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ABSTRACT 

We have used the particle-gamma-ray coincidence version of the 

Doppler-shift attenuation method to obtain the following mean lives for 

states in Vo1 and Mn53: 

States in V51 

T(l.6l MeV) = 6.3 - 1.2 x 10~13 sec 

T(l.8l MeV) = 7.0 ± 1.4 x 10"13 sec 

T(2.UO MeV) £ 0.54 x 10"13 sec 

T(2.67 MeV) = 9.0 ±2.4 x 10~13 sec 

T(2.70 I4eV) S ii x 10"13 sec 

& 3 States in Mn 

T(1.29 MeV) = 8.1 * x 10~13 sec 

T(1.44 MeV) = 8.1 * J.2 x 1Q-13 gec 

T(1.62 MeV) = 6.6 * ̂  x 10"13 sec 

T(2.28 MeV) = 4.7 * x 10~13 sec 

T(2.4I MeV) = 1.7 ± 0.5 x 10~13 sec 

T(2.58 MeV) = 0.72 ± 0.28 x 10"13 sec 

T(2.69 MeV) = 0.60 ± 0.25 x 10"13 sec 

T(2.71 MeV) = 11.0 * I*® x 10"13 sec 

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

tions was used to measure multipole mixing ratios in Mn53. The follow

ing mixing ratios were obtained in Mn53: 6 (E2/M1) = -0.53 * 0.03 for 

the 0.38-MeV (1~) •" 0 (-|~) transition; 6 (M3/E2) =-0.132 ± 0.33 for the 



1.29-MeV (-if") "* 0 (F) transition; 6 (E2/M1) =-0.lln ± 0.031 or llf.3 ± 

6.3 for the 1.29-MeV (f") 0.38-MeV (1~) transition; 6 (M3/E2) = -0.36 ± 

0.2U for the l.M+-MeV (;|~) "* 0 (1~) transition; 6 (E2/M1) = -8.1 ± 1.5 

for the 1.62-MeV (I"") 0 (F) transition; 6 (E2/M1) =-0.123 ̂  0.05^ or 

<= for the 2.28-MeV (r~) 0 (i~) transition; and 6 (M3/E2)= -0.18 ± 0.19 

or 1.0 ± 0.37 for the 2.1l-l-MeV (f") 0 (t~) transition. From the above 

S3 ^ 
results we determine the spin of the 2.277-MeV level in Mn to be 

the spin of the 2.691-MeV level in Mn53 is either f- or ir, and the par-

53 
ity of the 2.277-MeV level in Mn is found to be negative. 

Branching ratios for all levels below 2.71 MeV in Mn were also 

determined from the above results. Of these, five branching ratios were 

determined from data at 9°° only, and seven branching ratios were ob

tained from data at several angles. 

Finally, evidence is presented for the existence of a previously 

unknown state in Mn53. The level energy of this state is 2.56 MeV, and 

its spin and parity are probably -J*"". 

Using the above results, the reduced transition probabilities 

for electromagnetic transitions among some of the low lying levels in 

5 X 53 V . and Mn were obtained. These results were compared with the Weiss-

kopf single-particle estimates, with the predictions of the pure [lf73]^ 
"2 

shell model, and with the predictions of the configuration-mixed shell 

model. 



CHAPTER I 

INTRODUCTION 

All of the information necessary to completely specify the pro

perties of a nuclear state is theoretically contained in its wave 

function. A theoretical model of the nucleus is considered successful 

if the wave functions which it generates accurately predict measurable 

nuclear properties. Nuclei are composed, in general, of many particles, 

nil of which interact with one another through interactions which are 

poorly understood. Generating wave functions from a picture which takes 

into account all of the nuclear particles and their interactions is, 

therefore, immensely complex. Nuclear models attempt to reduce the 

problem of generating wave functions to one which is practical, albeit 

still complex, by considering ways in which the nucleus can be described 

in terms of relatively few particles, or relatively few free parameters. 

One of the more successful nuclear models is the shell model. 

The shell model is derived by analogy to the very successful 

atomic shell model. In .the shell model the effect of all of the inter

acting nucleons is assumed to be an average, central, spherical poten

tial. This nuclear potential is analogous to the coulomb potential in 

atomic shell theory. The energy levels in a nucleus are, thus, consid

ered to be those discrete levels ascribed to a single quantum-mechanical 

particle moving in the nuclear central potential. The nucleons move in 

orbits which are defined by the single particle energies. Since 



2 

nucleons are fermions, the exclusion principle specifies the number of 

nucleons which can occupy a given orbit. All orbits which lie close in 

energy form a shell. While the definition of a shell is arbitrary, the 

energy differences between shells is much larger than the energy differ

ences between orbits in the same shell. When all of the allowed orbits 

in a shell are occupied, the shell is considered closed. Since all of 

the allowed quantum states in a closed shell are already occupied, a nu-

cleon can be excited only by jumping to a higher shell. This requires a 

relatively large amount of energy, so that closed shells are particular

ly stable and hard to excite. 

When a realistic average nuclear potential is used, along with 

the inclusion of spin-orbit forces, large energy gaps appear between 

certain of the closed shells. The gaps correspond to numbers of nu

cleons called the "magic numbers". Experimentally, it is found that nu

clei with numbers of nucleons corresponding to these magic numbers do 

indeed exhibit particular stability and discontinuities in such proper

ties as binding energy. These particularly stable configurations are 

analogous to the atomic shell structure of the noble gases. 

The shell model, then, assumes that nucleons occupy quantum 

states which fill successively higher shells. The last closed shell, 

together with all lower shells, comprise a hard (not easily deformed), 

inert, spherical "core". As more nucleons are added outside of the core 

they occupy the next highest available shell. All nuclear properties 

are attributed to-these "valence" nucleons. In order to more accurately 

describe the experimental data, the shell model departs from the 



individual particle, strictly non-interacting, picture and allows 

"valence" nucleons to interact with one another through an empirically-

determined, effective two-body interaction. A further extension of the 

model allows valence nucleons to occupy shells which lie near the first 

unfilled shell, in addition to the first valence shell. This extension 

is known as configuration mixing. 

Since cores extending up to, and including, closed shells are 

considered to be particularly inert, nuclei with a few nucleons lying 

outside of this core should be particularly amenable to a shell model 

description. The doubly closed N = 28, Z = 20 configuration of 20Ca4| 

has been shown to be particularly stable and inert [l,2]. Nuclei which 

can be described using this core might, therefore, be expected to be 

well described by the shell model. The ground state configuration of 

Ca48 is a closed lf7 neutron shell and a closed ld3 proton shell. The 
Z J 

next available shell model states for protons lie in the lf7 shell. In 
"2 

order to test the validity of the shell model in the region of the lf7 
"2 

shell we have chosen to investigate the electromagnetic properties of 

two nuclei whose ground state configurations place them in this shell. 

SI 53 .5 X The two nuclei which we have studied are 23V2a and 25Mn28. The ]r nu-

AQ 
cleus can be considered to be composed of a Ca core and 3 valence pro

tons in the lf? shell. For convenience we shall always assume that the 
"2 

Ca48 core is inert, and write these configurations simply as lf7 for 
"2 

V61, and lf7& for MnS3. More significantly, Mn53 can be considered as 
2 

having 3 proton "holes" in the lf? shell. This lf7"*3 configuration 
"2 "2 

leads to a particularly interesting shell model prediction. According 



to the particle-hole theories of the shell model [3], particles and 

holes may be treated as identical. The cross-conjugate configurations 

lf73 and lf7-3 should, therefore, have identical level structures. Fur-
"2 "2 

ther, since the shell model wave functions for the two nuclei are iden

tical, the electromagnetic transition properties of their excited states 

should also be identical. A glance at the experimental level structure 

e 1 53 
of AT in Fig. 1, and Mn in Fig. 2, show that their excited state po

sitions poorly agree with the first of these predictions. The spins and 

parities of the first six states (ground state included) are, however, 

identical. 

The shell model makes a third interesting prediction about the 

electromagnetic transition properties of these two nuclei. If configu

ration mixing is not allowed, then the shell model predicts six states 

for an f?3 configuration. These states have J™ =1", f~, , i", , 

15 ^ r gN <3*1 -jjg 
and all in the • l^lf7 J lf7 I configuration. All electromagnetic 

2"  "2~ 

transitions would, therefore, be between states of the same j-shell. 

The shell model predicts, however, that dipole transitions between 

states of the same j-shell are strictly forbidden. If configuration 

mixing is allowed, then Ml transitions may proceed between states in 

different j-shells, and this restriction does not apply. Measured Ml 

strengths, then, provide an excellent check on the f73 configuration 
z 

v5X 5 3 purity in v and Mn . The research described herein was undertaken to 

check the validity of these predictions of the shell model about the 

electromagnetic transition properties in V51 and Mn53. A more detailed 

examination of the shell model predictions for V51 and Mn53, and their 

agreement with experimental results, will be treated in Chapter V. 
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All known levels below 3 MeV are indicated. The Y-ray transi
tions shown are those observed in this work. 



A brief review of the available information pertaining to VS1 

and Mn53 is now in order. 

Available Information on Vs1 

51 The level structure of V has been studied extensively by 

charged particle spectroscopy and neutron time-of-flight studies. In 

addition the electromagnetic transition properties have been investi

gated by Afonin et al. [U], using coulomb excitation with N14 projec

tiles; Meriwether et al. [5], using the V51(a,a')V51 reaction to 

determine B(E2)'s and multipole mixing ratios; Kendall and Talmi [6], 

using electron scattering to find B(E2)'s; Barrows et al. [7], using the 

V51(n,n'Y) reaction to determine Y decay branching ratios and multipole 

mixing ratios; and, most recently, Horoshko, Cline, and Lesser [8], 

using the Ti48(of,pv)V51 and V51(S,S'Y)V51 reactions to determine B(Ml)'s, 

B(E2)'S for the first four states, gamma decay branching ratios, multi-

pole mixing ratios for all of the states up to 2.7 MeV. 

We should note here that this experiment was undertaken, in 

spite of the amount of experimental information available, for two rea

sons: (l) prior to the work of Horoshko et al. [8] (which became 

available after our work was essentially completed), there were serious 

disagreements in the previously-reported B(E2)'s, which we hoped to 

clarify; (2) very little information was available on the electromag

netic transition properties of states in V51 above the 1.8l3-MeV state. 

This work has, therefore, helped to clarify the disagreements in the 

measured B(E2)'s for the states at 1.609 MeV and 1.813 MeV, and provided 

a check on the work of Horoshko et al. for states above 1.813 MeV. 
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Theoretical calculations for V51 have been made by McCullen, 

Bayman, and Zamick [3], using strict [lf?3] shell model configurations 

•with effective two-body interactions and no configuration mixing; by 

Auerbach [9], who included configuration mixing, extending the basis 

r' 2\J1 ~~^2 
space to include I (lf„ J lp j states; by Lipps and McEllistrem [10], 

^ — ' A —' T T 
2 2 r'i 3 v1 2 

who included configuration mixtures of the \^f? J If j states; and by 
"2 "2* 

Horoshko et al. [8], who included the entire f-p shell in their basis 

space. Comparison mil be made in Chapter V between the shell model 

calculations and the experimentally-observed properties of V51. Fig. 1 

shows the knovm experimental level structure up to 2.7 MeV and all of 

the Y-ray transitions which we observed. 

5 3 Available Information on Mn 

S 3 The level structure of Mn has been studied by charged particle 

spectroscopy and by the Cr52(p,v)Mn53 reaction [11,12,13]. Very little 

5 3 information on the electromagnetic transition properties of Mn is 

available. The E2/M1 mixing ratios for the decay of the second excited 

state and its branching ratio were determined by the Cr52(p,y)Mn53 

[12,13] and CrS3(p,nY)Mn53 [l^] reactions. McEllistrem^ Jones, and 

Sheppard [15] have used the Cr53(p,nv)Mn53 reaction for accurate energy 

level determinations and unique spin assignments for the first four 

states. They have also determined multipole mixing ratios for the first 

and fourth states. A recent abstract [16] indicates the use of the 

Cr53(p,nY)Mn53 reaction to determine energies of levels up to 3.005 MeV, 

and indicates that some branching ratios and multipole mixir.^ ratios 
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were determined. Only level energies and tentative spin assignments are 

given. 

Theoretical calculations for Mn53 have been made by McCullen et 

[3]3 using the pureClf7-3] configuration; by Auerbach [9], who in-

T( 'Vl̂ l ~^2 2 
eluded ' ̂ lfJ lp-. J configurations; and by Lipps and McEllistrem [10], 

2 2r/ ~iJp 
who included the ^lf?4y lf5j basis states. These calculations 

~z "2 
will be compared with experimental evidence in Chapter V. Fig. 2 shows 

the known experimental energy levels up to 2.705 MeV, and the y-ray 

transitions which we have observed. 

We have used the Ti48(a,pv)Vsl and Cr50(a,py)Mn53 reactions to 

study the level structure and mean lives for states up to 2.7 MeV in Vs1, 

and the level structure, decay scheme, lifetimes, multipole mixing 

ratios, and branching ratios, when possible, for levels up to 2.705 MeV 

c 3 
in Mn . Mean life measurements in both cases were made using a p-y 

coincidence version of the Doppler-shift attenuation method [17,18] 

which will be briefly described in Chapter II. Multipole mixing ratios 

S 3 in Mn were determined by observing the angular correlations between 

protons from the Cr50(c*,py)Mn53 reaction and the emitted y rays. This 

technique is described by Litherland and Ferguson as Method II [19]. A 

more complete description will be found in Chapter II. 

These experiments in V51 have yielded lifetimes for three states 

and lifetime limits for two. Of the three lifetimes, those for the 

levels at 1.609 MeV and 1.813 MeV can be compared to previously-reported 

B(E2)'s for these levels [^,5,6,73. New information was obtained for 

the levels at 2.kCS, 2.670, and 2.699 MeV. 



In Mn53 mean lives were obtained for levels at 1.288, 1.W+0, 

1.619, 2.277, 2.^06, 2.575, and 2.691. There is mean life or transition 

probability information available only for the level at O.38O [20], 

Multipole mixing ratios have been measured for the levels at 0.380 

[l2,lU,15], at 1.288 [12,1^], and at 1.619 [15]. We have obtained mul

tipole mixing ratios for the levels at 0.380, 1.288, 1.619, 2.277, and 

2.U06. We also present evidence for a state at 2.560 MeV. As we 

describe in detail in Chapter V, determination of mean lives, branching 

ratios, and multipole mixing ratios makes possible direct comparison of 

experimental information with theoretical transition probabilities. 



CHAPTER II 

THEORY OF EXPERIMENTAL METHODS 

We have used two different experimental techniques to study the 

properties of V51 andMn53. These are (l) the Doppler-shift attenuation 

method, used to determine mean lives, and (2) the method of particle-

gamma angular correlations, used to determine multipole mixing ratios. 

In this chapter we will present a brief description of the theories on 

which these methods are based. 

Doppler-Shift Attenuation Method 

For nuclear mean lives in the region of 10~14 to lO"11 seconds, 

the method of studying attenuated Doppler shifts using solid backings is 

particularly useful. In the version we have used, a nuclear excited 

state is created by a nuclear reaction, and the subsequent gamma decay 

from the recoiling nucleus is studied. This method is now well known 

and often used, and there are many detailed descriptions of it available 

in the literature [17,18,21,22]. Thus, only a very brief outline of the 

theory will be given here. 

If a nuclear excited state decays by Y emissions while the nu

cleus is in motion with a velocity v, the Y-ray energy detected by a 

point detector is given, to first order in v/c, by 

EY = Eo ̂  + c * ^ * t1) 

11 



22 

where Eq is the y-ray energy in the rest frame of the nucleus, and. r is 

a unit vector from the nucleus to the point Y-ray detector. If, however, 

the recoiling nucleus slows down by collisions within some stopping ma

terial, then its velocity is dependent on time, and Eq_. (l) becomes 

Ey(t) = EQ (1 + STI • f ) . (2) 

Eq.. (2) is strictly true only for a single nucleus. Since we 

are interested experimentally in a large number of nuclei observed over 

times long compared to the nuclear lifetime, Eq. (2) must be averaged. 

We assume a parallel beam of nuclei. Eq. (2) then becomes 

<Ev(t)> = K"M) Ey(t) dt = EQ «(t,T) (1 + Stl • r) dt , (3) 

where w(t,T) is a weighting function, given by the number of nuclei 

which decay between times t and t + dt, i.e., 

w(t,T) = 

djN 
dt 1 -t/T 

T e w 

m 
dt dt 

Therefore, Eq. (3) becomes 

<E > 
Y 

E e-t/T ( + v{ti 
x c r) dt (5) 

We can eliminate the need to make absolute energy measurements if the 

emitted gamma rays are observed in two different directions 
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simultaneously. If the directions of observation are defined by r^ and 

r^, then Eq. (5) becomes 

A(V = Vi - Va = ̂  ' J e"tA at > 
O 

where we have assumed that r^ and r^ do not depend on time. 

If the recoiling nuclei decay in times short enough that they 

undergo no collisions before decaying, then their velocity is no longer 

a function of time, and 

CO 

A<E > = E v • ~ - , (7) yo oo c ' v/ 

where v = v(t=0). 
o x ' 

Eq.. (7) gives the theoretical full shift. The initial velocity 

Vq can be determined by the reaction kinematics, and r^ and r^ are ex

perimentally fixed. As will be seen below, the dependence on Eq van

ishes in the determinations of experimental results. It should be noted 

that Eq. (7) was derived assuming a point Y-ray detector and parallel 

beam of recoiling nuclei. Since Vq is fixed by the reaction kinematics, 

and the direction of recoil in the method used here is fixed by the 

direction of the particle coincidentally emitted with the observed y ray, 

we have implicitly also assumed a point particle detector. The effect 

of the finite size of both particle and y-ray detectors can be accounted 

for by appropriate averages over Vq, r^, and r2 and has been studied in 

detail by Wozniak [17] and Hershberger [23]. 
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The fractional shift in energy, or attenuation factor, of a re

coiling nucleus can now be found from Eqs. (6) and (7): 

o 

at . 
V O 

(8) 

Since Vq can be calculated, F(T) can be calculated for a given 

value of T, if v(t) is known. Also, since A<E^} can be measvired exper

imentally, and since A(E^>q can be calculated, F(T) can be empirically 

determined. F (T) and F J.(T) can then be compared to find that 
C£LLC 0Xp"C 

value of T for which they agree. This value is taken as the mean life 

of the nuclear state being studied. 

As noted above, it is necessary to know v(t) before ̂ câ c(T) can 

be determined. The quantity v(t) depends on Vq and the stopping power, 

dE/cbc, of the target and backing. For medium mass nuclei with veloci

ties on the order of v/c = 0.01, experimental measurements are seldom 

available. It is possible, however, to use the stopping power theory of 

Lindhard, Scharff, and Schiott [24] in order to calculate cLE/dx for the 

nuclei of interest. 

clei and electrons. At medium and high energies electronic stopping 

predominates, with nuclear stopping becoming increasingly important as 

the recoil energy decreases. If we write the energy loss in terms of 

the dimensionless quantities € <* E and p ax [2*+], then an approximate 

form for dE/dx in the three energy regions can be written as [17] 

Ions moving in a solid lose energy by collisions with both nu-
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(f)n " °- V̂3 

(i)n = 0-Mi.a)-"3 

(f)n = °"1,(o?E>V3 for 0.01 < 6 < 0.1 , 

for 0.1 < € < 1.2 , 

for 1.2 < 6 < 20 > 

(9b) 

(9c) 

(9a) 

for the nuclear stopping power. The electronic stopping can be written 

as 

where k is as defined by Lindhard et al. [2U]. 

The observed Doppler shifts are complicated by the fact that 

nuclear collisions can cause large angle scattering which affects the 

measured shift. Blaugrund [25] has shown that these effects can be ac

counted for by replacing v(t) in Eq. (8) with v(t) cos cp, where cp is the 

angle of nuclear scattering. When averaged over all scattering angles 

this becomes v(t) cos cp. Blaugrund [25] has further shown that re-
l y  - i i  '  ^  — • •  1  •  

placing v(t) cos cp by v(t) cos cp introduces little error in experimental 

results. 

There is evidence [22,26] that stopping powers determined from 

the theory of Lindhard et al. [2U] may be in error by as much as 20$. 

To account for this possibility, the parameters fQ and f are added to 

for all € > (9d) 

Eqt. (9), 
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(M) - f (*£) 
\dp/n n \dp/: (10a) 

(—) f (—) 
\dp/e e \dp/e > (10b) 

and f and f are allowed to vary from 0.8 to 1.2. en 

Using the above stopping power theoi"y, ̂ calc T̂̂  ên calcu~ 

lated fran Eq. (8). In order to account for differing initial veloci

ties upon entrance into the backing material (due to slowing down in the 

target material), the target is divided into II thin layers. The 

attenuation factor F f̂,(T)^ is calculated for recoiling nuclei origi

nating in each of the IT layers. The total attenuation factor is then 

obtained by averaging the contributions of all layers, 

are carried out by the method of Gaussian Quadratures [27]. The details 

involved in the above calculations are treated explicitly in Wozniak 

[17] and Hershberger [23]. The experimental details of lifetime mea

surements using the Doppler-shift attenuation method will be treated in 

Chapter III. 

and Y rays emitted following a nuclear reaction has become a familiar 

tool for studying nuclear excited states. This technique is one of the 

(11) 

The integrations involved in determining Fcalc(T) from Eq. (8) 

Angular Correlations 

The method of observing angular correlations between particles 



principal tools for gaining information on the spins of levels involved 

in an electromagnetic transition, and for determining the multipole mix

ing ratio of the y radiation emitted in the transition. The general 

theory for angular correlations is well established, and several reviews 

are available in the literature [28,29,30]. We have used the particular 

method described by Litherland and Ferguson [19] as Method II. In this 

method, the angular distribution of y rays emitted in coincidence with 

reaction particles detected along the beam axis is determined. This 

technique leads to a great simplification of the general theory. 

The density matrix, p, contains all of the information necessary 

to describe the spin state of an ensemble of nuclei. This matrix and 

the statistical tensors, p^(aa), defined by p, are necessary for the 

development of a general equation for the angular correlations of a nu

clear state decaying by Y emission. The simplifications of the general 

theory of angular correlations which are employed in Method II are, in 

fact, merely simplifications of the general form of the density matrix. 

In the following paragraphs we discuss several reasonable assumptions 

on the nuclear states involved in the electromagnetic transition being 

studied, and show how these assumptions lead to the simplified form of 

the density matrix used in Method II. We also demonstrate how the geom

etry used in these experiments leads to a further simplification of the 

density matrix. We follow, in general, the notation and procedure of 

Ferguson [30] and Litherland and Ferguson [19]. 

Consider an ensemble of nuclei, all of which have available to 

them eigenstates of angular momentum, |a a), where a is the spin and or 

represents the magnetic substates of a. The ensemble of nuclei in a 
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state with spin a can be described by the wave function 

I Y) = S I eicP, where I ijf) = X) I a a) <a orl i|t> , and the factor eiĈ  
cp^ « 

is introduced in order to insure that coherent interference effects be

tween the contributions of individual nuclei vri.Il be absent from proba

bility densities and expectation values for observations made on the 

ensemble. This ensemble, then, is composed of nuclei which all have 

spin a, but may be in any of the 2a + 1 magnetic substates of a. 

An element of this density matrix, p, for an ensemble described 

by J1?) is defined by 

(a a| p |a a') = (<aa|ty> <^]a a'>)ave (12) 

where the average is taken over the ensemble. 

A set of irreducible tensors with elements p (aa) can now be 
.KrV 

defined by 

PkK(aa) = ^ (-l)a~a (a a a-or»|kx) (a a| p |a or') (13) 

and also by 

<a a| p |a a') = (-l)a"a (aaa^'|kK) PkK(aa) (l^) 

The transformation properties under a rotation R of the tensors of 

Eq. (12) are defined by 
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• PkH'(aa) = J DS' 

lr* - _ 
where D4,, (R) is the rotation matrix defined by L31J HK 

& W = <*.•.•> • e i , l<p  4. <e> > < l6> 

and 

a»K. <°> = <W 5 *»• <"> = t-1)1"" 5K-K- • (17) 

Two special cases in which we will be interested are 

D**t (C?,0,0) = eiHC? 6^, , (18a) 

and 

D-Sh, (O.ti.O) = (-l)k"H 6K_n, . (18b) 

The density matrix of Eq. (12) is, in general, a 2a + 1 by 

2a + 1 matrix, where the off-diagonal terras may be different from zero. 

Two reasonable assumptions on the state |a a) considerably reduce the 

complexity of this matrix, and, subsequently, the final expression for 

the angular correlations: (l) we assume that the axis of quantization 

for or is the z-axis and that the system has axial symmetry about this 
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axis; and. (2) we assume that the state has definite spin a and definite 

parity. We also assume that if the state |a a) is formed by a nuclear 

reaction of the form X(h1h2)Y*, the target nucleus X and the incident 

particle, h^, are both unpolarized. 

Assumption (l) implies invariance under an arbitrary "rotation 

about the z-axis. That is, assumption (l) requires 

= U9) 

for any rotation, cp, about the z-axis. 

From Eq. (15) we find 

PkH,(aa) = S DKI« fa'0'0) • (2°) 
H 

Using Eq. (l8a) this becomes 

pkn«(aa) = S e1KCP 6 PkH,(aa) , 
K1 

(21) 

or 

P^.(aa) = e1KC? pkK(aa) . (22) 

Eq. (22) can satisfy Eq. (19) only if k = 0. Therefore the non-zero 

elements of the statistical tensor p. (aa) are those elements p.-(aa). 
KX iCU 

Setting k = 0 in Eq. (l*t-) yields 
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(a a| p |a a') = 2 (-l)a"a (a a a -a'IkO) • (23) 

But in the Clebsch-Gordan coefficient (a a a -or'|kH), H = a + (-a'). 

Therefore, if n = 0, we must have a = or1, for a non-zero coefficient. 

Thus, under the restriction that the system have cylindrical 

symmetry, we find that the only non-zero elements of the density matrix 

are those for which a = or' or 

for cylindrical symmetry. 

Assumption (2), that the states have definite spin and parity, 

is equivalent to requiring reflection symmetry through the origin. How

ever, if cylindrical symmetry is also required, this reflection symmetry 

requirement can be reduced to the requirement of invariance under a ro

tation of l80° about the proper y-axis. That is, we require that 

for 180° rotations about the proper y-axis. Using Eqs. (15) and (l8b), 

this rotation gives 

<aa| p |aa') = <a a| p |a a«> 6^, , (2k) 

pko(aa> = pko(a3> (25) 

pko(aa) = ("1)k Pk0(aa) > (26) 

which agrees with Eq. (2^) only if k is even. Now, from Eq.. (1*0, 



(a a| p | a a) = £ (-l)a~Qr (a a a -a|kO) Pj-qC3̂ ) > (27) 
k 

and 

(a —or| p | a -a) L.J 
k 
(_l)a~a (a -a a of|ltO) Pk0(aa) , (28) 

where we have assumed H = 0. 

From the symmetry properties' of the Clebsch-Gordan coefficients, 

Therefore, since under the assumption of definite spin and 

parity, k is even, these coefficients are identical, and Eqs. (27) and 

(28) show that (a a| p ,| a a) = (a -a| p |a -a) . 

Thus, under these two assumptions (definite spin and parity and 

axial symmetry) the density matrix is diagonal in or, and the diagonal 

elements are symmetric with respect to positive and negative states. 

Since the (a c*| p |a GO'S represent the average population of the state 

| a or) in the ensemble, we may define the parameters, 

These P(a)'s are the population parameters used in most of the angular 

correlation literature [28,33]. A state which has p diagonal and 

P(or) = P(-o;) is called an aligned state. 

[32]: 

(a -a a ccjkO) = (-l)2a"Iv (a a a -a|k0) . (29) 

P(or) = (a or| p | a or) (30) 
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A third, simplification of p arises from the condition that the 

reaction particles h^, in a reaction of the form X(h^,hg)Y*, are de

tected along the £u:is of symmetry, when this axis is taken to be the 

axis of quantization for orbital, angular momentum. In general, the a 

states which can be populated are given by 

of £ J(x) + s^^ + Sg + mA1 + m 2̂ , (31) 

where J(x) is the spin of the target nucleus, X; s^, and m^ are the 

spin and projection of orbital angular momentum on the quantization axis 

of h^j Sg and m^ are the spin and projection of orbital angular momen

tum on the quantization axis of hg. If we represent h^ and hg by plane 
—• —• 

d_lc • r waves, e , and expand the waves in terms of the Legendre polynomials, 

e^*17 = £ il (21+1) P (cos 9) j (kr) , (32) 
4=0 l * 

-• -» . . 

where 0 is the angle between k and r for both h^ and hg, and the j^(kr) 

are spherical Bessel functions. Using the addition theorem for spheri

cal harmonics, this becomes 

eil"r = h mf= -A ^ ̂  Vr'Vr) ^ 

where 9^ is the angle between Ic and the axis of quantization. Since 
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both k and this axis are taken to be along the z-axis for both h^ and hg, 

8^ = 0 in both cases. From the properties of the spherical harmonics, 

Y£m (0,cp) = 0 for aLl £ 0 . (3^) 
A 

Thus m^ = 0 for both h^ and hg, and Eq. (31) becomes 

a £ j(x) +3^^ + 32 . (35) 

In the two reactions which we considered, Ti48 (a,p)Vsl and Cr50(or,p)MnS3, 

j(x) =0, s^ = 0 and Sg = l/2. Therefore the values of a are restricted 

to |a| s l/2. The normalization on P(a) is [33] £ P(cO = 1, so that 
a 

the populations of the magnetic substates of the residual nucleus are 

P(l/2) « P(-l/2) = 0.5, in the cases considered in this work. 

To summarize the above: if a state of spin a and good parity is 

formed in a system with axial symmetry, and if the axis of quantization 

for angular momentum coincides with the symmetry axis, then the density 

matrix is diagonal, the diagonal elements are symmetric with respect to 

positive and negative substates, and represent the average populations 

of the substates. Also, the only non-zero elements of the statistical 

tensor, pkQ(aa) are those for which k is even. If the state is prepared 

in a reaction X(h-L,hg)Y* and the wave vectors, it, of and hg both co

incide with the symmetry axis, then the substates which can be populated 

in Y* have a less than or equal to the sum of the spin of the target 

nucleus and the spins of the incident and emergent particles. In the 



cases considered here this restricts the substates to those for which 

or = ± l/2. Finally, the normalization of the P(of)'s leads to P(l/2) = 

P(-l/2) = 0.5. 

We now consider the angular distribution of y rays emitted by 

the residual nucleus, Y*, of a reaction of the form XO^h^Y*. If we 

denote the spins of the initial and final levels in the residual nucleus 

by a and b, respectively, then the multipole order of the radiation 

emitted in an electromagnetic transition between these levels is 

restricted by 

where L is the multipolarity of the radiation. This restriction gener

ally only places limits on the multipolarity and allows a mixture of 

multipolarities in the emitted radiation. These mixtures are defined by 

where 6 is the multipole mixing ratio, and (b||L||a) represents the re

duced matrix elements for a transition between states with spins a and b. 

In a transition with a non-zero 6, it is usually sufficient to consider 

only the lowest two multipole orders. Thus Eq. (37) becomes 

|a - b| £ L £ a + b , (36) 

6  =  < b l l L , l l a >  

<b||L||a> 
) (37) 

6 B <b||l*H|a) . 

<b||L||a> 
(38) 
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The radiation emitted is farther restricted, as to whether it is elec

tric or magnetic in nature, by the usual parity selection rules [35]• 

The angular distribution of radiation emitted by a decaying re

sidual nucleus, formed as described above, can be written as [33] 

W(0) =5 \ pk(cos 9) Pk(a) Fk(ab) Q, Pk(cos 9) , (39) 
k k v 

where \re have made the substitution 

Pk(a) = (2a + PfcoC^) » W 

in order to more closely follow the notation of Ref. 33. 

In Eg.. (39), the Pv(a) are related to the statistical tensors, 
Xv 

p. _(aa), and describe the alignment of the state; 0 is the angle between 
icu 

the direction of the emitted y ray and the directions of h^ and h^; the 

F. (ab) are factors which depend only on the multipole character of the 

radiation and the spins of the levels involved; the Q^_ are attenuation 

coefficients which correct for the finite size of the Y_ray detector; 

and the P^.(cos 0) are the Legendre polynomials. 

The pk(a) of Eq. (39) are related to the population parameters 

by 

p
k(a) = 2 Pk(a,a) P(a) , (lfl) 

where the Pk(a,a) are identical with the coefficients of pko(aa) 

Eq. (27) when the substitutions of Eqs. (30) and (liO) have been made. 
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The p, (a,Q?) have been tabulated by Poletti and Warburton [33]. 

The coefficients F. (ab) are obtained from the coupling of the 

spins of the initial and final states to the radiation field and are 

F, (LLba) - (-1)CT 25 Ft(LL'ba) + 6s F. (L'L'ba) 
Fk(ab) = JS ^ (te) 

1 + 6 

where 6 is as defined by Eq. (38). The coefficients F^(LL'ba) are given 

by 

F^(LL'ba) = (-l)b"a"1 [(2L+l)(2L'+l)(2a+l)]V2 (LlL'-l|kO)W(aaLL':kb), 

(*3) 

where (LlL'-l|kO) are the Clebsch-Gordan coefficients and the 

W(aaLL*:kb) are the Racah coefficients for coupling three angular momen

ta. The F^(LL'ba) are normalized so that 

F0(LL'ba) = 6^, (1&) 

From the triangular conditions on the Racah coefficients W(aaLL':kb), 

the only non-zero F^(LL'ba) are those for which k ̂  min(2L,2L',2a). In 

Eq. (*£), a = 0 for an ML, EL+1 multipole mixture, and a = 1 for an EL, 

ML+1 mixture. In this work a was always set equal to zero. The coef

ficients F^(LL'ba) are tabulated in Ref. 33. 

The geometrical coefficients, Q^, in Eq. (39) depend only on the 

geometry of the experiment, and have been calculated for various sizes 
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of Nal(T4) crystals and different source-to-crystal distances. They are 

tabulated in Ref. 3S. 

The method which we have used to determine multipolarities from 

experimental angular correlations is to fix the spins a and b and to 

compare the experimental distribution to the one predicted by Eq,. (39) 

for a particular 6. The mixing ratio, 6, is allowed to vary until the 

best correspondence between the theoretical and experimental distribu

tions is found. This procedure will be explained in detail in Chapter 

III. 



CHAPTER III 

EXPERIMENTAL PROCEDURE 

In this chapter we will describe the details of the experimental 

procedures which were used to collect data for the Doppler-shift attenu

ation measurements and the angular correlation measurements. We will 

also explain the methods used to analyze the data from these ejqoeriments. 

Doppler-Shift Attenuation Measurements 

The Doppler-shifb attenuation method as described in Chapter II 

has been used to study excited levels in V51 and Mn53. States in V51 

were populated using the Ti48(o?,p)Vbl reaction, and states in Mn°3 were 

populated using the Cr50(<*,p)Mn53 reaction. Alpha particles with ener

gies between 9.0 and 10.0 MeV were used in these reactions. The alpha 

particle energies were chosen on the basis of excitation-function mea

surements for each of these reactions. Doubly ionized alpha particles 

were accelerated with The University of Arizona 5.5 MV Van de Graaff 

accelerator. Beam currents were measured on the target, and ranged from 

30 to 100 nanoamps. We obtained 100 nanoamps of alpha particles at 9 "to 

10 MeV by accelerating 100 (iamps of helium at a machine energy of h.$ to 

5 MV, and magnetically analyzing the beam to extract doubly-ionized 

helium. 

Target Preparation 

Targets for both experiments were deposited onto backings con

sisting of 0.13 mm thick tantalum. The tantalum backing was cleaned 

29 



prior to deposition by polishing with emery paper, washing with a 

chromic-sulfuric acid cleaning solution, and then thoroughly washing 

with acetone. Deposition of target material was accomplished using 

standard vacuum-deposition techniques. A Materials Research Corporation 

model vU-200 electron beam vapor deposition gun was used, with the tar

get material located in a small indentation in the bottom of a carbon 

crucible. The tantalum backing strips were placed 1 l/2" from the tar

get material. Areal densities were determined by directly weighing the 

tantalum backings before and after evaporation of target material. All 

weighings were done on a type B6 Mettler analytical balance. From sim

ple geometric considerations, assuming a point source for the material 

being evaporated, we estimate the maximum non-uniformity in target 

thickness to be less than 2$. 

Targets for the V51 experiments were natural pure titanium metal 

(7*f$ Ti48), or TiOg enriched to 99*1$ Ti48. The enriched target used 

had an areal density of 230 ± 30 [ig/cm2, while the natural titanium tar

gets had areal densities of 350 ± 30 (ig/cm2 and 1+50 ± 50 jig/cin3. Only-

one target was used in all of the Mn53 experiments. This target was 

prepared from metallic chromium enriched to 95.9$ Cr50 . The areal den

sity of this target was 250 ± Ho (ig/cm'4. 

A careful comparison was made between y-r&y spectra from the 

natural titanium and Ti -enriched targets, and it was determined that 

the thicker natural titanium targets could be used for all Doppler-shift 

measurements. The Ti48-enriched target did, however, yield a somewhat 

smaller background, so it was used in those cases where accurate know

ledge of the background was crucial to the determination of the peak 
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centroids, When the peak of interest was much larger than the back

ground, the thicker natural titanium targets were used. 

Experimental Arrangement for the 
Doppler-Shift Measurements 

The Doppler-shift attenuation method described in the previous 

chapter is based on the observation of Y rays emitted at two different 

angles by nuclei recoiling in a single direction. If the emitted Y rays 

can be observed at both angles simultaneously, then the experimental 

analysis is not dependent on the absolute energy of the transition. 

Also, since the y-ra.y information is observed and stored for both angles 

simultaneously, the experimental results are generally unaffected by 

gain-shifts or drifting in the electronics. The experimental arrange

ment which was used to effect the simultaneous observation of y rays at 

two different angles is shown in Fig. 3. In this collinear geometry, 

described in detail by Hershberger, Wozniak, and Donahue [37]> Y rays 

are simultaneously observed in the forward (26.5°) and back (153.5°) 

directions relative to the direction of motion of the recoiling excited 

nuclei. The two targets were positioned so that half of the beam hit 

the front target and half hit the back target. The requirement that 

only Y rays emitted from forward recoiling excited nuclei be counted was 

guaranteed by counting only those Y rays which were in time coincidence 

with backward recoiling protons produced in the reactions. These pro-

tons we detected in 300 mm annular silicon surface barrier detectors 

located 12.7 ram from each of the targets. The proton detectors sub

tended angles from lU2° to 167° with respect to the incident beam. 
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Protons detected in this cone define a cone of forward recoiling nuclei. 

The proton detectors were covered with 0.05 ran-thick aluminum foil to 

stop elastically-scattered particles. 

Three different Ge(Li) detectors were used to detect y rays 

during the course of these experiments. These three detectors had ac

tive volumes of roughly Uo cm3, 20 cm3, and 38 cm3. All three detectors 

had resolutions of about U keV for 1.33-MeV Y rays. 

Electronics for the 
Doppler-Shift Measurements 

A block diagram of the electronics arrangement used in the 

Doppler-shift measurements is shown in Fig. 1+. Gamma-ray timing infor

mation was obtained by clipping the output of the preamplifier following 

the Ge(Li) detector. This signal was then amplified and used to start a 

time-to-amplitude converter. The outputs of the proton detectors were 

amplified and fed into timing single channel analyzers. The crossover-

pickoff timing signals from these single channel analyzers were used to 

stop the time-to-amplitude converter. The output of the time-to-

amplitude converter was restricted by a single channel analyzer to cor

respond to a specific time interval between the arrival of proton and 

gamma ray timing signals. This analyzed output then represents a fast 

time coincidence between protons and gamma rays, and was used to gate 

the linear gamma-ray signal. The region of allowed time difference be

tween proton and gamma ray timing signals was 50 nsec. This is the full 

width at half maximum of the peak which appears in the output of the 

time-to-amplitude converter. Specific proton groups were selected by 

the single channel analyzers. The outputs of the single channel 
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analyzer windows were required to be in slow coincidence with gamma-ray 

signals, and were then used for routing the gamma-ray signals to the 

correct portion of the pulse-height analyzer memory. Gamma rays in co

incidence with protons detected by the upstream detector were routed to 

one half of the memory, while those in coincidence with protons detected 

by the downstream detector were routed to the other half. Gamma-ray 

pulses were analyzed with a U096-channel analog-to-digital converter and 

stored in a 102U-channel memory. The analyzer zero level and the gain 

of all electronics were digitally stabilized using precision pulsers. 

Data Analysis for the 
Doppler-Shift Measurements 

The method of analysis which we have used in these experiments 

has been described in detail by Wozniak [l7]> and will be only briefly 

described here. The energies of the gamma rays detected at 26.5° and 

153-5° were determined by calculating the centroids of the experimental 

peaks. This calculation involved subtraction of a quadratic background 

from the experimental data, and determining the centroid of the remain

ing peak. Several independent measurements were made for each level in

vestigated, and the energy shifts were determined for each measurement. 

The shifts in energy, A(E) , and the standard deviation of the mea-
' Y meas' 

suxement were then determined using the methods described by Wozniak 

[173. 

After determination of A(E.,> for each transition, the full 
Y meas ' 

shift. A(E) , was calculated for that transition. This was done using 
Y o 

Eq. (7), corrected for finite geometry. The experimental attenuation 

factor F(T) o was then obtained from v 'meas 
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Y o 

Curves of F(T)ca}_c versus T were "then generated from Eq. (8). 

Examples of these curves using various values of the factors f and f 

are shown in Fig. 5. The mean life of the level being studied was then 

read off the F(T) n versus T curve using the values f = f = 1.0. v 'calc en 

It should be noted that F(T ),,,,•] is found from Eq. (8), using 

point geometry for all detectors, while T)meas was obtained using cor

rections for finite geometry. Vfozniak [17] has shown that, although 

A<E.y>o (calculated for finite geometry) differs from A{E^>q (calculated 

for point geometry) by about 5$, F(T) , and F(T) generally differ 
CCL-LC H16AS 

by less than 0.1°^. 

Errors for the 
Doppler-Shift Measurements 

The errors involved in determining mean lives by the Doppler-

shift attenuation method are of three kinds: (l) errors in the determi

nation of the centroids of the experimental peaks; (2) uncertainties in 

the calculated values of the full shifts; and (3) uncertainties in the 

attenuation factors F(i")câ c due to stopping power uncertainties. Er

rors in the full shift calculations arise from uncertainties in the po

sitions of the various detectors, uncertainties in the energies of beam 

particles due to the slowing of these particles in the target, and lack 

of knowledge of the angular distribution of the protons detected in the 

particle detectors. The net error in the full shift has been estimated 
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as being less than 2$, much less than the centroid errors. Errors in 

F(T^AIC arise from lack of knowledge of stopping powers for the recoil

ing nuclei in the target and backing material, and from errors in the 

target thickness. The errors in the mean life due to uncertainties in 

F(T) are obtained from curves of the type shown in Figs. 5, 6, and C3J.C 

7. Fig. 5 shows the variation in F(T)câ c due to variations in f and 

f . Fig. 6 shows the variation in F(T)„. due to the uncertainty in II CCLJ-C 

target thickness for a natural titanium target. Fig. 7 shows the effect 

on F(T) of variation in target thickness for the Cr50 target. Since 
C&.LC 

the stopping powers of chromium (the target material) and tantalum (the 

backing material) are quite similar, variations in the thickness of the 

target have little effect on F(T) for the Cr°0 target. Errors of 

types (l) and (2) were propagated through the calculations of the exper

imental attenuation factor F(T) , and the resulting error in the mean v 'meas5 

life then estimated from the F(T) , versus T curve with f = f =1.0. v 'calc e n 

All of the errors due to the experimental attenuation factor and to the 

uncertainties in the target thickness were treated as random errors. 

Errors due to the uncertainties in the stopping power were treated as 

systematic errors. Therefore, the final error in the mean life, was 

taken as 

CT = (cr 2 + a/)*2 + cr , (*l6) 
T x m T '  s p  '  x /  

where a is the error in F(T) , AM is the error arising from the un-m v 'meas' T 

certainty in target thickness, and a is the error due to uncertainties sp 

in the stopping power. 



MEAN LIFE, r(sec) 

Fig. 5. Plots of F(T) _ versus T for various values of f and f CCL.LC 6 H 

These curves are for Mn53 ions recoiling in a Cr50 target with an arcal density of 
250 p,g/cm2 and a thick tantalum backing. 
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Fig. 6. Plots of F(t)calc versus T for V ions .recoiling in various targets 

These curves are for V51 ions recoiling in a natural titanium target and thick 
tantalum backing. In all cases f = f„ = 1.0. 
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Fig. 7. Plots of F(T)CA^C versus T for Mn53 ions recoiling in various targets 

These curves are for Mn53 ions recoiling in a Crso target and thick tantalum 
backing. In all cases f = f =1.0. en 



Angular Correlation Measurements 

Angular correlation measurements using Method II of Litherland 

and Ferguson [19] were used to study excited states in Mn53. These mea

surements were carried out using the Cr50(a,p)Mn53 reaction with alpha-

particle energies of 9.6 MeV for the state at 0.377 MeV and 9.1 MeV for 

all other states. The target used was the same as was used in the 

Doppler-shift measurements on this nucleus 

Experimental Arrangement for the 
Angular Correlations 

In Method II, alignment of the excited states is achieved by 

considering only gamma rays which are in coincidence with particles de

tected along the beam axis. The target chamber and detector arrangement 

for these measurements is shown in Fig. 8. The reaction protons were 

detected in a 300 mm annular silicon surface barrier detector located 

25.^ mm from the target and at l8o° with respect to the beam direction. 

The scattering angles subtended by the proton detector were between l6^° 

and 175°. In order to stop elastically-scattered beam particles, the 

proton detector was covered with 0.05 mm of aluminum foil. The energy 

resolution of the proton detector in this configuration was,roughly, 100 

keV full width at half maximum. Gamma rays from the decay of excited 

states were detected in a 7.62 cm long by 7.62 cm diameter cylindrical 

I'Ial(TA) detector mounted on a turntable. The detector was positioned 

8.2 cm from the target and was aligned so that the crystal axis passed 

through the center of the target. The detector could be rotated in a 

horizontal plane from 0° to 90° relative to the beam direction. The 
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vacuum chamber was constructed, of 3.2 ram-thick stainless steel. Since 

the YRAY detector TOS mounted outside of this chamber, some y rays were 

absorbed by its walls. However, only relative gamma-ray intensity mea

surements were desired, mid absorption of gamma rays by the walls was 

found to be constant for the same gamma ray detected at angles between 

30° and 90°• A flange at the back of the chamber, which is not shown in 

Fig. 8, introduced some anisotropy due to absorption for angles between 

0° and 30°. Corrections for the relative gamma-ray intensities were ob

tained by measuring the relative absorption as a function of Y-ray ener

gy for various angles. These corrections are shown in Fig. 9' I11 this 

work, only the correction for 0° has been used. Calibration sources of 

133 23 e Q 
Ba , Na , and Co were used to generate the curves shown in Fig. 9' 

Electronics for the 
Angular Correlation Measurements 

A block diagram of the electronics used in the angular correla

tions measurements is shown in Fig. 10. Timing information for both the 

proton and gamma-ray signals was obtained by crossover-pickoff from 

single channel analyzers. The timing signal from the gamma-ray detector 

was used to start a time-to-amplitude converter and the timing signals 

from the proton detector were used to stop it. The output of the time-

to-amplitude converter was then analyzed by a single channel analyzer, 

and used to gate the linear gamma-ray signal. The time resolution of 

this configuration was 50 nsec full width at half maximum. Proton 

groups were selected from the output of the particle detector by setting 

windows in single channel analyzers. It was possible to simultaneously 
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analyse four separate proton groups by using four single channel ana

lyzers in parallel in conjunction with a digital gate and memory routing 

unit. The quadrant of the memory which was selected for storage of a 

particular gamma-ray pulse was determined by finding which of the out

puts from the four single channel analyzers was in slow coincidence with 

the gamma-ray timing signal. Gamma rays in coincidence with each of the 

four proton groups selected by the single channel analyzer windows were 

stored in a separate quadrant of the memory. Gamma-ray pulses were ana

lyzed by a U096-channel analog-to-digital converter and stored in a 

lCBlj—channel memory. In order to insure that the number of proton sig

nals counted following a single channel analyzer would be a valid nor

malization for runs at different angles, it was necessary to maintain a 

fairly low count rate at the single channel analyzer input. This was 

accomplished by using the discriminator of a leading edge timing unit 

and a linear gate to discriminate against very low-amplitude proton and 

noise signals. This method of normalization was checked by measuring 

the angular correlation of the ground state decay of the O.Ste-MeV level 

3 3 in S , which is known to have an isotropic distribution. This measure

ment along with comparisons of the number of protons counted in differ

ent proton groups, indicates that the fractional error in the number of 

protons counted is about 2$. 

The number of random coincidences in the gamma-ray spectra was 

determined by comparing the area of the 0.511-MeV photopeak to the area 

of the peak of interest in both singles and coincidence spectra. The 

number of random coincidences in the region of the photopeak was found 



to be less than of the total peak area in all cases, and less than 2% 

in most. 

Data Analysis for the 
Angular Correlations Measurements 

In the analysis of the angular correlation W(9), the relative 

Y-ray intensity as a function of angle 9 measured relative to the beam 

direction is the experimental information required. Since the measure

ments at each angle were made at different times arid with different 

total incident beams, the measured intensities must be normalized to the 

same number of reactions. This was done by normalizing the total number 

of protons through a window at an angle 0 to the number of protons 

through the same window at 9°°• We assumed that the number of protons 

measured was proportional to the number of residual nuclei actually 

formed in the level under study. We also assumed that over the series 

of runs at six different angles (four to eight hours per angle), the in

cident beam energy did not change sufficiently to alter either the rela

tive cross sections of the various levels or the magnetic substate 

populations of the levels. We measured the area under the peak result

ing from Y rays which have deposited all of their energy in the Nai(TA) 

crystal, and assumed that this number was proportional to the total num

ber of Y rays emitted. We assumed that this proportionality was con

stant for the same y ray at all times and all angles. The area of the 

full-energy peak was determined by fitting the experimental data to a 

gaussian plus a linear or quadratic background. The type of background 

function used was determined by which type provided the best fit to the 
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data. The same type of background was used in fitting the same energy 

gamma ray at all angles. Gamma rays whose full-energy peaks lay closer 

together than twice the resolution of the y-vay detector system were fit 

as multiplets. The errors on these areas were determined by standard 

statistical techniques. This fitting was done using the University of 

Colorado GAUSSIAN II computer code. The total error in the areas, after 

normalization, was taken as 

°'A<S> = + A" W 

where is the error on the unnormalized areas, A is the unnormalized 

area, N is the ratio of the number of protons at the angle 8 to the num

ber of protons at $0° , and is the error on the normalization. In 

this work we assumed = 0.02 N. The areas were normalized by multi

plying by N for the angle at which those data were taken. 

Once the normalized areas and their errors were determined, the 

results were analyzed using the Brookhaven AC6 computer code. In this 

program, the experimental angular distribution is first fitted using 

least squares analysis to the Legendre polynomial expansion, 

W(0) = E Pk (cos 0) . (k8) 
k 
even 

This distribution is then normalized to Aq  =1, and compared to the 

theoretical distribution given in Eq. (39) > with the normalization 

PQ(a) F0(ab) Qq = 1 . (1+9) 
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In this comparison the spins of the initial and final levels involved in 

the transition are fixed, and the value of the mixing ratio is allowed 

to vary from - ® to + ®. This is done by defining the function 

0 = tan"1 6, and stepping 8 from -90° to +90° in 5° steps. The results 

J2 2 are presented as a plot of x versus 9, where x represents the goodness 

of fit between the experimental and theoretical distributions and is 

given by 

rY - W. (0)-i3 
x = I V l a. J ' (50) 

In Eq. (6), i identifies a run at a given angle, is the experimental 

area, o\ is the error in the area, and n is the number of degrees of 

freedom. For the («,p) reaction, there are no free population parame

ters, and n is the number of angles minus 1 (for normalization). In the 

2 3 
X versus 9 plots, the lowest values of x represent the best choices of 

6 for a given initial and final spin selection. Errors on the mixing 

ratios, 6, were determined from the coefficient Ag/Aq, calculated in the 

least squares fitting procedure. This is done by writing Eqs. (39) &ncL 

in the form 

= f(r) • <51> 

Then we have 



where cr. is the least squares determined error on A^/A . The only 
Ag/Ao ^ o 

dependence of a. on the errors in the areas arises from weighting 
*2' o 

the areas in the least squares fitting procedure according to their 

relative errors. Thus, since the errors on 6 are determined from h^/kQ 

and ctA£,/A ' êPen̂ ence CT5 on errors in the areas is small. 

The angular correlation method which we have used requires that 

the reaction protons be detected at 0° or l80° with respect to the beam 

direction. In practice, however, the proton detector subtends angles 

slightly off this axis, and this allows the possibility of populating 

higher magnetic substates. The amount of this population is given by 

[193 

P(or + 1) = B P(a) , (53) 

where § is the half angle subtended by the proton detector (11° in these 

experiments). The constant B was taken as being 1.6 following Lither-

land and Ferguson [19]. For our experimental arrangement, 

P(i) < 0.1 P(i?). Plots of x3 versus 0 were obtained in which a 10$ 

population of the a = \ magnetic substate was allowed in order to deter

mine the effects of the finite size of the proton detector. These re

sults will be discussed for each individual case in the next chapter. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

The experimental techniques described in the preceding chapters 

have been used to obtain information on the properties of electromag

netic transitions from five states in V51 and the lowest eight excited 

states of Mn53. We have measured mean lives (or placed limits thereon) 

of all five states in Vs1 and seven of the eight states in Mn53 (the 

state at 0.377 MeV is excluded). Information on branching ratios and 

multipole mixing ratios has been obtained for all eight states in Mn53. 

In this chapter we present the experimental results which have been ob

tained, and in the following chapter we will attempt to discuss the sig

nificance of these results. 

Results for Vs1 

A proton spectrum resulting from the Ti48(a,p)V5X reaction with 

9.2-MeV alpha particles on a Ti48 enriched TiO^ target is shown in Fig. 

11. The resolution of the proton detector used in obtaining this spec

trum was on the order of 25 keV, while the resolution of the proton de

tector used during the Doppler-shift experiments on Vs1 was on the order 

of 100 keV. This spectrum was used only for identification of the pro

ton groups and is not intended to represent a typical proton spectrum. 

The proton windows used in the experiments on V51 are shown in Fig. 11. 

A spectrum of Y rays in coincidence with protons detected by the down

stream (153.5°) detector is shown in Fig. 12. This spectrum was 
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. 11. Proton spectrum from the Ti48(a,p)V&l reaction 

The incident a-particle energy was 9.2 MeV and the target&was Ti48 enriched Ti02 with 
an areal density of 230 (ig/cm . Peaks are labeled with V6X level energies. 
Proton windows used in the Doppler-shift attenuation measurements are labeled. 
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Fig. 12. Coincident y-ray spectrum for VBl 

These data were taken using y rays in coincidence with protons from.the downstream 
(153.5°) target only. Proton window B (see Fig. 11) was used to obtain this spectrum. 
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obtained. with an alpha particle energy of 10 MeV and a Ti4a enriched 

TiOg target with an areal density of 230 ± 30 |i-g/cm3. The proton ^rijidow 

used to obtain this spectrum is indicated as window B in Fig. 11. The 

51 experimental Y-ray spectra for the Doppler-shift measurements on V are 

shown in Figs. 13, 1 }̂ and 15. The spectra labeled "forward" (26.5°) in 

each of these figures are Y rays detected in coincidence with protons 

detected by the upstream detector, and the spectra labeled "back" 

(153.5°) are y rays detected in coincidence with protons detected by the 

downstream detector. Centroids of the peaks shown in these figures are 

indicated by arrows. 

The 1.6l-MeV Level 

We observe the decay of this state only to the ground state with 

a Y-ray energy of 1608.7 ± 1 keV. A sample of the spectra used to de

termine the mean life of this state is shown in Fig. 13. We find a mean 

life of T = 6.3 ^ 1.2 x 10~la sec for this state. The experimental Dop-

pler shift results are presented in Table 1. In this table two columns 

for the mean life are displayed. Errors on the mean life indicated un

der the heading T exclude errors due to stopping power. Mean lives 

listed in the column headed (T) have errors which include those due to 

stopping power uncertainties. This is done because of the large uncer

tainty in assigning errors in stopping powers. The mean lives displayed 

in Table 1 are determined from the average F( T)eXp^- > except in those 

cases where the versus T curves differ from measurement to 

measurement, in which case T is determined for each F(T) , and the T'S 
GXp"t 

are averaged. 
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Fig. 13. Coincident y-ray spectra for V51 for transitions 1.8l MeV 0 and 1.6l MeV 0 

These spectra show experimentally-observed Doppler shifts. The data were obtained 
using proton window A (see Fig. 11). The arrows indicate peak centroids. 
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Table 1. Doppler shifts and mean lives in Vs1 

Observed 

1.609(3§l~)~' 0(1") 9.0 5.92 ± 0.55 0.272 ± O.C05 6.5 ± 0.7 350 ± 20' 

1.609(V")"* 0(F) 10.0 5.55 * 0.12 0.256 ± 0.006 6.2 ± 0.4 230 ± 30d 

Average 6.3 ± 0.3 6.3 151 1*2 

Target 
thickness Beam Doppler T ^ 

Transitions energy shift r , 1, h ,? 
(MeV) (MeV) (keV) ^ 'expt (x 10" sec) (x 10 sec) (ixg/cm ) 

c 

1.813(1")- 0(F) 9-0 6.146 ±0.85 O.265 ± 0.035 6.7 ± 1.1 350 ± 20c 

1.813(1-")- 0(F) 10.0 5.60 ± 0.21 0.231 ± 0.009 7.0 ± 0.5 230 ± 30d 

Average 7.0 ± 0.5 7.0 ± 1.4 

2.402(F)" o(F) 10.0 31.8 ± 1.5 0.99 ± 0.05 450 ± 50° 

10.0 31-9 ± 2.0 0.995 ± 0.06 1+50 ± 50C 

2.402(F)" 0.320(F) 10.0 26.2 ± 1.4 0.94 ± 0.05 450 ± 50' 

Average 0.975 ± 0.03 ^ 0.46 £ 0.54 

2.670(F)- 0.930(F) 9.6 5.86 ± I.37 0.26 ± 0.06 450 ± 50' 

9.6 5.46 ± 1.53 0.24 ± 0.07 450 ± 501 

9.6 3.77 ± 1.13 0.17 ± 0.05 450 ± 50' 

10.0 5.88 ± O.30 0.25 ± 0.04 450 ± 50( 



Table 1. Doppler shifts and mean lives in V51 (continued) 

Transitions 
(MeV) 

Beam 
energy 
(MeV) 

Observed 
Doppler 
shift 
(keV) F<TW 

T 

(x 10~l3sec)a 

<T> 

(x 10~13sec)b 

Target 
thickness 

(p,g/cm2) 

2.670(-f)- 0.930(f) 10.0 4.1^ i 1.09 O.lB ± 0.05 ^50 i 50° 

(continued) Average 0.22 ± 0.02 9.0 ± 1.0 9.0 ± 2.k 

2.699(¥")"< 1.609(¥" ') 10.0 0.29 ±2.13 0.02 ± 0.15 450 ± 50° 

10.0 0.37 ± 1.66 0.03 ± 0.11 1+50 ± 50° 

10.0 -3.21 ± 2.16 -0.21 ± 0.15 ^50 ± 50° 

Average -0.037 ± 0.08 ^ 13 * 11 

^hese errors exclude stopping power errors. 

These errors include stopping power errors. 

Natural titanium target. 

^i02 target. 



The spin and parity of this level have been determined to be 

J71 = [7,8]3 and the angular correlation measurements of Horoshko et 

al. [8] have fixed the M3/E2 mixing ratio at 6 = 0 ± 0.07, i.e., pure E2 

radiation. Assuming 6=0 and a 100$ decay to the ground state, our 

measured mean life gives a B(E2: 12'" "* j~) = 120 ± 25 e3 fm4. The rela

tionship between the mean life T, the B(EL: J\ ), the multipole mix

ing ratio 6, and the brandling ratio is presented in detail in the next 

chapter along with a comparison of these results to other work and to 

theory. • 

The 1.8l-MeV Level 

We observe the decay of this state to both the ground state and 

the first excited state (0.32 MeV). Our observed branching ratio is 

consistent with that of Horoshko et al. [8] of 75% decay to the ground 

state and 25% decay to the level at 0.32 MeV. Doppler-shift information 

for this state was obtained by observing the decay to the ground state 

by a gamma ray with an energy of 1812.7 ±1.0 keV, and we determine the 

mean life of this state to be T = 7.0 ± l.U x 10"13 sec. A sample of 

the spectra used to determine the mean life of this state is shown in 

Fig. 13. The spin and parity of this level have been fixed by Horoshko 

TT 
et al. [8] to be J = f". They have also determined the E2/M1 multipole 

mixing ratios to be 5 = 3.75 ^ O.67 for the branch to the 0.32-MeV level 

and pure E2 radiation for the branch to the ground state. Using the 

above values for the branching ratio and mixing ratios we find 

B(E2: - j~) = k2 ± 8 e2 fto4, and B(E2: -§•" - -|~) = 39 ± 8 e3 fm'. 



59 

The 2.UO-MeV Level 

We observe the decay of this level to both the ground state and 

first excited state. The observed y rays from these decays had energies 

of 2U01.6 ± 3.0 keV (2.kO - 0), and 2085.0 ± 3.0 keV (2.1+0 - 0.32). 

Both of these y rays were vised for mean life measurements and they yield 

an average F(T) , = 0.975 ± 0.03. Since this is within one standard 

deviation of being full-shifted, only a limit is quoted for this level. 

This limit is determined by subtracting 2CT from F(T')e ^ i.e., 

F(T) = O.915, and reading the resultant T from the appropriate 

F(T) versus T curve. Our results for this level are, therefore, 
expu 

T ^ 0.5I+ x 10~13 sec, and the energy of the state is 2^01.6 ± 3-0 keV. 

A sample of the spectra used for mean life measurements on this state is 

shown in Fig. l4. 

The 2.55-MeV Level 

This level has been observed in Ti50(Hea,d)V51 experiments 

[38,39] and in Ti48(a,py)V51 [8]. It is assigned a spin of -g+ and is 

expected to decay only to the -f~ level at 0.93 MeV with a gamma-ray en

ergy of 1620 keV. The proton window used in our attempt to determine a 

mean life for this state is shown as window B in Fig. 11. Since this 

window also includes the state at 2.70 MeV which decays to the state at 

1.6l MeV, the ga«'nma ray resulting from the decay of the state at 2.55 

MeV would lie very close in energy to the cascade decay of the 1.6l 

level in our coincidence spectra. The area of the peak labeled 2.5^ 

0.926 + I.609 " 0 in Fig. 12 is slightly larger than can be accounted 
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for by the area of the decay 2.699 MeV "* I.609 MeV (shown as 2.699 

I.609 in Fig. 12), but the discrepancy in areas can be easily understood 

when the angular distribution of the 2.699 MeV " I.609 MeV 0 decay is 

considered. Thus, we have no evidence that the level at 2.55 MeV is 

populated, and can quote no results. 

The 2.67-MeV Level 

We observe the decay of this level only to .the level at 0.93 MeV. 

The energy of the gamma ray associated with this decay is 17^3.7 ±4.0 

«J« 2 ̂  ,13 
keV5 and a mean life of 9.0 ^ \ x 1° sec is determined for this 

state. The spin and parity of this state have been fixed at J71 = jr+ 

[4o]. A sample of the spectra used to determine the mean life of this 

level is shown in Fig. 15v From the energies of the gaiiiaia rays associ

ated with the decay of this state (2.67 MeV 0.93 MeV "* 0), the level 

energy is found to be 2669.7 * 5.0 keV. 

The 2.70-MeV Level 

A state with an energy of approximately 2.70 MeV has been ob

served in the Vso(d,p)V51 reaction [Ul], and the Vss(n,Y)V51 reaction 

[*)2]. A tentative spin of ^" has been assigned to this level [8]. 

We observe a gamma ray with an energy of IO89.8 ±2.0 keV in coincidence 

with protons in window B of Fig. 11. The decay of the level at 

I.609 MeV is also observed in coincidence with this same proton window. 

Since no other state included in this proton window can decay to the 

level (all of the other states have spins £ -|), the 1.090-MeV "Y ray is 

attributed to the decay of the 2.70-MeV level to the 1.6l-MeV level. 
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Fig. 15. Coincident y-ray spectra for Vs1 for transition 2.67 MeV 0.93 MeV 

These spectra show experimentally-observed Doppler shifts. The data were obtained 
using proton window C (see Fig. 11). The arrows indicate peak centroids. 



From the gamma-ray energy of this decay we determine a level energy for 

this state of 2698.5 ±3.0 keV. The Doppler-shift data for this gamma 

ray were extremely poor, since its energy places it in the high back

ground due to the Compton edge of four higher energy y rays. The aver

age F(T)eXp^ for "this level is -0.037 4 0.08, and a limit corresponding 

to twice the standard deviation of ̂ (T)eXp^ placed on the mean life. 

Thus, T £ 11 x 10*"13 sec for this state, and the assignment of J™ = 

is strengthened by the observation of decay of this level only to the 

state at 1.6l MeV. Since F(T)6 ^ is negative in this case, the 

limit is determined by finding T corresponding to an F(T)xjjn±"b of 

i.e., F(T)L̂ mji^ = O.lB. We observed no gamma rays with energies which 

would correspond to the decay of a state at 2.70 MeV to either the -s~ 

ground state, or the §~ state at 1.8l MeV. 

Results for Mnsa 

A proton spectrum resulting from the Cr50(a,pv)Mn53 reaction 

So 
with 9.2-MeV alpha particles on an enriched Cr target is shown in Fig. 

l6. The proton windows used in both the Doppler shift and angular cor

relation studies on Mn53 are shown. This spectrum is typical of those 

used in the actual experiments, and shows a system resolution of roughly 

100 keV. Since the cross-section for this reaction was relatively sen

sitive to energy, it was possible to vary the relative proton yields of 

the three states under the windows marked B and C in Fig. 16 in order to 

enhance the state of interest and suppress the other two. At an alpha 

particle energy of 9.6 MeV, the yields of the 1.288 and l.UUo are com

parable, while at an alpha particle energy of 9*3 MeV, the ratio of 
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yields (1.288 : l.M+O) is roughly 3:1. Figs. 17 and 18 show gamma-ray 

coincidence spectra taken with the Y-ray detector positioned at 90° 

relative to the beam direction. These spectra were produced using an 

enriched Cr50 target 250 ± ̂0 (xg/cm2 thick and alpha particles with 

energies of 9«1 MeV. Proton window D vras used to obtain the spectrum in 

Fig. 17, and window E was used to obtain the spectrum in Fig. 18. These 

spectra are discussed in detail in the following paragraphs. The ex

perimental Y-^ay spectra for the Doppler-shift measurements on Mn53 are 

shown in Figs. 19, 20, 21, 22, and 23. 

Coincidence spectra typical of those used to obtain angular cor

relation data are shown in Figs. 2b and 25. All Y-ray spectra used in 

the angular correlation studies were taken with a 7.6 cm x 7.6 cm Nal(TJ&) 

detector. 

E O 
Mn Decay Scheme and 
Brandling Ratios 

All of the levels observed in this work, along with all gamma 

rays observed, are shown in Fig. 2. These transitions are discussed in 

detail in the subsequent paragraphs. Energies and branching ratios de

termined in this work are summarized in Table 2. 

Decay of the levels at 0.380, 1.288, 1.V+0 and 1.619 is clear, 

and presents no difficulty in interpretation. The level at 1.288 MeV 

decays both to ground and to the state at 0.377 MeV, with gamma-ray en

ergies of 1288 ± 1 keV and 911 ± 1 keV respectively. The angular dis

tribution data for this state show that its branching ratio is 51 ̂  1$ 

to the ground state and 1+9 4 1$ "to the first excited state. The level 
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These data were taken using proton window E (see Fig. l6), and with Ge(Li) "Y-ray 
detector positioned at 90° relative to the beam direction. 
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Table 2. Mn5,i decay scheme and brandling ratios 

Level 
& Branching 

energy Transition ratio 
(keV) (MeV) 1o 

377 ± l 0.38 0 100 

1288 ± 1 I.29 0 51 ± 1 
1.29 H 0.38 h$ ± 1 

lVtO ± 1 1.1(4 •4 0 100 

1619 ± 1 1.62 0 90b 

1.62 0.38 10b 

2277 ± 3 2.28 0 7^ ± 6 
2.28 0.38 26 ± 3 

2ko6 ± 3 2.1+1 -4 0 29 ± 2 
2.hi 0.38 12 ± 1 
2.hi 1.29 59 * 3 

2560 ± 3 2.56 -4 i.hk 100 

2575 ± 3 2.58 0 27 ± 9b 

2.58 0.38 73 ± l b̂ 

2670 ± 3 2.67 —» 0.38 67 ± 12b 

2.67 —• 1.29 33 ± 5b 

2691 ± 3 2.69 •4 0 52 ± 8b 

2.69 1M 16 ± 3b 

2.69 1.62 32 ± 6b 

2705 ± 3 2.71 1.288 100 

Errors quoted are from the experimental errors in area. The restric

tion 2 0. = 1 is not used. 

' Based on relative peak areas at 90° only. 



at l.M+O MeV is observed to decay only to the ground state with a gamma-

ray energy of ikhO ± 1 keV. The state at 1.679 MeV decays both to 

ground and to the first excited state with gamma-ray energies of 1619  ̂1 

keV and 12^2 £ 1 keV respectively. No angular distribution data were 

obtained for the 1.62 0.38-MeV decay so that no branching ratio infor

mation was obtained. Both decays were observed in the high resolution 

spectra using the Ge(Li) detectors, however, and this gives an approxi

mate branching ratio of 9C$ to the ground state, in agreement with the 

value of 89 ± Vfo quoted by McEllistrem et al. [15]. 

The decay of the two states at 2.28 MeV and 2.hi MeV is more 

complicated. Fig. 17 is a coincidence spectrum taken with the proton 

window over these two states. The ground state decays of these states 

are clearly visible in Fig. 17, and have \-ray energies of 2277 ̂  3 keV . 

and 2hoS ± 3 keV respectively. We find that these states also decay to 

the 0.38-MeV level via gamma rays with energies of 2030 i 3 keV (2.Ul 

O.38) and 1898 ± 3 keV (2.28 "* 0.38). The level at 2.hi MeV also decays 

to the state at 1.288 MeV via a y ray with an energy of 1117 4 1 keV 

(2.Ul "* I.29). We find no evidence for the decay of the 2.28-MeV level 

to the state at 1.29 MeV,i.e., we would see any peak in Fig. 17 whose 

intensity was > 10^ of the intensity of the peak at 2277 keV (2.28 "* 0), 

and no peak is seen at an energy of 989 keV (2.28 "• 1*29). 

Two low-intensity gamma rays appear above the 2U0S keV (2.hi 0) 

gamma ray in Fig. 175 having energies of 2.6 MeV and 2.7 MeV. These are 

attributed to leakage through the proton window of protons from the 

states at 2.58 MeV and 2.69 MeV. One of the gamma rays seen in the 



coincidence spectrum when the proton window lies over these states (win

dow E) has an energy of 1380 keV (2.67 1.29). About 50$ of the inten

sity of the y ray which appears in Fig. 17 with an energy of 1378 keV is 

attributed to this transition, and about 50$ is attributed to the second 

escape peak from the 2.4l 0 transition (2ko6 keV - 1022 keV = 138^ 

keV). The angular distribution data for the states at 2.28 MeV and 2.kl 

MeV give branching ratios of: 7^- ^ 6% for the transition 2.28 "* 0, 

26 ± 3=fo for the transition 2.28 O.38, 29 £ 2$ for the transition 2.U1 

0, 12 ± 1$ for the transition 2.Hi 0.38, and 59 ̂  3% for the transi

tion 2.^1 -* I.29. These results are shown in Table 2. 

The errors quoted for the branching ratios listed in Table 2 are 

determined from the experimental areas only. The restriction that 

2 [3. =1, where is the branching ratio to the lower state j, has not 
j 3 J 

been employed in determining these errors. This was done because there 

may be present in the decay scheme gamma rays from branches which are 

not observed. As has been indicated, the upper limit on the intensity 

of such a gamma ray is roughly 10$ of the intensity of the most intense 

mode of decay. The errors quoted have been extended to include the pos

sibility of an unobserved transition with ? £ 0.1, wherever the spins 

involved might reasonably allow another branch, e.g., in the decay of 

the 2.28(f~) level, there may be a small, unobserved, branch to the 

1.29(1") state. 

A gamma ray spectrum in coincidence with protons lying under 

window E is shown in Fig. 18. The highest energy peaks in this spectrum 

have energies of 2691 ± 3 keV and- 2575 ± 3 keV. These are associated 



with the ground state decays of levels at 2.69 MeV and 2.58 MeV, respec

tively. The next two peaks have energies of 2296 ± 3 keV and 219U £ 3 

keV. We associate these with the decay of a state at 2.67 MeV to the 

first excited state at O.38 MeV, and the transition 2.58 O.38, respec

tively. Below the peak at 219*+ keV are two peaks with energies of 

1619 ^ 1 keV and lM+0 * 1 keV which are clearly due to the transitions 

1.62 "* 0 and 1.V+ 0. The first of these is associated with the cas

cade 2.69 1.62 "• 0. The presence of the 1.62-MeV Y ray requires a 

gamina ray with an energy of 1072 keV to account for the first transition 

in the cascade 2.69 " 1.62 0, and such a gamma ray is clearly evident 

at an energy of 1075 * 3 keV. The presence of this cascade (2.69 1.62 

"• 0) implies a relatively high spin for the level at 2.69 MeV, since the 

spin of the 1.6-MeV level is J™ =•§•". A spin of = 1", or ̂ 2"" 

would, therefore, seen likely for the state at 2.69 MeV. 

In order to account for the presence of the lW+0-keV Y ray in 

this spectrum it is necessary to explain the manner in which the level 

at l.Mf MeV is populated. We do not see any evidence which would indi

cate that protons from the state at 2.28 MeV are leaking through the 

proton window, so that the population of the l.M+-MeV level cannot be 

direct, i.e., if the 2.28 2-leV is not populated, no lower state is. The 

l.UU-MeV level may, however, be populated by a cascade from the 2.69-MeV 

state since the spin of the l.^A-MeV level is . We do, in fact, see 

what may be a small peak at 1250 £ 3 keV (2.69 "* 1.1+1+). The area 'of 

this peak is 51 ± 7 counts, as compared to 195 * 21 counts for the area 

of the lM+O-keV peak. All areas have been corrected for detector 



efficiency to an energy of 1120 keV. Thus, the transition 2.69 MeV "* 

1.1+1+ MeV can account for only about l/H of the a.rea of the lUl+O-keV peak. 

The net area of the lllHo-keV peak is, after correction for relative de

tector efficiency and removal of the contribution of the 2.69-MeV 

l.ljlt—MeV cascade, lUU i 22 counts. Gamma rays which would correspond to 

the transitions 2.58 MeV - 1.M+ MeV (1135 keV), 2.71 MeV - 1.M+ MeV 

(1265 keV), and 2.67 MeV 1.1+1+ MeV (1230 keV) are not observed. Thus, 

in the spectrum of Fig. 18, we are left with a gamma ray whose intensity 

is ll+l+ ± 22 counts, and whose energy corresponds to the decay of the 

state at 1.1+1+ MeV. Since, as noted, this level cannot be populated di

rectly, it must be fed by a cascade. The only Y-ray peak in Fig. 18 

which is unidentified, and whose intensity is sufficient to account for 

the intensity of the ll+l+O-keV Y ray is a peak at an energy of 1119 ± 

1 keV. 

Since this 1119-keV peak is very close in energy to the Y ray 

resulting from the first transition in the cascade 2.1+1 MeV 1.29 MeV "* 

0 (1H7 - 2 keV and 1288 keV), we examine Fig. 18 for evidence of the 

presence of the decay of the 2.1+1-MeV state to the ground state. Indeed, 

a small peak at an energy of 2^10 keV is observed. The presence of this 

decay is attributed to leakage, through proton window E, of protons from 

the state at 2.1+1 MeV. The upper limit on the area of the 2Ul0-keV y 

ray in Fig. 18 is 25 - 5 counts. Since the ratio of the areas of the 

2lt-C6-keV and 1117-keV Y rays is 1 : 3.7 (2l+06 : 1117) when the 2.1+1-MeV 

state is directly populated (see Fig. 17), the area of the 2l+10-keV 

y ray in Fig. 18 allows a maximum area of 88 ± 20 counts for the 1117-

keV peak. The peak at 1119 keV does, in fact, appear slightly wider 



than the other peaks in this spectrum, as would be expected if it were 

composed of an unresolved doublet. The total area of the 1119-keV peak 

is 2lk i 20 counts. The net area of this peak, after removal of the 

contribution of the 1117-keV Y ray from the 2.kl 1.29 0 cascade, is, 

therefore, 126 * 20 counts. A summary of all of the above considera

tions appears in Table 3. Thus, the presence of the lM+O-keV gamma ray 

(net area = lUU - 22 counts) can be accounted for by the gamma ray at 

1119 ̂  1 keV (net area = 126 ± 28 counts), which is unaccounted for. 

The above results could be explained by the presence of a state in Mn53 

with a level energy of 2560 £ 2 keV (1119 ̂  1 keV + lM+0 ̂  1 keV = 

2559 * 2 keV), which decays by the cascade 2.56 l.UU 0. A state at 

2.56 MeV has not previously been observed in Mn53. Since we see no evi

dence for any other mode of decay for this state, and since the spin of 

the l.¥4~MeV state is , the state at 2.56 MeV, if it exists, would 

7T t 5— 
seem likely to have J = 3 . This spin assignment would make this 

state the [lf73]15'3 state predicted by the shell model, and would cor-
iz 

respond to the J = state at 2.70 MeV in V51. If this spin assign

ment is, in fact, correct, then it is not surprising that this state has 

not previously been observed. This is because most of the Y-ray work 

which has been done previously has employed the Cr52(p,Y)Mn53 or 

Cr53(p,nY)Mn53 reactions, which do not populate high-spin states [12,13, 

ll+, 15,^3]. On the other hand, our present work on V51 indicates that 

the Crso(o!,pY)Mn*'3 reaction would populate states of J11 = since we 

know this to be true in the Ti48(a,pY)Vcl reaction. 

The remaining peaks in Fig. 18 have energies of lUl5 * 3 keV, 

1380 ± 3 keV, 1288 ± 2 keV, and 911 ± 2 keV. These are associated with 
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Table 3. Evidence for 2.56 MeV "* 1.M+ MeV "* 0 cascade in Mn53 

Y-ray 
energy 
(keV) 

Areaa 

(counts) Source 

Method 
of 

population 

lM+O-keV 1M+0 195 ± 21 1.1& MeV - 0 unknown 
Y ray 1250 51 * 7 2.69 MeV - l.kk MeV direct 

1135 unobserved 2.58 MeV "• l.iA MeV direct 

1230 unobserved 2.67 MeV 1.W+ MeV direct 

1265 unobserved 2.71 MeV -* l.kk MeV direct 

Net area of 1^0 keV = l44 & 22 counts 

1119-keV 
Y ray 1119 2ll+ ± 20 unknown 

(2.56 MeV - l.bk MeV)? 
unknown*3 

2^10 

1117 

25 ± 5 

88 ± 20 

2.Ul MeV 0 

2.41 MeV - 1.29 MeV-J 

leakage of 
2.4l-MeV 
protons 
through 
window E 

Net area of 1119 keV = 126 & 28 counts 

aAll areas are corrected for detector efficiency to an energy of 1120 
keV. 

If the 2.56-MeV state exists, then the population is direct. 
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the cascade 2.71 "* 1.29 0 (1^15 keV, 1288 keV and 911 keV) from the 
• N 

state with a level energy of 2705 ± 5 keV and the cascade 2.67 "* I.29 

0 (1380 ± 5 keV, 1288 keV and 911 keV) from the state with a level 

energy of 2670 ± 5 keV. 

The angular distribution data for states above 2.ifl MeV were 

insufficient to determine branching ratios. However, from Fig. 18 

branching ratios based on the relative pealt areas at 90° can be deter

mined. These are listed, along with the above results, in Table 2. A 

comparison has been made between the branching ratios for the level at 

2.hi MeV determined from the angular distribution data and branching 

ratios for the same state determined from the relative peak areas at 90°. 

This comparison indicates that those branching ratios, quoted in Table 2, 

which were determined only from relative peak areas at 90° may t>e in er

ror by as much as 50$. 

Mean Lives and Angular 
Correlations in Mn53 

The 0.38-MeV Level. Gorodetzky et al. [20] have determined the 

mean life of this state to be 1.17 * 0.60 x 10-1° sec. This is much too 

long to be measured by the Doppler-shiffc attenuation method. Angular 

correlation studies have previously been done by McEUistrem et al. [15] 

who assign J = f~ and find 6 = -0.6 ±0.3 (& = -2.b is eliminated on 

the basis of earlier work [12]). In the present work a spin of f- was as

sumed and this leads to 6 = -0.53 * 0.03 or 6 = -2.36 ± 0.02. A coinci

dence spectrum, typical of those used to obtain angular correlation data 

for this state, is shown in Fig. 2k. Angular correlation results are 



83 

shown in Table 1+. A plot of x versus tan 6 along with the best the

oretical fit to the data is shown in Fig. 2b. 

The 1.29-MeV Level. Previous angular correlation studies on 

this state have detennined J™ = [13}15] a-nd 6 = -0.18 £ 0.03 for the 

1.29 MeV " O.38 MeV transition [13]. Our present results for this state 

give a mean life of T = 8.1 ^ ̂  x sec ® = -0.1*+ ± 0.03 or 

6 = 1^.30 £ 6.31 for the I.29 MeV O.38 MeV transition. A coincidence 

spectrum for the angular correlation work is shovm'in Fig. 25a, and a 

Doppler-shift spectrum is displayed in Fig. 19. Angular correlation 

results are presented in Table 1+, and mean life results are shown in 

3 R 1 
Table 5. A plot of X versus tan 6 along with the best theoretical 

fit to the data is shown in Fig. 27. We have also determined 6 = 

-0.132 * 0.033 or.6 = I.92 ± 0.15 for the transition 1.29 MeV "*0. In 

this case only an M3/B2 admixture is allowed. A x2 versus tan"1 6 curve 

along with the best fit to the data is shown in Fig. 28. 

The l.HU-MeV Level. McEllistrem et al. [15] have assigned a 

spin of ̂  to this state. Since this level is almost certain to be the 

[lf73]lv3 state, we assume it has negative parity, so j" = . We Ob
's" 

serve this state to decay only to the ground state (J =1"), and this 

transition is restricted to an M3/E2 mixture. Our results determine a 

mean life of T = 8.1 + X 10"X3 sec and the angular correlation data - x.y 

is consistent with nearly pure E2 radiation. A Doppler-shift spectrum , 

is shown in Fig. 20. 

The 1.62-MeV Level. Earlier singular correlation studies indi

cate a spin of •§• for this state [15]. Assuming this value for the spin 
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t 53 Table 4. Experimental angular correlation Results for Mn 

Transition 
(MeV) 

Initial 
and 
final 
spins VAo VAo 

Multi-
pole 

Multipole 
mixing ratio 

0.377 "* 0.0 5-
2 

7-
2 0.762 ± o.oea 0.03^ ± 0.018 E2/M1 

-2.36 ± 0.02 
-0.53 ± 0.03 

1.288 - 0.0 3-
2 

_ 7-
2 0.011 ± 0.032 00.0 M3/E2 

-0.132 ± 0.033 
1.92 ± 0.15 

1.288 - 0.377 3-
2 

-• s.-
2 -0.25U ± 0.03^ 00.0 E2/M1 

-0.1U ± 0.031 
1^.3 ±6.3 

l.i&O - 0.0 11-
~s~ — z-2 0.88 ± 0.11 0.1814- ± 0.123 M3/E2 

-2.llf ±0.69 
-0.36 ± 0.24 

1.619 - 0.0 r _• z-
2 0.2J40 ± 0.038 0.296 ± 0.01& E2/kl 

-8.1 ± 1.5 
-0.306 ± o.oe3 

2.277 "* 0.0 5-
2 

-• 7.-
2 -0.325 ± 0.072 0.107 ± 0.098 E2/M1 

-0.123 ± 0.05^ 
00 

z.ko6 - 0.0 3-
2 

-* z-2 0.26 ± 0.11 00.0 M3/E2 0.18 ± 0.19 
1.00 ± 0.37 

2.kOo - 1.288 3-2 -» 3-
2 0.581 ± 0.066 00.0 E2/M1 -2.36 ±0.34 

-0.158 ± 0.05^ 

00 
VI 



Table h. Experimental angular correlation .Results for Mn53 (continued) 

Transition 
(MeV) 

Initial 
and 
final 
spins Ao/A, '2' o A l/Ac 

Multi-
t>ole 

Multipole 
mixing ratio 

2.691 - 0.0 5- -* 2r 
H z 

-r 

11-
-TT 

7_-
2 

0.86 ± 0.17 

0.86 ± 0.17 

0.86 ± 0.17 

0.86 ± 0.17 

0.39 ± 0.13 

0.39 4 0J3 

0.39 ± 0.18 

0.39 ± 0.18 

E2/M1 

E2/H1 

E2/M1 

M3/E2 

Undetermined 

Undetermined 

Undetermined 

Undetermined 

2.705 ̂  1.288 -• A-
2 2 0.057 ± 0.06I 00.0 M2/E1 



53 Table 5« Doppler shifts and mean lives in Mn 

Transitions 
(MGV) 

Beam 
energy 
(MeV) 

Observed 
Doppler 
shift 
(keV) F(TW 

T 

(x 10": L3sec)a 
<T> 

(x 10-13sec)D 

1.288(1") - 0(F) 9.1 2.90 ± 0.50 0.17*+ ± 0.030 

1.288(F) 0.377(F) 9-1 1.26 ± 0.53 0.107 ± 0.050 

Average 0.156 ± 0.026 8.1 ± 1.5 0 1 + 3*5 
8,1 -2.1+ 

l.Wtod1") - 0(F) 9.7 3.08 ± 0.1+5 0.157 ± 0.073 8.1 
+ 1.6 
- 0.9 

9.1 2.81+ ± 0.67 0.153 ± 0.036 8.2 
+ 2.8 
- 1.8 

Average 8.1 
+ 1.1+ 
- 0.8 

0 -| +3.2 
8*X - 1.9 

1.670(1") - 0(F) 9-7 l+.ll+ ± 0.1+1 0.186 ± 0.019 6.6 ± 0.8 66 + 2-5 
- 1.5 

2.277(1") - 0(F) 9-5 6.8U ± 0.86 ' 0.221+ ± 0.C28 

9.5 8.00 ± 0.79 0-271 ± 0.027 

Average 0.2^ ± 0.019 U.7 * 0.5 h.7 + J'q 

(Xi 
-o 



Table 5. Doppler shifts and mean lives in Mn53 (continued) 

Transitions 
(MeV) 

Beam 
energy 
(MeV) 

Observed 
Doppler 
shift 
(keV) F(T) expt (x 10"13sec)q' (x IQ'^^sec) 

<T> 
,-X3, 

2.1*06(F) - o(F) 9.5 17.30 ± 1.08 

9.5 1U.8U ± 1.27 

Average 

0.539 ± 0.03^ 

O.k-77 ± O.OUl 

0.51^ ± 0.C26 1.7 ± 0.2 1.7 ± 0.5 

2.575 "* 0(F) 9.2 25.29 ±2.70 

9.2 2If.00 ± 1.65 

Average 

0.751 ± 0.080 

0.737 ± 0.051 

0.7^1 ± 0.0U3 0.72 ± 0.16 0.72 ± 0.28 

2.691 - 0(F)C 9.2 31.31 ± 0.32 

9.2 23.50 ± 0.76 

Average*3" 

0.875 111 0.010 

0.692 ± o.oe2 

0.788 =0.08 0.60 ± 0.25 0.60 ± 0.38 

2.705(s+) -2.88(f) 9.2 2.08 ± 0.37 0.116 ± 0.021 11.0 + 2.7 - 1.6 

aThese errors exclude stopping power errors. 

These errors include stopping power errors. 

11.0 + 3.8 
- 2.2 

See text. 

^These errors include a possible error due to 
the choice of limits in calculating the peak 
centroid. 
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Fig. 27. Angular correlation data for the Mn53 transition 
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and negative parity, we find 6 = -0.31 ^ 0.02 or 6 = -8.lU ± 1.50 for 

the transition 1.62 MeV 0. Our Doppler-shift measurements give a mean 

life of T =6.6 ^*5 x 10~13 sec. A Doppler-shift spectrum appears in 

Fig. 21, an angular correlation spectrum is shown in Fig. 25b, and a 

plot of X2 versus tan"1 6 along with the best theoretical fit to the 

data is displayed in Fig. 29. 

The 2.26-MeV Level. No spin assignment has been made for this 

level. Our angular correlation results are consistent with J = •§, §, or 

possibly -l, although the x3 versus tan"1 6 plots seem to indicate that 

J = \ is less likely than the lower spins. McEllistrem [kk"] has deter

mined the spin of this level to be either J = -f or J = 1. Since the 

present work indicates J = •§• or we conclude that the spin of this 

state is J = f. The parity of this level is discussed in the nesct chap-

ter. This fit along with the X versus tan 6 plots is shown in Fig. 

30. A spectrum, typical of those used in collecting angular correlation 

data for this state, is shown in Fig. 25c. Table H shows angular corre

lation results for this state. We determine a mean life for this state 

of T = U.7 + x lO"3"3 sec. A Doppler-shift spectrum appears in 

Fig. 22. 

The 2 J-H-MeV Level. This level lias been studied by Cujec and 

Szoghy, using the Crb7 (He** ,d)Mn53 reaction [U5]. Their analysis indi-

77 
cates xj =1 for this state, which allows J = ? or 4 . Since our 

P ^ 

angular correlation results show the radiation from the decay of this 

state to be anisotropic, we conclude that J™ = Assuming this spin 

and parity, we determine 6 = 0.18 ± 0.19 or 6 = 1.00 ± 0.37 for the 
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Fig. 30. Angular correlation data for the Mn53 transition 

2.28 MeV "» 0 (-}") 

Best theoretical fits_£o the data for j(2.28) = f, f and 1, 
and the x versus tan x 6 curves for these spin ' 
possibilities are shotm. 



transition 2.kl MeV — 0. These results axe shown in Fig. 31. Results 

for the transition 2.^1 MeV 1.29 MeV give 6 = -2 .36 ±0.3^ or 6 = 

-0.l6 ± 0.05. These results are displayed in Fig. 32. An angular cor

relation spectrum for this state is shown in Fig. 25c. A Doppler-shift 

spectrum is shown in Fig. 22. Our Doppler-shift results for this state 

give a mean life of T = 1.7 i 0,5 x 10~13 sec. 

The 2.56-MeV Level. As has been noted above, no state with an 

energy of 2.56 MeV has previously been observed in Mn53. This work has 
yielded neither mean life nor angular correlation information, but, if 

the state exists, its mode of decay (2.56 I.M+Ctt1"")) would suggest 

J17 = . From our results on Vs1 we know that the (a,py) reaction does 

populate states with spins as high as while (p,n) or (p,ny) reac

tions are not likely to populate states -with spins this high. Since 

most of the recent work on Mn53 has been (p,n) and (p,ny) work [12,13, 

1^,15,^3], it is not surprising that a state at 2.56 MeV with J™ = 

has not been observed. 

The 2.58-MeV Level. The only information previously available 

on this state is in a recent abstract by Chung, Olsen, and Sheppard [l6] 

who observe a state with an energy of 2573 keV, and the work of Tanaka 

et al. [U3], who observe a state at 2575 ± 3 keV. Chung et al. [16] 
assign a tentative spin of -fr. Only a mean life was determined in this 

work. We find T = 0.72 ± 0.28 x 10~13 sec. A Doppler-shift spectrum 

appears in Fig. 23. 

The 2.67-MeV Level. Chung et al. LiS] observe a state at an 

energy of 2.670 MeV to which they tentatively assign a spin of 
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and Tanaka et al. [*+33 observe a state at 2672 ± 3 keV. Other than 

level energy, a decay scheme, and approximate branching ratio, we have 

obtained no new information on this state. 

The 2.69-MeV Level. A level with energy of 2690 ^ 3 keV is ob

served by Tanaka et al. [U3] and a state with energy 2689 keV is seen by 

Chung et al. [l6], who assign to it a tentative spin ofOur results 

indicate a state at 2691 ± 3 keV, which we believe corresponds to 

the one observed in the above reference. Our angular correlation re

sults for the transition 2.69 0(|-~) are shown in Fig. 33. The large 

Â /Aq term in the theoretical fit to the data suggests a relatively high 

spin for this state. Indeed the X2,s for assumed spins of-f' and are 

a factor of 3 lower than the X2's for assumed spins of \ and Al

though this difference is not sufficient to make a definitive statement 

about the spin of the state, it does support an assignment of -§-. Analy

sis of the angular correlation data for the transition 2.69 1.62(-§~) 

provides no new information on this state, and is consistent with spins 

of §•, t, 2", or it. An angular correlation spectra is shown in Fig. 25d, 

and a Doppler-shift spectrum for this state is shown in Fig. 23. Seri

ous difficulty was encountered in the analysis of these data, since the 

Doppler-shift data show an anomalous peak appearing just above the 2.69-

MeV peak in the back direction. The forward direction peak has a large 

asymmetry on the low energy side which also suggests an unresolved peak. 

It is, however, difficult to determine whether these anomalies result 

from the Doppler shape of the 2.69-MeV peak, or from a small peak which 

lies directly under the 2.69-MeV peak in the unshifted 90° spectra (see 

Fig. 18) and which shifts very little in the Doppler-shifted spectra. 
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The interval which was used to determine the centroid of the 

2.69-MeV peak included the small anomalous peak in the back direction 

and the low energy asymmetry of the forward peak. Since these peak cen

troids change significantly when the anomalous peak and asymmetry are 

excluded from the centroid interval, the errors on F(T)eXp-b have been 

enlarged to include all possible centroids. This leads to F(T)ex̂ .fc = 

O.79 ± 0.08, which represents T = 0.60 ± O.38 x lCf13 sec. 

The 2.71-HeV Level. Cujec and Szoghy [U5] have observed a level 

with an energy of 2720 ± 10 keV with JL =0, which gives a J77 = -g* . 
P 

Tanaka et al. [U3] observe a state at 2707 - 3 keV. We believe that the 

state observed in this work with an energy of 2705 ± 3 keV is the same 

as the above. The best theoretical fit to the angular correlation data 

for this state is shown in Fig. 3^. These results are consistent with 

an isotropic distribution and support the assignment of J™ = -g+. A 

Doppler-shift spectrum for this state is shown in Fig. 23. The transi

tion 2.71 1.29, which appears to be the only mode of decay for this 

state, has been used to determine this mean life. The Y-ray energy of 

this decay is 1^15 ^ 3 keV. Analysis of these data was extremely diffi

cult due to the two small peaks below the peak at lkl5 keV. A linear 

background was picked by hand and used to determine the centroid for 

this peak. Because all of the background fitting was done by eye, the 

uncertainties in this measurement are not as reliable as those deter

mined by a computer fit. We obtain T = 11.0 + 2*2 x 10-13 sec* 1116 ̂ wo 

small peaks below the ll+15-keV peak in Fig. 23 have average energies of 

approximately 1378 ± 10 keV and 1393 ± 10 keV. The peak at 1378 ± 10 

keV is associated with the 2.670-MeV "* 1.288-MeV transition. 
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The origin of the 1393 * 10-keV peak is unknown. A very small 

peak at an energy of 2310 sfc 10 keV is observed in the same spectra and 

these could result from transitions from a state at 2685 ^ 10 keV. 

These two peaks would then represent the transitions 2685 keV 377 keV 

(a Y-ray energy of 2303 keV) and 2685 keV "* 1288 keV (a y-ray energy of 

1397 keV). The data are, however, too poor to make any definitive 

statement about a state at 2685 keV, and such a state is presented mere

ly as a hypothesis. 



CHAPTER V 

DISCUSSION OF RESULTS 

In this chapter we will compare the experimental results ob

tained for V51 and Mn63 with the results of other experimental work on 

these nuclei, and with the predictions of the sheil model. In particu

lar, we will compare the experimental and theoretical energy level 

schemes, and use the experimentally-measured mean lives, branching ra

tios and multipole mixing ratios to calculate quantities which can con

veniently be compared to those predicted by the shell model. 

In theoretical calculations, the decay characteristics of a 

nuclear level are often given in terms of the reduced transition proba

bility B(ctL) , where the radiation is of multipole order L and type cr 

(electric or magnetic). The reduced transition probability, as a func

tion of the matrix elements between magnetic substates, can be written 

as P+6] 

B(<JL) = (2Ji + l)"1 I <JfVf| , (5*) 

where G^(cr) is the multipole operator for radiation of order L and type 

a, «J\ and are the spins of the initial and final states, and 

are the magnetic substates, and the and are any additional quantum 

numbers needed to specify the states. These reduced transition 

102 
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probabilities are related to the experimentally-measured mean lives 

through the transition probabilities. 

The reduced transition probability, B(aL), is related to the 

transition probability, T(aL), for a transition from level i to level f 

by emission of radiation of type a and order L by the equation D<6] 

V<*) - r
8"(L+1) 

ia- ir &fl , (55) 
3 L[(2L+l) 11 ] h vrtC' J 

where is the energy of the transition, c is the speed of light, and 

ft is Planck's constant divided by 2tt. Since a level may decay to sever

al lower levels, the subscript j indicates a particular branch. If more 

than one multipole order is allowed by the selection rule |J\ - Jf| = 

L. £ L ^ I. - J. + J„, then the total transition probability for a m m  m a x  i f '  r  "  

transition from level i to level f will be 

^rnax 
\ 

T, =£ T,(ffL) . (56) 
L=L 3 

min 

Since transition probabilities generally decrease rapidly for higher 

order multipoles [U6], it is usually sufficient to consider only those 

for the lowest two multipole orders L . and L . + 1. The total transi-
* mm min 

tion probability for a transition from a level i to a level f then 

becomes 

Tj = T^.(aL) + TjCoL+l) = T^(aL)(l + b*) , (57) 



10U. 

where 6. is the multipole mixing ratio as defined in Eq. (38). We have 

replaced L ̂  by L in order to simplify the notation. 

If the level i decays to more than one final level, then the 

total transition probability for the decay of the level i to all lower 

states through radiation of the two lowest multipole orders is 

T  =  S T . = 2T .(ctL )  {l +  6 . 2 }  .  ( 5 8 )  
3 3 J 3 J • 

The branching ratio, P . ,  is defined by 
0 

T T 
P, = —2- = J- , (59) 

0 ST V  
T  

k fc 

and the total transition probability of a level and its mean life, T, 

are related by 

T = T~1 (60) 

Thus, we see that the mean life can be related to T . ( C T L), and thereby 
0 

to B . ( C T L), by 
0 

T = ^ CTj(ctL)(1 + ^2)}~x (61) 

Therefore, if T, j3., and 6. are known, B.(crL) can be calculated. 
J J J 

In order to make general comparisons between the reduced transi

tion probabilities obtained from the mean life measurements, and those 



105 

obtained, for other nuclei, we will make use of the Weisskopf single 

particle estimates for transition probabilities [**7]. These estimates 

are obtained from the independent-particle shell model in which a state 

of the nucleus is described by the quantum numbers of the individual 

nucleon. Several, rather extreme, simplifying assumptions are made in 

obtaining these estimates. For an electric transition of multipole 

order L, it is assumed that the spin of the initial level is JL = L + 

and the spin of the final level is = i>. Further, it is assumed that 

the radial wave functions are constant throughout the nuclear volume, 

and that the magnetic transition probabilities are related by a constant 

to the electric transition probability for the same multipole order L. 

These assumptions lead to the well known Weisskopf estimates of single 

particle transition probabilities [Vf] 

^(el)=as;,1/(^)3 ^ ~-1 

^<ML) =  ̂̂2L+1 rSL"2 * 1031 sec_1 • (62) 

In Eq. (62), is the energy of the Y-ray transition in MeV, and R is 

the nuclear radius. This radius is usually taken as r A16 with r = o o 

1.2 fermis. 

For purposes of comparison, the ratio of experimental transition 

probabilities to the Weisskopf estimates are frequently quoted. These 

ratios give the transition strength for a nuclear transition in Weiss

kopf units, and are defined by 
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|II|a_WL) "Wa« 
IHI " ' yaL) = "E^(5l5- <63' 

Because of the extreme simplifying assumptions used to obtain 

the Weisskopf estimates, the Tw(CTL) or B̂ (CTL) are not expected to give 

close agreement with experimental transition probabilities, and may, in 

fact, differ by several orders of magnitude. This is apparent from the 

survey discussed in the review by Wilkinson [U8], The above results 

will be extensively employed in the discussion which follows. 

We first compare the present results with the results of other 

work, and then we will discuss the predictions of the shell model and 

how they agree with the empirical facts. 

A comparison of our work in V51 with that of Horoshko et al. 

[8] appears in Table 6, while our results for Mn53 are compared with the 

work of McEllistrem et al. [15] and others in Table 7. The fact that 

the ratio of B(E2)'s (B(E2) from this work over B(E2) from the work of 

Horoshko et al. [8]) have a maximum spread of 11$>, leads us to believe 

that there is a systematic, rather than random, error in one or both of 

these experiments. In the case of our work, we note that the stopping 

power used in determining the mean life may be in error by as much as 

20$, and this alters the B(E2)'s which we calculate by about 15%. The 

discrepancy in B(E2)'s may also arise from normalization difficulties in 

the Coulomb excitation measurements in Ref. 8. The rather large error 

quoted for the B(E2) of the 1.8l MeV 0.0 MeV transition in Table 6 

(B(E2) = ± 18) arises from the fact that in a transition with an 



Table 6. Comparison of V51 results to other work 

107 

T , „ ,t. Mean Life Level Transition * ^ 
(MeV) (MeV) (x 10"13sec) (eV) (esfm*) Ratio0 

1.609 1.6l(^")-,0.0(i'") 6.3 ± 1.3 120 ±25 83 ± 8 1.1+5 

1.813 1.8l(-f")^0.32(1") 7.0 ±1.4 39 ± 8 2k ± 5 1.62 

1.8l(-!")-,0.0(ir) 7.0 ± 1.1+ 1+2 ± 18 28 ± 5 1.50 

aPresent results. Branching ratios and mixing ratios are taken from 
Ref. 8. 

bRef. 8. 
Si 

cRatio of present work to the work of Ref. 8, i.e., ratio = . 
B(I2)tb 



63 Table 7. Comparison of Mn results to other work 

Level 
(MeV) 

Transition 
(MeV) 6d 

0.377 0.38(1") - 0.0(F) 

1.288 1.29(F) "* 0.377(4") 

1.619 1.62(2") - 0.0(1") 

-0.53 ± 0.03 

-o.i*a± 0.031 
Ik.3 ±6.3 

-8.1 ± 1.5 

-0.6 ± 0.3 -0.61 ± 0.08 

-0.18 ± 0.03 
+ 270 

30 
- 15 

-O.I46 ± o.ll 

-0.21 ± 0.08 
-1.7 ± 0.2 

-3.2 ± 1.0 

aPresent results. 

bRef. 15. 

CRef. 12. 

^Ref. lb. 
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E2/M1 mixture of multipolarities the expression for the B(E2) is pro-

3 2 
portional to 5/(1+6), while in transitions where E2 is the lowest 

multipole order (e.g., an E2/M3 mixture as in the 1.8l MeV "*0.32 MeV 

transition) the expression for the B(E2) is proportional to l/(l + 6s). 

Thus, since the multipole mixing ratio for this transition is rather 

large (6 = 3.75 - 0.70 from Ref. 8) the resulting error in the B(E2) is 

also large. 

Table 7 indicates the scarcity of previous experimental informa-

5 3 tion on Mn . The multipole mixing ratio, 6, determined in this work 

for the 0.377-MeV level agrees very well with previous work [12,14,15], 

while the present value of 6 = -8.1 ± 1.5 for the 1.62-MeV 0.0-MeV 

transition disagrees with the work of McEllistrem et al. [153. This 

difference in 6, however, makes a difference of only 8% in the B(E2). 

Agreement of the present work with the previous values of 6 for the 

1.29-MeV 0.38-MeV transition is good for the negative value, and un

clear for the positive value. While the present result for the positive 

value of 6 for this transition (6 = 1^.3 ~ 6.3) agrees with the work of 

Vuister [12], it disagrees, in both magnitude and sign, with the work 

done by Gorodetzky et al. [l^]. Since the latter experiment used the 

Cr53(p,nv)Mn53 reaction where the analysis may be somewhat model depend

ent, we hesitate to reject the positive value of 6 solely on the basis 

of this disagreement. 

At present, there is considerably more theoretical information 

available on Vs1 and Mn53 than there is experimental work. As has been 

noted previously, these two nuclei are expected to be well described by 

r*-v 
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the shell model. Indeed, the earliest attempts to use the shell model 

to describe V51 and Mn53 were quite successful in describing their bind

ing energies and level structure [3]. This attempt used the effective 

c * 

interaction technique and assumed that the states in V were pure 

[lf73]^" configurations, and that the states of Mn63 were pure [if-/"3]'* 
"2 2 

configurations. A comparison of the experimental level scheme deter

mined in this work with the level structure calculated using these pure 

• configurations is shown in Fig. 35 for V51 and Fig. 36 for Mn53. The 

theoretical level schemes are, of course, identical for pure configura

tions. Figs.. 35 and 36 also include theoretical level schemes calcu

lated for mixed configurations. There are several difficulties with the 

pure configuration picture of these two nuclei. First, the pure [lf73]"^ 
"2 

and [lf7"3]J configurations do not predict enough levels in Vs1 and Mn53 
2" 

with energies between 2.0 and 3.0 MeV. Second, and more serious, the 

shell model predicts that Ml transitions are forbidden between these 

states [50], while Ml transitions are experimentally found to occur. As 

can be seen in Figs. 35 and 36, when configuration mixing is allowed the 

first of the above difficulties is resolved, and good fits to the low 

lying levels are obtained in both V51 and Mn53. We note, however, that 

while Auerbach [9] obtains good agreement with experimental energy 

levels in Vs1, the agreement of his calculations with experiments in 

Ito63 is quite poor above 1.3 MeV. It is not possible to resolve the 

second problem with the pure configuration picture (forbidden Ml tran

sitions) and still keep the level configurations pure. Talmi [5l] has 

pointed out that the [lf?n]J model can account for the experimental 
z 



Comparison of experimental and theoretically-predicted energy 
levels in V 1̂ 

The experimental levels (a) are from this work. The predic

tions are from (b) the pure [lf73]^ model (Ref. 3)> (c) the 

mixed-configuration model of Auerbach (Ref. 9) > (<i) the 

mixed-configuration model of Lapps and McEllistrem (Ref. 10), 

and (e) the mixed-configuration model of Horoshko et al. 

(Ref. 8). 
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Fig. 36. Comparison of^experimental and theoretically-predicted energy 
levels in Mn°° 

The experimental levels (a) are from this work. The predic

tions are from (b) the pure [lf7~3]^ model (Ref. 3), (c) the 
*2 

mixed-configuration model of Auerbach (Ref. 9) > (d) the mixed-
configuration model of Lipps and McEllistrem (Ref. 10). 
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B(E2)'s in V51, if an effective charge is used in the single particle E2 

operator. This effective charge compensates for the neglected effects-

of core polarisation in the same way that the effective two-particle 

.interaction is used to "absorb" the effccts of neglected configurations. 

An effective charge of e' = 1.6e is found to fit well [8,10,5l], and 

this value has been used in all of the theoretical calculations dis

cussed here. 

The experimental and theoretical B(E2)'s for Vs1 are compared in 

Table 8. Theoretical B(E2)'s for Mn53 are not presently available, but 

Lipps [52] has calculated mean lives and branching ratios for most of 

S3 the levels in Mn . These calculations are performed exactly as de

scribed in Ref. 10 and use a basis space which permits admixtures of 2p. 
"2 

and lf5 states in the total shell model wave function. These calcula-
2" 

tions are compared to the present work in Table 9. There is reasonably 

good agreement between theory and experiment in V51 for all levels for 

which calculations have been done. In Mn53 good agreement between 

theory and experiment is sporadic but within a factor of 10 in all 

cases. 

It is not too surprising that B(E2)fs calculated,assuming a pure 

[lf73]J configuration, fit the experimental data reasonably well since 
"2 

the more complicated, configuration-mixed calculations indicate that the 

first level of given J (first f, •§, j, -f, and are mostly [lf73]J. 
"2 

Lipps and McEllistrem [10] calculate that for Mn53 the ground state is 

> 98% [lf7~3]2, the first •§•, f, V1, and states are all > 80$ [lf7~3]J 
"2 2__ "2 

and the first f is ~ hO$> [lf7-3]2 . In Vs1 Horoshko et al. [8] find, 



Table 8. Experimental and theoretical B(E2)l*s for V51 

Level 
(MeV) 

Transition 
(MeV) 

B(E2)l .£ v ' expt 

(e2fm*) 

B(E2)i s.m. B(E2) 

(e2fm4) 

Ts.m. 

(e2fm4) 

B(E2)i„ .m. 

(eafm4) 

1.609 1.6l(^") - 0.0(1") 120 ± 25 

1.813 1.81(1-') - 0.32(1") 

1.81(1") - 0.0(1") 

2.1*02 2.1*0(1") ~ 0.0(1") 

2.1+0(1") - 0.32(1") 

39 ± 8 
Ifi ± 18 

25 39 

* 39 

2.699 2.70(>r") - 1.6l(^~) ^ 5000 

79 

28 

30 

80 

19 

27 

61 - 61* 

21 - 2l* 

aThls work. Branching ratios and multipole mixing ratios from Ref. 8. 

Pure configuration calculation [3]. 

°Mixed configuration calculation of Horoshko et al. [8]. 

^Mixed configuration calculation of Lipps and McEllistrem [l0]. 



Table 9« Comparison of shell model calculations and experimental results in Mn53 

Level 
(MeV) 

Transition 
(MeV) 

Quantity 
Compared 8# Calculated Experimental*3 

1.288 1.29(F) -4 0.0(F) T 51.2 x 10"13sec 8.1 ± 3.0 1A-13 x 10 sec 

1.M+0 1 .i*(¥~: ) - o.o(F) T 9.7 x 10"13sec 8.1 ± 2.5 x 10"l3sec 

1.619 1.62(1") 0.0(F) T 12.0 x 10"13sec 6.6 ± 2.0 x 10-13sec 

2.277 2.28(1") 0.0(F) T 0.19 x 10~13sec 1+.7 ± 1.3 x 10 sec 

2.1+06 2.1+1(1") 0.0(F) T 1+.2 x 10~13sec 1.7 ± 0.5 •_ 13 x 10 sec 

2.575 2.58 -4 

I, —
' O
 « 
O
 T 10.5 x 10"l3sec 0.72 ± 0.28 x 10"13sec 

2.277 2.28(|") •4 0.0(F) P 0.97 0.7b ± 0.06 

2.28(F) 0.38(F) P 0.01 0.26 ± 0.03 

2.1+06 2Al(t") 0.0(F) P 0.28 0.29 ± 0.02 

2.1+1(1") •4 0.38(F) P 0.6l 0.12 ± 0.01 

2.1+1(1") -4 1.29(F) P 0.11 0.59 ± 0.03 



Table 9. Comparison of shell model calculations and experimental results in Mn53 (continued) 

Level 
(MeV) 

Transition 
(MeV) 

Quantity-
Compared £L Calculated Experimental^ 

2.575 2.58 - 0.0(1") P 0.27 0.27 ± 0.09 

2.58 - 0.38(1") P 0.73 0.73 ± o.iU 

®Sef. 52. 

^This work. 
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similarly, that the first F, -§, 1, •§", V", and TT states are all 90-96% 

Clf7a]J. Lipps and McEllistrem [10] agree, with the exception of the 

first •§ state which they calculate to be only ~ bOffo [lf73]^ . Since the 
1 

_ S *1J pure Llf7 J portion of the wave functions cannot participate in an Ml 
z 

transition, and since the "f73 states" (the first f, !•,-§*, > and. 
"2 

states) are mainly composed of this configuration, even the theories witii 

configuration-mixing predict severe inhibition of Ml transitions. Ex-

perimentally determined transition rates, along with the |M| are dis

played in Table 10 for V51 and Table 11 for Mn53. We note that the Ml 

transition rates for the states mentioned above are indeed inhibited. 

In V51 the Ml inhibition for the 1.8l-MeV "* 0.0-MeV transition is 2500, 

while the Ml inhibitions for the "f73 states" in Mn53 range from ko -
2 

8000. Thus, the mixed-configuration shell model picture which allows 

small Ml transition rates seems to fit the empirical data on VS1 and 

Mn53 with reasonable accuracy. 

In order to simplify comparison of the electromagnetic transi

tion properties of V51 and Mn53; we will discuss them together, level 

by level. Tables 12 and 13 are summaries of the presently available in

formation on electromagnetic transition properties of V51 and Mn53 re

spectively. 

The First Excited States (J™ = f~) 

The properties of these two states (320 keV in Vs1 and 377 keV 

in Mn63) are strikingly similar. Not only do their energies differ by 
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Table 10. Experimental transition rates for Vs1 

Transition 
(MeV) 

Initial 
and 
final 
spins 

Multi-
pole 
type 
crL 

B<aLW l  

(e2cm2L) IM |3 

1.609 -• 0.0 ii- - 2r 
2 2 E2 i20 ± 25 10.5 ± 2.2 

1.813 0.0 2~ -* ir 
2 2 Ml 7.5 ± 1.5 X 10"6 3.7 * 0.7 x 10~4 

E2 1^2 ± 18 3.6 ± 1.5 

1.813 " 0.32 _ar -* 5_-
2 2 E2 39 db 8 3.^ ± 0.7 

M3 9.1+ ± 2.0 X 105 2.7 ± 0.6 x 10s 

2.kc2 " 0.0 3.** -• 2.— 
2 2 E2 * 39 * 3.^ 

M3 ^ 2.3 x 104 £ 6.7 x 103 

2.1+oe - 0.32 3- -» 5-
2 2 MI * 1 x 10""4 ^ 0.19 

E2 * 39 ^ 3.^ 

2.699 - 1.609 E2 £ 5000 £ lfl5 

M3 £ 1.0 x 10"a £ 3.0 x 107 

2.670 -* 0.93 
3+ 3-
2 2 El 1.3 ± 0.3 x 10"* 1.5 ± 0.3 x 10-



53 Table 11. Experimental transition rates for Mn 

Transition 
(MeV) 

Initial 
and 
final 
spins3. 

Multi-
pole 
type 
CTL 

E(CTL'expt'b 

(e3fti2L) 
gb 

|M|3 

0.377 "• 0.0C s- ir 
?. 2 Ml 5.1 ± 0.6 x io~5 2.6 ± 0.3 x 10~3 

E2 135 ± 18 U.3 ± 1.5 

1.288 - 0.0d 2.~ -» i-2 2 E2 ll+3 ± 51 11.8 ± 4.2 

M3 32 ± 2 x 10G 8.9 ± 0.5 x 10s 

1.288 "*0.377 A"* —• il-z z Ml 5.0 ± 1.8 x 10"4 

2.5 ± 0.9 x 10"6 
2.5 ± 0.9 X 10~3 
1.2 ± 0.4 X 10~4 

E2 15.5 ± 8.7 
790 - 750 

1.3 ± 0.7 
61+ ± 61.9 

1.1+40 - 0.0 -r E2 2Q ± 9 
1W i h 

2.1+ ± 0.7 
11.9 ± 3.7 

M3 
1.1+ ± 1.0 x 10s 

1.9 ± 2.6 x 107-
l+.o i 2.9 X 107 
5.6 ± 7.7 x 108 

1.619 - o.oe -F " T" Ml 3.0 ± 1.0 x 10"6 1.5 ± 0.5 x 10~4 

E2 98 ± 48 8.1 ± 4.0 

2.277 0.0 85- _ 7-
2 "2 Ml 

8.3 * 2.4 x 10"5 

0 
4.1 ± 1.2 x 10"3 

E2 0.3 ± 0.3 
21 ± 7 

0.03 ± 0.03 
1.73 * 0.58 

2.1+06 -* 0.0 2_3— _ nr 
2 2 E2 

16.8 ± 5.1 
8.7 ± 2.6 

1.1+ ± 0.4 
0.7 ± 0.2 

M3 
1.9 ± k.2 x 105 
3.2 i 2.6 x 10s 

5.6 ± 12 x 104 

9.1+ ± 7.6 x 10s 

2.1+06 - 1.288 23- _ 3-
2 2 Ml 

2.4 ± 0.7 x 10"4 

1.5 ± 0.4 x 10"3 
1.2 ± 0.1+ x 10"® 
7.6 2.0 x 10" 

E2 1380 ± 570 
1+1 ± 81 

115 ± 
3 ± 7 
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Table 11. Experimental transition rates for Mn53 (continued) 

Transition 
(MeV) 

Initial 
and 
final 
spins3-

Multi-
pole 
type 
crL 

B<aLWb 

(e2fm2L) 
b 

| M | 3 

2.705 "* 1.288 A.+ 3-
8 z El 2.0 ± 0.6 x 10~4 2.3 ± 0.7 X 10"4 

aA superscript preceding the spin indicates the second level of that 
spin and parity, e.g., 2-f~ is the second -f~ state. 

^Values for B(CTL) ^ and |M|2 are quoted for both values of 6 except 
as noted. upper values correspond to the upper values of 6 
in Table U. 

cThe value 6 = -0.53 4 0.03 has been used. 

^The value 6 = -0.l4l ± 0.031 has been used. 

6 The value 6 = -8.1 ± 1.5 has been used. 

f Pure El radiation is assumed, i.e., 6=0. 



Table 12. A svunraary of the electromagnetic transition properties of Vs1 

Multi-

Mean life pole 
Excited Energy n Transition type 
state (key) J (MeV) (x 10~l3sec) [_6[^ CTL JM|3 

1 320 f" 0.32 "* 0.0 2800b OA? ± 0.03 Ml 2.8 X 10"3 

E2 12.7 

2 930 1" 0.93 0.0 0.03 ± 0.09 E2 6.6c 

M3 ^.9 X 104 

0.93 "* 0.32 8.8 + ̂ *1 Ml 2.0 X lo"5 
«• CO 

E2 9.3 

3 1609 1.61 - 0.0 6.3 ± 1.2 0 E2 10.5-2.2 

k 1813 •§•" 1.81 - 0.0 7.0 ± l.U 3.75 * 0.67 Ml 3.7 ± 0.7 X 10"4 

E2 3.6 ± 1.5 

.. 1.81 - 0.32 0.05 ± 0.18 E2 3A ± 0.7 

M3 2.7 ± 0.6 X 10s 

5 21+02 I" 2.h0 - 0.0 ^ 0.5 O.cA ± 0.62 E2 £ 3.1* 

M3 * 6.7 X 103 

2.h0 - 0.32 0.36 ± 0.15 Ml = 0.19 

E2 ^ 3.^ 

6 25^ !+ El 

M2 



Table 12. A summary of the electromagnetic transition properties of V51 (continued.) 

Multi-
vpari "i -i fe pole 

Excited Energy Transition type 
state (keV) J (MeV) (x 10**13sec) | 6ja aL |M{2 

7 2670 |+ 2.67 - 0.93 9.0 ±2.4 0 ± 0.07 El 1.5 ± 0.3 x 10'4 

8 2699 If"" 2.70 1.61 * 11 0.11 ± 0.1^ E2 s U15 

M3 * 3.0 x 10 ,7 

aAll branching ratios and multipole mixing ratios are from Horoshico et al. [8], 

bRef. 49. 

CDeduced from B(E2)'s and | 6 j fs of Ref. 8. 



Table 13. A summary of the electromagnetic transition properties of Mn53 

Excited 
state 

Energy 
(keV) 

TT 
J 

Transition 
(MeV) 

Mean life 

(x 10~losec) 

Multi-
pole 
type 

|6| ah |M|" 

1 377 
5-
2 0.38 -* 0.0 1770a 0.53 ± 0.03 mi 

E2 

2.6 ± 0.3 x 10"3 

11.3 ± 1.5 

2 1288 3-
2" 1.29 - 0.0 

1.29 "* 0.38 

8.1 ± 2.9 0.132 ± 0.33 

0.1u1 ± 0.031 
1^.3 * 6.3 

E2 

M3 

Ml 

E2 

UL.8 i k.2 

8.9 ± 0,5 X 10s 

2.5 ± 0.9 X 10"2 
1.2 ± O.li x JO-4 

1.3 - 0.7 
6te ± 61 

3 lMfO ii-2 -* 0.0 8.1 ± 2.5 0.36 ± 0.2^ E2 

M3 

11.9 ± 3.7 

5.6 i 7.7 x 10B 

1+ 3619 r 1.62 - 0.0 6.6 ± 2.0 8.1 ± 1.5 Ml 

E2 

1.5 ± 0.5 x 10"* 

8.1 ± U.o 

5 2277 5-
2 2.28 - 0.0 U.7 ± 1.3 0.123 ± 0.05^ 

CO 
Ml 

E2 

it.l i X 10"3 

0 

0.03 ± 0.03 
1.73 * 0.58 

fo 
OJ 



Table 13. A summary of the electromagnetic transition properties of Mn53 (continued) 

Mean life 

states (keV) J (MeV) (x 10~l3sec) 
Excited Energy _ Transition 

Multi-
pole 

H crL |M| 
2 

0.18 ± 
1.00 ± 

0.19 
0.37 E2 

lA i 
0.7 ± 

0.4 
0.2 

M3 
6 ± 12 x 
9A i 7.6 

104 s 
x 10 

2.36 ± 
0.158 ± 

0.3^ 
0.051}- Ml 

1.2 ± 0.4 
7.6 ± 2 . 0  

x 10"3 

x 10"2 

E2 
115 ± 
3 ± 

k8 
7 

2k06 f" 2.*a - 0.0 1.7 ± 0.5 

2.iH - 1.29 

7 (2560) (¥-") 2.56 " lM 

8 2575 (2") 2.58 "* 0.0 0.72 ± 0.28 

9 2670 

10 2691 (i,-^ 2.69-0.0 0.60 ± 0.25 

11 2705 it 2.71 -* 1.29 11.0 ± 3.5 Elb 2.3 ± 0.7 X 10-4 

®Ref. 20. 

We have assumed 6 = 0 (i.e., pure El radiation). 
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only 18$, but their Ml and E2 strengths (in Weisskopf units) differ by 

less than 13$. Shell model predictions of the energies of these levels 

are quite good and their experimental Ml strengths tire inhibited by 

factors of roughly i|00, in agreement with the predictions of the 

configuration-nixed shell model. In this work we have determined 6 for 

S3 
the 0.377-MeV O.O-MeV transition in Mn to be -0.53 x 0.03. 

The Second Excited States (J™ = •§• ) 

There is a considerable difference in energy between these two 

states (930 keV in V51 and 1288 keV in Mn53), but since they are both 

rr n —~ 
J = states they are obviously the analogous [lf7 ]2 states. While 

~z 
the configuration-mixed shell model predicts their energies well, the 

calculations of Lipps [52] predict the mean life of the 1288-keV state 

S 3 in Mn to be almost a factor of 7 larger than our measured value. In 

V51, however, Horoshko et al. [8] report good agreement between their 

measured value for the B(E2)i of the 930-keV state and their calculated 

value. The correspondence of the properties of these states is not as 

striking as for the first excited state, but the |M| seem to fall with

in experimental errors. The Ml strengths for these levels also appear 

5 3 inhibited, as predicted by the configuration-mixed shell model. In Mn , 

for the transition 1.29-MeV O.O-MeV, we have chosen the value 6 = 

-0.132 ± 0.033 as the most likely value for 6 since it yields the mini

mum M3 transition strength. 
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The Third Excited States (jn = ̂ r") 

The energies of these states (1609 keV in V51 and lH^O keV in 

Mn53) are again within 12$. From their spin and parity they are obvi-
xx-

ously the analogous [f ]2 states, and their electromagnetic transi-
1 

tion properties are very similar (their E2 strengths, in Weisskopf units, 

differ by 13$, which is less than the experimental error). The mixed-

configuration shell models are less successful in. predicting the ener

gies of these levels, and in the case of V51, fail to place this level 

(^~) lower in energy than the E'~ level. In Mn53 this inversion is pre

dicted but the energy predictions are not as good as for the lower 

levels. The calculations of Lipps [52] for this level in Mn53 give a 

mean life which is in excellent agreement with our measured value. We 

find poor agreement between the B(E2)i determined in this work for the 

1609-keV level in Vsi, and the calculated B(E2)J-'s [8,10]. 

The Fourth Excited States (j™ =-§•") 

The energies of these levels are also quite close (1813 keV in 

Vs x and 1619 in Mn53) and the experimental E2 transition strengths agree 

within experimental errors. While the Ml transition strengths do not 

overlap, they are reasonably close. The spins of these levels (J = §-) 

indicate that they are the [f7n3^~ states. While the parity of the 
~z 

l8l3-keV state in Vs1 is known to be negative [Hi], no direct determina

tion of the parity of the 1619-keV level in Mn53 has been made. It 

seems likely, however, that this state is the [f7~3]2 state in Mn53, 
E 

and we assign it a negative parity. The most likely mixing ratio for the 

1.62-MeV O.O-MeV transition in Mn53 is taken to be & » -8.1 ± 1.5, in 
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order that the B(E2)1 determined from this work agree with the B(E2)i 

determined from Ref. 15. While the energies predicted by the shell mod

el for these two states are not particularly close to the experimental 

values, they are within reason. The Ml transition strengths are in

hibited by factors of 3000 for V5i and 7000 for Mn53, which agree with 

the general predictions of the configuration-mixed shell model. 

The fourth excited states are the highest energy levels for 

which there is definite correspondence between levels in V"31 and Mn53 in 

a level-by-level manner. There does, however, seem to be correspondence 

between the fifth-excited state in Vbl (2*102 keV, -f) and the sixth ex

cited state in Mn53 (2^+06 keV, -|")j between the sixth excited state in 

V51 (25)46, -g+) and the eleventh excited state in Mn53 (2705 keV, g+); 

and between the eighth excited state in V51 (2699 keV, and the 

seventh, excited state in Mn53 (2560 keV, ir~), if it exists. In order 

to facilitate the comparison of these tvro nuclei, we will discuss these 

pairs of states first, and discuss the remaining states separately. 

The Fifth Excited State in V51 and the Sixth 

Excited State in Mn53 (J™ = •§•") 

The energies of these two states are extremely close (2^+02 keV 

in V51 and 2bo6 keV in Mn53), and their spins are known to be J = -f 

[39>'+5]. Correspondence between these two levels and theoretically-

predicted energy levels is somewhat tenuous, although both Auerbach [9] 

and Lipps and McEllistrem [lo] predict a second level above the -§"~ 

r 1 53 
level in V and Mn . The only other theoretical information on these 

levels are a mean life and branching ratios for the 2iK)6-keV level in 
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Mn53 calculated by Lipps [52]. This mean life is within a factor of 3 

of the measured value. The theoretical branching ratios are, however, 

in considerable disagreement with our experimental values (see Table 9)• 

The Ml strengths for these levels are not particularly inhibited (=s 5 in 

5 X 5 3 \ V and 10 or 90 in Mn ), but these states are not expected to be near-

ly pure [f7 32 states. 
2 

The Sixth Excited State in Vs1 and tlie Eleventh 

Excited State in Mn53 (J™ = -|+) 

These states are not at all close in energy (25^6 keV in V51 and 

2705 keV in Ito53) and correspond only in spin and parity [39>^3}̂ 53. 

n J Since their parity is positive, these cannot be [f7 ] states. They 
"2 

are probably the 2s. hole states formed by exciting a 2si proton from 
"a 

the core into the lf7 orbital. In V51 this yields a configuration which 
2 1+ 

may be written {[lf^l^s. -̂ }2 , that is, the four' If7 protons couple to 
"2 •§• "2 

zero and then couple to a 2sn hole to form a state with J = it. In 
^ 1+ 

Mn53 this state can be written {[lf7~3]°2s;i~1}3 , that is, a 2s1 proton 
1 'S Tz 

is excited into the lf7 orbital filling one of the lfjy -proton holes. 
2 2 ~ 

The remaining 2 proton holes couple to zero and then couple to the 2sx 
"2 

hole to form a state with J = f+. One general prediction of the shell 

model about this configuration is that the more nucleons involved in the 

configuration, the higher the level energy. This is indeed the case in 

V51 and Mn53. 

We have obtained electromagnetic transition information only for 

the -g+ state in Mn53 (2705 keV). Decay of this state is observed only 

to the lowest lying state (1288 keV) and since this is a / = -|+ to 
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jn = •§•*" transition the resulting radiation must be an E1/M2 mixture. If 

pure El radiation is assumed (6=0) then the mean life determined for 

this state gives an El inhibition of about UOOO which lies within the 

range of El strengths generally found for nuclei in this mass region 

[US]. 

The Eighth Excited State in V-31 and the Seventh 

Excited State in Mnb3 (J™ = -f-~) 

As previously discussed, evidence for a state at 2560 keV in 

53 Mn is tentative. If it exists, however, its decay scheme indicates 

jn = V1-. In V51 a state at 2699 keV is observed and has been assigned 

jn = D+0,l42] although this assignment is considered tentative. If 

the spin and parity assignments for these two states are correct, they 

are the last members of the "f73-multiplet" predicted by the non 
z 

configuration-mixed shell model. All of the shell model calculations 

predict J17 = 12L~ states at relatively high energies in both V51 and Mn53 

(Auerbach's [9] calculations in MnS3 do not indicate such a state). In 

V51 all three sets of mixed-configuration shell model calculations 

[8,9,10] predict the energy of this state reasonably well. In Mn53 the 

agreement is not as good. In„both cases (V51 and Mn53) the pure lf?n 
* ~z 

calculations predict the energy of this level too high. In VSl the 

pure configuration calculation sets this level U00 keV above the experi

mental energy, while in Mn53 the difference is 550 keV. No theoretical 

calculations, other than energy, are available for these levels. Both 

of these states are seen to decay only to the low lying state (2.70 

MeV - 1.6l MeV in V51, and 2.56 MeV - l.Mf MeV in Mn63) with no 



130 

5>3 evidence for any other branch. In Mn it is this mode of decay which 

leads to the tentative spin assignment of for the 2560-keV level. 

The Seventh Excited State in Vs3" (J™ = >;+) 

The energy of this state is 2670 keV and it has been assigned a 

spin and parity of J11 = -§+ [^o]. This spin and parity correspond to the 

ld3 hole state predicted by the shell model. This state, according to 
2 3+ 

the shell model, has a configuration of the form {Clf^^ld/"1 }2 , that 
"z 2 

is, a proton from the filled ld3 orbital is excited into the lf7 orbital. 
~Z "2 

The four lf7 protons then couple to zero and couple to the ld3 hole to 
"2 2" 

TT ^4. 
form a state of J = •§• . Since the shell model calculations done to 

date are concerned with negative parity states, and since inclusion of 

basis states corresponding to core excitations make the shell model cal

culations unreasonably cumbersome, no theoretical information on this 

state (or the s1 hole states) is presently available. In the energy re
's 

gion considered in this work (level energies below 3 MeV) we find no 

TT & 3 corresponding J = g- state in Mn 

The Fifth Excited State in Mn53 (J™ = t~) 

The energy of this state is 2277 keV. This work, in conjunction 

with the work of McEllistrem [Mf] determines the spin of this level to 

be •§. The parity of this state has not, however, been definitely estab

lished. If the parity is negative then the 2.28-MeV "* 0.0-MeV transi-

TT _ tT 
tion is from a J = f" to a J = "F" state and the resulting radiation is 

an M2/E2 mixture. In this ctse the Ml inhibition is either (6 = ®), 

i.e., pure E2, or 250 (6 = 0.123). The latter mixture is quite 
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reasonable. If, however, the parity of this state is positive, then the 

TT TT "J mm 
transition is from a state with J = j»- to a state with J ~ s and. the 

resulting radiation is an E1/M2 mixture. In this case the El inhibition 

is either ra (6 = <*) f i.e., pure M2, or 1.1 x 104 (6 = 0.123). Since it 

is extremely unlikely that M2 radiation compete so favorably with El 

radiation, we have assigned a negative parity to this state. Both of 

the mixed-configuration shell model calculations £9>103 predict a second 

J17 = state above 2.0 MeV, but it is difficult to assign any definite 

correspondence between the theoretical energy levels and this experimen

tal level. V?e find no corresponding second J™ = |-~ state in Vs1, nor do 

the calculations predict such a level below 3 MeV. Lipps [52] has cal

culated a mean life and branching ratios for this state. Both of these 

disag r e e  s e r i o u s l y  w i t h  t h e  me a s u r e d  v a l u e s  ( s e e  Ta b l e  9 ) .  

The Eighth Excited State in MnSa 

The energy of this level is 2575 keV. Chung et al. [l6] have 

tentatively assigned a spin of-f-for this state. Lipps [52] has cal

culated a mean life, multipole mixing ratios, and branching ratios for 

this state assuming a spin and parity of ?£. While there is very good 

agreement between calculated and experimental branching ratios, the 

calculated mean life differs from the measured value by about an order 

of magnitude (see Table 9). Since the spin of this level is uncertain, 

it is difficult to compare its energy to the predictions of the shell 

model. 

/ 
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The Ninth Excitcd State in Mnsa 

The energy of this state is 2o70 keV. Chung et al. [16] assign 

a tentative spin of There is no theoretical information available on 

this state since its spin is indefinite. 

The Tenth Excited State in Mn63 

The energy of this state is 2691 keV. A tentative spin of-| has 

been assigned by Chung et al. [l6] which is consistent with our results 

of J =f or "T. No theoretical calculations are available for this 

state. 



CHAPTER VI 

SUMMARY AI® CONCLUSIONS 

From Doppler-shift attenuation measurements and particle-gamma 

ray angular correlations using the Ti48 (g'JPY) 1̂ and Cr50 (a,pY)Mnj3 re

actions we have obtained the following information: (a) mean lives for 

three states and limits on the mean lives of two states in V51, (b) 

mean lives for eight states in Mn53, (c) mixing ratios for eight tran

sitions and branching ratios for eleven levels in Mil53, (d) spin and 

parity assignment for one level in Mn°3, and (e) evidence for the exis

tence of a / = state in Mn°3. 

We have used the above results to compare the experimental in

formation for V51 and Mn°3 to the predictions of the shell model. Both 

the pure lf7n configuration shell model and the shell model including 
"2 

configuration mixing were discussed. 

From the above comparison it is evident that the pure lf7n con-
"2 

figuration shell model is a reasonably good model for explaining the 

properties of V51 and Mn53. Below 2.0 MeV, the level energies and tran

sition properties of states in V51 and Mn53 are very similar, as pre

dicted by the simple, pure configuration shell model. For those levels 

3 •• 3 
where large lf7 or lf„ components are expected, the pure configura-

"2 "2 

tion model does almost as well as the more complex mixed configuration 

model. While the existence of even very small Ml transition strengths 

133 
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for levels with large f..n components requires some configuration mix
's 

ing, the experimental Ml strengths are generally so small as to be in 

fairly good agreement with the simple pure If..11 model's prediction of 
"z 

forbidden Ml transitions. A possible exception to this agreement is the 

first -j~ level in Mn53 where the smaller value of 6 = -O.lU leads to an 

Ml inhibition of only ho. If the larger value (6 = lU.3) is used, how

ever, the Ml inhibition is over 8000 which is in 'agreement with the 

model. The shell model calculations which include configuration mixing 

give more states above 2.0 MeV than the simpler model, but the identifi

cation of these levels with experimental levels is not at all clear. 

While there is some quantitative agreement between the mixed configura

tion shell model calculations of transition properties and the experi

mental data, agreement is not particularly consistent. 

The simpler, pure configuration, shell model, then, seems to 

provide almost as good a description of the properties of V51 and Mn53 

as does the more complex, mixed configuration model. 

It is of interest to note that the E2 strengths for levels in 

V51 and Mn53 are enhanced by about the same amount as E2 transitions in 

nuclei which lie in the "2s-Id shell", where collective effects ascribed 

to rotational and vibrational excitations of the nucleus provide a good 

nuclear model [l7,18,533. This is not very surprising when one consid

ers that the use of an effective charge and effective two-particle in

teraction in shell model calculations absorb many of the neglected 

effects due to the core. In fact, disagreements between experiment and 

the shell model are not as surprising as the fact that there is any 
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agreement at all, considering the relative simplicity of the model. 

We conclude, finally, that the shell model provides an excellent . 

description of many of the properties of Vo1 and Mn°3, and gives a gen

erally adequate picture of the specific transition properties. Many of 

the ambiguities in the multipole mixing ratios and spin assignments must 

be clarified, and much more theoretical information must be made avail

able before the precise extent to which the shell, model describes these 

two nuclei, and others in this mass region, can be determined. 
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