find their centroids. This was 

done as a consistency check on the energy shifts obtained with the cen

troid program. However, only the results of the centroid program, ana

lyzed as indicated above, were used to obtain the energy shifts. 

Angular Correlation Measurements 

The areas under the peaks in the angular correlation measure

ments were found in the following manner. First, a straight line 
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background was fitted by eye under the peaks. Then, after subtracting 

out the background, the peak areas were obtained. The accepted statis

tical method for determining the uncertainty in the peak areas gives 

this uncertainty, CT,p> as 

°'p = Ca
p 
+ V* <25> 

where and are the areas of the peak and the background under the 

peak respectively. However, in these experiments, it was felt that the 

uncertainty in picking the background was greater than the statistical 

value, (A^)a\ This was because of the difficulty in fitting the 

straight line for the background in the vicinity of the peaks. For this 

reason, a different method was used to obtain the uncertainty in the 

peak areas. The background line was allowed to vary and the maximum 

change in the background areas between the limits for reasonable back

ground fits was taken as the uncertainty in the background areas, a^. 

The uncertainty in the peak areas, o^, was then obtained from 

= [Ap + (<?b)3f (26) 

In no case was a ^ a' . That is to say, the uncertainties used for the 
P P 

analyses were always greater than the values obtained from a purely sta

tistical approach. 

The areas were normalized using the areas of the 0.8H-MeV peaks 

in the coincidence spectra. The 0.8H-MeV state in 33S is a / = jg+ 

state and therefore must decay isotropically. The 0.8U-MeV peaks were 
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quite large in the coincidence spectra so that the errors due to normal

ization did not appreciably affect the uncertainties in the peak areas. 

This peak was large because the 0.8!+-MeV y rays are in coincidence not 

only with neutrons populating that state, but also with neutrons asso

ciated with the 2.31-MeV state which cascades through the 0.8U-MeV lev

el. VJeighted means of the results of the FC and FCL runs were taken as 

the final values for the 1.^7-MeV Y-ray distribution, while all three 

measurements were weighted for the 1.^7-MeV distribution. 

These normalized data were compared to the calculated distribu

tions for different values of the multipole mixing ratio, x. First, Eq. 

(19) was expanded in a series of even powers of cos 0. Because of the 

limits on the expansions due to knowledge of the spins and parities of 

17 
the states from previous work, ' the calculated distributions can be 

expressed as 

W(0) = a + 
o *2 

cos8 9 (27) 

and 

W(9) = aQ + a^ cos2 0 + a^ cos4 0 (28) 

for the I.U7- and 1.97-MeV distributions respectively. For the cases we 

are considering, the only unknown in the coefficients aQ, a^, and a^ is 

the multipole mixing ratio. Equations (27) and (28) were used to calcu

late W(0^) as a function of x for the angles, 0^, taken as data points. 
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Next, Eq. (2^) was used to compare these calculated values, W(9^) with 

the experimentally-obtained values, Y(Q^). Using Eg.. (2*+), a value of 

X3 =-i- S '"'y -1<ei)y 

1,-1 i=l [E Y(e.)]2 

was obtained for each choice of the multipole mixing ratio. A program 

for the University of Arizona CDC 6^00 computer was written for each of 

the distributions. This program listed the values of X2 for values of 

arctan x ranging from - 86 to 86°. An example of a X versus x plot for 

the l.!+7-MeV distribution is shown in the lower part of Fig. 15. The 

experimentally-determined values for the multipole mixing ratio are cho

sen to be those for which the X2 versus x curve is minimum. 

The upper portion of Fig. 15 shows the normalized experimental 

data and the best fit to that data from a least squares analysis. The 

best values and uncertainties for the coefficients aQ, a^, and a^ for 

the experimental distribution are obtained from this least squares fit. 

The uncertainties in the values of the multipole mixing ratios 

were obtained from a plot of versus x. As mentioned above, these 

coefficients are functions only of x. Figure 16 shows a plot of ag/aQ 

versus x for the 1.1+7-MeV distribution. Indicated on the figure is the 

range of uncertainties in the ratio of the coefficients determined from 

the least squares fit of the data. Using this range, the uncertainties 

in x were read off the plot. 

A similar procedure was used in the case of the 1.97-MeV distri

bution. The curves for that distribution will be presented in Chapter V 

where the experimental results will be considered. 
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Fig. 15. Angular correlation results for the 2.31- "* 0.8^-MeV transi
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The upper part of the figure shows the normalized experimental data 
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CHAPTER IV 

RESULTS 

The experimental results will be presented in three sections: 

(l) mean lives from (p,Y) coincidence measurements in 33S, (2) angular 

correlation measurements in 33S, and (3) mean lives from (n,Y) coinci-

33 dence measurements in P and C4. In the second section we will also 

discuss the results of the various neutron-gamma-ray coincidence tech

niques that were used. 

33 
Mean Life Measurements in S 

Part of the Y-ray pulse-height spectra in coincidence with pro

tons associated with the 2.$b- and 3.22-MeV states in 33S is shovm in 

Fig. 17. The range of energy allowed for the proton is indicated by 

window in Fig. 5. Beam currents were between 50 and 100 namps and 

runs lasted for three hours. The centroids of the Y-ray peaks in curves 

similar to these were determined to obtain (E^)^ - for the 0.8U-, 

0.97-, and second escape, 1.36-MeV Y rays, emitted in the forward (0°) 

and backward (l60°) directions with respect to the recoiling nuclei. 

Measurements of the O.Qb-UeV state were possible using the cascade from 

the 3.22-MeV level because the decay of the 3.22-MeV level was fast 

enough to enable us to determine the average velocity of the recoiling 

nuclei after the first transition in the cascade. Measurements on the 

0.8U-MeV state were also made by direct population of that level with 

the proton energy range shown in Fig. 5. 
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Fig. 17. Pulse height spectra of Y-rays in coincidence with pro
tons whose energy falls within the range indicated by W, 
shown in Fig. 5. 

Gamma rays were collected at (a) l60° and (b) 0° to the 
direction of recoiling nuclei. The total charge accumulated 
in each direction was approximately 2,5 x 10"3 Coulomb, 
and the dispersion in the pulse-height analyzer was 
1.375 keV/channel. Intervals used to calculate the peak 
centroids are shown. The two-escape peak is shown for 
the 3.22- 0.8U-MeV transition. 
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Fig. 17. Pulse height spectra of Y-rays in coincidence with protons whose energy falls within 
the range, indicated by W1 shown in Fig. 5. 
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The window Wg was set over the proton peaks for the 1.97- and 

2.31-MeV states simultaneously. It will be remembered that the colline-

ar geometry was used for these last two states, with beam currents of 80 

namps per target and a beam energy of 2.50 MeV. Each of four runs 

lasted 7 hours. Coincident Y rays in the forward (2h°) and backward 

(156°) directions with respect to the direction of recoiling nuclei were 

obtained at the same time. Parts of the coincidence spectra for the 

1.U7- and 1.97-MeV transitions are shown in Fig. 18. 

The chance-coincidence rate for the peaks in Fig. 17 was less 

than 2% of the true coincidence rate and less than 1% for those shown in 

Fig. 18. The chance coincidences did not measurably affect the posi

tions of the peak centroids. Results of the measured Doppler shifts and 

03 mean lives for the S studies are listed in Table I. The limit for the 

lifetime on the 2.9U-MeV state was determined by using an attenuation 

factor, F, two standard deviations greater than the measured value. 

Some consternation was experienced in the reduction and analysis 

of the results on the 0.8^-MeV state. Table I lists a simple average of 

the results for the direct and cascade measurements for this state rath

er than a weighted mean. The values listed for the direct and cascade 

measurements are, themselves, an average of several individual measure

ments. Also, because of the lack of consistency, we did not reduce the 

error on the average, but quote the same percent error as that on the 

individual measurements. This course was indicated because of the large 

spread in the experimentally-obtained shifts and the fact that they did 

not overlap well using the statistical uncertainties from the centroid 

measurements. This situation is a result of measuring a small energy 
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Fig. 18. Pulse height spectra of Y-rays in coincidence with protons whose energy falls 
within the range indicated by Wg shown in Fig. 5. 

Gamma rays were collected at (a) 156° and (b) 2b° to the direction of recoiling nuclei. 
The total charge collected in each direction was approximately 3.3 x 10""3 Coulomb, and the 
dispersion in the pulse-height analyzer was 0.595 kev/channel. The intervals used to cal
culate the peak centroids are shown. 
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Table I. Doppler shift and mean life results. 

Energy-
Level 
(MeV) 

Transition 
(MeV) 

Observed 
Energy-

Differences 
(keV) F(T) 

Mean Lives 
(10~13 sec) 

o.Qk 0.8lt - 0 0.9^ ± 0.3 0.11 ± 0.03 12.7 * ® 

3.22 - 0.8^ - 0 1.87 ± 0.3 , 0.22 ± 0.03 5 1 + 3 
- 2 

1.97 1.97 - 0 13.08 ± 0.51 0.60 ± 0.02 

+ 5 
Average 9.0 _ £ 

1.5 ± 0.3 

2.31 2.31 - 0.8U 9.60 ± 0.29 0.60 ± 0.05 l.U ± 0.1+ 

2.$k 2.9^ - 1.97 0.5 ± 0.5 0.03 ± 0.03 > Ik 

3.22 3.22 - 0.8U 18.96 ± 0.29 0.8U ± 0.01 

CVJ 
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shift (around 1 keV), associated with a small attenuation factor of 

about 0.15. A glance at Fig. 3 will show the rapid change in the value 

of T as the attenuation factor becomes small. 

In analyzing the data for the 1.^7-MeV transition from the 2.31-

MeV state, it was found that, by increasing the interval used to calcu

late the centroid by 30the difference in energy between the forward 

and backward peaks increased by 15$. A study of the centroid dependence 

on the interval size was made. It indicated that for any reasonable se

lection of intervals, the effect would not exceed 1/3 of the above. 

Therefore, for this particular case, an additional error of 5% of the 

measured shift was added to the uncertainty as a systematic error. This 

effect was a result of poor peak-to-background ratio. For all the other 

mean-life measurements, the errors due to changing the intervals were 

much less than the statistical uncertainties in the centroid determina

tions. The backgrounds in Figs. 17 and 18 are not results of chance 

coincidence, but are true coincidences from higher energy y rays which 

are Compton scattered. 

Mixing Ratios from Angular Correlation Measurements 

As had been mentioned earlier, neutron-gamma-ray angular corre

lation measurements were made to determine the multipole mixing ratios 

of the 1.97- "* 0-MeV and 2.31- 0.8U-MeV transitions in 33S. The meas

urements were complicated by the fact that our neutron detector was sen

sitive to y rays, and that every l.U7-MeV y ray from the 2.31- "* 0.8U-

MeV transition is in coincidence with a 0.8l4-MeV y ray. Therefore, we 

will first consider some results concerning the general characteristics 



of the (n,Y) coincidence studies. It will be remembered that angular 

correlation data were taken for three different arrangements: (1) FC, 

requiring only the fast coincidence timing between the Y-ray detector 

and neutron detector; (2) FSC, having the additional requirement of slow 

coincidence with the PSD logic signal from the neutron detector, and (3) 

FCL, requiring the same condition as for the first case with the addi

tion of the lead cap on the neutron detector. Table II presents some 

comparisons for these different experimental arrangements. The FCL 

data have been corrected to account for the difference in the neutron 

detector to target distance. These data are for the Y-ray detector lo

cated at 90° "to the beam axis and a beam current of 50 namps at an ener

gy of Ea ss 7.52 MeV. The FC, FSC and FCL runs lasted 3> 22, and 5 hours 

respectively. Listed in the table are the peak areas of the l.bT- and 

1.97-MeV transitions per 10~S Coulomb of integrated charge. Also includ

ed are ratios of the areas of the 1.^7- and 1.97-MeV peaks to the area 

22 
of the 1.27-MeV peak from the Na source for the three experimental co

incidence arrangements and for the Y-ray free spectra. As mentioned in 

Chapter III, these 1.27-MeV Y rays are in coincidence with 0.511-MeV Y 

rays, and the area of the 1.27-MeV peak in a coincidence spectra is a 

measure of the (Y>Y) coincidence rate in that spectra. There is a con

siderable difference in the change in 1.^7/1.27 and 1.97/1.27 ratios 

between FC and FSC measurements. This is attributed to the fact that 

the lower energy neutrons associated with the population of the 2.31-MeV 

state emitting the l.U7-MeV Y rays are more highly discriminated against 

by the PSD network than those associated with the 1.97-MeV state. The 

difference in energy between these two groups of neutrons is only about 
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Table II. Comparison of Y-ray peak 
correlation measurements 
at 90° the beam axis. 

areas for the different angular 
in S, Data is for Y-ray detector 

Peak 
Areas 

Y-ray 
Free 

Spectrum FC 
Fast Coincidence Spectra 

FSC FCL 

l.!+7 
1.27 

0.1 0.8 1.6 .̂3 

lJ+7 

10"5 Coul.chg. 
9I+ 2.8 16 

a 1-^7 (V,V) 
1.47 (n,Y) 

8 1.5 

1.97 
1.27 

0.2 0.6 6.5 .̂3 

1.97 

10"5 Coul.chg. 
63 10 17 

rf 1-97 (Y,Y) 
'a 1.97 (n,Y) 

< 1 < 1 < 1 
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^00 keV. However, only k% of the 1.1-MeV neutron pulses were getting 

through the PSD system, while l8ya of the 1.5-MeV neutrons were passed by 

the circuit. This shows how critical for detection the neutron energy-

is over the small range of energies encountered in these experiments. 

As can be seen in Table II, addition of the lead cap did con

siderably reduce the amount of (YJY) coincidences, but the yields per 

integrated charge also indicates a reduction in the neutron counting 

rate for the FCL data. This shows that the lead was also attenuating 

the neutron flux. In addition, this attenuation is more pronounced for 

the lower energy neutrons associated with the 2.31-MeV state. The 

amounts of (YJY) coincidences in the 1.1+7-MeV coincidence peaks were 8$, 

and 1.5$ for the FC, FSC, and FCL runs respectively, and at first 

glance, the latter arrangement seems to be the most suitable. However, 

a comparison of the yields per charge favors the simplest arrangement, 

the FC, since we have a good method for determining the ratio of (Y>Y) 

coincidences present. In the FC runs, even though there were 8$ (YJY) 

coincidences in the 1.^7-MeV peak, better statistics could be obtained 

in less time, including better statistics for the amount of (Y>Y) coin

cidence present. The best method as far as the 1.97-MeV distribution 

was concerned, was obviously the FC setup since the peaks contain only 

(n,Y) coincidences. However, it turned out that the best data for the 

1.97-MeV decay were obtained in the FSC runs. This resulted because the 

runs took 22 hours in an attempt to obtain reasonably good statistics on 

the l.U7-MeV transition. The data for the 1.1+7-MeV decay from the FSC 

runs were unusable in the final analysis because the statistics were sq 

poor. 
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Chance coincidence runs were made at all angles for each of the 

experimental arrangements by throwing the fast coincidence circuit out 

of timing. The chance coincidence rates were found to be less than lf0 

of the true rates in all cases. 

The areas obtained in the coincidence runs were normalized to 

TT J« 
unity at 90° using the yield of the isotropically distributed J = jj 

0.8U-MeV decay in 33S. Table III lists the normalized results and er

rors for the l.)+7- and 1.97-MeV transitions along with the weighted 

means and errors for the different arrangements used. These results. 

were then fitted by the method of least squares to Eqs. (27) and (28) 

for the 1.U7- and 1.97-MeV distributions respectively. The values for 

the coefficients and errors associated with these coefficients from the 

least squares analysis are listed in Table IV along with the results for 

the multipole mixing ratios. This table also includes the results from 

previous work for comparison. 

The 1.97-MeV (Jn = f+) - 0.0-MeV (J™ = &+) Transition 

The upper part of Fig. 19 shows the normalized data for this 

transition along with the calculated distribution corresponding to 

arctan x = 20°. Because of the physical geometry, we were unable to ob

tain data at angles less than U50 with respect to the beam axis. The 

lower part of the figure gives the x2 plot which indicates possible val

ues of the mixing ratio corresponding to minima at arctan x = 20° and 

67°. The latter value is eliminated as a possible candidate because it 

4* 0 72 
yields a value of x = + (2.36 _ 0 63^® inconsistent with the 

n»7 

results obtained by Becker et al. and O'Dell et al. (see Table 17). 
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Table III. Normalized Y-ray distributions from angular correlation 
measurements in 33S. 

Y-ray 

^̂ nŜ '̂ on Y-ray detector position with respect 
^e pen- ^eam 
mental 
arrangement) 90^ 65° 55^ 5̂° 

1.97 - 0.0 

FC 1.00 ± 0.05 O.89 ± 0.07 0.61+ ± 0.06 0.6l ± 0.06 

FSC 1.00 ± 0.02 0.86 ± 0.0^ 0.70 ± 0.03 0.57 ± 0.03 

FCL 1.00 ± 0.05 0.81 ± 0.07 0.70 ± 0.06 0.62 ± 0.07 

Average 1.00 ± 0.02 O.85 ± 0.03 0.69 ± 0.03 0.58 ± 0.03 

2.31 - 0.81+ 

FC 1.00 ± 0.05 0.95 ± 0.08 0.78 ± 0.07 0.68 ± 0.07 

FCL 1.00 ± 0.05 0.97 ± 0.08 0.86 ± 0.07 O.69 ± 0.08 

Average ' 1.00 ± 0,6h 0.96 ± 0.06 0.82 ± 0.05 0.69 ± 0.05 
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Table IV. Results of angular correlation measurements in S 

Vao Multipole mixing ratio 
Y-ray 

Transition 
from least 
squares fit This work 

BL 
Becker et al. O'Dell et al.b 

1.97 "* 0 -(0.91 * 0.1U) °-36! 0.38 ̂  x £ 1.0*4- 0.79 ± 0.26 

2.31 0.8U -(0.63 ± 0.10) °-rL - OM 
or 

1.3̂  ± 0.26 

-8.11+ £ x £ -0.73 

or 

0.13 * x £ 1.33 

-

Reference l6. 

R̂eference 17. 
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Pig. 19. Angular correlation results for the 1.97- O.O-MeV transition 

in 3aS. 

The upper part of the figure shows the normalized experimental data 
and the best fit which corresponds to the minimum of Xa at arctan x 
= 20°. The probabilities of Xs exceeding the values marked 10$ and 
1$ are 0.1 and 0.01 respectively. 
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A plot of versus x is given in Fig. 20. On the plot is indicated 

the range of the ratio a-2/aQ = -(0.91 ̂  O.lU), obtained from the least 

squares analysis. A value of x = +(0.36 h q*^) was obtained for the 

1.97- "* 0.0-MeV transition. 

The 2.31-MeV (/ = i+) - 0.8U-MeV (J™ = £+) Transition 

The upper portion of Fig. 15 shows the normalized data for this 

distribution along with the least squares fitted straight line. Since 

the spin of the initial state is f, a plot of W(9) versus cos2 9 should 

be a straight line. The x2 plot in the lower part of the figure indi

cates minima for arctan x = 7° and 53°. Figure 16 gives a plot of a2/aQ 

versus x for this transition, and for the least squares fit value of 

EV)/ao = -(0.63 ± 0.10) we obtain the possible values of x = +(0.11+ q*^q) 

or x = +(l.3^ ̂  0.26) for the multipole mixing ratio. Both of these 

possibilities lie within the upper range •— 0.13 ^ x £ 1.33 obtained by 

Becker et al.^ and both values are equally probable. 

As we had indicated in Chapter II, it was improbable that, due 

to the finite size of the axial neutron detector, P(|")/P(,i) s 0.05. The 

X2 plots were generated for various values of p(|")/p(̂ ) from 0.0 to O.lU. 

The uncertainty in the value of x due to the finite size effect is small 

compared to that resulting from the uncertainties in the coefficients, 

aQ, a^, and a^ obtained from the least squares analysis. 



-0.5 

-0.7 

-0.S 

-1.3 
0.4 0.8 1.2 1.6 0 

MULTIPOLE MIXING RATIO, X 
Fig. 20. A plot of ag/ao versus x for the 1.97- "* 0.00-MeV transition in 33S. 

The shaded portion indicates the range of uncertainty in a~/a as determined from the 
least squares analysis. 
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2*3 33 
Measurements in P and Cl 

Mean Lives in 23 P 

As mentioned in Chapter III, all the fast coincidence 1.38- and 

1.95-MeV Y rays in 39 P are in fact (n,Y) coincidences. Therefore,, it 

should only be necessary to use the fast coincidence between the neutron 

detector and Y-ray detector for the mean-life measurements. However, it 

was found that because of the large Y-ray counting rate from competing 

reactions, there was a large background associated with the coincidence 

spectra. These spectra contained many Y-ray peaks, associated with 

(Y,Y) coincidences from competing (d,p) reactions. Indeed, the fast co

incidence spectra contained a Y ray with an energy of around 1.9** MeV, 

which was not completely resolved from the 1.95-MeV peak of interest. 

Figure 21 shows the sums of the spectra obtained with just the fast co

incidence requirement for the forward direction (0°) and backward direc

tion (111°) with respect to the recoiling nuclei. A 180 = Uo tig/cm3 

28Si target was used with a beam current of 15 namps at an energy of 

2.95 MeV. Four runs of three hours duration were made in each direction. 

Even by summing the runs as indicated in Fig. 21, we were unable to ob

tain useful data for the 1.95-MeV transition with this arrangement. In 

order to reduce the background, and to eliminate the unwanted (Y,Y) co

incidence peaks, we repeated the measurements with the additional re

quirement of slow coincidence with the PSD logic pulse from the neutron 

detector. We also increased the beam energy to 3.5 MeV to give the 

emitted neutrons more energy. In addition, a thicker target of 1+Ho ± 

ho ^g/crn2 was used to increase the reaction yield. Figure 22 shows the 
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Fig. 21. Pulse-height spectra of Y rays in fast coincidence with neu

trons associated with the 1.38- and 1.95-MeV states in 39 P. 

Gamma rays were collected at (a) 1110 and (b) 0° to the direction 
of recoiling nuclei. A total charge of approximately 1,8 x 10~4 

Coulomb was collected in each direction and the dispersion in the 
pulse-height analyzer was 1.10 keV/channel. The intervals used 
to calculate the peak centroids are shown. 
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. 22. Pulse-height spectra of Y rays in fast coincidence with neu-. 

trons associated with the 1.38- and 1.95-MeV states in ^P. 

Slow coincidence with the PSD logic pulse was also required. Gamma 
rays were collected at (a) 1110 and (b) 0° to the direction of re
coiling nuclei. A total charge of approximately 2 x 10"4 Coulomb 
was collected in each direction and the dispersion in the pulse-
height analyzer was 1.12 kev/channel. The intervals used to 
calculate the peak centroids are shown. 



sums of the coincidence spectra obtained with the additional PSD re

quirement for the same angles as for the first case. A beam current of 

10 namps at 3.5 MeV was used, and three runs of four-hour length were 

obtained in each direction. In this case the 1.9^-MeV Y ray which was a 

result of (YJY) coincidence disappeared and a measurement on the 1.95-

MeV state in 09 P was possible. Still, the yield of the 1.95-MeV state 

is low, so an error of around 25$ in the attenuation factor is the best 

we were able to obtain. The results of the measured Doppler shifts and 

Ock 33 
mean lives for P and Ql are listed in Table V. The differences in 

the attenuation factors and observed shifts for the 1.38-MeV state in 

29P are in part due to the difference in beam energies and target thick

nesses used for the two sets of measurements. The uncertainties listed 

in column 5 of Table V include only statistical errors. For the 1.38-

MeV state in P, the final value for the mean life was determined by 

adding the systematic error to the statistical average of the values of 

column 5. Our value for the mean life of the 1.38-MeV state is in good 

agreement with the value of 1.8 ± 0.3 x 10~13 sec reported by Bizzeti et 

"3Q 
sCL. Also, a recent abstract indicates that mean lives for the first 

ga ll/) 
two excited states in P have been measured by Williams and Buccino. 

Finally, from these studies we have obtained a value of 19U9 ± 2 keV for 

the excitation energy of the second excited state in ^P. 

Mean Life of the 0.8l-MeV Level in 33CJt 

As a result of the Q value of .07 MeV for the aaS(d,n)33C£ re

action, the beam energy used, and the geometrical setup, the possible 

full shift for the 0.8l-MeV decay was only about ^.1 keV. Because of 

the A = 0 stripping involved, the reaction gave a meager yield of 



Table V. Doppler shift and mean life results for 29P and 33CA. 

Energy-
Level 
(MeV) 

Target 
Thickness 

(ixg/cm2) 

Observed 
Doppler Shift 

(keV) F(T) 

T 
(excluding 
systematic 

uncertainties) 

(lO-10 sec) 

Mean 

do"3 

Life 

Lo sec) 

1.38 180 ± Uo U.80 ± 0.28 0.53 ± 0.03 2.3 ± O.U 

U4o ± Uo 7.0k ± 0.k9 0.67 ± 0.05 1.8 ± O.k 

Average 2.1 ± 0.3 2.1 = 0.6 

1.95 i+1+0 ± 1+0 7.21 ± 1.66 0.50 ± 0.12 .3 p + 1.2 
- 0.8 3.2 

+ 1.5 
- 1.1 

33CA 

0.81 5^0 ± l6o -0.0U ± 0.13 -0.01 ± 0.03 > 15 > 13 

-q 
VJl 



neutrons in the backward direction. The effect was so pronounced that 

the neutron detector could not be placed at an angle exceeding 100° to 

the beam axis or the (n,Y) coincidence rate would be too low to obtain 

adequate statistics'for the measurements of the peak centroids. The 

fact that the neutron detector could not be placed at a larger angle was 

an important factor in keeping the full shift small. A 1-psec lifetime, 

which would be comparable to the 0.8U-MeV mean life in 33S, would re

quire an attenuation factor, F, of 0.1. This, in turn, would mean a 

shift in the neighborhood of 0.U keV. Unfortunately, this is not the 

kind of shift we would like to look for. 

A beam current of 20 namps was used at an energy of 2.93 MeV 

with a 5U0 ± l60 |Jbg/em2 AggS target. Four runs in each direction took 

three hours per run, and only the fast coincidence between neutron de

tector and Y-ray detector was required. Coincidence spectra were taken 

in the forward (0°) and backward (103°) directions with respect to the 

recoiling nuclei. The energy of the 0.8l-MeV peaks was determined from 

that of the 0.511-MeV peak (unshifted), which appeared in the spectra as 

a (Y»"V) coincidence peak. No energy shift was observed within an uncer

tainty of 0.13 keV. A limit of T > 1.3 x 10~X2 sec was obtained for the 

mean life of the 0.8l-MeV state by using an attenuation factor two 

standard deviations greater than the observed value. 

o 
The yield of the 1.99-MeV state in CJ2> was not sufficient to 

perform mean life measurements. 



CHAPTER V 

DISCUSSION OF RESULTS 

When a nuclear excited state decays to a lower level by emission 

of electromagnetic radiation, the multipolarity of the emission is de

termined by selection rules for angular momentum and parity which follow 

directly from the conservation principles. The conservation of angular 

momentum requires that the multipoles 2L emitted will be limited to 

those for which 

|J. - JF| £ L £ J. + JF (29) 

where J\ and are the spins of the initial and final states respec

tively. If we let 

L 0  =  K i - J f l  ( 3 0 )  

be the angular momentum of the lowest possible multipole radiation, then 

considerations of parity lead to the selection rules for the allowed 

multipole radiation, aLf for J. £ J»: 
L i r 

1. If 11= (-1) °, the allowed multipoles are 

ELQ; M(Lo + 1) ; ; a(j. + Jf) , 

77 
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Lq ' 

2. If n tr^ = -(-l) , the allowed multipoles are 

MLQ ; E(LQ + 1) ; ; A(J± + JF), 

where and Tif axe the parity of the initial and final states respec

tively. 

The transition probabilities decrease rapidly with increasing 

1̂ 1 
multipole order and for the first case mentioned, only the ELq radia

tion is emitted with any intensity. For the second category, however, 

both MLq and E(Lq + l) can be radiated with comparable intensities, and 

admixtures of these two multipoles are observed. The multipole mixing 

ratio, defined earlier, 

is the ratio of the matrix elements'of the competing multipolarities. 

In these studies, we will be interested in the mixtures of Ml and E2 

radiations. The particle-Y-ray angular correlation method described in 

the previous sections is a method of determining the multipole mixing 

ratio. 

The Doppler-shift measurements yield the mean life of a nuclear 

state which, when coupled with the knowledge of the mixing ratio and 

branching ratios for that level, determines the transition probabilities 

for the competing multipoles. With this information, we are in a posi

tion to compare our experimental findings with the predictions of the 

nuclear models. 

The total transition probability for the decay of an excited 

state is the inverse of the mean life, 

T, 
1 (31) 1 SI 

total T 
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If the state decays to more than one lower level, the transition proba

bility is the sum of the transition probabilities for each of the n 

transitions, 

Ttotal " f • (32) 

For a given transition, T. is the sum of the transition probabilities, 
J 

T(crL), for the 2L-pole electromagnetic radiations; that is, the electric 

2L-pole (EL) and magnetic 2L-pole (ML) radiations. For example, for the 

E2/ill admixtures, 

T = T (Ml) + T (E2) (33) 
J J J 

or 

T = T (E2) (1 + ~ ) (3*0 
X 

where x is the multipole mixing ratio for the transition. 

Comparison of the theoretical models is simplified if we intro

duce the reduced matrix elements, B(CTL), which are given, in general, in 

terms of the multipole operator, and initial and final wave functions by 

the relation 

B(aL) - L— i<wfi ivo)I iWi'r • (35> 
1 M..,Mf,M 

where J. and J„ are the total angular momentum, and M. and M~ are their 
i f  ' i f  

projections along the fixed z-axis, and and af include the additional 
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quantum numbers for the initial and final states respectively. 9...(a) 
lM. 

is the operator for the multipole radiation of order L and type a. For 

the models of interest to us these operators can be found in Refs. 3> 5 

and 6. 

The reduced matrix elements are related to the experimental 

in 
findings through the transition probabilities by the expression 

RTT T /EV\2L+1 

VCTL) = ^ BltaL)' (36) 

where is the energy of the "Y-ray transition, c is the speed of light 

and ft is Planck's constant divided by 2TT. The experimentally-determined 

values for the reduced matrix elements will be compared, where appli-

15 cable, with values predicted by (a) the extreme single particle model, 

3 
(b) shell model Ml transition probabilities calculated from the wave 

2 
functions determined by Glaudemans et al. and (c) the Nilsson rotation-

5-11 
al collective model. A brief description of these models will be 

given below. 

Nuclear Models 

The Extreme Single Particle Model 

The transition probabilities for the extreme single particle 

model are arrived at by assuming the simplest shell model picture with 

the jump of a single nucleon from one quantum state to another. The 

radial wave functions for the initial and final states are assumed to be 

constant over the extent of the nucleus. The transition probabilities 

for the magnetic multipoles are obtained by multiplying the 
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corresponding electric multipole estimates by an inhibition factor which 

is the same for all multipole orders. These predictions are admittedly 

crude. However, their value lies in the comparison of the ratios of the 

experimental to single particle estimates with other transitions with 

similar characteristics. Wilkinson"'"'' has examined the available experi

mental data for El, Ml and E2 transition probabilities in comparison to 

the extreme single particle estimates of Weisskopf, and compiled these 

results in the form of histograms of the |M(CTL)|2 values for-light nu-

2 15 
clei, where |M(aL)| is defined by 

2 
TexTvfc(aL) BexDt(CTL> , x 

iM^)i • -tfkr ' -%kr • 
(37) 

ByCaL) is the Weisskopf single particle estimate. Further reference 

vail be made to these histograms in the discussion of the results. 

Shell Model 

Wiechers and Brussaard have made calculations for magnetic di-

33 33 
pole transition rates for the first excited states in S and CI from 

2 
shell model wave functions. These wave functions were obtained by as

suming an inert 28Si core and (A-28) nucleons populating the 2s, and ld3 
a T 

shells. Only the particles outside the core are considered in determin

ing the wave functions. These wave functions were based on the individ-

2 ual particle model with intermediate coupling and configuration mixing. 
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The Rotational Collective Model 

A study of the E2 histograms mentioned above indicates that over 

a wide range of the periodic table, the electric quadrupole transitions 

are enhanced,often by an order of magnitude over the extreme single par

ticle estimates. The only way to obtain large quadrupole effects is by 

having many charged particles participating in a collective motion. In 

the rotational collective model, there is a rotational spectra built on 

band heads which are the single particle states of the Kilsson rotation

al model. The Kilsson model calculates the single particle states for a 

deformed nuclear potential. In an even-odd nucleus, there is a single 

particle outside a rotating, permanently deformed core. The deformation 

is assumed to be cylindrically symmetric and the projection of the total 

angular momentum, K, along this symmetry axis is the same for all mem

bers of a given rotational band. It is also equal to the total angular -

momentum in the case of the band head. 

An extensive examination of the properties of this model has 

5-7 been carried out by several authors. Among its predictions is an en

hancement of the collective properties for transitions within a rota

tional band over the transitions between members of different bands. 

Transitions within a band are called intraband, while those between lev

els in different bands are called interband. The interband transitions 

are single particle in nature, while the intrr.band transitions are a re

sult of collective action. For example, the band scheme suggested by 

8 33 
Bishop for S is indicated on Fig. 1 and shows the ground state and 

1.97-MeV level as members of a K • | band, and the 0.8U- and 2.31-MeV 

states as members of a K = h band. 
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A further result of the rotational model is that the reduced ma

trix element for the electric quadrupole radiation for an intraband 

transition is related to the intrinsic quadrupole moment, Q,q, for the 

nucleus. The Q,q includes the contribution from the odd particle outside 

7 the deformed core. The relation is given by 

B(E2 : IK - I'K) = ^ e2 Qq3 <I2I*K|IK20>a , (38) 

where I and I' are the initial and final values of the total angular mo

mentum, and ( | ) is a Clebsch-Gordan coefficient.^ Also, if the final 

state of the intraband transition is the ground state, then we can ob

tain the ground state quadrupole moment for the nucleus, Q, from the re-

7 lation given by Kerman, 

Q0 1(21-1) 
Q = (I+1K2I+3) ' 

where I is the angular momentum of the ground state. 

In addition, if the shape of the nucleus is assumed to be spher

oidal, then the surface can be defined by 

R = Ro[l + 0 Y20 (cos 0)] , (1|0) 

where Rq = 1.2 A3 x 10X3 cm., Y2q(COS 9) is a spherical harmonic, and P 

is called the deformation parameter. With the further assumption that 

the spheroidal shape is uniformly charged, the intrinsic quadrupole mo-

7 ment is related to the deformation parameter to the first order in P by 
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«o = i z Vs > ^ 
/5TT ° 

where Z is the number of protons in the nucleus. So, from the suggested 

value for the deformation parameter for a nucleus, Eqs. (̂ l) and (38) 

yield values of the electric quadrupole reduced matrix elements for the 

intraband transitions in that nucleus. The Nilsson deformation parame

ter,^ 6, is approximately equal to 0.95 P* A negative value of 6 or P 

indicates an oblate deformation of the nucleus. 

The experimentally determined values of B(E2), related to the 

transition probabilities by Eq. (36) can be compared with those obtained 

by assuming a deformation for the nucleus. Also, the experimental B(Ml) 

matrix elements can be compared to the rotational model prediction using 

Eq. (36) of Nilsson.6 

Excited States in aaS 

The results of the mean life measurements in a3S are listed in 

Table I, and the angular correlation results can be found in Table IV. 

The mean life results are in good agreement with measurements recently 

I1.3 
reported by Roberson et al. Although Doppler-shift methods were used 

in both sets of measurements, the techniques employed were quite differ-
O 

ent. The rotational parameters used here are those suggested by Bishop 

and include a deformation parameter, 6 = - 0.17. In addition, collec-

La< 

9 

33 kk liK 
tive model calculations for S have been carried out by Gove, Bhatt 

and by Cox et al. 
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The 0.81|-Mev (j" = £+; K = &) - O.O-MeV (j" = |+; K « i) Transition 

^ mi 3 
Our mean life of 9 _ ^ x 10 sec, when compared to the E2 

1p -
partial mean life obtained from Coulomb excitation, T(E2) A 52 x 10" 

sec, indicates that this transition is nearly pure Ml. We can simply 

compare our result with the three models just mentioned; (a) the ex-

15 
treme single particle Weisskopf estimate, ' (b) the shell model calcula-

O 

tion of Wiechers and Brussaard, and (c) the Nilsson collective rota-

g 
tional model. These comparisons for the 0.8H- -* O.O-MeV transition 

B(Ml) reduced matrix elements are, respectively 

B(M1Wt = 0#q6 + 0.05 
B(M1)W - 0.02 

B^M1^expt _ + 50 
-  6 0  - 2 0  

B^M1^expt +0.6 
"STOCP = °'7 - 0.3 

indicating very good agreement with the Nilsson model, and fair agree

ment with the shell model calculations. The Nilsson model does not pre

dict any E2 enhancement here, since it is an interband single particle 

transition. This is in agreement with the experimental results from 

Coulomb excitation. 

The 1.97-MeV (J™ = f+; K = |) - O.O-MeV (j" = f+; K • f) Transition 

p TT + 
Assuming the K « i band assignment of Bishop for the J =» f 

ground state and the J* =» -§+ 1.97-MeV state, this would be an intraband 
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transition according to the collective model picture. The 1.97-MeV lev

el decays 100% of the time to the ground state. With our experimentally 

determined values for the mean life and multipole mixing ratio for this 

decay, we obtain a value of B(E2)i = 7.2 ̂  3.1 x 10*"BI e3 cm4 for the E2 

component of the transition. Since the transition is intraband, we can 

use Eq. (38) to obtain a value for the magnitude of the intrinsic quad-

33 rupole moment of the S nucleus of 

la I = 0.22 + barns. 
' °'33S(1.97 -0.0) -0-08 

3 2 34 
From the mean lives of the first excited states in S and S, values 

of 0.1*8 ± 0.03 and 0.31 ± 0.20barns were obtained for |Q I and 
1  0 '3  2g  

|Q I , respectively. Also, using Eq. (39)» we obtain a value for the 
1 0'34g 

ground state quadrupole moment of |Q| = 0.05 * Q"^ barns. This value 

12 
is in good agreement with the tabulated value of Q = - 0.055 barns, -

and supports the suggested assignments for the K = •§• band members. From 

Eq. (^l) and our value for |Qq| obtained above, we obtain for the defor

mation parameter, |6| = 0.12 * o*05* Gove^ has calculated a value of 

6 -0.28 by assuming a spheroidal nuclear shape and minimizing the to

tal energy summed over all the occupied Nilsson levels. Also, Cox et 

9 al. have recently obtained a value of {J = -0.20 by the measurement of 

the angular distribution of protons from the reaction axP(3He,p)33S. 

Table VI lists the comparisons for the Ml and E2 reduced matrix 

elements for this transition and for the 2.31- -* 0.8^-MeV decay. This 

table contains ratios of the experimentally reduced matrix elements and 

those predicted by the extreme single particle and collective models. 
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Table VI. A comparison of the ®eXp^(aL) obtained from measurements in 

33 S with those predicted by the extreme single particle model 

and the Nilsson model. 

Multipole 
mixing Multipole 

Transition ratio type 
(MeV) x_ oL B„(aL)a 

WaL> 

1.97 - 0 0.36 
+ 0.17 
- 0.12 Ml 

E2 

0.03 ± 0.01 

- - + h.l 
3*3 - 1.8 

Q (f + 2.6 
9-6 - 2.8 

0.8 ± 0.̂  

2.31 "* 0.8̂  0.11 * 

or 

1.3̂  ± 0.26 

Ml 

E2 

0.05 ± 0.01 

+ h,i 1.0 
- l.a 

•, p + 0*3 
- 0.2 

0.6 ± 0.6 

'W. 15. 

bRefs. 6 and 7. 

cThis value was used to calculate the Bex^.(aL). 
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The Nilsson model is in good agreement for both electromagnetic compo

nents, while the single particle estimates are good for the E2 radiation 

but poor for-the Ml components. The fact that the B(E2)ex^i./B(E2)w is 

s l is an indication of E2 enhancement and further evidence that the 

transition is intraband. 

The 2.31-MeV (J™ = f+; K = I) - 0.8^-MeV (J™ = |+; K = I) Transition 

This state decays 35$ to the ground state and 6% to the 0.8U-

12 
MeV level. With this branching ratio, our values for its mean life, 

and a imxltipole mixing ratio of x = +(0.11 * g'ofipj we ob"tain a va-Lue of 

B(E2)l ss 0.66 + x 10~5X e3 cm4 for the transition to the 0.84-MeV 
— o« i 

state. Following the same procedure as for the 1.97- "* O.O-MeV transi-

33 
tion, we obtain for the intrinsic quadrupole moment for S, 

|Q | = 0.18 ± 0.18 barns. 
033S(2.31 - 0.84) 

which is consistent with that arrived at from the decay of the 1.97-MeV 

state. The experimentally determined reduced matrix elements are com

pared with the extreme single particle and rotational collective model 

estimates in Table VI. Again, we find both models in good agreement 

with the experimental results, except for the single particle estimate 

for the Ml radiation. Here again, comparison of the B(E2)^^ with the 

single particle estimate indicates an enhancement of the £2 component. 

It will be recalled from Chapter IV that the experimental re

sults allowed two values of the imiltipole mixing ratio, and that both 

were equally probable. The consistency with the analysis of the 
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1.97- O.O-MeV intraband transition favors the choice of x =• 

+(0.11 * °0fQ) for the mixing ratio, and supports the suggested K » £ 

band assignment for the J™ = -£+,(0.8H-MeV), and J™ = f+, (2.31-MeV) 

states in 33S. The choice for the multipole mixing ratio of x = 1.3^ 

leads to a value of 1.3 barns for the intrinsic quadrupole moment, and a 

ratio of 55 for B(E2)e^^/B(E2)^, -which is not consistent with the other 

intraband transition in this nucleus. 

In summary, the experimental evidence on the 1.97- O.O-MeV and 

2.31- "* 0.84-MeV transitions strongly supports the band assignments of 
O 

Bishop and the collective model descriptions for the low lying states 

33 
in S. The experimentally reduced matrix elements agree very well with 

the collective model predictions for both transitions. The values de

termined for the intrinsic quadrupole moments are consistent with each 

other and with the tabulated value for the ground state quadrupole mo-

12 
ment. Finally, the value obtained for the deformation parameter is in 

Q 
good agreement with that suggested by Bishop. 

The 2.9^-MeV (J™ = f") - 1.97-MeV (j" = f+) Transition 

The 2.9^-MeV, J™ = state decays half of the time to the jn= f+ 

ground state, and half of the time through the J™ = -f+ level at 1.97 MeV, 

indicating favorable competition of a 2.9l+-MeV M2 transition with a 

1.97-MeV El radiation. The limit of T > 1.4 x 10~LA sec for the mean 

life of this state is in agreement with the arguments of Becker et al.1^ 

and 0*Dell et al.*^ indicating a high degree of inhibition of the 2.9U-

"* 1.97-MeV El transition. If the 2.94-MeV state is associated with the 

shell model configuration of Glaudemans et al.,"*" then 
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w = i- °-5 (2s)4 W,+ ° -h (2s)3 (0* W } -
^ 2 i 2" 2 7 

2 "2 

and the 1.97-MeV level has the configuration, c 

*1.9?= {- °-6 (as)4 W (0! - °-a <2s>a (0* wr} • 
"2 "2 -I- 2 *2 5 

^ 2 

A transition between these two states would require the changing of 

orbits of two nucleons at the same time. Using the Weisskopf esti-

15 
mates as a guide, this El transition is inhibited by at least three 

orders of magnitude. 

The 3.22-MeV (J™ = |") - 0.8H-MeV (J™ = |+) Transition 

This state branches UOJO to the ground state and 6Cffo to the 0.8U-
Tp 

MeV level. The decay to the 0.o4-MeV state yielded a mean life of 

T = k.2 + ?*? x 10"14 sec, and if we assume that both transitions are 
m - 1.0 ' 

pure El in character, and again use the Weisskopf estimates tabulated by 

Wilkinson,15 we get JM(E1; 3.22 - 0.8U)|3 = 1.1 ± 0.3 x 10~3 and 

JM(E1J 3*22 "* g.s.)JA = 2.3 ± 0.7 x 10~4. These ratios are consistent 

with the general trend for El transitions for A ~ Uo. 

Excited States in 28 P and aaCA 

The mean life experimental results for 29 P and 33CJ& are listed 

in Table V. Because of the fact that the nuclear forces are charge sym

metric, we should expect the properties of the mirror nuclei to be simi

lar. Thus, we can compare our experimentally determined mean lives in 

of T(1.38 MeV) = 2.1 ± 0.6 x 10~xa sec and T(I.95 MeV) « 3.2 + x 
• J. 

10"xa sec with the comparable states in 39Si. WozniakP5 measured values 
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of T(1.27 MeV) » 3.7 * Q*g x 10"*13 sec and T(2.03 MeV) - 3.7 * x 

—1 3 
10 sec for these levels respectively. The mean lives are in general 

agreement. For further comparisons, a summary of the experimentally de

termined reduced matrix elements for the two transitions in 39P and 

29Si can be found in Table VII. Multipole mixing ratios for 29 P and 

sa ^6 k7 
Si were obtained from the work of Okano et al. and McCallum re-

25 
spectively, and we used the mean life values obtained by Wozniak for 

Og 
Si. The table indicates good agreement for the electromagnetic com

ponents of the comparable transitions in these mirror nuclei. 

2d 
For collective model calculations in P, we have adopted the 

25 2a 
parameters used by Wozniak for Si, as suggested by Bromley, Gove, 

18 
and Litherland. A value of |5| * 0.35 s obtained from the work of Woz-

25 
niak, was used for the deformation parameter. 

The 1.38-MeV (J™ » f+; K « i) - 0.0-MeV (J™ » t+; K « g) Transition in 

With our value for the mean life of this state, and the multi-

pole mixing ratio^ of x « -(0.167 * 0.021), we obtain B(E2)l « 

1.77 * q*2q x 10"51 ea cm4. This value is larger than should be ex

pected since this is an interband transition. In comparison with the 

extreme single particle estimate, we obtain 

B(E2)eXpt +2.2 
B(E2)/ " 3-8 - 1.2 

A similar result was obtained in the study of the first excited state in 

sa 25 
Si by Wozniak. An explanation of the amount of E2 enhancement would 



92 

Table VII. A summary of BeXp^(crI') from the experimental information in 

39 P and 39Si. The experimental data of Wozniak8, were used 

for mean-life values in 29Si. 

Transition 
(MeV) 

Multipole 
mixing ratio 

X 

Multi-
pole 
type 
(ffL) Bexpt(CTL) 

• 

^P 1.38 - 0 

ET •
 

O
 1 ± o.oe)b Ml 1.11 

+ 0.31 
0.19 

X lO" 39 e® cm3 

^Si 1.27 - 0 -(0.21 
o

 ro O
 • 

o
 

-H 

Ml 0.78 
+ 0.30 
0.15 

X 10" 29 e3 cm3 

39P 1.38 - 0 1 o
 

•
 
5
 

± 0.02)b E2 2.03 
+ 

«• 

1.17 
0.70 

X lO"61 
3 

e cm4 

39 Si 1.27 -* 0 

R—
1 CM .

 

0
 1 ± 0.03)° E2 2.78 

+ 2.02 
1.13 

X io-sl ea cm4 

89 P 1.95 - 0 -(0.23 ± 0.09)b E2 8.5 
+ b.8 
3.0 

X 10"S1 e3 cm4 

^Si 2.03 " - - E2d 6.3 
+ 2.1 
1.2 X 10"SX e3 cm4 

^ef. 25. 

bRef. U6. 

°Ref. h7. 

A value of x « 0 was used to calculate B +(crL). 
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require a more detailed calculation including band mixing of K • k and 

K«=t for the 1.38-MeV state. 

On the other hand, the rotational collective model is in good 

agreement with the experimental results for the Ml transition. Compari

son with the Nilsson and single particle models gives 

B(M1) 

'MM 

expt , o + 0.^ 
Mr • u3 - 0.2 

and 

B(M1)expt „ ̂  + 0.02 
B(M1)/ - °*06 - 0.01 

The 1.95-MeV (Jn = t+; K = 2) "* 0.0-MeV (J™ = &+; K « i) Transition in 

*P 

According to the band assignment of Van Oostrum,10 this is an 

intraband transition. Assvuning this state decays entirely to the ground 

U6 
state, our mean life, and a multipole mixing ratio of x • 

-(0.23 ± 0.09), we obtain a value of B(E2)i = 8.5 + M x 10~B1 ea cm*. 
• J*v 

Using the same procedure as indicated in the aaS analysis, this leads to 

a value for the intrinsic quadrupole moment for 39P of 

KLP - °-65! °o.i3
barn3-

This value can be compared with that obtained for the mirror nuclei2'* of 

IQ, I_ » 0.57 ± 0.05 barns, and indicates that the deformations are 
Si 
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approximately equal. The above value |QqJ leads to a deformation |8| a 

0.U0 ± 0.10 for ^P. Comparing this value with that obtained by Woz-

niak2^ for ^Si, we get | 6(29p)/6(29Si) j 1.1 * . Gove^ calcu

lated a value of 6 = 0.^3 for this nucleus. A comparison of the 

experimental B(E2) with the Nilsson and extreme single particle estimate 

yields 

B^E2^expt , „ + 0.3 
1,2 - 0.2 ' 

and 

B'E2^exut , + 9 
B(te>7 " - 6 

Here again, the Nilsson model gives a good account for the electric 

quadrupole transition, and the single particle ratio also indicates a 

large E2 enhancement. These facts coupled with the general agreement 

with the properties of the mirror state in ^Si supports the K « ̂  band 

TT I •!* 7T 
assignment for the J = t ground and J = z excited states, and the 

applicability of the rotational model for ^P. 

The O.Sl-MeVCJ17 = k+) - 0.0-MeV(jn = |-+) Transition in 33CA 

A limit of T > 1.3 x 10~la sec was obtained for the mean life of 

the first excited state in 33CJt, This limit is consistent with the shell 

model value of TgM = 2.38 x 10~X1 sec, determined from the calculation 

•a 
of Wiechers and Brussaard. It is also consistent with the experimen

tally determined value for the mean life of the 0.8U-MeV state in the 

mirror nuclei 33S which was 9.0 * x 10~Xa sec. 



CHAPTER VI 

CONCLUSIONS 

We have successfully employed neutron-gaznma-ray coincidence 

techniques for mean life measurements by the Doppler-shift attenuation 

method, and also for the particle-gamma-ray coincidence method of angu

lar correlation measurements. However, these experiments are subject to 

many restrictions resulting from (l) the presence of (Y»\) coincidences, 

(2) the inability to select neutrons associated with the population of 

specific excited states, and (3) the poor neutron detector efficiency 

for lower energy neutrons. For these reasons, the applicability of the 

(n,y) coincidence method is limited. It should be pointed out also that 

levels attainable through the (d,n) reactions are generally alternative

ly populated by radiative proton capture reactions. The latter are used 

extensively for mean life measurements. In addition, the (d,n) reaction 

is accompanied by (d,p) reactions which were found to be more prolific 

than the (d,n) reactions in the experiments we performed. The result is 

additional sources of (v»v) coincidences. 

In favor of the (n,y) coincidence techniques, however, we can 

point to the success achieved with the (a,ny) angular correlation exper

iments. From this category of reactions, we obtain a much cleaner free 

gamma-ray spectrum than we do using a deuteron beam. This is because 

the deuterons react copiously with any oxygen or carbon impurities, and 

these impurities are always conspicuously present. However, with the 

95 
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energies we have available for the 4He beam, we do not have sufficient 

energy to produce a nuclear reaction with these impurities. Consequent

ly, the (n,v) coincidence spectra are characterized by very favorable 

peak-to-background ratios and low chance coincidence ratio. An obvious 

advantage of the (or,n) reaction is demonstrated by the angular correla

tion measurements described. Indeed, our (a,ny)experiments yielded good 

results for the 1.97- O.O-MeV and 2.31- 0.81+-MeV transitions in aaS. 

In the latter decay, the analysis of the results from the (d,p) reaction 

cannot yield unambiguous results. This is because, with the (d,p) re

action and an initial nucleus of 0 spin, the magnetic substates 

|of| = f are populated on the beam axis, while for the (a,n) experi

ments only the substates j a| = ̂  can be populated. 

Our experiments yielded the following information: (l) four 

33 
mean lives, one mean life limit, and two multipole mixing ratios in S, 

(2) two mean lives in 29P, and (3) a limit on the mean life of the first 

excited state in 33CA. We have used the above information along with 

branching ratios and multipole mixing ratios from previous work to ob

tain values for the reduced matrix elements of many of the low lying 

transitions in these nuclei. Finally, we have compared these reduced 

matrix elements with those predicted by the extreme single particle 

model, the shell model with configuration mixing, and the Nilsson rota

tional model. 

Q 
Using the rotational model parameters suggested by Bishop, and 

our mean-life and mixing-ratio results, we conclude that the Nilsson 

33 model gives a very good representation for the low lying states in S. 



Finally, using the same collective model parameters as those used by 

Wozniak for ̂ Si, we find the experimental results for 39 P consistent 

with those for the mirror nuclei, and in fair agreement with the predic

tions of the collective model. However, as was the case in 29Si, an 

understanding of the E2 part of the I.38- "* O.O-MeV transition in 80 P 

probably requires more complicated collective model calculations which 

include mixing of K = | and K «= f rotational bands. 
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