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ABSTRACT 

Energy level studies of the nuclei 47y, ̂ v, and 

50v have been made. The mode of excitation was through p,n 

reactions on the appropriate titanium targets. All 

information was extracted by the analysis of the ray 

emissions from the de-exciting vanadium nuclei. 

Vanadium 47 was excited up to 1.6 Mev in which 

range was located 7 excited energy levels. There were 16 

levels located up to an excitation energy of 2.4 Mev for 

vanadium 49, while vanadium 50 had 13 levels in the first 

1.7 Mev of excitation. Branching ratios were measured for 

those states having more than one mode of decay. 

Tentative spin and parity assignments were given 

to all the energy levels identified. These assignments 

were based partly on the Y ray decay characteristics and 

on previous angular distribution studies of the levels. 

Those levels that closely resemble (f7/2)n shell mode 

states were tentatively given that identification. 

There are several levels with positive parity in 

47v and that were found to have rotational character. 

These states in are the 262, 660 and 1139 kev levels 

with assignments of 3/2 + , 5/2+ and 7/2+ respectively. The 

levels in are the 748, 1139 and 1602 kev levels with 

assignments of 3/2+, 5/2+ and 7/2+. If the nuclei are 

x 



presumed deformed while in these states the moments of 

inertia are 77 kev for 47V and 66 kev for 4 9v> 

Mean lives were measured for 6 states in -^v by 

the doppler shift attenuation method. These mean lives 

are: 

910 kev) <10 i ~  sec 

f( 13 01 kev) <6 X  lO-^4 sec 

t (1331 kev) <1 X  lO-^4 sec 

1(1493 kev) * 2  X  10-1^ sec 

1(1517 kev) 8  X  10"14< T < 1.2 x  

1(1560 kev) 6  X  10"14^t: < 10"11 

The transition rates for those states identified as 

(f7/2)n configurations were calculated using the McCullen, 

Bayman and Zamick (MBZ) wavefunctions. A comparison of 

these values to the measured branching ratios and mean 

lives was made. 



CHAPTER I 

INTRODUCTION 

The investigations described herein were conducted 

to determine experimentally the low lying energy level struc

tures of the three nuclei vanadium 47, 49 and 50 and the 

adequacy of a specific theoretical model in describing these 

structures. Within the framework of the shell model, these 

nuclei are members of a class called 11/2 nuclei, and 

characterized by their valence nucleons occupying the 1=3 or 

f orbital with a total spin of 7/2. Interest is generated 

in these nuclei because they admit themselves to relatively 

easy theoretical treatment. This results from the f7/2 

nucleons having their single particle energy widely sep

arated from the adjacent orbitals, consequently a quantum 

mechanical description of the nucleus is well approximated 

by product wavefunctions made up only of f7/2 single 

particle states. 

As is implied by the preceding discussion, the 

theoretical model being used in the paper to characterize 

the above nuclei is a restricted shell model theory. This 

model of nucleon behavior was employed by McCullen, Bayman 

and Zamick [1] and was restricted in the sense that only 

nucleons in the f7/2 configuration were considered to 



contribute to the nuclear motion. Using this model, MBZ 

made a determination of the energy levels and wavefunctions 

of all the possible states resulting from coupling the Z-2 0 

protons and N-20 neutrons of the f7/2 configuration to a 

definite spin and seniority. However, as a result of 

simplifications made in this model it is not expected to 

produce all the states seen experimentally. Indeed, if the 

observed level structure is compared to these expected 

levels, the supposition is verified. 

To partly explaxn the excess of states, it is pos

tulated in this paper that under certain conditions the 

nucleus undergoes rotational motion v.'ith the appearance of 

the related rotational energy levels coexisting with the 

MBZ states. Arguments are presented in the next chapter 

supporting the possibility of the occurrence of such 

motions. 

Owing to the fact that the motivation for fitting a 

model to the nucleus is to give the nucleus an appropriate 

quantum mechanical description, it is necessarily a task of 

this paper to determine the accuracy of the wavef unctions of 

this model notwithstanding the energy level predictions . 

One method available to the experimentalist for doing this 

is to compare the lifetimes and branching ratios of the 

nuclear states to those calculated by use of the model wave-

functions . Following this line of attack a calculation was 
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made of the transition probabilities using the MBZ wave-

functions and is presented in the next chapter along with 

the results. 

Due to the paucity of information on the three 

vanadium nuclei a judgment could not be made on the success 

of the above model at predicting their level structures and 

the related wavefunctions until further experimental inves

tigations were made. The main efforts of this paper were 

expended in the determination of these level structures. 

Not only the relative energy spacings were found but also 

their spins and parity assignments. This latter information 

is necessary to make correct correlations between the 

experimental and predicted levels. A natural by-product of 

these determinations was the required branching ratios of 

the gamma rays for comparison to the theoretical determined 

transition probabilities. In some cases limits on the 

absolute transition probabilities of the states were meas

ured. The methods of experimental investigation and 

analysis follow in Chapters III and IV. 



CHAPTER II 

THEORY 

It will be assumed that the reader has a knowledge 

of the general features of the shell model, and therefore 

this paper shall proceed with the specific details of the 

MBZ calculation. 

The MBZ Shell Model Calculation 

As with any shell model theory an initial statement 

of the Hamiltonian used is appropriate. This is 

H = I f77  + Vfa)  + -F f roA-s;  +  Z  
L J (1 

where T^ is the single particle kinetic energy operator, 

V(r^) is a central potential which approximates the effect 

of all the short range two body interactions, f (r-j_) 1-^-s-l 

represents a spin-orbit force on the iTH particle and Vj_j 

is a two body residual interaction needed as a supplement 

for the inadequacies of the previous one-body potentials. 

The solution of the Hamiltonian requires a solution 

of A coupled second order differential equations which is a 

task in itself, but coupled with the necessity of using 

antisymmetric wavefunctions, it fast approaches an impos

sibility. Due to this consideration certain simplifying 
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assumptions must be made and this is where different 

theories part ways. The approach of the MBZ model as 

well as with most shell model approximations is to take 

advantage of the fact that, absent the last term vj_j , the 

Hamiltonian (1) is separable [2] . The separable terms will 

be used as the zeroth order Hamiltonian H0. This 

Hamiltonian is comprised of a sum of A single particle 

Hamiltonians and lends itself to an easy solution; a product 

of the A single particle solutions. This many nucleon 

zeroth order solution can be written in the following 

manner. 

~  N  I T  C p ( 7 i i ,  
i "  (2 )  

The form a complete set of functions describing an A 

nucleon system and therefore are a possible basis set but 

not a very convenient one. The single particle states 

denoted *P (X £ . / . Wj ) have as their quantum numbers, a 

radial number n, an orbital angular momentum number 1 , and 

a total single particle spin of j having a projection of nij 

on the preferred axis. Explicitly the single particle wave-

function is written 

(-P M Ry>nCr) XL ( A m i  S  m s I J n j )  Y ^ ^ C S l )  

and meets the requisite requirements of being an eigen-

function of the spin-orbit operator lj_*Sj_ contained in H0. 
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In the MBZ approximation a restricted set of 

wavefunctions is selected from this complete set. By making 

a proper choice of the functions to be retained a good 

approximation of the actual wavefunctions for low lying 

excited states can be easily formed. The MBZ model uses 

the following criteria for the selection of such a set. 

The core of the nucleus which consists of closed shells is 

considered to be inert i.e. these nucleons remain in the 

core even when the nucleus is in an excited state. In addi

tion the valence nucleons in the f7/2 orbitals are consid

ered not to be excited into higher energy single particle 

orbitals . If these assumptions are made then a truncated 

basis set can be formed from all the possible products of 

the f7/2 single particle wavefunctions. These assumptions 

are especially justified for the f7/2 nuclei because of 

large energy gaps between the adjacent orbitals. This 

diminishes the effect of matrix elements connection states 

•with admixtures of different single particle states with the 

zeroth order wavefunctions through the residual interaction. 

With these approximations in mind the basis set used for 

the diagonalization of the residual interaction matrix shall 

be constructed . 

With a little reflection on the diagonalization 

process producing the solution to H it should become 

apparent that by selecting an appropriate linear combination 
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of Cf S for the zeroth order wavefunctions a simplifica

tion will result. Consider the matrix which must be 

diagonalized: 

H« =£  <V F IU j lV i>  
L. ̂  J ( 4 ) 

This is a square matrix whose dimensions equal the number 

of independent f7/2 states of the particular nucleus of 

interest. Using a general basis set results in the onerous 

task of evaluating a considerable number of off diagonal 

matrix elements. Note, however, even though the residual 

interaction is probably not diagonal in the single particle 

operators jj and nij , it must be diagonal with respect to 

the total spin I in order to be a physically realistic 

interaction. If linear combinations of the zeroth order 

wavefunctions can be produced which are good eigenfunctions 

of I, then the off diagonal elements of the above matrix 

will vanish for different initial and final spins, result

ing in a substantial simplification. Conceptually this 

system of eigenfunctions can be easily obtained from the 

set (2) by vector-coupling these product wavefunctions to 

a definite spin I. Problems arise in the mechanics of 

building this set due to two reasons; one, the system being 

described is comprised of fermions and demands description 

by antisymmetric wavefunctions and secondly, the quantum 

number I does not uniquely label the states of a generalized 

system. 
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Antisymmetrization may be carried out by first 

constructing a wavefunction of n particles by vector 

coupling single particle wavefunctions to the desired spin 

and then interchanging the particle indices over all 

possible permutations. This representation is clumsy and a 

more compact representation exists. In the latter 

representation the antisymmetrization is carried out in 

steps, so that at every step of the angular momentum cou

pling, the individual products are antisymmetric [3]. Two 

of the most useful representations using this method are, 

I )  = X  J ; ,  (Sa) 
HI 

I )  = j]>j"Ul) J;) j]1 
(5b) 

The expressions VCJ A'z) and are called the 

parent wavefunctions and are already antisymmetrized. The 

coefficients, called the coefficients of fractional 

parentage, measure the degree to which each of the parent 

wavefunctions in the summation contributes to the totally 

antisymmetric wavefunctions. 

The beauty of using this representation appears when 

calculating one and two particle matrix elements. Consider 

the following relationships. 

(Yan i i i j)AJ I V j l  Yohti(j ) A )  =  n  (6a) 
fcj 
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<Y.,t.(J)Aliv<jl%'„tl(J)A>= ^<&«(J)NVia|^ti<j)A) (6b) 
lg v 

The important fact to notice is that the summation has been 

replaced by a constant factor. Therefore if for a one body 

interaction, a single particle wavefunction can be factored 

from the totally antisymmetric v/avef unction the matrix ele

ments can be easily evaluated. The analogy applies to the 

two body interaction. Now a look at the wavefunctions (5a) 

and (5b) reveals that the one particle and two particle 

wavefunctions are factored out and all that need be done to 

fit into the mold of equations (6) is to appropriately 

recouple the angular momentum. The result will be that the 

parent wavefunctions need never be explicitly written. 

As a result of confining interest to the f7/2 shell, 

only antisymmetric wavefunctions with 2, 3 and 4 particles 

are considered. Only a total of eight identical particles 

can exist in the f7/2 orbital and more than four particles 

can be equivalently expressed in terms of the remaining 

holes. The coefficient of fractional parentage for the two 

particle case is simply unity. Tables which list the co

efficients of fractional parentage of the (A—1) parents for 

the three and four particle wavefunctions can be found in 

the appendix of deShalit & Talmi [2, p 540]. These tables 

reveal that only the four particle case needs an additional 

quantum number to uniquely label its wavefunctions . The 

angular momentum is not a sufficient label since the spin 
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assignments for all possible four particle states in the 

f7/2 shell are 1=0, 2, 2, 4, 4, 5, 6, 8. It can be shown 

that the independent states with the same spin in this 

instance have different intermediate coupling schemes. 

This distinction can be used as a means of differentiating 

these states since the coupling is preserved under the 

operation of any interaction Hamiltonian. Specifically the 

distinction between the degenerate states is the number of 

particle pairs coupled to an angular momentum zero. The 

number of remaining unpaired particles is then designated 

as the seniority of the configuration. The seniority is 

the quantum number used in the tables for the four particle 

case. 

With the use of the wavefunctions just described 

the zeroth order nuclear wavefunction can be written in the 

following manner. 

VU= [Wvuj <7 

C J" V Uh ) and (jPPp Up) are respectively anti

symmetric wavefunctions for the protons and neutrons 

contained in the f7/2 shell of the nucleus of interest and 

may have the form of either (5a) or (5b) . These two wave-

functions are then simply vector-coupled to the total 

spin I. 

There is now at hand an appropriate basis set for 

carrying out the diagonalization of the two body residual 
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interaction matrix. The only task that remains is the 

evaluation of these matrix elements. Rather than assume 

a detailed phenomenological interaction Hamiltonian the 

M.B.Z. calculation due to the restrictive assumption 

limiting the configuration to the f7/2 single particle 

states need only determine a few numbers, which are ob

tainable from experiment. 

All of the elements of the matrix which is to be 

diagonalized can be reduced to a sum of the following ele

ments . 

([^(j)Vf CJ)£|Wnp ICtto >Vrw£) (8) 

J=0,1,2,3,4,5,6,7 

The coefficients of these terms contain the geometric 

coupling information of the particular states being connec

ted and are easily evaluated using recoupling formalism. 

4 9 If the ^Sc nucleus is assumed to have its low-lying 

excited states consisting of purely f7/2 configurations 

then the matrix elements of (8) are simply equal to dif

ference in the ground state energy of ^Sc and the first 

excited state with the J value of the matrix element. 

Eigenfunctions and their energies which result from 

the diagonalization of the interaction matrix using the 

above values for the individual elements for and 

are listed in reference 4. Only the energies are avail

able for 47V and are listed in figure 15 [4]. 
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Evaluation Of The Transition Probabilities 
Using The MBZ Wavefunctions 

The formula for determining the probability of an 

emission of a particular gamma ray from an excited quantum 

mechanical system is 

T(u = 8,cfi ry8[<ol)J. B(U 
(9) 

In this expression L is the multipolarity of emitted radia

tion and B(L) is the reduced probability and is schemat

ically represented as follows. 

For electric multipoles 

TfjfTTFi <Jrl(T*LJ0Xf> CM'» -  (10)  

For magnetic multipoles 

= Wif̂ h <J<! (W Ji)Jt> 
; (11) 

The short hand notation represents states of total 

spin J-l and and will be replaced by the MBZ wave-

functions. The T^-i and are single particle spherical in ci y 

tensor operators of degree k, this being the multipolarity 

of the radiation field. 

The general expression for the reduced matrix 

elements (10) and (11) with the MBZ wavefunctions is 

8 < L ) =  (£y.o>i 5 1  

x <frj'vP i pxjvb rj]'J (gitM'v; /> 
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The D's are the expansion coefficients for the basis state 

wavefunctions calculated by MBZ [5]. Note that since 

the operator is a single particle operator it must be 

summed over all particles; in this case that number is O 

+ TT . 

This summation can be broken into two parts, one 

with T^ operating on the protons and the other with T^ 

operating on the neutrons. At the same time as a result 

of the wavefunctions being antisymmetric the summation over 

all the particles can be replaced by a factor equal to the 

number of particles. The operator T^ then operates only on 

one specific particle which must be selected. Due to the 

fact that basis set used for the wavefunctions is expressed 

in terms of the coefficient of fractional parentage nota

tion it is extremely convenient to use the last particle 

TT for the protons or for the neutrons which is 

coupled to the parent wavefunction as the one to be 

operated on by T^. Each term of equation (12) can now be 

written as 

+v<[Cj"^Ip)CJV„ U3) 

The TT or subscript indicates that the operator op

erates on the H or v* th particle. 
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To reduce this expression to a useful form it will 

be necessary to utilize the following two rules. 

Rule I: The transformation from one coupling 

scheme to another scheme involving three 

different angular momenta coupled to an 

arbitrary total angular momentum I is 

given by: 

'' (14) 

The coefficient is explicitly 

,  J 7 . J . L 7  d 5 )  
X  S(2L+IX2I'+Q [  J 3 1  I J  

The last term is a Wigner 6-j coefficient. 

Rule II: The disentangling of a matrix element of 

several particles follows the form below 

<cAo If ^''(d y-'*&)!%>) = 

!?s'(o)<¥A(z)llPJi(a) 

It is obvious from equation (13) that before Rule 

II can be effected it is necessary to recouple the angular 

momentum. This is done in compliance with Rule I. The use 

of this recoupling scheme then gives 
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TM"/Ip/I») = TrX«u(Kipi rh';Li')<CCj7rVpIp)(jVhIJ]rl X 

{«[jvP'i;])u(jvv,;i;)}1) + +ILIf'-i;;io«KRB<NP>i')(17) 
AN 

The equation is now in a form such that Rule II may be 

applied. The resulting application yields 

T(Ip,Ih,I^Li) = TTWKIpIIn; L I )  ^In p)fX 

(JRTVP I;)]1*'> + v H^+I" TL'-:'-UOCINIIP';I„J') 

x H»p' iipif <(jyv„ l„lCTvKfj"v„'Ih')]r"> 1181 

Note that due to angular momentum conservation the summa

tions are non-zero for only one term. The matrix elements; 

( ( j " v i ) [T , < ( j " v ' r ) ] 1 y  (19 )  

which we shall call A can be further reduced in complexity. 

The wavefunction (JnVl) can be equivalently written as 

(JnVI)' = L (jn_i l,;jJjn"1I)[(jn"'I,)j]1 
Xi (20) 

j represents a single particle wavefunction in the f7/2 

orbital in our case and the coefficients of fractional 

parentage are explicitly for the f7/2 orbital. If this 

wavefunction is substituted into (19) the next equation 

results 
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I » I j k  ( /  

Applying the recoupling formula (14) again equation (21) is 

transformed into, 

"*J> (22) 

X u(K  j i la; iPr){tjfj"-V,L)]IIKTj)IpCj"V2l2)}I> 

This equation after applying Rule II distills into 

2 j+i,-i *h-r 
(23) 

a= I (/"U i,; awvi) jvn (-y i.I» 
v.nrP 

x Sv̂  4I2 fjip < j l (T " j r>  

and can be further simplified due to the delta functions 

into 

A=T- j " v i X j " " V 1 c - ) 2 J + 2 1 '  1  1  

Iiv. (24) 

it; ̂  
X  UCKJ lh ;  j l ' )  < j l f  T B j )  )  

This is the final form of the matrix element and allows the 

transition probability to be completely calculated except 

for the reduced matrix element For E2 and Ml 

transitions this single particle matrix element has been 

evaluated as 

|<j I a2J)J>lz= Sf ## <r*> = St.lixelf,e'fi-' 
J (25) 
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for E2 transitions, and 

1<JIfT'jrtf- (gp-g"fi(J40 7^-- .o^35C3p-g»)2in.r^-
(26) 

for Ml transitions. The value of the Ml matrix element 

depends only on the compton wavelength of the proton which 

is not a model dependent parameter. For the E2 matrix 

element <r2> expresses the effective charge radius for the 

f7/2 orbital and is model dependent. 

To account for core polarization effects by the f7/2 

nucleons an effective charge of 1.7e for the proton and 

1.Oe for the neutron have been assigned for the E2 transi

tions. For the Ml transitions an effective (gp-gn) of 

1.867 has been assigned [6] . 

A computer code was written to calculate the gamma 

ray transitions probability for any MBZ wavefunctions. 

The results are shown in table 1 for all the low lying 

MBA states that would be expected to be seen in the 

spectra of 50v and ^V. 

Excitation of particles from 
the d3/2 Orbital 

Attention is now directed to those states with 

"wrong parity" which occur in the low lying energy level 

structure of many of the f7/2 nuclei. Bansal and French 

[7] have made a calculation showing that the energy of 

these states is consistent with the notion that a particle 
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Table 1. Calculated Transition Rates for 49y ancj 50v. 

The E2's were not included for since they 
contributed less than . 1% to the total 
transition rates. 

Transition Initial Ml E2 
Energies And Final Transition Transition 
(Mev) Spin Rate Rate 

Vanadium 49 

.094 0 5/2 7/2 6. 5 x 10? 1. 8 X 106 

.152 0 3/2 7/2 — 6. 5 X 105 

.152 .094 3/4 4/2 6. 2 x 108 1. 5 X 103 

1.02 0 11/2 7/2 — 1. 3 x 109 

1.15 0 9/2 7/2 2. 0 x 1011 1. 2 X 1011 

1.15 .094 9/2 5/2 — 1. 0 X io10 

1.15 1.02 9/2 11/2 6.1 x 109 3. 9 X 106 

1.52 0 5/2 7/2 2. 5 x 1013 9. 9 X IO10 

1.52 .094 5/2 5/2 1.9 x 1012 9. 9 X IO10 

1.52 .142 4/2 3/2 5.4 x 10 13 4. 6 X io10 

1.52 1.15 5/2 9/2 — 1. 8 X 10 8 

Vanadium 50 

.225 0 5 6 9.8 x 1012 

.320 .225 4 5 1.2 x 1011 

.355 .320 3 4 6.4 x 1010 

.388 .355 2 3 7.0 x 1010 

.836 0 5 6 1.0 x 1014 

.836 .225 5 5 1.2 x 1013 
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Table 1. continued 

Transition 
Energies 
(MeV) 

Initial 
And Final 
Spin 

Ml 
Transition 
Rate 

E2 
Transition 
Rate 

. 836 

. 910 

. 910 

. 910 

1-30 

1.30 

1.33 

1.40 

1.40 

1.40 

1.40 

1. 67 

1. 67 

1. 67 

1. 67 

1. 67 

.320 

.225 

.320 

.355 

.355 

.388 

.388 

.320 

.355 

.388 

.910 

.388 

.355 

1.30 

1.33 

5 

4 

4 

4 

2 

2 

1 

3 

3 

3 

3 

2 

2 

2 

2 

2 

4 

5 

4 

3 

3 

2 

2 

4 

3 

2 

4 

2 

3 

2 

1 

3 

1.3 

3.8 

5.2 

3.4 

4.0 

1.9 

8 . 8  

1.3 

2 .6 

1.6 

9 .6 

4 .3 

7 .9 

1.3 

1.2 

6.3 

x 10 

x 10 

14 

14 

x 10 12 

x 1012 

x 1012 

x 1014 

x 1013 

x 1012 

13 x 10J 

x 10 

x 10 

14 

14 

x 1011 

x 1011 

x 1013 

X 109 

x 10 12 
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is excited out of the d3/2 closed shell into the f7/2 

shell. This would give rise to the changed parity. Their 

calculational approach is as follows. 

Ignoring the particle hole interaction, the energy 

of the nucleus with a d3/2 hole state is the same as a 

nucleus with an extra f7/2 nucleon less the energy of one 

d3/2 nucleon. This latter energy, for a proton hole, 

4 0 simply is the energy of the Ca nucleus less the energy of 

39 the K nucleus. To make the calculation complete only the 

particle hole interaction energy now need be estimated. 

This was done assuming that the particle hole 

interaction was isospin dependent but spin independent. 

Under this assumption the interaction Hamiltonian takes on 

the form 

H i i = - E t i n +  A E ^ t i - t j  ( 2 7 )  

—" (2 ̂ 
where E is the center of gravity of all particle hole 

states with a (2J+1) (2T+1) weighting, and A Eis the 

separation between T=1 and T=0 centers of gravity. Bansal 

and French have assigned values to Eu)and AE wfor a d3/2 

hole interaction with a ±1/2 nucleon of .25 MeV and 2.8 

MeV respectively. For a hole interaction with n+1 ±1/2 

nucleons the formula can be rewritten as 

E ,„t = - <n +» EU) + -k A E Cz-) { T(7"+0-T& CTo+O-^Aj } {28) 

Where To is the isospin of the nucleus being coupled with 
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the proton hole. The interaction of the proton hole with 

the coulomb field of the valence protons (£.c) was separated 

from the nuclear two body interaction. A value of -400 kev 

per f7/2 proton is used. 

From this information the excitation energy of the 

hole state in the nucleus (f7/2)nX40Ca is written as 

ETI- X {(f * )"•' X x40c0}3S_ 

(29) 

-CntOF^+^AE^fTCT-tO-roCX+O-^} -t 

For and the excitation energy of these hole states 

would be 390 and 1050 kev respectively. 

Rotational Motions of the f7/2 Nuclei 

Of particular interest now is the fact that some of 

the wrong parity states demonstrate rotational character. 

If rotational motion is occurring then the nucleus when in 

these wrong parity states must be deformed. The single 

particle solutions of the deformed nucleus are now studied 

to see if such a deformation is possible at low excitation 

energies. For such a system the total Hamiltonian, under 

the assumption that the particle is tightly bound to the 

core, would be, 

H = Va Z + C + V) j 
i=t (30) 
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where -2^. is the moment of inertial about the kth axis of 

the nuclear core. Denoting the total angular momentum of 

the system by I and that of the single particle by j , and 

assuming an axially symmetric rotator, the above 

Hamiltonian can be written as, 

H - Hr. +• H p + H c 
(31a) 

where, 

HR= (1(1+0 -ZK>) (31B) 

Hp= P/'km + & (3Xc) 

H C = " */U, C 1+j~ + I~J+ > (31d) 

and K is the projection of the total angular momentum on 

the symmetry axis of the rotator [8], 

Of the three parts of this Hamiltonian the first 

two are separable with regard to the particle and rotator 

coordinates. For axial symmetry the last term H in 

general couples single particle states with different 

Jz=k( except when k=l/2 where Hc is diagonal with respect 

to the total wavefunction. Because the single particle is 

considered tightly bound to the core the particle level 

spacings will be large compared to the rotational spac

ings and Hc can be ignored except where it is diagonal. 

Owing to this the above solution can usually be written 
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as the product of the solutions to H and H and single p r 

particle behavior is relatively independent of the 

rotational motion except it will be in a deformed single 

particle potential well and j will not be a good quantum 

number. 

Since the main interest in this presentation is in 

the single particle solutions, attention will be confined 

to the solutions of H . In particular the solutions 
fr 

calculated for Hp by Nilsson are to be examined. In his 

2 calculation Nilsson ignored the j dependence and assumed 

the following Hamiltonian, 

Hp=f%m+fiu>a'Cx,si-Xj)+*u4'Xj+ cT-s +D-1* <32> 

This is the Hamiltonian of a particle in an anisotropic 

harmonic oscillator well with spin orbit coupling and a 1^ 

dependence. This form was selected so that at zero deforma

tion (that is when the solutions would reproduce the 

shell model ordering of states. 

The above Hamiltonian can be rewritten as follows, 

Hp = Ho + (33a) 

where, 

Ho = P^/am <33b) 

Hp = f(UJj) Yzo(G3C?) + D-42, (33c) 
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Pip is treated as the perturbing Ilamiltonian and HQ is 

simply the isotropic harmonic oscillator Ilamiltonian whose 

solutions in spherical coordinates furnish a basis set with 

the eigenvalues, 

Ho IN J J jj > = in N + 3/a) i W i J j^) (34a) 

j  j 3 > = UA+i)  In ^ j  jp  

P l N i  j  j j >  -  j  ( j + o  i  w i  j  

INi j  J<],) ~ IN J! J jff) 

This basis set is then diagonalized with respect to H 

assuming that the matrix elements with N=0 were small and 

can be ignored (the matrix elements with N=1 are 

identically zero). The resulting eigenvectors are defined 

by, 

Hp lj^> — 21 C-J 1 ^ j J^= k> (35) 

where the coefficients Cj jz result from the diagonaliza-

tion. The eigenvalues E^z are plotted versus deformation 

of the core in figure 1. The different eigen-energies 

in this diagram are labeled by the asymtotic quantum 

numbers K(N,n ,A). This is a standard notation where N is 

the principle quantum number and K is the z projection of 

the single particle. 

(34b) 

(34c) 

(34d) 
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+ PROTONS 
O NEUTRONS 

7/2(303) 

5/2(312) 

3/2(321) 

3/2(202) 

1/2(330) 
1/2(200) 

CD 
CC 
LU 1 / 2 ( 2 1 1 )  

0 . 2  -0.3 -0.2 -0 .1  0 0.1 0.3 

Deformation 

Fig. 1. Eigenenergies of the Nilsson orbitals versus 
deformation. 

The + and Os indicate how the orbitals will be 
filled for 47y. p0r 49y the additional neutron 
pair will occupy the 5/2(312) orbital. 



For the vanadium nuclei all the shells are filled 

through the d3/2 shell which leaves three protons and four 

or six neutrons in the f7/2 orbital for ^7V or 49y res

pectively. If a d3/2 proton is excited into the f7/2 

orbital and the nucleus is deformed only one proton will 

be present in the 3/2(202) state and the remaining four 

protons will fill the 1/2(330) and 3/2(321) states. The 

neutrons will fill both these states for and will fill 

up through the 5/2(312) state for ^V. 

If a proton was to be excited from the d3/2 level 

to the f.1/2 orbital then the previously negative parity 
nucleus would be changed to positive parity. But also it 

can be seen from the energy level diagram in figure 1 if 

such an excitation was to occur it might be energetically 

favorable for the nucleus to deform. To wit: as the 

nucleus deforms the single particle energy of the excited 

proton decreases since it is now paired with the odd proton 

in the 3/2(321) state. But the energy increase that would 

be necessary to deform the nucleus if the particle had 

remained in the 3/2(202) state is not now required. There

fore in this situation energy may be gained by deformation. 

These states may not be very high in the energy spectrum 

since the energy required to excite the proton out of the 

core is partially won back by the increase in pairing 

energy that occurs in a higher 1 orbital. 
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From this analysis then it would be conceivable to 

see rotational spectra for the vanadium 47 and 49 nuclei 

resulting from the presence of a deformed nucleus. This 

spectra would be distinct from the single particle spectra 

because of the parity difference between these types of 

states thus preventing mixing. It would also be expected 

that the bandhead spin for such rotational states would be 

equal to the z projection of the hole state remaining. 



CHAPTER III 

EXPERIMENTAL PROCEDURES 

The aim of these experimental investigations is to 

determine the ordering and spacing of the low lying energy 

levels of the previously mentioned vanadium isotopes. At 

this point significant illumination of these structures re

quires reasonably accurate assignments of the relative 

energies of the levels, branching ratios and lifetimes. 

One easy and economical way to achieve this goal is through 

investigations of the gamma ray emissions of the excited 

states of these nuclei. This is the method pursued here. 

Ti(p,n)V Reactions 

The production of these excited states must be 

through nuclear reactions which form the appropriate 

vanadium isotope. The reaction chosen was Ti(p,n)V because 

all the Q values for the production of the isotopes of 

interest are small and negative. This allows the selective 

excitation of the nuclear states by controlling the energy 

of the incident protons. As a result analysis is simplified. 

For example, at the reaction threshold only those gamma rays 

resulting from contaminants, decay products of the vanadium 

nuclei and inelastic scattering from the target are observed. 

As the proton energies are increased higher states in 

28 
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vanadium are successively excited. Any new gamma rays which 

then appear in the spectra have a high probability of 

originating from these states. 

Incident Particles 

The incident protons were produced by the University 

of Arizona's 5.5 Mev Van de Graaff accelerator. The 

accelerated protons were deflected 90° by a magnet and 

directed toward the target chamber 14 meters down line from 

the magnet. Use of this magnet allows the energy of the 

beam on the target to be controlled within 5 kev of the 

desired energy. Proton currents on target were varied 

between 1 and 4 0 nanoamps depending on the target used and 

the beam energy. This was necessary to keep the reaction 

rate from becoming so great that the gamma ray counting 

rate surpassed the detection system capabilities. 

Targets 

Targets used were thin self supporting foils of 

enriched isotopes of titanium on loan from Princeton 

University. Thickness of these targets was approximately 

1000 micrograms per cm with dimensions of 1.5 cm. by 3 cm. 

Table 2 shows the isotopic purity of the targets used. 

The target holders were aluminum frames into which the foils 

were clamped. Aluminum is not the most desirable material 

because of the high reaction cross-section for protons. 

Despite the small cross-sectional area of the holder exposed 
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Table 2. Percentage of other isotopes of titanium contained 
in the isotopically separated targets. 

Isotopic Purity of Targets 
atomic 
% of target 4>7Ti 4^Ti 50Ti 

46Ti 1.9 2.0 3.1 

47Ti 80.1 1.8 2.4 

48Ti 15.8 18.8 22.8 

49Ti 1.1 75.7 2.0 

50Ti 1.1 1.7 69.7 
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to the scattered beam, gamma ray peaks from aluminum were 

present in the spectra. 

Target Chamber • 

The target chamber was designed to limit contaminant 

reactions producing extraneous gamma rays. Stainless steel 

was used throughout except for the lucite window over the 

side access port and the aluminum covers on the top and 

bottom of the chamber. The stainless steel used is 60% Fe, 

20% Cr, 11% Mn, and 3% other elements. The aluminum alloy 

was 97% Al, and approximately 3% Cu. A collimator made of 

tantalum and lead with 1/8 inch aperture was placed 0.5 

meters in front of the target to insure that the incoming 

beam would hit only the target. The beam that passed 

through the target proceeded on to a stainless steel beam 

stop 1.5 meters behind the target. Therefore only par

ticles scattered by the target would produce appreciable 

contaminant reactions in the vicinity of the detector. 

Knowledge of the materials with which the scattered beam 

interacted then allowed prediction of the contaminant 

gamma rays. Figure 2 shows a schematic view of the 

chamber. 

Gamma Ray Detection 

Singles gamma rays from the targets were observed 

by a high resolution lithium drifted germanium detector. 



TARGET CHAMBER 

BEAM AXIS 

TARGET 

GAMMA RAY 
DETECTOR 

COLLIMATORS 

LEAD LEAD 

Fig. 2. Schematic view from top of the target chamber 

The beam enters from the right. The lead was used to shield the detector 
from gamma rays produced outside the chamber by the beam particles. 10 
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c n 
Gamma-gamma coincident events from V were observed using 

the Ge(Li) detector and a 3x3 Nal(Tl) detector. Only those 

gamma rays seen by the Ge(Li) detector in coincidence with 

a selected gamma ray from vanadium 5 0 were recorded. This 

50 made it possible to identify V as the source of certain 

gamma rays appearing in the free spectrum. 

Figure 3 shows the system used for detection and 

measurement of the free gamma ray spectrum. It is a 

standard configuration used for pulse height analysis with 

an additional provision for gain stabilization. The 

electronic arrangement for the gamma-gamma coincidence 

measurements is illustrated in Figure 4. A general 

discussion of both systems is given in the next sections. 

Free Gamma Spectrum 

During the course of the singles measurements two 

different lithium drifted germanium detectors were used. 

They were substantially the same. The peak to compton 

ratios of both were in the same range (11 to 1), and their 

energy resolutions varied from 3 kev to 5 kev for the 1.33 

Mev gamma ray from ^Co. Approximate values are given 

since these characteristics change over a period of time 

due to the neutrons absorbed by the detector crystal. 

The most important consideration in these measure

ments was the energy resolution. Gain stabilization of the 

system is necessary since slow gain changes in the 
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Fig. 3. Block diagram of electronic setup for gamma ray 
singles measurement. 
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Fig. 4. Block diagram of electronic setup for gamma-gamma 
coincidence measurements. 
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electronic components will result in the broadening of the 

spectral peaks. To accomplish stabilization, a standard 

pulse which has the same shape as that from a Ge(Li) detector 

is injected into the input of the preamp, the same point 

the detector signal is applied. The amplitude of this 

signal as it enters the ADC is initially adjusted to 

correspond to a specific channel number in the memory. If 

the gain of the system changes, so does the amplitude of 

the standard pulse, resulting in the shifting of its storage 

location in the memory. Preceding the ADC is a variable 

gain amplifier which can compute the necessary gain change 

to put the reference pulse back into its original storage 

location. Since the gain of the system is linear, once 

the reference peak is constrained the rest of the gamma ray 

peaks cannot shift. 

Achievement of optimum resolution also requires 

proper pulse shaping of the gamma ray signal from the pre

amplifier. This signal has a short risetime with a decay 

time of 50 microseconds. The signal is not suitable for 

an input into the ADC for two primary reasons. First the 

long tail of the decaying preamplifier pulse will cause 

significant pile-up at moderate counting rates. Second, 

the pulse is not properly shaped to optimize the signal to 

noise ratio. In both instances the result is a loss of 

resolution. Pulse shaping, which is necessary in dealing 

with both the above considerations, is performed by the main 
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amplifier. For this experiment a T.L. 203 B.L.R. amplifier 

was used. A general description of the amplifier operation 

follows. 

Initially the input pulse is clipped or differen

tiated so that the pulse is quickly restored to the base

line. This clipping is done by a R-C circuit with time 

constants available between .25 and 4 microseconds. 

Attenuation of low frequency components of the signal and 

the noise are also affected by this network. 

An adverse effect of the differentiation is an 

undershoot of the final pulse. The maximum undershoot 

expressed as the ratio of the amplitude of the undershoot 

to the differentiated pulse amplitude is approximately the 

ratio of the time constant of the R-C circuit to the pre

amplifier pulse decay time. The duration of the undershoot 

approximates the decay time of the preamplifier pulse. Thus 

at moderate count rates pile-up will occur but of a less 

severe nature than with the original signal. To counter 

this effect the R-C differentiator is modified to give 

pole zero cancellation. In effect this provides a d.c. 

path across the differentiating capacitor adding an at

tenuated replica of the preamplifier pulse to just cancel 

the negative undershoot of the clipping network. The 

amplifier is provided with a pole zero control so that the 

proper amount of cancellation can be selected for a given 

preamplifier. 
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Although pole zero cancellation was performed, some 

undershoot remains which results from differentiation by 

interstage coupling networks. This undershoot is eliminated 

by a baseline restorer which follows the amplifier. 

The next function performed by the amplifier is to 

integrate the differentiated pulse by an R-C circuit. The 

time constant is variable with the same range as the first 

differentiator. High frequency components of noise and 

signal are attenuated by this shaping. The result of the 

high or low frequency attenuations is an improved signal to 

noise ratio. Additional integrations are employed by most 

amplifiers in order to shape the signal into a gaussian which 

gives theoretically the best signal to noise ratio. 

Optimization of resolution therefore depends on the 

proper selection of time constants and pole zero cancellation. 

For most experimental conditions best resolution is obtained 

when the first differentiation and integration time constants 

are equal. Selection of the time constants is a compromise 

between resolution and counting rate. Best signal to noise 

ratio is achieved with longer time constants. But pile-up 

of pulses at high count rates occur at these values because 

of the longer pulse tails. For this experiment a 2 micro

second time constant was selected. This allowed a moderate 

count rate of 2000 gamma rays per second while still 

maintaining good resolution. 
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When using the linear gate in the coincidence mode 

the time constant must be set to one microsecond since the 

gate only remains open four microseconds. Longer time 

constants result in chopping off of the gamma ray pulses 

with the loss of energy resolution. 

6^Co Was used as a source of gamma rays to check 

the system resolution. When the detectors were new or just 

redrifted there was not any problem in achieving the 

manufacturer's specifications with the configuration shown. 

In most of the data gathered the energy resolution for the 

^®Co gamma rays was 3.5 kev or better. This resolution, 

however, was never realized for the vanadium gamma rays due 

to the doppler broadening caused by the method of excita

tion and the counting rate. 

Coincidence Measurements 

Gamma ray energies were measured by the Ge (Li) 

detector. This leg of the setup was almost the same as the 

system used for the free spectrum measurements. A linear 

gate was added to allow only those gamma rays in coincidence 

to be stored. The second signal required to identify 

coincident events was furnished by a 3"x3" Nal(Tl) detector. 

The timing signal from the Nal(Tl) is used to start 

a time to pulse height converter (TPHC). The signal from 

the Ge(Li) detector is used to stop it. The amplitude of 

the output pulse from the TPHC is proportional to the time 
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delay between the two signals. Therefore the timing 

signals that originate from coincident gamma rays will 

always produce TPHC signals of the same amplitude. A 

single channel analyzer is then used to give a logic pulse 

to open the gate only when a signal has the required 

amplitude. 

The timing signals from the Ge(Li) detector are 

produced when the preamplifier pulse heights reach a certain 

level. It should be noted that signals of different ampli

tudes have different leading edge slopes. As a result the 

level at which the timing pulse is triggered is reached at 

different times after the gamma ray events. These varia

tions create walk of the timing signal. In order to 

minimize this walk the trigger level is set almost into the 

noise. There is no problem of getting relatively consistent 

timing pulses from the Nal (Tl) detector since the leading 

edge of the output pulse is less than 5 nanoseconds wide 

whereas the leading edge of the Germanium pulse is as long 

as 30 nanoseconds. 

It will be noticed in figure 4 that there are two 

triggers for the gamma ray pulse. One is set at low level 

and the other at a higher level. Only when both fire 

within a small duration of each other is the gamma ray gate 

allowed to open. This then eliminates the possibility of a 

low level noise pulse from opening the gate. Also the 

duration between the firing of these two triggers is 
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converted to an analogue pulse by a second time to pulse 

height converter. This signal is then added to the output 

of the first time to pulse height converter. The effect of 

this is to extrapolate the start pulse from the gamma ray 

signal back into the noise. This gives a more accurate 

representation of when the pulse first began, further 

reducing the walk [9] . The settings of the tv/o triggers 

and the second time to pulse height converter were found by 

trial and error. 

Since there is walk of the timing pulses the output 

of the TPHC for coincident gamma rays will range over 

narrow limits. This range determines the choice of 

resolution time of the circuit. For the circuit shown in 

figure 4 this time was approximately 25 nanoseconds for the 

two coincident gamma rays in ^Co. 

Figure 4 also shows the detector configuration. It 

should be noted that there is a piece of lead between the 

two detectors. This shielding was necessary to eliminate 

compton scattered gamma rays from one detector entering the 

other and giving fictitious coincident signals. 

Spectral Calibration 

Each spectrum analyzed had an associated calibra

tion spectrum which was taken either directly before or 

after the data run. The calibration spectrum was composed 

6 0 22 133 
of gamma rays from the sources of Co, Na and Ba. 



42 

These sources were placed in front of the detector at a 

distance which would give a counting rate of approximately 

1500 counts per second. 

The centroids of the calibration peaks were matched 

to an energy curve by a least squares fit. Using the 

relation, 

+  ( 3 6 a ,  

where 

E= a- + b X -f c X ̂  (36b) 

and x is the spectral peak centroid, the uncertainty in 

energy was calculated to be less than .5 kev when inter

polated between calibration peaks. However in the extra

polated region this is not true. It was found that the 

analyzer has a marked nonlinearit.y in the low energy 

portion of the spectra so that peaks which lie below the 

first calibration peak cannot be known with predictable 

accuracy. However, knowledge of the approximate energy of 

some of the gamma rays leads to the conclusion that the 

calibration is at least good to 5 kev at the extreme of the 

curve. The high energy extrapolation is much better. 

Matching the predicted energies of known contaminant gamma 

rays in the region between 1.3 and 2.0 mev with those 

values published in the literature it is seen that agree

ment is to within 2.0 kev. 
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Branching Ratios 

What is meant by branching ratios in this instance 

is the percentage of decays which occur from one excited 

state to one particular lower level with respect to the 

decays from that excited states to all possible lower 

levels. These numbers were obtained by summing all the 

decays from a level and then finding the percentage 

contribution by the gamma ray branch of interest. 

Before the number of counts under the spectral 

peaks can be totaled they must be corrected for the 

efficiency difference of the detector for different 

energies. This is done simply by dividing the number of 

counts under a peak by the efficiency of the detector at 

that energy. Figure 5 shows the efficiency curve for the 

detectors used [10]. 

The number of counts under a peak were found by 

taking the total number of counts in that peak and sub

tracting the background. The error in this number is 

expressed by the following formula 

__2. cr = en. + <rR 
T 6 (37) 

where Or is the uncertainty in the total number of counts 

in the peak and Oq is the uncertainty of background counts 

under the peak considered. 
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Fig. 5. Relative efficiency of the 30cc Nuclear Diodes 
Ge(Li) detector versus gamma ray energy. 



Lifetime Studies 

The experimental determination of the nuclear 

lifetimes was done using the doppler shift attenuation 

method [10,11]. To observe states whose gamma ray-

emissions were doppler shifted, spectra were taken with 

the detector at 45 and 135 degrees with respect to the 

beam direction. Both 49V and 50v were subjected to this 

analysis but due to the small recoil velocity of 50V only 

50V yielded measurable doppler shifts. 

The first step in calculating lifetimes by this 

method is determining the experimental attenuation factor 

F. This is given by, 

p- - _E 
~~ E CD) (38) 

E (D) is the maximum doppler shift that can be measured by 

the configuration used. This is calculated assuming that 

the gamma ray is emitted before the recoil nucleon slows. 

A detailed description of this calculation follows. E ("JO 

is the measured shift in the energy of a particular gamma 

ray as measured in the forward and backward direction. 

This quantity is less than the full shift due to the slow

ing of the emitting nucleon in the target and backing 

material, except for extremely short lifetimes. 

The measurement of E ( I f )  was straightforward. 

The centroids of the peak of interest were measured for 

both the forward and backward directions and the energy 
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separation computed. The uncertainty in this centroid 

measurement is given by, 

f — X (yi -yf (<ti * 
( I d l - b i ) 2 -  ( 3 9 )  

where is the number of background counts in the ith 

channel, d^ is the total number of counts in the ith 

channel, x is the centroid and x^ is the channel number. 

The uncertainty in the peak separation is then 

S — cT^ +- Sgz (40) 

where cTc, is the uncertainty in the centroid of the forward 

peak and c/c2 is that of the backward peak. This multiplied 

by the gain in kilovolts per channel gives the uncertainty 

in kilovolts of the measured shift. 

The full doppler shift E (D) is given by 

E  =  E # ( N - % ^ 6 )  ( 4 1 )  

But this is true only for a point detector with all the 

recoil nucleons traveling with a constant velocity in one 

direction only. Computation of the full doppler shift for 

this work is complicated by the fact that only free 

spectra were taken in the forward and backward direction. 

This results in an indeteriminacy in the direction of the 

emitting x'ecoil nucleons. Another problem arises from the 

finite size of the gamma ray detector. In both instances 

the angle theta and hence the gamma ray energy depends on 



the direction of the recoil nucleon and the location where 

the gamma ray is absorbed. To minimize the first problem 

the proton energy was set slightly above the excitation 

energy of the level of interest. For large negative Q 

values this results in the center of mass velocity being 

much greater than the recoil nucleon velocity in the 

center of mass frame. Therefore the recoil nucleus in the 

laboratory frame proceeds in the forward direction within 

a small solid angle. However this solid angle is finite 

and the nucleon velocities are double valued and angle 

dependent. Thus in order to find the theoretical maximum 

doppler shift the weighted average must be computed of the 

doppler shifted gamma rays from all possible angles. 

The average doppler shifted gamma ray energy is 

given by 

ECD) - ;=——^— -ya + ̂CosQjA^A^pfcep) 
AHpfCep)^ /c J D r r (42) 

This formula was arrived at by the following reasoning. 

Into the solid angle A£2p(0pjQ>p) recoil NQf^(G^) particles. 

The function f^(©p) is the angular distribution for the 

recoil nucleons. In this work the exact angular 

distribution was not known, so it was assumed that the 

recoil was isotropic in the center of mass frame. By 

transferring the function to the lab frame the observable 

angular distribution is given. The closer to threshold 
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the reaction takes place the more accurate this approxima

tion, for at threshold all recoil particles will be 

exactly in the forward direction independent of the angular 

distribution in the center of mass frame. These recoiling 

particles then were assumed to emit gamma rays with equal 

probability in all angles. The number of gamma rays that 

are emitted into the solid angle A£2Dfrom the particles 

travelling into the solid angle A.Qpis given by X 

f*(eP) A Q? A-Q0 , where P is the probability of emission 

by any one particle. With the configuration shown in 

figure 6 the probability of seeing such a gamma ray is 

given by 

P No f *  (6P) Aflo A H  r, 
T" (4 3) 
^S?P/A£2D P No T *L (0p) A .Q-p A 

The energy of a doppler shifted gamma ray is given 

by formula 41 where v^ is the recoil velocity of the 

emitting nucleon travelling at an angle 0 p with respect 

to the detector direction. The superscript k is used to 

distinguish between the velocity groups at the angle 0p . 

It happens that when the transformation from the center of 

mass frame is made, two different particle velocities occur 

at each laboratory angle. These are denoted by k=l and 2. 

The angle ©[is the angle between the emitting nucleons and 

the direction of emission of the gamma rays. Therefore the 
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average doppler shifted gamma ray is given by multiplying 

the probability of seeing the particular doppler shifted 

gamma ray times its energy and summing over all possible 

emitting angles subtended by detector. This is equa

tion 42. 

Since the analyzer stores the gamma rays in channels 

over a kilovolt wide it is not necessary to average over 

the continuum of possible energies but only over groups of 

gamma ray energies; each group needing only to be less than 

a kilovolt in range. For this reason the possible beam 

directions and the possible incident gamma ray angles need 

not be divided into infinitely small divisions, rather, a 

coarse grid can be made which will limit the number of 

terms needed to get the same average that would be obtained 

from the data. 

Figure 6 shows how this grid was constructed. The 

detector was divided into quadrants of equal area. The 

shape of the detector face, however, was approximated by a 

spherical rectangle rather than the circle since this made 

the calculation of the solid angle easier. The beam 

distribution was also divided into segments. The polar 

angle was divided into segments of 2° and the azimuthal 

angle into 30° segments. This gave a grid of 120 segments 

for a maximum recoil angle of 20° with the beam direction. 

The average in this case is calculated from a sum of 480 

individual terms. 



DETECTOR 

Aft 

BEAM AXIS 

TARGET 

A Q  

Fig. 6. Illustration of how the recoil ions and their associated gamma rays are en 
divided into solid angle groupings. ° 
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The energy of the dopper shifted gamma ray for each 

combination of segments was computed assuming all the 

particles and all the gamma rays were respectively directed 

toward and absorbed at the centers of their segments. 

When this quantity is found then the experimental 

attenuation factor is easily found. To extract a mean life 

from the attenuation factor a theoretical calculation of 

attenuation factors is inade for a range of mean lives and 

graphed. The experimental mean lives are then simply read 

off this graph. 

For this calculation a previously written computer 

code was used with the appropriate parameters. The target 

for this measurement was a thin foil with no backing 

material but the code is written assuming a gaseous backing. 

Several runs of the code were made of pressures ranging from 

.01 to approximately .0001 atmospheres of nitrogen. The 

change in the F vs T values was much less than one percent 

for the usable range of mean lives. From this result it is 

reasonable to approximate the vacuum environment of the 

experiment as a 10-^ torr atmosphere. 

A single calculation however is not sufficient for 

obtaining values for lifetimes in this instance due to the 

experimental configuration. The F vs T computer code is 

written on the assumption that the velocities of the recoil 

nucleons are all the same. However in this work the 

particles have a continuous range of velocities from vcm + 
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vnuc to vCm ~ vnuc* Where vcm is the center of mass 

velocity and vnuc is the recoil velocity of the emitting 

nucleon in the center of mass frame. 

In order to overcome this problem an average FCal 

was computed for the range of mean values of interest. 

This average was made in the following manner. Consider 

the following relations 

cr = A (44a) 
c p A E (D) 

r j- —1— T w; AE• (./) (44b) 
Pe*P AET(D) i L 

^XP ~ A Er (D) ̂  A E-(D) A tt (D) (44c) 

A E(D) Fi O'i A ( AECD) f """-"*<0) (44d) 

Here W(i) is the fraction of emitting nucleons within a 

specific velocity range so narrow as to be approximated by 

a specific value. Then E^(/) would be the attenuated 

doppler shift seen from these particles by the detector if 

only these particles were observed and E^(/) would be the 

associated full doppler shift. The ratio F(i) is the 

experimental attenuation factor and is for a specific 

velocity. A E(D ) is the above calculated average full 

dopper shift for the complete particle distribution. 



53 

Since all these quantities in the last expression 

except for F(i) are exactly calculable, a Fca^ can be 

obtained for different mean lives by substituting into the 

expression F a^_ (i) in the place of F(i) for the mean life 

values of interest. In order to extract a mean life for a 

particular state the experimental attenuation factor is 

then compared to the graph of the calculated values versus 

mean life. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

Vanadium 4 7 

Data were gathered at nine different proton energies 

ranging from 3.7 to 5.8 mev. Table 3 lists these energies. 

Figure 7 shows the representative gamma ray spectra. 

From these spectra Table 4 was compiled which shows all the 

resolved gamma rays that may come from ^v for each machine 

run listed. There are many other gamma rays that were 

recorded but not listed. This is because their energies 

were too high to come from any states which could be excited 

47 m V. To determine which of those gamma rays were 

possibly emitted from the ^V nucleus it was necessary to 

locate all the gamma rays which with certainty were from 

contaminant reactions. Those gamma rays that remained and 

could be consistently fitted into a level scheme were con-

4 7 sidered as being from V. 

The contaminant gamma rays were determined as 

follows. A list of possible reactions with the target and 

target chamber materials was made. From this all the 

possible gamma rays in the energy region of interest was 

compiled. Table 5 shows this list for the chamber materials 

and the target materials. From the spectra it was noted 

54 
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Table 3. List of proton energies at which spectra were 
taken. 

Incident Proton 
Energy In Mev. 

Beam Current 
In Nanoamps 

Duration of Run 
In Minutes 

3.70 5-10 30 

3.90 5-10 60 

4.20 2-5 30 

4.40 2-4 60 

4.70 1-2 60 

5.20 1-2 60 

5.47 1-2 60 

5.65 1 30 

5.80 1 30 
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Fig. 7. Gamma ray spectrum of at 5.7 Mev 



Table 4. Gamma ray energies which are seen in the spectra that are energetically 
consistent with 47y excitations. 

Incident Proton Energy (Mev.) 

3.9 4.2 4.4 4.7 5.2 5.47 5.65 5.8 

58 * * * * * * * 

89 * * * * * * * 

147 * * * * * * * 

172.5 * * * * * * 

210.5 * * * 

259.5 * * * * * * 

401. 0 * * * * 

476.4 * * * 

526.2 * * * 

572.6 * * * * 

660. 3 * * * * * 

656.3 * * * * 

700 * * * * 

793.6 * * 

878.9 * * * 

930.6 * * * 

1004.3 * * * 

1051.5 * * •k 

1126.4 * * * 

1149 .1 * * * 

1187.5 * * * 

1335.5 * * * 

1368.8 * * 

1390 .2 * * 



Table 4 Continued 

3.9 4.2 4.4 

Incident Proton Energy (Mev.) 

4.7 5.2 5.47 5.65 5.8 

1434 .2 
1454.7 
1466.2 
1558 .3 

1744 

* 

* 

* 

* 

1700 .3 

1721.8 

1762 
1778 .9 
1798 .2 
1808.6 
1825.3 

1855.8 

1927 .9 

1977 
2 0 0 8 . 6  

1652.9 
1664.0 

* 
1709.8 

* 

* 

* 

* 

* 

* 

1834 
* 

1905, 
* 

1954.7 

.5 

4 

The gamma ray energies listed are in kilovolts 

* The gamma ray is seen in this spectra at the energy listed to the left 
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Table 5 A list of the most probable contaminant gamma 
rays. 

Contaminant Gamma Ray Energies 
Reactions in Kilovolts 

Al27(p,p/) 423 792 170 1,014 1,719 

Al27(p,2f)Si28 1,779 

27 24 
Al (p,o<)Mg 1,368 1,770 

Fe56(p,p') 847 1,238 572 1,811 2,093 

Fe54(p,p') 1,410 

Cr52(p,p) 1,434 

Cr52(p,nMg53 1,270 880 380 

Ni58(p,p') 1,454 1,005 

Ni6° (p,p") 1,332 

Ti47 (p,p/) 159 243 1,285 1,390 1,550 
1,792 2,004 

Ti48(p,p) 868 930 984 1,038 1,314 
1,336 1,663 

49 
Ti (p,p) 1,382 1,586 1,542 1,622 1,762 

50 
Ti (p,p') 1,555 1,131 

Ti50(p,n)5°V 226 

49 49 
Ti (p,n) V 1,022 

Ge70(n,n) 1,035 



6 0  

Table 5. (continued) 

Contaminant Gamma Ray Energies 
Reactions in Kilovolts 

Ge72(n,n) 691 835 

Ge74(n,n) 600 

Ge76(n,n) 567 

Cu63(n,n) 668 960 

Cu65(n,rf) 770 1,114 

Zn64(n,ri) 993 

Zn66(n,n) 1,040 

Germanium zinc and copper are elements in the detector 
itself. 
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that several of these gamma rays were present. Prominent 

contributors were from inelastic scattering of protons off 

of Fe^, from the target chamber and Ti^ and Ti^® 

from the target. Another contributor of contaminant gamma 

rays were neutrons produced from the p,n reaction in-

elastically scattered inside the detector crystal. These 

gamma rays also are listed in Table 5 [12] . 

To .the gamma rays that were not identified as 

contaminants the following analysis was applied. First, 

the emissions that should result from the level structure 

as published to date were computed. These then were 

compared with the present data. Gamma rays were located 

that corresponded to emissions with the known level 

structure up to 660 kev. But there were none that exactly 

corresponded to the gamma rays that should be seen from 

higher states. Secondly, energy differences between all 

combinations of the levels up to and including 660 kev were 

compared to the differences of the gamma ray energies. This 

would locate any higher level which had two or more gamma 

47 
ray branches to those lower states. Two levels in V were 

located using this method. 

49 50 
In this nucleus and m V and V to which this 

method of analysis was also applied there occurred in some 

instances more than one possible combination of some of the 

same gamma rays leading to different energy states. When 

this occurred two rationale were used to try to resolve the 



conflict. First, the energy level possibilities were 

compared with the level structure as suggested to date. If 

one level coincided closely with this structure data then 

it was considered as being the best contender. Secondly, 

the branching ratios of the gamma rays were checked at 

different energies to see if in the particular combination 

selected the ratios remained constant. All of the energy 

levels identified in this work which have measurable branch

ing ratios have passed this criterion. 

After this analysis was applied to the data 

there still remained a few gamma rays whose origins were 

unidentified. Only one closely corresponded to a transition 

from a previously identified level at approximately 1300 

kev. No attempt was made to fit the remaining gamma rays 

into the level scheme. 

From the above analysis the energy level diagram in 

Figure 8 was deduced. All the gamma rays that were seen in 

the spectra which are attributed to are shown in the 

diagram. After the gamma rays were placed the branching 

ratios were computed using the method described in the 

procedure. Table 6 lists these results. 

There is general agreement between this suggested 

level structure and those deduced by others. The only 

deviation is the energies for the three highest states 

shown. These energies are consistently lower than the 
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Fig. 8. Energy level diagram of ^7y deduced from the data. 

Branching ratios are included. 



Table 6. Branching ratios of gamma ray transitions from energy levels. 

Energy level Gamma Ray Transition % of Total Decay 

147 147 16 + 10 
58 84 ± 10 

262 262 90 ± 2 
173 10 + 2 

660 660 43 ± 5 
569 17 ± 5 
400 40 ± 5 

1,139 1,050 45 ± 5 
877 24 ± 5 
480 31 + 5 

1,212 1,183 26 + 7 
1,127 74 + 7 
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previously reported one but are assumed to be the same 

states. 

The energy levels up through the state at 600 kev 

were well known previous to this investigation and the 

present studies verify the level assignment of the first 

four states. (The transitions from those levels seen in 

this work are shown in Figure 8.) Consistent with the 

strong decay of the 660 kev level to the 260 kev level 

would be an assignment of 5/2+. The ability of the 1139 

kev level to decay to the 5/2+ and the 3/2+ states but 

the lack of a decay to the 3/2" state would seem to suggest 

that this state is a 7/2+ state. The last two states decay 

to the 7/2" state, and hence appear themselves to have high 

spin. Since the 1272 kev level does have a branch to the 

5/2" state it could have a maximum spin of 9/2 and the 

lack of an E2 ground state transition that should be 

present for lower values of spin suggest this value. The 

same reasoning applies to the 1297 kev level but in this 

instance it is the lack of an E2 transition to the 5/2" 

state that suggests a spin of 11/2". 

Vanadium 49 

The energy level structure of this nucleus was 

explored up to 2.5 Mev in excitation. Table 7 lists the 

incident proton energies used in obtaining the spectra. 

From the spectra a compilation of all the gamma rays that 
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4 9 Table 7. List of proton energxes at which v spectra were 
taken. 

Incident Proton 
Energy in Mev. 

Beam Current 
In Nanoamps 

Duration of Run 
In Minutes 

2.0 40 15 

2.4 30 15 

2.5 30 15 

2.63 30 15 

to
 

• 00
 

25 15 

2.9 25 15 

3.1 25 15 

3.2 20 60 

3.7 20 60 

4.0 15 180 

4.5 10 180 
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were possible emissions from was made. The same 

analysis was applied to this set of gamma rays as in the 

47 
case of V. Table 8 shows the results along with the 

probable identification of the gamma rays. The probable 

gamma ray contaminants are the same as those for 47V, but 

it should be noted that the energies and the target 

composition are different so that the relative strengths of 

the contaminant peaks will not be the same for 49V as 47V. 

Figure 9 shows representative spectra. 

A level diagram which fits the probable vanadium 49 

gamma rays recorded is shown in Figure 10. All the transi

tions seen in this work are shown in the diagram. Table 9 

lists these gamma rays and the energies where they were 

first seen and the branching ratios. This level structure 

fits that which has been published to date. There are 

however variances with regard to the gamma ray transitions 

reported from these levels. This will be discussed in the 

next chapter. The branching ratios were extracted from 

only one spectrum. However this run was for several hours 

and consequently the number of gamma ray counts under 

individual peaks is determined with greater certainty than 

could be attained with the shorter runs. The following 

text discusses the individual states and the transitions 

from them. 

Ground state through the 1139 kev level: There is 

complete agreement with the published information to date 



Table 8. Gamma ray transitions seen that are energetically consistent with 49V 
excitations. 

Incident Proton Energy Mev. Probable 
Identification 

2.4 2.8 3.05 3.2 3.7 4.0 4.5 

64.3 * * * 49V 
92.1 * * * * 49V 

125.9 
1 3 7 - °  4 9  

153.9 * * * * * * V 
197.9 * * * 

227.4 * * * * * * 
253.6 * * * 
353.0 * * 

390 * * * * * 49v 
440.7 * * * 

447.0 49V 
461.8 * * 49V 

482.1 
499.7 * * * 
511 * * * 
555.5 * * 

275 * * 5oFe 
595.6 * * * * * * 49V 

610 * 
* 635 49 

657.3 * * * * * * v 
093^7 * * * * * * 

707.2 * * 
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Table 8 (continued), Gamma ray transitions consistent with V 

2.4 

Incident Proton Energy Mev. 

2.8 3.05 3.2 3.7 4.0 4.5 

Probable 
Identif ication 

845.2 

982.9 * 

1020.0 

1047.3 
1062.8 

1138.8 
1154.2 

869.3 
888.9 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

837.4 
* 

854.3 
* 
* 

903 
• 
* 

1035.7 
* 
* 

* 

* 

750 
758 
806 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

1197.6 
1241.8 
1246.0 
1252.8 
1311.1 
1331.1 

* 

* 

* 

* 

897.6 
* 
* 

* 

* 

* 

* 

1091.0 
1121.1 

* 
* 

* 

* 

* 

* 

* 

* 

49v 
56pp 
49v 
48Ti 

48 
49 
49 
49 
49 

Ti 
V 
V 

4 9 
49 
49 
49 
49 

49 V 

i£> 



Table 8 (continued), Gamma ray transitions consistent with 49V 

Incident Proton Energy Mev. Probable 
Identification 

2.4 2.8 3.05 3.2 3.7 4.0 4.5 

1361.0 

1423.3 

1511.5 

1601.7 

* 

1382.5 

1460.2 
1471.1 
1490.1 

* 
1541.0 

* 

1622.1 

1638.5 
1648.5 

1345 
* 

* 

* 

* 

* 

* 

* 

* 

1570.3 
1584.8 

* 
* 

* 

* 

•k 
* 
* 

* 

1435.3 
* 
* 

* 

* 

* 

1552.0 
* 
* 

* 

* 

* 

* 

1718.8 

1778.5 
1839 .9 

1901.8 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

1630.8 
* 
* 

1703.2 
* 

1763.7 
* 
* 

1895.4 
* 

49 
49 
49 
48 

V 
Ti 
V 
Ti 

49 
49 
49 
50 
49 
49 
49 
49 

V 
V 
Ti 
Ti 
V 
Ti 
V 
Ti 

29 
49 
Al 
Ti 

49 V 

49 V 



Table 8 (continued), Gamma ray transitions consistent with 

Incident Proton Energy Mev. Probable 
Identification 

2.4 2.8 3.05 3.2 3.7 4.0 4.5 

2079.6 * 
2088.2 * * ^°Fe 
2108.2 * * 

2140.8 * 
2152.3 * .Z.V 
2174.1 * yv 
2214.6 * 
2231.2 * 49V 

2291.2 4g 

2352 * V 
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Fig. 9. Gamma ray spectrum of 49y at 4.5 Mev 
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Table 9. Listing of the energy level thresholds and 
their gamma ray branching ratios 

Energy Decay Branching Apparent Calculated 
Level Gamma Rays Ratio Proton Proton 

Threshold Threshold 
(kev) (kev) (%) (mev) (mev) 

91 91 

153 153,62 
llltiCl o U. J. trLi — — 

748 596 42 ± 1 2.40 2.15 

657 58 + 1 2.40 2.15 

1020 1020 100 2.50 2.42 

1139 392 10 + 5 2.80 2.54 

(987) A A 2.54 

1047 30 + 5 2.70 2.54 

1139 60 + 5 2.62 2.54 

1154 134 2 + 2 B 2.55 

1063 20 + 2 2.7 2.55 

1154 78 + 2 2.62 2.55 

1515 1361 54 + 3 2.97 2.92 

1423 13 + 3 2.97 2.92 

1515 33 + 3 2.97 2.92 

1602 447 2 B 3.00 

462 11 3.70 3.00 

854 17 3 .70 3.00 

(1511) 44 C 3.00 

1602 26 3.05 3.00 

1644 1491 (100) 3.20 3.04 
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Table 9. (continued) 

Energy 
Level 

Decay 
Gamma Rays 

Branching 
Ratio 

Apparent 
Threshold 

Calculated 
Threshold 

1662 1571 65 3.20 3.06 

(1509) 35 C 3.06 

1993 854 47 ± 3 3.70 3.39 

1840 36 + 3 4.00 3.39 

1902 17 + 3 4.00 3.39 

2.74 575 6 3.70 3.58 

1035 

2088 

22 

<6 
D 

3.70 

3.70 

3.58 

3.58 

2174 72 3.70 3.58 

2233 2080 19 
+ 
4 4.00 3.63 

2141 67 + 4 3.70 3.63 

2232 14 ± 4 3.70 3.63 

2262 2109 100 4 .00 3.67 

2307 2154 ~10 4.0 3.71 

2216 v9 0 4.0 3 .71 

2352 1199 5(A) 4.0 3.75 

1331 ~35 4.0 3.75 

2352 rJl 0 4.0 3.75 

A. Threshold cannot be determined, or intensity cannot be 
accurately extracted due to contaminant. 

B. Threshold cannot be determined due to low intensity of 
peak. 

C. Part of 1515 kev triplet (see text). 
D. Estimated as if all decayed from same level. 
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as to the transitions seen and the probable spin and parity-

assignments. It is not possible in this work however to see 

the transition from the 1139 kev level to the 153 kev level 

5 6 because of a strong contaminant gamma ray from Fe. The 

branching ratios quoted for the first two excited states 

were those of other investigators. The rest however were 

computed from the present data. 

1154: There is observed a weak branch to the 1020 

kev level which has an assignment of 11/2. If this assign

ment is correct then the transition suggests a spin of 9/2. 

1515: Three well defined transitions are seen from 

this state to the ground and the first two excited states. 

Since these states have 7/2, 5/2 and 3/2 spins it seems most 

probable that this is a 5/2 spin state. 

1602: From this state there appears to be a strong 

transition of 1515 kev to the 91 kev level. This transition 

however, is masked by the ground state transition from the 

1515 kev level. The fact that there is possibly a transi

tion of this energy is suggested by the growth in strength 

of the 1515 peak and also a broadening of the peak when the 

excitation is raised to excite the 1602. The computation of 

the branching ratio will be discussed in connection with the 

state at 1662 kev. Two of the transitions seen go to states 

identified as positive parity. This suggests that this 

state also has positive parity. This will be discussed in 
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more detail in the next chapter. From the spins of the 

states to which this state decays it would appear that it is 

possibly 7/2. 

1644: Only one transition is seen from this state. 

Although there is a gamma ray seen at 1551 kev, which could 

correspond to a transition to the first excited state it is 

50 noted that this gamma ray is seen m the v spectrum with 

a considerably higher intensity. Since the ^Ti target has 

50 approximately 2% Ti in it this peak would be expected to 

49 be seen weakly m the V spectra. A transition to the 

3/2+ state at 748 kev which had been reported by another 

investigator was not seen although there was a gamma ray in 

the present data within 5 kev of this energy. This state 

has had a tentative assignment of 1=0 from stripping re

action studies. The single branch to the 3/2 state 

indicates a low spin. 

1662: This state is also a low spin state since it 

is identified as being either 1=0 or 1 from its stripping 

pattern. Again only one transition is directly evidenced 

and this is to the 91 kev level. A gamma ray is seen at 

1662 kev but this corresponds to the single escape peak of 

a string peak 511 kev higher and is therefore discounted as 

coming from this state. A transition to the 153 kev level 

would be masked by the 1515 kev transition. In order to 

see if there is such a transition the following analysis 

was used. 
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The branching ratio of the gamma rays from the 1515 

level were computed from spectra in which no higher states 

were excited. Therefore it is always possible to subtract 

from the 1515 peak the number of gamma ray counts from 

transitions of the 1515 level. The remaining counts under 

the peak are then assumed to have come from decays of the 

1602 and 1662 kev states. Since these states are simulta

neously excited in the spectra taken the technique used for 

the 1515 cannot be applied. Instead it was assumed that the 

excitation functions of the two states changed with energy 

and a system of second order simultaneous equations were 

set up relating the unknown contributions of these two 

levels to the 1515 area and the areas of the known transi

tions from the 1602 and 1662 kev levels. The solution 

showed that to accurately account for the area under the 

1512 from one energy run to the next it is necessary to have 

contributions to it from both the 1602 and the 1662 levels. 

Since the 1662 kev state decays only to the 3/2 and 

5/2 states at 153 and 91 kev levels it appears in view of 

the 1=0 or 1 assignment that the state has a spin of 3/2. 

1992: Four gamma rays are seen in the spectra which 

may be associated with this level. Of these, three are 

established as being from this level but the other is doubt

ful. The energies of these gamma rays are 854.3, 1241.8, 

1831.9 and 1901.8 and would give the following energies for 

the level: 1993.3, 1991.3, 1994.0 and 1993.8 respectively. 



Notice that the 1241.8 kev gamma establishes the energy-

level 2.5 kev below the mean of the other three. It is felt 

that the energy levels can be located within one kilovolt 

and therefore this 2 kev discrepancy makes this particular 

identification suspect. 

All three decays proceed either to a J=3/2 or J=5/2 

state. Hence a spin assignment of either 3/2 or 1/2 would 

not be inconsistent. Based on just the decay systematics 

of this nucleus a 5/2 spin would not seem probable as the 

decay to the J=7/2~ ground state is not observed. 

2174: Several gamma rays are seen which would be 

consistent with the level. Three, at 659, 1154 and 1022 

kev, are already associated with lower levels, the 750, 

1154 and the 1022 kev states respectively. After the 

branching ratios were checked before and after excitation 

of the 2174 level it was clear that neither the 659 nor the 

1154 kev peaks had significant contribution from the 2174 

kev level. Since there is only one branch from the 1022 

kev level the above technique is not applicable to this 

decay and nothing in this data can confirm a 1022 kev decay 

from the 2174 state. 

A gamma ray of 2079.6 kev was eliminated because it 

was not present at an excitation energy where the others 

appeared. Remaining are gamma rays of 575, 1035, 2088 and 

2174 kev. From precise energy measurements it appears that 

the 1035 and the 2174 kev gamma rays are associated. The 
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2088 is six kev too high in energy to be considered with 

this state. The same is true with the 57 5 for it gives an 

energy for the level three kev above the mean predicted by 

the 2174 and the 1035 kev gammas. It is possible that the 

2088 and the 57 5 may be decays of a yet unestablished level 

a few kev above the 2174. 

The 2174 state decays to a final state of either 

J=5/2 or 3-1/2 which suggests that the spin of the state 

can either be 5/2 or 7/2. If there should be another state 

slightly above the 2174 its spin would be 5/2 or less 

based on the decays which would be identified with it. 

2232: One strong peak of 2140.8 kev is observed to 

be associated with this level which places it at 2232 kev. 

Three other weaker decays are seen which may be branches to 

other states. The decay of 2079.6 kev fits the energy 

level well but it is not possible to get a measure of its 

strength since it rides on the low energy side of a strong 

peak and is barely resolvable. The 2231.2 kev doesn't have 

consistent branching ratio measurements with respect to the 

2041 kev transition as proton energy is changed. However, 

since there is a large contaminant gamma ray a few kilovolts 

on the low side of this peak the branching ratio 

discrepancies may be attributed to it. Deviation from the 

mean level energy of 2 kev is given by the 1091 and there

fore may not be associated with this level. 
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2264: There are five possible gamma rays that may 

come from this level. They are 1121.1, 1241, 1514, 2108.2 

and 2174 kev. The first, 1121.1, is ruled out as being the 

double escape peak of the 2044 kev gamma ray. The transi

tion of 1514 kev will be undetectable since the amplitude 

of the 1512 photo peak already consists of three different 

transitions whose contributions are not precisely known. 

Because the intensity of the 1512 is not observed to change 

appreciably as the level at 2264 kev is excited it would be 

near impossible to detect any contribution from this level. 

It is most likely that the 217 4 kev photo peak 

(associated with a level of the same energy) does not have 

any contribution from the 2264 kev state. If there was a 

transition from the 2264 level to the 91 kev state it would 

be expected that the 2174 peak would have a slight asymmetry 

on the lower energy side which has not been observed. 

Additionally as the 2264 level is populated there is no 

observed change in the height of the 2174 kev peak with 

respect to the surrounding peaks suggesting that such a 

decay from this level would be weak. 

Of the two remaining peaks, the 1241 would predict 

a level at 2263.8 and the 2108 a level at 2262.3 kev. The 

former transition is to a 3/2" state and the latter to a 

11/2" state which makes the association of both these 

transitions with the same state extremely improbable. 
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2307: Two gamma rays of moderate intensity fit to 

this level. They are 2 214.6 kev and 2152.3 kev. They both 

weakly appear at 4.0 mev in proton energy. Although there 

are weak peaks at 3 .7 mev which appear to be these peaks , 

close investigation shows both to be removed by a few kev 

from the quoted energies above. Calculation of an accurate 

branching ratio for this state is hindered by a contaminant 

gamma ray on the low energy side of the 2 215 kev gamma ray. 

2352: Three gamma decay branches are decided on for 

this level. These transitions energies are 1331.1 , 1197 .6 

and 2352 which are decays to the levels at 1020 , 1154 and 

ground state respectively. However, corresponding to the 

1331 and 1197 are gamma peaks at 1020 kev above each giving 

rise to the possibility that the above gamma rays are due to 

second escape peaks and not associated with the 23 52 level. 

To check this the number of double escape counts that should 

be seen from the primary peak were computed and compared with 

the actual number seen. For both the 1331 and the 1197 peaks 

the number of counts seen far exceeded the number computed 

proving the existence of actual gamma ray counts under these 

peaks. In computing branching ratios for this state the peak 

areas were corrected for the probable second escape contribu

tion. Another double escape peak close to the 1331 was to be 

seen from the photo peak. This check was in agreement with 

the predicted value. 
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Vanadium 50 

Table 10 lists the incident proton energies at which 

the spectra were taken, including the gamma-gamma coin

cidence runs. Figures 11 and 12 show the representative 

spectra. The latter is a coincidence spectra. From the 

free gamma ray spectrum a list is made of the gamma rays 

SO which may come from V and is given in Table 11. Again the 

contaminant gamma rays present are presumed to be much the 

same as for the two previous nuclei. 

The construction of an energy level scheme for this 

nucleus was assisted by the coincidence runs. Those gamma 

rays which were present in the spectrum in coincidence with 

the 226 kev transition must come from vanadium 50 transi

tions to levels above the ground state. The gamma rays 

which are in coincidence with the 94 kev transition must 

originate from states that cascade through the 4+ state at 

320 kev. From the spectra it can be seen that most of the 

gamma rays observed must go to one of the three states of 

320, 355 and 388 kev. This is because the excitation 

energy of the nucleus when these gamma rays were first 

seen was comparable to their transition energies. A 

transition of one of these gamma rays to the next state at 

840 kev would consequently be forbidden due to energy 

conservation. Table 12 summarizes the results of these 

coincidence runs. 
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Table 10. Incident proton energies, beam currents and 
durations for those spectra primarily used in 
the analysis of ^V. 

Incident proton Beam current Duration of Run Coincidence 
Energy in Mev. in Nanoamps in Minutes Condition 

3.5 20 — None 

4.0 10 105 None 

4.5 3-5 105 None 

4.6 6-7 - None 

4.7 6-7 - None 

00 • 6-7 60 None 

4.9 6-7 60 None 

5.0 3 160 None 

4.95 15 120 226 kev 

5.0 15 120 9 4 kev 
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Table 11. Gamma ray transitions that are energetically consistent with 
excitations. 

Incident Proton Energy (Mev) 

3.5 4.0 4.5 4.6 4.7 4.8 4.9 5.0 

94 

120 

161 

198 

225.7 

320.2 

* 

* 

355 

684.4 

695 .4 

912.7 

943 .4 

* 

* 

* 

* 

275 .1 

375.9 

* 

* 

* 

* 

* 

* 

* 

* 

* 

1044.9 



Table 11. (continued) 

3.5 4.0 

Incident Proton Energy (Mev) 

4.5 4.6 4.7 4.8 4.9 5.0 

1106 .2 

1129 .6 

1162.5 

117 3.6 

1206.6 

1080 

* 

1288 .7 

1312.6 

1322 -0 

1388.9 

CO 
00 
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Table 12. Gamma rays seen in one or more coincidence 
spectra . 

Gamma Proton Energy 5.0 5.0 5.5 
Transitions (Mev) 
Kev Gamma Window 226 94 226 

(Kev) 

275 * * * 

376 * * * 

683 * * 

833 * 

844 * * * 

872 * * 

913 * * * 

943 * * * 

1012 * * * 

1045 * * * 

1080 * * * 

1106 * * * 

1129 * * * 

116 3 * * * 

117 4 * * * 

1206 * * * 

1288 * * 

1322 ' * * 

1415 

1425 

* 
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An attempt was also made to measure the spectra in 

coincidence with the 33 and 35 kev transitions from the 

levels at 355 and 388 kev. But the Nal(Tl) detector was 

unable to resolve peaks at this low energy and consequently 

this effort was abandoned. 

From the above information the energy level diagram 

shown in Figure 13 was deduced. 

Branching ratios of gamma ray decays from these 

levels are listed in Table 13 along with the energies when 

the levels were first excited. The levels from the ground 

state to the 2+ state at 388 kev have been previously 

studied. Our spectra are consistent with these studies. 

There is no evidence in this data to suggest any cross-over 

transitions from any of these states. 

The next state, at 836 kev, is seen in particle 

reaction studies. In this work the only evidence of its 

existence is a weak ground state transition. The only 

other transition which can't be ruled out would be to a 4+ 

state which would be hidden by a strong 511 kev photo peak. 

Coincidence data similarly don't reveal any intermediate 

decays, but the state appears to be so weakly populated 

that these peaks would not be displayed with any prominance. 

As a result of the coincidence measurements a level 

at 910 kev was positively established. The principle mode 

+ of decay is to the 5 state at 226 kev. This is established 
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Fig. 13. Energy level diagram of 50V deduced from the data. 
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Energies where levels were first excited and 
the branching ratios from these levels 

Decay 
Gamma-rays 
(keV) 

Branching 
Ratio 
(%) 

Apparent 
Proton 
Threshold 
(MeV) 

Calculated 
Proton 
Threshold 
(MeV) 

-not measured-

226 

94 

35 

33 

836 100 4.25 3.84 

684 80 4.25 3.92 

(910) 20 (4.37) 

913 100 4.37 4.30 

943 100 4.37 4.33 

1013 67-7 A 4.40 

1045 23±7 4.80 4.40 

1082 10-7 4.80 4.40 

1106 100 4.60 4.50 

1130 84±5 4.60 4.52 

1163 16*5 4.70 4.52 

1174 30±3 4.70 4.56 

1207 70±3 4.70 4.56 

275 11*3 4.80 4.68 

376 54±3 4.80 4.68 
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Table 13. continued 

Energy 
Level 

Decay 
Gamma rays 

Branching 
Ratio 

Apparent 
Threshold 

Calculated 
Threshold 

1289 15±3 4.80 4.68 

1322 20±3 4.80 4.68 
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by the presence of the 68 5 kev gamma in the spectra gated 

on the 5+ to 6+ decay and its absence in the spectra gated 

on the 4+ to 5+ decay. Since the next state excited (1301 

kev) has a strong decay of 913 kev, the ground state transi

tion of the 910 kev level would escape detection unless the 

incident proton energy was kept below the excitation energy 

of the 1301 kev level. Such a spectra was taken but the 

910 kev state was populated so weakly that all that could be 

determined was that the ground state decay must be less than 

20% of the 685 kev decay. 

Other publications have shown a level at 911 kev 

with a spin assignment of 7+ deduced from angular distribu

tion data. The decay to 5+ from the 910 kev level seen in 

, I. 

this work is unlikely to originate from a 7 state due to 

the large spin change. As there is no dispute with the 

other published data it must be assumed that there are two 

levels in this region and the 7+ is not successfully 

populated by the (p,ntf) reactions. This is understandable 

since such an excitation would require seven units of 

angular momentum transfer, a very improbable event when 

bombarding with 5 Mev protons. There is no experimental 

basis on which to fix the assignment of this state but its 

probable spin values are 1=4,5, and 6. Since the shell 

model predicts a jP=4+ state in this region this level will 

be tentatively given this assignment. 
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1300.6 and 1331.3: Both these levels are simultan

eously excited, the first decaying by a 913 kev transition 

to the 2+ state and the latter decaying exclusively by a 943 

kev transition to the same 2+ state. There is a possibility 

that the 1301 kev level also decays to the 3+ level at 355 

kev but such a decay would be masked by the 9 43 kev transi

tion from the 13 31 kev level. Note the energy spacings and 

the changing relative transition strength with excitation 

energy confirms that the 913 and the 943 transitions do not 

both come totally from the same state. 

__ J-
A Jl-2 assignment is given to the 1301 kev level 

J. 
based on the fact that a 1 state is ruled out by (HeJ,p) 

studies. The assignment of the 1331 is jP=l+ and is fairly 

certain since the state is observed being populated by Ml 

decays from an 0+ isobaric analogue state produced by 

(He^,p) reactions. From the gamma ray decay scheme these 

states could have been either 1+ or 2+ with the 1+ 

favored for the 1331 kev state because of the exclusive 

decay to the 2+ state. 

1400.4: Three decays are observed from this state 

_L _1_ « 

with the final states being 2 , 3 and 4 . Since the 

dominant decay mode is via Ml this state is determined to 

be 3+. It was necessary to extract the branching ratios 

from the coincidence spectra since the 1013 kev decay was 

superimposed on top of a strong Al contaminant gamma ray at 



1014 kev. The true to chance ratio was large enough that 

the chance counts under the 1013 kev peak in the coincidence 

data was negligible. Estimation of the true to chance ratio 

is allowed by the strong 983 kev gamma ray in the free 

spectra which is totally absent in the coincidence spectra. 

The branching ratios were determined to be 67:23:10 from the 

lowest to the highest transition energy. 

1494.1: One strong decay is observed from this state 

and it is to the first 2+ state. Again this state is 

observed to be populated by an 0+ isobaric analogue state 

in (He^,p) reaction study. This information establishes 

the assignment as JP=14. 

1517.6 and 1561.5: Both of these states decay to the 

2+ and 3+ levels at 388 and 355 kev. The absence of any 

decays to the 4+ state implies that these are J-2 states. 

The branching ratio of the 1518 is 84:16 and for the 1562 

kev level 30:70, both are from the lowest to the highest 

transition energy. 

1676.7: Several transitions from this state are ob

served. There are two weak transitions of 1289 and 1322 kev 

to the 3+ and 2+ levels at 355 and 388 kev respectively, one 

strong transition to the 2+ level at 1301 kev and a moder

ately strong transition to the 3+ level at 1400 kev. Spin 

assignments of either J=2 or 3 are consistent, but for 

reasons which will be discussed in the next chapter an 

assignment of 2+ is chosen. From the highest to the lowest 
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transition energy the branching ratios are 19:14:55:11. 

The fact that the low energy transitions are seen at all 

means that the transitions to the first 2+ and 3+ states 

are strongly inhibited. A discussion of this follows in 

the next chapter. 

Lifetimes of Excited States in Vanadium 50 

Lifetime measurements were made for the states at 

910, 1301, 1331, 1494, 1518 and 1562 kev. These studies 

were made at two different energy runs. For the states at 

910, 1301 and 1331 kev the doppler shifts were extracted 

from spectra taken with proton energies of 4.6 25 Mev. The 

detector positions were 45° and 135° with respect to the 

beam direction. Doppler shifts for the gamma rays from the 

states at 1494, 1518, and 1560 kev were measured from 

spectra taken with incident proton energies of 5.0 Mev at 

the same detector angles. 

Table 14 lists the gamma rays for which the doppler 

shifts were measured, and the corresponding doppler shifts. 

Also given in the table is the attenuation factors and the 

experimental mean lives which are found from the graph of 

the calculated attenuation factors versus lifetimes shown 

in Figure 14. 

Two comments must be made about the lifetimes 

calculated. The gamma rays of 684 and 1163 kev were not 

very strong which results in large uncertainties in the 



Table 14. Listing of the transitions whose doppler shifts v/ere measured and the 
measured lifetimes. 

Gamma ray Doppler Computed Attenuation Lifetime 
Transition Shift Full Shift Factor (Sec) 
(kev) (kev) (kev) 

684 1.32±.7 2.04 

913 2.17±.25 2.44 

943 2.90-.21 2.5 

1106 2.69±.25 2.64 

1130 1.34±.34 2.78 

1163 ,39±.36 1.97 

1174 .10^.37 1.99 

1207 1.16:^.57 2.05 

.65±. 35 < 10-13 

-H 00 • 20 < 6xl0~14 

1 .19*. 24 <lxl0~14 

1 • 

-H o
 • 24 <2xl0~14 

0 ,52±. 17 8.3xl0"14±2.3xl0~14 

0 .39*. 36 8xl0~14<t<1.2xl0"13 

. 03-. 11 6xl0~13<'c'<10-11 

.40±. 21 6X10-14<t<4X10~12 
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peak centroids and consequently the computed lifetimes 

for these transitions. 

Also there is an apparent anomaly between the 

lifetimes of the 1562 level as measured by the 1174 and 

the 1207 kev gamma rays. However there is in the vicinity 

of the latter peak a weak contaminant gamma ray which may 

influence the centroid calculation. 



CHAPTER V 

DISCUSSION OF RESULTS 

In the following section the results of the present 

series of experiments for each nucleus will be compared to 

the results of other investigations and the predictions of 

the shell model theories. Although spins and parities can

not be assigned definitely, tentative assignments are made 

where supporting arguments exist. Additionally, the 

existence of rotational type states will be discussed. 

Vanadium 4 7 

Systematics of the vanadium 47 nuclear energy level 

structure have been studied using the following reactions: 

46Ti(3He,d) [13], 46Ti(p,*0 [14], 47Ti(p,n) [15] and 50Cr 

(p,o() [16,17]. A summary of the deduced energy levels and 

pertinent spin information is shown on the left of figure 15. 

Single particle stripping reactions have been in

strumental in determining some of the spins and parities of 

the energy levels [14]. For proton stripping the 

parent nucleus must be ^Ti which is an even-even nucleus 

and consequently has spin zero. Therefore the spin of the 

final nucleus stripped to will have to be the same as the 

single particle spin of the nucleon dropped in. When a 

101 
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Fig. 15. Summary of several investigations of the 47V energy level structure 
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particle is dropped into a f7/2 orbital the spin of the 

nucleus must be 7/2 accompanied by a 1=3 angular momentum 

transfer to the scattered particle. If the particle is 

dropped into a p3/2 orbital the final spin will be 3/2 

accompanied by a 1=1 transfer. 

The ground state of vanadium 47 has a 1=1 stripping 

pattern which is most likely due to its having a p3/2 ad

mixture suggesting a 3/2" assignment. Additionally atomic 

beams analysis has identified the ground states as having a 

spin of 3/2. The first excited state has not had its 

signature directly determined, but from the systematics of 

neighboring nuclei and shell model predictions it is most 

likely to be a 5/2" state. The gamma ray decay scheme is 

consistent with the identification. Also this state is not 

stripped to by ( He,d) reactions which is as expected for a 

state of this spin formed from several f7/2 particles. 

The following level at 147 kev has a 1=3 single 

particle stripping pattern which unambiguously determines 

the state to be 7/2" [14]. The strong gamma ray decay to 

the 92 kev state is consistent with this assignment and is 

additional evidence of the first excited state being 5/2". 

A 1=2 stripping pattern produced by the 260 kev 

level obviously means the state has positive parity [14]. 

Since the most probable way to strip to vanadium 47 by 1=2 

is to drop a particle into a d3/2 state it is fairly certain 
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that the final state should be 3/2+. The gamma ray transi

tions of this level also suggest a 3/2 spin because there 

is no decay to the 7/2" state but there is to the 3/2" and 

5/2" levels. 

No stripping patterns have been reported for the 

levels from 660 kev through the 1290 kev state, those latter 

three only being seen in ^Cr(p,c() reactions. States higher 

than 660 kev were not seen in the previous (p,n) experiments 

because the investigations terminated with this level. The 

4 Ti(p,Jf) reaction experiments cannot directly populate 

states of high spin since at the resonant proton energies 

only the s wave component would significantly interact with 

^Ti. Consequently if the three states above 660 kev 

identified in this work were of high spin they would not be 

populated by ray cascades from the low spin resonant states. 

The gamma ray transitions seen from the 66 0 kev 

level suggest it to be either 3/2 or 5/2 with a positive 

parity. A discussion of the parity assignment will follow. 

If the level were 3/2+, 1=2 stripping would be expected. 

However, if the assignment were 5/2+ no stripping would be 

expected. Indeed this is what is observed, a weak peak 

with no discernable stripping pattern. 

The next state at 1139 kev has decays most 

suggestive of a 3/2 or 5/2 spin assignment except that a 

decay is seen to the 5/2+ state at 660 kev and none to the 



3/2" ground state. If the state were either 3/2 or 5/2 a 

ground state decay should be seen. Therefore it is 

suggested that this is a 7/2+ state which would account 

for the lack of a ground state decay. This would be a M2 

and hence slower than the E2 to the 3/2+ state. The 

positive parity is assigned on the basis of the relative 

strengths of the Ml and El decays, a topic discussed in 

later paragraphs. 

The next two states at 12 7 2 and 129 7 kev are 

assumed to have spins of 9/2" and 11/2"" respectively. 

From the systematics of the f7/2 odd-even nuclei these two 

47 low lying high spin states are expected. Examples are Ti 

with a 9/2" and a 11/2" state below 1450 kev, vandaium 49 

where the two states are below 1160 kev and vanadium 51 

with the 9/2" and 11/2 below 1820 kev. If these iden

tifications are correct then the lack of stripping peaks 

for these two levels is understandable. For stripping to 

occur these states would require significant admixtures of 

h9/2 and hll/2 single particle states. But orbitals of 

these spins have high excitation energies and their 

participation in the nuclear motion is going to be quite 

small. It seems more probable, not considering other 

evidence, that the 1272 kev state is 7/2" since there is a 

decay to the 5/2" level at 94 kev. But if this were so 

then the state should be easily stripped to, contrary to 

observation. This implies then that the state is 9/2 and 



106 

the transition to the 5/2" is an E2. With this in mind 

there is a good possibility that the 1297 kev state has 

jP=ll/2" since it was demonstrated by the 9/2 state that 

an E2 transition will compete v/ith the Ml, assuming of 

course, that the spin and parity of that state were 

identified correctly. But a possible 9/2" assignment can

not be disregarded. 

In the previous paragraphs it was suggested that 

the states at 660 kev and 1139 kev were positive parity. 

The following is a justification for that choice. It is 

known that the 3/2 state at 260 kev is positive parity, 

therefore if the parity of the 660 level were positive then 

the transitions seen from that state would have multi-

polarity of Ml, El, and El for the 404, 570 and 660 kev 

gamma rays respectively. If this were a negative parity 

state then the multipolarity of the above gamma rays would 

be El, Ml and Ml. The single particle estimates would 

give branching ratios in the first instance of 1:20:30 and 

in the second 200:17:20. Experimentally the ratios are 

40:17:43. 

In the first case the Els seen experimentally 

would be inhibited by a factor of 40 and 30 respectively 

over single particle estimates. In the second instance it 

is seen that the El would be inhibited by a factor of 3. 

For either type of state the El transitions requires that 

either a hole is excited out of the d3/2 state or that a 
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particle drops into a d3/2 hole, this happening if the 660 

kev level is positive parity. So if the matrix element for 

the transition is represented as 

where T^- ^ is the single particle tensor operator with order 

one then either or can be represented as the 

other state will necessarily be represented as £ 

Using the formalism in chapter two the matrix element must 

have the final form of 

which for 1=1 is identically zero. Therefore El transi

tions are seen to be strictly forbidden. If instead the 

d3/2 state had a slight admixture of the d5/2 single 

particle state or the f7/2 state had a slight admixture of 

f5/2 single particle state, then the matrix element would 

cease to be zero and would have a value related to the 

amount of these admixtures. Since the admixtures would be 

small so would the transition rates. It is demonstrated in 

stripping data that these admixtures do occur. This then 

indicates that experimentally it should be expected that the 

El transitions of the type in this nucleus should be 

strongly inhibited but not entirely forbidden. This behav

ior is demonstrated by neighboring nuclei. In order for the 
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660 kev level to be consistent with this predicted behavior 

then it must be positive parity. 

This same analysis applies to the 1139 kev level. 

The single particle estimates if the level is positive 

parity give Ml:E2:E1=13,000:24 : 7,000,000. For negative 

parity the computed value of El:M2:Ml equals 135:.00014: 

45. Both these computations are for 579, 877 and 1050 kev 

respectively. Experimentally these branching ratios are 

31:24:45. If negative parity is selected for the state then 

the data would show an enhancement of the El transition, an 

unexplainable occurrence. But if the state is assigned 

a positive parity then the El transition actually seen is 

inhibited by a factor of 150,000 which is as expected. It 

is also seen experimentally that the E2 transition seen is 

stronger by a factor of 400 over that predicted which would 

also be expected since this level of 1139 kev is considered 

the third member of a rotational band and E2 transitions 

should be enhanced under this assumption. 

There are two theoretical calculations for deter

mining the energy level structure of the vanadium 47 

nucleus. One is by Ginnochio [19], the other by Malik and 

Sholz [18]. The energy level predictions are shown in 

figure 16. Ginnochio's calculations merely extend the 

MBZ calculations to the vanadium 47 nucleus but using 

a different basis set. Malik and Sholz's calculation 

considers the vanadium nucleus as a rigid rotator with 
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strong coupling of the last odd nucleon and strong 

coriolis coupling between bands which give rise to con

siderable band mixing. 

If the arguments of the last chapter are correct 

and the levels at 260, 660 and 1172 kev comprise a band 

with a 3/2+ bandhead, then there are only five states with 

f7/2 configurations up through 1300 kev. Notice that the 

Ginnochio calculation shows that such a paucity of states 

does exist at low excitation energies. In fact, if the 

spin assignments are correct there is a one to one 

correspondence between the predicted levels and those seen 

up through 1.7 Mev. The 3/2" level is seen depressed 

considerably from that predicted which is probably due to 

the admixtures of p3/2 states. As a matter of fact the 

stripping data does indicate that this state is composed 

partly of p3/2 single particle states. Therefore it is 

not surprising to see the measured energy of the state to 

be at variance with the predicted level. 

Vanadium 4 9 

Level assignments made up through 749 kev by particle 

and gamma angular distribution analysis and by the gamma ray 

transition systematics are all in agreement. The study of 

these and higher energy levels have been carried out by one 

or more of the following reactions: 5^Cr(t,c<.) [20], 48Ti 

(3He,d) [14], 52Cr(p,c<) [17], 48Ti(p,y) [20], 46Ti(o^,p) [16]. 
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A summary of the results of these reactions is given on the 

left hand side of figure 17. 

The ground state spin has been conclusively 

identified as 7/2" from beta decay and stripping reaction 

experiments. The first excited state at 91 kev shows a 1=3 

angular distribution in the stripping data which means it 

could have either a 5/2" or 7/2" assignment. On the basis 

of nuclear systematics the former assignment was chosen. 

This is the more probable since the 153 kev state which can

not have a spin greater than 3/2 decays strongly to this 

state. If the 91 kev state were 7/2" the ground state decay 

from the 153 kev level ought to be more preferred. A 1=1 

angular distributor seen fromthe 153 kev level gives rise to 

the two spin possibilities of jP=3/2~ or jP=l/2~. The 

latter spin is very improbable because of the ground state 

decay. 

For the 748 kev level a 1=2 angular distribution 

has been seen. Since this state is then most probably 

created by a d3/2 hole an assignment of 3/2+ is justified. 

The lack of a ground state decay is further evidence that 

this is correct. 

The state at 1020 kev has had only one fit to its 

50 
angular distribution which was for the Cr(t,o() reaction. 

The fit was said to be a 1=7 distribution which seems 

wholly unlikely since it would indicate a spin higher than 
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11/2 which is not seen in any of the low lying energy 

levels of neighboring nuclei. The wisdom of even trying to 

deduce the 1 transfer for these flat angular distributions 

is questionable. Since only one gamma ray transition is 

seen in this work and that is to the 7/2~ state, 

implications are that the 1020 kev level is a high spin 

state. However, based on the spin characteristics of 

neighboring nuclei it is not likely to be higher than 11/2. 

A state at 1154 kev which is tentatively identified as a 

9/2 level is seen to decay to the 1020 kev level--a decay 

which would not normally be seen if the 1020 kev level 

possessed a spin higher than 11/2. 

Both a 5/2~ and a 7/2" assignment have been applied 

to the 1139 kev state. An angular distribution of the gamma 

rays populating this state set a J of 5/2 to the state. 

Previous reaction data set the angular distribution of 1=3 

which means the state must have negative parity. But there 

was no way to separate this state from the 1154 kev level 

in the reaction data since the resolution was over 10 kev. 

Therefore, it will be assumed that this result is erroneous 

in the light of the following observations. Gamma ray 

decays are seen from this state to the following states: 

the 7/2" ground state, the 5/2" first excited state, and 

the positive parity state of 3/2 at 748 kev. It is reported 

in other data that the 1139 kev level also decays to the 

3/2" level at 154 kev. Assuming this level to have a spin 



of  5/2 and positive parity the single particle estimates 

of the relative transition rates are E1:E1:M1 equal 7700: 

5900:7 for the gamma rays of 1139, 1047 and 392 kev 

respectively. If the state were of negative parity the 

estimates would give the ratios of M1:M1:E1 equal to 

34:26:57 for the above gamma rays. Experimentally the 

branching ratios are 60:30:10. Therefore to see the 

expected strongly inhibited El transitions this level must 

have positive parity. If negative parity were selected the 

El transition would actually show enhancement which is 

contrary to the theoretical analysis offered previously. 

At present no angular distribution data is avail

able for the 1154 kev level. The assignment of 9/2~ 

suggested here is based mainly on the gamma ray systematics. 

Supporting this assignment is a MBZ 9/2" state predicted 

in this energy region. The gamma ray branch to the 1020 

kev state which is suggestive of the 9/2" assignment was 

not reported in the (<x,py) experiments. Except for this, 

agreement is good between their branching ratios and 

those measured in this work. It should be noted that the 

transition to the 1020 kev level has been seen in other 

studies [22]. 

As above, the 1515 kev level has no measured 

angular distribution. The observed decay scheme agrees 

well with that of the (<tf,p/) experiments. In the previous 
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chapter the spin of the state was assumed to be 5/2. Its 

parity is most likely negative since there is no decay to 

the 748 kev 3/2+ level. If it is a 5/2" state then it 

agrees with the MBZ predictions. 

The 1601 kev level is not observed in (t ,cO pickup 

reactions but is seen in (^He,d) stripping data. An 

angular distribution corresponding to a transfer of 1=5 or 

7 is measured. Supporting this high spin suggestion is the 

gamma ray transition to the 1154 level (jP=9/2~). Also 

the lack of a decay to the 153 kev 3/2" level suggests that 

the spin would not be lower than 7/2. It would appear 

that the parity of the state is positive since there is a 

decay to the 748 kev 3/2+ state. This would be consistent 

with the El inhibition argument. 

The states at 1644 and 1662 kev were discussed as 

fully as possible in the previous chapter. Thus no further 

discussion can be offered. 

Angular distribution studies using the ( t,o(.) pick

up reaction [20] have reported a 1=0 angular distribution 

for the 1993 kev state. There is confusion over this 

assignment since later investigations led to a 1=2 dis

tribution being fitted [23]. In addition to the transi

tions observed in (oc',pV) from the 1993 kev state there is 

seen in this work a possible transition to the 153 kev 

level. Garnma decays are seen to the 91 kev J^=5/2 level 

but not to any higher spin states. An assignment of 3/2+ 



would seem in order since a l/2+ assignment would require 

the unlikely event of a M2 transition in competition with a 

El transition. 

As was pointed out in the previous chapter a 

doublet may be located at 2174 kev. One of the states 

3 probably is the 1=3 state observed strongly in ( He,d) 

reactions. There is no way though to determine with 

certainty which gamma rays would be associated with this 

level. One may suspect that the transition to the 7/2+ 

level at 1602 kev would be from a 9/2 + state. If the 748 

kev 3/2+, the 1139 kev 5/2+ and the 1602 kev 7/2+ levels 

comprise the first three members of a rotational band, 

then the 9/2+ member would fall in the energy region of 

the 2174 kev level. But the transition to the 1139 (5/2+) 

~h state and the transition to the 1602 (7/2 ) are not com-

patable with originating from the same level. 

The gamma ray transitions which were identified 

with the 2174 kev level are at variance with the (£X.,pV) 

experiments. There is no evidence in the present data of 

the 2189 and 1029 kev transitions which they reported. 

The (<*,py) experiments [16] cite a state at 2234 

kev which decays to the ground state, the 74 8 kev levels and 

the 1139 kev level. In the present (p,n/) work decays are 

seen to the ground state and the first and second excited 

states. The decay to 748 kev is not observed and it is 

questionable whether there is a decay to the 113 8 kev level. 



Based on the decays seen a J=5/2 spin assignment would 

seem appropriate. This would be in accord with the 

suggested J=l/2 or 5/2 assignment resulting from (p,?0 

studies of decays from analogue resonance states [21]. 

Particle transfer studies cannot shed any light on this 

identification since no definite stripping pattern has 

been observed for the state. 

The gamma ray information is scant for the 2263 kev 

state. There are two possible incompatible decays that 

would be energetically consistent with this level. A 1=1 

transfer is observed by (-^He,d) particle reaction studies 

[14] for a level at this energy. This would be consistent 

with the 2108 kev decay observed and would suggest a 1/2" 

or 3/2" assignment. This same transition was repeated in 

the (oi.,py) experiments [16] . This leaves the 1241 kev 

gamma ray without explanation. It may result from a high 

spin state close to this level. 

Based on the gamma ray transitions seen from the 

2307 state an assignment of jP=3/2~ would follow. This 

state is strongly excited in stripping reaction studies 

with a 1=1 distribution. The J=3/2~ assignment is con

sistent with (p,50 angular distribution studies [21]. 

It is apparent that the 2352 kev level has a 

relatively high spin. This follows from the decays to the 

daughter states with tentative assignments of jP=7/2~ and 

9/2". The decay to the 1139 kev state (jP=9/2~) is not 
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reported in the (ot,pY) experiments. This may be due to the 

weak decay being hidden by the double escape peak from the 

2216 kev gamma ray. The branching ratios of the other two 

gammas are in agreement with the (ot. ,pY) studies. 

Comparison of Results 
With Nuclear Models 

Two conceptually different models have been used to 

compute the energy level scheme of ^V. These are the 

Malik and Scholz (MS) and MBZ calculations [1,18]. 

Figure 18 compares their predictions with the actual 

level scheme. The MS calculation successfully produces 

the extreme depression of the 3/2" state better than does 

MBZ, but otherwise the agreement of the two types of 

calculations with experiments is about equivalent. Both 

calculations reproduce most of the levels within a few 

hundred kilovolts but each has failures either with too 

many or too few levels in a given energy region. 

Branching ratios were computed using the MBZ model 

and compared to those observed (Table 15). Only three 

levels give non-trivial results; these are the 3/2" at 153 

kev, 9/2" at 1154 kev and the 5/2" at 1515 kev. The 3/2" 

ratios did not agree with experiment which was expected 

since the level is not accurately described by the MBZ 

representation. Good agreement was obtained for the other 

two states. Inhibitions of the Ml transition from the 9/2~ 

state which is demonstrated by the 20% branch to the 9 2 kev 
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Table 15. Comparison of calculated and measured branching 
ratios for some 49y energy levels 

Initial 
Energy-
Level 

Final 
Energy 
Level 

152 

1154 

1515 

0 

91 

0 

91 

1020 

0 

91 

153 

1139 

Calculated 
Branching 
Ratio 

Measured 
Branching 
Ratio 

.1% 

99 .9% 

95% 

3% 

2% 

31% 

2% 

67% 

78% 

20% 

2% 

33% 

13% 

54% 
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5/2 state was predicted to a lesser extent by the MBZ 

calculation giving a 3% branch. The 2% decay to the 11/2 

state is in close agreement with the model prediction of 5%. 

For the 1515 kev 5/2" state the correct trend is reproduced 

by the MBZ wavefunctions and the percentage of decay to each 

state is in rather close agreement with the measured values. 

The Positive Parity States of 
4 a n c ^  

In the second chapter the possibility of rotational 

motion in the f7/2 nuclei was discussed. If such motion is 

to be seen the bandhead assignment would likely be 3/2+ 

assuming that the deformed nucleus is created by exciting 

a particle from the d3/2 shell. For both and a low 

lying excited state with jP=3/2+ has been identified. Their 

energies agree closely with those of 390 kev and 1050 kev 

for the 3/2+ hole states predicted by Bansal and French 

[7]. It is interesting to note that Bansel and French 

have been equally successful in predicting the location of 

3/2+ states for other odd-even f7/2 nuclei. For both 

nuclei the j =5/2+ and 7/2+ states have been identified 

which follow rather well on 1(1+1) rotational sequence 

based on a K=3/2 band. The states with this rotational 

character in are at 260 kev, 660 kev and 1139 kev. 

This sequence gives a moment of inertia fi/zJ? of 77 kev. 

The sequence in ^9y 743 kev f 1139 kev, and 1602 kev 

giving a moment of inertia of 66 kev. Other odd-even nuclei 
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which have similar positive bands are 43Sc, 4^Sc, and 45Ti. 

Surprisingly all have calculated moments of inertia close 

to the same value [24,25]. 

Vanadium 5 0 

A summary of the work done by other investigators 

on the vanadium 50 energy level structure up to 2 Mev is 

listed on the left in figure 19 [25,26,27]. At present 

very few states have definite spin assignments. This is 

due in part to the fact that most scattering data is from 

single particle stripping which means that the target 

nucleus has non-zero spin when the product nucleus is odd-

odd as is the case for vanadium 50. Therefore a state 

resulting from a specific angular momentum transfer 1 can 

have any spin within the range 1 + 1/2 + 1^.5J^l-l/2-It where 

is the target spin. These ambiguities for vanadium 50 

have been recently diminished by two-particle stripping 

data published for the reaction ^8Ti(3He,p)^°V [27]. 

The 1 transfer determined establishes the spins of the 

final states within 1*1 units of angular momentum since 

48 .  Ti has zero spin. 

Angular distributions of the ground state and the 

first four excited states from ( He,<X) pick-up reactions 

show a 1=3 transfer [2 7]. In (^He,d) stripping reactions 

the 226 and the 388 kev states had mixtures of 1=3 and 1=1 

angular distributions [27]. The ground state, 320 and 355 
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kev levels then have a range of spins from 0 to 7. The 226 

and 388 kev levels have possible spins from 1 to 5. 

To intelligently select the probable spins for 

those states from the range predicted above it is necessary 

to consider their gamma ray decay scheme. De-excitation of 

the nucleus from any of the levels up through 388 kev occurs 

by successive decay through all the lower states. Any 

cross-over decays are less than 5% of the primary decay. 

Since the multipolarity of the decays should be Ml each 

excited state must be one unit lower in spin than the state 

below or cross-over transitions should be seen. Although it 

is possible for successive states to have spins two units 

higher than the preceding state this is not probable for 

the following reasons. First the 226 kev level is amost 

certainly 5+ due to the fact that its lifetime is less than 

3 nanoseconds [28]. B(E)-2 measurements of this state by 

coulomb excitations would give a lifetime considerably 

larger if it were necessary for the state to decay by E2 

thus the Ml transitions could only account for the short 

lifetime. The 388 and 355 kev states must be 2 + and 3+ 

since the well established 1+ states decay only to the 388 

kev state. Therefore the 320 kev level is constrained to 

be 4+ on the assumption that cross-over Mi's would occur 

if the selection rules would allow. 

Nothing conclusive can be said of the 836 kev state 

from either these data or that of others. It has a 1=3 
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stripping pattern and only a weak ground state decay can be 

identified. The only method at the moment for predicting 

its spin is to deduce it from theoretical calculations 

which would suggest a 5+ assignment. If it is a 5+ state 

then the predominant Ml transition should be to the ground 

state. Single particle estimates predict that transitions 

to the 5+ and 4+ states should be down by factors of 2.5 

and 4 respectively over the ground state decay. However, 

an experimental comparison is thwarted because a 

contaminant gamma ray is present at 610 kev, the energy 

corresponding to the 5+-»5+ decay and the 54-^ 4+ transition 

is 515 kev which would be covered by the strong 511 decay. 

None of the coincidence data shows any visible decays at 

these energies. 

To explain the anomalous behavior of the 910 kev 

level it is necessary to postulate the existence of a 

doublet, one level of which has a spin of 7+, the other 

with a 4+ assignment. Model calculations predict a 7+ 

state in this region which should have a large spectroscopic 

factor for (3He,d) stripping. Such behavior is seen of a 

state at this energy. From the data in this work it is 

conclusively established that the dominant decay mode 

from this state is to the 5+ level at 226 kev with less 

than 20% ground decay. If the 910 kev state were 7+ then 

either the E2 transition to the 5+ state must be enhanced 

or the ground state decay inhibited by a factor of 10^. 
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The former would represent an E2 enhancement of an amount 

never before seen. But if the latter were true the ground 

state E2 transitions would likely be observed. This leads 

to the conclusion that the state has a lower spin. If the 

shell model predictions are considered it is noted that 

there should be in addition to the 7+ state a 4 + state in 

this vicinity. Indeed the model predicts that the 5+ decay 

is the dominant one. 

The reaction data at present do not give any 

definite answer for the spin of the 1301 kev state since 

it is not seen in ( He,p) reactions. The state is observed 

in single particle stripping reactions with a 1=1 or 3 

transfer which only establishes a positive parity for the 

level and a range of spins from J=0 to 7, The results 

from the gamma ray studies of this work are slightly more 

illuminating. Although it cannot be determined whether 

the 945 kev decay to 3+ state is present, it is reasonably 

certain that a decay to the 4+ state of 980 kev does not 

occur. No such gamma ray is seen in the coincidence spectra. 

From this it can be inferred that the 1301 kev level is 

not 3+ or higher. Likewise the level is probably not a 

0+ since a decay is observed to it from the 1677 kev 

state which is tentatively identified as either J=2 or 3. 

This then leaves as the probable assignment a 

choice between jP=l+ and 2+. The 2+ state was considered 
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+ the likely choice since it corresponds to a 2 MBZ state 

predicted in this energy region. 

The spin of the 1331 kev level has been established 

as 1+, being based on (p,/)[29] and (^He,p) reaction 

studies. This state is found to be fed from a 0+ isobaric 

analogue state and is also excited by lnp=0 angular 

momentum transfer. Since O^O gamma decays are forbidden 

the only spin consistent with the stripping data is jP=l+. 

In the preceding chapter it was suggested that the 

spin of the 14 00 kev state be 3 since it decays to the 2+, 

3+ and 4 + states. Data from two different particle re

actions are available for this state. The angular distribu-

51 tion from V(d,t) pick-up reactions [30] shows a 1=1 

40 ^ 
transfer and Ti^He/p) stripping reactions indicate a 

1=2 transfer [27]. This constrains the spin of this state 

to the range of 2^J^3. This gives the tentative identifica

tion additional strength. 

4-The decay of a 0 isobaric analogue state to the 

1494 kev state suggests this state has a spin of 1+ which 

is confirmed by a lnp=0 stripping pattern as in the case of 

the previous 1 state. Again the gamma ray data of this 

work show only one transition which is to the 2+ state at 

388 kev and is consistent with the identification. 

At present there is no stripping datum available 

giving 1 transfer for the 1518 and 1562 kev states. It 

will be assumed that these states based on the present 
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gamma ray information both have J-2. This follows from the 

assumption that Ml or El transitions will dominate over 

higher orders and the fact that these two states decay only 

to the 2+ and the 3+ states at 388 and 355 kev. 

The state at 1677 kev has no stripping data 

available. There is strong evidence from the gamma ray 

decay scheme that it is a 2+ state since transitions are 

seen only to the 2+ and 3+ levels. 

Comparison of ^Oy With Theory 

Figure 20 shows the level predictions of MBZ 

compared to the experimental spectrum. This model gives a 

reasonably good representation of the actual spectrum for 

the first few levels. All the states that are seen up to 

the 1400 JP=3+ level can be matched one for one with the 

MBZ states up to 1663 kev. This presumes the 910 level 

to be a doublet. The energy level ordering is not the 

same but this is a minor failure because of the extreme 

sensitivity of the eigenenergies on the values of the two 

body matrix elements used in the matrix diagonalization. 

Transition probabilities were calculated using the 

MBZ wavefunctions assuming the correspondence between the 

experimental and theoretical states indicated in figure 20. 

Branching ratios were experimentally measured and compared 

to the MBZ calculations in table 16. One of the more out

standing successes of the theory is the prediction of the 
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Table 16.  Comparison of  calculated and measured branching 
rat ios  for some 50y energy levels  

Initial Final Calculated Measured 
Energy Energy Branching Branching 
Level Level Ratio Ratio 

910 226 96% 100% 

320 2% 

355 29-C. 'o 

1301 355 96% 100% 

388 4% 

1440 320 1% 10% 

355 10% 23% 

388 65% 67% 

910 25% 0% 

1670 388 4% 15% 

355 7% 20% 

1301 55% 54% 

1331 - -

1400 34% 11% 
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strong inhibition of the Ml decays seen from the third 2+ 

level at 1677 kev to the first 2+ and 3+ levels. Equally 

good agreement is found for the transition from the 910 kev 

4+ state. Only the 4+-»5+ should be observed. This is what 

is seen experimentally. Reasonable agreement is also seen 

50 for the rest of the v transitions from the MBZ states 

(Table 16). 

Lifetimes of Excited States in 50y 

Little information is revealed by the lifetime 

measurements about the adequacy of the MBZ model. Of the 

6 states whose lifetimes were measured only 3 are identified 

as MBZ levels. Since all of these states have full shifted 

gamma rays no quantitative comparison can be made. It is 

encouraging though that these levels are predicted to be 

full shifted by the MBZ calculation. 



SUMMARY AND CONCLUSION 

From the reactions 50Ti (p , n) 50V, 49Ti(p,n)49V and 

^Ti(p,n)47V gamma ray measurements the following informa

tion has been obtained: (a) the energy levels of 

and Up through 129 8 kev, 23 52 kev and 1677 kev respec

tively, (b) the gamma ray transitions from these levels 

and their relative transition probabilities, (c) estimates 

for lifetimes of six states in 50V, (d) identification of 

possible rotational motion in 4 7v and ^V, ancj (e) ten

tative spin and parity assignments for many of the energy-

levels in these three nuclei. 

Using these results a comparison was made for the 

natural parity states with the MBZ and Ginnochio shell 

model theories [1,5] . Agreement was sought with energy 

level ordering, spacing and relative transition probabil

ities. For all three nuclei the ordering was not exact but 

the density of levels was correct up to approximately 1.5 

Mev. The transition probabilities which were calculated 

for 4% ancj 50y produce branching ratios close to those 

observed for the states associated with the model predicted 

levels. From these observations the low lying energy 

levels of at least ̂  and appear to be reasonably 

represented by the (f7/2)n wavefunctions. It should be 

1 3 2  
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noted that the comparison is based in some instances on 

tentative level assignments predicted from Yray sys-

tematics which are not conclusive. 

The observed wrong parity states of ^7V and 

have been attributed to rotational bands with the band head 

state consisting of a particle-hole excitation. These band 

head energies have been predicted by Bansal and French [7] 

to be 390 and 1050 kev for and respectively. The 

energies of 260 and 749 kev seen in this work compare 

favorably. The moments of inertia for and are 

approximately the same with ̂  = 77 kev for and = 

4 Q 66  kev for ^V. It is interesting to note that other f7/ 2  

nuclei have about the same moments of inertia suggesting 

that the amount of core deformation is relatively inde

pendent of the number of particles in the f7/2 orbital. 
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