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ABSTRACT 

The decay of 
75
Se, 78As and 92Y has been investigated by means of 

high resolution Ge(Li) detectors. The accurate relative efficiency cali-

bration of a variety of Ge(Li) detectors has been used to test a semi-

empirical relative efficiency equation. It was found that the relative 

efficiency of a particular detector may be expressed through an equa-

tion relating the efficiency with the photoelectric and Compton coef-

ficients of Germanium, the active volume of the detector and the energy 

of the detected photons. 

Single and coincidence spectra revealed the existence of three 

previously unobserved gamma rays in 75As at 24.4, 81.0 and 468.6 KeV. 

The accurate intensity data obtained here have been combined with con-

version electron intensity and half life data available in the litera-

ture to obtain accurate conversion coefficients and transition rates 

in 75As. 

The 78As activity has been produced via the 78Se(n,p)78As and 

81Br(n,a)78As reactions using the 14 MeV flux of a neutron generator. 

Thirty one gamma rays have been observed in the decay of 78As, most of 

them for the first time. A decay scheme is proposed including 16 excited 

78 
states in Se. 

The 92Y activity has been produced via the 92Zr(n,p)92Y reaction. 

The decay of 92Y has been investigated for the first time by means of 

high resolution Ge(Li) detectors. Twelve transitions have been observed 

in the decay of 92Y and an improved decay scheme is presented including 



six excited states. 

The intermediate coupling model has been used to interpret the 

obtained data. The model is formulated, extended and tested on the 

odd Xe isotopes. It was found that the model describes well the ob-

served properties of these isotopes. 

A good description of both positive and negative parity states 

in 75As is obtained if an extra term H' = gf.R is added in the 

Hamiltonian of the intermediate coupling model, where g is a constant 

andT,K the angular momenta of the extra core particle and core, re-

spectively. This term gives rise to several positive parity states 

which have been recently observed in 83Rb. 

Finally, it was found that the observed excited states of 92Zr 

can be well reproduced by the intermediate coupling model. The 92Zr 

nucleus is considered to be described by a 
90Zr vibrating core to 

which two 2d5/2 neutrons are coupled. The observed half life of the 

first 2+ collective state in 92Zr is reproduced well by the model. 

The level structure of 
78
Se is interpreted in terms of collec-

tive and quasiparticle excitations. 
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1. INTRODUCTION 

This work presents a combined experimental and theoretical 

investigation of the nuclear properties of some nuclei. In the 

experimental part of the work, the techniques of high resolution 

gamma spectroscopy are used to investigate the excited states of 

the 
75
As, 

78
Se and 

92
Zr. Single and coincidence gamma ray mea-

surements using a variety of Ge(Li) detectors have been extensively 

used to determine the excited states of the above mentioned nuclei. 

The 
78
Se and 

92
Zr nuclei were investigated by following the beta 

decay of the parent 78 As and 
92

Y activity. These two nuclei have 

a relatively short half life, and they have been produced locally 

using the 14 MeV neutron flux of a Texas Nuclear neutron generator. 

75 
The excited states of As have been determined by following the 

decay of 
75
Se, which has a long half life and therefore was ob-

tained from a commercial supplier. 

The interpretation of the data obtained in this work is done 

mainly in terms of the intermediate coupling approach of the unified 

modal. This model is fully developed and extensively treated in 

Chapter 2. An attempt is also made to give a physical interpretation 

of the otherwise adjustable constants of the model. In Chapter 3 the 

model is tested using the data available in the literature on the odd 

Xe nuclei with A ranging from 127 to 133. 

1 



In Chapter 4 a brief description of the equipment used in the 

present work is given. In this same chapter original work concern-

ing relative efficiency calibrations of Ge(Li) detectors is also 

given, that is, the possibility of expressing the relative efficiency 

of a Ge(Li) detector with a semi-empirical equation which relates the 

efficiency with the geometric and physical properties of the germanium 

crystal of the detectors. 

In Chapter 5 the results of the experimental work are presented. 

The experimental techniques used and the construction of the decay 

schemes of the isotopes under consideration are discussed in detail. 

The interpretation of the level structure and other properties 

of the nuclei under investigation in terms of the adopted model is 

given in Chapter 6. The present work is reviewed in Chapter 7. 

The available literature on the subjects treated in this work 

has been reviewed extensively up to the 20th of February, 1970. 

-2 



2. THE INTERMEDIATE COUPLING APPROACH IN THE FRAMEWORK OF THE 

UNIFIED MODEL 

2.1. Historical 

Despite the success of the shell and independent particle 

models in explaining many nuclear properties, experimental evi-

dence indicated that there are many nuclear properties which can-

not be described by a model which considers the pair-wise filling 

of nuclear orbits. Large quadrupole moments, the observed spher-

oidal shape of some nuclei, the 'vibrational spectra of the even-even 

nuclei, indicated that the cooperative contribution of all the nuc-

leons present in a nucleus should be taken into account in the inter-

nretation of the nuclear structure. The significance of the nuclear 
(1,2) 

collective effects found expression in 1936 in the liquid drop model 

The introduction of the intrinsic particle degrees of freedom in 

(3) 
the collective model was suggested by Bohr and Mottelson in the early 

1950's. The mathematical treatment of the coupling of the intrinsic 
(4) 

with the collective degrees of freedom was treated in detail by Choudhury . 
(7-9) 

In recent years a few papers appeared in the literature with specific 

application of the unified model to some nuclei. 

In the following sections the model is reviewed in detail. The math-

ematical treatment of the coupling of the individual particle degrees of 

freedom to the collective oscillations of the nuclei is extensively treated. 



2.2 Even even nuclei in the collective vibrational model 

In the collective vibrational model the nucleus is considered 

to undergo shape oscillations in analogy with a liquid drop. The shape 

of the surface of the nucleus, which has constant density throughout its 

volume, can be described by the parameters axil in the equation 

R(9,cp) E R 0  p axp, Yxp, (0,01 2.1 

where 0 -5 X and -X µ +X. 

As is known, the nuclear density (5) is not constant and has a radial 

dependence. In the following it is assumed that the nuclear density 

oscillations are volume conserving. In this way the expression for 

R(0,0 given by equation 2.1 can be applied to each equidensity surface. 

Under these postulated conditions the coefficients aw  in equation 2.1 

may serve as the collective coordinate variables and suitable expressions 

for the kinetic and dynamic energy of the nucleus may be obtained in 

terms of these new variables. 

The potential energy of the nucleus possessing A/2 pairs of 

nucleons (A is the mass number) will be associated with the collective 

potential energy exhibited by the oscillating nucleons and may be 

written 

V = 10 
R-R

o 
12 

Ro 
E Cxij, 

2
 law 2.2 

In equation 2.2 0x 1 is the nuclear surface deformation parameter and is 

a constant characteristic of the particular nucleus. For a quantized 

liquid drop the following expression may be derived (3) for the para-

meter and is given by 



where 

(1) (2) 
CA. = Cx + CA 

(1)Cx = SR0 (X-1)(X+2) 

is the term in the deformation parameter which depends on the surface 

tension S in absence of electric charges 

and 
G. 2) _ 3 Z2e2  (X-1)

2q Ro (2X+1) 

2.3 

2.4 

2.5 

expresses the contributions to the deformation parameter arising from 

the Coulomb energy. 

Equation 2.2 expresses clearly the fact stated earlier, that 

the coefficients axp may serve as the collective coordinate variables. 

The collective kinetic energy of the nucleus may be derived 

in the same way and is given by 

T B 
d ( R-Rol 

d R ) 
=1E Bx

axp, 2 2.6 

where B is an inertial parameter. In the case of a nucleus of constant 

nuclear density possessing an irrotational* flow, Bohr (3) has derived 

an expression for BA. given by 

B,A = 1.3ar • A'M.R02 2.7 

where M is the nucleon mass. 

The quantization of the system requires the introduction of the variable 

conjugate to ax11 which is defined as 

* The expression "irrotational" implies that the elementary volume is 
not rotating about an axis moving with its own center. 

- 5 



Tr a dT  a B

aaxo, a,k11, 

The appropriate commutators are given by 

aXp' TrX'p,d_ 

Tr 
11x'p,d_ 

with the reality conditions 

= 8 6 
i XX I PP' 

= 11
(-1)k,P 

1
rk,-11 ak,P = (-

ai,t ,p, 1_ = 0 

2.8 

2.9 

2  10 

The collective Hamiltonian for the system of A nucleons may be written 

with the help of equations 2.2 and 2.6 and is given by 

H 
col x4
 E E axt112 Tp, CXp, Xp 

2 211 

Equation 2.11 is a characteristic equation of a set of decoupled 

simple harmonic oscillators of frequencies 

(.0k 2  12 

This suggests that a transformation of the collective variables into an 

N representation would be more useful. 

The transformation is accomplished through the introduction of 

the creation and annihilation operators bi4/ and bxli for phonons* of 

angular momentum X and z-component of angular momentum 11. 

The transformations are specified through the following equations 

* Here and hereafter the term "phonon" refers to a mechanical quantum 

of energy. 

- 6 



aX3P, 7-=-

m uk

( A / 
k 2 / 

1/2 

( ) 2mBx.

1/2 - 

b - (-1)11 
bX,11_ 

. 2.13 

b (-1)P b+
X,-11

214 

Using the commutators of equation 2. 9 and the equations 2.3 and 2.4 

commutation relations are obtained for bk and b given by 

[bxp, 14. 1 

bkp, bx '111 

= oxx , Sµµ   2.15(a) 

b5L1-11, 111}-1.- ip t] = 0   2.15(b) 

Some important properties of the creation and annihilation operator are 

given by 

Nibµ = bkp   2.16(a) 

bNT 
o
p, I %.µ,› = b-)t-µ bNp, I TIXp, 1 117µ,>   2.16(b) 

bXP 1114? TIXP 1 1-1X
-l>  

 
2.16(c) 

b-Xl.p TiXp> T1kp,+1 1117 ,p+1>   2.16(d) 

where NXob p . ls the number operator which commutes with the Hamiltonian, 

T specifies the number of phonons with angular momentum X and 

z-component p present, and IT > denotes the state vector of the 
X,P 

system in the N representation. 

The ground state vector is defined by 

b
Xp 

10 > m 0   2.17 

for all X,p. Using the properties of bx4 and bkp, and the commutation 

— 7 



relations it can be easily shown that the collective Hamiltonian in 

equation 2.11 may assume the form given by 

Hcol === E 110) (64, bkp ,1-) 2.18 

In the case where even-even nuclei are considered, excitations described 

by X = 0, 1 do not occur for low excitation energies. More specifically, 

excitations of the X = 0 type describe density oscillations since in a 

first approximation the volume is given by 

3a 
V = Vo (1 + 

\izi0)
219 

In this case it can be shown (6) that excitations of this type occur for 

energies E.:*10 MeV and. hence are irrelevant to the discussion of lower 

lying excited nuclear states. The term with X = 1 describes the 

vibrations of the neutron medium relative to the photon medium and is of 

the order of 15 MeV. 

Thus the first realistic situation arises from the quadrupole 

vibrations of the nucleus. 

Since quadrupole phonons have five degrees of freedom 

-2 <p < + 2 the energy of the ground state, i.e. the state containing 

no phonons, has an energy E r 5/2 tioj as can be readily verified from 

equation 2.18. The angular momentum of this ground state is X = 0 and 

the parity (-1)X is positive. 

The first excited state of an even-even nucleus is the state 

which arises from one quadrupole phonon. The energy of such a state is 

Hcol 112 (1 5/2) 41(02 112 >. The state has angular momentum X = 2 

and parity (-1)
2 
= positive. The next excited states arise from the 

8 



coupling of twc phonons of angular momentum 2. The energy of these 

states is E = (2 5/2) '6)2 and in general they are degenerate states. 

If weak perturbations are applied the degeneracy is removed and the 

three states which result from the coupling of the angular momentum of 

the two phonons may be observed with corresponding spin and parity 0+, 

24. and 44-. 

At approximately the same excitation energy a 3 state can be 

observed which arises from the presence of a octupole = 3) phonon 

(parity (-1)3 = negative) since from equation 2.3 and 2.7 it may inferred 

that w3;:...,2w2. 

The nuclear structure of the even-even nuclei described 

previously has been verified experimentally, (5) and this structure is 

common to all the nuclei which do not belong to the deformed region. 

2.3 Even-even nuclei in the unified model 

The motion of the independent particle in the shell model is 

determined by the average static nuclear field. In turn the shape of 

the field is determined by the distribution of the nuclear density. In 

the case of volume conserving nuclear vibrations it is expected that the 

motion of the independent particle will reflect the change of the field 

which in turn is related to the oscillations of the nuclear density. 

The Hamiltonian of the shell model in the case under discussion 

is related to the deviation of the shape of the nucleus from sphericity, 

i.e. it will be a function of the deformation parameter a. The parameter 

a is analogous to the variables aXi discussed in the previous section and 

the reason will become clear later. The modified shell model Hamiltonian 



H
s
(a(t)) is expanded in terms of a and a and in a first approximation 

is written 

Hs(a(t)) = Ho + Ba2 + J5Ca2 + 2  20 

The wave functions y(t) of H(a(t)) follow the self consistency require-

ment that their, dependence on the nuclear deformation oscillates in 

phase with the field 

T Toe-iwt

where w is the frequency of the field oscillation. Then the energy 

expectation value may be written 

< E > = Eo + 11 < B > A2 + 1< C > a2 + 

2  21 

. . . . . . . 2.22 

where E0 = < yo!Holyo >, < B > = < y I yo > and < C > = < %ICI% >. 

Under these conditions it follows that 

w 
B) 

and a= k a coswt 

are the equations describing free, small amplitude oscillations. 

The first postulate of the unified model is that a, along 

with Tl = BA are dynamical variables and obey the commutator 

[a, Tr I -11 223 

The problem then is treated in exactly the same way as was 

done in the collective model discussed in the previous section. 

A very important problem must be pointed out concerning the 

quantization procedure. In the unified model the parameters a and a 

-10-



are parameters determining the shape of the shell model field. As such 

they do not obey the uncertainty principle (5) and actually 

Ia' 11 =0/ -1 

In the classical limit the approximation should lead to the correct 

224 

results since o. In view of this fact the above mentioned 

approximations resemble a semi-classical description. Nevertheless the 

assumption of the unified model is that the results remain in general 

valid. 

The success of the unified model lies mostly in the fact that 

it does predict the normal modes of the nuclear field thus allowing the 

coupling of shape oscillations to other intrinsic modes. This subject 

is investigated in the following section. 

2.4 Odd nuclei in the unified model 

The case of odd mass nuclei may be viewed within the framework 

of the unified model as the coupling of an odd nucleon to the collective 

vibrations of an even-even nucleus. 

The spin T of the nucleon state which arises from the coupling 

of the nucleon of spin j to the vibrating core which possesses a spin li. 

is given by 

T= 4 3 2 25 

The Hamiltonian of the system is considered to be separable and is 

expressed by the equation 

H = H j col Hint + H +  2  26 

where H
col 

is the Hamiltonian of the vibrating core as given by 

- 11 -



equations (2.22) and (2.18), Hi is the Hamiltonian of the single 

particle given by 

HjLi > = > 2  27 

and Hint is the interaction Hamiltonian for the system particle-core. 

An approximate expression for the interaction Hamiltonian may 

be obtained from the nuclear one body potential V. 

According to the previous discussion (section 2.3) the nuclear 

potential is considered to be a function of the nuclear shape. More 

precisely, we may identify the equipotential surfaces of the potential 

Va(Y) with the surfaces of constant density given by 

re = r [1 E a, Y 

where r is considered to be constant. 

Hence we have 

V(axil;re) = Vo(r) = Vo(  
re

Tp, 
axp, Yxp,

where Vo(r) is the equipotential surface for Vo(V). The following 

expression for V(ax4;r) may be derived from equation 

given by 

V(axpjr) = V°( 1 8-201 Yxp, 

(2.29) and is 

As a next step the nuclear potential V(axli;r) is expanded around the 

spherical surface ax;1, = 0 as follows 

v(axp;r)  6axi ji )0 XP,

-12-
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Or 

aa 

/ ar v(axp;r) = 
V(o;r)

"I" t4 aVo xp, aXP = 

V(o;r) 
a
a

v
r aa2,41 1 E ax Y 

re 
aXp ,   2.32 

P Aµ J o 

and 

V(apx;r) = Vo(r) E avor 6a  [r0(1 - Tp, akp ] axp,

. . 2.33 t 

In deriving equation 2.33 use was made of the fact that V(o;r) = Vo(r) 

and equation 2.28 was expanded keeping the first term only. Equation 

2.33 may be written 

avo F 
 -ryx a 

V(a4,;r) = Vo(r) - 7; L pj xp   2.34 

since Ire  Io = r and the final expression is 
J

avo
V(a = Vo(r) 

ar aXP YX
P   2.35 

Hence the interaction Hamiltonian may be written 

Hint = -k(r) T„, aX11Ydµ 2.36 

where k(r) = r aVo/ar is usually treated as a constant and its value is 

of the order of 40 MeV. 

The expression for k shows that the interaction Hamiltonian is 

appreciable near the surface of the nucleus where the nuclear density 

changes drastically. In the case of a square well potential k(r) may 

be written 

k(r) = Vok Ro 8(r - Ro)   2.37. 

where Volt is the potential depth. 

- 13 - 



By using the expression for a,41, taken from equation 2.14, 

equation 2.36 may be written 

1 

Hint = -k(r) E 
/  h b +(-1)4 b+ Y 

Xp 2w2,.B. / Xp 

or by taking into account equation 2.12 

Hint = -k(r) 
Xp 2hw),.C,x) ( 

[ 

(-1)
b

1-L 

2  38 

Yxpl . 2.39 

In the case in which more than one particle is coupled to the vibrating 

core the interaction Hamiltonian of equation 2.39 should be replaced 

with the sum of the interaction Hamiltonians over all extra core 

.particles given by 

Y
( 132::,_11, x11(ri) ..2.40 -  k(ri) 

'X ` Al)
Hint 1111)X 2hwkCx [ 

2.5 Detailed treatment of the even-odd sr,herical nuclei 

In the present treatment of the even-odd nuclei, only quadru-

pole oscillations of the even-even core are considered. The extra-

core particle (proton or neutron) is coupled to the surface quadrupole 

phonons. The interaction Hamiltonian (equation 2.39) can be written 

I 

Hint = -k hw2 ( 2hw2lc2) (b2,p + ) + 
(-1) b2,1,4

 
Y2

  2.41 

In the following, a dimensionless constant F, is introduced defined by 

5 
k 11t( 2 1x2C2) 

242 

The numerical factor 5/11 is introduced in the above expression simply 

to avoid the same factor in later expressions. In addition to the 

-14-



introduction of the constant in equation 2.42, the subscript 2 is 

dropped from the quantities C, w and b b
+
, since only quadrupole 

phonons are considered. Equation 2.41 is written now in the form 

E/hm  (- )[1 1)4- j Hint = - \fi b p -1.1 1 
Y2 243 

The constant F, will be called the coupling constant. 

For nuclei close to the closed shells, the interaction 

Hamiltonian is small compared to the collective Hamiltonian and usual 

perturbation theory may be applied (weak coupling limit). But in 

regions far removed from the closed shells the interaction Hamiltonian 

is comparable with the level sacing liw and hence an exact diagonaliza-

tion of the coupled system is necessary (intermediate coupling model). 

In this case 1 < < 4. Finally in the case of a deformed nucleus the 

nucleus obtains a permanent deformation and the model is modified 

properly to take account of this deformation. 

The state vector of the odd particle is denoted by jjm > 

where j is the total angular momentum T= of the particle and m 

the z-component of the angular momentum. In the following calculation 

it is very important to define the sequence in which the coupling of 

momenta is done. Therefore the following procedure is adopted. The 

spin is coupled to the angular momentum e, to a total angular momentum 
j, in that order. Hence the following identity may be written for the 

state vector ljm > 

I jut > I m> 2  44 

The state vector of the even-even core will be denoted by INRm' > where 

- 15 --



N is the number of quadrupole phonons present with total angular 

momentum R and z-component m'. 

In the present calculations the angular momentum representation 

is used and the eigenvectors of the uncoupled system are used as the 

basis vectors such that 

1 l 
j;NR;IM > = E 

(...1)j-R-M( j R 

) lim > (21+1)- 
m,m' mm' 

-I 

M 

where the 3j symbol( m m' _m is defined in Appendix A; and 1 = R. + -; is j R 1 

the total angular momentum of the state. The eigenvectors of the total 

Hamiltonian are expressed as linear combinations of the basis vectors 

and are denoted by 1E;IM> where 

NRm' > . . . 2.45 

E;IM > = E c

J;N;R 
jNR j;NR;IM >   2.46 

where E is the energy eigenvalue of the state of total angular momentum I. 

The matrix elements of the secular equation 

(H - Ei) Ij;NR;IM > = 0   2.47 

where H is the total Hamiltonian of the system as given by Equation 2.26, 

can be obtained using the techniques of Racah Algebra. A brief outline 

of these techniques along with several definitions and useful relations 

is given in Appendix A. 

To calculate the matrix elements of the total Hamiltonian it 

is useful to separate the Hamiltonian into two parts as follows: 

H = (Hcol Hj) Hin  

The matrix elements of the first part of the Hamiltonian are easily 

obtained and are given by 

-16-
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<V;WRI;IMI Hcol Hil 
j;NR;IM > = (6 + ej) < 

' (6  ej) %N I °RR' 6jj' 

j;NR;IM > 

  2.49 

where the zero point energy of the collective Hamiltonian is neglected. 

As can be easily seen, Equation 2.49 contributes only to the diagonal 

elements of the secular equation. 

The matrix elements of the second part of the Hamiltonian are 

more difficult to evaluate. Making use of Equation A-14 

< j';IVRI;IM I - iw
TT t 

E b + (-1.)11' btu] Y20, j;NR;IM > 
- 

dl to (-1):+j I j' R' I 
R j J 11 Y2 11 j) (-1) (NIR I II bil NR) + 

+ (-1)
R 
(NRJ 1)11 N IR')].   2.50 

In this equation j' R' stands for the bj symbol and is defined in LR j 2.
Appendix A while WO Y2 11j) indicates the reduced matrix elements of 

the tensors Y2 as defined in Appendix A. The reduced matrix elements 

of the annihilation tensor operator b are discussed in Appendix B, 

where an extensive tabulation is also given. 

Substitution is Equation 2.50 of the expression for the 

reduced matrix elements of the spherical harmonic operator obtained 

from Equation A-12) leads to an expression for the matrix elements of 

the interaction Hamiltonian given by 

j';NTR';IM I Hint I j ;NR; IM > = - 
(.4) I+J x x 

R' j' 2 

x (j` 2 j) 
1 1 (-1) RI (N 'R' b NR) + (-1)R N'R')] Ii X 

2 0 

C+1.' 
x

even   2.51

- 17 - 



Several selection rules result from the elements of Equation 2.51. The 

3j and the S symbols lead to the rules A 0, 2 Lj 0. 2. This shows 

that admixtures of states are allowed only for states of the same parity. 

The reduced matrix elements of the annihilation operator show that AR 5 2 

and N' < N. This explains the symmetric form of the matrix elements of 

the tensor b in Equation 2.51. 

In the diagonalization process, the quantities F, and e are 

treated as unknown parameters which are adjusted to give a good 

description of the experimental spectra of the nuclei under consideration. 

The quantity hw, although treated as an unknown, has a value which is 

usually close to the experimental value of the first 2+ excited state 

of the neighbouring even-even nuclei. 

2.6 Magnetic dipole and electric quadrupole moments 

The state vectors which are derived from the application of 

the intermediate coupling model to the nuclei under consideration, may 

be used to calculate the magnetic dipole and electric quadrupole moments 

of these nuclear states. The magnetic dipole moment of a nuclear state 

E, IM is defined as 

a 0 1/2 I)  a
,IM = I > . . . 2.52 µ = < E ,IM = Il (--) ilk 011, µ = 0) I E 

3 1-1,

whereA (8) (M1,µ) is the magnetic dipole operator and is given by 

3 1/2i ppA(141,4) = (40 gs gR n.m   2.53 

where ge, gs and gR are the g factors for the orbital angular momentum 

spin and core respectively, and (n.m) is the nuclear magneton given by 

- 18 -



n.m 0.505.10-23erg.gauss-1   2.54 
ZMh oC

In order to evaluate the magnetic moment, the expression for the state 

vector from Equation (2.46) and the magnetic operator for p = 0 are 

substituted into Equation (2.52). Then an expression is obtained for p 

which is given by 

P = 
triitNNIRRI 

C E'j'N'R, CEjNR gs gR RI  j ;NR; IM > 

  2.55 

On applying the Wigner-Eckart theorem, (equation A-10) one obtains 

P = ( 
11 I\ 

+ gs 7 gj j;NR;I) x 0 I) 

x C „ C.. -  
j R tJNR 

I(2I+1)(I+1.)-1 
1 

Cl'jj'NN'RR' 
((''j';N'R';10 

7t gs 7  gR R II i ;NR;I) c , • , c•• N R EjNR   2.56 

where the analytical expression equation (A-7) for the 3j symbol was 

used. 

The evaluation of the reduced matrix elements in equation 

(2.56) requires the successive application of the relations given by 

equations (A-11), (A-16) and (A-17). Application of equations (A-16) and 

(A-17) yields the following expressions: 

61ejl;N'R';'Hgjil I'_,- j;NR;I) j'+R±I-1-1 
gt (\f2I+1)

2 
x 

x ° C1 i 'II 611 j) , tj 1 R? 6 8 

I j Ii NN' RR'   2.57 

(PT ;IVRI;ggs3113:4..V;NMI) z---(-1)ii+R+I+1 
gs( ,[2144,2 actitlIslign x 

x I Ri 
I j I NN' RR' 

  2.58
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(j1;N'R';IllgRlj;NR;I) 
= (-1),V+R+I+1 

( 
\I 

( N2I+1)
2 
(N'RlIRIINR) x 

x tRI R' 6 6 if    2.59 

In analogy with equation (A-11) it is found that 

(N R'll RIINR) R(R+1) (2R+1) 
1/2 

Ste, Ste,   2.60 

The reduced matrix elements of the operators t and s are obtained using 

equation (A-16) and are given by 

1.14+ '? 1/2 - ( 0 , t 

(-WAR = (-1)2 
V +1 j 

(2.l+1)(2.V+1)3  2e 
1/2 f ta+1)(2i14.1) 3 1/2[E j' 

(2j+1) 
(2j'+1). 

j c EkT1 ,. . 2.61 

and 

(113Ti'll§1R6) a (-1)2 J (2j+1) (2j'+1) 
1/2 

+1) (s lis Ils) {
ij 8L6 2 

1/21 st_ + r 3 1 / 2  e ) (-1) 2 t(2j+1) (2j'+1) 
10 

1 ) ( 2:2:i.1) 1 6 tt,— 
j 1 1

1/2 13\ 1/2 t ,12, 1 11 

= (1) - (2j+1) (2j'+1) 
2) i 8af   2.62

L 

The final expression for the magnetic moment becomes 

x 

y(2I-1-1) 1/2
(I+1) ejj'NR 

C W ;NR;I CO;NR;I (-1)
R-FIAT 

x 

+ 1
(-1) 

i
(2j+1)(2j'+1) 

1/2 

1 (.4) .1 72:  (0+1) (2+1) 
1/2

LR R I? I I jj 

j+j ,, rn 1 / 2  {. 1 I 1) 

gS H 
)  

gR R(R+1) (2R+1) 
1/2 

n.m   2.63 

The ge ratio is taken consistently to be 1 for a proton ard 0 for a 

neutron. The gR ratio is usually taken as gR = Z/A but its value may 

x 
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vary within reasonable limits. Finally the gs ratio is gs = +5.5856 

for free protons and gs = -3.8263 for free neutrons. Usually gs is 

replaced by an effective gs value to account for possible polarization 

effects of the core. 

An expression for the electric quadrupole moment may be 

obtained in a similar way. The electric quadrupole moment q is defined 

as 

q = < 
e;IM .= I 1(1.%) 

1/2,0 

5 
k_VE2p, = EY;IM = I> . . . 2.64 

whereiL(E2,µ) is the electric quadrupole operator and is given by 

(E2 ) 2 (6) 
1/2 ...i41, 

T ' 1 zeR4 La ° 2C 
( ) b_p

(ei Z; r2 720. . 
2.65 

A 

Substituting the expression for the state vectors and the electric 

quadrupole operator for µ 0 from equation 2.46 one obtains 

q = 

b+

(
60 1/2

l51 jj'KN IRR 1 Cj'N'R' CjNR ‹j';N'R';IM = I 
3 Ze 
411 0 ( 

+ (-1)4 b 
Ze 

) _p] 11=0 + (el • + —2 r2 (Y20[1,0 lj;NR;IM = I > . . . 2.66 
A 

This expression is decomposed according to the Wigner Eckert theorem 

equation A-10 as follows: 

q = 

1/2 
Ze r2 x 1 b2 p;NR I II) + (j ; ;N'R' I II ei + 2C 
A2 

(16r) 1/2( 12 1\ E d
YVN'R' 

Ca x [(J';NIRia tar ZeR02
5 -I 0 Ii jj'NNIRR' 

Y211.1;NR;I)]. . . 2.67 

The expressions for the reduced matrix elements may be worked out with 

the same methods as described in the case of the magnetic moment using 

the equations A-11, A-16, A-17 and the relation of equation A-8 for the 

— 21—
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pertinent 3j symbol. Thus the final expression is given by 

q r2I - 1)(2I+1)1

(21+3)(1+1) J 

1/2 

jNR 
C, 
o! 

dYijNR 

3  
ZeR02 (tg) 

1/2
2C 

(_ 

) 
/ j+I 

I I 

+ (-1)
R 
<N`RibliNR> 611 '1 Sjj  , 2 (ei

A4

(-1)R1 < > 

(2j+1) (2j,+1),1 1/2 r 21r 2 < r2 51A,' 6 2.68 
I I Rj 71- 0 even NN' RR' 

where 

< r2 > < r211 j>  2.69 

The evaluation of < r2 > requires the use of shell model wave functions, 

Usually one assumes that both initial and final states are constant 

throughout the interior of the nucleus and vanish outside. On the 

basis of this constant density model, the value of the radial integral 

< rX > is 

< r2 > 
SR 

r2dr 
0 

rX.r2dr

3  RX-1-3
3  RX

(X4-3) R3 - ()̀+3)
  2.70 

where R is the nuclear radius. 

In using equation 2.68 it is found that the charge of the 

extra core particle differs from the charge of the free nucleon and for 

this reason an effective charge is used to account for polarization 

effects. Frequently (7-9)the effective charge of the 

as e = 2e and that of the neutron as en = e. 

-22-
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2.7 Electromagnetic transitions 

The real test for the nuclear models is their ability to 

predict the correct transition probability and the multipolarities of 

the nuclear electromagnetic radiation. The probability of an electro-

magnetic transition between two nuclear states, is known to be strongly 

dependent upon the choice of the state vector of the nuclear states 

involved. A successful nuclear model should predict correctly the 

experimental transition probabilities. 

The most frequent transitions occurring in the nuclei of the 

spherical region are the E-2 and M-1 transitions as well as their 

mixtures. Fortunately, for these two transitions it is easy to derive 

somewhat exact expressions for their transition probabilities within the 

frame of the present model. 

The most general magnetic and electric multipole operators 

for a 2 -radiation in a space fixed system are respectively given by (10) 

Mm(X,P) 
2 - - 0-1  

2Mc X+1 
g ) ( r Yxp,) 

X eh 1 1 --A.(r) ( r yxo dT  
X4-1 gR 

2.71 

where R(r) is the collective angular momentum satisfying the condition 

P(r)dT = Ti and the other quantities are as in equation 2.53 

and 

Me(X,p) [ei + (-1)X Ze l 
3 

rX Yx4 Trr- ZeRoX 272 

A 

where the quantities involved have been defined in equation 2.65. 

-23 - 



In both expressions the first part represents the transition 

of the extra core particle which is assumed to be individually excited 

while the last terms represent the contribution of the core to the 

transition (the multipole moments generated by the collective motion in 

the core). 

In general the magnetic moment operator is difficult to 

evaluate because of the form of the collective part. Nevertheless for 

M-1 transitions the evaluation is easy and the M-1 operator assumes the 

form of equation 2.52. 

The expression for the electric operator reduces to the 

electric quadrupole moment operator given in equation 2.65 in the case 

that quadrupole phonons exist. For the case of E-A radiation with 

A 2 the collective part of the equation should be zero since no 

phonons with A 2 are assumed to exist. In that case the electric 

2-A radiation operator is an approximate operator which describes the 

extra core particle, while the collective effects (phonon decoupling, 

existence of A 4 2 phonons) are neglected. 

The transition probability TOO for the emission photon of 

multipole order X and energy E is given by 
(7)

8TT(X+1) 1 (E) 2X+1 B(x)
T (A) 

L(2A+1):!.12 h2(x+i) c 

where B(A) is the reduced transition probability and is given by 

1 
B(X) = 

21+1 M'PA 
<E ;I'M' I M(X, I > 

l< E IM,11) 
21+1 

- 24-
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where 0 and ce denote the transition from the initial state of eigenvalue 

E; and spin I to the state 0 with spin I' and energy E. 

The evaluation of the matrix elements proceeds in the same 

way the derivation of the expressions of the magnetic and electric 

moments described in the previous section. 

The final expression for the magnetic dipole and electric 

quadrupole reduced transition probabilities are respectively given by 

Bm(1) = 41  ~ (n.m)2 (2I'+1) 

oli-> 

x I (-1)
R+I-1-j,-14 

E C (W;NR;I') C (6;NR;I) 
jj'NR P 

1,(2j+1) (2j'+1)] 

IC(l+1)(2C+1)] (..1)j-

and 

x 

B(2) = (2I'+1) 

3  ZeRo2 

4(511)2

R R 1 
I I' j 

1 1 

j j' 
1 

j [ (-1)-j++c
I I' R

1

gs (i) 

gR R+1)(2R+1)} 

+ (-1)
R+I'j 

-1 2 

jj t1 

C (CjI;N'R';I') C (('j;NR;I) x 
(Njj'NN IRR' P 

(-1)j+II

+ (-1)
R 
(N'R'ObONR) I 

_ 

x L(2j+1)(2j'+ 

R R' 2 

tI' I j t 

+   (e. Ze) x

2] 2 '( 3- 
A
2 

-1)
R' 

) 

. 2.75 

I R 
I j (J 1  j) 

0 
(-011.211i) seven 

8 
NN' ERR' 

2 

2  76 



2.8 it'i...Quasiparticles 

In sections 2.3 to 2.5 a general treatment was given of the 

odd A spherical nuclei in the frame of the unified model. The 

Hamiltonian of the system under consideration was given by eq. 2,26. 

This equation included the term Hj, the single particle Hamiltonian, 

given by 

Hjlj > = eili > 2  77 

where e. are the eigenvalues of the single particle states. The ej 

were treated as adjustable constants determined from the best fit 

of the model to the experimental data for a particular nucleus. 

(7-9) 
In previous works the intermediate coupling model was used 

and it was found that the Ej values derived from the best fit were 

considerably different from the single particle levels derived from 

a shell model. N. Glendenning(14)has pointed out that this effect 

can be explained in terms of the pairing theory. This theory was 

first developed by S, T. Belyaev
(11) 

and later eleaborated by L. S. 

Kisslinger and R. A, 
Sorensen.(12,13)

A fundamental assumption of the pairing theory is that within a 

nuclear shell all even particles are paired with zero total angular 

momentum. For simplicity, it is assumed that within a given shell 

all possible interactions are switched off and the only acting force is 

the pairing force. The index j is used to specify the angular momentum of 

a particle within the given shell and m is the z-component of the angular 

momentum, If the energy of a state j within the given shell (shell 

model energy) is denoted by ei then the Hamiltonian of the system of n 

particles in the shell under consideration is given 

Hj = ejbjm bjm

by(13)

2  78 
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where Eb+ b. is the operator of the number of particles that are 
Jm Jm 

present and bjm' bjm are the respective creation and annihilation 

operators for fermions with the following properties 

b
+ 

b jm, 

4- .4-

1 bim, bj,m1
b+. 1 0>= jm 
Jm 

b.
+ 

I 0 > = ij-m> 
j-mt 

= 6..,5 
.13 mm 

bjm b in] 

  2,79 

. 0   2.80 

  2,81 

  2.82 

TheindependentparticleHamiltonianH, given by equation 2.78 

is diagonal for states containing a definite number of particles in 

each shell. 

An additional term in the total Hamiltonian of the system is 

required now, to describe the pairing force. 

(12,13) 
After Kisslinger and Sorensen the pairing Hamiltonian is 

assumed to have the form given by 

Hp 2 jj„mm bJim, bj, b = G E . bjm 2.83 

where G is the strength of the pairing force, which is assumed to be 

constant and independent of the particle state. 

The treatment of the pairing part of the Hamiltonian is 

simplified by transformation to a system in which the number of 

. . . 

particles is not conserved. An auxiliary Hamiltonian is introduced 

which is related to (HJ + Hp) by the equation given by (12)

H=H.+H - AN = H. +H -kEb b   2.84 
J P J P jm jm jm 

An additional constraint is introduced for the solution T of 

eq. 2.84. 

<TINIY>-.1=- n   2.85 
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Where n is the proper number of particles, In this way the choice of 

A determines only the average number of particles in the system 

described by eq. 2.84. 

An approximate solution of equation 2.84 may be obtained 

(11,12) 
by introducing the Bogolubov-Valatin canonical transformations 

= U.b. - V. b.
+ 

3m J Jm J J-m 

P. = U.b. + V. b. 
Jm J J-m J Jm 

2  86 

287 

The new Fermi operators cYjm and Pjm are called the 4cquasi-particle-77 

creation and annihilation operators respectively and they are linear 

combinations of shell model particle and hole creation operators. 

The coefficients U. and V are real numbers. Their physical 

significance is that Vj2 is the probability of the pair (jm,j-m) 

2 
occupying the state Ej while Uj • is the non occupation probability. 

Uj and Vj • are related by 

U.2 + V.
2 

= 1   2.88 

ce. and S. satisfy the same commutation relations as b. and b
+ 

, 
Jm 3m Jm Jm 

= F f. 11 = 5 8

  2.89 
Jm j'm jj' 111111 

The transformations inverse to eq. 2.86 and 2.87 are: 

b. = 11.(a, + V  p 
Jm J J J J 

b. = U.P. - V o!
j-m j J 3 

2.90 

2.91 

If the transformations specified by eqs. 2.90 and 2.91 are used in 

eq. 2.84, the Hamiltonian H. is transformed to 
(11,12) 

H =V+H +H + H 
11 20 int 
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where V is a constant term, 

2 2 2 9
.-X) 2G11- U V . .ci . + 0 .p . ) 2.94 V] 

J J J J J J 

2 
V12

 +
H = E ( 20 • j-X) 

2U•V • -GiL•U•V•(U• -
J J —3 J J J  ) (a, .i3 .0 xi. ) 2.95 

J J J J J 

anda.J =2j+1 is the multiplicity of the given state. 

The term 1111 describes one quasiparticle excitations while 

the term H 20 describes two quasiparticle excitations. Hint contains 

terms with products of four quasiparticles and describes the inter-

(11) 
action between quasiparticles. This term is dropped. The effect of 

neglecting this interaction term is negligible as Belyaev(11) has 

pointed out, and mainly affects the strength G of the pairing force. 

Neglecting this interaction term, the Hamiltonian 2.93 is written 

H =V+H + 
H2O11 

296 

The Hamiltonian given by eq. 2.96 may be considered an inde-

+ + 
pendent particle Hamiltonian provided terms of the form (u.0. + 0.g.1.) 

J J 

vanish, since these terms describe the quasiparticle interaction, i.e. if 

H
20

= 0   2.97 

By equating the coefficient of 2.97 to zero the following condition is 

obtained 

where 

G E 

2 j 

3 

V/ (8j - X)
2 
+A

2 

= 1 298 

A= .. UV   2.99 
3 — J .J J 

U.
2 
= 1  e  

3 
- 2‘. 

J 7 E + (e. ...x,2 
) + A2   2.100

j 3 r".
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and V
2
= 1 

2 
..i••••• 

X 

J / j -(e   x)2 4. A2 

2  101 

The constraint condition given by eq. 2,85 imposes one more relation 

which is given by 

< %INN 

(e k)2 + A2 1 

. .2.102 

If the number of particles n in a given shell, the pairing force G, 

and the single particle levels are given, then the equations 2.98 

and 2.102 may be solved and thus the unknown parameters X and 

may be computed. The single particle levels may be obtained from a 

shell model (for example the Nilsson
(10) 

model for 6=0.). The para-

meter G is chosen to fit the experimental data and is of the order 

of 0.25 MeV for A:::,100. A iteration method was used and a 

numerical solution for the set of equations 2.98 and 2.102 was obtained. 

It was found that the iteration used, converged fast. In Appendix C 

the iteration program used to solve the above mentioned equations is 

given. In applying equations 2.98 and 2.102 in odd A nuclei it was 

assumed that short ranges forces do not account for neutron-proton 

pair interactions. This assumption is correct in cases where the neutrons 

and protons do not occupy the same levels. The energy of a quasiparticle 

state j in an odd A nucleus may be calculated from the expression 

< Y1U-1-H111T>= 
U 4-4 (ej-X)2 + A2 U +Ej   2,103 

where the corresponding Hamiltonian given by eq. 2.96 is used. Thus 

the energy of a quasiparticle state, neglecting the constant term v, 

is given by 



2 
L. = 

\ (e. ... x)2 A 
  2.104 

The separation energy between two one-quasi particle states in an odd 

A nucleus is given by 

Ej = J (e. k)
2 
+ A2 \/ (ejr- X)

2 
+ A

2 
..2.105 

The corresponding expression for the first excited state in an even 

nucleus is the state with two quasiparticles (both neutron or proton) 

and is given by 

(102) 1H11 I '1(j1-12)' =N/ (s + A
2 +J (e.-k)2 + A2 2,106 

where the two quasiparticles have angular moments .11 and j2 respectively. 

From the previous discussion it is clear that the pairing theory is 

capable of giving a semiquantitative description of the single particle 

(quasiparticle) spectrum of the nucleus. 

This suggests that the introduction of quasiparticles in the 

unified model might improve considerably the capability of the unified 

model to account for the various nuclear properties especially in the 

case of the odd A spherical nuclei. This subject is treated in the 

following section. 



2.9 Introduction of quasiparticles in the unified model. 

In the present section the concept of quasiparticle sYites is 

introduced in the unified model. 

The states of an odd-A nucleus are considered to result from 

the coupling of the quasiparticles states available to the last odd 

nucleon to the phonon vibrations of the core. 

To begin with, it is assumed that the interaction between quasi-

particle states and phonon is switched off and the Hamiltonian of the 

phonon-quasiparticles system is written 

H = H + H   2.107 
j col 

where Hcol is defined by eq. 2.18 and Hj is the quasiparticle Hamil-

tonian given by eq. 2.84. The state vector of a quasiparticle will be 

denoted Ijm> and satisfies the relation 

HjIjm>= Ej jm > (ej - X) + A I jm > 2  108 
2 2 

The basis vector ij;NR;IM> for the system under consideration is 

introduced as in eq. 2.45. 

The matrix elements of the Hamiltonian given by eq. 2.107 in 

accordance with the previous discussion, as given by 

<i' ;1" ;I'M' I Hcol + bpi 6RR' 8jj' 

(€j-X) + A °NW 6j j °RR' 
2 2 

2  109 

Essentially the same notation as in section 2.5 is kept while 

the motion of quasiparticles has been introduced. Thus far the only 

change introduced is the substitution of the quasiparticle energy Ej

in the matrix elements given by eq. 2.109 instead of the adjustable 

constant ej. 
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Now the interaction between quasiparticles and phonons is 

switched on. The interaction Hamiltonian is assumed to have exactly 

the same form as in equation 2.43. 

The matrix elements of the interaction Hamiltonian will have the 

same form as in eq. 2.50. The only difference is that the matrix 

elements <j;NR;IMIIIIY;N IR'WM> are taken between quasiparticle 

states instead of particle states. In order to transform the one 

expression into the other, the general transformation of an operator 

from quasiparticle to particle representation is considered. 

The same notation as in the previous section is used. An 

expression is obtained for the matrix elements of a general operator Q 

between quasiparticles states in terms of the corresponding expression 

in terms of particles states. This expression is given by 

+ + 
<la. Q u.J I>= < cy1Q10> <luibcebeil,>E. 

(Uillj, - ViVi, )   2.110 

Thus the matrix elements of the interaction Hamiltonian may be cal-

culated and are given by 
I+j 

<V;WRI;I'MIH
int

1j;NR;IM> = -117 1 
J 

(u.u.J -v.vj ,) i.)(-1) x 
J 

x 
j 
R 
°j1 

< J'A Y2 ij> [(-1)R < N I R! II b IINR> +(-1)R<NRIlb IINIRI> 2.111 
/ R 2 

Equation 2.111 indicates that the matrix elements of the inter-

action Hamiltonian between single particles states must be multiplied 

by the statistical factor (I.5 Uji-ViV j4 which is based on the 

occupation number of the quasiparticle state. 

This concept could have been introduced qualitatively in the 

earlier part of this work (section 2.5). In obtaining the off diagonal 

matrix element of the interaction Hamiltonian between particles states, 
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the expression eq. 2.50 is summed over all the magnetic substates. 

But since it might be possible that a certain level might not be 

completely empty and thus having available all the substates to the 

odd nucleon, a statistical factor is needed to account for this effect. 

This statistical factor based on the occupation probability of the 

given state, should account for the substates available to the extra 

core particle. 

These qualitative assumptions are now, naturally introduced 

by considering the quasiparticle states instead of particle states. 

In the present work, Ej, the single particle energy, is still 

treated as an adjustable constant. The E. values derived from the best 

fit are compared with the predictions of the pairing theory as for-

mulated in -the last two sections. In the off diagonal elements of 

the interaction Hamiltonian an approximate statistical factor is 

introduced whenever necessary by considering the number of nucleons 

which may share a given state with the extra core nucleon. 

This procedure has the advantage that it allows a more close 

and independent examination of the validity of the two submodels used 

in the present version of the unified model, that is the intermediate 

coupling model and the pairing model. 
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3. APPLICATION OF THE INTERMEDIATE COUPLING MODEL 

3.1. Positive parity states in odd Xe isotopes 

In recent years a considerable amount of information concerning 

the level structure of Xe isotopes has become available. Most of 

this information is based on the investigation of the gamma ray spec-

tra of these isotopes with high resolution Ge(Li) detectors. These 

investigations provide very accurate information on the energy posi-

tion and spins of the levels of most of these isotopes. 

The majority of the states observed in the odd Xe isotones have 
(15) 

a positive parity. All the nuclei of this isotopic region show a 

low lying 1/2+ or 3/2+ state. More specifically, 127Xe and 129Xe 
(15) 

have a 1/2+ ground state while a 3/2
+ 

state is developed at 125 

and 39 KeV respectively. In 131Xe, 133Xe and 135Xe, the ground state 

is 3/2+. In 131Xe it was long known that the first excited state is 
(16) 

a 1/2+ state at 81 KeV. Very recently the corresponding 1/2+ states 

in 133Xe and 135Xe have been reported at 264 and 288.6 KeV respectively. 

In the previously mentioned five Xe isotopes, a group of positive 

parity states is observed at energies close to the energy of the first 

2+ states of the corresponding even-even Xe isotopes. 

The shell model predicts that the last odd neutron in the ground 

state occupies the 3s1/2 state in 127Xe and 129Xe and the 2d3/2 state 

in the ground state of the other Xe isotope with 4131. kccording to 

the shell model the first excited states in these isotopes are excita-

tion states of the odd neutron. Thus the odd neutron in 127Xe and 129Xe 
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is excited to the 2d3/2 state while in 
131, 

Xe the odd neutron 

is excited to the 3s1/2 state. According to a strict single particle 

(17) 
picture , the transition probabilities for the gamma transitions 

deexciting these 2d3/2 and 3s1/2 states are approximately half the 

(17) 
predictions of the Moskowski estimates for these transitions. 

Actually the transition probabilities of the 39 and 81 KeV transi-

tions deexciting the corresponding 3/2+ and 1/2+ levels in 
129

Xe 

and 131Xe have been measured experimentally(15,18) . The results show 

that these transitions which are predominantly Ml in character are 

retarded over the single particle estimates by a factor of 30, indic-

ating that these states have a configuration quite different from the 

single particle predictions. One more weakness of a simple shell model 

view of the structure of these levels is the difficulty in explaining 

127,129 
the gradual lowering of the 3/2+ states in Xe with respect to 

the 1/2+ ground state. As mentioned before the 3/2+ state becomes the 

ground state in Xe isotopes with A 131 while the 1/2
+ 

state rises from 

80 KeV in 
131

Xe to 283 Key in 
135

Xe with respect to the 3/2+ ground state. 

Two transitions at 284 and 364 KeV have been observed to deexcite 

a 364 KeV level in 
131

Xe. The half life of this level has been measured 

experimentally(19) . The results indicate that the 284 KeV (B2) 

in 

transi-

tion
131 

 Xe is enhanced by a factor of 10 over the single particle 

estimate. The 364 KeV transition is E2 in character with a 9% admixture 

of Ml. From these data, it is deduced that the E2 component of the 364 

KeV transition has an enhancement factor of 30 for the observed transition 



probability over the single particle estimate, while the M1 component 

is similarily retarded by a factor of 103 over the single particle 

estimate. 
(14) 

Early in the 1960's, Glendenning pointed out that the struc-

ture of the Xe isotopes may be described in terms of a model in which 

the odd neutron in these isotopes is coupled to the vibrations of an 

even-even core. He applied these considerations to 127,129xe and found 

good agreement with the experimental data available. At that time 

very limited experimental data were available for a meaningful compari-

son. Most of these data were concerned with the energy position of a 

few known levels. In order to test the model described in the previous 

chapter, the four Xe isotopes with 127ZA.133 are investigated in this 

work. 

First, the structure of the even-even Xe isotopes is examined. 

The results of this examination may give an indication of the extent 

to which the even-even Xe isotopes are good harmonic vibrators. 

3.2. Even-even Xe isotopes 

The level structure of several even Xe isotopes is quite well 

known. The first three excited states of the six Xe isotopes with 

1264.M-136 are listed in Table 1. The states shown are the first 2+, 

and the 2+ and 4+ observed at energies twice that of the first 2+ 

excited state. The 0+ state usually observed in even-even nuclei 

has not been identified in any of the listed Xe isotopes. The center 



Table 1 
(a) 

Excited states of some even-even Xe nuclei 

Xe Nucleus 
A 

One phonon state 
(in KeV) 

Two phonon states (in KeV) 
4+ Center of gravity 

R=E two phonons 
E one phonon 

126 389.0 881 943 920.8 2.37 

128 443.0 970 1033 1010.8 2.28 

w 
m 130 536.1 - 1122.1 1204.1 1174.3 -2.19 
1 

132 667.8 - 1298.1 1440.7 1389.7 2.08 

134 848.0 - 1615 1733 1690.1 2.00 

136 1313 - 2582 2633 2614.8 1.98 

(a) from ref. (15) 



of gravity of the two states with spin 2+ and 4+ which should belong 

to the members of the 2 phonon excitation is also shown in Table 1. 

The ratio of the energy of the center of gravity of the 2 phonon states 

to the energy of the first 2+ state is also listed in this table. This 

ratio is a good indicator of the anharmonicity of the even-even nucleus. 

A value of 2 is expected from a perfect harmonic vibrator for the ratio 

of the energy of the 2 phonons over the one phonon states. 

The listed ratios in Table 1 indicate that the anharmonicity of 

the even-even nuclei decreases with increasing atomic number. In 134Xe 

and 136Xe this ratio is 2 and 1.98 respectively. In 1314Xe the nucleus 

is approaching the shell closure (80 neutrons) and in 136Xe has a closed 

neutron shell. 

In Table 2 the properties of some transitions in some Xe isotopes 

are presented. The measured transition probabilities of two E2 transitions

deexciting the first 2+ level in these nuclei are listed and compared with 
(17) 

the single particle estimates The ratio of these transition probab-

ilities over the single particle estimate is found to be 44 and 16.0 

in 126Xe and 132Xe respectively. The ratios of the reduced transition 

probabilities of the transitions deexciting the second 2+ level and 

feeding the 0+ ground and 2+ first excited states are also presented in 

Table 1. This ratio is 0.011 in 126Xe and decreases to a value of 0.0014 

in 132Xe. 

If equation (2.76) is used calculate the collective transition 

probability for an E2 radiation from a 2+ one phonon state to the 0+
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Nuclei Level 
Initial 
37 KeV 

Table 2 

Electromagnetic properties of some even-even Xe nuclei 
(a) T(E2)exp 

Transition T(E2)exp T(E2)sp A=T(E2)sp 
Final in KeV in tr/sec in tr/sec 
Jr KeV 

+ 
B(22.40+  ) 

Branch B(21-÷2t) C in '1eV 

126xe (2+) 389 (0+) 0 389 1.7x1010 3.9x108 44 1.0 20 

(2+) 881 (2+)389 492 0.83 

(2+) 881 (0+) 0 881 0.17 0.011 

1a8xe (2+) 443 (0+) 0 443 1.0 

(2+) 970 (2+)443 527 0.84 

(2+) 970 (0+) 0 970 0.16 0.0091 

130xe (2+) 536 (0-1-) 0 536 1.0 

(2+)1121.1 (2+)536 585.1 0.87 

(2+)1121.1 (0+) 0 1121.1 0.13 0.0056 

132Xe (2+) 667.8 (0+) 0 667.8 9.85x1010 6.10x109 16.0 1.0 93 

(2+)1298.1 (2+)667.8 630.3 0.95 

(2+)1298.1 (0+) 0 1298.1 0.05 0.00136 

134xe (2+) 848 (0+) 0 848 1.0 

(2+)1615 (2+)848 767 0.55 

(2+)1615 (0+) 0 1615 0.45 0.020 



Table 2 (continued) 

(a) T(E2)exp B(21-÷0+) 
Nuclei Level Transition T(E2)exp T(E2)sp A=T(E2)sp Branch B(2 +2f) C in MeV 

Initial Final in KeV in tr/sec in tr/sec 
Jff KeV Jr KeV 

136xe (2+)1313 (0+) 0 1313 1.0 

(2+)2582 (2+)1313 1269 0.70 

(2+)2582 (04-) 0 2532 0.30 0.013 

(a) from ref. (15) 



ground state, then the ratio to the single particle estimate may 

be deduced. 

The final expression for this ratio is given by 

A - T(2)2440+ 5  gtw 
Tsp 21T C (3  1) 

Because of the factor Z2 the ratio A is usually »1 and hence a 

collective state exhibits an enhanced E2 transition probability. 

Equation (3.1) is used to obtain the stiffness parameter C for 126Xe 

and 132Xe since in these cases the ratio A is known. The values 

obtained for the parameter C are presented in Table 2. 

Equation (2.76) also indicates that no E2 transition occurs be-

tween states differing by more than 1 phonon. Thus in a perfect vib-

rator, transitions from the second 2
+ 

state to the ground state are 

forbidden. Observation of these transitions in even-even nuclei as 

very weak transitions may be considered as an indication of anharmoni-

city. Nevertheless, it is possible that the 122+> phonon state, i.e., 

the state with 2 phonons of total angular momentum 2+, may interact 

with the 112+> state. In this case the structure of the second 2+ 

state contains some admixtures of the 112-1-> state in a form given by 

22+> = 122+> + fl 12+>   (3.2) 

where S is very small. 

If this happens, then the transition probability from the second 

2
+ 

state to the 0
+ 

ground state is finite since matrix elements of the 

form <001b112> are finite. 
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Through equation (2.76), it can easily be shown that the ratio of 

the reduced transition probability of the 2++0+ to the 2+±24- is given by 

B(E2)2÷04- 1132
B(E2)24---)-24- = 2 (3.3) 

2 1 

With equation (3.3) and the data of Table 2, it is found, for 

example, in 132Xe that 132 2.7x10-3 indicating that a 3%admixture of 

12+> state in the 1224-> state is adequate to explain the observed 

forbidden 24-±04- transition. The observed admixture in the case of 

132Xe indicates an interaction energy of the order of 

<121V122> E 62 hw 1.8 KeV (3  4) 

For the other nuclei which exhibit a larger anharmonicity, values of 

132 are larger and the interaction energy is about 10 KeV. As can be 

seen in Table 2, the same is observed in 134Xe and 13eXe. These two 

nuclei show no anharmonicity in their ratios of the phonons energies. 

However they show an appreciable mixing of the low lying states. This 

probably happens because the explicit particle structure of the levels 

interferes with the vibrations of the core. Some similar considerations 

are given in more detail in Chapter 6, section 4 where the level struc-

ture of 92Zr is examined. 

Finally it may be noted that eauation (2.78) indicates that MI 

transitions may not proceed between states which differ in their phonon 

number. Thus M1 transition probabilities are usually retarded between 

collective states as these states tend to share the strength of one par-

ticular phonon state. 

From the above general discussion of the Xe even isotopes it can 
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be deduced that these nuclei clearly exhibit collective phenomena 

with some inevitable small anharmonicities. Thus the use of these 

nuclei as vibrating cores for coupling single particles is justified. 

3.3. Computational procedure 

The model has been applied to some odd Xe isotopes, namely 127Xe,

129 Xe, 131Xe and 133Xe. In these cases the last odd neutron is considered 

to have available the 3s1/2 and 2d3/2 states. States of up to three 

phonons have been considered. Then the interaction matrix elements have 

been calculated between states of a given spin using equation (2.50). 

Values for the 3j and 6j symbols were obtained from ref. (20). The effec-

tive spacings E3/2-E1/2 have been treated as adjustable parameters. The 

other unknown parameters were the coupling constant and the oscilla-

tion energy of the vibrating core (see Chapter 2, section 5). 

The matrices corresponding to a given spin have been diagonalized 

with the aid of the IBM 1130 computer of the USRC. The best fit of the 

theoretical to the experimental spectrum was obtained using iteration 

procedures. 

First the system was diagonalized for several values of the effective 

spacing parameter E3/2-e1/2. Then for each value of the effective spacing 

parameter the and hw values that gave the best description of the first 

excited states were retained to reproduce the spectrum. From all spectra 

which corresponded to a specific set of E3/2-E1/2, E and values, the 

spectrum which gave a better description of the second and possibly of the 
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third excited state was retained as representing the best fit. More 

details about the computional work involved with the application of the 

model are given in Apnendix D. The magnetic and electric moments as 

well as the transition probabilities of several transitions in the nuclei 

under investigation have been calculated using equations (2.63, 2.68, 

2.73, 2.75 and 2.76) as described in Chapter 2. The parameters entering 

such calculations are the effective neutron ge and gs values, the effec-

tive neutron charge en, the magnetic moment of the core gp and the para-

meter <K> , which is the potential depth of the appropriate nuclei. 

In the following calculations it was assumed that both gg and e
n 
are 

zero in accordance with the properties of a free neutron. The potential 

parameter was assumed to be <K> = 40 MeV. Probably this value might be as 

much as half of the value adopted in this work and is a function of the 

explicit structure of the assumed core. If the stiffness parameter C 

(last column of Table 2) was known for all the even-even nuclei considered 

in these calculations, a better choice of the constant K could have been 

made. Through equation (2.42) the constant '<IC> may be written in terms of 

the coupling constant E and the vibrational energy as 

<K> = (27rbuIC)1/2 (3  5) 
5 

The consequence of this equation in connection with the adopted <K> value 

are discussed later, individually for each examined nucleus. 

The effective neutron spin magnetic moment gs and the core magnetic 

moment gR (see discussion in Chapter 2, section 6) have been assigned 
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the values gs=-2.3 and ga=0.3. This particular set of values has 

been found to give a consistent description of the magnetic moment 

as well as the magnetic dipole transition probabilities in the nuclei 

under consideration. Many authors have pointed out that an effective 

gs value for neutrons or protons which is half of the corresponding 

free particle g value, gives a better description of the magnetic nuc-

lear properties. The value gs=-2.3 used here is somewhat lower than 

the value 
1/2ge 

'ff 
=-1/2x3.8=-1.9. Finally the state vectors necessary 

to obtain the required nuclear properties have been obtained from the 

diagonalization of the matrices which corresponded to the best fit to 

the energy levels of the examined nuclei. 

3.4. Level structure of 127Xe 

The calculated energy spectrum including states with spin up to 

5/2+ is shown in Fig. (1), and is compared with the experimentally ob-
(21) 

served spectrum. The values of the constants obtained from the 

best fit of the model are z1/2-c3/2=250 KeV,tu =410 KeV and C E 2.75. 
(21) 

The experimental data on the level structure of '27Xe come 

from the investigation of the 13
+ 

decay of 127cso 127Cs has a 1/21-

ground state spin, which favours transitions to 1/2+ and 3/2+ excited 

states in 127Xe. Thus the comparison of the predictions of the model 

is limited by these observed spin assignments which unfortunately are 

tentative. 

Except for the first 3/2+ level at 125 KeV, the model predicts a 
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low lying 5/2+ level at 350 KeV. The data shown in Fig. (1) indicate 

that no 5/2+ level has been observed in the experimental spectra. The 

first group of excited states in 127Xe are observed at 321, 411 and 586 
(21) 

KeV. The 321 KeV level is tentatively assigned a 3/2+ spin while 

the states at 411 and 586 KeV have a probable spin assignment of 1/2+

and 3/2+ respectively. However the order may be reversed. The model 

predicts a group of four excited states at 511, 600, 626 and 676 KeV with 

spin assignments 3/2+, 5/2+, 1/2+ and 3/2+ respectively. If the nred-

icted 511 KeV 3/2
+ 

state is assumed to correspond to the experimentally 

observed level at 321 KeV 3/2+, then the other two experimental levels 

are nicely explained by the 1/21 and 3/2+ members of the calculated 

multiplet. Again the absence of a 5/2+ state from the experimental 

spectrum should be noted. 

The reason for the higher calculated energy of this multiplet com-

pared to the experimental one, may be found by considering some collec-

tive effects not accounted for by the present model. For example, an-

harmonicities have not been included in the model. Inclusion of anhar-

monicities may have resulted in a somewhat lower one phonon energy 

for the 127Xe nucleus, thus improving the agreement with the experimental 

data. 

The next state predicted by the model is a 5/2+ state again missing 

from the experimental spectrum. 

The states developed at around 1 MeV in the calculated spectra corres-

pond to the coupling of the neutron with 2 phonons. The experimental 
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spectra indicate two levels at 929 and 1195 KeV with probable 

(1/2,3/2)+ spin assignments. Both these levels may be well accounted 

for by the members of the 2 phonons states of the calculated spectrum 

at about 1 MeV. 

A state observed at 1305 KeV has a probable (1/2,3/2)+ or (5/2) 

spin assignment. In the calculated spectra no state is developed in 

this energy and probably this indicates that this state may be a 5/2-

state. If this state has a positive parity assignment then it must 

belong to one of the members of the two phonons states, and it may 

correspond to the 1/2+ state which is calculated to lie at about 1220 

KeV. 

Finally for the four states which are observed at 1534, 1582, 

1775 and 1975 KeV no definite spin assignment is indicated from the 

experimental data. This fact indicates that a choice must be made 

between a (1/2,3/2)+ and 5/2- assignment for the spin of all these 

levels. As can be seen in the calculated spectra shown in Pig. (1), 

four excited states are developed at 1550, 1620, 1770 and 1925 KeV 

which compare favourably with these observed levels. If this good 

agreement of the calculated levels with the experimental is not acci-

dental, then the model suggests the spin sequence 3/2+, 1/2+, 3/2+, 

3/2+ for the four observed levels respectively. 

The state vectors of some important levels in 127Xe, as calcu-

lated from the best fit to the experimental data, are given in Table 

3. With these wavefunctions several electromagnetic properties of 
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Table 3 

Calculated state vectors in 127Xe 

1E;I7> 10;1/24-> 1411;1/24-> 1929;1/2+> 1125;3/24-> 1321;3/24-> 1586;3/2+> 

j;NR> 

11/2;00> 

11/2;12> 

11/2;20> 

1/2;22> 

11/2;24> 

11/2;30> 

1/2;32> 

3/2;00> 

13/2;12> 

13/2;20> 

13/2;22> 

13/2;24> 

3/2;30> 

3/2;32> 

13/2;33> 

0.877 

1

1

0.392 0.164 

0.537 0.587 -0.312 

0.118 -0.616 0.627 

-0.129 0.450 0.460 

-0.022 0.124 0.322 

0.053 0.058 -0.191 

0.723 -0.174 0.593 

-0.447 0.479 0.356 -0.341 0.532 0.262 

0.149 0.011 -0.351 

0.117 0.358 -0.530 0.157 0.310 -0.230 

-0.036 0.023 0.136 

-0.041 0.304 -0.257 -0.042 0.059 0.180 

-0.004 . -0182 -0.064 



the 127Xe states are computed as described in section 3.3. These 

results are listed in Table 4. 

Unfortunately, not many experimental data concerning the moments 

and the electromagnetic transitions in 127Xe are available today. The 

only available data concern the branching ratios of some gamma transi-

tions deexciting some levels in 127Xe (see Table 4 (c)). The calculated 

data agree rather well with the experimental data. For instance, the 

level at 321 KeV with a 3/2+ spin assignment is deexciting through the 

321 and the 196 KeV transitions with corresponding branching ratios of 

0.70 and 0.30. These values ma:- be compared with the calculated values 

of 0.52 and 0.48 respectively. The agreement for the branching ratios 

of the transitions deexciting the 411 KeV 1/2+ level is even better. 

The model predicts ratios of 0.975 and 0.025 respectively, which are in 

good agreement with the respective ratio values of 0.943 and 0.057 

suggested by the experimental data. The ca:' lated ratios for the 586 

KeV level are not in very good agreement with the experimental data but 

the agreement may be considered satisfactory. 

Finally the model predicts a quadrupole moment value of -0.11 barns 

for the 125 KeV 3/2+ state. However it is important to emphasize the 

significance of the right choice of the nuclear potential parameter <K>. 

The value of -0.11 barns for the quadrupole moment was derived under the 

assumption that <K> "77.. 40 MeV. But if the value of the stiffness parameter 

C for 127Xe is close to the value of 20 MeV suggested by the data on the 

126Xe nucleus (see Table 2) then the use of equation (3.5) gives a value 
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Table 4 

Calculated properties of some 127Xe nuclear states 

a)Moments 

State 
E in KeV 17

p calc 
in (nm) 

ground 1/2+ -0.89 

125 3/2+ +0.81 

p exp 
in (nm) 

9 calc 
in barns 

-0.11 

9 exp 
in barns 

b) Electromagnetic transitions 
(a) 

Initial state Final state E T(M1)calc T(M1)exp T(E2)calc T(E2)exp S2 calc 
E in KeV 17 E in KeV 17 in KeV in tr/sec in tr/sec in tr/sec in tr/sec 

125 3/24- ground 1/2+ 125 2x107 5x106 0.250 

321 3/2+ ground 10+ 321 1.55x109 1.7x108 0.250 

321 3/24- 125 3/2+ 196 1.57x109 3.2x107 0.020 

411 1/2+ ground 1/2+ 411 1.26x1011 0.000 

411 1/2+ 125 3/2+ 286 5.17x108 1.72x108 0.332 

586 3/2+ ground 1/2+ 586 2.88x109 8.6x109 2.98 

586 3/2+ 125 1/2+ 461 6.29x109 6.2x108 0.10 

929 1/2+ ground 1/2+ 929 9.0yA011 0.00 
T(E2) 

(a) The mixing ratio is defined as 62=T(M1). 62E0 indicates pure Ml, while 6 2 =co indicates pure E2 radiation. 



Table 4 (continued) 

c) Branching ratios 

Initial state Final state Transition Branching Branching (a) 
E in KeV FT E in KeV IT- in KeV calculated experimental 

321 3/2+ ground 1/2+ 321 0.520 0.70 
125 3/2+ 196 0.480 0.30 

411 1/2+ ground 1/2+ 411 0.975 0.943 
125 3/2+ 286 0.025 0.057 

586 3/2+ ground 1/2+ 586 0.618 0.463 
125 1/2+ 461 0.382 0.537 

d) Total half lives of some excited states 

Level Ill' Calculated T1/2 Experimental T1/2
in KeV in sec in sec 

125 3/2+ 2.2x10-8

321 3/2+ 2.1x10-10

411 1/2+ 5.5x10-12

586 3/2+ 1x10-10

929 1/2+ 8x10-13

(a) from ref. (21) 



of <K> around 10 MeV. This value for the parameter <K> results in a 

quadrupole moment value of -0.44 barns. Thus the experimental deter-

mination of the quadrupole moment of the 125 KeV state in 127Xe is of 

particular interest. 

3.5. Level structure of 129Xe 

The calculated energy spectrum of 129Xe containing states with 

spin up to 5/2+ is shown in Fig. (2) and is compared with the experi-
(18,22) 

mentally observed spectrum. The values of the adjustable con-

stants obtained from the best fit are c3/2-c1/2 = 82 KeV, tw = 420 KeV 

and E 3.00. For almost all the calculated levels there is an exper-

imental counterpart as shown in Fig. (2). The level calculated at 340 

KeV with a 5/2+ spin may correspond to the observed 322 KeV 5/2+ level. 

A low lying (1/2 or 3/2)+ state at 318 KeV is not reproduced by the 

model. It is possible that this level corresponds to one of the higher 

calculated 1/2+, 3/2+ states which is lowered because of some additional 

interactions which have not been included in the Hamiltonian of the 

present model. But it is also very probable that this state may be due 

to an entirely different configuration, bearing very little collective 

character. Some indications about the nature of this level could have 

been drawn from a knowledge of the half life of this state, which unfor-

tunately has not been measured as yet. 

The experimental level at 411 KeV with a 1/2+, 3/2+ spin assignment 

may correspond to the calculated 3/2+ state at 481 KeV. possibility 

-54-



a+ 

945   a ,A)+  
+  

975 
i %2 2 954 

905  (124
+ 2 

a+  821 2 

3  
2+  626 

589   ("I 'V * i 2 4.  601 
5+  526 
1  
3 + 481 

411   (2' 21+ 
i 

5 + 5+ 340
322  1 + 2 
318 

a ?) 
235   II — 

2 

3a5 3 + 3+ 
39 2 

I + 0 + 
"a.

0 
2 

EXPERIMENTAL THEORETICAL 

Fig. 2. The calculated spectrum of 129Xe in comparison with the experimental 
spectrum as obtained from Refs (18,22). 
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that this level may correspond to the higher lying 1/2+ state at 

601 KeV is not excluded. It is shown later that on the grounds 

of the observed branching ratios of the transitions deexciting 

the 411 KeV levels the 3/2+ assignment for this level is more 

likely. The experimental state at 589 KeV may correspond to one 

of the two predicted by the model states at 601 and 626 KeV with 

spins 1/2+ and 3/2+ respectively. A calculated 5/2+ state at 821 

KeV has no experimental counterpart. Finally the two states ob-

served at 905 and 945 KeV with uncertain spin assignments (1/2,3/2)+ 

may correspond to the calculated levels at 954 and 975 KeV with 

spins 1/2+ and 3/2+ respectively, suggesting the spin sequence 1/2+, 

3/2+ respectively for the two experimental levels at 905 and 945 Key. 

The state vectors of some of the observed levels in 129Xe as 

obtained from the best fit are given in Table 5. The calculated nuc-

lear properties of the levels in 129Xe are given in Table 6. 

The magnetic moments of the ground and 39 KeV states in 
129Xe 

have been measured experimentally and the calculated values are in 

excellent agreement with the data. 

The measured quadrupole moment value of 1 = -0.40 barns for the 

first excited state in 129Xe is in serious disagreement with the cal-

culated value of -0.14 barns based on a <K> value of 40 MeV. This 

again indicates that a lower <K> value might be more appropriate. 

Table 2 shows that the experimental value of the stiffness parameter 

C is not available from the neighbouring to 129Xe even-even Xe nuclei. 
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Table 5 

Calculated state vectors of some 129Xe excited states 

E;I11> 10;1/24-> 1601;1/2+> 1954;1/24-> 139;3/24-> 1481;3/24> 1626;3/24-> 1975;3/24-> 1340;5/24-> 

1j;NR> 

11/2;00> 0.807 

1/2;12> 

1/2;20> 0.149 

11/2;22> 

11/2;24> 

11/2;30>-0.034 

1/2;32> 

11/2;33> 

1/2;34> 

11/2;36> 

13/2;00> 

13/2;12>-0.540 

13/2;20> 

I3/2;22> 0.168 

13/2;24> 

13/2;30> 

13/2;32>-0.062 

13/2;33> 

3/2;34> 

0.501 0.151 

0.447 0.567 0.289 -0.263 0.766 

-0.518 0.658 

-0.138 0.422 -0.356 0.444 -0.071 

0.140 0.289 

0.052 0.067 0.222 0.333 

0.118 

0.094 

0.757 -0.051 -0.563 0.128 

0.429 0.265 -0.392 0.542 -0.276 0.025 0.236 

0.158 0.007 0.441 0.660 

-0.417 -0.524 0.144 0.379 0.288 -0.223 -0.157 

-0.538 

-0.039 0.008 -0.143 0.223 

0.318 -0.337 -0.049 0.064 -0.215 -0.225 0.043 

-0.001 -0.220 0.021 -0.109 0.074 

0.081 



However, if an average value for C of about 60 MeV is used, a value 

obtained from the available data on 126Xe and 132Xe, the corresponding 

value of the parameter <K> becomes <K>-16 MeV. With this value for 

the parameter <K> the calculated quadrupole moment turns out to be 

q = -0.35 barns, in good agreement with the experimental value. 

The calculated transition probability for the predominant Ml 39 

KeV transition is 50 times lower than the experimental value. M1 tran-

sition probabilities are very sensitive to the choice of the gs para-

meter. The observed discrepancy may be due to the inadequate choice 

of the gs parameter for this particular transition. Since the gs 

parameter in general is dependent on the particular states involved 

in a transition, the substitution of an average gs value may be a 

source of error in the estimation of some M1 transition probabilities 

especially if 3/2+-i-1/2+ transitions are involved. It may also be 

noted that the effect of the exact choice of the gs parameter is more 

critical in transitions involving neutrons than in transitions involving 

protons since the presence of the gel factor for the protons will reduce 

the importance of the gs factor. 

In Table 6 (c) the branching ratios of transitions deexciting some 

129Xe states are calculated and compared with the experimental data. 

The 411 KeV state has been assumed to have a spin 3/2+ or 1/2+. The 

corresponding wavefunctions of the calculated states at 481 KeV (3/2+) 

and 601 KeV (1/2+) have been obtained from Table 5 (columns 5 and 2 

respectively). The results indicate that the 3/2+ spin assignment for 
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Table 6 

Calculated properties of some 129Xe nuclear states 

a) Moments 

State 
E in KeV 

ground 

39 

(a) 
(b) 
(c) 
(d) 

p calc 
in (nm) 

1/2+ -0.76 

3/2+ +0.77 

= from ref. (15) 
= from ref. (23) 

= from ref. (24) 
= calculated with <K> = 16 MeV 

p exp 
in (nm) 

(a) 
-0.77 

+0.68±0.30 
(b) 

q calc 
in barns 

-0.14(-0.35) 

b) Electromagnetic transitions 

(d) 

q exp 
in barns 

-0.40±0.07 
(c) 

Initial state 
E in KeV Tr 

Final state 
E in KeV 

E 
in KeV 

T(M1)calc 
in tr/sec 

T(M1)exp 
in tr/sec 

(e) 

T(E2)calc 
in tr/sec 

T(E2)exp 
in tr/sec 

(e) 

cS2 calc 

39 3/2+ ground 1/2+ 39 1.5x106 -5.0x107 lx104 2x106 0.007 

411 3/2+ 39 3/2+ 372 6.5x109 4.1x108 0.064 

411 1/2
+ 

39 3/2+ 372 1.1x109 4.8x108 0.438 

411 3/2+ ground 1/2+ 411 7.2x108 6.2x108 0.865 

411 1/2+ ground 1/2+ 411 1.15x1011 0.000 

589 3/2+ ground 1 /2+ 589 9.2x108 1.38x109 1.500 

589 3/2+ 39 3/2+ 550 4.32x109 1.43x109 0.332 

(e) = from ref. (18) 



Initial state 
E in KeV Ir 

Final state 
E in KeV Iit 

Table 6 (continued) 

c) Branching ratios 

Transition Branching 
KeV calculated 

(a) 
Branching 
experimental 

411 3/2+ ground 1/2+ 411 0.165 0.410 

39 3/2+ 372 0.835 0.590 

411 1/2+ ground 1/2+ ,11 0.987 0.410 

39 3/2+ 372 0.013 0.590 

589 3/2+ ground 1/2+ 589 0.287 0.145 

39 3/2+ 550 0.713 0.855 

Level 
in KeV 

Ill-

d) Total half lives of some excited states in 129Xe 

Calculated T1/4 Experimental T1,5 
in see in sec 

(b) 
39 3/2+ 3.6x10-8 1.10-9

(b) 
411 3/2+ 8.0x10-11 10-9

(b) 
411 1/21- 6.0x10-12 10-9

589 3/2+ 8.6x10-11

(a) = from refs. (18, 22) 

(b) = from ref. (18) 



the 411 KeV level gives a more adequate description of the branching 

ratios of the transitions deexciting this level. In particular the 

calculations indicate that the 372 KeV transition is about 5 times 

more intense than the 411 KeV transition, contrary to the assumption 

of a 1/2+ 411 KeV level which indicates a 411 KeV transition about 

100 times more intense than the 372 KeV transition. These results 
(22) 

may be compared with the experimental data indicating that the 

372 KeV transition is about 1.5 times more intense than the 411 KeV 

transition. 

Finally the calculated branching ratios of the transitions deex-

citing the 589 KeV level are in good agreement with the experimental 

data. 

3.6. Level structure of 131Xe 

The experimental data suggest that in 1 1Xe the ground state is 

a 3/2+ state with the first excited state lying at 80 KeV with a 1/2+ 

spin assignment. From a pure single particle picture, it must be 

assumed that for some reason the 2d3/2 state, in 131Xe and as well in 

133Xe and 135Xe, is lowered with respect to the 3s1/2 state. Thus in 

the ground state of the Xe isotopes with A...'131, 3 neutrons occupy the 

2d3/2 state, and the odd neutron has available half the 2d3/2 states 

and both the higher lying 3s1/2 states. In accordance, then, with the 

arguments presented in section 2.9, a statistical factor is introduced 

for the odd neutron. 
1 

The statistical factor for the 2d3/2 state is chosen to be VT 
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and for the 3s1/2 state 1. Thus the matrix elements between j=3/2 

states are multiplied by 1/2 and the matrix elements between j=1/2 
1 

and j=3/2 states are multiplied by /Y. 

The calculated final spectrum is shown in Fig. (3A). The values 

of the adjustable constants obtained from the best fit to the experi-

mental spectrum are s3/2-E1/2 = 185 KeV,to = 372 KeV and E 3.25. 

All the observed experimental levels have a calculated counter-

part. The calculated spectrum indicates a 5/2+ level at 366 KeV corres-

ponding to the experimental 5/2+ level at 365 KeV. The model further 

predicts a 3/2+ level corresponding to the level observed at 405 KeV with 

1/2+ or 3/2+ spin assignment. The model also predicts a 7/2+ level and 

a 5/2+ level at 321 and 437 KeV respectively. No experimental counter-

parts to these levels have been observed as yet. Two levels predicted 

at 503 and 547 Key with 3/2+ and 1/2+ spins respectively have not been 

observed in the experimental spectrum of 131Xe. Finally the two exper-

imental states at 7/2+ and 5/2+ at 637 and 723 KeV respectively are 

explained well by the two levels at 700 and 740 KeV of the calculated 

spectrum. The state vectors deduced from the best fit ate listed for a 

number of 131Xe states in Table 7. 

The calculated electromagnetic properties of several levels in 

131Xe are shown in Table 8. The calculated magnetic moment for the 

ground state of 131Xe is in very good agreement with the experimental 

value available. The calculated quadrupole moment for the 131Xe ground 

state is in good agreement with the experimental quadrupole moment of 

the same state. 
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Table 7 

Calculated state vectors of some excited states in 131Xe (I) 

E;TIT> 0;3/21-> 1405;3/24-> 182;1/24-> 1364;5/2+> 13641;5/24-> 1775;5/2+>1856;5/2+> 1705;7/2.. 

1j;NR> 

11/2;00> 

11/2;12> 

11/2;20> 

11/2;22> 

1/2;24> 

11/2;30> 

11/2;32> 

1/2;33> 

11/2;34> 

13/2;00> 

13/2;12> 

3/2;20> 

3/2;22> 

3/2;24> 

3/2;30> 

3/2;32> 

3/2;33> 

3/2;34> 

0.764 

0.301 0.234 0.475 0.006 0.113 

0.124 

-0.069 +0.366 -0.153 0.643 -0.400 

0.064 

-0.021 

0.020 -0.011 0.073 0.021 

0.054 0.134 0.192 -0.101 

0.301 

0.894 0.229 

-0.298 0.835 -0.615 0.696 0.851 -0.006 -0.382 0.130 

0.081 -0.129 

0.084 0.144 0.137 -0.041 0.382 0.502 0.658 

-0.498 -0.340 -0.203 -0.194 0.887 

-0.015 0.048 0.048 

-0.017 0.079 -0.044 -0.049 0.092 0.001 0.213 

0.001 -0.119 0.005 -0.003 0.245 -0.329 -0:032 

0.064 -0.050 -0.463 0.131 0.203 

-6.210 



Table 8 

Calculated properties of some 131Xe nuclear states (I) 

a) Moments 

State 
E in KeV 

ground 

81 

(a) = from 

calc 
in (nm) 

3/2+ +0.75 

1/2+ -0.66 

ref. (15) 

v exp 
in (nm) 

(a) 

+0.69 

q calc 
in barns 

-0.10 

q exp 
in barns 

(a) 
-0.12 

Initial state 

E in KeV 17
Final state 
E in KeV I7

E 
in KeV 

b) Electromagnetic 

T(M1)calc T(M1)exp 
i'i tr/sec in tr/sec 

(b) 

transitions 

T(E2)calc 
in tr/sec 

T(E2)exp 
in tr/sec 

(b) 

62
calc 

2 

exp 

80 1/2+ ground 3/2+ 80 8.1x106 -4.0x108 5x105 3.6x107 0.06 0.17 
(c) (c) (d) 

364 5/2+ ground 3/2+ 364 2.2x1010 2.8x108 9.2x107 1.36x1010 0.004 49 
(c) 

364 5/2+ 80 1/2+ 284 2.6x108 9.8x108 Co CO 

(c) (d) 

(1)364 5/2+ ground 3/2+ 364 4.1x108 2.8x108 4.2x109 1.36x1010 10 49 

(c) 
(i)364 5/2+ 80 1/2+ 284 3.6x108 9.8x108

(b) 
637 7/2+ ground 3/2+ 637 3.8x108 2.3x1012

637 7/2+ 364 5/2 272 7.2x107 3.9x107 0.54 

(b) = from ref. (15) 
(c) = from ref. (26) 
(d) = from ref. (22) 

(d) 



Initial state 
E in KeV In 

Final state 
E in KeV IT 

Table 8 (continued) 

c)Branching ratios 

Transition Branching 
in KeV calculated 

Branching (a) 
experimental 

364 5/2+ ground 3/2+ 364 0.988 0.935 

80 1/7+ 284 0.012 0.065 

364(i) 5/2+ ground 3/2+ 364 0.939 0.935 

80 1/2+ 284 0.061 0.065 

637 7/2+ ground 3/2+ 637 0.775 0.99 

364 5/2+ 272 0.225 0.01 
Ch
rn (a) = from refs (22,25) 

Level 
in KeV 

Iff 

d) Total lives of some excited states in 131Xe 

Calculated 1.11 Experimental 
in sec in sec 

(b) 
80 1/2+ 3x10-8 6x10-10

(c) 
364 5/2+ 3.0x10-11 5.0x10-11

(c) 
364(i) 5/2+ 1.4x10-10 5.0x10-11

(b) 
637 7/2+ 1.5x10-9 3x10-13 

(b) = from ref. (15) 
(c) = from ref. (26) 



The transition probability predicted by the model for the M1 

80 KeV transition deexciting the first excited state of 131Xe is again 

lower than the experimental value probably for the same reasons as in 

the case of 129Xe. 

The transition probabilities of the transitions deexciting the 

364 KeV level in 131Xe lead to the correct half life for this level 

(see Table 8 (d)) but fail to determine the correct multipolarity of 

the 364 KeV transition. This transition is an E2 transition with a 
(22) 

2% admixture . Thus it seems that the wavefunctions deduced from 

the best fit cannot explain the structure of this level. It seems 

very probable in this case that the contribution of the 3s1/2 state 

to the structure of this level is overestimated in the present model. 

As the state vectors indicate (Table 7, column 4) the 364 KeV level 

is composed approximately 70% of 2d3/2 particle states and 20% 3s1/2 

particle states. If the statistical factor used for the 3s1/2 state 

is higher than it should be, the contribution of the 3s1/2 particle 

state to the structure of the 364 KeV level will be higher. If, for 

example, it is assumed that the 3s1/2 state has very little influence 

on the 364 KeV level, the state vector for the 364 KeV state may be 

computed with only the 2d3/2 state contributing. This state vector 

is shown in Table 7 as 1364i, 5/2+> (column 5 of Table 7). With this 

state vector the transition probability for the 364 KeV transition 

turns out to be in excellent agreement with the experimental data as 

shown in Table 8. 
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The branching ratio of transitions deexciting the 364 KeV 

level are shown in Table 8 (c). The results shown are obtained 

by using both state vectors (columns 4 and 5 of Table 7). The 

results obtained using the state vector of the 364 KeV level where 

the contributions of only the 2d3/2 state are included are in ex-

cellent agreement with the experimental data. Nevertheless the 

model fails to reproduce the properties of the 7/2+ 637 KeV level. 
t15) 

This level has been observed experimentally to have a half life 

of 3x10-13 sec, The present results cannpt account for this presum-

ably pure E2 transition. Basically no model can explain such a high 

transition probability for an E2 transition. It is very probable 

that either the reported half life of this level is wrong or that the 

spin of this level is not 7/2+ but 5/2+. If it is so, then the pro-

ceeding transition will be M1 in character, and the observed half life 

of this level may be accounted for. 

One point which needs further discussion is the low phonon energy 

value of 370 KeV derived from the best fit. The neighbouring even-even 

Xe nuclei (see Table 1) have much higher oscillation energies. 

This apparent discrepancy might indicate that in the description 

of the 131Xe nucleus the last three neutrons participate in the extra 

core motion. Under such conditions !c may be possible that the three 

neutrons behave like one effective neutron equivalent to the one con-

sidered above. Such a hypothesis will require, to a first approxima-

ticn, that the derived coupling constant is an effective one for the 
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three particles and that the single particle Hamiltonian should in-

clude the contribution resulting from the mutual interaction between 

the three neutron pairs. The realization of a 128Xe core in the 131Xe 

nucleus may possibly explain the lower phonon energy derived from the 

best fit. In order to investigate the effect of a higher phonon energy 

in the resulting spectrum of 131Xe the calculations were repeated with 

the following assumptions: 

(1) The 364 KeV level originates from the coupling of a 3/2 reutron 

state to the core and 

(2) The oscillation energy is assumed to be to = 610 KeV (value ob-

tained from the neighbouring even-even isotopes). 

The calculated spectrum under the above assumptions is shown in 

Fig. (3B). The constants obtained from the best fit are E3/2-E1/2 = 198 

KeV and = 3.25. 

In this description the 364 KeV level originates from the coupling 

of the 2d3/2 state to the core and the 405 KeV level can be explained 

with a similar structure. Indeed, coupling a 2d3/2 neutron to the core 

will result in the creation of three closely spaced levels at around 

400 KeV with corresponding spin and parity 7/2+, 5/2+ and 1/2+, in order 

of increasing energy. A residual interaction could split the 5/2+ and 

1/2+ levels by an amount equal to the experimental separation of 40 KeV. 

In this second description, the model predicts fewer low lying levels 

than in the first case, where many levels are calculated without an exper-

imental counterpart. The state vectors deduced from the best fit are 
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Table 9 

Calculated state vectors of some excited states in 131Xe (II) 

1E;171-> 10;3/21-> 180;1/2-1-> 1364;512-E> I570;5/2+> 1700;5/2-1-> 1530;7/24-> 

1j;NR> 

11/2;00> 

11/2;12> 

11/2;20> 

11/2;22> 

11/2;24> 

11/2;30> 

11/2;32> 

11/2;33> 

I1/2;34> 

13/2;00> 

I3/2;12> 

13/2;20> 

13/2;22> 

13/2;24> 

13/2;30> 

13/2;32> 

13/2;33> 

13/2;34> 

0.801 

0.330 0.644 -0.472 

0.118 

-0.073 -2.121 -0.214 

0.381 

-0.019 

0.022 0.089 -0.051 

0.048 0.033 -0.023 

-0.070 

0.884 

-0.293 -0.572 0.851 0.508 0.749 0.861 

0.084 

0.092 0.121 0.382 -0.050 0.360 -0.108 

-0.340 0.539 0.151 -0.282 

-0.016 

-0.018 -0.040 0.092 0.042 0.032 0.085 

0.001 -0.003 0.025 -0.105 0.053 

-0.050 0.065 0.018 0.074 



Table 10 

Calculated properties of some 131Xe nuclear states (II) 

a) Moments 

State p calc p exp q calc q exp 
E in KeV T7T in (nm) in (nm) in barns in barns 

(a) (a) 
ground 1/24- +0.76 +0.69 -0.16 -0.12 

125 3/2+ -0.72 

(a) = from ref. (15) 

Initial state Final state 
E in KeV Fir E in KeV IT 

b) 

E 
in KeV 

Transition probabilities 

T(M1)calc T(M1)exp 
in tr/sec in tr/sec 

T(E2)calc 
in tr/sec 

T(E2)exp 
in tr/sec 

(b) 

62 

calc 
62
exp 

80 1/2+ ground 3/2+ 80 8.5x106 4.0x107 1.3x108 3.6x107 0.15 0.17 

(c) (d) 
364 5/2+ ground 3/2+ 364 4.15x108 2.8x108 4.2x109 1.36x1010 10 49 

(c) 
364 5/2+ 80 1/2+ 284 2.9x108 9.8x108 .

(b) 
637 7/2+ ground 3/2+ 637 5.7x1010 2.3x1012 . . 

637 7/2+ 364 5/2+ 272 3.4x109 1x107 0.030 

(b) = from ref. (15) 
(c) = from ref. (26) 
(d) = from ref. (22) 

(d) 



Table 10 (continued) 

Initial state 
E in KeV Ir 

Final state 
E in KeV ITr 

c) Branching ratios 

Transition 
in KeV 

Branching 
calculated 

Branching (a) 
Experimental 

364 5/2+ ground 3/2+ 364 0.939 0.935 

80 1/2+ 284 0.061 0.065 

637 7/2+ ground 3/2+ 637 0.95 0.99 

364 5/2+ 272 0.05 0.01 

(a) = from refs. (22,25) 

Level 
in KeV 

d) 

I" 

Total half lives of some excited states in 131Xe 

Calculated T1,i, Experimental T15 
in sec in sec 

(b) 
80 1/2+ 2.8x10-8 6x10-10

(c) 
364 5/2+ 1.4x10-10 5.0x10-11

(b) 
637 7/2+ 1.1x10-11 3x10-13

(b) = from ref. (15) 

(c) = from ref. (26) 



listed in Table 9 and the calculated electromagnetic properties are 

listed in Table 10. As shown in Table 10, no significant improvement 

has been made in the calculated nuclear properties except for the pre-

dicted half life of the 637 KeV level, which is closer to the experi-

mental value than in the previous case but still lower by a factor of 

102 than the experimental value. 

From the above discussion it is clear that the first treatment of 

the 131Xe nucleus is more natural and involves less arbitrary assumptions 

than in the latter case. Thus the calculated spectrum shown in Fig.(3A) 

may be considered as the representative calculated spectrum for 131Xe. 

The same spectrum indicates further the existence of some levels which 

have not been observed experimentally as yet. 

3.7. Level structure of 133Xe 

The 3s1/2 and 2d3/2 states are again considered to be available for 

the last odd neutron in 133Xe and the same statistical factor as in the 

case of 131Xe was used. The experimental separation energy between the 

1/2+ and 3/2+ states in 133Xe was unknown at the time this work was com-

pleted. For this reason, the matrices have been diagonalized for several 

values of the c3/2-61/2 separation energy. The best fit was then made 
(27) 

using the experimentally observed levels at 529 KeV (5/2,7/2)1- and 

679 KeV (5/2,7/2)+ and assuming that the 529 KeV is a 7/2+ state, that 

is, it has the same spin as the lowest developed level in the calculated 

spectra. If this level is not a 7/2+ but a 5/2+, then some of the levels 
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of the final spectrum will appear at somewhat lower energies. The 

final spectrum obtained is shown in Fig. (4). The constants obtained 

from the best fit are 63/2-e1/2 = 545 KeV, ihco = 680 KeV and E E 3.5. 

The spectrum derived indicates a 1/2+ level at 222KeV. Only very 

(16) 
recently has this level been observed at 264 KeV and it is not 

shown in the experimental spectrum of 133Xe in Fig. (4). Many other 

levels are predicted by the model and most of these levels have an 

experimental counterpart. Although no definite spin assignments have 

been made for the 133Xe levels, the comparison of the existing data 

with the predicted levels in Fig. (4) leads to some immediate conclu-

sions. The two low lying levels at 529 and 679 KeV compare favourably 

with the 7/2+ and 5/2+ levels at 585 and 680 KeV of the calculated 

spectrum. Many of the other 3/2+, 5/2+, 7/2+ observed levels may be 

reproduced by the model. In addition, the model predicts the existence 

of at least a level with a 9/2+ spin at around 1400 KeV. Actually a 

level at 1385 KeV in 133Xe is observed and the experimental data suggest 

a 9/2+ spin assignment for this level. A level observed at 1592.0 KeV 

with a probable 9/2+ assignment may correspond to a calculated 9/2+

level at 1500 KeV or with a calculated 5/2+ level at 1630 KeV. 

Thus the overall agreement of the level sequences in 133Xe indi-

cates that the present model works particularly well in this nucleus. 

The calculated state vectors of some excited states in 133Xe are 

listed in Table 11. Electromagnetic properties of some excited states 

in 133Xe have also been computed and listed in Table 12, but no 
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Table 11 

Calculated state vectors of some 133Xe nuclear states 

1E; V r> 100/24-> 1680;5/24-> 1853;5/2+> 1585;7/24-> 

j;NR> 

11/2;00> 

I1/2;12> 

11/2;20> 

11/2;22> 

11/2;24> 

11/2;30> 

11/2;32> 

11/2;33> 

11/2;34> 

13/2;00> 

13/2;12> 

3/2;20> 

13/2;22> 

13/2;24> 

I3/2;30> 

13/2;32> 

13/2;33> 

13/2;34> 

0.279 

-0.071 

0.309 

-0.164 

0.633 

0.106 

0.325 

0.020 0.059 0.101 

0.058 -0.005 -0.024 

-0.071 

0.894 

-0.317 0.804 -0.424 0.872 

0.085 

0.084 0.124 -0.404 -0.118 

-0.447 -0.463 -0.313 

-0.016 

-0.090 0.057 -0.004 0.085 

0.002 -0.010 0.129 0.348 

0.060 0.041 0.069 
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Table 12 

Calculated properties of some 133Xe excited states 

a) Moment,:; 

State u calc 1.1 exp q calc q exp 
E in KeV in (nm) in (nm) in barns in barns 

ground 

Initial state 
E in KeV I' 

3/2+ +0.73 -0.208 

b) Electromagnetic transitions 

Final state E T(M1)calc T(M1)exp T(E2)calc T(E2)exp 
E in KeV I" in KeV in tr/sec in tr/sec in tr/sec in tr/sec 

530 7/2+ ground 3/2+ 530 

680 5/2+ ground 3/2+ 680 4.8x101° 

875 1/2+ ground 3/2+ 875 1.95x1011

Level 
in KeV 

530 

680 

875 

2.3x1010

7.3x1010

4.0x109

c)Total half lives of some excited states 

Iw Calculated T1/2 Experimental Tk 
in sec in sec 

7/2+  3x10-11

5/2+ 5.7x10-12

5/2+ 3.5x10-12

62 

calc 

CO 

1.52 

0.02 



experimental data exist at the present time to allow any meaningful 

comparison. 

3.8. General remarks 

The application of the model to the odd Xe isotopes di3cussed in 

the previous chapter illustrates the usefulness of the intermediate 

coupling model in understanding, at least phenomenologically, the nuc-

lear structure of the low lying levels of some spheroidal nuclei. Four 

Xe isotopes were examined in this work and it was found that the nuclear 

structure of these isotopes may be adequately explained by the model 

employed. In some cases the model offered some good guesses about 

several electromagnetic properties of these nuclei. In Fig. (5) the 

single particle spacing E3/2-E1/2 obtained from the best fit is shown 

as a function of the mass number. The 2d3/2 state is shown to move 

from 250 KeV above the 3s1/2 state in A=127 to become the ground state 

in A=131, while the 3s1/2 state rises from the ground state in A=129 to 

about 600 KeV in A=133 above the 2d3/2 state. According to the dis-

,:ussion in section 2.9, the separation energy between the 3s1/2 and 

2d3/2 states is determined by the pairing force between the neutrons 

and the number of neutrons in a given shell. Thus the behavior of 

the 2d3/2 and 3s1/2 states in Xe isotopes predicted by the model em-

loyed must be in agreement with the predictions of the pairing theory. 

In order to solve the .:CS equations for the Xe isotopes, a set of 
(10) 

single particle energies have been obtained from the Nilson model 
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Table 13 

a) Single particl.s energies and G values for some Xe isotopes 

Nuclei G 2d5/2 1g7/2 3s1/2 2d3/2 1h11/2 
in MeV in MeV in MeV in MeV in MeV in MeV 

127Xe 0.180 0.0 0.342 2.300 2.942 1.800 

129Xe 0.178 0.0 0.340 2.290 2.935 1.850 

131Xe 0.176 0.0 0.339 2.280 2.925 1.900 

133Xe 0.173 0.0 0.338 2.270 2.920 1.960 

b) Energy difference of the 2d3/2 and 3s1/2 states in Xe isotopes 

Nucleus (63/2-e1/2) from BCS 
in KeV 

(c3/2-E1/2) from best fit 
in Key 

127 -242 -250 

129 - 98 - 82 

131 + 97 185 

133 +339 +545 



for 8 = 0 and K = 7.5x10-2. This set of single particle energies is 

listed in Table 13. The pairing force used is also shown in Table 13. 

This set of values has been obtained from ref. (13). 

The results obtained from the solutions of the BCS equations are 

compared in Table 13 with the values obtained from the best fit. The 

agreement is reasonable and it seems that the pairing theory explains 

well the effective particle separation energies derived in the applic-

ation of this model. 

The oscillation energies hil5 derived for the Xe isotopes from the 

best fit are in good agreement with the values suggested by the neigh-

bouring even-even nuclei, except in the case of 131Xe where it was 

found suitable to assume the existence of a 128Xe core. Finally, the 

coupling constant C is plotted in Fig. (6) as a function of the mass 

number. The linear dependence shown in Fig. (6) has also been observed 
(8) 

by Heyde and Brussard in the case of the coupling of a proton to 

an even-even core. 



4. EXPERIMENTAL FACILITIES 

4.1. Detectors and associated electronics 

In the present work the nuclei of interest are investigated by means of 

high resolution gamma ray spectroscopy. Four types of Ge(Li) detectors 

were used. In the initial steps a 2 cm3 ORTEC Ge(Li) detector was used. 

This detector has an active area of 4 cm2 and a sensitive depth of 5 

The measured total resolution of this detector at the 137Cs 661 KeV peak 

is 2.7 KeV fwhm under a low counting rate. This detector was later ex-

changed for a 29 cm3 active volume CI Ge(Li) detector. The Ge(Li) 

crystal of this detector has an active area of 10 cm2 and a sensitive 

depth of 3 cm. The measured total resolution of this detector is 3.1 

KeV at 1.33 MeV under low counting rates. 

An ORTEC X-ray spectrometer has been also widely used in the present 

work. This spectrometer consists of a 0.39 cm3 active volume cylindrical 

Ge(Li) crystal. The active area of this crystal is 1/4ffcm2 and has a 

sensitive depth of 5 mm. The measured resolution of this detector is 

0.48 KeV at 14 KeV and about 0.6 KeV at 81 KeV under low counting rates. 

The front face of the X-ray spectrometer is covered by a thin Be window 

with a layer of gold about 100 to 200 °A thick. 

On various occasions a Nuclear Diodes Ge(Li) detector has been used. 

The crystal of this detector has an active area of 10.3 cm2 drifted to 1 cm 

depth, with a total active volume of (42±1) cm3. All the above mentioned 

detectors were received from the supplying company with a preamplifier 



system mounted on the detector. Pulses from the preamplifier systems 

have been subsequently amplified and shaped by using CI 1416 and ORTEC 

1405 linear amplifiers. These amplifiers have a prompt and a delayed 

output. The typical length of the output pulses from the linear ampli-

fiers was 4 psec. If a part of the obtained pulses spectrum was required 

in an expanded form, a 1460 CI biased and stretcher amplifier was used. 

This amplifier can stretch a part of the spectrum up to 20 times. A 

bias level knob on the amplifier allowed the selection of the desired 

part of the spectrum to appear in the output of the amplifier. This 

amplifier is also supplied with a gating input. The presence of a 

negative pulse (-5 Volts) in the gating input opens the gate and a 

pulse fed into the biased and stretcher amplifier input will appear 

in the output. 

The pulses from the output of the linear or biased amplifier were 

then used subsequently fed into the recording system, which consisted 

of a Northern Scientific 2048 channels analyzer. The 2048 channel ana-

lyzer as well as other electronic equipment described here are discussed 
(25) 

in detail elsewhere . In some instances a small Victoreen 400 channel 

analyzer has also been used. The output readout from the analyzer was 

obtained with a 6550 OMNIGRAPHIC model plotter and a high speed teletype 

puncher which stored the data on an eight level code. 

Gamma-gamma coincidence experiments have been carried out with 

the electronic arrangement shown in Fig. (7) and discussed in more detail 

in ref. (25). In the coincidence experiment either two Ge(Li) detectors 

-84-



PREAMPLIFIER 

SOD.IOD1DE DETECTOR 

• SOURCE 

GERMANIUM DETECTOR 

PREAMPLIFIER 

AMPLIFIER 

AMPLIFIER 

SC•A 

FAST 
COINC. 

BIASED 
AMPLIFIE R 

8•C•A 

DELAYED OUTPUT 

TO P. 1+4 

Fig. 7. Block diagram of the coincidence arrangement. (See text for discussion.) 



or a Ge(Li) and a NaI detector have been used. The pulses from the 

two detectors were fed into two CI 1460 amplifiers. The bipolar prompt 

output of the amplifiers was fed to two CI 1435 single channel analyzers. 

One of the single channel analyzers was used to gate the required pulses. 

The output of the two single channel analyzers was fed into a CI 1440 

fast coincidence unit. The negative pulses of the fast coincidence unit 

were used to gate the CI 1460 biased amplifier, the input of which was fed 

by the delayed pulses of one of the CI linear amplifiers. The coincident 

pulses were then displayed into the 2048 channel analyzer. The resolving 

time of the fast coincidence unit could range from 6 to 120 ns. Both the 

single channel analyzers used were equipped with a variable delay of 

1000 ns. The optimum delay settings were determined in practice with the 

help of a "Co and a 133Ba source. By varying the delay of one of the 

two timing SCA, the counting rate of the output of the system was obtained 

as a function of the delay. The optimum delay was then set at the posi-

tion of the maximum counting rate. This procedure also determined in 
(25) 

practice the true resolving time of the system • 

4.2. Relative efficiency calibration of the Ge(Li) detectors 

The relative efficiency of the detectors described previously has 

been determined experimentally using the pair point method described by 
(28) 

Donnely et al . A set of radioactive sources with photopeaks of well 

known relative intensities have been employed in the calibration procedures. 

- The sources employed were 241Am, 131Ba, 22Na, -• q7Co, 60Co, which have a 
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(15) 
very well known decay scheme and photopeaks with intensities 

(15) 
known to a good degree of accuracy 75Se and 154Eu sources 

have also been used. Both nuclei have some strong gamma rays 

with relative intensities which are known precisely enough for 

the present work. All these radioactive nuclei and their corres-

ponding transitions used for calibration purposes are listed in 

Table 14. 

The sources consisted of a small drop of the radioactive mat-

erial deposited on a Mylar or Al disk. Each sc—uce in turn was placed 

on the axis of the detector at a distance of 5 cm from its front face. 

The source strength was of the order of a few pC, so that the final 

counting rate experienced by the detectors was small. For each photo-

peak at least 10
4 

counts were accumulated and each experiment was re-

peated at least twice. In order to account for the background, a 

straight line was drawn from the point where the slope of the peak 

started to the point where the slope of the peak ended. 

If A represents the net counts under a given photopeak of energy x, 

s(x) is the efficiency of the detector for the photons of energy x, and 

then A is related to the intensity of the emitted radiation by the rela-

tion given by 

A(x) = K e(x) I(x) (4.1) 

where I(x) is the absolute intensity of the emitted photons and K is 

a constant. 

If a radioactive nucleus emits two gamma rays of energy xi and x2 
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Table 14 

Radioactive sources used in efficiency calibration of the Ge(Li) detectors 

Source Energy 
in KeV 

Rel. Int. Ref. Source Energy 
in KeV 

Rel. Int. Ref. 

60 Co 1173.2 100 15 75Se 96.75 5.46±0.20 39,40 

1332..5 100 121.12 27.9±0.7 

135.99 95.2±2.0 

24Na 1368.5 100 15 198.60 2.35±0.06 

2753.9 100 264.62 100 

400.70 20.9±2.0 

22Na 511.0 180 15 

1274.5 100 

154Eu 248.0 18.5±0.7 29 

1370s 32.1 6.85 15 444.4 1.4±0.05 

36.5 1.54 591.7 13.6±0.5 

661.6 100 722.3 55.4±2.2 

756.8 12.2±0.5 

57Co 14.4 11 15 873.2 32.4±1.3 

122.0 100 996.3 29.0±1.1 

136.3 13 1004.8 48.8±1.9 

1274.4 100 

2.41Am 11.89 2.2 15 

13.9 37.5 

17.8 51.2 

20.8 13.8 

26.35 7.0 

59.5 100 
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with corresponding relative intensities I(x1) and I(x2), then the 

net area under the detected photopeaks may be written with the aid 

of equation (4.1) 

A(xl) e(xl) 
A.(x2) e(x2) I(x2) (4.2) 

Thus if the relative intensities of the two radiations x1 and x2 are 

known, measurements of the relative areas A(x1) and A(x2) under the 
e(xl) 

two registered photopeaks will determine uniquely the ratio e(x2) . 

If a source having more than two strong transitions with fairly well 

known relative intensities is employed, use of equation (4.2) may 

define a set of points e(xl) representing a dependence of the relative 

efficiency of a particular detector on the energy of the incoming 

photons. A smooth curve then can be drawn through these experimentally 

determined points. If a second radioactive source has at least one 

transition falling in the energy region determined from the previously 

radioactive source, then the curve drawn may be extended to the energy 

region covered by the second source. If the second source has more than 

one transition falling in the energy region covered by the first radio-

active source, then it becomes clear that a more accurate curve may be 

drawn through these points. 

In the present application of this method, the efficiency of each 

detector was assumed to be unity for the energy of incoming photons of 

1274.5 KeV. The 22Na source provides the relative efficiency of the 

detector at 511.0 KeV since the relative intensity of the 1274.5 and 

511.0 KeV peaks of 22Na is very well known. 
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The next source used was 154Eu. As shown in Table 14. the 

prominent peaks of 154Eu cover a wide energy region. The presence 

of a prominent 1274.5 KeV transition in 154Eu serves as the starting 

point, since the efficiency at the 22Na 1274.5 KeV transition was 

assumed as 1. Thus a first smooth curve may be drawn through these 

points determined by the 22Na and 154Eu sources. With sources as 

241Am, 133Ba, 57Co, 75Se and "Co, the initial curve may be improved 

in accuracy and may be extended to cover an energy region from as low 

as 14 KeV to a maximum of 1.33 MeV. 

The points representing the relative efficiency of the Ge(Li) 

detectors obtained as described above have been plotted in a log-log 

paper as a function of the energy. It was found then that for the 

energy region from 0.2 to about 1.3 MeV the dependence of the relative 

efficiency of each detector was linear with respect to energy. A 

least-mean-squares fit to the experimental data yielded the desired 

relative efficiency of each detector. In Fig. (8) the log-log depen-

dence of the relative efficiency curve of the 29 cm3 Ge(Li) detector 

is shown as a function of energy. A semilog plot of the relative 

efficiency curves of the 0.39, 2 and 29 cm3 detectors is shown in 

Figs. (9,10 and 11) respectively. The relative efficiency of the 

0.39 cm3 X-ray spectrometer has been measured separately fo: the 

energy region from 14 to 121 KeV using 241A, 133Ba, 57Co, 75Se 

standard sources. The semilog plot of these measured relative effi-

ciency values is shown in Fig. (12). 
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Extension of the efficiency calibration of the detectors to 

energy higher than 1.33 MeV was not possible because no suitable 

sources were available. In more recent experiments using the neu-

tron generator, 24Na activity was produced as contaminant. This 

nucleus has two prominent peaks at 1368 and 2754 KeV, with a well 
(15) 

known intensity ratio . The presence of this contaminant activity 

in the measured spectra was used to check the efficiency of the 29 

cm3 Ge(Li) detector at 2754 KeV against the value predicted by extra-

polation of the curve given in Fig. (8). The experimental relative 

efficiency at 2754 KeV was found to be 0.42±0.2 against a predicted 

value of 0.38. The curve which included this experimental point is 

shown in broken lines in Fig. (8). For energy below 1.9 MeV the 

relative efficiency values obtained from the extrapolated and the 

experimentally suggested curve do not show a significant difference. 

For energies above 1.9 MeV the values obtained from the experimentally 

determined curve are used. It should be noted here, that for some 

experiments to be discussed later, the experimental conditions under 

which these relative efficiency curves have been obtained were not 

kept the same. Thus in some experiments, the activity under investi-

gation was not in the form of a point source or the distance of the 

detector to the source was not 5 cm. In these experiments the rela-

tive efficiency values were obtained again from the experimentally 

determined curves, omitting the probable error caused by neglecting 

the experimental condition under which these curves have been deter-

mined. 
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4.2.1. A semi-empirical efficiency equation for Ge(Li) detectors 

(30) 

A few years ago Freeman and Jenkins proposed a semi-empirical 

equation which related the efficiency of a Ge(Li) detector to the 

photoelectric and Compton coefficient of germanium and the energy of the 

incoming photons. The equation proposed by these authors has the form 

given by 

Eo< 1-exp(-T.x) + Aaexp(-BE)   (4.3) 

where T,a are the photoelectric and the Compton absorption coefficients 

of germanium respectively, E is the energy of the detected photons, x is 

the thickness of the crystal and A and B constants to be determined. 

For energy of the incoming photons greater than 500 KeV the product T.x 

is much less than unity and equation (4.3) may be written 

so( T.x + Aaexp(-BE)   (4.4) 

Freeman and Jenkins(30) used the relation given by equation (4.4) 

in the energy region above 500 KeV and devised a method of determining 

the two constants A and B for a given detector. Later Topcan and 

(31) 
Cothern verified that equations (4.3) and (4.4) were in good agree-

ment with their experimental data for a 2 cc Ge(Li) detector down to 

energies as low as 200 KeV. 

The work proposed by the above mentioned workers to determine the 

constants A and B requires a considerable amount of experimental work, 

particularly if it is necessary to calibrate a number of detectors. It 

was tempting then to try to see if the present data obtained from the 

calibration of our detectors could be fitted to such a semi-empirical 
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equation. Furthermore, it is very interesting to investigate the 

possibility that the constants A and B of an equation of the form 

given by equation (4.3) are simple functions of the geometrical char-

acteristics of a particular detector. 

On the basis of the present knowledge of photon interactions 

with matter it is expected t.at a certain number of photons incident 

on a germanium crystal will contribute directly to the full energy 

peak through the photoelectric process. The percentage ET of photons 

detected by a germanium crystal of an effective thickness x may be 

written in the form 

eT= 1-exp(-0.044.T.x) . . . .(4.5) 

where x is the effective thickness of the detector in cm and T is the 

photoelectric coefficient of germanium given in units of barns/at. 

The numerical factor 0.044 transforms the effective thickness x from 

cm to at/barns units. The photoelectric coefficient T is a function 

of energy and thus eouation (4.5) represents the dependence of ET on 

the energy of the incoming photons. For E>500 KeV r.x«l and (4.5) 

may be written as 

e = 0.044T,X 
r 

(4.6) 

A considerable portion of the contribution to the full energy 

peak of the detected photons arises from the multiple Compton scattering 

mechanism. A photon of initial energy hv is scattered within the crys-

tal transferring an amount of energy h(v-vi.) to an electron and retain-

ing an amount of energy hvi which is then used to eject a photoelectron 
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of energy hv -w where w is the work function of Ge. If Oi is the 

the probability that the two electrons with total energy h(v-vi) + 

hv. 
1
-w = hv-w will add to the full energy photopeak, then the Compton 

contribution to the efficiency may be written as 

ECT =1 C.0..0" (4.7) 

where a is the Compton scattering coefficient of Ge and C is a pro-

portionality constant. The contribution from second order pultiple 

scattering involving more than two electrons may be also included in 

equation (4.7). Then equation (4.7) may be written in the form 

Ea = C.a. 0i = C.cr.O (4.8) 
1 

where 0 is the total probability of the Compton scattering mechanism 

to contribute to the full energy photopeak. It is not unreasonable to 
(30) 

assume in accordance with Freeman and Jenkins , that the probability 

0 defined previously, to be a function of the energy E having the form 

0= D.exp(-BE) (4.9) 

where D and E are constants. 

Substituting equation (4.9) into equation (4.8), the equations 

given by 

ea = C.B.a.exp(-BE) A.a.exp(-BE) (4.10) 

where A = CD is obtained. 

By combining equation (4.10) with equation (4.5), the total 

contribution to the photopeak from both processes may be written 

E = KL1-exp(-0.044T.x) + Aaexp(-B61 • • • • (4.11) 
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Equation (4.11) may also be written as 

= K [0.044T.x + Auexp(-BE)]   (4.12) 

for energy E>500 KeV. 

If e is assumed to be the relative efficiency of a detector at 

a given energy E, then the constant K in equation (4.11) may be con-

sidered as the constant which transforms the relative efficiency of 

the detector to the absolute efficiency c/K where 

E/K = N detected 
N incoming   (4.13) 

where N is the number of photons. 

4.2.2. Application of the semi-empirical equation 

For a given set of experimental values Ei of the relative effi-

ciency of a detector, and for energies of more than 500 KeV, equation 

(4.12) may be written 

ei E 0.044Tb + duiexp(-BEi)   (4.14) 

where 

b = Kx and d E KA (4.15) 

In principle, three of the equations given by equation (4.14) are 

necessary to determine the unknown quantities b,d, and B. In practice 

several.sets of three equations of the type given in equation (4.14) 

were used to eliminate the quantities b and d and obtain thus an expon-

ential equation involving the unknown B. The photoelectric and the non-

coherent Compton coefficients were obtained from the recent work by 
(32) 

Chapman . The relative efficiency curves for the 0.39, 2 and 29 cm3
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Ge(Li) detectors as determined here have been used to obtain the 

experimental relativeefficiencyvaltulsE. raquired by equation 

(4.14). In addition, the relative efficiency curve of a 17 cm3

Ge(Li) detector which has been supplied by the chemistry branch 
(33) 

of the Chalk River AECL Laboratories has also been used. This 

curve is shown in Fig. (13). The exponential equations resulting 

from equation (4.14) have been solved numerically for all four de-

tectors to determine the constant B. For each detector numerous 

combinations of the equations (4.14) were solved and yielded values 

of B which ranged from 0.5 to 1.4. Although the calculated B values 

for all the detectors were scattered in this range, the average B for 

each of the detectors used was found to be equal to 0.8. Thus the 

value of 0.8 was adopted for B and for all the detectors used. 

This value for B was then substituted back in equation (4.14) 

and least-mean-squares methods were employed to determine the para-

meters b and d for each detector. 

Equation (4.11) is written in terms of the constants b and d as 

Ei = b [1-exp (-0.044Tix) + daiexp(-BEi)j . . . . (4.16) 

This equation has been used in conjunction with the relative 

efficiency values for E 500>KeV and the previously determined constants 

b and d to determine the unknown effective thickness of the detector. 

With this value of x and the set of equations given by (4.15) the con-

stants K and A are determined uniquely for each detector. The constants 

A, x and K as determined for each detector are listed in Table 15. 
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Table 15 

Calculated parameters of various detectors 

Detector active 
volume V (cm3) 

B 
MeV-1

A 
at/barn) 

A/V 
(barn/a02

x 
(cm) 

V
1/3 

(cm) 
K 

0.39 0.8 0.0004 0.00103 0.795 0.724 145.7 

2.00 0.8 0.0026 0.00130 1.810 1.260 53.0 

17.00 0.8 0.0196 0.00115 2.510 2.570 20.90 

29.00 0.8 0.0368 0.00127 3.180 3.080 11.09 



An immediate conclusion may be drawn from this table. While the 

constant A is shown to increase with increasing volume of the de-

tector, the ratio for all the detectors is almost constant. An 

average value of = 0.00120 (barnatom)2 is obtained which suggests 

that the constant A for any given detector may be given by 

A = 0.0012 V at/barn   (4.17) 

where V is the active volume of the detector. 

Another important conclusion which may be drawn from Table 15 

is that the calculated effective thickness of each detector was very 

close to the cubic root of its volume. Thus the effective thickness 

of any detector may be written in terms of the active volume of the 

detector as 

x = V1/3cm (4.18) 

Thus the equation given by equation (4.11) may be written in terms 

of the expression for A and x given by equations (4.17) and (4.18) 

E KL-exn(-0.044T.V1/3 + 0.0012 V.a exp(-0.8E)J 

(4.19) 

The relative efficiency values calculated by means of equation 

(4 19) are shown with small black circles in Figs. (9,10,11 and 13) 

for the four detectors respectively. Some typical calculated values 

are also shown in Table 16 for the four detectors used. These values 

are also compared with the experimentally obtained values. It is 

expected that equation (4.19) will be valid for the range from 200 

to 1500 KeV. The presence of absorbing layers in front of the Ge(Li) 
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Table 16 

Relative efficiency values for several Ge(Li) detectors 

Detector volume 
cm3

Photon energy 
(MeV) 

Experimental 
relat. effic. 

Calculated 
relat. effic. 

0.39 0.2 26.0±2.0 27.2 

0.3 8.6±0.4 9.0 

0.5 2.5±0.1 2.45 

0.8 0.87±0.05 0.88 

1.0 0.56±0.03 0.58 

1.2 0.39±0.03 0.41 

2.00 0.2 20.5±0.90 21.0 

0.3 8.0±0.30 8.1 

0.5 2.55±0.09 2.6 

0.8 1.10±0.05 1.09 

1.0 0.76±0.04 0.76 

1.2 0.56±0.02 0.55 

17.0 0.25 9.20±0.40 9.45 

0.30 7.20±0.40 7.26 

0.50 3.50±0.20 3.53 

0.80 1.90±0.10 1.91 

1.00 1.32±0.08 1.42 

1.20 1.02±0.08 1.10 

29.0 0.25 7.5±0.20 7.60 

0.30 6.0±0.20 6.00 

0.50 3.19±0.08 3.16 

0.70 2.10±0.07 2.10 

0.90 1.54±0.06 1.53 

1.20 1.08±0.05 1.03 
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crystals is expected to modify the efficiency of the detectors for 

photons energy lower than 200 KeV. For energies higher than the 

pair production threshold, deviations are expected from the values 

given by equation (4.19) since the effect of the pair production 

contribution is not included in equation (4.19). It is interesting 

to note here that in the present form of equation (4.19) the con-

tribution from the direct and the multiple Compton nrocess in the 

efficiency of a detector may be calculated separately. These con-

tributions are calculated and shown in Fig. (9) and (11) for the 

0.39 and 29 cm3 Ge(Li) detectors. As expected the contribution to 

the photopeak efficiency from the Compton effect is predominant in 

the large 29 cm3 detector while in the 0.39 cm3 detector the direct 

photoelectric effect contributed most to the observed efficiency. 

The 42 cm3 Ge(Li) detector described in section 4.1 was re-

ceived after the completion of the present work. The experimental 

relative efficiency curve for this detector is shown in Fig. (14). 

The values calculated from equation (4.19) are also shown in the 

same figure. In using equation (4.19) the value of 42 cm3 was sub-

stituted for V. Some calculated values are shown also in Table 17 

and are compared with the experimental values. The observed agree-

ment supports the validity of the proposed semi-empirical equation 

given by (4.19). 

It will be of interest if the equation given in (4.19) is checked 

for its validity with a variety of Ge(Li) detectors. Also the nature 
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Table 17 

Experimental and calculated relative efficiency values for the 

(42±1) cm3 ne(Li) detector 

Energy 
(MeV) 

Relative efficiency 
exp calculated 

0.2 10.5±0.2 10.0 

0.25 7.8±3.2 7.36 

0.30 6.1±0.2 5.93 

0.40 4.3±0.1 4.18 

0.50 3.25±0.08 3.25 

0.60 2.60±0.07 2.65 

0.70 2.13±0.07 2.20 

0.80 1.80±0.06 1.90 

0.90 1.55±0.06 1.62 

1.00 1.36±0.06 1.44 

1.10 1.23±0.05 1.25 

1.20 1.08±0.04 1.09 
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experimental data. 
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of the constants A and B may be investigated more accurately under 
V 

several geometries, especially with the help of collimated photon 

beams. 

Finally the importance of the constant K which appears in equa-

tion (4.19) is briefly discussed. As equation (4.13) indicates the 

values c/K derived correspond to 

ticular detector at the energy E 

The absolute efficiency for 

the absolute efficiency of the par-

of the incomin76, photons. 

the 0.39 cm3 Ge(Li) detector has 

been measured by using a 22Na source at 11 KeV. Many measurements 

have been carried out and the results indicated that the absolute 

efficiency of this detector at 511 KeV is (1.2±-0.3)x10-2. The value 

s/K obtained from Tables 15 and 16 for the 0.39 cm3 detector is 

1.6x10-2 in fair agreement with the experimental value. 

For the 29 cm3 Ge(Li) detector the experimental absolute effi-

ciency for the 22Na 511 KeV photons was found to be (10±.1)x10-2. 

The value E/K obtained using the data of Table 15 and 16 is 28x10-2

almost three times larger than the experimental value. This discre-

pancy be explained by simple geometric considerations. 

The two cases illustrated in Fig. (15) are considered. Photons 

are entering the two detectors A and B respectively. In both cases 

photons entering the crystal within the solid angle 02 have a larger 

probability of interacting with the crystal than through the funnel 

0, - 02 simply because their path length in the material is larger. 

Assuming that 0, is chosen as the appropriate experimental solid angle 
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sustained by the source and the detector instead of the angle 01, the 

experimental absolute efficiency of the 29 cm3 Ge(Li) detector becomes 

(22±3)x10-2 at 511 KeV in fair agreement with the calculated value of 

28x10-2. In the case of the small detector (Fig. (17B)) 01 t 02 and 

no serious discrepancy is observed between experimental and calculated 

values. 

4.3. Energy calibration 

The energy calibration of the spectra observed with the Ge(Li) 

detectors are performed with a variety of standard sources with peaks 

of well known energy. In Chapter 5 where the details of the experimental 

work are given, the energy calibration procedure is discussed in more 

detail for each case of interest. 

4.4. The neutron generator 

The Texas 9900 neutron 7enerator acquired recently by the USRC 

is designed specifically to ,:roduce high current beams of protons or 

deuterons. The fast neutrons are produced via the reactions 

and 

1 1H2 + 1H3 + n1 + 2He4 + 17.6 MeV 

1H2 + 
1H2 + n1 + 2He3 + 3.25 MeV 

(4.20) 

(4.21) 

In the case given by equation (4.20) momentum and energy conservation 

principles indicate that the energy of the released neutrons at zero 

angle to the beam direction is 14.7 MeV. 
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A detailed description of the design and the operation procedures 

of the neutron generator is given in ref. (34). 

The tritium targets used in the present work produce a total yield 

of 4x1010 neutrons per second. The target is separated from the sample 

to be irradiated by a cooling jacket with a thickness of approximately 

1.3 cm. If another 0.5 cm for the thickness of the irradiated sample is 

allowed, it can be easily found that the total neutron flux through the 

sample is approximately 109 n cm-2 sec-1. Larger tritium targets may 

also be used. These targets produce a yield of -1011n/sec. Such tar-

gets have not been used in the present work. If the cross section for 

a given reaction is a the activity produced by irradiating a sample of 

weight g in grams for a time t is given by 

R = A.o.f.g.F (4  22' 

where R=disint/second is the activity of the produced nuclei, A is 

Avogadro's number, W is the atomic weight of the irradiated sample, 

f is the abundance of the isotope of interest in the sample, F is the 

neutron flux and is the decay constant of the produced activity. 



5. EXPERIMENTAL WORK 

5.1. The decay of 75Se 

The 75Se nucleus decays with a half life of 120 days by electron 

capture to the excited states of 75As. In the past an extensive study 
(35-37) (38-40) 

of the decay of 75Se has been made using beta and gamma 

ray spectrometers. 

The main features of the 75Se decay are well established but some 
(35) 

particular points require further discussion. Grigoriev and Zolotavin 

observed a 24.4 KeV transition in the conversion electron spectrum of 

75Se. These workers deduced from their conversion electron spectra an 

intensity of 0.05±0.02 for the corresponding 24.4 KeV gamma transition 

(normalized to 100 for the intensity of the 264.6 KeV gamma ray). 
40) 

However Rao et al did not observe this transition in a search with 

a proportional counter, and they set an upper limit of 10-3 for the 

intensity of this transition. 
(35) 

In the past, Grigoriev and Zolotavin , as well as de Croes et 

(36) 
al reported a 80.8 KeV transition observed in the conversion elec-

tron spectra of 75Se. The intensity value of the corresponding gamma 

transition reported by these workers differs appreciably. Grigoriev 

(35) 
and Zolotavin report a value of 0.025±0.004 for the intensity of 

(36) 
this gamma transition, while de Croes et al report a value of 

(40) 
0.050±0.010. Rao et al have not observed this transition in their 

gamma ray spectra obtained with a Ge(Li) detector and they set an 

upper limit of 10-5 for the intensity of this transition. However, 
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(42) 
in a more recent work, Gasior et al have made a careful investi-

gation of the conversion electron spectrum of 75Se using a double, 

iron free toroidal beta spectrometer. Their measurements, which are 

supported by coincidence experiments, indicate that the 80.8 KeV 

transition exists. The intensity of the corresponding gamma transi-
(41 

tion is estimated to be 0.014±0.002. Recently a 373 KeV gamma 

ray with intensity 0.03±0.02 was deduced from gamma ray spectra but 

has not been observed by other workers. A 468 KeV transition was 
(35-42) 

suspected in the 75Se gamma ray spectrum but no direct obser-

vation of this transition is reported. Instead various upper limits 

for the intensity of this transition are set to about 8.10-3. 

The radioactive 75Se used in the present work was purchased from 

Amersham, England. Two sources were prepared from the stock solution 

about six months after receiving the material. The first source was 

made directly from the stock solution. The second was prepared after 

chemical purification of the remainder of the stock solution. In both 

cases two drops of the radioactive solution were deposited on an Al 

disk and dried under an infrared lamp. After drying, the sources were 

covered with a thin Mylar sheet. 

From the long counting periods required to investigate the ex-

tremely weak transitions occurring in the decay of 75Se above the 400 

KeV region, it was found that the chemical purification was not nec-

essary. 
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5.1.1. Single gamma ray spectroscopy 

The low energy gamma ray spectrum of 75Se was measured with 

the ORTEC 0.39 cm3 Ge(Li) detector. In these measurements the 

amplifier gain was set to record all gamma rays of energy less 

than 130 KeV. The source was placed on the axis of the detector 

at a distance of 5 cm from the front face. A typical spectrum 

including gamma rays up to 100 KeV is shown in -Pig. (16). For 

energy calibration 133Ba and 57Co sources were used. The two 
(35-42) 

prominent peaks at 66.0 and 96.7 KeV are well known gamma 

rays of 75Se. At about 11 KeV, the Ka and Ks X-ray peaks of 75As 

are observed. A peak at 24.4 KeV is observeC which should corres-

pond to the 24.4 KeV transition observed in the conversion electron 
(35) 

spectrum by Grigoriev and Zolotavin The deduced intensity 

for this transition is in good agreement with the value deduced by 
(35) 

Grigoriev and Zolotavin 

The energy and the relative intensity of these transitions, 

with respect to the 121.1 KeV transition are given in Table 18. To 

determine the intensity of these transitions three spectra have been 

recorded. For each spectrum the area under a photopeak has been de-

termined and normalized to the area under the 121.1 KeV photopeak. 

The corresponding area ratios obtained from the three spectra have 

been averaged and then corrected for the efficiency of the Ge(Li) 

detector used. The values obtained are presented in Table 18. 

The error in the estimation of the relative intensity is one standard 
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Table 18 

Energy and intensity of the low energy gamma rays in 75Se 

Energy in KeV Intensity 

K X-rays 326±7 

24.4±0.1 0.159±0.020 

66.0±0.1 6.2±0.2 

96.7±0.1 18.5±0.5 

121.1±0.1 100 



deviation of the average result. Since the final intensity values 

are normalized to the 264.4 KeV transition, all intensity data quoted 

in Table 18 are multiplied by the relative intensity of the 121.1 KeV 

gamma ray with respect to the 264 KeV transition as derived later, 

and then presented in Table 19. The 80.8 KeV transition did not 

appear at all in the single spectra. Instead the Ka and K$ X-rays 

of gold were observed at 67.0, 68.8, 78 and 80.1 KeV. Their presence 

is explained as fluorescence emission from the gold layer of the Be 

window of the X-ray spectrometer due to the presence of the strongly 

exciting 96.7, 121.1 and 136.0 KeV gamma rays of 75Se. The presence 

of the 80.1 KeV X-ray, and the Compton Peaks of the higher lying strong 

transitions which occur in the same energy region made the identifica-

tion of the 80.8 KeV gamma ray difficult because of the apparent weak-

ness of this transition. The spectrum of Fig. (16) suggests an upper 

limit of 0.06 - 0.10 for the intensity of this gamma ray. 

The 2 cc ORTEC ;e(Li) detector which has a good resolution in this 

energy region was also used. The spectrum obtained with this detector 

is shown in Fig. (17) in the energy region from 70 to 100 KeV. The 

spectrum is again badly distorted due to the high Compton peaks resul-

ting from the presence of the 96.7, 121.1 and 136 KeV gamma rays. De-

tection of the 81 KeV gamma ray was again prevented because of the dis-

tortion of the spectrum. An upper limit of 0.1 for the intensity of 

this transition may be derived from the data. 

The higher energy gamma ray spectrum of75Se was observed with the 
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29 cm3 CI detector. Figure (18) shows a typical spectrum of the 

energy region below the 400 KeV. Seven gamma rays are observed in 

this energy region. Their energies and intensities are listed in 

Table 19 and are compared with the results of other workers. The 

(41) 
gamma ray reported at 373 KeV has not been observed. An upper 

limit of 0.006 is indicated by the present data for the intensity of 

this transition. The procedure followed here to derive the inten-

sities of the various peaks is the same as that described previously 

for obtaining the intensity of the peaks of the lower energy region. 

During the investigation of the high energy region with the 29 

cm3 detector, a lead absorber of 1.15 cm thickness was used to reduce 

the summing effects of the lower energy gamma rays. This way chance 

summing peaks above the 400 KeV energy region were avoided. 

Due to the long counting periods required for this experiment, 

the internal zero level and gain stabilizer of the multichannel ana-

lyzer were used to avoid peak shifts. 

The spectrum obtained after a 48 hour counting period and total 

background radiation subtraction is shown in Fig. (19). The peaks at 

400.5, 419.3, 572.6 and 617.7 KeV are well known peaks of 75Se. A 

small peak observed at 468.6±0.4 KeV is believed to belong to 75Se. 

In Fig. (20) the spectrum obtained after a 48 hour counting period 

is shown for the energy region above the 400 KeV. Except for the three 

known 75Se transitions at 419.3, 572.6 and 617.7 KeV, the peaks observed 

were identified as impurities due to the presence of Th and Ra traces 
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Fig. 18. Gamma ray spectrum of 75Se obtained with the 29 cm3 Ge(Li) detector. (Energy region 
100-400 KeV, background has been subtracted.) 
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in the lead sheets used to shield the detector from the lower energy 

gamma rays. In Fig. (21), the same spectrum is shown after a 32 hour 

subtraction period. All the peaks which have been previously assigned 

to background activity are greatly reduced. The 463.0 KeV transition 

almost disappears while the 468.6 KeV peak has the same area ratio with 

respect to the 419.3 KeV transition. On these grounds the transition at 

468.6 KeV is assigned to the decay of 78Se. Ra and Th and daughter 

sources were used for energy calibration in this region. Intensities 

of the observed peaks were calculated from the relative areas under the 

photopeaks obtained from three different spectra. The areas under the 

photopeaks had been corrected for lead absorption using the Pb absorp-

tion coefficients obtained from ref. (43) and for the relative efficiency 

of the Ge(Li) detector. The energy and intensity values derived are 

listed in Table 19 and are compared with the results of other workers. 

The upper limit for any other transition above 600 KeV still unobserved 

is 0.001. 

5.1.2. Coincidence experiments 

The level structure of 75As is well known from previour, studies 

and coincidence experiments are not expected to yield any impressive 

new results. In the present work coincidence experiments have been 

carried out. In two of these experiments a careful search for the 

still unobserved 81 KeV transition has been made. In the third ex-

periment an attempt was made to establish the newly observed 24.4 

KeV transition. 
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Table 19 

Present work 

Energy (a) 

Energy and intensity of gamma rays in 75Se 
(40) (39) 

Edward and Galagher USSR Lab of Neutron Physics Rao et al 

in KeV Intensity Intensity Intensity 

K X-rays 90.3±2.6 94.0±2.4 

Intensity 

81±10 

24.4±0.1 

66.0±0.1 

0.044±0.006 

1.72±0.04 

<10-3

1.64±0.05 1.6±0.6 1.7±0.1 
(b) 

81.0±0.2 0.015±0.003 <10-5 <0.15 

96.7±0.1 5.12±0.10 5.33±0.16 5.6±0.2 5.7±0.2 

121.1±0.1 27.70±0.50 27.8±0.8 28.0±0.6 26.5±1.0 

136.0±0.1 95.00±1.80 94.9±2.0 95.5±1.8 91.8±2.0 

198.6±0.1 2.38±0.07 2.28±0.05 2.4±0.1 2.6±0.2 

264.6±0.1 100.0 100.0 100.0 100.0 

279.5±0.2 42.0±0.80 43.0±0.9 42.2±0.6 43.7±2.0 

303.8±0.2 2.19±0.07 2.39±0.05 2.29±0.14 2.25±0.1 

373.0 <0.006 0.3±0.22 

400.5±0.2 20.4±0.50 22.3±0.5 19.5±0.6 18.6±1.0 

419.0±0.3 0.023±0.002 0.0326±0.0060 
(c) 

468.6±0.4 0.001±0.0005 <0.008 

572.6±0.2 0.063±0.002 0.0636±0.0013 0.07 

617.7±0.2 0.0075±0.0002 0.0077±0002 0.01 
(a) Errors quoted are one standard deviation of the mean results 
(b) Value deduced from coincidence experiments 

. . 

(41) 



It is apparent from the singles spectroscopy experiments des-

cribed in the previous section that the inability to observe the 

weak 81 KeV transition of 75Se is mainly due to strong Compton peaks 

arising from the 121 and 136 KeV transitions which mask completely 

the transition under consideration. 

If a coincidence experiment is planned in such a way that the 

Compton peaks are suppressed while the 81 KeV transition is unaffected, 

then in principle it should be possible to observe this transition. 

To do that it is useful to have a closer look at the decay scheme of 

75Se shown in Fig. (25). For a long time it was established that the 

first excited state in 75As is the 198.6 KeV level which deexcites 

through the 198.6 KeV transition. This level is fed through two weak 

35-42) 
transitions at 419.3 and 66.0 KeV. If the 81 KeV transition 

(35-42) 
exists it may also feed this level . Thus, in a coincidence 

experiment in which a gate is set on the 198.6 KeV transition, it is 

expected that these three weak transitions will appear in the final 

coincidence spectrum. The 66 KeV transition, as it is shown in Fig.(25) 

is in cascade with the strong 136 KeV transition, through the 264.6 

KeV level. But since the branching ratio for the 66 KeV transition is 

very small, the contribution made by the 136 KeV transition in the coin-

cidence spectrum through this cascade is small and hence may lead to a 

very diminished Compton peak in the final spectrum. 

In the coincidence experiment, the 29 cm3 Ge(Li) detector and the 

0.39 cm3 Ge(Li) X-ray spectrometer were used. The 29 cm3 detector was 

used to gate the 198.6 KeV gamma ray while the coincidence spectrum was 
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observed with the X-ray spectrometer. The source was placed between 

the two detectors and at a distance of about 5 cm from each detector. 

The detectors were in a face to face geometry. No special precautions 

were taken in this experiment to avoid crystal to crystal scattering. 

The resolving time of the coincidence unit was set at about 120 ns. 

The ratio of true to chance coincidences was 10:1. The spectrum ob-

tained after 80 hours counting period is shown in Fig. (22). A peak 

is observed in the final spectrum, at 81.0±0.2 KeV which is probably 

the 80.9 KeV transition observed in the conversion electron spectra 

of 75As. After subtraction of the random events and the contribution 

due to Compton photons scattered in the gate, the intensity of this 

newly observed transition was determined by comparison with the area 

and intensity of the 66 KeV transition (see Appendix E). The value 

obtained for the intensity of the 81.0 KeV transition observed here is 

0.017±0.003 (relative to the 264 KeV transition(100)). This value 

compares favourably with the value of 0.014±0.002 obtained in the 
(42) 

conversion electron investigation of 75Se by Gasior et al 

Due to the long counting periods necessary for this experiment, 

precautions were taken with respect to the stability of the system. 

During the experiment, the gate and output of the X-ray spectrometer 

were monitored frequently against drifts with the aid of a 400 channel 

analyzer. No noticeable change was detected in both the gain and the 

zero level of the electronic system of the two detectors. The possi-

bility that the observed 81.0 KeV peak is due entirely or to a great 
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extent to 81.0 KeV Compton photons arising from crystal to crystal 

scattering of the 279.5 KeV gamma ray is considered to be very small 

due to the strong absorption of the 81 KeV quanta by the Ge(Li) crys-

tal. 

Nevertheless a second coincidence experiment was carried out to 

test the assumption made. In this experiment a lead absorber of 1 cm 

thickness with a 5 mm hole in diameter at the center was used to shield 

the front face of the 29 cm3 Ge(Li) detector. The source was centered 

at the hole facing the X-ray spectrometer which was set at a distance 

of about 3 cm from the source. The resulting counting rate was much 

lower than in the former experiment. During the long period necessary 

for this experiment precautions were also taken, similar to the ones 

described previously, to monitor probable shifts. The spectrum obtained 

after 160 hours of counting period is shown in -Pig. (23). The 81.0 KeV 

peak is again observed. The intensity of this transition as deduced from 

this experiment after the necessary corrections is 0.013±0.004, in agree-

ment with the value obtained previously. The average value of 

0.015±0.003 is adopted in this work for the intensity of this transi-

tion. This value is listed in Table 19. 

Finally in order to establish the newly observed 24.4 KeV transi-

tion, a new coincidence experiment was carried out. The gate was set 

at the 29 cm3 Ge(Li) detector on the 279.5 KeV peak. The coincidence 

spectrum was obtained with the X-ray spectrometer. The spectrum 

obtained after 48 hours of counting is shown in Fig. (24). The same 

spectrum indicates also that the 121.1 KeV transition is in strong 
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coincidence with the 279.5 KeV gamma ray. After the necessary 

corrections, the value for the intensity of the 24.4 KeV transi-

tion as obtained from this coincidence experiment is found to be 

0.045±0.008, in agreement with the value of 0.044±0.006 obtained 

from the singles spectra. 

5.1.3. Internal conversion coefficients 

The accurate intensity measurements of the transitions in 
75
As 

as obtained in this work may be used to obtain the internal conver-

sion coefficients of these transitions. 

From the definition of the electron K-conversion coefficient 

e 
ak = Ik 

Iy (5.1) 

the ratio of the electron intensity of two transitions may be obtained 

and is given by 

Ik(xl ) Iy(x1)0(k(xl) 

Ie(x2 ) Iy(x2)0‘k (x,) (5.2) 

The intensities of the conversion electron transitions in 75As were 
(35) 

obtained from the data of Grigoriev and Zolotavin Edwards and 
(39) (42) 

Gallagher and Gasior et al . The reported intensities were 

averaged out and the obtained values are given in. Table 20. The 

intensities listed in Table 20 are normalized to 100 for the inten-

sity of the 264 KeV transition. The K-conversion coefficient for the 
(35,36,39,42) 

264.6 KeV transition has been measured by several workers 
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Table 20 
(a) 

Internal conversion electron intensities 

Transition K L+M 
in KEv 

(b) (b) 
24.3 

66.05 

80.90 

1250±150 

72.3±1.0 
(c) 

4.0±0.5 

375±39 

1.6±0.4 

96.70 724±69 118±18 

121.1 174±17 21.3±3.4 

136.0 399±32 49.4±4.3 

198.6 7.36±0.41 0.86±0.04 

264.6 100.0 10.4±0.7 

279.6 52.5±2.3 6.5±0.2 

303.8 16.6±0.5 2.56±0.23 

400.7 3.71±0.04 0.433±0.011 
(c) (c) 

419.6 0.0066±0.0007 0.0013±0.0004 

572.5 0.0099±0.0009 
(c) 

618.0 0.00085±0.0009 

(a) Unless otherwise specified these are the average of the values reported 
in refs. (35,39,42). Errors quoted are one s.d. of the average. 

(b) = from ref. (35) 

(c) = from ref. (42) 
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The average value of (6.22±0.13)x10-3 of these measurements is used 

for the conversion coefficient of the 264.6 KeV transition. 

The K-conversion electron intensities listed in Table 20, the 

ak (264) = (6.22±0.13)x10-3 value and the gamma ray intensity mea-

surements of the present work listed in Table 19 are used in equa-

tion (5.2) to determine the K-conversion coefficients of the various 

75As transitions. The calculated values are listed in Table 21, and 

are compared with the results of other workers. In Table 22 the 
44) 

theoretical K-conversion coefficients for El, E2, Ml, and M2 tran-

sitions are also given. By comparing the calculated with the theore-

tical K-conversion coefficients, the possible multipolarities of the 

transitions are deduced and listed also in Table 22. 

The results obtained indicate the possible pure El character of 

the 121.1, 136 and 400.5 KeV transitions. The K-conversion coefficient 

for the 24.4 KeV transition indicates a pure M2 transition, while the 

coefficients for the 81 KeV and 303 KeV transitions indicate a pure E2 

and E3 character respectively. 

The experimental error of the K-conversion coefficient of the 

96.7 KeV transition does not allow a choice between an E2 and M2 char-

acter. On the grounds of other nuclear properties of the 400.5 KeV 

level which is deexcited partly through the 96.7 KeV transition, the 

M2 character for this transition may be ruled out, as shown in more 

detail later. 

The calculated multipolarities M1 + 0.2% E2 and M1 + 20.0% E2 
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Table 21 

K conversion coefficients of the transitions in 75As 

Transition 
in KeV 

24.4 

Experimental K conversion coefficient 
Grigoriev et a1(35) Edwards et al(39) M. Gasior et al(42) Present work 

178-1-31 

66.0 (3.0±0.3)x10-1 (3.6±0.5)x10-1 (2.66±0.10)x10-1 (2.63±0.1)x10-1

81.0 1.65i-0.35 

96.7 (7.6±0.5)x10-1 (8.1±0.7)x10-1 (8.3±0.2)x10-1 (8.8±1.0)x10-1

121.1 3.7x10-2 4.06x10-2 (3.0-±0.3)x10-2 (4.05±0.17)x10-2

136.0 9.5x10-2 2.4x10-2 (2.74-±0.10)x10-2 (2.86±0.11)x10-2

198.6 (1.8±0.2)x10-2 (1.8±.0.2)x10-2 (1.95±0.15)x10-2 (1.92±0.12)x10-2

264.6 (6.5±0.4)x10-3 (6.0±0.5)x10-3 (6.0±0.2)x10-3 (6.22±0.13)x10-3

279.5 (7.8±0.8)x10-3 (7.6±0.9)x10-3 (7.9±0.4)x10-3 (7.78±0.40)x10-3

303.8 (4.3±0.6)x10-2 (4.5170.6)x10-2 (4.3±0.4)x10-2 (4.72±0.23)x10-2

400.5 1.1x10-3 (1.1±0.1)x10-3 (1.05-±0.10)x10-3 (1.14±0.04)x10-3

419.3 (1,36-±0.15)x10-3 (1.79±0.36)x10-3

572.6 (1.9±1.3)x10-3 (1.0±0.1)x10-3 (1.00±0.10)x10-3

617.7 (6-±1)x10-4 (7.0±1.0)x10-4

(a) average of several avaiLable experimental values as listed in refs. (35,36,39,42) 

(a) 



Table 22 

Experimental and theoretical K conversion coefficients in 75As 
(a) 

Transition 
in KeV 

Present work Theoretical K conversion coefficient 
El Ml E2 M2 

Multipolarity 

24.4 178±31 4.0 4.5 80 168 M2 

66.0 (2.63±0.1)x10-1 2.25x10-1 2.5x10-1 3.1 3.9 Ml + 0.5% E2 

81.0 1.65±0.35 1.2x10-1 1.4x10-1 1.45 17.0 E2 

96.7 (8.8±1.0)x10-1 7.2x10-2 8.7x10-2 7.8x10-1 9.5x10-1 E2 

121.1 (4.05±0.17)x10-2 3.6x10-2 4.8x10-2 3.4x10-1 4.8x10-2 El 

136.0 (2.86±0.11)x10-2 2.6x10-2 3.5x10-2 El 

198.6 (1.92±0.12)x10-2 9x10-3 1.3x10-2 5.6x10-2 8x10-2 M1 + 14.5% E2 
(b) 

264.6 (6.22±0.13)x10-3 3.65x10-3 6.2x10-3 1.9x10-2 3.2x10-2 MI + 0.2% E2 

279.5 (7.78±0.40)x10-3 3.15x10-3 5.5x103 1.6x10-2 2.6x10-2 MI + 20% E2 

303.8 (4.72±0.23)x10-2 E3 

400.5 (1.14-10.04)x10-3 1.2x10-3 2.3x10-3 4.7x10-3 8.4x10-3 El 

41-3 (1.79±0.36)x10-3 1.05x10-3 2.05x10-3 4x10-3 7.1x10-3 MI + 5% E2 

572.6 (1.00±0.10)x10-3 4.5x10-4 1.02x10-3 1.52x10-3 3.0x10-3 Ml 

617.7 (7.0±1.0)x10-4 3.9x10-4 8.0x10-4 1.3x10-3 2.6x10-3 Ml 

(a) obtained from ref. (44) 

(b) average of several available experimental values as listed in refs.(35,39,42) 



for the 264.6 and 279.1 KeV transitions are in very good agreement 
45) 

with the recently reported values M1 + 0.2% E2 and Ml + (13.5±8.6)% E2 

obtained from angular correlation experiments. 

The present data further support a MI + 14.5% E2 multipolarity for 

the 198.6 KeV transition. The two weak transitions at 572.6 and 617.7 

KeV have a K-conversion coefficient compatible with an MI character. 

Finally the calculated conversion coefficient for the 419.3 KeV transi-

tion indicates an M1 character with a possible 5% maximum E2 admixture. 

The internal conversion coefficients may be calculated from the 

K ICC by employing the relation given by 

at = ak (K+L+M+

K 
(53)

The conversion intensity ratios 1(4-LI-M4--- were obtained either from 
K 

the experimental data of Table 20 or from the theoretical data of 

ref. (44). Wherever experimental data were used, the ratio included 

only L and M intensities. The influence of the omitted N,O... inten-

sities is expected to be of second order and of no importance for the 

present results. These ratios and the calculated total conversion 

coefficients are given in Table 23. 

5.1.4. The disintegration of 75Se 

The data obtained in this work are in good agreement with those of 

others. The decay scheme for 75Se, which is supported from the present 

data is shown in Fig. (25). The weak transition observed for the first 
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Table 23 

Conversion intensity ratios and internal conversion coefficients 

in 75As 

Transition K+L+M/K a
t 

in KeV 
(a) 

24.4 1.21 216±37 
(b) 

66.0 1.16 0.305±0.012 
(c) 

81.0 1.17 1.92±0.45 
(b) 

96.7 1.16 1.02±0.12 
(b) 

121.1 1.12 (4.36±0.45)x10-2
(b) 

136.0 1.12 (2.91±0.22)x10-2
(b) 

198.6 1.12 (2.14±0.13)x10-2
(b) 

264.6 1.10 (6.84±0.14)x10-3
(b) 

279.5 1.12 (8,71±0.45)x10-3
(b) 

303.8 1.16 (5.46±0.26)x10-2

(b) 
400.5 1.12 (1.28±0.05)x10-3

(d) 
419.3 1.10 (1.97±0.37)x10-3

(d) 
572.6 1.10 (1.10±0.11)x10-3

(d) 
617.7 1..10 (7.7±1.1)x10-3

(a) Theoretical value for an M2 transition. The only available 
experimental result is by Grigoriev et al(35)and is 1.43±0.30. 

(b) Experimental value obtained from Table 20. 

(c) Theoretical value obtained from ref.(44) for a pure E2 transition. 

(d) Theoretical value for Mi transition obtained from ref. (44). 



time in this work at 468.6 KeV is shown in Fig. (25) to deexcite 

a newly introduced level at 468.6 KeV. Data obtained by Schardt 
(46) (47) 

and Welker in the decay of 75Se and Robinson et al in 

coulomb excitation experiments support the existence in 75As 

of a 468.6 KeV level with a probable spin and parity assignment 

(1/2-). 

The 24.4 KeV transition observed in this work fits exactly 

between the 303.8 and 279.5 KeV levels. Finally the weak transi-

tion observed in the coincidence spectra with an energy of 81.0 

KeV fits exactly between the 279.5 and 198.6 KeV levels. Both 

these assignments are in agreement with the present coincidence 

data. 

The spin and parity of most of the observed levels in 75As 
(35-42) 

have been well established in the past . The 75As ground 
(15) 

state spin has been measured and found to be 3/2-. 

The multipolarities of transitions of energy less than 400 KeV 

as determined in Table 22 are consistent with the spin assignments 

shown in the decay scheme of Fig. (25). The 96.7 KeV transition 

proceeds from the 5/2+ 400 KeV level to the 303.8 KeV 9/2+ level and 

thus the suggested multipolarity for this transition is a mixture of 

E2 and M3. The K-conversion coefficient value obtained from Table 21 

for the 96.7 KeV transition suggests an E2 multipolarity. 

The 5/2- spin and parity assignment for the 572.6 KeV level 

(see Fig. (25)) is compatible with the MI character of this transition 

suggested by the data presented in Table 22. 
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The 617.7 KeV level is deexcited through the 419.6 KeV and 

617.7 KeV transitions. The data of Table 22 suggest an M1 and 

possibly some E2 admixture for the multipolarity of the 419.3 

KeV transition, which feeds the 1/2- 198.6 KeV level. This indi-

cates a spin change 0,1 between the 617.7 and 198.6 KeV level, 

suggesting 1/2-, 3/2- spin and parity assignment for the 617.7 

KeV level. The data of Table 22 suggest an M1 character for the 

617.7 KeV transition which is compatible with a (1/2-, 3/2-, 5/2-) 

spin and parity assignment of the 617.7 KeV level. Thus the 

possible spin and parity assignment for this level is either 1/2-

or 3/2-. 
(48) 

Recent data by Nagpal indicate transitions at 335.1, 415.0, 

419.9, 485.8, 528.5, 535.8, 543.03 and 556.6 KeV in the decay of 

75Se. None of the above transitions has been observed in the present 

work. Some of these peaks have been observed initially but they have 

been eliminated as soon as lead absorbers and the gain stabilizer were 

utilized. Thus it is concluded that the above mentioned peaks are a 

result of chance summing and instrumental drifting. Recently the 

(45) 
same conclusions have been independently reached by D. Raeside et al . 

The electron capture branching to the excited states of 75As 

has been calculated using the gamma ray intensities obtained in this 

work and the total conversion-conversion coefficients obtained from 

Table 23. 

The number of electron captures xi which lead to an 75As level 

xi may be calculated by the relationship given by 
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1 1X. E; E I L 1 + at(i)i .K E1 I [1 + at(i K • • • .(5.4) 

where Ii and I1 are the relative intensities of the transitions 

depopulating and populating a given level respectively. The con-

stant K transfoms the relative intensity I of a given transition 

to the absolute transition DK per 100 disintegrations of the 

parent nucleus. 

Here the constant K may be calculated from the known relative 

intensity of the K X-rays. If the K-capture probability to a level 

x of 75As is pi(x) and the fluorescence yield of the K X-rays of As 

is fk' then it can be 
easily established that 

100pifk + EI ak. .K.fk = Ix.K (5.5) 

The value pi(400) = 0.885 for the K-capture probability to the 
(40) 

400 KeV level of 75As has been measured by Rao et al . In this 

work this value is adopted for all K-captures leading to any of the 

other levels in As. The value of fk = 0.52 was obtained from ref.(15). 

Using the relative intensity and K conversion coefficients for the As 

transitions from Tables 19 and 21, equation (5.5) yields the value 

of K = 0.568±0.016. 

Equation (5.5) is thus used and the branching ratios to the 75As 

levels are calculated. The values obtained are listed in Table 24 and 

compared with the results of other workers. The data indicate a weak 

feeding of the ground state in 75As. Almost 90% of the transitions 

feed the 5/2+ 400.5 KeV level. Evidences of a weak feeding of the 1/2-
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Table 24 

75As level 
in KeV 

Electron capture branching ratios in 75Se 

Branch % Branch % Branch % 
This work Rao et USSR Lab of Neutron Phys 

(41) Logft 
(this work) 

0 (4.0±3.0) 5.8±1.8 <8 7.9 

198.6 0.07±0.05 0.05±0.04 <0.2 >9.2 

264.6 3.1±1.1 2.8±1.7 3.0 7.65 

279.5 2.3±0.9 4.9±0.8 2.0 7.75 

303.8 0.88±0.71 0.36±0.57 <2 >8.0 

400.5 89.6±3.0 86.1±2.0 94 6.0 

468.6 0.0007±0.0003 <0.005 >10.8 

572.6 0.036±0.001 0.035±0.001 0.06 9.0 

617.7 0.017±0.001 0.022±0.001 0.02 9.2 



198.6 KeV, and 303.8 KeV levels are also indicated. 

The branching ratios deduced in this work have been used to cal-

culate the logft values of the EC transitions from 75Se to the levels 

of 75As. The energy available for the EC is 865 KeV, a value obtained 

from ref. (15). The Moszkowski diagrams from ref.(15) were used to cal-

culate the logft values listed in Table 24. 

The spin and parity of the ground state of 
75
Se has been measured 

(15) 

and it was found to be 5/2+. The logft value of 6.0 for the transition 
(48) 

to the 5/2+ level in 75As is then consistent with an allowed transi-

tion. The logft values for the transitions to the 3/2- ground state, 

3/2- 264.4 and 5/2- 279.5 KeV levels are in good agreement with the 
(49) 

expected logft value of 7±1 for a first forbidden transition. 

The derived logft values for the transition leading to the 198.6 

KeV level in 75As are in good agreement with the expected value for a 

unique first forbidden transition. The derived logft value to the 468.6 

KeV level is somewhat larger than the expected value for a unique first 

forbidden transition suggested by the probable (1/2)- spin and parity 

assignments for this level, but is not unreasonable. The logft values 

to the 572.6 and 617.7 KeV levels are somewhat larger than the values 

suggested by a first forbidden transition indicated by the possible spin 

and parity assignments of thest levels, but again they cannot be con-

sidered as totally unreasonabl,. 

Finally the 9/2+ spin assignment for the 303.8 KeV level indicates 

that the transition leading to this As level may be a second forbidden 
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Table 25 

Absolute intensities of the 75As gamma rays 
(per hundred disintegrations of the parent nucleus) 

Energy in KeV 

K X-rays 

Intensity 

51.4±2.1 

24.4 0.025±0.003 

66.0 0.976±0.038 

81.0 0.0097±0.0002 

96.7 2.91±0.10 

121.1 15.62±0.53 

136.0 54.00±1.9 

198.6 1.36±0.05 

264.6 56.8±1.6 

279.5 23.9-10.8 

303.8 1.24±0.05 

400.5 11.6±0.4 

419.3 0.013±0.001 

468.6 0.0006±0.0003 

572.6 0.036±0.002 

617.7 0.0043±0.0002 



(49) 
transition with au expected logft 13. The derived logft 

value is about 8.0 but the large experimental error associated 

with the branching estimate indicates that the logft may be a 

few orders of magnitude larger. 

With the calculated value of the constant K, the absolute 

intensities of the 75Se gamma rays are estimated. The absolute 

intensities obtained are given in Table 25. 

5.1.5. Transition rates in 75As 

Recently the half lives of the 198.6, 264.6 and 280 KeV levels 
(50) (15) 

have been accurately measured . These data and the previously 

known half lives of the 400.5 and 303.8 KeV levels may provide useful 

information about the transition rates in 75As. 

Of special interest are the transition rates of M1 and E2 char-

acter occurring in 75As. The transition probability of a given gamma 

transition L deexciting a given level with a measured half life T1/2, 

is given by 

T(L) - 0.69 x  IL

T1/2 E + et(i.)] (5.6) 

where the various symbols are defined as in equation (5.4). 

With the known mixing ratio 62 of the L transition where (32 is 

given by 

62 
T(E2) 

T(M1) - 100-x 
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where x is the percentage of E2 admixture in the L transition, the 

partial transition probabilities for the corresponding M1 and E2 

members of the transition L may be obtained from the equations given 

by 

and 

62 
T(L)= 1+62 T(L) = 

3.00 
 T(L) 

(5.8) 

T(M1) -  1  T(L) - 1-x T(L)   (5.9) 
1+62 100 

The transition probabilities of the E2 and M2 transitions in 75As 

have been calculated with the above equations and the pertinent 

quantities obtained from Tables 19 and 21. The results are shown 

in Table 26. In the same table the single particle estimates for 

the corresponding M1 and E2 transitions are given. The single 

particle estimates T(L) are obtained from the equations given by 
(17) 

Moszkowski . For these equations the statistical factor S was 

set equal to 1. In the same table the ratio of the experimental 

to the single particle estimates of the transition probabilities 

of the E2 transitions is given (enhancement factor) as well as the 

ratio o:1 the single particle over the experimental transition pro-

babilities for the M1 transitions (retardation factor). 

The data of Table 26 indicate that the transition rates of the 

E2 transitions at 81, 96.7, 198.6 and 280 KeV are strongly enhanced, 

thus indicating the existence of strong collective effects. The small 

enhancement factor of the E2 264 KeV transition indicates a rather 
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Table 26 
(a) 

Transition rates of M1 and E2 gamma rays observed in 75As 

Transition 
E in KeV 

66 

62
Present work 

(5±5)x10-3

62 

Other sources 

T(M1)exp 
tr/sec 

1.05x109

T(M1)sp 
tr/sec 

8.3x109

T(M1)sp T(E2)exp 
tr/sec 

<<107

T(E2)sr 
tr/sec 

3.0x104

T(E2)exp 
T(M1)exp 

7.9 

T(E2)sp 

81 pure E2 9.3x105 8.2x104 11 

96.7 pure E2 1.2x107 2.0x105 60 
(b) 

198.6 (1.7±0.3)x10-1 1.9x10 -1 (6.6±1.2)x108 2.1x1011 318 (1.1±0.1)x108 6.9x106 16±2 

(c) 
264.6 (2±2)x10-3 .(2+29)x10-3

1.6 
6.1x1010 5.2x1011 8.5 1.2x108 3.0x107 4 

280.0 (2.5-0 .75)x10-1-0
(1.54.0-16)x10-1 

-0-06 
(2.0±0.3)x109 6.2x1011 310 (3.0±0.5)x108 4.0x107 7.5±1.5 

(a) The half lives of the levels have been obtained from ref. (15) and (50). 

(b) = from ref. (15) 

(c) = from ref. (45). 



small collective character of this level. 

The retardation factor for the 198.6 and 280 KeV levels is 

approximately 310, indicating again strong collective effects in the 

levels involved in these transitions. The retardation factor for 

the M1 66 and 264.6 KeV transitions is only about 8, indicating that 

these two transitions do not experience a strong influence of collec-

tive effects. The E2 component of the 264.6 KeV transition also ind-

icated a very small influence of collective effects. Both the 66 and 

264.6 KeV transitions deexcite the 264.6 KeV level. This level accor-

ding to the data of Table 26 may be considered to have a structure 

close to one given by a single particle picture and thus the influence 

of collective effects on the 264.6 KeV level, if any, may be considered 

small. 

The other transitions listed in Table 26 deexcite the 198.6,280 

and 400.5 KeV levels in 75As. All three levels may be considered as 

collective in nature due to the large observed enhancement and retar-

dation factors of the E2 and M1 transitions deexciting these levels. 

Thus the level structure of 75As may be well explained in the 

framework of the intermediate coupling model. This subject is dis-

cussed in full detail in Chapter 6. 

5.2. The decay of 78As 

78As decays with the emission of negatrons to the excited states 
(15) 

of 78Se with a half life of 90 minutes. The decay of 78As has been 
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(51) (52) 
studied in the past by Van Lieshout , Nemilov et al and 

(53) 
other workers with the help of NaI(T1) and plastic detectors. 

All the beta-decay data of 78As exhibit numerous discrepancies. 

With the exception of the well known levels at 614 and 1310 KeV in 

78Se, the previous studies of the decay of 78As offered little infor-

mation on the level structure of 78Se as compared with the information 
(53) 

available from (p,p'), (d,d') and (d,p) reactions 

In the present work radioactive 78As was produced by neutron acti-

vation of samples containing Br and Se. The 14 MeV neutron flux of the 

USRC neutron generator was used. In the case of Br the reaction 

81Br(n0)78As was used. The cross section value reported for this reac-
(54) 

tion is 14 mb. From Se the 78As activity is produced by the 

78Se(n,p)78As reaction. The cross section value reported for this 
(55) 

reaction is (22±2) mb. 

In both cases natural Br and Se were used in the form of spec, pure 

NaBr and Se02. Amounts up to six grams were used. A plastic vial con-

taining the sample to be activated was placed in front of the target of 

the neutron generator. 

The sample was receiving a neutron flux of 10nom-2 sec-1. Irra-

diating periods ranging from 30 to 80 minutes were used. The duration 

of the irradiation was determined mainly by the vacuum condition of the 

neutron generator assembly. After the end of the irradiation, the vial 

containing the produced radioactivity was transferred to the counting 

room and placed close to the front face of the 29 cm3 CI 0e(Li) detector. 

A lucite absorber in the form of a disk of 1 cm thickness was used. 
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This lucite disk was placed in contact with the detector completely 

covering its face, in order to absorb electrons of low energy, thus 

preventing possible distortion of the lower gamma ray spectrum. The 

radioactive source in most cases was in contact with the lucite disk. 

The pulses from the amplifier were fed into the biased amplifier. 

The settings of the amplifier were adjusted so that the desired part of 

the spectrum could be displayed in the 2048 channel analyzer by adjusting 

the bias level and the stretcher dials of the biased and stretcher amp-

lifier. When irradiated samples of SeO2 were used, two positions of 

the bias and stretcher dials were chosen so that the energy regions 

from 0 to 1.6 MeV and 1 MeV to 3.2 MeV could be displayed in the analyzer. 

In the case of the Br targets a somewhat similar procedure was followed. 

This choice of the energy settings reduces the resolution of the system 

somewhat but at the same time lowers the cost of the experiment by re-

ducing the number of necessary irradiations without affecting the relia-

bility of the results. The total resolution of the system was about 4.0 

KeV at 1332 KeV. In the Br irradiation experiments the main impurities 

detected were 80Br and 82Br with corresponding half lives of 4.4 and 

36 hours respectively. Both isotopes have a fairly well known decay 
(15) 

scheme . The most prominent peak of 80Br is the strong 617.0 KeV 

gamma ray which interferes with the 614.0 KeV prominent peak of 78As. 

For this reason it is difficult to normalize the intensity of the gamma 

rays of 78As directly to the 614.0 KeV transition in 78As, when 78As 

is produced via the 81Br(n,a)78As reaction. 
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In the Se irradiation experiments 81m'gSe, 77Ge, 73g-mSe and 

76As impurities are produced with half lives of 57 minutes, 18.5 

minutes, 11.3 hours, 42 minutes, 7 hours and 26.5 hours respectively. 

From the singles spectra obtained in these experiments it was found 

that the amounts of 77Ge and 76As were small, less than 10% of the 

produced 78As activity, one hour after the end of irradiation. Both 

of these activities are easily recognized because of their long half 

lives. From the other activities produced, the 81Se activity was the 
(56,57) 

most prominent. The well known half life and decay scheme of 

81Se simplified the identification of the components of this activity. 

The general procedure used in the present experiments was the 

identification of the peaks by half life measurements. For this pur-

pose the activated target was counted over periods of four to five 

half lives. The duration of each counting interval was longer than 

the preceding one, in order to accumulate a satisfactory number of 

counts under each photopeak. Half life measurements were systematic-

ally used when 78As activity was produced via the 78Se(n,p)78As 

reaction. The 81Br(n,a)78As reaction was used mainly to check the 

results obtained from the 78Se(n,p)78As reaction. 

5.2.1. Low energy single spectroscopy (<1 MeV) 

The spectrum obtained from the irradiated Se02 target for the 

energy region from 0.5 to 1 MeV after a 20 minute counting period is 

shown in Fig. (26). The peaks at 614.1 and 694.8 KeV are well known 
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transitions belonging to the decay of 78As. The counting rates of 

these photopeaks as a function of time are shown in Fig. (27). As 

shown in Fig. (27), the peaks at 545.7 and 687.2 KeV also follow 

the half life of 78As and they are assigned to the decay of 78As. 

The peaks at 538.8, 553.0, 567.0 and 650.6 KeV are assigned to 81Se 
(56,57) 

on the basis of their half life, energy and relative intensity 

The peaks at 559.6 and 657.5 KeV are assigned to the decay of 76As 

on the basis of their long half lives, energies and relative inten-
(15) 

sities 

The peak at 828.0 KeV appears to be a composite one. Since 81Se 
(56) 

activity is formed via the 82Se(n,2n) 81m,gSe reaction it is expected 

that a transition at 828.0 KeV will appear in the spectrum. The in-

tensity of the 828.0 KeV transition observed in the present spectra 
(15,56) 

is almost twice the reported intensity value for the 81Se 828.0 

KeV transition. The observed counting rate of this photopeak as a 

function of time is shown in Fig. (28). Since the relative intensities 
(56,57) 

of the 81Se gamma rays are well known , the contribution of the 

81Se in the observed composite 828.0 KeV photopeak may be easily found. 

The counting rate of the 81Se contribution in this photopeak is plotted 

versus time and yields a straight line with a slope corresponding to a 

half life value of 62 minutes, in good agreement with the expected value 

of 57 minutes. Subtracting this curve from the total decay curve obtained 

for the composite 828.0 KeV peak, a single decay curve is obtained with 

a slope corresponding to a half life value of 97 minutes(see Fig. (28)). 

3 



TI ME IN MINUTES 

Fig. 27. The decay curves of some 78As gamma rays. 
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The 97 minute component of the composite peak at 828.0 KeV is thus 

assigned to the 78As activity. The two weak transitions at 842.0 and 

889.3 KeV appear to follow the half life of 78As but the experimental 

error associated with their half life determination is large enough 

to prevent any definite assignment of these peaks. 

The singles spectrum obtained from the irradiation of a NaBr sample 

is shown in Fig. (29). Except for the well known transitions which be-

long to the decay of 82Br, 80Br and 78As, the transitions at 545.7, 

687.0 and 694.8 KeV previously assigned to the decay of 78As are observed 

and their respective relative intensities are the same as in the case 

of the Se target (see Table 27). The two transitions at 842.0 and 889.0 

KeV observed in the Se target are also observed in this spectrum. The 

relative intensity of these transitions as compared with the other 78As 

transitions is the same in the spectra shown in Figs. (26 and 27) (see 

Tables 27 and 28). This may be considered as supporting evidence for 

the assignment of these transitions to the decay of 78As. The 828.0 

KeV photopeak observed in the spectrum shown in Fig. (29) is also a 

composite one. The one component of this photopeak follows the decay 

of 78As while the other component is due to 82Br (T1/2 = 36 hours) impur-

ity. After subtraction of the small 82Br contribution, the counting 

rate of the remaining component of this composite photopeak is shown as 

a function of time in Fig. (27). The deduced half life for this compon-

ent again supports the assignment of this transition to the decay of 78As. 

Initially the intensities of the observed transitions in 78As were 
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calculated from the measured spectra in experiments involving Se 

and Br targets. However, the intensities obtained from the irradiated 

Se02 spectra indicated much better statistical accuracy. These spec-

tra were then used throughout this work for the determination of the 

adopted relative intensities of the transitions in 78As. The calcul-

ated energy and intensity values of the 78As gamma rays are listed 
(51 

in Table 28 and are compared with the results of VanLieshout 

The errors associated with the intensity values listed in Tables 27 

and 28 include the error in estimating the area under the photopeaks 

and the error of the relative efficiency values used. 

Energy calibrations were performed in two stages. Some prom-

inent transitions of 78As were first measured by using standard sources 

such as "Co, 22Na, Ra and daughters and Th and daughters. These cali-

brated peaks were then used for the subsequent calibration of the weaker 

transitions. Errors in the energy values listed in Tables 27 and 28 

include errors associated with the uncertainty in the position of the 

centroid of a photopeak, as well as the error associated with the chan-

nel to energy conversion factor. No other peak belonging to the decay 

of 78As, of energy less than 500 KeV, has been observed in the present 
51) 

work. The data reported by Leishout indicate transitions at 620, 700, 

and 830 KeV in 78As which may be considered to correspond to the respec-

tive 614.1, 694.8 and 828.0 KeV transitions observed in the present work. 

Their intensity values are comparable with those obtained in this work. 

The transitions at 545.7, 687.2, 842 and 889.3 KeV are reported for the 

first time. 
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The half life of 78As has also been measured by following the 

decay of the prominent 614.1 KeV photopeak. Computer analysis of 

the accumulated data indicated a half life value 'I% = (87±3) minutes, 

(15,53) 

in good agreement with the accepted value of T1/2 = 90 minutes. 

5.2.2. Intermediate energy region singles spectroscopy (1<MeV<E<2 MeV) 

Typical spectra obtained from the irradiated Se02 target, in the 

energy region up to 2 MeV are shown in Figs. (30 and 31). The decay 

of the most prominent peaks was followed by measuring the area under the 

photopeaks of three spectra taken in three time intervals. The results 

of these measurements are shown in Figs. (32 and 33). All the measured 

photopeaks in this energy region seem to follow quite accurately the 

decay of 78As. The weak photopeaks at 1199.0, 1228.0, 1440.4 and 1720.0 

KeV also seem to follow the decay of 78As but their assignment into the 

decay of 78As is by no means assured by the present data. The weak tran-

sitions at 1214.0 KeV shown with a question mark in the spectrum of Fig.(30) 

belong to a long lived activity. This peak probably corresponds to the 
(15) 

76As transition at 1214 KeV reported by other workers . The relative 

intensity of this photopeak with respect to the prominent 559.3 KeV 76As 

(15) 
transition is 10. All other 76As transitions have a relative inten-

(15) 

sity of less than 1 exept for a 1228.0 KeV transition with a reported 

relative intensity of 2.3. 

As a result, only a small interference is anticipated from the 1228.0 

KeV transition of the 76As impurity in this energy region. However, 
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Table 27 

0,amma rays observed in the decay of 78As produced via the 

81Br(n,a) 78As reaction 
(a) 

Energy in KeV 
(b) 

Rel. Intensity 

545.7 6.0±1.0 
687.2 2.4±0.6 
694.8 32.0±3.0 
828.0 16.0±3.0 
842.5 2.5±0.3 
887.0 4.0±0.8 
1074.0 3.5±0.6 
1144.7 3.6±0.6 
1199.0 2.0±0.04 
1228.0 1.0±0.3 
1240.5 12.0±1.8 
1308.8 22.7 
1372.5 8.0±2.5 
1381.0 0.9±0.4 
1440.4 0.7±0.4 
1529.5 4.5±1.0 
1714.5 4.0±1.0 
1720.0 2.0±0.3 
1791.0 1.8±0.4 
1838.0 3.0±0.6 
1893.0 1.1±0.2 
1921.0 3.0±0.4 
1996.0 2.8±0.4 
2067.5 2.0±0.5 
2183.0 0.5±0.2 
2218.3 1.5±0.5 

(a) Energy values listed here are obtained from Table 28. 

(b) normalized to 22.7 for the 1308.8 KeV transition 
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Table 28 

Gamma rays observed in the decay of 78As produced via the 

78Se(n,p)78 As reaction (Adopted values) 

Present work 

Energy in KeV Intensity 

(51) 

R. Van Leishout 

Energy in KeV Intensity 

545.7 ± 0.3 5.3 ± 0.3 
614.1 ± 0.1 100.0 620 100 

687.2 ± 0.8 2.5 ± 0.4 
694.8 ± 0.3 31.4 ± 0.9 700 37.5 

828.0 ± 0.6 15.0 ± 3.0 830 19.5 

842.5 ± 0.7 2.3 ± 0.6 
889.0 ± 1.5 3.6 ± 0.5 
1074.0 ± 0.4 3.8 ± 0.4 990 5.4 

1144.7 ± 0.3 3.1 ± 0.3 1100 7.15 

1199.0 ± 0.2 1.3 ± 0.3 
1228.0 ± 1.0 0.8 ± 0.2 

1240.5 ± 0,2 11.0 ±0.8 1210 11.0 

1308.8 ± 0.2 22.7 ± 1.0 1310 25.0 

1372.5 ± 0.4 9.0 ± 0.6 
1381.0 ± 2.0 1.2 ± 0.1 
1440.5 ± 0.7 0.75 ± 0.07 
1529.5 ± 1.0 5.0 ± 0.4 1490 5.4 

1714.5 ± 1.0 4.3 ± 0.5 1700 3.6 

1720.0 ± 2.0 0.9 ± 0.2 
1791.0 ± 1.0 2.1 ±0.2 

1838.0 ± 2.0 3.0 ± 0.4 1820 3.6 

1893.0 ± 1.5 1.2 ± 0.2 
1921.0 ± 1.0 3.8 ± 0.4 

1996.0 ± 1.0 3.0 ± 0.3 1940 3.6 

2067.5 ± 1.0 1.6 ± 0.1 2050 2.3 

2183.0 ± 1.5 0.6 ± 0.1 
2218.3 ± 1.5 1.6 ± 0.3 2240 2.3 

2683.5 ± 3.0 2.8 ± 0.3 2650 3.6 

2798.5 ± 3.0. 0.3 ± 0.1 
2843.5 ± 3.0

0) 
0.18 ± 0.08 

3103.5 ± 6.0 0.10 ± 0.05 

(a) This transition has not been assigned definitely to the decay of 78As. 
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the contribution of the 1228.0 KeV of 76As to the observed photopeak 

at 1228.0 KeV in the present spectra is found to be 20% (see Table 29). 

The photopeak at 1661.0 KeV shown in Fig. (31) belongs to the 

decay of 78As. It is a second escape peak arising from a strong photo-

peak observed at 2683.0 KeV, as discussed in the next section. The 

part of the observed spectrum in the energy region 1 - 1.3 MeV obtained 

by counting a NaBr irradiated target is shown in Fig. (34). The well 
(15) 

known transitions at 1043.0 and 1318.0 KeV of 82Br and the transi-
(15) 

tions at 1256.0 KeV belonging to the decay of 80Br are easily observed. 

The peak observed at 1368.5 KeV is due to 24Na contamination. 

The transitions observed in the spectrum of the SeO2 target, and 

assigned to the decay of 78As in the energy region under consideration 

are also observed in the spectrum of the NaBr target at 1074.0, 1145.0, 

1240.5, 1308.8, 1372.5 and 1381.0 KeV. Their relative intensity values 

with respect to the 1308.8 KeV transition are listed in Table 27 and 

they are in agreement with those obtained in the SeO2 target measure-

ments (Table 28). 

The 76As photopeak at 1214.0 KeV is also observed in this NaBr 

spectrum. The weak transitions at 1199.0 and 1228.0 KeV observed in 

the Se target spectra are also observed in the Br target spectra. The 

relative intensities of these two transitions with respect to the 1308.8 

KeV transition in 78As are in agreement with the corresponding data ob-

tained from the measurements of the SeO2 target, as indicated in Tables 

27 and 28. Thus these two weak transitions are assigned to the decay 

of 78As. 
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In Table 29 the corrections for the contribution of the 76As 

1228.0 KeV transition in both Se and Br targets spectra are shown. 

The spectrum of the NaBr target obtained in the energy region 

up to 2 MeV is shown in Fig. (35). The peak at 1473.0 KeV is a well 

known transition of the decay of 62Br. The peak at 1733.0 KeV is the 

double escape peak arising from the 2754.0 KeV transition of the 214Na 

contamination. All the transitions assigned to the decay of 78As on 

the basis of the results obtained from the analysis of the Se irra-

diated target are also observed here. The two weak transitions at 

1440.5 and 1720.0 KeV, observed in the Se0
2 target spectra, are observed 

in Fig. (35) with the same relative intensity with respect to the 

neighbouring 78As peaks. This correspondence supports the assign-

ment of these transitions to the decay of 78As. The relative intensi-

ties of the peaks observed in the spectrum of the NaBr target in the 

energy region from 1.3 to 2 MeV are also listed in Table 27. 
(51) 

The results obtained by V. Lieshout using NaI detectors 

indicate transitions in the energy region under investigation. at 990, 

1100, 1210, 1310, 1490, 1700, 1820, 1940 and 2050 KeV. These may 

correspond to the transitions observed in this work at 889.3,1074.0, 

1144.7, 1240.5, 1308.8, 1529.5, 1714.5, 1838, 1921.0, 1996.0 and 

2067.5 KeV respectively. The corresponding intensity values are in 

reasonable agreement with the present data at,, shown in Table 28. 



Table 29 

Contributions of the 1228.0 KeV 76As photopeak to the 

1228.0 KeV 78As photopeak 

a) in 78Se(n,p)78As spectra 

Energy in KeV Rel. Intensity 

76As 1214 1.0t0.2 

76As +78As 1228 1.0±0.2 
(a) 

76As 1228 0.2 

78As 1228 0.8±0.2 

b) in 81Br(n,a)78As snectra 

Energy in KeV Rel. Intensity 

76As 1214 1.8±0.3 

76As +78As 1228 1.4±0.3 
(a) 

76As 1228 0.4 

78As 1228 1.0t0.3 

(a) based on the value 1(1228) = 0.23 in 76As obtained from ref. ( 15). 
1(1214) 
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5.2.3. High energy region singles spectroscopy (E>2 MeV) 

The spectra of the irradiated Se02 target have been used to 

investigate the energy region from 2 to 3.2 MeV. The spectrum ob-

tained after a 90 minute counting period is shown in Fig. (36). 

Eight transitions were observed in this energy region with the most 

prominent one at (2683.5±3.0) KeV. This peak follows the half life 

of 78As, as shown in Fig. (33). The peak observed at (2218.3±1.5) 

KeV also follows the decay of 78As, and this is shown in Fig. (33). 

The peak at (2758.0±3.0) KeV was found to belong to a long lived 

activity and is probably due to traces of 24Na impurity. 

It is shown later (see section 5.2.5) that the peaks at 2798.5, 

2183.5 and 3103.5 KeV may be fitted exactly into the decay scheme 

and on this ground only are considered to belong to the decay of 78As. 

The gamma ray at (2843.5±3.0) KeV can also be fitted into the pro-

posed decay scheme, but the assignment of this transition to the de-

cay of 78As is somewhat doubtful. 

Finally, the peak observed at (2166±4.0) KeV cannot be accommo-

dated into the decay scheme and is omitted along with the 2758.0 KeV 

transition. The 2166.0 Key peak is probably the weak single escape 

peak of the (2683.5±3.0) KeV transition which is expected to appear 

at around (2672.5±3.0) KeV. The part of the spectrum which includes 

gamma transitions between 1.9 and 2.3 MeV, obtained by measuring the 

Br target, is shown in Fig. (37). The peaks assigned to 78As on the 

basis of the data of the Se02 target, namely the 2183.0 and 2218.3 
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KeV transitions, appear in the NaBr target spectra with the same 

relative intensity. The calculated energy and intensity of the 

transitions observed in this energy region are also listed in Table 
51) 

27. The results of V. Lieshout indicate two transitions in 

this energy region at 2240 and 2650 KeV, which should correspond 

to the 2218.3 and 2683.5 KeV transitions observed in the present 

study. 

5.2.4. Coincidence measurements 

The coincidence experiments were carried out by utilizing the 

29 cm3 Ge(Li) detector and a NaI(TO crystal. The Nal detector was 

used to gate the desired energy region, while the coincidence spectra 

were obtained with the 0e(Li) detector. The two detectors were placed 

into a face to face geometry, as close to each other as the plastic 

vial containing the irradiated target would permit. The resolving time 

of the coincidence unit was set at 60 ns. 

In these experiments the 78As activity was produced exclusively 

by irradiating Se02 targets. The resulting coincidence counting rate 

was rather low and in two of the three coincidence experiments described 

below it was found necessary to use two irradiations of the target for 

each experiment and to add the resulting coincidence spectra, in order 

to obtain better statistics. 

In a preliminary experiment, the gate on the NaI detector was cen-

tered at the 614.1 KeV 78As gamma ray. The width of the gate was 
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approximately 100 KeV. Thus, it is expected that the 545.7, 687.2 

and 694.2 KeV transitions in 78As, as well as the strong 614.1 KeV 

transition, will contribute partly to the gated energy region. The 

Ge(Li) detector pulses were displayed on the 2048 channel analyzer 

to cover the energy region from 100 to 700 KeV. The part of the 

resulting spectrum which includes events from 300 to 700 KeV is shown 

in Fir. (38). The transitions at 545.7, 614.1 and 694.8 KeV are 

show to be in strong coincidence with the gated region which includes 

the very same transitions, indicating that these transitions are some-

how in coincidence with each other. No other transition has been ob-

served with energy less than 540 KeV to be incoincidence with the gated 

energy region. 

The higher energy transitions which are in coincidence with the 

same gate have been measured in a separate experiment. With the help 

of the biased and stretcher amplifier the energy region from 0.8 to 

2.7 MeV as observed by the Ge(Li) detector 07as displayed in the analyzer. 

In this experiment, after the end of the counting period of the irradi-

ated target, the analyzer was stopped, the target was irradiated again 

and the counting was continued for about 5 hours. The obtained spectrum 

of the 78As transitions, which is in coincidence with the 545.7, 614.1, 

687.2 and 694.8 KeV transitions, is shown in Fig. (39) and (40). The 

spectrum of Fig. (39) indicates that all the transitions observed in 

the singles 78As spectra in the energy region from 800 to 1500 KeV are 

in coincidence with the transitions included in the gated region. The 
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intensity of the 1308.8 KeV transition is shown in Fig. (39) to 

be greatly reduced in comparison with the neighbouring peaks at 

1240.5 and 1372.5 KeV. This suggests that the 1308.8 KeV transi-

tion is not in coincidence with the strong 614.1 and 694.8 KeV 

transitions, but rather is in coincidence with either of the 

687.2 or 545.7 KeV transitions or both. 

In the same spectrum, the 1240.5 KeV transition appears in 

strong coincidence with the gated region, indicating that the tran-

sition is probably in coincidence with the 614.1 KeV transition. 

The part of the observed coincidence spectrum which includes transi-

tions of energy higher than 1.4 MeV is shown in Fig. (40). This spec-

trum indicates that most of the transitions observed in this energy 

region in the singles spectra are in coincidence with the transitions 

included in the gated region. The intense transition at 1996.0 KeV 

observed in the single spectra is not in coincidence with the gated 

region. This indicates that this transition is either a transition 

feeding directly the ground state or it is in coincidence with another 

transition which in turn feeds the 78Se ground state. Since no transi-

tion of intensity comparable to the 1996.0 KeV transition is missing 

in the observed coincidence spectrum exept the 1996.0 KeV transition 

itself, it may be concluded that the former case is the most probable. 

The relative intensity of the transitions observed in coincidence 

with the gated region (Figs. (39) and (40)), have been calculated and 

listed in Table 30. The intensities shown in Table 30 are normalized 
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Table 30 

Coincidence intensities of gamma rays in 78As 

(The gate includes the 614.1 KeV transition and part of the 
545.7, 687.2 and 694.8 KeV transitions.) 

Energy in KeV Relative coincidence 
intensity(a) 

(b) 
Ratio I coinc. 

I single 

828.0 11.7±0.7 0.78±0.05 
842.5 1.0±0.4 0.40±0.16 
889.3 4.0±0.4 1.1±0.1 
1074.0 2.4±0.5 0.63±0.13 
1144.7 2.4±0.5 0.76±0.13 
1199.0 <1.0 
1228.0 very weak 
1240.5 11.0 1.0 
1308.8 3.1±0.4 0.14±0.02 
1372.5 6.3±0.5 0.70±0.05 
1381.0 1.4±0.3 1.10±0.22 
1440.7 very weak 
1529.5 3.5±0.4 0.70±0.08 
1714.5 4.0±0.5 0.94±0.11 
1791.0 2.0±0.4 0.95±0.19 
1838.0 2.6±0.5 0.87±0.16 
1921.0 3.6±0.5 0.98±0.13 
2067.5 1.7±0.3 1.05±0.18 
2218.3 1.4±0.3 0.88±0.18 
2683.5 2.6±0.4 0.93±0.15 

(a) normalized to 11.0 for the 1240.5 Key transition 

(b) quoted error includes error in estimating the coincidence 
intensity only. 



with respect to the 1240.5 KeV transition which has an intensity 

of 11.0 relative to the 614.1 KeV transition (see Table 28). 

With the considerations concerning the coincidence intensity 

data discussed in Appendix E, some useful results may be obtained 

from the coincidence data shown in Table 30. The intensity and the 

I coinc ratios of the transitions at 889.0, 1381.0, 1714.5, 1921.0, 
I singles 

2067.5 and 2683.5 KeV, indicate that these transitions are directly 

feeding the same level as the 1240.5 KeV transition. Because of the 

strong intensity of this transition in the coincidence spectrum, it 

was assumed that it feeds the 014.1 KeV level of 78Se. Thus the above 

mentioned transitions may be in direct coincidence with the 614 KeV 

transition, although the possibility of coincidence due to the other 

transitions present in the gate cannot be excluded (see Appendix E). 
53 

Of these transitions the 694.8 KeV transition is known to deexcite 

the second level in 78Se at 1308.8 KeV level. From the intensity of 

the 694.8 and 1308.8 KeV transitions listed in Table 28, the value 

0.58 is found for the branching ratio of the 694.8 KeV transition. 

The other two weak transitions at 687.2 and 545.7 KeV should feed 

or deexcite levels above the 614.1 KeV level. At best they deexcite 

levels at 1159 and 1301 KeV with branching ratio 1, but their inten-

sity cannot account for but one or two of the transitions listed in 

Table 30, should these transitions feed these hypothetical 1159 and 

1301 KeV levels. 

For the remaining transitions, little information can be obtained 
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from Table 30. There are a few transitions which have the same 

ratio 0.70. If these transitions are in coincidence with the 614.1 

KeV transition through the 694.8 KeV transition, they should ex-

hibit a ratio of 0.58. However, since a part of the 694.8 KeV 

transition contributes in the gated region, some additional counts 

may be added in these peaks and thus their intensity might appear 

higher. 

The known width of the gate (-100 KeV) suggests that the 694.6 

KeV transition should contribute about 207 of its total intensity 

to the coincidence spectrum. This contribution will increase the 

apparent ratio of coincidence to single intensity for the transitions 

of interest from 0.58 to 0.70. Thus the gamma rays which exhibit this 

ratio in Table 30 may very well be in coincidence with the 614.1 KeV 

transition through the 694.8 KeV transition. However, a more compli-

cated structure (for example, contribution through several gamma rays 

present in the gate or transitions being indirectly in coincidence 

with the 614.1 KeV transition) may result in the very same ratio 0.7. 

To conclude these remarks, it may be noted that the two transitions 

at 1074.0 and 1144.7 KeV which have almost equal intensity in the 

singles spectra, as well as the 828.0, 1372.5 and 1529.5 KeV transi-

tions are probably also in coincidence with the 694.8 - 614.1 KeV 

cascade. All these transitions have a coincidence to single intensity 

ratio of about 0.7. The transition at 1308.8 KeV has a very low in-

tensity in the coincidence spectra. The observed intensity indicates 
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that probably both transitions at 545.11 and 687.2 in the gated 

region arein coincidence with the 1308.8 KeV transition. 

In order to obtain more information on the level structure 

of 78Se, one more coincidence experiment was carried out. In this 

experiment the gate on the NaI side was set to include the 1308.8 

and the 1372.5 KeV transitions. The gate was centered at around 

1340 KeV with a width of approximately 140 KeV. Thus except for 

the main contributions to the gated region from the two strong tran-

sitions at 1308.8 and 1372.5 KeV, contt tions are expected from the 

1240.5 KeV and 1381.0 KeV transitions. The Ge(Li) detector was set 

up to accept events extending from 0.5 to 2.1 MeV. The obtained spec-

trum is shown in Figs. (41) and (42). 

The first thing to be noted is the apparent equality of the in-

tensities of the 1308.8 and 1372.5 KeV transitions. Since these two 

transitions are the main contributors to the gating region, it is ex-

pected that they are in cascade. Since the 1308.8 KeV transition is 

(53) 
known to deexcite the 1308.8 KeV level, the 1372.5 KeV may feed 

this level directly. These two transitions may have the same inten-

sity in the coincidence spectrum, as indicated in equation (E-3). The 

intensities of the transitions observed in this coincidence experiment 

are listed in Table 31, and are normalized to the 1372.5 KeV transi-

tion (I = 9.0). 

As indicated in Table 31, the transitions at 545.7, 687.2, 828.0, 
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Table 31 

Coincidence intensities of gamma rays in 78As 

(The gate includes the 1308.8 KeV, 1372.5 KeV transitions and 
part of the 1240.5 and 1381.0 KeV transitions.) 

Energy in Key Relative coincidence 
Intensity(a) 

(b) 
Ratio I coinc. 

I single 

545.7 6.0±1.0 1.13±0.18 
614.1 37.5±5.5 0.375±0.055 
687.2 0.92-1-0.44 

694.8 14.0±2.5 0.45±0.08 

828.0 15.0±2.7 1.00-10.18 
842.0 1.3±0.6 0.5±0.3 

1074.0 3.0±0.9 0.78±0.21 

1140.4 2.6-10.9 0.83±0.20 
1308.8 10.0-11.7 0.49±0.07 

1372.5 9.0 1.0 

1529.5 6.0±1.5 1.2±0.3 

1838.0 3.6±0.9 

(a) normalized to 9 for the 1372.5 KeV transition 

(b) quoted error includes error in estimating the coincidence 

intensity only. 



1529.5 and 1838.0 KeV may be in coincidence with the 1308.8 KeV 

transition on the grounds of the same 
coinc

ratio. The 545.7 
single 

and 687.2 KeV transitions have also been found to be in coincidence 

with the 694.8 KeV transition, as previously discussed (see Table 30). 

Thus it is probable that both weak transitions feed the level at 

1308.8 KeV. The transitions at 1529.5 and 1838.0 KeV very likely 

feed the 1308.8 KeV level. This is supported by the previous dis-

cussion and the data shown in Table 31. The 694.8 KeV coincidence 

intensity and part of the 614.1 KeV as listed in Table 31, arises 

through coincidences of the 1372.5 KeV transition with these two 

transitions. 

5.2.5. Construction of the decay scheme of 78As 

There is no doubt that the well known 614.1 KeV transition deexcites 

the 614.1 KeV 2+ level in 78Se. The second vibrational state, which has 
(51-53) 

been observed at 1320 KeV, should correspond to the 1308.8 KeV 

level which is deexcited through the 1308.8 KeV transition proceeding 

between this level and the ground state of 78Se, and through the 694.8 

KeV transition which proceeds between the 1308.8 KeV and the 614.1 KeV 

levels. Both assignments are in agreement with the coincidence data 

discussed in section 5.2.4. 

The transition at 1240.5 KeV has been observed to be in strong coin-

cidence with the 614.1 KeV transition (see Table 30). If this transition 

then deexcites a level at 614.1 + 1240.5 = 1854.6 KeV, then it is possible 
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to place the 545.7 KeV transition between the 1854.6 KeV level 

and the 1308.8 KeV level. Such an accommodation is in good agree-

ment with the coincidence data presented in Tables 30 and 31, which 

suggest that the 545.7 KeV transition is in coincidence with the 1308.8 
(58-59) 

and 694.8 KeV transitions. In (d,p), (p,p') and (d,d') reactions 

a level at 1.88 MeV is reported, which may correspond to the level 

observed here at 1854.6 KeV. 

The 1996.0 KeV transition has not been observed in the coincidence 

spectra of this work (see section 5.2.4), suggesting that this transi-

tion directly feeds the 78Se ground state. Thus a 1996.0 KeV level 

may be introduced which in turn deexcites through the 1996.0 KeV tran-

sition. The observed 1381.0 and 687.2 KeV transitions then may be 

placed exactly between the 1996.0, 614.1 and the 1308.8 KeV level, res-

pectively. The placement of these transitions as indicated above is in 

excellent agreement with the coincidence data of this work. The data 

presented in Table 30 support a direct 1381.0 and 614.1 KeV cascade, 

while the data of Tables 30 and 31 support the coincidence of the 687.2 

KeV transition with the 1308.8 and 694.8 KeV transitions. A level at 
(59) 

2.03 MeV has been observed in (p,p') and (d,d') reactions and it 

may correspond to the 1996.0 KeV level introduced in this work. 

The strong coincidence observed between the 1372.5 and 1308.8 

KeV transitions indicates that the 1372.5 KeV transition may deexcite 

a level at (1372.5 1308.8) KeV = 2681.3 KeV. The difference in 

energy between this new level and the 614.1 KeV level is 2067.2 KeV. 
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The transition at 2067.5 KeV observed in the singles spectra was 

found to be in direct coincidence with the 614.1 KeV level (see 

Table 30). For this reason, this transition may be placed between 

the 2681.3 KeV and the 614.1 KeV level. The 827.0 KeV energy dif-

ference between the 614.1 KeV level and the previously introduced 

1854.6 KeV level, accommodates nicely the 828.0 KeV transition. The 

coincidence data of Table 30 and 31 indicate that this transition may 

be in coincidence with the 1308.8 or 694.8 transitions. However, the 

possibility that this transition is in coincidence with other transi-

tions (for example, the 1240.5 KeV transition) could not be excluded. 

Nevertheless, the assumption that the 828.0 KeV transition proceeds 

between the previously mentioned levels indicates that this transition 

is in coincidence with the 1240.5, 545.7, 1308.8, 694.8 and 614.1 KeV 

transitions. Application of the data presented in Tables 30 and 31 in 

equation (E-3) indicates a good agreement of the assumption made with 

the coincidence data. Finally, a transition observed in the singles 

spectra at (2683.5 ± 3.0) KeV can proceed between the 2683.5 KeV level 

and the ground state of 78Se. However, this is highly doubtful on the 

grounds that this transition has been observed in coincidence with the 

614.1 KeV transition (Table 30). This suggests the introduction of 

a level at 3296.0 KeV which deexcites to the 614.1 KeV level through 

the 2683.5 KeV transition. This level has been observed in both 
(58,59) 

(p,p') and (d,p) experiments at 3.36 and 3.33 MeV, respectively. 

Further support for the existence of this level may be the fitting of 

the observed transition at 1440.4 KeV between this level and the 1854.6 
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KeV level. 

In Table 30 it is indicated that the transition observed at 

889.0 KeV is in strong coincidence with the 614.1 KeV level. It is 

very tempting to interpret this transition as deexciting a level at 

(614.1 + 889.0) KeV = 1503.1 KeV. This interpretation is possible 
(58-59) 

because in (p,p'), (d,p) and (d,d') experiments a level at 

1.51 MeV has been observed. One can assume this level to be the 0+ 

or 4+ member of the 2 phonon group. Assuming then that the 889.0 

KeV transition deexcites the 1503.0 KeV level, the observed 1791.0 

KeV transition may be fitted between the previously introduced 3296.0 

KeV and the 1503.0 KeV levels. This is strongly supported by the 

coincidence data of Table 30, where the 889.0 KeV transition appears 

in strong coincidence with the 614.1 KeV transition. The transition 

at 1714.5 KeV, which is shown in Table 30 to be in strong coincidence 

with the 614.1 KeV transition, is assumed to deexcite a level at 

2328.6 KeV. A level at 2.33 or 2.36 MeV has been observed in all 

(58-59) 

(p,p'), (d,p) and (d,d') experiments 

The transition at 1529.5 KeV is shown in Table 31 to be in coin-

cidence with the 1308.8 KeV transition. If this is taken into account, 

a level may be introduced at 2838.3 KeV which deexcites through the 

1529.5 KeV transition. The observed weak 842.5 KeV transition may then 

be placed between this new level and the 1996.0 KeV level. The weak 

transition observed at (2843.5:L.3.0) may also be placed between this level 

and the ground state. The difference in energy between this transition 
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and the adopted value of 2838.3 KeV for the newly introduced level 

is higher than the experimental error involved. This fact makes the 

assignment of this very weak transition into the decay of 78As uncer-

tain. 

The coincidence data presented in Table 30 indicate that the 

1921.0 KeV transition may be in strong coincidence with the 614.1 

KeV level. The introduction of a (1921.0 + 614.1) KeV = 2535.0 KeV 

level, may accommodate the weak 1228.0 KeV transition between this 

new level and the 1308.8 KeV level. The two weak transitions which 

are observed,at 1893.0 and 1199.0 KeV have a difference in energy 

of (694.0±1.7) KeV. This consideration introduces a level at 2508.0 

KeV which in turn deexcites through the 1893.0 and 1199.0 KeV tran-

sitions, feeding the levels at 614.1 KeV and 1308.8 KeV, respectively. 

The very weak transitions observed in the singles spectra at 

3104.0 KeV may feed either the ground state of 78Se or the first 

excited state at 614.1 KeV. Any other combination with a state above• 

the 614.1 KeV level will lead to levels with energy higher than that 

(15,53) 
allowed by the Q = 4.1 MeV value . If the second case is 

accepted, a 3718.0 KeV level may then be introduced. This state may 

correspond to a level at 3.7 MeV observed in (d,p) reaction experi-

(58) 
ments The observed weak transition in the singles spectra at 

1720.0 KeV may then be placed between the 3718.0 and 1996.0 KeV levels. 

The two weak transitions at 2798.5 and 2183.5 KeV have an energy 

difference of (615±4.5) KeV. The 2183.5 KeV transition may be placed 
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between a new level at 2798.0 KeV and the 614.1 KeV level, while 

the 2798.5 KeV transition may feed the ground state of 78.Se 

The transition at 2218.3 KeV is observed to be in coincidence 

with either the 614.1 KeV or 694.8 KeV transition. The coincidence 

intensity suggests coincidence with the 694.8 KeV, but the error is 

too large for definite conclusions. If this transition is assumed to 

feed the 614.1 KeV level then it may deexcite a level at 2832.4 KeV. 

This is approximately 6 KeV lower than the 2838.3 KeV level introduced 

previously. If the 2218.3 KeV transition is assumed to feed the 1308.8 

KeV level, then a level is introduced at 3521.0 KeV. This choice is 

closer to the coincidence observation described previously. If it is 

assumed that the transition at 1074.0 KeV deexcites this new level and 

feeds a level at 2453.5 KeV, then in turn the 2453.5 KeV level may be 

deexcited through the observed 1144.7 KeV transition feeding the 1308.8 

KeV level. This assumption is supported by the coincidence data. 

These two transitions are observed to be in coincidence with the 1308.8 

KeV and 694.8 KeV transitions (see Tables 30 and 31). Furthermore, they 

exhibit comparable intensities (see Table 28). Here it should be noted 

that the deexcitation order of the 3528.0 KeV level may be inverted 

with the 1144.7 KeV level, deexciting first the 3528.0 KeV level and 

the 1074.0 KeV transition deexciting a 2383 KeV level. Both possibi-

lities are equally probable, and there is no way to decide which one 

is the most favourable. The existence of the 3528.0 KeV level is 

further supported by the observation of a 3.55 MeV level in (d,p) 
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(58) 
experiments . The transition observed at 1838.0 KeV may also 

deexcite the level at 2453.5 KeV introduced previously. But the 

coincidence data presented in Table 30 indicate that this transi-

tion is in coincidence with either the 614.1 or the 694.8 KeV 

transitions. The data of Table 31 indicate that this transition 

is in coincidence with the 1308.8 KeV level. For this reason only, 

the 1838.0 KeV transition is considered to deexcite a level at 

(1838.0 + 1308.8) KeV = 3146.8 KeV, rather than deexciting the 

2453.5 KeV level. In the final decay scheme shown in Fig. (43), 

the 2453.5 KeV level only is shown, instead of the equally probable 

2386 KeV level. The only reason for this choice is the remote 

possibility that the 1838.0 KeV transition deexcites this level. 

Finally, the last level introduced at 3147.0 KeV has been observed 

in both (p,p') and (d,p) experiments at 3.14 MeV. 

The levels of 78Se deduced in the present work (Fig. (43)) are 

shown in Fig. (44) in comparison with the results of (p,p'), (d,p) 

and (d,d') experiments as obtained from refs. (53,58,59). Using 

the intensity values listed in Table 28 for the gamma rays of 78As 
(15, 53) 

and the assumption that 25% of the transitions feed the 

78Se ground state, the feeding to the different levels of 78Se has 
(53) 

been calculated and are also shown in Fig. (43). Assuming that 

the Q value of 78As is 4.1 MeV and using the half life value of 87 

minutes for 78As, the logft values have been calculated from the 
(15) 

Moszkowski diagrams . These values are also shown in Fig. (43). 
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From the As systematics it is expected that the ground state of 

78As has a 2- spin assignment. The logft values of the transitions 

to the well known 2+ levels at 614.1 and 1308.8 KeV support this 

assignment. The calculated logft values are 7.7 and 7.6 respec-
(49) 

tively for these two levels, indicating a first forbidden 

transition which has typical values of 7±1. This in turn indi-

cates spin and parity changes of 0,1 yes. Thus, the 78As ground 

state spin is probably 2- or 1-. The logft value for the transi-
(53) 

tion to the 0+ 78Se ground state is 8.1. If the assumption of 

a 25% feeding of the 78Se ground state is accepted, a unique first 
(49) 

forbidden transition which has typical values of 8.5±0.5 is 

indicated. The resulting spin and parity changes are 2 yes, favour-

ing a 2- 78As ground state spin assignment. It is then reasonable 

to adopt a 2- assignment for the 78As ground state. 

The logft value for the transition to the 1503.0 KeV level is 

8.6, indicating a unique first forbidden transition. Thus, a spin 
(59) 

0+, 4+ is favoured for this level. The results of (d,p) experiments 

favour a 0
+ 

spin assignment. The logft value to the 1854.6 KeV level 
(58) 

favours a 0+ or 4+ assignment. Lin interpreting the results of 

(d,p) experiments assigned a 2+ or 3+ spin and parity for the observed 

1.88 MeV level. The level at 1996.0 KeV with a 7.9 logft value is 

probably a (1,2 or 3)+ level. The existence of the ground state 1996.0 

KeV transition excludes the 3+ assignment. Single particle estimates 

indicate that the 687.2 KeV transition is one multiple order lower 
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than the 1996.0 KeV transition. This supports a 2+ assignment for 

this level. Since the existence of two close lying 2+ levels is 

not very usual (but not impossible), a 3+ assignment for the 1854.6 

KeV level is strongly indicated. 

Beta transitions to the 2328.6 KeV level have a logft value of 
(58) 

7.6 indicating a (2,1,3)+ assignment. Data from (d,p) experiments 

suggest a (0+,2+) spin assignment. Thus, the most likely spin assign-

ment for this level is 2+. The three levels at 2453.5, 2508.0, 2535.0 

KeV have not been observed in (d,p) or (p,p') experiments. The logft 

values for the 2508.0 and 2535.0 KeV levels indicate a positive parity 

and spin assignment (1,2,3)+. The level at 2453.5 2386.0 KeV is 

very weakly fed or not fed at all. It may be a 0+, 4+ level. The 

level at 2681.5 KeV is strongly populated and the calculated logft 

value of 6.2 indicates an allowed or a first forbidden transition. 

Thus, from the (1,2,3)± spin and parity assignments, the 3- is the 

most likely. On the basis of 78Se systematics, a negative 3- octu-

pole vibrational state is expected to appear at this energy. In 

(d,p) and (d,d') as well as (p,p') experiments a 3- level is observed 

at around 2.56 MeV which probably corresponds to the 2681.5 KeV 

level observed in this work. The state at 2798.0 KeV is observed 
(59) 

in (p,p') experiments as a positive parity state, but has not 
(58) 

been observed in (d,p) experiments . The logft value of 7.5 

for the transitions to this level indicates a (1,2,3)+ spin and 

parity assignment. However, since the 2798.5 KeV transition 
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originating from this level feeds the ground state, the 3+ assign-

ment may be excluded. Thus, the probable assignment is (1+,2+). 

The level at 2838.3 KeV is observed in (p,p') experiments as a 

negative parity state. The logft value of 6.7 for this level indi-

cates a negative parity state, although positive parity cannot be 

excluded. A 2- spin assignment is not very improbable. 

The levels at 3148.0 and 3296.0 KeV have been observed in both 

(58,59) (59) 

(p,p') and (d,p) experiments In the (p,p') experiments 

these levels appear as negative parity levels, and in (d,p) experi-

(58) 
ments as (0,2)4'. The logft values obtained in this work are in 

favour of a negative parity assignment. 

Finally, the two levels at 3528.0 and 3718 KeV have been ob-

served in (d,p) experiments as positive and negative states, respec-

tively. The logft values in this work suggest negative parity assign-

ments for these states. The (2-,3-) assignments for the 3718 KeV 

(58) 
level by Lin are in agreement with the assignment suggested by the 

logft value obtained in this work. 

5.3. The decay of 92Y 

(15) 
The 92Y nucleus decays with a half life of 3.5 hours by electron 

emission to the excited states of 92Zr. The decay of 92Y has been 

(60) 
extensively studied by Bunker et al . These workers have separated 

92Y activities from 235U fission products and measured their gamma and 

beta ray spectra with the help of NaI(Tl) and plastic detectors. The 
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(60) 
proposed decay scheme of 92Zr by Bunker et al included six 

levels. The results obtained by these authors have been later 
(61) 

confirmed by (p,p') and (d,p) experiments . Very recent (p,p') 

(62,63) 
and (d,p) experiments revealed the existence of excited states 

(60) 
in 92Zr up to 5 MeV. Although the results of Bunker et al are 

consistent with the results of (d,p) and (p,p') experiments, it is 

tempting to investigate the beta decay of 92Y by means of a high 

resolution Ge(Li) detector. The need for such investigation is 

further supported by the lack of any work in the literature involving 

a Ge(Li) detector investigation of the decay of 92Y. 

The 92Y activity was produced via the 92Zr(n,p)92Y reaction 

using the 14 MeV neutron flux of the USRC neutron generator. A sample 

of 300 mg of isotopically enriched 92Zr was purchased from the Commer-

cial Products division of the Oak-Ridge Nat. Lab., Tenn., USA. The 

chemical analysis provided by the supplier indicated the following iso-

topic composition: 

92Zr(94.5%), 90zr(3%), 91Zr(1.3%), 94Zr(1.2%) and 96Zr(0.15%). 

(64) 
The cross section reported for the 92Zr(n,p)92Y reaction is 

(22±4) mb. This cross section value for the 92Zr(n,p)92Y reaction is 

used in equation (4.22)and the 92Zr activity expected to be produced 

after a 60 minute irradiation of the 92Zr sample is estimated to be 
(60) 

about 0.2 TIC. The results of Bunker et al indicate that 85% of the 

decay of 92Y feeds the 92Zr ground state. Taking this into account 

together with the low efficiency of the Ge(Li) detectors, one has no 
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difficulty in deciding that the expected counting rate for the gamma 

spectrum of 92Zr is very low. 

These considerations have been substantiated by preliminary ex-

periments where the counting rate was found to be low to allow a good 

statistical analysis of the weak 92Zr peaks. After the end of one 

irradiation, the sample was measured for a period of approximately one 

half life. After the end of this counting period, the analyzer was 

stopped and the obtained spectrum was punched on a tape. The sample 

was irradiated again, and the counting of the sample was continued after 

the end of this new irradiation. This procedure was repeated four times 

and the total counting period used was 23 hours. In this way about 

6x104 counts were obtained under the prominent 934.5 KeV peak of 92Zr. 

After the end of the counting period, the background radiation has 

been subtracted. 

Because of the presence of the 9°Zr and 92Zr isotopic impurities 

89mZr, 89gZr, 90mY and 87mSr activities are expected to be 

the gamma spectrum of the irradiated target. The expected 

were easily identified in the low energy gamma spectrum of 

present in 

contaminants 

the target. 

The single gamma spectra were obtained using the 29 cm8 Ge(Li) 

detector. The front face of the detector was covered with a lucite 

absorber of 1 cm thickness. The amplifier and the stretcher were set 

in such a way that the energy region from 0.3 to 2.3 MeV was displayed 

in the 2048 channel analyzer. The combined energy resolution was about 

4 KeV fwhm at 1.33 MeV. Energy and intensity calibration have been 
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made in the same way as described in the previous sections. 

5.3.1. Gamma ray singles spectra for E<1 4eV 

The spectrum obtained after the 23 hours counting period is 

shown in Fig. (45) for the energy region below 1 MeV. The back-

ground radiation has been subtracted from the spectrum shown in 

Fig. (45). Also in this spectrum part of the intense 909.5 KeV 

89Zr peak has been subtracted as is later discussed. In this sub-

traction process the irradiated sample was used after all the 92Y has 

decayed. The 89Zr activity has a relatively long half life (78 hours). 

In the spectrum of Fig. (45) the two peaks at 511.0 and 909.5 
(15) 

KeV are assigned to the 89Zr impurity. The peaks at 480.3 and 556.0 
(15) 

KeV are assigned to the 90mY and 91mY activity respectively. The 

90mY activity is produced via the 90Zr(n,p)90Y reaction while the 91mY 

activity is formed via the 91Zr(n,p)91Y reaction. The peak at 591.0 

KeV labelled with a question mark in the spectrum of Fig. (45) may well 

be the89mZr isomeric transition. The 89mZr isomer has a half life of 

about four minutes. The presence of the 89mZr in the spectrum is ex-

plained since the time between the end of each irradiation and the 

beginning of each counting period was less than 10 minutes. 

The peaks at 450.7, 492.0, 560.7, 844.0 and 934.5 Key cannot be 

assigned to any other isotopic impurity and are considered to belong 

to the decay of 92Y. The peaks observed here agree well with the results 
(60) 

of Bunker et al who report peaks at 448, 490, 560, 840 and 932 KeV 

- 204 - 



91 m 

556.0 

a-

U)

3 
o  0 

92 
Y 

450.7 

4-110 

90 m 

y480.3 1 
92 

l i) 89 Y 
r „ 2Y 

• 5Z110 56I " 

492.0i 

1 I 

89 m 
Zr ? 

5910 

•- ••••-•741

92 
92 

913.0 Y 
89Z 

934.5 

909.5 

92 

844.0 

1 
100 200 300 400 500 600 

CHANNEL NUMBER 

Fig. 45. Gamma ray spectrum of 92Y as observed with the 29 cm3 Ge(Li) detector. (Energy region: 

0.4-1.0 MeV.) 



in the same energy region. The energy and intensity values obtained 

in the present experiments are listed in Table 32 and are compared 
(60) 

with the data of Bunker et al . There is in general good agree-

ment in the reported energies and intensities. 
(60)" 

The data obtained by Bunker et al support the existence of 

a 900±10 KeV transition in this part of the spectrum. The deduction 
60) 

of this transition according to Bunker et al is based on coinci-

dence data. The 1:art of the spectrum which includes the 910 and 934 

KeV transitions as obtained after the 23 hours counting period (before 

any subtraction) is shown in Fig. (46A). 

The 89Zr 909.5 KeV peak is shown to be as intense as the 934.0 Key 

transition of 92Y. No 900 KeV transition is observed in this spectrum. 

Comparison of the 909.5 KeV peak with the neighbouring 934.5 KeV peak 

shows a broadening in the right foot of the 909.5 KeV peak. This obser-
(60) 

vation may be an indication that the peak observed by Bunker et al 

at 900±10 KeV exists but its energy is about 912 KeV. 

In an attempt to locate the position of this peak more precisely, 

the remaining 89Zr activity in the irradiated spectrum has been subtracted 

from the spectrum of Pig. (46A). The spectrum obtained after 15 hours 

of subtraction is shown in Fig. (46B). As can be seen in Fig. (46B), 
(60) 

the transition observed by Bunker et al is formed at 913.0±0.8 

KeV, provided no channel drifts occurred during the subtraction period. 

The intensity value obtained from this spectrum for this 913.0 KeV 

transition is (5.2±1.2) relative to the 934.5 KeV transition. In 
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Fig. (46C) the spectrum obtained after 18 hours subtraction period 

is shown. The 913.0 KeV peak is more clearly shown. Again the 

assumption is made that the subtraction was done properly, without 

channel drifts. The intensity values obtained for this transition 

from the spectrum shown in Fig.45are (5.0±1.0). The results of 
(60) 

this work support the data of Bunker et al for the existence of 

the (913±0.8) KeV transition. The intensity value of this transition 

may be taken as (5.1±1.1), i.e., the average of the two previously 

obtained values. 

5.3.2. Gamma ray singles spectra for E>1 MeV 

The part of the observed spectrum which includes transitions from 

1 to 1.5 MeV is shown in Fig. (47). Part of the background radiation 

has been subtracted. Except for the well known "Co and 40K peaks at 

1173.2, 1132.5 and 1460.0 KeV, which occur as background radiation, the 

strong peak at 1368.5 KeV is due to 24Na contamination. The strong 

transition at 1404.6 KeV and the weak transition observed at 1132.6 

KeV cannot be attributed to any background or contamination activity 

and they are assigned to the 92Y activity. The strong transition 

observed at 1404.6 KeV with an intensity of 32 with respect to the 

934.5 transition may correspond to the 1395 KeV transition observed 

by Bunker in the decay of 92Y with an intensity of 34. 
(60) 

The only transition observed by Bunker et al which is comparable 

to the presently observed 1132.6 KeV transition is the 1120±10 KeV 

transition. The intensity value of this transition as obtained by 
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Table 32 

Energy and intensity of gamma rays observed in the decay of 92Y 

Present work (b) 
Transition(a) Intensity
in KeV 

Bunker et al 
Transition 
in KeV 

(60) 

Intensity 

450.7±0.5 18.2±0.6 448±2 16.5±1.3 

492.0±1.0 3.4±0.3 490±10 3.3±0.4 

560.7±0.4 18.3±0.9 560±2 19.0±1.5 

844.0±0.4 10.7±0.7 840±10 8.0±1.0 

(c) 
913.0±0.7 5.8±1.0 900±10 6.0±0.7 

934.5±0.1 100.0 932±2 100.0 

1132.6±1.0 1.9±0.2 1120±10 1.7±0.2 

1404.6±0.3 32.0±0.7 1395±10 34±2 

1847.5±0.5 2.4±0.2 1830±10 2.8±0.3 

2067.0±3.0 0.3±0.10 2060±20 0.3±0.1 

(d) 
1877.0±2.0 0.5±0.2 

(d) 
2046.0±3.0 0.25±0.10 

(a) Errors quoted include uncertainty in the determination of the 

centroid position of the peaks as well as uncertainty in the channel 

to energy conversion factor. 

(b) Errors quoted include uncertainty in the determination of the 

areas of the photopeaks as well as uncertainty in the relative efficiency 

factor. 

(c) Average value obtained from singles and coincidence experiments. 

(d) This transition has not been established with certainty as belonging 

to the decay of 92Y. 
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