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Abstract

Low Temperature Nuclear Orientation (LTNO) is an important technique in the study of
nuclei far from stability. The theory of LTNO and its applications to the measurement of static
nuclear moments and other quantities of spectroscopic interest are reviewed.

Among the nuclei off the line of stability those in the A ~ 75 region are of considerable
interest, exhibiting large quadrupole deformations, triaxiality and shape coexistence. LTNO
measurements performed on neutron deficient bromine isotopes have yielded the static magnetic
dipole moments of the nuclei 729:72m,74m,75,76,77R; gpectroscopic information on 72~ 77Se and also
identified the ground state spin of "Br as 1/2~.

Existing odd A and odd-odd particle-rotor computer codes have been extended in order
to include a Variable Moment of Inertia (VMI) asymmetric rotational core. The formalism
necessary for this modification is developed.

The measured magnetic moments are interpreted within the framework of this particle -
VMI rotor model. It is shown that the systematic reduction in the moments of the odd A nuclei
75-81Br characterizes the transformation of the prolate ground state configuration from largely
7[301])3/2 in "®31Br to almost pure 7[312)3/2 in "®77Br. This trend is fully consistent with the
increase in deformation towards the lower masses suggested by the known electric quadrupole
moments. In contrast, the ground state spin of “>Br can only be interpreted in terms of an oblate
nuclear shape. This is the first evidence for the predicted prolate-oblate shape transition in the
bromine nuclei. In addition the magnetic moment of 74Br™, by identifying a 7[431]3/21{422]5/2
configuration, strongly suggests a positive parity assignment for the isomeric state.

Finally, an experiment to search for possible T-violation effects in nuclear gamma decay is
described. Using coincidence techniques, a measurement of the T-odd P-even quantity (I -k X
e)(I-k)(I-e) has lead to a limit on the T-violating phase angle between the E2 and M1 matrix

elements associated with the 604 keV gamma transition in 192Pt of siny = +11(12) x 10~3,
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Chapter 1

Low Temperature Nuclear Orientation

1.1 Introduction

The probability of emission of electromagnetic radiation depends, in general, on the angle
# between the expectation value (J) of the angular momentum vector of the radiating system
and the direction k in which the photons are observed with sharp linear momentum p = wk
and helicity 7.
For a source of radiation consisting of an ensemble of many radiating systems with their
J vectors randomly oriented, (J) = 0 and the radiation is isotropic in space. In order to ob-
serve an anisotropic radiation pattern the spatial distribution of the angular momentum vectors
must favour a definite direction, so that (J) # 0. The intensity and polarization properties of
the emitted radiation are then a function of the angles between the orientation axes and the
directions of observation k and the polarization P of the radiation.
If the polarization of radiation is not observed then by definition the directional distribution
W (k) of the radiation is measured. If the radiation is observed with a detector which is sensitive
to the polarization properties P of the radiation then the polarization distribution W(k,P) is
measured. The term angular distribution is used to refer to both.
Oriented ensembles of nuclei may be prepared by three different methods:
1. Extranuclear static and dynamic orientation. (Low temperature orientation, optical
pumping, radiofrequency methods).
2. Orientation by absorption of nuclear radiation of well defined direction and polarization.
(Nuclear reactions, Coulomb excitation).
3. Orientation by observing a preceeding emitted radiation in a well defined direction and
with well defined properties. (Angular correlations, nuclear cascade radiation).
In Low Temperature Nuclear Orientation (LTNO), which forms the main subject of this
work, orientation is achieved through the interaction of external fields with either the static

magnetic dipole moment or the static electric quadrupole moment of the nucleus. At very low
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temperatures the energetically lower states, m-states in the case of magnetic interactions, be-
come preferentially populated according to the Boltzmann distribution. Thus in thermodynamic
equilibrium various degrees of orientation are obtained depending on the relative magnitudes of
the energy splitting of the nuclear substates and the randomizing thermal energy, kT

The following sections will deal with how the angular distribution of gamma radiation is

related to the various nuclear properties of interest and to the orienting interaction.

1.2 The angular distribution of radiation from an oriented source

1.2.1 The description of mixed quantum states by density matrices

A physical system is in a pure state if every value of a complete set of commuting observ-
ables has been measured. There is then maximum information known about the state under
consideration which can thus be described uniquely by a complete set of quantum numbers.

An angular distribution measurement does not result in a complete knowledge of the in-
dividual nuclei nor the individual quanta, only ensemble averages are observed. The statistical
nature of the the ensemble is involved and maximum information is not available. The quantum
mechanical description of such mized states requires incoherent superpositions of pure quantum
states. Thus an ensemble cannot be described by state vectors, but is instead described by a
density matriz [,

Consider a pure state |¥), which by selecting a coordinate system in Hilbert space can be

described by its projections onto all coordinate axes. Choosing the complete orthonormal set

|¢) for this purpose, then

¥y = 16)(4]¥) (1.1)
¢

where the transformation brackets (¢|¥) are of course unitary. The expectation value of any

operator a in the state |¥) is therefore

(Tlal®) = D (¥]¢')(#'|alg)(g]¥). (1.2)

¢¢’
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A mixed state consisting of an ensemble of several independent nuclei must then be described
by an incoherent superposition of the possible pure states |¥,), weighted according to the
proportion of nuclei g(n) in those pure states. The expectation value of the operator a in such

a mixed state is therefore given by the weighted average of the expectation values (¥|a|¥)

N N
(a) = 3" 9(n)(¥nlal®y) /3" g(n). (1.3)

It is convenient to normalize the weights g(n) to unity

N
> g(n)=1. (1.4)

n=1

Substituting (1.2) into (1.3) and using (1.4) one can write

(@) = ) _($]¥a)g(n)(¥n|8')(¢'|alg) (1.5)

neég’

or alternatively

(@) = (Slpl¢')(¢'al) (1.6)

(14

where

N
(@lold") = (6|¥a)g(n)(¥nld'). (1.7)

The state of the ensemble is thus completely characterized by the density matriz p whereas the
matrix A, with elements (¢’|a|¢), depends only upon the operator a and the representation |¢).

With these definitions (1.6) may be rewritten in the form

(a) = Tr(pA). (1.8)

The density matrix can be considered as a representation of the density operator

N
Pop = Z [¥n)g(n)(¥al (1.9)
n=1

in the basis |¢). The density operator completely describes the state of the ensemble, be it

mixed (at least two g(n) > 0) or pure (only one non-zero g(n)).
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1.2.2 The statistical tensors

In angular distribution problems the symmetries of the ensemble with respect to rotations
are of interest and so it is natural to choose the basis states |¢) to be the eigenstates |gjm) of the
angular momentum operator J2 and its projection onto the z-axis, J,. The symbol p represents
the other quantum numbers needed to specify the states uniquely. The matrix elements of the

density operator in this representation are

ple1j10272) = (e1j1m1lple2jame) = Z(thml|‘I’n)g(n)(‘1’n|92j2m2>- (1.10)

n

The grand density matriz p(n) which describes an ensemble of nuclei 7 in all their possible
states 1s a square matrix with (2j; + 1)+ (2j2+ 1) + - - - rows and columns, where the j; are the
angular momenta of the different nuclear levels or of the different daughter nuclei and radiation
fields into which the nuclei  might decay. The density matrix p(j;j2) is just a (27; +1) x (2j2+1)
submatrix of this grand matrix.

The angular momentum states |jm) transform under a rotation of the quantization axis

from S(zyz) to S(ZYz) according to

lim)ys = lim)sDii(S — 5) (1.11)

where the D-matrices are defined in Brink and Satchler [2. The elements of the density matrix

transform under the same rotation according to

(hmilpljma)s = D Dip i, (S = S)(imulpliamz) s Dt (S = 5).  (112)

mimgy

Making use of the Clebsh-Gordan series of D-matrices (2] then

C ey ; . _1\ma—ins i J2 A
<nm1|p|nmz>s—m%olmnpmz)s( 1) (2A+1)(m1 Cma g

- (1.13)
x(‘h 72 i)D;g(s_,fs‘).

m; —-my; ¢
After multiplying both sides of this equation by the factor
o . . \
—1)2+Ma(2) 4 1)} (il 2 _)
(-1) @A+ {5 &, 7

and summing over T; and T, (keeping g fixed) one obtains, because of the orthogonality

relations of the 3-7 symbols,
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i1 ol o V= (— 1 }i2 2 i J2 1 A
;I:(Jlmllplhmz)g( 1)72+72(2) 4 1) (—% oy q>
(1.14)

2

q

Y (imalplizma) s(—1)72+™2(2) + 1) <_j1 )2 A) } Dy (S —5).

mo m
m 2 mp; g

The linear combinations of the elements of p(j;j2) enclosed in braces transform like spherical
tensors of rank A. Due to this simple transformation property it is more convenient to use

these linear combinations than the matrix elements themselves. Thus it is possible to define the

statistical tensors p;‘(jljg) to be

pz(m):Z<j1m1|p|jzmz>(-1>f2+"'2(2x+1)*(_j2 4 A)- (1.15)

ms m
mx 2 mi1 q

This represents the vector relationship A = J2 — J; and so the rank of the statistical tensor is

an integer in the range |j» — j1| to j2 + j1.

1.2.3 Oriented nuclear states

If the interacting fields that cause the orientation of the ensemble have an axis of cylindrical
symmetry, which in the case of LTNO is that defined by the direction of the external field, then

the density operator (1.9) may be expressed in the form

+1I
pop = D [Im)g(n)(Im| (1.16)

m=-1
where the eigenstates |Im) of the nuclear spin operator I, are defined with respect to the sym-
metry z-axis. The corresponding density matrix p(I) in the angular momentum representation

|I77) chosen with respect to some representation-coordinate system S is

(ITlp|Im'y = > _(Im|Im)g(m){Im|Im’). (1.17)

If one chooses S to be the symmetry frame defined by the external field then the density matrix

becomes diagonal

(Im|p|Im’) = g(m)bmm’ (1.18)

and the weighting factors g(m) are then simply the relative populations of the states |Im) in

the ensemble.
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An ordinary ensemble of nuclei with spin I at room temperature has in general no fixed
orientation axis in space, hence it must be invariant with respect to three dimensional rotations.

Thus the statistical tensors describing such an random ensemble must satisfy the relation

Dz qu DgD}(S —35) = ps(I)s (1.19)

for any rotation S — S. This is only possible if D* is the unit matrix (g =7 = A = 0) or if

pq’\(I ) vanishes. Hence the statistical tensor in this case is

pO(I) = (21 +1)"3 (1.20)

with corresponding density matrix

p(I) = (21 +1)"11 (1.21)

expressing the fact that the population is uniformly distributed amongst the various |Im) states.

When orientation is achieved, unequal populations of the |Im) states occur giving rise to
statistical tensors p;‘(I ) with A # 0. With the axis of cylindrical symmetry, the z-axis, defined by
the applied field it is required that the statistical tensors be invariant with respect to rotations

through an arbitary angle o about this axis. This rotation is represented by

D) (a,0,0) = e™*%3 (1.22)

and leads to the condition

pA(I) = qu(I)D**(aOO) pA(De=4 = pA(I). (1.23)

Since a is arbitary this equation implies that ¢ = § = 0. Thus with cylindrical symmetry
the statistical tensors can be uniquely described by the series of parameters, the orientation

parameters By(I) 131, where

I I A

-m m 0

By(I)= @I+ 1)ip)(I) = Z( )T+ (21 + 1)(2) + 1))? ( )g(m). (1.24)

The orientation parameters are normalized to unity: Bo(I) = 1.
The form of the interaction used in LTNO is now introduced explicitly. In principle this
could be either the interaction of the nuclear static quadrupole moment with an applied electric

field gradient or that of the static nuclear magnetic dipole moment with an applied magnetic
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field. In this thesis only the latter interaction is considered. Using the direction of the B-field

as the representation axis, the magnetic energy of the nuclear m-levels is

E(m)=-—m (1.25)

where p is the nuclear magnetic dipole moment. In accordance with the Boltzmann distribution

the populations in thermodynamic equilibrium are

g(m) = (m|p|m) = emﬁ/z e™P (1.26)

with

B
ﬁ_“__

= o= (1.27)

Hence the statistical tensors for this magnetically oriented ensemble are given by

m 0

-1
pS(I)=(2I+1)'%BA(I)={Eemﬂ} }:(—1)’+m(2,\+1)%(_fm I ")emﬁ. (1.28)

Figure 1.1 illustrates the temperature dependence of the orientation parameters.

1.6 L] Bl L] L] v | L] L] l L R L]

1.2 - —

B

o N O~ o
| |

Figure 1.1. The non-zero orientation parameters, Bj, for a magnetically orientated state of
spin 3 as a function of f = uB/I1kT.
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1.2.4 The efficiency matrices and tensors

The probability of finding a system described by the density matrix p in the state |¢n) is
seen from (1.6) to be given by

P(¢n) = (¢nlpldn)- (1.29)

Generally it is necessary to calculate this probability when the ensemble is observed by a mea-
suring device which responds to the different pure states with different efficiencies. In direct
analogy with the density matrix of the ensemble, such a detector must be described by a weighted
incoherent superposition of the pure state response characteristics. If the efficiency for detecting

the pure state |¢,) is denoted by €, then the result of a measurement with the ensemble 1n an

arbitary state is

W =3 eP(¢n) = ) enlnlplén) (1.30)

or

W = Tr(ep) (1.31)

where ¢ is the diagonal matrix with elements €,. By defining the efficiency operator

€op = D $n)e(n)(dnl (1.32)

so that the efficiency matrix is the efficiency operator represented in some convenient basis |m)

(mlelm’) = Y _(m|¢n)e(n)($nlm’) (1.33)

then it is possible to construct the efficiency tensor according to (1.15)

.. ; ) o ] ] A
XGujz) = O (imaleljama)(-1Y7* =(2A+1)‘=‘( 2 N ) (1.34)

—-mga m; g

With these definitions it can be shown [4] that the result of a measurement with a measuring
device characterized by efficiency tensor c;‘ (j1j2) on an ensemble represented by the statistical

tensor p; (j1j2) is given by

W= Z €2t (G241)py (d271)- (1.35)
Jijarg
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Often, as in the case of LTNO, measurements are only made on the emitted radiation
implying the existence of, but giving no information on, a final nuclear state. In such cases a
summation over the final unobserved states is performed and the measurement is represented
by the unit efficiency matrix. If these states have angular momentum j; then by analogy with

(1.20) the corresponding efficiency tensor is

€ (j1g2) = (251 + 1)38;,5,6x0640. (1.36)

Finally, the efficiency matrix for the detection of emitted electromagnetic radiation in he-

licity states |p7) is considered. Clearly the efficiency operator should be defined in the repre-

sentation |pk). Thus

€op = ) IPR)Q(x)(Pr] (1.37)

where Q(k) is the response of the detector to the plane wave state of pure polarization x = %1.

The efficiency matrix is therefore

(prlelp”) = > _(pTlpK)Q(k)(DPKIPT) (1.38)

L4

and so for a detector which responds only to either positive or negative helicity states

e(+) = ((1) g) or (=)= (8 g’) (1.39)

1.2.5 The time evolution of the final state density matrix

An ensemble of nuclei 7, which at the time ¢ = 0 is described by the density matrix
(Iim;|p|I;m!), will ultimately decay into a final nuclear state Iy by the emission of radiation
with a definite momentum p. This final state is represented by the final state density matrix
(priymylp|Iymipr’). This subsection will deal briefly with the derivation of this final state

matrix. Starting with the time dependent Schrodinger equation

.0
iz ¥) = H|Y) (1.40)

whose general solution may be written

[2(?)) = U(t,20)|¥(t0)) (1.41)
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where U(t,to) is the unitary time-evolution operator, then the time behaviour of the density

operator is given by

Pop(t) = ) _ U, 10)[ W0 (20))9(n) (W (t0)|U1 (2, 20) = U(t, 20)pep (t0)U1 (2, 1o). (1.42)
From (1.40) and (1.41) it is clear that U(,9) must also satisfy the Schrédinger equation

i—a%U(t,to) = HU(t,to). (1.43)

The total Hamiltonian of the system is

H = Hy+ Hin (1.44)

where Hj is that part of the Hamiltonian which gives rise to the stationary states and H;pn;

induces transitions between the eigenstates of Hy. Explicitly, for the case of electromagnetic

radiation (5!

Hip: = —/j(r’)A(r',t)dv'. (1.45)

Performing the unitary transformation to the Heisenberg representation leads to the operators

Hy(t) = e Hyppel =45 (1.46)
and
Un(t, to) = e, to)el~ 7. (1.47)

The expression corresponding to (1.43) in this representation may be solved to give to first order

t
Ua(t,to)=1—1di | Hg(t)dt'+---. (1.48)

to
Combining the second term in this expansion with the transformed analogue of (1.42) and using

first-order perturbation theory leads to

iHpt v imgt iHgt'
(pr[;mf Ip(t)lffm}p‘r') :(p‘rlfmf|e(—"}%°‘) {/ e(ﬁfg—)Ha‘nte(_—’?—)dt’}
t ’ (1.49)
iHge' iHpt! sHgt
x p(0) {/0 e(—ﬂL)Hfme(‘_HhL)dt’} e(’_nL)IIfm}pTI)‘
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The statevector

tHqgt

e(—ﬁL)IIfm}pT') = |Ifm’fpr')H (1.50)

is the time independent eigenvector of Hy in the Heisenberg representation. Since the initial

grand density matrix p(0) has only the elements (I;m;|p(0)|I;m}), then (1.49) can be written

(prIymylp(t)|Iymypr') =(PrIymy|Hine|Limi)(Limi|p(0)|Lim})

C o em, P2 (151)
x (T} H},, | Iy, pr) / it LRt gy

0

where the arguments of the exponential arise from the action of e(*5*) on (pr| and (Iym;| and
(- tHot) . . . . .

of e\=7%7) on |I;m;) respectively. In accordance with the conservation of energy the integral is

only appreciably different from zero if hw = hwo = E; — E. In the Heisenberg representation

the transition matrix elements of (1.51) are time independent

(pr1ymg | Hinel irms) = [ (1 5 i) A g ')

2 et
= B%(Ifmﬂ/j(r')e;e"’rh_dv'lIim,-)

. . . WEf-EJ), .
since the time dependence of j(r',t), namely e ™% — !, is exactly compensated by that of A(r,t),

(1.52)

namely e*“'. By integrating over w and multiplying by the density of states, the last term in
(1.51) results in a factor L3w32tdQ/(27)2. This is correct for values of ¢ much smaller than the
mean life time 1/),, where A, is the total transition probability. For times larger than this, ¢
should be replaced by the radioactive decay factor (1 — e~*+*)/A,. Thus the elements of the

final state density matrix are

-— _A"lt ipr!
oty | [ iwere 5 av'|tim)
2w Ay

x (Lol p(O)| i) (L] [ 50" )ere ¥ dv'|Tym)y).

(prIymy|p(t)|Iym;pr’) =
(1.53)

Introducing the absolute transition amplitudes y(wL,I; — I;) [ which are proportional to the
multipole expansions of (1.52) and again using the Clebsh-Gordan series for the product of two

D-matrices gives
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dQ

(prIymylp(co)llymypr) =o—— YO @L+1) Y [(eL+1)2L +1)E
T mim! LL'X
If L I,' If L Ii
x (22 +1) (mf M —m,—) (m} M’ —m:-) (1.54)

(3 e 2) (550 syt
< (1(BL) + v (ML) (BL) + 75" (ML) D} (ex — k)

for times Ayt ~ co. The diagonal elements of this final state density matrix expression give
the absolute probability that a photon with helicity 7 is emitted into the solid angle dQ2 in the
direction p from the initial state p(0) to form the final nuclear state [Iym;).

From this expression the final state statistical tensor p;,’ (Iy,p) may be constructed in
accordance with (1.15). This is a 2 x 2 matrix in the helicity space 7, whose four elements in

|Im) space are

1
ds2 . 1 [ 2L; +11\?2
(rloat (I, p)I7') = 3 DMEEA+ ) ( )
871y 21, +1

(22 2 ) D) ~ OB(ED) + (ML)

9 9 —4¢ (1.55)

(L L A)

r -7 .

x [y"(EL') + 7'y (ML')] ( ML )
1 -1 0)

where the F)"\ IA(LL'T 11;) are the generalized F-coefficients defined by

FY (LU L o) =(=1)F et (2l + 1)(2h + 1)L + 1)(2L +1)

L I L) (156
oA
x(2Ao+1)(2,\1+1)(2,\+1)]%(f Y 0> L L' I
MA Ao

If one of the oriented states I or I; is random, so that either Ag or A; is zero, then the generalized

F-coefficients reduce to the ordinary F-coefficients F)\(LL'I;Iy).
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1.2.6 The angular distribution of gamma radiation from LTNO sources

Into (1.55), which is perfectly general being derived only from the assumption of the in-
variance of interactions under three dimensional rotations, the conditions specific to nuclear
orientation problems are now introduced. Firstly, the statistical tensor of the initial state can
be replaced by the orientation parameters (1.24). Secondly, the final nuclear state is not
observed and so its efficiency tensor is given by (1.36). Only the radiation quanta are observed,
in the direction k using a detector described by the efficiency matrix €. Again it will be assumed
that the observed quanta are of electromagnetic origin, although the formalism applies also to

alpha and beta radiation. Thus using (1.35) the probability of detecting the photon is

W(k) =) (rlpd(I)I") (7 elm)(21; + 1)% (1.57)

where (7]pg(I;)|7’) is given by (1.55).
Considering the detection of circularly polarized radiation with helicity 7 by an ideal de-

tector with efficiency matrix (1.39), then 7 = 7’ and so

ds2
87

w(o,r) = > Y BA(L)PA(LL L L)

T AgLL’ (1.58)
X [Y(EL) + Ty(ML)][y*(EL") + 7" (M L')]Px(cos )

where use has been made of the fact that (2

D3 (9,6,0) = Py(cos8). (1.59)

The angles ¢,6 are the polar angles of the observation direction k with respect to coordinate
system zyz in which the initial state statistical tensor is represented. With the inclusion of the
parity selection rules for electromagnetic transitions: L + L’ even (odd) if both components are
electric or magnetic (one component electric while the other magnetic), the circular polarization

distribution is obtained as

w,r) = Z—?ZTAB,\(I;)AAPA(cOSG) (1.60)
A

where the angular distribution coefficients, Ay, are given by

A= Y BELLLy(rLy"(x'L) /Z ly(xL)J? (1.61)
Lx

LxL'xw!

with the normalization Ag = 1; and by definition
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Ay =Y (xL)l. (1.62)
Lx

For two mixed multipoles L and L' = L + 1 with amplitude mixing ratio 6 = y(7#'L+ 1)/y(wxL)

the angular distribution coefficients can be writtenr;\the form

Ay = {Fx(LLI; L) + 26F\(LL + 1I; ;) + 6* Fa(L + 1L + 11; I;)} /{1 + 6%} (1.63)

Figure 1.2 shows an example of the § dependence of the angular distribution coefficients.

6 T 1 1

1

Az(=6)

Az (+6)

- 9 1 i | |

0 2 4 6 8 1
62/ (1+ 62)

Figure 1.2. The non-zero angular distribution coefficients, Ay, as a function of é for gamma
radiation in a mixed 2 — 2 transition.

The directional distribution of gamma radiation is now obtained by summing (1.60) over both

helicity states which yields a factor of 2(0) if A is even (odd). Thus

W((}):% S Ba(L;)AxPa(cos ). (1.64)

A=even
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1.2.7 Unobserved intermediate radiations

Generally in LTNO measurements the detected gamma radiation quantum will be preceeded
by a cascade of unobserved intermediate radiation. In order to construct the final state statistical
tensor, the procedure outlined in subsection 1.2.5 must be performed in turn for each emitted
photon. Since only the last of these is observed it is necessary to integrate the final state
statistical tensor over solid angle for each unobserved quantum. In this way it can be shown
[4] that the final state statistical tensor p;‘:(In) that describes the ensemble after the emission

of an unobserved gamma radiation v, from an initial state pf,‘;_‘;(l,,_l) is obtained from the

relation

p;: (In) = UAn (7n)p;::1l (In—l)éAnAu—16ann-l (165)

where the de-orientation coefficients, Uy, have been introduced which are given by

Ur= Y UNLL DL /S h(r D)l (1.66)
Lx Lx
or in terms of 6
U = {U\(EL L) + 82UEL L+ 1)} /{1467 (1.67)

with the de-orientation factor defined by

Us(LIjL) = (~1) 4L [(of, 4 1)(20 + 1)) { rl 2} . (1.68)

The de-orientation factors are normalized to unity: Uy = 1. Hence, for a cascade of n unobserved

photons the final state statistical tensor is

paI) = Ur(1n)Ur(Yn=1) - - - Ur(11)p; (Io). (1.69)

In particular, the directional distribution of a gamma radiation 7,4, that is emitted from a

state I,,, formed by the emission of n unobserved quanta from an axially oriented state I, is

w(o) = Z B (Io)Ur(71)Ur(72) + - - Ur (1 ) Ax(Yn+1) Pa(cos 8)

A=even

= > Ba(Io)Us*°*% Ay Px(cos6).

A=even

(1.70)

where the solid angle factor has been dropped for simplicity. If several different cascades are

possible between the oriented level and the observed radiation then an effective de-orientation
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coefficient is obtained as the average of the U$%*¢%9¢ weighted by the appropriate branching
intensity (which should be normalized to unity).

The formalism of this subsection also applies without modification to alpha, beta and
electron capture decay. In the LTNO experiments to be described in this thesis, the gamma
cascade resulting in the observed photon is preceeded by the lepton quantum which initiates
the nuclear decay. In this case the term Ux(71) in (1.70) refers to the lepton field rather than
to the electromagnetic field. The appropriate leptonic de-orientation factor is calculated from
(1.66) with 4(L) understood to be the amplitude of the L*® multipole component in the lepton

field and L the total angular momentum carried away by both the electron and neutrino.

In as much as the observed directional distribution in LTNO is dependent upon nuclear
factors alone, (1.70) represents the final expression for its angular dependence and in principle
1s an infinite series. However the tensor nature of its coefficients, manifest in their dependance
upon the n-j symbols [2, imposes limitations upon its maximum rank A. By inspection these

can be seen to be:

Ba(Io) =0 if A> 2
Un(LLiI;)=0 if A>2L or A>2If (1.71)
AMLL'LI;)=0 if A>L+L or X>2IL.
Since the gamma transition probability greatly reduces as the multipole order increments, tran-

sitions with L > 2 are experimentally rare. Thus in the majority of cases and in the absence of

further selection rules the directional distribution series may be truncated to

W(0) =1+ ByUy Az Py(cos 6) + B4Us Ay Py(cos ) (1.72)

where use has been made of the fact that the zero rank coefficients are normalized to unity.
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1.3 Non-nuclear contributions to the angular distribution in LTNO

In the derivations of the previous section only the “nuclear” contributions to the angular
distribution have been considered explicitly. Attention will now be given to those aspects of the

LTNO system which might be termed “non-nuclear” in origin.

1.3.1 The solid angle correction factors

The directional distribution of (1.70) applies only to detection of nuclear radiation at a
single angle #. Owing to the finite solid angle subtended by the detector, the observed angular
distribution will differ somewhat from this ideal distribution expected for “point” detectors.
The proper interpretation of precision angular distribution measurements thus depends on the
accurate knowledge of this difference.

To perform this correction it is necessary to integrate (1.70), weighted by the detector
efficiency, over the subtended solid angle. Consider, therefore, the case of an axially symmetric
detector centered along the radius vector with polar angle 6. Using this radius vector as the
initial line the polar angles 8, such that § = 8o + # and Ap, such that the detector subtends a
right cone of semi-angle AJ at the origin, may be defined. In this co-ordinate system the useful

absorption of gamma radiation incident onto the detector is proportional to

{1 _ e-f(*r)r(ﬁ)} (1.73)

where 7(7) is the full energy absorption coefficient and z(8) is the path length through the

active volume of the detector.

The measured directional distribution will therefore be given by

[W(){1—e M=)} dQ

W)= [{1—e"m=®] dQ

(1.74)

Separating out the angular terms from this expression it is seen that the quantities of interest

are the integrals

I = / Py (cos(60 + B)) {1 - e_,(.,),,(p)} sin AdBds. (1.75)

Following the method of Rose (6] the spherical harmonic addition theorem

Py (cos(bo + B)) = Pr(cos bp)Py(cosB) + - - - (1.76)
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Figure 1.3. The dependence of the solid angle correction factors, @5, on gamma ray energy
for a Ge(Li) detector of typical dimensions at 8 cm from the source.

1s applied, where the ellipses indicate azimuthal terms. These do not contribute to the integration

over ¢ and so (1.75) reduces to

Ap
Iy = 27 P)(cos 00)/ Py (cos B) {1 - e"'(")”(ﬁ)} sin Bdg. (1.77)
0

Introducing the solid angle correction factors, @), defined by

I
Q)\P)\(COSGO) = I—z (1.78)

enables the corrected directional distribution (1.74) to be written in the form

W(6) =Y BAUrAxQaPx(cos bp). (1.79)
A

The evaluation of the integrals I, requires a knowledge of both the detector geometry and
the functional form of absorption coefficients 7(y). These are calculated from the theoretical
photoelectric, Compton and pair production cross sections of the detecting material using Monte
Carlo simulations [7. By this method, correction factors have been calculated by Yates [
for Na(I) detectors and by Camp and Van Lehn [®) and Krane [19] for Ge(Li) detectors. The
correction factors used in the present work are calculated using the method of Krane.

Typical dependences of the solid angle correction factors on gamma ray energy and detector

to source distance are illustrated in figures 1.3 and 1.4.
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Figure 1.4. The dependence of the solid angle correction factors, @, on source to detector

distance for a Ge(Li) detector of typical dimensions at a gamma ray energy of 500
keV.

1.3.2 The magnetic hyperfine interaction

In subsection 1.2.3 the orienting interaction was considered to be that between the static
nuclear magnetic (electric) moment with an externally applied magnetic field (electric field
gradient). In the magnetic case, the degree of nuclear orientation is determined largely by the
parameter 3 of (1.27). From (1.26) it can be seen that an appreciable alignment is characterized
by B ~ 1. For a nucleus with a gyromagnetic ratio of unity and taking 5 mK as a lower
limit to the continuously attainable temperature of the present generation of 3He - 4He dilution
refrigerators, then a magnetic field of at least 15 T would be required for successful orientation.
The attainment of such a high field whilst simultaneously maintaining low temperatures is not
readily achieved. Thus the “brute force” method, although simple in principle and applicable
to all types of nuclei, is not always practical.

Most of the successful orientation experiments have made use of the hyperfine interaction
in solids to avoid the need for such high values of Bapp/T. All experiments described in this
thesis have been performed on atomic nuclei implanted into a polycrystalline iron host. The
origins of the magnetic hyperfine field [} will now be briefly discussed.

Considering first the case of a free atom, an electronic current density J.dr at a point r in

a coordinate system centered at the nucleus will produce a magnetic field at the nucleus
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por xJ.
=ﬁ 5. (1.80)

B

Writing J.dT = vdg, where v is the velocity of the charge element dg and noting that the

electronic angular momentum is 1 = m.r x v, then for each electron :

By, = -2 2upli(r;’). (1.81)

Performing the summation over i, the contributions from closed subshells disappear and in the

LS coupling limit

Mo -
B = ——2upL(r; 3. (1.82)

Similarly the electron spin will also give rise to a magnetic field, but since there is now a finite
probability of electrons with non-zero spin existing at the nucleus it is necessary to consider
separately the contributions from electrons “inside” and “outside” of the nucleus. Electrons

outside the nucleus give rise to a simple dipole sum field

P ﬂO e I — Q- -3
B, = _EQS#B Z,_: [3(81 I)F — s;] (r.si ) (1~83)

while those inside give rise to the Fermi contact term, which can be written in the LS coupling

limit as

Ho 87

— 22— g, 1| (0)]%S. (1.84)

B
F 4r 3

I

In the solid state there are two mechanisms which give rise to such a contact field. In
a ferromagnet the s-d exchange interaction between the magnetic 3d-electrons and the s-like
conduction electrons removes the degeneracy of the sT and s! conduction bands. This
leads to a net surplus of spin-up electrons and consequently a “conduction electron polarization”

Fermi contact term of the form

8
Br = =225 (W] O)F - 9} (O)} S, (1.85)

Secondly, due to the overlap between the polarized conduction electrons of the magnetic host
with the inner s-electrons of the non-magnetic impurity, it is possible for filled orbitals with
spin parallel to the net spin to have a different density distribution from those same orbitals

with antiparallel spin. The result of such exchange correlation effects, which for example can
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be incorporated into Hartree-Fock calculations by relaxing the condition that the radial wave-
function is independent of the spin orientation, is that a closed s-subshell can exhibit a net spin
without losing its spherical symmetry. These core s-electrons then contribute to the hyperfine
field via an “exchange core polarization” contact term of the form (1.85). Such contact terms
are important for all systems with non-zero resultant spin. However their significance is greatest
for d-electron atoms for which in many cases the strong ligand field present in the lattice serves
to quench the orbital contribution. Further, in a system of cubic symmetry such as iron the
“outside” spin term vanishes.

These mechanisms give rise to the large magnetic fields, typically 10 — 1000 T for impurities
in an iron host, required at the nucleus. It only remains to apply a modest external field Bgpp
to polarize the host lattice and produce the axis of quantization. Fields of only ~ 0.7 T are
sufficient to almost completely (> 99%) align the domains in iron. Bgpp is subject to both
the Knight shift and demagnetizing corrections. The former is usually small (~ 1%), while the
latter is also small for a thin foil magnetized in its plane. Since also Bjyp > Bgyp, it 1s usually
adequate to neglect these effects and take the effective magnetic field at the nucleus to be simply
[Bhyp + Bapp|-

The hyperfine interaction experienced by an impurity atom is of course highly sensitive to
the nature of the surrounding lattice. It is not necessarily the case that the sites occupied by
impurity atoms in the host lattice are unique and so they will be subject to a range of different
hyperfine fields. An NMR experiment on oriented nuclei (NMR/ON) would in principle detect
separately all of these different interactions. A static LTNO experiment on the other hand detects
only the average hyperfine interaction for the system. If all the possible implantation lattice
sites are labelled 7, with associated magnetic hyperfine fields B;;yp and population probabilities

fi, then the observed directional distribution of gamma radiation in a static LTNO experiment

will be

W(8) =D _ fiBa(Biyp)Ur Ar Q@ Pa(cosb) (1.86)
¥

or in its truncated form

we)=1+3 f,—{Bz(B;;y,,)UzAzszz(cos 8) + 34(3;;yp)U4A4Q4P4(coso)} (1.87)

where use has been made of the fact that }_. f; = 1. These are the final forms of the directional

distribution expressions and will be used throughout this thesis.
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Finally the magnetic hyperfine anomaly is discussed. This does not influence the form of
the angular distribution formula, but is included here for the sake of completeness.

Once determined for one isotopic implant of a given element, the hyperfine field being atomic
in its nature should be the same for all other members of that isotopic chain which are implanted
under similar conditions. However, implicit in the Fermi contact term (1.84) and the lack of an
“Inside” orbital contribution is the assumption of a point nucleus. In reality the nucleus is an
extended body implying that (1.84) should be integrated over the nuclear volume and that an
“inside” orbital contribution should also be considered since electrons of non-zero orbital angular
momentum exist within the nucleus. This provides a nucleus dependent perturbation to the
hyperfine interaction energy —u - B, which can be considered as a nucleus dependent correction
to an otherwise atomic hyperfine field. The hyperfine anomaly is related to the fractional change
in the hyperfine interaction when the nuclear perturbation is “switched on” and typically being
only ~ 1% is neglected in this thesis. Therefore in chapter 4 it is assumed that the magnetic
hyperfine field as determined for one nucleus may be applied without correction to all other

nuclel in the same isotopic chain.

1.3.3 The nature of the lattice site occupation

Clearly, the interpretation of static LTNO data can only proceed once the parameters B,’;yp
and f; of (1.86) are known. In the bromine experiments described in chapter 4 samples were
prepared by implanting the radioactive nuclei emerging from an isotope separator at energies of
~ 60 keV into the iron host matrix. Monte Carlo simulations (12) show that the entrant nucleus
produces a series of primary lattice recoils which can go on to initiate independent subcascades.
The resulting vacancies and interstitials typically cover a volume of order (100lattice spacing)3.
The local temperatures produced in these cascades can reach 5000 K and last for about 10 ps
(23] quring which time a degree of self-annealing can occur. Frequently this leaves the implant
in an undamaged area of the lattice, with residual vacancies and interstitials several atomic
spacings away. Thus, provided that the implanted dose is not so great that the entire lattice
is significantly damaged, it can be expected that a fair proportion of the implanted nuclei will
come to rest in undamaged substitutional sites. This critical dose may be taken to be ~ 104
ions cm™2 or ~ 1 atomic percent. By comparison a typical LTNO dose is only ~ 0.001 — 0.1
atomic percent.

The actual fraction of nuclei which occupy substitutional sites and also the nature of any

alternative sites depends on their “solubility” in the host lattice. For “soluble” implants it is
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reasonable to make the simple assumption that the system contains only two sites, the substitu-
tional site with magnetic hyperfine field B,,; and associated population f and a second site with
zero field and population 1— f, corresponding to incompletely implanted activity on the surface
of the lattice. Experimentally this is generally found to be a satisfactory assumption with values
of f approaching 100%, especially where the lattice has been annealed after implantation. In

this regime the truncated directional distribution is simply

W@)=1+ f{Bz(Bsub)UzAzQ:sz(cose) + B4(Byut)Us AsQ4Py(cos a)}. (1.88)

For “insoluble” implants the situation is potentially very different. If the implanted ion
is much smaller than the host then the lattice will contract locally and will therefore trap
interstitials. In the reverse situation, implants will tend to accumulate vacancies. Thus, provided
that the enthalpy of solution is sufficient to bind the interstitials or vacancies, the favoured sites
will not necessarily be substitutional. This will be especially the case if the temperature is
above 140 K or 200 K, the temperatures at which interstitials and vacancies respectively achieve
full mobility in iron (4. Thus it is expected that the proportion of insoluble implants in
substitutional sites will be larger for cold implantation (< 4 K) than for room temperature
implantation. In general therefore, insoluble implantations will exhibit a substitutional site
and one or more sites associated with interstitials or vacancies, together with sites experiencing
small or zero net hyperfine fields. In this complicated regime it is necessary to retain the general
directional distribution expression (1.87).

This subject will be discussed further, with specific reference to bromine ions, in chapter 4.

1.4 Electric quadrupole orientation

In addition to the magnetic hyperfine field it is also possible to exploit the large electric
field gradients in solids to achieve orientation and hence a measurement of the nuclear electric
quadrupole moment (15, This can only be done in a host lattice of non-cubic symmetry
where the quadrupole interaction is non-vanishing. Also the requirement of a uniquely defined
direction for the electric field gradient necessitates the use of a single crystal host.

Since iron 1s a cubic lattice the electric interaction disappears for implants occupying substi-

tutional sites. For non-substitutional sites this symmetry is destroyed and a composite magnetic
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and electric interaction must be considered. In a polycrystalline lattice the contribution to the
total orientation arising from the electric quadrupole interaction is greatly reduced since the
principal axis of each microcrystal is randomly directed in space. Nevertheless, the integrated
effect of the individual electric interactions leads to an attenuation of the observed orientation
when compared to that expected from the magnetic interaction alone. The magnitude of this
attenuation depends upon the relative strengths of the magnetic and electric interactions as well
as the temperature and oriented spin 16,

With regard to the experiments described in this thesis, all were performed on nuclei im-
planted into polycrystalline iron foils. In the case of the bromine isotopes studied in chapter 4
this resulted in a significant proportion of nuclei (~ 30%) coming to rest in non-substitutional
lattice sites. However, the resulting electric quadrupole attenuations are expected to be small,
typically a few per cent. On the other hand, the iridium sample used in the time reversal
experiment discussed in chapter 8 was melted with iron leading to an almost complete occupa-
tion of substitutional sites. With full cubic symmetry thus maintained, the electric quadrupole
interaction vanishes completely.

Since the role of the electric quadrupole interaction is either small or non existent it is not

considered in this work.

1.5 Nuclear spin-lattice relaxation

To conclude this brief survey of the principles of LTNO the situation that arises when the
assumption of thermodynamic equilibrium fails will be considered. In such cases it is necessary to
include the time dependence of the approach to equilibrium into the calculation of the orientation
parameters 171, It will be assumed that the spin system is highly dilute so that impurities
are coupled only to the host lattice and mutual interactions within the nuclear spin system
are negligible. In this limit the nuclei relax independently and so cannot be described by a
temperature. If this relaxation proceeds via an exchange of energy with the degenerate Fermi gas
formed by the conduction electrons of the (metallic) host lattice then the spin-lattice interaction

is given by the Hamiltonian

1
HS—L = AI . S = AI;S; + §(S+I_. + S_I+) (189)
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where I is the nuclear spin operator and S the effective lattice spin operator which is related
to the orbital and spin operators of the conduction electrons. Transitions induced by the non-
diagonal elements link states differing by one unit in the magnetic quantum number. The

corresponding transition probabilities, derived from Fermi’s golden rule, are

_ AE [I(I4+1)—m(m+1)) 1.90
T 9kCy eAE/FT _ 1 (1.90)

Wm

and

AE
Whtim = Wimmsr + 55= [I(I + 1) — m(m + 1)]. (1.91)
2kCy,

Here AL is the magnetic substate energy splitting and Cj, the Korringa constant, is a system
dependent constant arising from the integral over electron states. Under the conditions that the
nuclear spin system is weakly coupled to the lattice and has a much smaller heat capacity, it
can be shown that the spin density matrix remains diagonal at all times [18]. These diagonal

elements, which correspond to the sublevel populations p,,, obey a gain-loss equation of the

form

dpm
T = 3 (Wamba = Winnpm) (1.92)

or in matrix notation

dp
= 1.
; Rp (1.93)

where p is a (2] + 1) dimensional column vector and R is the time dependent relaxation
matrix. Under the equivalence transformation D, where D,,, = bmne”Em/2¥T the matrix

RS = D™IRD becomes symmetric. Hence (1.93) is solved by the diagonalization of RS which

leads to

p(t) = DUKX'UID~1p(0) (1.94)

where U and K are the matrices of the eigenvectors and eigenvalues of RS respectively. Thus the
time evolution of the populations is a multi-exponential function which is completely determined
by the Korringa constant and the initial populations, pm(0).

Experimentally it is convenient to define a single effective time constant 7,;, to approximate

the time dependence of (1.94) such that
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Ba(t = 00) — By(0)] _
ln[ B2(o0) = Balrn) ] =1. (1.95)

The initial populations B;(0) could be either semi-oriented, if they were produced by decay from
an oriented precursor, or random. For the case of interest to the present work (see subsection
4.4.4) the parent state is produced directly by on-line implantation so that the latter assumption

is appropriate and B3(0) = 0. A simple empirical estimate for 7, can then be made from

Temp = Min(Thet, Tiar) (1.96)
where
4 C, 33 C
= e — d = - . 1'97
Thtl 3T an Titl (I+ %) ﬁT ( )

The labels htl and It refer to the high and low temperature limits, as determined by the
conditions § < 1 and B > 1 respectively. Apart from the region where the two limits overlap,
i.e. where 8 ~ 5/(2I+1), the agreement with 7, as deduced from an exact calculation of (1.94)

is good. This is illustrated in figure 1.5 for the case of spin 5.
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Figure 1.5. The ratio 7,y BT/ C. as a function of 3 for an oriented state of spin 5. The dashed
line represents T.p,,.
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Provided that the relaxation proceeds via electron-hole pair excitations and magnetic dipole
interactions (neglecting hyperfine anomalies) then it is possible to derive the scaling property
T

(Y)z Cy = constant (1.98)

for different isotopes of a given element in the same host. Thus C} values and hence relaxation
times may be estimated for a whole range of isotopes provided that at least one nucleus of the
same element has been measured.

The significance of relaxation in LTNO comes when the radioactive decay is considered.
If 7,;,, which can vary from 10~3 to 10 s for impurities in iron, is significant in comparison
with the nuclear lifetime then an appreciable number of nuclei decay from incompletely oriented
states. This results in a temperature dependent reduction of the observed angular distribution
anisotropy via an attenuation in the orientation parameters.

In the case of on-line LTNO the situation is further complicated by the steady stream of
incoming warm nuclei. Sublevel populations representing the relaxing and populating states
and allowances for the radioactive decay of the relaxing sublevels must then be included into
(1.93). On the assumption that N nuclei are implanted per second and that these are equally
distributed among the relaxing sublevels then the modified analogue of (1.92) may be written

as

In2 N

dpm
TARNCT Y

dt = Z (anpn - Wmnpm) - (199)

The sublevel populations will then attain secular equilibrium, given by the condition dp/dt = 0.
From this the sublevel populations and hence the orientation parameters may be deduced.
Figure 1.6 shows the ratio Bj(secular)/B;(equilibrium) as a function of 3 for a range of
t1 ,BT/ In2C} values. The latter expression is essentially a measure of the ratio of the nuclear
lifetime to the relaxation time. It is clear that for ty BT / In2Cy < 1, B3 /By(eq) — 0 since the
nuclei decay from the unrelaxed warm state, while for ts ﬂT/ In2Cy > 1, B3/Bz(eq) — 1 full

relaxation having occurred before decay.
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Figure 1.6. The ratio B,/Bs(eq) for a magnetically oriented state of spin 3 as a function
of B for a range of values of t i ﬂT/ In2C;. The dashed line represents By(eq),

normalized to its saturation value.
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Chapter 2

Experimental apparatus and techniques

2.1 Introduction

The experiments described in this thesis have been performed either off-line, at the Oxford
3He -%He dilution refrigerator used in conjunction with a PrNis; demagnetization stage, or at the
Daresbury On-Line Isotope Separator-Cryogenic On-Line Device (DOLIS-COLD). The design

and performance of these systems will now be outlined.

2.2 The 3He -*He dilution refrigerator

For cooling significantly below 0.3 K the only practical method available until the early
1970’s was adiabatic demagnetization of a suitable paramagnetic salt. This technique, however,
is basically a single cycle method of cooling; after demagnetization the cryostat begins to warm
up owing to the presence of heat leaks. For this reason the method is unsuitable for experiments
requiring reasonably continuous low temperature operation in the presence of power sources.

After 1965 the first prototypes of the 3He -*He dilution refrigerator were made operational
following the principles originally suggested by London et al. (1], These allowed the continuous

cooling denied to the demagnetization techniques.
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2.2.1 The 3He -*He cooling process

The operation of the 3He -*He dilution refrigerator relies on the special properties of the
3He -*He mixture at low temperatures. At temperatures below the tricritical point (0.86 K) this
mixture separates into two phases. One, the concentrated phase, is rich in 3He (99.997 % pure
at 0.1 K) while the other, the dilute phase, is rich in *He (7.0 % 3He at 0.1 K). The principal
of the dilution refrigerator depends on the fact that the proportion of ®He in the dilute phase
remains finite and rather large (6.4 %) even at absolute zero. Through the act of pumping on
the dilute phase, 3He is preferentially removed by virtue of its higher vapour pressure. In order
to maintain the 3He -4He equilibrium concentration, 3He is drawn across the phase boundary
from the concentrated phase. At temperatures below 0.5 K, *He is effectively a Bose-Einstein
condensate and is both thermally and hydrodynamically inert, while ®He can be regarded as
a normal Fermi-Dirac liquid. This process can therefore be considered as the “evaporation” of
3He atoms from the concentrated phase into the “vacuum” provided by the dilute phase, thus
leading to cooling.

A full discussion of the properties of 3He -*He mixtures is given by Lounasmaa [2.

2.2.2 The dilution refrigerator design

A schematic view of the main features of a conventional ®He -*He dilution unit is shown
in figure 2.1. In stable operation, the concentrated-dilute phase boundary lies in the mizing
chamber which is the coldest part of the refrigerator. The lower half of the mixing chamber,
which contains the dilute phase, is connected to the still via a series of heat exchangers. The still
is pumped by a large diffusion pump backed by a sealed rotary pump, preferentially removing
3He (~ 95%) despite its low (~ 7%) concentration in the dilute phase. As has already been
noted, this leads to the migration of 3He across the phase boundary and consequently cooling.
For optimal circulation rates an electric heater maintains the still at ~ 0.8 K. The *He emerging
from the rotary pump exhaust re-enters the cryostat via liquid nitrogen cold traps which remove
any air that may have leaked into the system. Once inside the cryostat, the 3He is pre-cooled
to 1.2 K by contact with the pumped *He pot and then liquefied in the condenser. A flow
impedance keeps the pressure of the 3He sufficiently high for condensation to occur. The 3He
is further cooled to 0.8 K by contact with a wrap around heat exchanger on the still and then
returns to the mixing chamber via a concentric tube continuous heat exchanger and four sintered

silver step heat exchangers, where cooling takes place by contact with the out-going 3He from
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2.2.3 The operation of the dilution unit

In attaining the base temperature in this continuous mode, a balance must be struck be-
tween the extra cooling induced by increasing the rate at which 3He crosses the phase boundary
and the consequent additional heating caused by the greater volume of returning gas and lower
heat exchange efficiency at higher circulation rates. For the DOLIS-COLD refrigerator the op-
timum 3He circulation rate is ~ 400umoles s~!. With the 4 K baflle of the side access tube shut
(see subsection 2.5.1) this can lead to a base temperature of ~ 8 mK.

Experimentally in LTNO it is important to be able to vary the temperature of the refrig-
erator in some manner. In principal this can be done by adjusting the power output of the still
heater, thus changing the circulation rate. However this is a rather uncertain and unreliable
method. Greater control is achieved by adding known quantities of heat directly into the mixing
chamber via a thermally attached resistor. If this power input is denoted by @ then it can be

shown [ that

Q =C (Trgzc - TI>2ase) (21)

where T),. is the actual temperature of the mixing chamber and Tyqse the temperature which
would be achieved in the absence of Q. From a knowledge of the parameters C and T4, 1t is
possible to select the required temperature by supplying the appropriate current to the mixing

chamber resistor. For the DOLIS-COLD refrigerator typical values for these parameters are

C =0.0194W mK~2 and Tiese = 8mK.

The Oxford refrigerator is built to a similar specification, but not having to work against the

additional heat load provided by the side access tube can achieve base temperatures of 5 mK.
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2.3 Sample preparation and polarization

In this work the host lattices have all been polycrystalline iron foils of at least 99.998%
purity. These are prepared by cold-rolling an iron sheet down to a thickness of ~ 10um and
then annealing under an atmosphere of dry hydrogen at a temperature of ~ 800° C for 24 hours.
Finally, just before use, the foil is chemically etched in a solution of 54 vol % H3PO4 (80%), 36
vol % H20, (30%), 8.5 vol % distilled water and 1.5 vol % butoxyethanol [3].

The nuclear orientation thermometers used in this work, namely 5?CoFe, **CoCo(hcp) and
80CoNi, were all prepared by the high temperature (900 — 1000° C) diffusion of cobalt chloride
into the appropriate foil [4. After etching, 100% of nuclei in full substitutional lattice sites can
be consistently achieved owing to the high solubility of cobalt in iron and nickel.

The host foil and thermometer are soldered onto a solid, high purity, copper cold finger
which screws into a copper adaptor attached to the mixing chamber of the dilution unit. Both
the Oxford and DOLIS refrigerators have a top loading facility which enables the cold finger to
be changed whilst the refrigerator is running. This process, which typical takes ~ 3 hours, is
often of vital importance to an on-line experiment where the target foil may need to be changed
to remove unwanted longer lived activities built up in the sample during implantation.

The loaded sample and thermometer lie at the center of a 1.5 T superconducting split coil
magnet which is used to polarize the magnetic domains in the foils. Typically a field of ~ 0.7 T
is applied, which provides not only magnetic saturation but also ensures that the solder is not
superconducting and hence that a good thermal contact to the cold finger is achieved. The field

produced by the magnet has a homogeneity of 1% over the sample volume.

2.4 The demagnetization stage

As has already been pointed out, adiabatic demagnetization is an important technique in
the attainment of low temperatures. Such a PrNis; demagnetization stage has been employed
for several years in conjunction with the Oxford dilution refrigerator [5]. This has enabled
temperatures of as low as 1 mK to be attained for several hours (rising to about 12 mK during
periods of remagnetization) and thus has enhanced the study of nuclei with relatively small
hyperfine interactions. The demagnetization stage, having similar dimensions to the cold fingers,

is fully top-loadable.
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2.4.1 Enhanced nuclear magnetism

In the field of cryomagnetics the traditional type of paramagnetic working substance has
been one whose susceptibility closely follows Curies law.

A different class of paramagnets comprise those where the electronic ground state is a
singlet, with electronic Zeeman matrix elements linking it to one or more low lying excited
singlet states. The ground state singlet can have no permanent magnetic moment, but when
a magnetic field is applied these excited states are mixed in, leading to a large Van Vleck
paramagnetic susceptibility. This induced moment then interacts with the nuclear magnetic
moment through the magnetic hyperfine interaction and leads to a pseudo-Zeeman nuclear
interaction which may be orders of magnitude larger than the true Zeeman interaction. Such an
class of ions are the odd Z lanthanide nuclei in the tripositive electronic state, including Pr3+.

The effect can be illustrated by using the Hamiltonian [6]
H=H;+g;pp(B-3)+ A;(J 1) —gspp(B -I)+ Hg (2.2)

where H, denotes the interaction with the ligand field and the next term the Zeeman interaction
for an ion with electronic spin J. The last three terms represent the magnetic hyperfine interac-
tion for a nucleus of spin I, the nuclear Zeeman interaction (g; ~ 10~2 in Bohr magnetons) and
the nuclear electric quadrupole interaction respectively. Assuming that H, produces a singlet
ground state |G) and a singlet excited state |E) with energies £3A, then, neglecting Hg, the

Hamiltonian matrix may be written as

( +%A_gIﬂBBzIz (EIJZIG)(QJFBBz+AJIz))

2.3
(E\T,|G)(gsppB; + AsL)  —LA-grupB,I, (2:3)

where B, is the external magnetic field applied along the z-axis. The ground state energy is

then

W€ = —grupB, I, — %A sec @ (2.4)

with

tanf = 2<E|JZIG>(gJuBBz + AJIZ)/A. (2.5)

The energies of the nuclear magnetic substates may be separated out to give

WY = —grpup(B; + Bg)I, (2.6)
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where B is the magnetic field at the nucleus generated by the electrons. In the weak field limit,

(E\J;|G)gspupB, < A, this energy may be written

W¥ = —grupB.(1 + K,)I, (2.7)

so that B = K, B,. The enhancement factor K, is given by

K. =2{(E|J.|G)} gsAs/g1A. (2.8)

Effectively, the component of the nuclear moment on the z-axis becomes

ownN
N -_—
/“z - 6Bz

=grpp(1+ K,)I,. (2.9)

In Pr3*, where the enhancement factor is K, = 145, the effective nuclear moment is therefore
raised to the level of almost one Bohr magneton €l

In the strong field limit, (E|J,|G)gsup B, > A, the nuclear Zeeman energy levels of the

ground state become

WN = —g;upB. I, — (E|J,|G)As L. (2.10)

Hence BEg reaches a limiting value equal to that given by the hyperfine interaction when the full
electronic magnetic moment of the ground state is achieved, i.e. when (E|J,|G) = J. This is
enormous compared to the applied field B,, which may thus be ignored. The splitting between
successive nuclear levels is then just JA;. For Pr3t ions, Bg is 337 T and (in thermal units)
JAy is 210 mK. With such enhanced nuclear Zeeman splittings these ions are particularly suited

to cooling by adiabatic demagnetization.
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2.4.2 Enhanced nuclear cooling

To achieve cooling by adiabatic demagnetization, the PrNis salt is allowed to thermally
equilibrate in an applied field of ~ 2.5 T while in thermal contact with the mixing chamber
of the dilution unit. In this field the nuclear Zeeman splittings roughly correspond to the
strong field limit (2.10) so that, for example, by magnetizing at 50 mK as much as 96% of
the Pr3®+ nuclear entropy may be removed [€l. The demagnetization stage is then thermally
decoupled from the dilution unit by allowing an indium heat switch separating the two to become
superconducting. The magnetic field is then removed slowly to avoid eddy current heating. In
this isentropic process the Boltzmann populations of the Zeeman levels are conserved and so
the temperature decreases monotonically with the applied field. The temperature reached on
demagnetization to zero field is of the same order as that where the nuclear susceptibility departs
from Curies law. Since the mutual interactions within the nuclear spin system are also enhanced,
this limiting temperature is of the order of a mK. However, in practice the applied field is not
removed completely since the nuclear specific heat capacity of PrNig is then reduced "] leading

to greater warm up rates.

2.5 The DOLIS-COLD facility

The Daresbury On-Line Isotope Separator - Cryogenic On-Line Device (DOLIS-COLD)
makes use of light and medium heavy ion beams from the Nuclear Structure Facility (NSF)
Van der Graff generator at the SERC Daresbury laboratory. The NSF is a conventional vertical
tandem accelerator which currently operates at terminal voltages of up to 20 MV.

A schematic view of DOLIS is shown in figure 2.2. The beam from the vertical tandem is
deflected through 7 /2 and focussed by a single magnetic quadrupole doublet onto the target of
the DOLIS on-line ion source (both FEBIAD and Thermal Ion Source). The outgoing secondary
beam then passes through an extractor electrode, a cylindrical Einzel lens and an accelerating
gap. The 30 kV extractor backs off the 100 kV accelerating supply so that the secondary beam
energy does not depend on the extractor voltage. In practice, the ions are usually accelerated
by only 60 kV. Vertical focussing i provided by a magnetic quadrupole triplet before mass
separation occurs in the 60° sector dipole analyzing magnet. The dispersion and resolution is
sufficient to separate nuclei with mass numbers up to A ~ 250. Following the collection chamber

an electrostatic switchyard distributes the beam into one of three lines. The central line leads via
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gamma rays by a lead plug in the axis of the magnet) while positrons are defocussed and therefore

not detected.
Spectroscopic studies which can be performed on the mini-beam line include:
1. v — v coincidence
2. v — B~ coincidence
3. conversion electron spectroscopy

4. half-life measurements.

2.6 Data acquisition

For all the work to be described, gamma rays have been observed using Ge(Li) detectors
which combine reasonable photopeak efficiency (typically ~ 25% relative to a 3"x 3" Nal de-
tector at 25 cm from the source) with adequate resolution (typically ~ 2.5 keV at 1333 keV).
For directional distribution measurements these are positioned axially (# = 0) and equatorially
(0 = n/2) with respect to the polarization axis and detect gamma events in singles mode. The
Daresbury configuration allows for two axial and two equatorial detectors while at Oxford only
one axial and one equatorial detector is used. The detector to source distance is usually ~ 8

cm. A block diagram illustrating singles mode data aquisition is shown in figure 2.4 .

HT
Pre- Data
source * = [Ge(Li) A:np Amp ADC—Aé;ulzltlon
ystem

IEulser

Figure 2.4. A typical singles mode data acquisition arrangement.

In order to correct for dead-time losses in the system (see subsection 3.3) a pulse generator
is connected to the test input of the detector pre-amplifier. The pulser frequency is normally

set to ~ 10 Hz and has an amplitude such that it is placed at a convenient position at the top
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source *
ENERGY
= 4
S A
HT Pre- Pre- AT Amp
Amp Amp Data
ium ADC}— Aquisition
mp System
Amp gate
TFA TFA TIMING
CFD CFD
stop start | SCA
TAC output GDG

time|spectrum

Figure 2.5. A coincidence mode data acquisition system. Energy and timing signals are sep-
arated by the dashed line.

of the gamma ray spectrum. The pre-amplifier signals are amplified and directed into standard
Analogue to Digital Converters.

In addition to simple directional distribution measurements, polarization measurements can
also be performed. Here coincidence is required between partially detected gamma ray events in
a central detector placed in the polarimeter axis and the subsequent detection of the scattered
gamma ray events in one of the onlooking polarimeter detectors. The energies of the two partial
gamma ray events are then summed, thereby reconstructing the energy of the original gamma
ray. Figure 2.5 shows the main features of such a coincidence data collection system. The
scattering detector (also used for directional distribution measurements in singles mode) and
one of the analyzing polarimeter detectors are labelled S and A respectively. The circuitry
is divided into energy handling and timing, both taking signals from the same pre-amplifier
outputs. The two energy signals are amplified, summed and the passed on to a gated ADC.
The two timing signals are shaped and digitized by passage through Timing Filter Amplifiers
and Constant Fraction Discriminators before entry into the Time to Amplitude Converter as
the start/stop pulses. Since the analyser A, which in principle only detects previously scattered
events from the scatterer S, has by far the smaller count rate, it is prudent to use its timing signals

as the TAC start pulse and those of the scatterer for the stop pulse. This of course reverses the
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true time ordering of the two signals necessitating the addition of appropriate electronic delays.
The TAC produces an output whose amplitude is proportional to the time delay between the
start/stop signals. This “time spectrum” is characterized by a constant background of events
due to random coincidences, together with a peak corresponding to the time delay between true
coincidences. The time spectrum is then “cut” so that the Single Channel Analyzer output of
the TAC only produces a signal if the start/stop time differential lies with this true coincidence
window. The SCA output, after passage through a Gate and Delay Generator, is used to provide

the gating pulse for the ADC. In this way true coincidence events are selected for post ADC

processing and data storage.

2.7 Thermometry

In any nuclear orientation experiment accurate measurement of the low temperature is of
the utmost importance. The natural approach for such measurements is to capitalize upon
the LTNO effect itself. An experimentally viable LTNO thermometer needs to satisfy several
important conditions, namely:

1. the hyperfine interaction is well known and a 100% occupation of full substitutional

sites in the host lattice can be relied upon,

2. the decay scheme is simple with accurately known Uy A) coefficients,

3. the nuclear spin-lattice relaxation time is short.

Further experimental considerations of less thermometric importance include long half lives and
small radioactive heating.

The useful temperature range of a thermometer can be defined in terms of the sensitivity
function TOW (8, T)/0T. The maximum of the sensitivity function (for axial measurements) is
denoted T,4z- The upper and lower limits of the useful temperature range, T,, and T}, define
the region where the sensitivity function is greater than 5%. These properties for some of the
most frequently used LTNO thermometers are shown in table 2.1 4. Not surprisingly, there
is little difference between Tinq, and that temperature for which the Boltzmann parameter 3

(1.27) is unity.
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Table 2.1. The useful temperature ranges of the more commonly used LTNO thermometers.

Thermometer E, (keV) BT (mK) Ti (mK) | Tpmar (mK) | T, (mK)
54MnFe 834.8 -9.2 1.8 7.2 51
S4MnNi 834.8 —-13.1 2.6 10.4 74
57CoFe 122.1 —14.2 6.5 16.3 40

136.5 2.9 12.4 90

57CoNi 122.1 -5.9 2.8 6.8 17
136.5 1.2 5.2 37

60CoCo(hcp) | 1173.2/1332.5 - 6.1 1.3 6.9 50
60CoFe 1173.2/1332.5 ~8.0 1.8 9.0 66
60CoNi 1173.2/1332.5 -3.3 0.8 3.7 27
166Ho™ Ho(hcp) 711.7 137 57 300 1250
810.3 32 137 750

The experiments described in this thesis were performed in two temperature ranges. Those
which employed the dilution refrigerator alone lead to temperatures of 8 — 40 mK, for which
57CoFe and ®°CoCo(hcp) thermometers are appropriate. Where the demagnetization stage was
used in conjunction with the dilution refrigerator, leading to temperatures of 2 — 12 mK, a
60CoNi thermometer was employed. The sensitivity functions and decay schemes for 57Co and
60Co are shown in figures 2.6 and 2.7 respectively .

The accuracy of this method of thermometry has previously been put to the test by a direct
comparison of a 8°CoCo(hcp) thermometer against a Josephson junction noise thermometer (9],
In the temperature range 10 — 50 mK, the results show only a 0.5% difference in the implied
temperatures from the two devices. Thus the measurement of temperature by the LTNO method

with accuracies in the region of 1 — 2% is relatively straightforward and unambiguous.
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Figure 2.6. The decay scheme and sensitivity functions of 3"Co in Fe and Ni. The dashed
line represents the effective, intensity normalized, sensitivity function of the 122.1
keV transition while the horizontal bars represent the effects of uncertainties in
its mixing ratio.
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Chapter 3

Data Analysis

3.1 Introduction

As has been shown in chapter 1, the angular distribution of gamma radiation from an
oriented source is the combined effect of a great many properties of the nuclear system. This
chapter will deal with the methods by which these nuclear properties (hyperfine interaction,

oriented spin, daughter spins and multipole mixing ratios) are extracted from experimental

measurements.

3.2 Spectrum analysis

Once acquired, the gamma ray spectra are analyzed using the Oxford GENeral DATa
analysis program, GENDAT +{. This package offers two methods of extracting the gamma ray
peak areas from these spectra. The first of these, CEN, integrates the counts in the region of
interest and subtracts a background linearly interpolated between lower and upper background
regions. An example of such a CEN peak fit, with its associated region defining markers, is
shown in figure 3.1 . Markers 0 — 1 define the lower background region, 2 — 3 the region of
interest and 4 — 5 the upper background region.

The second method, FIT, performs a multiple Gaussian peak fit, allowing unresolved mul-

tiplets to be analyzed. FIT invokes a least squares fit to the function

N 2
y(z) = bo + b1z + box? +ZAP exp {-—-;— (z c,,) } (3.1)

p=1 Op
where z is the spectrum channel number. The parameters bo 1,2 define the background, while

¢, and o, are the centroids and Full Width Half Maxima of the N peaks labelled by p. Initial

t D. Sinclair and T. Fox, Nuclear Physics Laboratory, Oxford (1983)
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Figure 3.1. The region defining markers appropriate for a CEN peak area fit. The interpolated
background is also shown.

guesses for both ¢, and o, are required. The former is provided by the placement of markers
1 — N, the markers 0 and N + 1 being used to define the beginning and end of the region to be
fitted. These are illustrated for the case of a triplet in figure 3.2 . Initial values for the o, are
obtained on the assumption that the FWHM is linearly dependent on the gamma ray energy, or
more appropriately the centroid ¢,. The parameters of this linear function are determined from

the fitted centroids and FWHM of two single peaks, one near the beginning and one near the

end of the spectrum.

Since the peak shapes need not necessarily be truly Gaussian, the non-peak fitting CEN
procedure is used in preference to FIT, unless the use of FIT is forced by the inadequate
resolution of multiplet peaks.

Frequently, the background under the peak of interest is discontinuous. In these cases, the
122 keV peak of 3"Co being a good example, the behavior of the background under the peak
is not clearly defined. GENDAT allows for this by enabling peak markers to be “shifted” from
one energy calibration to another. In this way it is possible to apply the same markers to all
spectra, including those of different detectors. Thus although both CEN and FIT may subtract
a discontinuous background in a non-unique manner, this is to a large extent compensated by

the fact that each peak and its associated background is treated consistently in all spectra.
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Figure 3.2. The region defining markers appropriate for FIT. The fitted triple Gaussian and
the interpolated background are both shown.

In the same vein it is possible to gain shift entire spectra to one control calibration. This is
of great use where the detection system suffers from changes in amplification and allows spectra
to be added (for improved statistics and hence peak shapes) without fear of a reduction in

resolution.

3.3 Experimental determination of W(0)

In chapter 1 the directional distribution W(#) of gamma rays from a LTNO source (1.86)
was derived. For a particular gamma ray this can be related to the observed peak area N,(8)

by the expression

Ny (8) = Wy(6)I,e,QD (3.2)

where I, is the gamma ray intensity per parent decay and D denotes the number of parent
decays during the counting period. The detector is assumed to have a gamma ray detection
efficiency ¢, and to subtend a solid angle 2 at the source.

To clarify the arguments which follow in this section, D will now be evaluated explicitly

for the case where the sample decays according to the usual exponential decay law, with decay
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constant A. Thus, for a spectrum whose counting period is of length t,.,; and commences at

the time ¢4,

tytartttreal
D= / e~ Mdt
tetart (33)

— e"Atl!ari {1 _ e—Atreal}

where constant coefficients have been neglected for simplicity. It is clear that the factors D
depend on the counting period of the spectrum. However, it is necessary to distinguish between
the period for which the ADC was actually available for the processing of signals, t;;,., and
the total counting period, t,... Since in the course of registering a signal the ADC is unable
to receive further data, these two times will differ by an amount equal to the dead time, {geqq-
Typically this constitutes 5 — 25% of the counting time, depending on the count rate. This can

be accounted for by introducing a corrective factor, tiiye/treqar- Thus

D =t;,.R (3.4)
where the rate R is given by
e—AtJtart
R=———{1—e ?rest}, (3.5)
treal

Experimentally it is necessary to have some means of determining the live time, the real
time being pre-defined by the ADC. This is achieved by the pulser method (1 in which an
artificial peak is introduced into the measured gamma ray spectrum by a stable pulse generator
whose signals are fed into the pre-amplifier of the detector (see section 2.6). These undergo the
same pulse processing as the nuclear events and are subject to almost the same counting losses.
Therefore the area of the pulser peak divided by the constant repetition rate yields the live time.

However, there is a systematic error associated with such a correction. Namely the fact
that the pulser signals come more or less evenly spaced in time and thus they are able to interact
with the gamma ray signals, which are randomly distributed in time, but not with themselves.
As a result the pulser signals can only correct for the partial gamma ray deadtime, not the total
dead time to which they themselves contribute. For the most part these errors can be avoided
if the pulser frequency is sufficiently low that the ratio of its dead time to that of the gamma
rays is kept below 10% (2,

If p denotes the pulser peak area and f its repetition rate, then from (3.4) one obtains

P
D= fR. (3.6)
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Generally peak areas from several spectra j acquired under similar conditions are summed.

Thus

S N/2};, 0) = WO, 2 T R, (3.7)
j .

J

In order to eliminate the pulser repetition rate, relative intensity, efficiency and solid angle
terms, “warm” counts are taken at a sufficiently high temperature, usually ~ 1 K, so that
the directional distribution becomes isotropic (W () = 1). Therefore by taking the “cold” to

“warm” ratio and rearranging

Ej {N/P}j (6) o > R
Ej R; 2x {N/p}, (0)

= fiBa(B}yp)UrArQx Pa(cos 0)
Ad

W(8) =

(3.8)

where the subscript 4 has been dropped for simplicity and the labels j and k are understood
to refer to summation over “cold” and “warm” spectra respectively. From this expression, the
fundamental measurement in LTNO, the anisotropy, can be defined to be (W(6) — 1) %.

Thus far only one specific mode of source decay has been considered. If the source is fed
by one or more decaying parent nuclei, then D can be derived from (3.3) in an identical manner
using instead a multi-exponential integrand. Where the source is produced continuously on-
line, then the explicit time dependence of the integrand is unknown as a result of the variable
production rate. However, the arguments leading to (3.4), (3.6), (3.7) and (3.8) are still valid,
even though R is unknown.

LTNO experiments generally detect the gamma radiation directional distribution at two
angles, axial (§ = 0) and equatorial (§ = n/2). The data acquisition procedure is such that
the counting period begins and ends simultaneously in all detectors. Corresponding axial and
equatorial spectra will therefore have common values of R. Applying (3.8) to the ratio of axial
and equatorial directional distributions, with the proviso that the summations over the two

directions are identical, yields

W (0) _ > {N/p}; (0) » > s {N/p}y (3)
W(3)  Ze{N/ph (0) 2 {N/p}; (%)

Yo fiBa(Biy, )Ur Ax@a Pr(1)
- E/\i f'.BA(BIi)yp)UAAAQ/\PA(O).

In this way the observed gamma ray peak areas (with pulser normalization) can be directly

(3.9)

related to the theoretical angular distribution without making any assumptions as to the nature

of the source decay.
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The terms on the right hand sides of (3.8) and (3.9) are, in the absence of a priori knowledge,
multiparameter expressions. Assuming the truncated directional distribution (1.87) leads to
Just two unknown parameters, Y ; fi BoUz A and >, JiBaUsAs. In order to calculate these
separately it is necessary to retain the two independent axial and equatorial anisotropies (3.8),
thus allowing the separation of the two terms by Gaussian elimination. In this way and in the

case where the axial and equatorial solid angle correction factors are identical one obtains

Z fiB2(B}yp)U2A2Q2 = -;- {3(W(0) -1) - 8(W(g) - 1)} (3.10)

and

3 £iBa(Biy)UsAaQs = 2 {(W(0) = 1)+ 2W(5) - D} . (3.11)

Where the series is confined to A = 2 by any of the conditions of (1.71), or if a priori knowl-
edge allows the two parameters to be related, then there is no loss of information incurred by
considering only axial/equatorial ratios.

Finally, it should be noted that the R factors can be removed from (3.8) without calculation
by normalizing to a gamma ray peak that is known to exhibit no anisotropy. Presumably this
would be by virtue of it having arisen from a level of spin zero or one half and, needless to say,
it must belong to the nucleus under consideration in order to achieve the decay correction. In
this way separate axial and equatorial anisotropies may be obtained even in the case of on-line
sources. However, since a suitable transition may either not be available or may be statistically

poor, this is not universally applicable unlike the axial/equatorial method.

3.4 Temperature determination

The temperature is determined from the anisotropy of an isotope whose gamma rays have
well known orientation coefficients. Since these thermometers are invariably off-line sources,
for which the R are always calculable, the temperatures can be extracted from either axial,
equatorial or axial/equatorial anisotropies. A more complete discussion of thermometry sources

is given in section 2.7.
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3.5 Experimental determination of the LTNO parameters

3.5.1 The hyperfine interaction

The extraction of the hyperfine interaction generally proceeds from a least squares fit to
the temperature dependence of the experimental anisotropies. Let these anisotropies be denoted
by E; with errors o; and correspond to the inverse temperature 1/7;. If the appropriate an-
gular distribution function (axial, equatorial or axial/equatorial) to be fitted to these data is

E(1/Tq,a,,) which depends on the parameters a,,, then the reduced x2? quality of fit is defined

as

X?:Z;%{Eu/:r,,am)-&}’. (3.12)
1

Optimum values for the parameters a,, are then found such that x? is minimized in the param-

eter space. The error o,, on the parameter ¢, is determined from the condition (3]

X(an £ 0a0,)=x4n +1 (3.13)
where the term on the left hand side is minimized with respect to the remaining parameters
Qm#n, While the first term on the right hand side is the absolute minimum of x2 with respect to
all parameters. This procedure is accomplished by means of the minimizing package MINUIT
(4] from the CERN library.

In the case of directional distributions, the parameters a,, refer to the f;, the hyperfine
interaction (electric and magnetic), the Uy and the A) (or the multipole mixing ratio §). Thus
by performing a fit to the temperature dependent data the hyperfine interaction may be deduced.
In principle, since the orientation parameters depend on both the Boltzmann parameter § and
the oriented parent spin Iy, it is also possible to deduce I in the fitting procedure. In practice
the presence of more than one lattice site with non-zero hyperfine interaction, or even the relative
effects of the second and fourth rank terms, often have a greater influence on the shape of the

temperature dependence and so the more subtle shape differences due to Iy may be lost.
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3.5.2 The angular distribution and de-orientation coefficients

Once the hyperfine interaction and hence the orientation parameters are known, then the
Ux and A, coeflicients can be calculated from (3.10) and (3.11) (and also from (3.9) if only
second rank terms are present). They are also obtained, if sometimes less reliably where both
second and fourth rank terms occur, as by-products of the above fitting procedure. In fact if
only axial/equatorial ratios are available then this latter method is the only way in which the
second and fourth rank terms can be separated if both are present.

Since neither the U, nor the A, coefficients are temperature dependent they cannot be
distinguished experimentally. In the case where the source is “soluble” in the host matrix
(1.88) the same is also true of f and so experimentally it is only possible to determine the
product fUrAx. The UrA) can only be calculated separately if the factor f can be determined
from a gamma ray with known Uy A, coefficients. If the source is “insoluble” then the more
general directional distribution formula (1.87) must be invoked. Here the f;, by virtue of their
association with the BA(B;typ) coeflicients, scale not only the magnitude of the anisotropy but
also its temperature dependence. Thus the parameters f; are determined directly in the fitting
process and the Uy A can be obtained immediately.

Further analysis depends on the knowledge of certain details in the decay scheme of the
daughter:

1. If the U, coefficients can be calculated theoretically for a certain level according to
(1.67) and (1.69), then the A, coefficients can be deduced for all gamma rays arising from this
level. From these it is possible to calculate any one of the properties 6, I; and Iy using (1.63),
provided that the other two are known. Occasionally, if the A coeflicients are consistent with
a transition of pure multipolarity, then it is possible to deduce either one of the initial or final
level spins knowing only the other.

2. If the U coefficients of a level are not calculable, then in order to deduce them experi-
mentally one relies on the knowledge of the A, coefficients for one of the daughter transitions.
The U, coefficients thus derived can, if sufficient information is known a priori, be used to
determine any one of Ag, é,, I;, I; and the relative intensities of the feeding transitions (see

subsection 1.2.7). Further analysis then proceeds using the method outlined in 1.

In this way it is possible to extract a great deal of useful spectroscopic information about
the daughter nucleus, provided that certain details of the decay scheme are known a prior:.
Without being privy to such details, however, the analysis of LTNO data frequently proceeds

little further than the extraction of the hyperfine interaction.
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Chapter 4

The magnetic moments of the light bromine isotopes

4.1 Introduction

Among the nuclei off the line of stability those in the Z ~ N ~ 40 region are of particular
interest, exhibiting large quadrupole deformations, triaxiality and shape coexistence (1-5] The
nuclear ground state spins of the odd A bromine nuclides *~3“Br with Z=35 are all 3/27.
Nilsson orbital calculations show that the last odd proton occupies the [301]3/2 orbital for
deformations € < 0.22 and the [312]3/2 orbital at larger prolate deformations. The magnetic
dipole moments of these two configurations differ by a factor of three and thus clearly identify
the single particle configuration and hence the approximate deformation of the ground state.

With this aim static LTNO measurements have been performed on the light bromine iso-
topes 729:72m,73,74m,75,76,77Br . For clarity, the analysis of these experiments will be separated
into three chapters. This chapter will describe the experimental details and the measured mag-
netic dipole moments. Chapter 5 will be concerned with Uy A, coefficients and the spectroscopy
of the daughter Se isotopes, while the theoretical interpretation of the magnetic moments will

be given in chapter 7.

4.2 Experimental details and data analysis

Sources of 75Br (16 hrs) and “"Br (57 hrs) implanted at room temperature into polycrys-
talline iron foils were prepared at the ISOLDE facility, CERN, using the reaction of 600 MeV
protons on a target of niobium powder. These were subsequently studied in Oxford at temper-
atures down to 2 mK using the 3He -4He dilution refrigerator in conjunction with the PrNis
demagnetization stage. Data was recorded by two Ge(Li) detectors positioned axially and equa-
torially relative to the axis of orientation, defined by a 1.0 T polarizing field. The source to

detector distance was 12 cm.
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The isotopes "?Br¢™ (1.3 m, 10.1 s), "*Br (3.4 m), “*Br™ (46 m) and ">Br (97 m) were
produced on-line using the reaction of 150 MeV 23Si on a 54Fe target which formed part of the
FEBIAD ion source of DOLIS. After acceleration to 60 keV, the selected bromine ions were
implanted into a polycrystalline iron foil soldered to the cold finger of the dilution refrigerator
at temperatures down to 8 mK. Production rates were low for the lighter isotopes, but well
resolved gamma spectra were recorded in four Ge(Li) detectors, two in both the axial and
equatorial positions. The detector to source distance was 8 cm. The iron foil was polarized by
a 0.7 T magnetic field in a direction parallel to its surface and perpendicular to the implanted
beam direction.

With regard to data analysis, two different models describing the lattice site occupation of
the bromine nuclei in the iron matrix will be assumed. The first model, henceforth known as
model 1, is that applicable to “soluble” implants (1.88) where a fraction f of nuclei experience
the full substitutional hyperfine field B,y3, while the remaining 1 — f occupy lattice sites with
zero hyperfine field. As an alternative, hereafter referred to as model 2, a simplified form of the
model applicable to “insoluble” implants (1.87) is taken. Here, as before, a fraction f of nuclei
experience the full substitutional hyperfine field B,,;, but now it is assumed that the remaining
1 — f occupy a second lattice site subject to a single non-zero hyperfine field, Bj,w -

Herzog et al. 6] using NMR/ON techniques in 3?Br, have measured the substitutional
magnetic hyperfine field of BrFe to be B,,;=+81.38(6)T. Using this field it was found that the
magnetic moment extracted from a model 1 fit to the integral LTNO data, as obtained from a
low temperature implanted sample, differed by 10% from the known moment. A satisfactory fit
could, however, be made using model 2 with Bjo, = +£26(2)T. A subsequent work (7] on both
room and low temperature implanted samples over a wide range of doses showed that it was
generally necessary to invoke model 2 in order to reproduce the magnetic moment. The variation
in the value of Bj,, extracted from the various runs was no greater than would be expected
from the statistical error of the value quoted above. No further complexity of site distribution
can be meaningfully tested by the integral LTNO method. Extensive channelling studies by
Alexander et al. 8 in the BrFe system at room temperature and relatively high implantation
dose support this multiple site picture. They concluded that there was indeed a second, well
defined, non-substitutional site and that this location was independent of the local bromine
concentration over a wide range. Building upon this work, Callaghan et al. (9] performed
an integral LTNO experiment on 82BrFe in order to evaluate the two hyperfine fields. On the
reasoned assumption that the second field contributed little to the experimental anisotropy and

could therefore be neglected, they determined the substitutional hyperfine field to be +84(12)
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T with an associated population of 36(5)%. Thus even using the crude model 1 they were able
to predict the substitutional hyperfine field to within 15%.

On the basis of these results it can be expected that the model uncertainties will only
influence the extracted moments at the level of 10 — 15%. Fitted moments obtained from both
of the above models will be quoted in this chapter. The values ultimately adopted, however, will

be those of model 2 after assigning errors which reflect the model site distribution uncertainties

as well as the statistical errors.

4.3 The isotopes "'Br

Both of these nuclei were studied prior to the publication of references (67 and so it was
not anticipated that the shortcomings of model 1 would be significant. Since the magnetic
moment of “®Br 1~ had already been measured ( +0.5482(1)uy [19), the experimental effort
on the decay of this isotope was concentrated on the extraction of Us A2 coefficients and hence
spectroscopic information on "®Se. To this end the PrNis demagnetization stage was used
to cool the nuclei to 2 mK, as measured by a °°CoNi thermometer, which resulted in the
saturation of the gamma ray anisotropies. Unfortunately, these anisotropies were generally
rather small, even close to saturation. Of the strongest lines, the 559 and 657 keV transitions
showed anisotropies of only +3.8(3)% and —0.6(4)% at 3 mK (see table 5.2). Only the 1130,
1854 and 2951 keV transitions gave anisotropies with sufficiently favourable proportional errors
to produce reasonable temperature dependences. These are illustrated in figure 4.1 .

The decay scheme of 7®Br is shown in figure 5.2 [11], Due to a combination of uncertain
spin assignments and complicated level feedings by a proliferation of weak gamma rays, no
U, Ay coefficients can be calculated a priori. Therefore within the framework of model 1 it is
necessary to perform a fit to the experimental axial/equatorial anisotropies with both uBjys
and fU; A, as variable parameters. The fitted hyperfine interaction parameters are listed in the
second column of table 4.1 . From this data the average hyperfine interaction is calculated to be
uByuy = 35.0(25)unT. This is to be compared with the expected value (corrected for applied
field) of pB,us = 45.16(3)unT.

This 25(6)% difference highlights once again the failure of model 1 to adequately describe
the BrFe system as first noted by Herzog et al. Following their lead therefore, the more realistic
model 2 is invoked. Here, with u required to reproduce the known value, Us A, f and B,y

remain as variable parameters. In order to reduce the number of unknowns, Bj,, was taken
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Figure 4.1. The temperature dependences of the 1130, 1854 and 2951 keV transitions in the

decay of “®Br. The 2591 double escape peak is also shown. Both the model 1
(dashed) and model 2 (solid) fitted curves are shown for comparison.
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Table 4.1. The fitted model parameters for 7°Br. The single and double escape peaks of the
2951 keV transition are denoted s.e. and d.e. respectively.

E, Model 1 Model 2
(keV) fitted uB (u~vT) x2 | fitted f (%) x?

1130 39.9( 5.1) 04| 69.2(17.3) 0.2
1854 33.4( 4.5) 1.1| 56.8(16.9) 1.5
2951 33.3( 4.3) 0.3 | 51.2(15.5) 0.7
2951 s.e. 34.7(10.9) 04| 61.6(38.3) 0.6
2951 d.e. 33.2( 9.3) 0.1] 53.5(32.9) 0.3

to be 26(2)T as discussed in section 4.2. In this way the fitted site distribution parameters f
given in the third column of table 4.1 are obtained. The weighted average of this data yields
f = 58(9)%.

In order to understand how model 2 is able to correctly reproduce the substitutional hyper-
fine interaction it is instructive to consider the individual contributions from the various lattice
sites. These are illustrated in figure 4.2 . The anisotropy data from the 1130, 1854 and 2951 keV
transitions (including escape peaks) has been inverted to yield }_, fi BoU2 A2 and then normal-
ized to the 14 mK temperature points, which for this purpose have been combined, and finally
summed. The resulting data therefore represents the relative orientation of the "®Br nuclei as
a function of temperature. The orientation predicted by model 1, shown dashed, arises solely
from the hyperfine interaction of nuclei in substitutional sites. It is clear that the true substi-
tutional hyperfine interaction, pB,us = 45.2u5T, increasingly underestimates the experimental
orientation as the temperature reduces. This gap between the observed orientation and that due
to the fully substitutional lattice site may be bridged by introducing a second lattice site which
experiences a non-zero hyperfine interaction. The individual contributions of the substitutional
and low field sites, weighted by their relative populations, to the total model 2 orientation are
illustrated by the solid lines. The discrepancy between the magnetic moments extracted using
the two models may be attributed to the proportion of the total orientation arising from this
second non-substitutional hyperfine interaction. In the present case this proportion is as high
as 35% at the lowest temperature datum, which results in the large disparity between the two
extracted moments. The magnetic moments of the other nuclei studied in this work have all
been extracted from data taken at temperatures above 6 mK, where the relative contribution
from the second field site is greatly reduced. The model differences and hence the ambiguity in
the extracted moment will therefore be correspondingly smaller.

Having determined the site distribution parameter f = 58(9)% of "*BrFe it is assumed that

the same value may be applied to the case of 7"Br. This is justified since both were implanted
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Figure 4.2. The contributions to the total orientation from the model lattice sites. The data

is taken from transitions in the decay of “*Br. The model 1 and model 2 fitted
curves are distinguished by dashed and solid lines respectively.

under the same conditions and with similar dosage. Further, it is likely that the experimental
error in f is sufficient large to take account of any minor variations between the samples.

In contrast the magnetic moment of “’Br 3/2~ had not previously been measured. The
experiment was therefore performed in two parts. The first took a full temperature dependence
down to a temperature of 6 mK as deduced from the anisotropy of a °CoCo(hcp) thermometer.
The second was conceptually identical to the previous "®Br experiment, employing the PrNig
demagnetization stage to extend and saturate the temperature dependence data.

The decay scheme of ""Br is given in figure 5.1 [12). Again no U, A, coefficients are calcu-
lable a priori even though most of the level spins are known. The variable model 1 parameters
are therefore p and fU;A3, while for model 2 there remains p and U, A,, since f and B;,,, are
considered as known. It should be noted that the site distribution parameter f is not the same
in the two models. Figure 4.3 shows the temperature dependences of the 304, 439, 575 and 585

keV transitions obtained using the dilution refrigerator alone. The results of both model fits to
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this data are shown in table 4.2 for a total of ten transitions. From these results an average
model 1 moment of 4 = 0.82(3)uy is obtained. For model 2 a moment of y = 0.92(5)uy 1s ex-
tracted. Notice that as a result of the higher temperatures there is only an 11(7)% disagreement
between the two models. Comparing the x2 values of the two sets of model fits, which are to all
intents and purposes identical, it can be seen that even with data of such relatively good quality

the integral LTNO method is unable to distinguish between the two models.

Table 4.2. The fitted moments of 7"Br.

E, Model 1 Model 2

(keV) | fitted moment (u~)  x? | fitted moment (u~v) X2
239 0.76(30) 5.4 0.90(71) 5.4
250 0.87(19) 1.7 0.99(37) 1.7
304 0.79(10) 0.8 0.90(11) 0.7
385 0.87(11) 1.1 1.00(23) 1.1
439 0.83(12) 0.8 0.95(16) 0.8
485 1.04(26) 0.5 1.22(60) 0.5
521 0.93(19) 3.3 1.14(41) 3.2
575 0.76( 5) 0.5 0.85( 9) 0.6
585 0.90( 8) 0.4 1.04(14) 0.4
755 0.73(21) 1.0 0.81(30) 1.1

Finally, the data taken with the demagnetization stage will be considered. This is illus-
trated in figure 4.4 . Although both parts of the experiment used the same sample, at a given
temperature the anisotropies of the demagnetization data are consistently greater than those
obtained using the dilution refrigerator alone. This is due to the unsoldering and slight cleaning
of the surface of the host iron foil prior to resoldering onto the demagnetization stage in prepa-
ration for the latter part of the experiment. This resulted in a small loss of surface activity.
Model 1 fits to these anisotropies resulted in moment of 0.81(4)uy. The close agreement of the
two model 1 values indicate that this model is equally valid both before and after the sample
was cleaned. In turn this suggests that only surface activity, with no significant hyperfine in-
teraction, was removed. Since the lattice site occupation has clearly changed it is no longer
justifiable to take the model 2 site distribution parameter from 7Br. Thus g, U4, and now
also f must be considered as variable parameters in model 2. However, just as in the case of
76Br, the demagnetization temperature dependence is rather sparse and certainly insufficient
for meaningful three parameter fits to be performed. Therefore the model 2 value of u already

derived is assumed and a two parameter fit is performed to obtain f and UsAs. ln this way
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Figure 4.3. The temperature dependences down to 6 mK of the 304, 439, 575 and 585 keV

transitions in the decay of 7/Br. Both the model 1 (dashed) and model 2 (solid)
fitted curves are shown for comparison.
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the new site distribution parameter f = 78(9)% is obtained. Again the x? values of the two
models are virtually identical. Since this data has no relevance to the magnetic moment, further

discussion will be postponed until chapter 5.

4.4 The isotopes "2~ "5Br

These isotopes were on-line implanted into a cold iron foil at the DOLIS-COLD facility
where temperatures as low as 8 mK were achieved, as deduced from the anisotropy of a *’CoFe
thermometer. Unlike the previous case, there is no control isotope with a known moment with
which to determine f. Therefore within the framework of model 2 there are at least four unknown
parameters, p, f, UyA) and Bj,,. In order to be able to extract reliable values for the magnetic
moment from the fitting procedure it is desirable to reduce this number to two. Since the Uy A
coefficients are not generally known a priori they must be considered as variable parameters.
Therefore not only Bj,y, but also a range of values for the site distribution parameter f is
assumed.

The variation in f as a function of implantation conditions of 3?BrFe has also been studied
by Herzog et al. [7]. It is apparent from this work that the value of f is considerably dependent
upon implantation dose and also the method of production. However, the values for different on-
line implantations were all found to lie within 75% > f > 58%. Although some dependence upon
the method of preparation of the iron foil might also be expected, this range will be considered to
be valid for the present work. Since all iron foils used in the present experiments were prepared
in an identical manner this will not lead to any problems with internal self consistency. Thus
the likely variation in f will be spanned if a maximum value of 75%, model 2a, and a minimum
value of 58%, model 2b, is taken. It should be noted that the choice of 58% as the minimum
value for the site distribution parameter in on-line samples coincides the value deduced for the
off-line prepared samples “"’Br. That the site distribution parameter is probably lower for
off-line rather than for on-line prepared samples is apparent from the data of Herzog et al. The

likely reason for this behaviour in such “insoluble” implants is discussed in subsection 1.3.3.
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4.4.1 The isotope ">Br

The presence in the DOLIS output of an inactive contaminant beam at this mass required
that the ">Br source was built up by implanting for 2.5 h at approximately 50 mK. This was
then followed by a period of cooling down to temperatures of 9 mK with the isotope separator
closed off. The cycle was repeated several times.

With the exception of the 377 keV transition, which gave data of good statistical accu-
racy, the resulting anisotropies were rather small. The temperature dependence of this peak is
illustrated in figure 4.5 . In addition and uniquely among all the isotopes studied, the U; A,
coefficient can be calculated for this transition with sufficient accuracy to enable some constraint
to be placed on the fitting procedure. The decay scheme is illustrated in figure 5.3 [13], Us-
ing the 664 keV level de-orientation coefficient deduced in section 5.4, in conjunction with the
previously known mixing ratio fO:;§77 keV transition (6(377) = —0.73(45) [3]) leads to the
inequality +0.62 < Uy A3 < +0.81. The model 2 fitted Us A, coefficient is compatible with this
result to within one standard deviation for all site distribution parameters f > 44%, which
greatly exceeds the likely range of variation given above. Therefore the limiting values 75%
(model 2a) and 58% (model 2b) are retained and with f thus fixed the inequality for Uy A, is
used to limit the error on the fitted moment. The results of the fitting procedure are shown in
table 4.3 for models 1, 2a and 2b, both with and without the constraint on U;A5. Of course
in model 1 this constraint has no effect on the fitted moment and merely serves to provide the

inequality f > 53%.
Note that despite the large difference between the site distribution parameters of model 2a

and 2b there is only a very slight difference in the fitted moments.

Table 4.3. The fitted moments of °Br. !The values tabulated in the second row are con-
strained by the known U,;A, coefficient of the 377 keV transition.

E, Model 1 Model 2a (f = 75%) | Model 2b (f = 58%)
(keV) | fitted moment (u~) | fitted moment (u~) | fitted moment (u~)

377 0.73(9) 0.75(19) 0.78(24)

377t 0.73(9) 0.75(15) 0.78(17)




The magnetic moments of the light bromine 1sotopes 67

4.4.2 The isomer "‘Br™

The heavy ion reaction of 150 MeV 23Si on ®4Fe preferentially produced the high spin isomer.
The proportion of the ground state present, as deduced from the intensity ratio of the 615 to
634 keV transitions, was less than 5% and therefore essentially negligible. Large anisotropies
with small statistical errors were observed for the 634, 728 and 1250 keV transitions, shown in
figure 4.5, and also for the 615, 839, 1201 and 1269 keV transitions.

The decay scheme of *Br™ is shown in figure 5.4 [14]. The isomeric spin has been deduced
by atomic beam resonance methods to be 7 =4 (15, As will be discussed in sections 5.5 and
7.5.2, the tentative negative parity assignment to this state, made on the basis of proposed first
unique forbidden B+ /EC decays to levels in 74Se, appears to be wrong. Partly as a result of
this, but mainly due to the complex decay scheme, no Uy A, coefficients are known or can be
calculated a prior:. Further, since the parent has spin I > 3/2, these coefficients involve two

terms corresponding to A = 2 and 4.

Table 4.4. The fitted moments of “*Br™ excluding A = 4 terms.

E, Model 2a (f = 75%)
(keV) | fitted U4, fitted moment (u~)

615 | —0.31(3) 1.80(26)
634 | —0.21(1) 1.50( 8)
728 | —0.34(1) 1.70( 7)
839 | —0.41(5) 1.35(18)
1201 | —0.33(5) 1.88(29)
1250 | —0.50(3) 1.95(14)
1269 | —0.26(4) 1.61(27)

As a first step towards dealing with this extra parameter the data was fitted to model 2a
ignoring fourth rank terms. The results are listed in table 4.4 for the seven transitions given
above. The weighted mean of these moments is 1.64(5)uy for which at 10 mK the ratio of the
high field orientation parameters is B4(B,us)/B2(Bsus) ~ 30%. Although this ratio is likely
to become smaller when allowance is made for the relative effects of the two U, A, terms, the
fourth rank terms possibly constitute a sizeable effect. Generally the quality of the temperature
dependences is not sufficient to allow the parameter Uy A4 to be varied meaningfully. However,
the temperature dependences of the strong 634 and 728 keV transitions might allow for this extra
degree of freedom. Since statistically these contribute most to the final moment there is little

to be lost in considering these exclusively. The three fitted parameters for the two transitions
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are shown in table 4.5 from which the weighted averages of the fitted moments are found to be
1.63(6), 1.59(8) and 1.77(11) u for models 1, 2a and 2b respectively. Once again the relatively

small difference in the model 2a and 2b moments demonstrates their limited sensitivity to the

assumed site distribution parameter.

Table 4.5. The fitted moments of “*Br™ including A = 4 terms.

E, Model 1 Model 2a (f = 75%) Model 2b (f = 58%)
(keV) U2A2 U4A4 M U2A2 U4A4 H U2A2 U4A4 jz

634 |—0.10(1) —0.25( 6) 1.95(15) [~0.13(1) —0.25( 7) 1.96(22) |—0.18(1) —0.18( 6) 1.91(17)
728 |—0.30(1) +0.02( 8) 1.56( 7) |—0.39(1) +0.21( 9) 1.54( 8) |—0.42(1) +0.21(11) 1.68(14)

4.4.3 The isotope °Br

Anisotropies were observed for 16 of the strongest transitions in the decay of “Br. These are
tabulated in section 5.6. The anisotropy of the 5"CoFe thermometer corresponds to an average
temperature of 12 mK. All the "3Br effects are consistent with zero orientation. Since the iron
foil in which “3Br was studied was the same as that used to successfully orient 7%74™Br in the
same on-line run, there can be no possibility of a non-nuclear origin for this lack of anisotropy.

The decay scheme of 73Br is shown in figure 4.6 [14]. Experimentally the ground state spin
of ”Br had been assigned (1/2, 3/2, 5/2)~ as a consequence of its allowed t/EC decay to the
26 keV 3/27 level in “3Se. On the basis of systematics in the neighbouring odd A isotopes this
was assumed to be 3/2~. However, the lack of anisotropy is at variance with this hypothesis.

If the ground state were 3/2~ and had a moment similar to that of "> 7“Br then the relax-
ation time would be of the order of 5 s (see subsection 4.4.4). When compared to the 3.4 m half
life it is clear that incomplete relaxation cannot be respénsible for reducing the orientation to
the virtually zero levels observed.

It must therefore be concluded that the lack of observed anisotropy is due to the presence
of one or more un-oriented spin 1/2 levels. The transitions in 73Ge originate from many different
levels which are independently fed in the decay. A recent spectroscopic study of the decay of
73Br [16] has assigned spins to some of the levels assuming that the parent spin is 3/2~. While

most of these are tentative it is clear that not all of the levels which give rise to the observed
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gamma transitions are likely to be of spin 1/2. It is therefore most probable that at least a
few of the relevant levels in “3Se should be capable of orientation. In principle the lack of
orientation might also be due to unfortunate values of the gamma multipole mixing ratios which
lead to near zero angular distribution coefficients. This possibility is also inherently unlikely to
be simultaneously true for several transitions. Two levels in 73Se (other than the ground state)
are in fact known to have spins other than 1/2 14, Unfortunately neither figure prominently in
this work. The 151 keV 5/2~ level gives rise only to the 126 keV transition which lies between
the 122 and 136 keV peaks of the thermometer, 5"CoFe. Although the triplet is resolved, the
background is discontinuous making its subtraction difficult and ambiguous. However, a crude
manual] background subtraction showed no significant anisotropy for this transition. The second
level at 26 keV (3/27, 40 m) is isomeric and therefore orients in its own right.

One concludes therefore that it is in fact the parent nucleus, “3Br, which has a ground state
spin 1/27. Although such an assignment differs from the spin 3/2~ ground states of all the

heavier odd isotopes up to 37Br, it is fully consistent with all known features of the decay.

4.4.4 The ground state and isomer "?Br$™

Both the ground and isomeric states of “2Br were produced, if rather weakly, in the heavy
ion reaction and gave small, but nevertheless non-zero, anisotropies. Part of the reason for the
modest anisotropies lies in the fact that the half-lives of the ground and isomeric states, 1.3 m
and 10.1 s respectively, are not significantly larger than the spin-lattice relaxation times.

Herzog et al. (€], by assuming a single exponential recovery of the anisotropy after a period
of resonance, obtained a spin-lattice relaxation time constant [17 of 19.2(14) s for 32BrFe at a
temperature of 7.3(1) mK. This enables the value (u/I)2Ci, = 0.032(2) to be determined from
figure 1.5 (which is appropriate for the oriented spin of 32Br). This is an isotope independent
quantity which allows a self consistent calculation to be performed on the data of 7?Br taking
into account the effects of imperfect relaxation on the observed anisotropies.

Firstly the 8 /EC decay of "Br?, illustrated in figure 5.5 (18] will be considered. The
spin parity of this state has been assigned (3)* [191. A brief review of the underlying arguments
leading to this assignment will be given in section 5.7. Unfortunately this could not be confirmed
by the particle-rotor calculations of subsection 7.5.3.

As a result of the weak anisotropies only the strongest line in the decay, at 862 keV, yielded
a resonable temperature dependence. This is illustrated in figure 4.7 . As in the case of "4Br™ it

is in principle necessary to consider terms of fourth rank. As a first approximation it is assumed
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that ouly the second rank orientation parameters associated with the full substitutional hyperfine
field need be considered. In this limit, where the low field orientation is ignored, model 2 becomes
formally identical to model 1. Thus from a model 1 fit to the data a moment of 0.56(30)u, is
obtained.

Further, the Uy A3 coefficient of the 775 keV (3)* — 4% — 2% transition is calculated to
be —0.41. Therefore from the average anisotropy of this transition, —6.9(45)% at 15 mK (see
table 5.6), one obtains fB3(B,us) = 0.14(9). This is corrected for the ~ 15% attenuation of
orientation at this temperature due to relaxation effects. Had data of better statistical accuracy
been available it would have been possible to extract the site distribution parameter from this
result. As it 1s, a value f = 67(9)% is assumed (see section 4.5) which leads to a moment
of 0.54(28)uy. This is in satisfactory agreement with the value obtained from the fit to the
temperature dependence of the 862 keV transition. However, with due regard for the size of
the errors, this gives no independent verification of the assumptions that f = 67(9)% nor that

I*(™Br9)= 3t+. Averaging the two results leads to a moment of 0.55(21)uy.
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Figure 4.7. The temperature dependences of the 862 keV and 101 keV transitions in the decays
of 72Brf and "?Br™ respectively. The fitted model 1 curves are shown.

With this moment the ratio of the high field orientation parameters at the average temper-
ature of 15 mK is calculated to be By(B;ys)/B2(Bsus) ~ 2%. Thus the neglect of the fourth

order orientation parameters is justified a posterior. The model dependence of this result is
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determined by the ratio By(Bjoy )/B2(Bsus) ~ 15%. Since this is well within the statistical
error the final moment of “2Br is taken to be 0.55(21)ux.

Consider now the 101 keV transition from the 10.1 s isomeric state to the ground state. The
(1)~ spin parity assignment [!®1% was made on the basis of an assumed M2 multipolarity for
this transition. This has been confirmed in the present work by means of an electron conversion
measurement (see section 5.8).

Returning to the LTNO data, due to difficulties in subtracting the photopeak from the
large Compton background at 101 keV the form of the temperature dependence was relatively
poor. A model 1 fit to this data, which is illustrated in figure 4.6, results in a fitted moment of
1.3(310-0) . As before the model dependence is well within the experimental error.

Finally, it should be pointed out that as a result of the partial orientation of the isomeric
state the ground state is not produced with randomly populated sublevels, contrary to the
assumptions of the relaxation model based on (1.99). From the intensity ratio of the 101 keV to
862 keV gamma rays it can be deduced that only 20(1)% of the total feed to the ground state
comes from the isomer. (This has been corrected for detection efficiency by comparison with the
ratio of the 65 to 849 keV gamma rays in the decay of 3Br which were measured in the same
experiment). Since at 15 mK the isomer only ever achieves ~ 60% of its equilibrium orientation
before decay, it can be concluded that only a small fraction of the ensemble ground states are
modestly pre-oriented in this way. In relation to the large experimental errors this constitutes

a negligible effect.

4.5 Conclusion

LTNO measurements on the light bromine nuclei have yielded the nuclear magnetic dipole
moments of 729:72m.74m,75,76,77R; - Apart from ‘®Br none of these have been previously measured.
In addition the ground state spin of "3Br has been established as 1/2~.

The experimental data has been analysed within the framework of the two models described
in sections 4.2 and 4.4. The results of this analysis are summarised in table 4.6 . It has been
shown, both here for the case of "®Br and by Herzog et al. for the case of 32Br, that model 1
fails to predict the correct moment. Therefore it is necessary to adopt the more flexible model
2. This requires an extra parameter, By, , which has been deduced by Herzog et al. and also

causes f and Uy A, to become independent. Since the Uy A coefficients are generally not known



The magnetic moments of the light bromine tsotopes 74

Table 4.6. A summary of the fitted moments of 72~7"Br.

Nuclide Fitted Moment (pu~) Adopted Moment (u~)
Model 1 Model 2a (f=75%) Model 2b (f=58%)

"Br 0.82( 2) — 0.92( 5) +0.92( 5)
76Br 0.43( 3) — 0.55 +0.55 (1]
"SBr 0.73( 9) 0.75(15) 0.78(17) +0.76(18)
“Br™ | 1.63( 6) 1.59( 8) 1.77(11) +1.68(18)
2Brs | 0.55(21) 0.55(21) 0.55(21) +0.55(21)
2Brm™ > 0.7 > 0.7 > 0.7 |g| > 0.7

a priori for the isotopes studied, a limited range of values for f has been assumed in order to
reduce the number of free parameters to be extracted from the experimental data.

For ""Br, f is taken to be the same as that deduced from the data on the control isotope
“*Br since the two were produced under similar conditions. For that part of the data on 7’Br
collected using the demagnetization stage the iron foil was treated in a different manner leading
to a somewhat different site distribution. The parameter f was therefore unknown a priori and
so the data is unuseable in terms of extracting a magnetic moment, although it is still useful in
the calculation of U3 A, coefficients (see subsection 5.2). For 72-75Br no such control exists and
it is necessary to adopt a range of likely values for f, taken to be 75% > f > 58% (models 2a
and 2b respectively). 1t has been shown that within this range the model 2 extracted moments
have only a limited sensitivity to the value of f.

In addition to this it is in principle necessary to also consider the effects of a variable low
field Bi,y since this need not correspond to a well defined field but, instead, to some average
over many fields. However, the work of Herzog (7] has given some evidence that Bjoy, varies by
no more than 2 T between different warm or cold implantations. The value of f on the other
hand varied by 20% between warm and cold implantations and so it is clear that this and not
Bj,w should be treated as the variable parameter.

In view of the proven inability of model 1 to correctly describe the experimental data the
adopted moments are taken to be those derived from model 2. In the case of "™ 75Br, where both
models 2a and 2b have been applied, the mean of the two results is taken with errors chosen so
as to encompass the range of values emerging from the two models. Effectively this corresponds
to the assumption that f = 67(9)%. The resulting increase in the errors is relatively modest
despite realistically reflecting the site distribution uncertainties. These adopted moments are
also given in table 4.6. Clearly precise NMR/ON values would be of great value and this would

be the natural direction for future work. Nonetheless these results allow clear nuclear structure

deductions to be made in chapter 7.
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Chapter 5

The spectroscopy of the light selenium isotopes

5.1 Introduction

This chapter will deal with that spectroscopic information on the daughter selenium isotopes
which can be deduced from the LTNO data on the decay of the light bromine parents.
Firstly those quantities will be defined which are relevant to this analysis. The Uy Ax

coefficients are related to the axial to equatorial anisotropy ratio, E, via the expression (3.9)

_ ()

_ WO SN0 S Nk ()
W(3)

= S AV © T AN, ()

DY, fiBa(B}y,)UrArQrPa(1) _
2o fiBa(Bi,,)UxAxQx Pr(0)

In order to improve statistics, those spectra corresponding to the lower temperatures attained

E

(5.1)

for each isotope are included in the summation over the index j. The quoted anisotropies
therefore correspond to some average of the low temperature data points presented in chapter
4. The factor ) _,; f,-BA(B;;yp) is calculated within the framework of model 2 using the adopted
moments of table 4.6 in conjunction with the two hyperfine fields, B,,; and By,, and their
associated populations f and 1 — f, as summarised in section 4.5. The solid angle correction
factors @, are calculated individually for each detector and gamma ray energy.

For those parent nuclei whose oriented spin is less than 2, the fourth and higher rank terms

disappear so that (5.1) may be inverted to yield the Uz A, terms directly

1 2F
Ve = S R B (Blyy) {E+ 3}' (5.2)

Further, where two or more gamma transitions arise from the same level, then by using

(5.2) and the fact that the de-orientation coefficients are identical

At 370 =520

_Em(En+3)
T E,(En+3)

(5.3)
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This ratio is independent of any site distribution or hyperfine field assumptions and its error
arises solely from uncertainties in the measured anisotropy.

In those cases where the oriented spin is greater than or equal to 2, namely "*Br™ and “?Br9,
fourth rank terms must also be considered. In the former case the Uy A, and UyA4 coefficients
are extracted separately from a least squares fit to the temperature dependent data. For the
latter isotope it has been shown that at the temperatures achieved experimentally the fourth
rank terms are negligible so that both (5.2) and (5.3) may be applied.

Finally, the errors on all quantities are obtained from the standard propagation expression

2
AF? = Z {-gx—iA:cp} : (5.4)

5.2 The isotope "'Se

As was noted in section 4.3, the decay of “Br was studied using both the dilution unit alone
and latterly in conjunction with the PrNis demagnetization stage. The averaged anisotropies,
taken from those spectra corresponding to the lowest temperatures, for both parts of the ex-
periment are listed in table 5.1 . For the former experiment these anisotropies correspond to a
temperature of 9.8 mK and for the latter 2.5 mK. Taking the site distribution parameters to be
f = 58(9)% and 78(9)% for the two parts of the experiment results in the values ) fB; = 0.48(5)
and 0.96(2) respectively. The Uy A3 coeflicients extracted from the two essentially independent
sets of data are in extremely good agreement, giving a clear indication of the basic soundness
of the assumed site distribution model and the reliability of the resulting > f B, values. These
coefficients are also given, together with their mean values, in table 5.1.

The decay scheme of 77Br, shown in figure 5.1 , is taken from Nuclear Data Sheets [1].
This includes a number of E2/M1 mixing ratios { which are mostly from the work of Braga et
al. 2. A few independent mixing ratios are also given by Mohsen et al. 131, Robinson et al.
(4) and Zell et al. [5]. Mixing ratios derived from the present results which are not consistent

with previous electron conversion measurements by Tokunaga et al. (¢ are enclosed thus [ ].

1005 keV level : 3/2~

The mixing ratio of the 755 keV transition has been measured by both Braga et al. and
more recently by Mohsen et al. to be §(755) = +0.3175 and +0.30(1) respectively. These

t Unless otherwise stated all electromagnetic mixing ratios é refer to E2/M1 multipoles.
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Figure 5.1. The decay scheme of 7"Br [,
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Table 5.1. The axial/equatorial anisotropies and U, A, coefficients observed in the decay of

""Br at 9.8 mK and 2.5 mK. * indicates that the error is multiplied by 10 and !
indicates a doublet.

Energy(keV) | E (Unit) (%) Uz A, E (Demag) (%) Uz A, mean Uz Az
88 ~12(15) | —0.02( 2) 0.8( 5.6) 0.01( 4) | -0.01( 2)
181 ~86(5.1) | —0.13(8) | —40.8(16.7) | —0.34(16) | —0.17( 7)
200 6.9(1.2) 0.10( 2) 11.8( 4.8) 0.08( 3) | 0.09( 2)
239 1.7(0.2) 0.02( 0) 4.5( 0.5) 0.03( 0) |  0.03(+2)
250 ~5.4(05) | —0.08( 1) —85(16) | —0.06(1) | —0.07( 1)
282 ~15(0.6) | —0.02( 1) ~0.6( 20) | —0.00( 1) | —0.02( 1)
297 0.3(0.4) 0.00( 1) 1.9( 1.3) 0.01( 1) |  0.01(+4)
304 42.9(1.4) 0.55( 6) 106.7( 8.5) 0.57( 4) 0.57( 3)
3791 —11.9(8.9) —0.18(14) — 22.9(35.7) —0.18(31) | -—0.18(13)
385 —21.3(1.0) | —0.34( 4) | —44.3(3.1) | —0.38(3) | —0.36( 2)
439 ~15.4(0.6) | —0.24(3) | —33.7(1.8) | —028(2) | -0.27( 1)
485 ~8.1(0.8) | —0.12(2) | -157(3.0) | —012(2) | —0.12( 1)
521 3.1(0.2) 0.05( 1) 7.1( 0.5) 0.05( 0) |  0.05(x3)
5681 0.4(0.6) 0.01( 1) —25(26) | —002(2) | 0.001)
575 ~24.000.5) | —0.38( 4) | —46.5( 1.5) | —0.40( 2) | —0.40( 2)
579 0.2(0.4) 0.00( 1) —06(1.3) | —0.00( 1) 0.00(+5)
585 19.0(0.7) 0.26( 3) 36.4( 2.9) 0.24( 2) | 0.24( 2)
755 6.3(0.6) 0.09( 1) 15.3( 3.2) 0.11( 2) 0.09( 1)
766 ~11.0(9.1) | —0.17(15) 25.4(56.0) 0.17(35) | —0.12(13)
818 —0.4(05) | —0.01( 1) ~53(22) | —0.04( 2) | —0.01(x6)
911 0.3(6.9) 0.00(10) | —11.9(13.6) | —0.09(11) | —0.04( 7)
1005 —4.6(09) | -007(2) | -152(46) | —0.12(4) | —0.08( 1)

predict an angular distribution coefficient of A2(755) = 4+0.45(1) and thence from the measured

U, A, value one obtains U3(1005) = +0.20(2). This is exactly consistent with a pure G-T

(3/2= — 3/2~ : Uy = 40.20) B+ /EC transition to this level. Assuming this to be the case, then

A5(1005) = —0.40( 5)
Ay( 766) = —0.60(65)
As( 755) = +0.45( 5)
As( 485) = —0.60( 5)

As( 181) = —0.85(35)

3/2- —1/2°
3/2- — 3/2"
3/2” —5/2"
3/27 —3/2"
if 3/27 —3/2”

if 3/27 — 5/2_

6(1005) = +0.5013 or

5( 766) > —0.29

6( 755) = +0.3015

6( 485) = +0.14F4

§( 181) = +0.07 — +3.0

A; > —0.38

~ 18+

or [+2.4"_’§]

The results for the 181 keV transition will be discussed further under the 824 keV level heading.

911 keV level : 3/2%

The 911 keV pure E1 transition yields the result U;(911) = —0.08(14). This is to be

compared with the theoretical de-orientation coefficients for pure js = 0,1,2 transitions of
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U = 4+1.00, 4+0.20 and —0.60 respectively. The experimental value clearly indicates that the
lepton field is partly of quadrupole character. In the assumed absence of j5 = 0 the calculated
lepton mixing ratio is A%(js = 2/js = 1) = 0.54(41), while in the assumed absence of jz = 1
a value of A?(jz = 2/js = 0) = 2.1(8) is obtained. Thus in the presence of all possible first
forbidden components 0.13 < A%(jg = 2/j5 = 0,1) < 2.9.

824 keV level : (3/27,5/27)

The spin and parity assignments of this level were established on the basis of angular
correlation measurements (2] and transition strengths respectively (1],

The possibility of positive parity can be ruled out by the present measurements since this
would imply that the 304 and 585 keV transitions are pure E1 (3/2+,5/2* — 3/27) and
therefore must have identical U; A, values. From the results of table 5.1 this is clearly not the
case.

Turning now to the question of the level spin, both possibilities have been considered in
the calculation of the mixing ratio of the 181 keV transition from the 1005 keV level. The large
negative angular distribution coefficient of this transition, A, = —0.85(35), is inconsistent with
a 5/2~ spin assignment for the 824 keV level, since then the theoretical minimum would be
Ay = —0.38. On this basis the 824 keV level spin is temporarily taken to be 3/2~. With this
assumption, from the Uy A, coefficient of the 304 keV transition (3/2~ — 3/2~ : Ay < 40.60) the
de-orientation parameter for this level is calculated to be U2(824) = 4+0.95(5). The level feeding
is 94% direct 8t /EC and 6% via the 181 keV transition. From the above values of U5(1005)
and §(181) a partial de-orientation coefficient of —0.08 < Uz < 40.03 can be calculated for the
gamma feed. Since the F and G-T components of the allowed 81 /EC feed have U; = +1.00 and
+0.20 respectively, a purely F lepton field results in a calculated total de-orientation parameter
of +40.93 < U2(824) < +0.94, in excellent agreement with the experimental data. Ignoring

therefore any possible small G-T admixtures the following results are obtained

A(575) = —0.43(2) if 3/2- —5/2 Ay >—0.38
45(304) = +0.61(3) if 3/2” —3/2” 6(304) = [-1.6 — ~1]

These results present a number of inconsistencies. Firstly, since 7’ Br is not a mirror nucleus the
F matrix elements of the 31 /EC decay are likely to be hindered by the AT = 0 isospin selection
rule. Since a similar decay to the 1005 keV level has already been shown to be essentially
pure G-T, a pure F decay to the present level is unlikely. Secondly, the present mixing ratio
for the 304 keV transition is not predicted to be of mainly M1 character as required by the

electron conversion measurements of Tokunaga et al. Finally, the theoretical angular distribution
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coefficient for the 575 keV transition has as its lower limit the value A, = —0.38. However, the
experimental value of A; = —0.43(2) lies outside this range. In fact the discrepancy (~ 2.5¢)
is greater than that of the 181 keV transition (~ 1.3¢) upon which the presently assumed level
assignment 1s based.

For these reasons it would appear that a 824 keV level spin of 3/2~ is not compatible with
the present data and that the measured anisotropy of the 181 keV transition is one of the 20%
of observations which are expected exceed their true values by more than 1.30. The spin of
the 824 keV level is therefore taken to be 5/2~. Such an assignment is supported by the fact
that this level is only weakly populated in the (n,7) reaction [ and the tentatively placed
transition [ to the 162 keV 7/2% level.

With this level assignment the 3 /EC feed is now pure G-T which, with the inclusion of 181

keV gamma feed, leads to a level de-orientation coefficient of U»(824) = +0.71. The resulting

mixing ratios are given below

A2(585) = +0.34(3) if 5/27 — 3/2~ 6(585) = +0.03¥) or —3.7%3
Ay(575) = —0.56(3) if 5/2~ — 5/2~ 6(575) = +0.117% or +1.3%}
A2(385) = —0.51(3) if 5/2~ —5/2~ 6(385) =40.0573 or 4+ 1.5%]
A2(304) = +0.80(4) if 5/2- —3/2- 6(304) = —0.2313 or [—1.8*_’}]

All of the experimental angular distribution coefficients are now within their corresponding

theoretical limits and the former of the two predicted mixing ratios for the 304 keV transition

1s consistent with the work of Tokunaga et al.

521 keV level : 3/2~

Using the known feeding intensities to this level it is possible to deduce that +0.12 <
Uz(521) < +0.77. Thus

+0.06 < A5(521) < +0.42 3/2- —1/2" 6§(521) = +0.05 — +0.24 or [—3.4 - —1.9]

—0.25 < A5(282) < ~0.01 3/2- —3/2~ 6(282) = —0.25 — —0.10 or > [+6.3]

439 keV level : 5/2~

From the angular distribution coefficient of the 439 keV E2 transition a level de-orientation

factor of U2(439) = +0.51(2) can be calculated. Thus from the ratio A2(200 : 439) = —0.39(6)

45(200) = +021(3)  5/2” —3/2" 6(200)=+0.09%] or |-4.8%3]



The spectroscopy of the light selentum isotopes 82

239 keV level : 3/2-

Drawing on the present results for higher lying levels from which the feeding gamma rays
originate enables a theoretical de-orientation coefficient in the range +0.09 < U»(239) < +0.72

to be calculated. Thus

+0.04 < Ay(239) < 4+0.33  3/27 — 1/2-  §(239) = 40.09 — +0.25 or |-3.5 — —2.2]

Discussion

With the exception of the 755 keV transition the mixing ratios obtained in this work
disagree entirely with those of Braga et al. which have been adopted by Nuclear Data Sheets.
Independent mixing ratios are available only for the 200, 239 45! and 755 [®! keV transitions.
The various experimental values obtained for 200 and 239 keV mixing ratios are tabulated below.

The experimental methods are indicated.

Energy Present NDs [ Braga (2 Robinson [4 Zell 18]
(keV) v(6,H,T) 7y(6)  Coul. ex. ¥(8) "“Ge(e,n7) v(6)
200 40.09(2)  —0.094( 3) +0.00(9)  +0.05(3) +0.004( 3)
239 +0.09 — +0.25 —0.184(30) —0.13(4)  +0.18(3) +0.188(30)

Braga et al. claims agreement with Robinson et al. on the value of 6(239). However
the former work uses the convention of Rose and Brink (8] while the latter uses that of
Biedenharn and Rose [®l. Since the 239 keV gamma ray is the de-oriénting transition in
the Coulomb excitation experiment of Robinson et al. and the mixing is such that L' = L + 1,
these conventions differ in sign. Therefore the apparent agreement in the quoted values is in
fact false. The present work uses the convention of Krane and Steffen (10] which in this case is
identical to that of Biedenharn and Rose. Therefore the values of Braga et al. and Nuclear Data
Sheets are in disagreement with both the present results and those of Robinson et al. and Zell
et al. (The values tabulated above are all expressed in the convention of Krane and Steffen).

To illustrate these discrepancies further, the possibility that the present U; A2 coeflicients
are erroneous as a result of assuming incorrect values for 5 fB, will now be investigated. Thus,
for example, the 239 keV mixing ratio of Braga et al. predicts an angular distribution coefficient
of A, = 4+0.70(5) as compared with the present value of +0.04 < A < +0.33. In order to achieve
agreement the effective orientation parameters ) f B, would have to be reduced by a factor of at

least 2. On the other hand, the 304 keV mixing ratio of Braga et al., §(304) = —0.097, predicts
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that A3 = +0.54(9). With the present experimental value of A; = +0.80(4) consistency would
require an increase of the effective orientation parameters by a factor of 1.5. Since the effective
orientation parameter for the demagnetization part of the experiment is virtually at the limiting
value of unity, no such increase is possible. By applying these arguments to other transitions it
is found that no common value for the required correction factor exists. Thus the discrepancies
in the mixing ratios are clearly not a result of the factors }_ fB being incorrect.

Conversely, a comparison of the A5 angular correlation coefficients predicted by the present
results and the experimental values of Braga et al. are given below. For the sake of argument

both the 3/2™ and 5/2~ spin assignments for the 824 keV level are considered, even though the

former has been excluded by the present results.

Energy Spin Sequence predicted As, observed Aj, 12
755 — 250 3/2—>5/2—-1/2 —0.46 — —0.45 —0.460(27)
575 — 250 if 3/2—-5/2—-1/2 ~ +0.41 +0.038(27)

if 5/2—5/2—1/2 +0.14 — +0.19
or —0.25 — —0.23
385 — 440 if 3/2—5/2—1/2 +0.34 — +0.46 +0.086(14)
if 5/2—5/2—1/2 +0.18 — +0.22
or —0.25 — —0.24
385 — 200 if 3/2—5/2—3/2 -0.21 — -0.12 —0.100(26)
if 5/2—5/2—3/2 —0.10 — —0.06
or +0.08 — 40.11
200 — 239 5/2—3/2—-1/2 —0.01 — +0.00 +0.033(13)
282 — 239 3/2—-3/2—-1/2 -0.24 — —0.02 —0.153( 3)
304 — 521 if 3/2—3/2—1/2 —0.41 — —-0.05 +0.162(19)
if 5/2—3/2—1/2 +0.02 — 40.17
485 — 521 3/2—3/2—1/2 -0.10 — —0.01 +0.011(10)

It is interesting to note that there is only disagreement between prediction and experiment where
the experimental A, value is small. It is possible therefore that there are small, undetected
errors in the work of Braga et al. which by propagating through their analysis have lead to an
incorrect interpretation of the angular correlation data. The universal agreement on the 755
keV mixing ratio can then be attributed to the fact that the experimental A5, value is both
large and the 755 keV gamma ray is taken in coincidence with the 250 keV pure E2 transition.

Therefore the only unknown to be extracted from the data is the 755 keV mixing ratio. This is in
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contrast to the other cascades which exhibit large A5 coefficients. There both transitions in the
cascade are mixed so that two unknown parameters are involved which requires the knowledge
of a second experimental quantity, A44. Since the experimental A44 coefficients are invariably
small with large errors these two mixing ratios are not reliably extracted.

Finally, it should be noted that the predicted A, coefficient for the 304 — 521 keV cascade,
calculated using the present results, disagrees in sign with the experimental value of Braga et
al. if the 824 keV level is taken to have spin 3/2~. Since the experimental A, value is
comparatively large it may be presumed that the fitting procedure employed by Braga et al. is
relatively reliable. This may therefore be taken as further evidence for the present 5/2 spin
assignment of the 824 keV level.

To conclude this section on the spectroscopy of ““Se, the mixing ratios derived from the
present work are listed below. Only those values consistent with electron conversion measure-

ments [16] are included. For comparison the values of Braga et al. are also tabulated.

Present : Braga 2]

6(1005) = +0.50*3 or —18%5

6( 766) > —0.29

8( 755) = +0.305 : +0.31%3
§( 585) = +0.03%3 or -3.7%3
§( 575) = +0.1175 or +1.3%] : +0.33%3
6( 521) = +0.05 — +0.24 : =017
6( 485) = +0.14%% : +0.2743

6( 385) = +0.05¥3 or +1.5%1 . 40.23%3
1

6( 304) = —0.23%3 : —0.09%%
8( 282) = —0.25 — —0.10 : 40.12+3
8( 239) = +0.09 — +0.25 . —0.13%4

6( 200) = +0.0912 : +0.00%3
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5.3 The isotope "°Se

Anisotropies were measured for 42 gamma transitions in the decay of "*Br at an average
temperature of 2.9 mK. The site distribution parameter f was measured to be 58(9)% (see
section 4.3) leading to the value ) fB; = 0.59(3). The anisotropies and Uz Az coefficients thus
deduced are listed in table 5.2 . It is unfortunate that despite the full orientation achieved the
anisotropies observed from this I = 1 nucleus were all rather small, limiting the precision of the
extracted decay parameters. The decay scheme, illustrated in figure 5.2 , is taken from Nuclear

Data Sheets (111,

3971 keV level : (11,2%)

The presence of a transition direct to the 0t ground state and the observation of orientation
limits the spin of this level to 1%, 2%. The 1301 keV transition between this level and the 2670
keV (27) level has an observed UyAz coefficient of ~0.69(23). The theoretical coefficients for

the possible spin sequences are listed below

17" -1t - 27 : UyA; = —0.04 — +0.07

17" - 17— 27 : UsA2 =-0.35— 40.71

17 -2t - 27 : UyA; =-0.25— +0.25
None of these are consistent with the observed coefficient to within 1.5¢. This brings into doubt
the (27) spin assignment of the 2670 keV level. As will be discussed later, there is reason to

believe that the spin of the 2670 keV level can also be assigned to 1+, 2% or 3*. The theoretical

coeflicients for these spin sequences are

1- =1t = 1% UyAy =-1.41— +0.71
1- =17 = 1% : UyA; = —0.35— +0.18
1= =2t 5 1% : U4, = —0.56 — +0.63
1- =1t 2% : U4, = —-0.35— +0.71
1- - 17 = 2% : UyA; = —0.04 — +0.07
1~ =2+ = 2% : U4y = —0.48 — +0.48
1~ =1t - 3% : UyA; = —-0.10 - +0.05
17 =17 = 3% : UsAy = —0.35 — +0.70

17 -2+ = 3% : U4y = —0.53 — +0.53
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Figure 5.2. The decay scheme of 7°Br (Part 1 of 2) [11],
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6Br at 2.9 mK.

Energy (keV) E (%) UzA,
473 ~9.2( 1.8) ~0.11( 2)
490 18.0(10.3) 0.20(10)
559 3.8( 0.3) 0.04( 1)
599 ~1.5( 4.6) ~0.01( 5)
604 3.7( 8.4) 0.04( 9)
657 _0.6( 0.4) ~0.01( 5)
665 ~0.8( 3.7) ~0.01( 4)
681 ~8.8( 4.8) ~0.10( 6)
696 2.7( 4.8) 0.03( 5)
728 ~1.1( 4.7) ~0.01( 5)
731 6.7( 4.2) 0.07( 4)
772 ~1.0( 6.1) ~0.01( 7)
789 —6.2( 5.6) ~0.07( 6)
804 9.3( 5.8) 0.10( 6)
882 5.1 5.8) ~0.06( 7)
886 ~17.5( 7.7) ~0.22(10)
1030 1.6( 6.7) 0.01( 7)
1033 —13.4( 6.1) ~0.16( 8)
1130 ~14.2( 0.9) ~0.17( 1)
1213 2.0( 3.4) 0.02( 3)
1216 —4.1( 1.0) ~0.04( 1)
1229 2.5( 1.8) 0.02( 2)
1301 —48.8(13.8) ~0.69(23)
1372 ~13.7( 6.4) —0.17( 8)
1381 4.8( 1.3) 0.05( 1)
1439 ~5.7( 4.2) ~0.06( 5)
1454 —5.6( 3.2) —0.06( 3)
1471 4.3( 1.8) 0.05( 2)
1560 ~12.4( 5.3) ~0.15( 6)
1568 _4.2( 4.2) ~0.05( 5)
1672 ~22.1(12.5) ~0.28(17)
1788 ~0.9( 5.6) ~0.01( 6)
1854 ~9.5( 0.5) ~0.11( 1)
1944 ~12.1( 6.9) ~0.15( 8)
2097 2.1( 2.8) 0.02( 3)
2111 ~3.1( 1.6) ~0.03( 1)
2136 ~4.7( 3.2) ~0.05( 3)
9511 ~10.6( 1.8) ~0.13( 2)
2601 —8.1( 4.7) ~0.09( 5)
2793 ~2.0( 0.9) ~0.02( 1)
2901 ~9.1( 4.2) —0.11( 5)
2951 ~12.9( 0.7) ~0.16( 1)
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Table 5.2. The axial/equatorial anisotropies and Us Ay coefficients observed in the decay of
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Thus the 1301 keV transition spin changes are limited to 1t — 1% and 2+ — 1% ,2% 3+, The
3971 keV level spin is therefore 11 or 2*. This confirms the previous assignment, based on the

log ft value and angular momentum transfer in the (3He, d) reaction (12],

Finally, a 2 — 3% spin assignment for the 1301 keV transition would imply a level de-
orientation coefficient of U,(3971) < —0.78(26). This corresponds to an almost pure jz = 2
decay (Uz = —0.59) to the 3971 keV level. However, the corrected beta transition probability
[13] (log f1Vt = 7.31) is far too small to correspond to a unique first forbidden decay and so this

spin sequence must be discarded. The spin of the 2670 keV level is not therefore 3*.

3459 keV level : (11,21)

The B*/EC transition to this level is too fast to be unique first forbidden and so, since
anisotropies were also observed, the spin assignment is limited to 1* and 2*. Taking these spins

in turn the following results are obtained

experiment  theory

if 1t UyAy( 804,17 -1t —»17)= +0.10( 6) —0.35— +0.18

if 1- UpA,(1672, 1= — 1~ —2+) = —0.28(17) - 0.04 — +0.07

if 17 UyA9(2901, 17 — 1~ —2%)= —0.11( 5) —0.04 — +0.07

if 2t UsAy( 804, 17 — 2t —17)= +0.10( 6) —0.25—+0.25

if 27 UyAp(1672, 1~ —2- —2%) = —0.28(17) —0.25

if 2 UpAda(2901, 17 — 2~ —2+)= —0.11( 5) —0.25

Therefore the observed Us A, coefficients rule out the possibility of spins 1~ and 27, confirming

the previous (11, 2%) assignment (11,12,

3160 keV level : (1,2%)

Using an identical argument to that presented for the 3459 keV level the spin assignment

is limited to 1¥ and 2%. Assuming these values in turn
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experiment  theory

if 1% A(490, 17 — (27): 1471, 1t = 3%)= +4.0(27) -0.7

if 17 A(731, 17— 3~ : 1033, 1~ — 2+) = —0.47(36) —1.4
A(781, 17 — 37 : 1372, 1~ —2%) = —0.46(36) —1.4
A(T81, 17 — 37 : 1944, 1~ —2%) = —0.52(44) —1.4

A(731, 1" — 37 : 2601, 1= — 2+) = —0.78(67) —1.4

if 2t A(490, 2t —(27): 731, 2t =37 )= +26(21) -35

if 27 U A2(1033, 17 —» 27 — 2%) = —0.16(8) —0.25

UzA2(1372, 17 - 27 = 2¥) = —0.17(8) —0.25

U2A2(1471, 17 — 27 — 3%t) = 4+0.05(2) +0.07

UzA2(1944, 1~ — 2~ —2%) = —0.15(8) —0.25

Uy Ag(2601, 1~ - 27 = 2%) = —0.09(5) —-0.25
Apparently none of these spin assignments are favoured by the data. However it has already been
argued that the 2670 keV level, to which the 490 keV transition decays, is not (27). Therefore
the above comparisons serve only to rule out the possibility of spins 17 and 2~. Taking the
2670 keV level to have spin 1% or 2+ would allow both spin 1% and 2% for the present level.
However, in view of the presence of gamma transitions to levels of spin 0%, 2% and 3%, a spin

1* assignment is unlikely. Hence the spin of the 3160 keV level is taken to be 2*.

With this assumption, the Us A coefficient of the 731 keV 2t — 3~ transition yields
U3(3160) = +0.59(33), whence a lepton field mixing ratio of A%(j5 = 2/js = 1) < 0.38 is
derived. Further, from the experimental ratio A(y : 731) the following mixing ratios can be

calculated

A2(2601) = —0.15(12) 2+ — 2+ §(2601) = —0.21F10 or +4.6133
A2(1944) = —0.23(20) 2t 2%+ §(1944) = —0.12%]3 or +3.3133
A2(1471) = +0.08( 6) 2+ — 3t §(1471) = —-0.02+ § or -5.2%11

Ap(1372) = —0.26(21)  2+* — 2+ §(1372) = -0.101]3 or +3.0%33
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3070 keV level : (1,2)

Again the spin assignment can be limited to 1%, 2%, Hence

experiment theory

if 1% UyA,(1381, 17 — 1t - 3%)= +0.05(1) -0.10 - 40.05

if 17 UyAp(1854, 17 — 1~ —2+)= —0.11(1) -0.04 — +0.07

if 17 Updp(2511, 17 — 17 = 2+) = —0.13(2) - 0.04 — +0.07

if 27 U2A2(1854, 1" — 27 — 2+) = — 0.11(1) —0.25
if 27 UyAq(2511, 17 -2 —2F)= —0.13(2) —0.25
Consistency for a 2t assignment may be also by achieved by a suitable choice of mixing ratio.

Thus the experimental anisotropies indicate that the 3070 keV level is of positive parity with

possible spins 11 or 2t.

2951 keV level : (17)

From the Us A, coefficient of the 2951 keV (17) — 0% transition it is possible to calculate
a de-orientation parameter Us(2951) = —0.23(1). The G-T to F mixing in the allowed % /EC
decay is therefore A%(jg = 1/jp = 0) = 4.6(2).

2670 keV level : (27)

The observed beta reduced transition probability to this level is log ft = 7.40. Assuming
a unique first forbidden decay then this can be corrected to log flUt = 8.38, which is just
slow enough to be plausible. Therefore the 3% /EC feed to this level limits the possible spins
to 0%,1%, 2% or 3*. The presence of gamma transitions to levels of spin 2+ and 3* and
the observation of non-zero anisotropies further limit the assignments to 1%, 2% or 3*. From
previous arguments relating to the 3971 and 3160 keV levels the spins 2~ and 3% can also
be excluded. In fact the possibility of spin 2~ can be also be ruled out directly from the
anisotropies of the 2111, 1454 and 882 keV transitions from this level. All the feeding gamma
transitions arise from levels assigned (1%,2%), some of which are verified in the present work.
Therefore it is possible to calculate their contribution to the total de-orientation coefficient of
the 2670 keV level. Thus for transitions 1~ — 1t — 27; —0.3 < U, < +40.60, while for
transitions 1~ — 2+ — 27; —0.30 < U; < +0.30. Since the beta feed would be pure G-T
and using the measure de-orientation coefficient for the 3160 keV level, then the total level de-

orientation coefficient is calculated to lie in the range 4+0.18 < U5(2670) < 40.58. The expected
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Uy A, coefficient for the 2111, 1454 and 882 keV El transitions to levels of spin 2% is then
predicted to be —0.24 < U3 A3 < —0.08. When compared to the respective experimental values
of —0.03(1), —0.06(3) and —0.06(7) it is clear that the former value at least is inconsistent with
the assumption of spin 2~. Therefore the spin of this level must be either 1t or 2*. Such an
assignment disagrees with the conclusions of Kaur et al. [14] who proposed spin 2~ on the
basis of 7v(f) measurements in the decay of "*As. However the possibility of positive parity was

not considered since the beta decay to this level was assumed to be allowed.

2656 keV level : 1~

From the Us; A5 coefficients of the 1439 and 2097 keV E1 transitions the level de-orientation
coefficient is calculated to be U»(2656) = —0.01(36).

2429 keV level : 3~

From the anisotropy of the 1213 keV E1 transition the coefficient U2(2429) = +0.58(87) is

obtained.

1788 keV level : 2%

The de-orientation coefficient for this level is U5(1788) = +0.02(6), as calculated from the
665 and 1788 keV 2+ — 0* transitions.

1689 keV level : 3%

The angular distribution coefficient for the 1130 keV transition has been measured by
Subber et al. in the 8~ decay of ®As [!%] to be A, = —0.73(15). From this it can be deduced
that U5(1689) = 0.23(5). Further, from the ratio A(473 : 1130) = +0.64(14)

A3(473) = —0.47(14) 3t -2t §(473) = 4047F12 or +5.01%

This mixing ratio agrees with, but is more accurate than, the corresponding result of Subber et

al. 1151 and is consistent with the earlier work of Matsuzaki ef al. [16].

1331 keV level : 4%

The de-orientation coefficient is calculated to be U5(1330) = +0.02(16) from the 772 keV

E2 transition.

1216 keV level : 2%

From the known angular distribution coefficient of the 1216 keV E2 transition the level
de-orientation parameter Uz(1216) = +0.07(2) is obtained. Also A(657 : 1216) = +0.14(10),
thus
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A2(657) = —0.09(6) 2t - 2% §(657) = —-0.26% or +5.8%%

The latter of the two mixing ratios is consistent with the previously known values of +4.2(2)

(5] and 45.2(2) 07

559 keV level : 2%

The total feeding to this level is 36% by direct f+/EC and 64% by preceeding gamma
transitions. The contribution of the gamma feeding to the total level de-orientation coefficient
may be estimated from the the present results. Taking the above de-orientation coefficients and
mixing ratios as appropriate (and also §(1229) 14151 §(1130) [*Y] and 6(657) [!517) from other
works) allows a partial intensity weighted de-orientation coefficient of —0.05 < Z.y LU(y) <
+0.07 to be calculated. This corresponds to 43% of the total feeding. The contribution of the
remaining 21% of the gamma feed, for which no experimental values exist, may be estimated
by taking the maximum and minimum theoretical values for the spin sequence 1= — 1,2 — 2%,
which are +0.12 and —0.12 respectively. Again these values are intensity weighted. In this
way the total intensity weighted gamma de-orientation coefficient is estimated to be —0.17 <
> LyU2(y) £ +0.19.

Together with the de-orientation coefficient corresponding to the lepton decay this may be

related to the total measured coefficient thus

Ua(559) = IsU2(8) + D _ I, Ua(7)- (5.5)

The observed level de-orientation coefficient, as deduced from the 559 keV E2 transition, is
U2(559) = —0.075(7). Thus —0.76 < U2(B) < 40.28. With limiting theoretical values of +0.59
and —0.59 for jg = 1,2 respectively this result leads to a lepton mixing ratio of A2(jg = 2/jp =
1) > 0.36.

In practice the limits assumed for the gamma de-orientation coefficients will be rather too
generous. The mid-point value of the partial intensity weighted de-orientation coefficient for
the gamma feeds with known parameters is +0.01 and there is little reason to expect much
difference for the remaining unknown feeds. Thus the actual total gamma de-orientation coefi-
cient is likely to be fairly close to zero. In this more realistic approximation the lepton mixing
ratio is calculated to be A% ~ 1.3 implying a very significant, but not necessarily pre-eminent,
contribution from the quadrupole field.

The corrected first unique forbidden transition probability [3] is calculated to be log f Wy =

9.5. This is entirely in order with the values of other such transitions in this region which are
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typically ~ 10 and so the present result is certainly not without foundation. On the other hand,
the present lepton mixing ratio of the first forbidden decay to the higher lying 3160 keV level
suggests little, if any, contribution from the quadrupole field. An increasing presence of jz = 2

components as the decay energy becomes greater might in fact explain the gradual increase in

the observed log ft values towards the lower part of the level scheme.

5.4 The isotope "*Se

The anisotropies of gamma transitions in the decay of "*Br were observed at an average
temperature of 12.7 mK. Using the measured moment of 0.76(18)u~ and the site distribution
parameter f = 67(9)%, an effective orientation parameter 5 fB2 = 0.32(9) is obtained. The
experimental anisotropies and U; A, coefficients are listed in table 5.3 .

The decay scheme, shown in figure 5.3 , is taken from Nuclear Data Sheets (18] In addition,
several spin and parity assignments have been given more recently by Tokunaga et al. [19],

Table 5.3. The axial/equatorial anisotropies and U, A, coefficients observed in the decay of
"5Br at 12.7 mK.

Energy (keV) E (%) UsA»
141 —0.5( 8.7) —0.01(19)
236 ~5.7( 9.8) —0.12(22)
287 0.9( 0.4) 0.02( 1)
377 41.1( 4.3) 0.79(23)
428 ~12.1( 2.2) —0.27( 9)
432 7.1( 3.0) 0.15( 7)
573 —5.5( 4.8) —0.12(11)
609 —8.4( 3.7) —0.18(10)
702 ~29.6(15.0) —0.71(45)
952 14.5( 6.4) 0.30(15)

1561 keV level : (5/2)

The log ft value for the 8% /EC decay to this level indicates an allowed or non-unique first
forbidden transition from the 3/2~ ground state of “*Br. The observation of orientation in the
702 keV transition rules out spins 1/2% absolutely and the presence of gamma transitions to

levels of spin 3/2~, 5/2% and 7/2* further limit the possible spins to 3/2+ or 5/2%. Further,



The spectroscopy of the light selenium 1sotopes 95

4000 -
H M
2000 - :B' .
m.l Loekpemt0d  Q ‘e 30M0 ™
Intensities: y+ce) per 100 decays of pare=mt
*Muitiple placament
D
Shee
ALY
I8 / dor I logtt
( 0.0 om 6.8)
1500
.4
L)
S
I —LI&.N/
( 6086 O3  6.30)
L 7 XY
°'°.'~'°¢ .
9o Lo %
! é'i ) oo.".'
1022 ';:9 8~°-° o 140,28/ (08 23 35%)
X IR AT
49 . e (o2 o M
s - < o:’f;:‘. 1|.1=.z|./ ( 0.057 013 ¢.9)
AL LI
i SFsrs “.g . umn_/ (09 o8 63)
£y 3
Aa-aa & °° (088 o0 6.10)
000 - -Matadt -e ¢ 0.100 0.3  6.m)
"(J LA JZ.I._/
A= o0 a C 0.1180 e.v42 T.03)
£a 0 '.'»“0"'95'
P88 oon. _ /
7 % 77 3 ‘2"{‘:’" ( t.00 o.98 .2)
A LR Y J’..ﬂ../ (335 30  s.M)
0’0’0
ol o.'::? /
872 74 -:" m.n (o4 o3 en)
22 3 gj;"? —_ aa S ( 0.3 o.0m 7.3)
o
K ' Lo
A L2354 °i»_9,".° ____lli.-./ (34 1w o)
A4
A2}~ 144 _ﬂ.n_./ (1.3 o®m ¢%)
[, 4
2
XA
500 - AN
2ss
:)\
A '4\‘1:' _ga_.n__/ (47 147  em)
>
&
R
-
: s.8)
fé’lﬁ==ﬂ=&=k U Ul -4 P (8 34 3w
«
X
&
L4
g !
20 . 112,18 4 (@.08 @i %)
od aat o liles 119.770 4
23 o

Figure 5.3. The decay scheme of 7Br (18],
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an assignment of 5/2% can be excluded as this would imply that the U, A, coefficient of the
702 keV transition is in the range —0.04 — +0.28, contrary to the observed value of —0.71(45).

Since Tokunaga et al. have tentatively proposed a spin assignment of (5/2), the 1561 keV level
spin is taken to be 5/27.

With this assignment the % /EC decay is pure G-T, so that

A5(702) = —0.95(60) 5/2~ —3/2~ 6(702) > +0.40

1245 keV level : 1/27, 3/2~

The fact that anisotropies were observed for the 952 keV transition, which decays to the
293 keV 1/2~ level, can be used to limit the spin assignment for this level to 3/2% or 5/2-.
The latter possibility can be excluded since it would predict that U; A, = —0.40, in contrast
to the observed positive value. The present data is consistent with both 3/2~ and 3/2% spin
assignments. Previous reaction transfer data [1%20 have suggested a spin of either 1/27 or
3/2~. Therefore the spin of this level is taken to be 3/2~.

The level de-orientation coefficient then lies in the range +0.2 < U;(1245) < +1.0 and

hence

A5(952) > 40.15 3/27 — 1/2~ — 2.9 <6(952) < +0.18

895 keV level : 1/27, 3/2~

Again previous transfer data (132 have suggested level spin assignments of 1/2~ or 3/2~.
Since the 609 keV transition exhibits anisotropy the former possibility may be excluded. The
895 keV level spin is therefore 3/2.

The level de-orientation coefficient thus lies in the same range as for the 1245 keV level,

whence

A5(609) < —0.08 3/2- — 3/2- 6(609) > —0.20

859 keV level : 3/2~

Taking the previously known mixing ratio for the 432 keV transition of 6(432) = +0.34(24)
[18,20,21] yields the theoretical angular distribution coefficient A; = +0.49(23). Thus the level
de-orientation coefficient is calculated to be U,(859) = +0.31(20). Only 6% of the total feeding
to this level is by preceeding gamma transitions which can therefore be neglected. Thus the

lepton mixing ratio A2(js = 1/js = 0) > 1.6 is deduced.
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Further, from the experimental ratio A(573 : 432) = —0.81(79)

A3(573) = —0.40(43) 3/27 —3/2~ 6(573) > —0.24

664 keV level : 5/2~

This level is fed almost entirely (97%) by pure G-T beta decay with a theoretical de-
orientation parameter U, = +0.75. The known mixing ratio of the 377 keV transition [2°] has

already been used to limit the error on the fitted moment of “>Br (see subsection 4.4.1). In

addition

A(236) = —0.16(29) 5/2- —5/2~ 6(236) = —0.2412% or [1.6 - 17]

Electron conversion measurements by Tokunaga et al. 1% give |6(236)] = 0.31F1% in agreement

with the former of the present values.

5.5 The isotope "‘Se

The averaged anisotropies of gamma rays resulting from the 8+ /EC decay of “Br™ are
listed in table 5.4 . Since the oriented spin is I = 4 [22] the directional distribution of
these gamma rays in general contain terms of both second and fourth rank. Taking the fitted
moment of 1.68(18)u~ and site distribution parameter f = 67(9)% leads to effective orientation
parameters Y fB, = 0.92(9) and ) _ fBs = 0.26(5) at the average experimental temperature of
9.8 mK.

From the relative magnitudes of the two effective orientation parameters it is clear that
fourth rank terms may contribute significantly to the anisotropies appearing in table 5.4. The
two U, A, coeflicients must therefore be determined from the temperature dependence of the
anisotropies. With the moment and site distribution parameter fixed to the above values, U2 A5
and Uy A4 are thus extracted separately as the only variable parameters. (It has been stated in
subsection 4.4.2 that such a fitting procedure, including U; A2 and U4 A4 as variable parameters,
is only reliable for the 634 and 728 keV transitions. There, however, the moment was also a
variable parameter). The resulting fourth rank terms, generally having the smaller contribution
to the anisotropy, are of rather poor precision and necessarily the error in the corresponding

second rank terms is increased. In this respect, where it can be shown theoretically that the
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UgA4 coefficient of a given gamma transition either vanishes or is comparatively small, then it is
better to consider the second rank terms exclusively by applying (5.2) to the averaged anisotropy
point. There is then no additional error in U;A; introduced by the uncertainty in the fitted
value of UsA4. Values thus derived are denoted U;A, in order to highlight the fact that in
the general case they represent some mean value of the Us A, and UsAy4 coefficients. The Us Ao
coefficients together with the fitted values Us A, and UsA4 are also given in table 5.4. Only the
former quantities are tabulated for the statistically weaker transitions.

Table 5.4. The axial/equatorial anisotropies and Us A coefficients observed in the decay of
7Br™ at 9.8 mK. ! indicates a doublet.

Energy (keV) E (%) U, A, Us Az UsAs
615 ~38.7( 1.8) —0.33( 3) —0.39( 6) 0.27(38)
6341 —23.5( 0.4) —0.19( 2) —-0.19( 4) —0.10(14)
679 —26.5(12.3) —0.22(11) — —
728 —39.4( 0.6) —0.34( 3) —0.38( 5) 0.11(25)
745 13.8( 7.9) 0.10( 5) — —
839 —41.8( 2.0) —0.36( 4) —-0.33( 7) —0.25(32)
868 —41.1(10.7) —0.36(11) — —
980 —45.6(16.5) —0.40(17) - —
9851 —-33.1( 3.3) —0.28( 4) —0.22( 6) —0.53(31)
1201t ~41.3( 2.4) —0.36( 4) —-0.42( 9) 0.45(53)
1204 —33.4( 8.4) —0.28( 8) —0.30(17) —0.28(99)
1250 —58.8( 1.3) —0.55( 5) —0.68(10) 0.55(46)
1269 —-30.3( 1.8) —-0.25( 2) —0.26( 6) —0.08(33)
1367 ~35.6( 5.2) —0.30( 5) —0.29(11) —0.38(83)

Although the isomeric spin has been firmly assigned, the parity has not. Negative parity was
tentatively assigned on the basis of log f!Vt values to the 2231 keV 6% level and to several (27)
states in 74Se  [23]. However by their very nature such first unique forbidden beta transitions
have very low intensities. In view of the highly complex decay scheme, illustrated in figure 5.4
[24] the small gamma intensity imbalances from which they are deduced could well be accounted
for by weak unobserved gamma transitions. As a result the negative parity assignment is by no
means definite. '

In fact a comparison of the band structures in 747®Br [25] has lead to the proposal of
positive parity. Strong corroborative evidence for this assignment is provided by the present

magnetic moment of “*Br™ which only finds an explanation in the particle-rotor model for a

positive parity configuration (see subsection 7.5.2).
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Figure 5.4. The decay scheme of “Br™ (Part 1 of 2) [24],
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Unfortunately, the present spectroscopic data is not able to confirm the parity assignment
either way. Consider, for example, the 868 keV E2 transition arising from the 2231 keV 67 level.
For a negative parity oriented state this must involve a first unique forbidden 8% /EC decay with
de-orientation coefficients Uy = +0.90 and Uy = +0.69. With the above effective site distribution
parameters this leads to a predicted anisotropy of —43(3)% at 9.8 mK, fully consistent with the
experimental value of —41(11)%. If the parity of the oriented state was positive then the 8+ /EC
feeding intensity to this level would be negligible and all the feeding must arise from (hitherto
unobserved) gamma transitions. In order to be consistent wifh the observed anisotropy to the
one standard deviation limit this gamma feeding must have approximately U, > +0.60. The
theoretical de-orientation coefficients for transitions in the spin range I = 4 — 6 could well
be expected to satisfy this inequality. Indeed, such high values are exhibited by many of the
experimental de-orientation coefficients given below, in spite of the complex feedings which
many of these levels possess. Thus both parity assignments are consistent with the present
spectroscopic data.

Therefore in the light of the magnetic moment evidence and without any firm evidence to
the contrary, the assignment I™(“4Br™)= 4% will be assumed in this analysis.

As it turns out, none of the mixing ratios derived below are affected by the parity of
the isomeric parent. Only the mixing ratios of the 615 and 634 keV transitions were known

previously [24],

2108 keV level : 4%

The experimental UjA) coefficients for the 839 keV E2 transition lead to the level de-
orientation parameters U,(2108) = +0.74(16) and U4(2108) = +0.82(105). From the former

value, in conjunction with Uz A2(745) = +0.10(5), one obtains

A,(745) = 40.14(7) 4+ — 4% §(745) = —0.76712 or +6.1*5]

It is now necessary to investigate the effects of the neglected fourth rank terms in the 745 keV
analysis. The fourth rank angular distribution coefficients corresponding to the two mixing
ratios given above are A4 = —0.18(4) and —0.49(1) respectively. In the absence of a sufficiently
accurate experimental value for Uy it will be assumed that Uy /U; ~ +1. In this rather pessimistic
approximation the respective ratios ) fBsUsA4/ 3 fBaUz A2 ~ —0.3 and —1.0 are obtained,
the negative signs implying that 4, > A,. Since the proportional error on A is 0.5, one would
expect that in the former case the effect of the fourth rank term is already contained within

the experimental error. In the latter case, the fourth order orientation may be as large as that
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of the second. Thus, naively, A = 24; = 40.28. Despite this large increase in the angular
distribution coefficient, the corresponding mixing ratio simply increases towards infinity.

Therefore, after correcting for the effects of fourth rank terms, the mixing ratio of the 745
keV transition is predicted either to lie in the range —0.90 — —0.64, or > 4.1 corresponding to

an essentially pure E2 multipolarity.

1884 keV level : (3%)

The feeding to this level is 48% by direct lepton decay for which Us = +0.90 and the
remaining 52% by preceeding gamma transitions. The spins of the levels from which these
gamma transitions arise are not certain, a number of possibilities being given (see figure 5.4).
Taking the maximum and minimum possible de-orientation coefficients for the spin sequences
allowed by the suggested level spins leads to +0.20 < U, < +0.88. Thus, by taking the intensity
weighted sum of these two contributions, the second rank level de-orientation coefficient is

predicted to lie in the range +0.54 < U2(1884) < +0.89. Hence using the experimental U, A,

values

A5(1250) < —0.65 if 3t — 2+ §(1250) = +0.65 — +3.0

Ap( 615) < —0.37 if 3t —2t §( 615) = +0.40 — +7.3

The mixing ratio of the 615 keV transition has been measured previously by Piercey et al.  [26]
to be 8(615) = +0.3(1), which agrees with the present result at the one standard deviation
limit. Such an agreement implies that the 1884 keV level de-orientation coefficient lies in the
region of Us ~ +0.89. This is the theoretical maximum value and corresponds to a favourable
combination of a number of assumed spin sequences and mixing ratios, none of which have been
verified experimentally. Therefore such a value must be viewed with caution. On the other hand,
agreement to within two standard deviations requires only that Us > +40.51. This is a much
more likely result both theoretically and experimentally, as can be seen from the experimental
values for other levels in the decay. For example, the de-orientation coefficient of the 2108 keV
level is Uy = +0.74(16), while those for the 1363 and 1269 keV levels are U, = +0.85(11) and
Us = 4+0.44(10), as calculated from the 728 and 1269 keV E2 transitions respectively.

Thus the mixing ratio of Piercey et al. and the present result together favour value in the

range of §(615) = +0.4 — +0.5.



The spectroscopy of the light selenium 1sotopes 103

5.6 The decay of "*Br

Table 5.5 lists the anisotropies observed for 16 of the strongest transitions which occur in
the decay of "®Br [24] at a temperature of 12.2 mK. None of these showed any significant degree of
orientation. Also tabulated are the anisotropy to error ratios. The number of transitions whose
anisotropy to error ratio lies within 0.25, 0.50, 0.75, 1.00, 1.25 and 1.50 are 2, 6, 8, 11, 13 and
16 respectively. These compare favourably with the numbers expected for a normal distribution
with a mean of zero, namely 3, 6, 9, 11, 13 and 14. Therefore the measured anisotropies are all
consistent with the statistical fluctuations expected in the observation of zero orientation.

The probable cause of this has already been discussed in subsection 4.4.3 and is not con-

sidered to have any bearing on the spectroscopy of "3Se.

Table 5.5. The axial/equatorial anisotropies observed in the decay of “3Br at 12.2 mK.

Energy (keV) E (%) anisotropy /o
65 0.6( 0.6) 1.0
275 0.8( 4.9) 0.2
336 0.8( 1.6) 0.5
374 ~1.6( 5.2) -0.3
401 ~0.8( 2.0) ~0.4
490 7.0( 8.4) 0.8
540 ~0.3( 3.7) —0.1
550 4.1( 7.3) 0.6
615 —6.5( 4.4) ~15
639 —6.5(10.3) ~0.6
700 1.9( 1.4) 1.4
788 ~10.0(11.0) ~0.9
849 ~0.3( 1.1) -0.3
870 6.6( 4.8) 1.4
914 3.1( 2.9) 1.1
931 1.5( 1.5) 0.9
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5.7 The isotope "Se

On the basis of observed 8% /EC decays to several levels of spin 2+ and 4% in 72Se and also
a gamma transition from the 162 keV 1% level in 7?Br, the ground state spin-parity has been
assigned I"("2Br?) = (3)* [27). The decay scheme of 72Br¥ is illustrated in figure 5.5 [27]

As a consequence of this spin value, the directional distribution of subsequent gamma
radiation will contain both second and fourth rank terms. However, as noted in subsection 4.4.4,
the ratio of these terms is only of order ~ 2% and hence the latter terms may be neglected. The
extraction of the U, A, coefficients can therefore be carried out using (5.2) without recourse to
the fitting procedure which was necessary in the case of "Br™.

The observed anisotropies are listed in table 5.6 . These correspond to an average tem-
perature of 15.1 mK for which an effective orientation parameter of ) fB; = 0.11(8) can be
calculated for the 72Brf nuclei, using the results of subsection 4.4.4. This includes the ~ 15%
attenuation introduced by the effects of incomplete relaxation. The calculated U3 A, coefficients
are }also included in table 5.6. The errors on these coefficients suffer rather badly from the
non-linearity introduced by the fact that the proportional errors in both the anisotropy and
the effective orientation parameter are not small, let alone infinitesimal as assumed in (5.4).
Thus although the anisotropy of the 1317 keV transition is negative, the corresponding Uz A-
coeflicient is calculated to be of either sign within the one standard deviation limits. In order
to avoid such anomalies table 5.6 also includes a second set of errors, enclosed in braces, which

represent the limits of the variation in Uy A, as E and ) f B are varied within their respective

one standard deviation limits.

Table 5.6. The axial/equatorial anisotropies and U; A, coefficients observed in the decay of
72Br at 15.1 mK.

Energy (keV) E (%) U2A2
101 —10.9(3.1) see text
455 ~1.6(2.1) ~0.10(0.15) { %g
753 11.3(7.9) 0.69(0.68) {+333
775 —6.9(4.5) ~0.45(0.44) {+,3
862 ~4.1(0.6) ~0.26(0.19) {* 53
1055 ~5.9(5.2) —0.38(0.44) {,33
1062 —14.3(3.6) ~0.95(0.74) { .22
1136 1.1(5.8) 0.06(0.37) {+132
1317 ~3.2(2.4) ~0.20(0.21) {117
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No mixing ratios in 72Se have been previously measured.

1999 keV level : 2t

Using the theoretical angular distribution coefficient of the 1062 keV E2 transition and the
experimental ratio A(1136 : 1062) = —0.07(38)

A5(1136) = +0.04(23) 2t -2t §(1136) = —0.3671% or > +4.0

1317 keV level : 2%

The ratio A(455 : 1317) = +0.50(76) and the fact that the 1317 keV ground state transition

is pure E2 gives

A2(455) = —0.30(45) 2t — 2% §(455) = —0.09738 or > +1.0

5.8 The isomer ?Br™

In the present work the isomeric 101 keV ground state transition has been studied both
by LTNO and electron conversion measurements. The latter were performed by collecting the
"2Br activity on the motorized tape of the DOLIS mini-beam line. Every few seconds this
was transported to a position where simultaneous electron and gamma ray measurements were
made, using a cooled Si(Li) and a Ge detector respectively. The relative electron to gamma
intensities were normalized by the 75 keV (0t — 2%) E2 transition in “2Se using the theoretical
E2 conversion coeflicient.

The resulting conversion coefficient for the 101 keV transition is ax = 1.4(3) [28]
corresponding to a predominantly M2 transition with an E3 octupole admixture of 7(6)%
(|6(M2/E3)| = 0.27%1%). (The possibility of an E2/M3 character cannot be completely ruled
out, but the significant M3 content argues strongly against such an assignment). This confirms
the previous value of 0.9 < agx < 2.5 obtained indirectly [?°] from gamma intensity imbalances
and which lead to the assignment I”(“2Br™) = (1)~ on the basis that I"("?Br¢) = (3)*. The
suggestion of an M2 character for this transition implies a hindrance factor of 10° compared to

the Weilkopf single particle estimate. Such a highly retarded M2 transition (57 keV, 1.3 s) has

also been found in the neighbouring nucleus 76Br [30],
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The observed anisotropy of the isomeric transition is given in table 5.6. Taking the maxi-
mum values of f and B, (100% and full saturation respectively) enables one to set a lower limit
on the magnitude of Ay, whence A; < —0.08. This inequality leads to a M2/E3 mixing ratio of
—-1.3 < 6 < +40.03. When combined with the more precise electron conversion value this result

implies that the negative sign should be taken, hence 6(101 M2/E3) = —0.27%17.

5.9 Conclusion

The present data has lead to much new spectroscopic information on the light selenium

isotopes “2~77Se. A number of electromagnetic and leptonic multipole mixing ratios have been
determined, many for the first time.

In 7’Se, 12 mixing ratios have been deduced. It has been argued that the results of an earlier
v7(6) study by Braga et al. [ are erroneous. Two independent studies [43] fully support the
present values. In addition to the mixing ratios, the spin of the 824 keV level has been assigned
5/2™.

A significant proportion of js = 2 mixing has been established in the first forbidden decay
of 7*Br to the 559 keV level in 7Se. Also a number of spin assignments have been suggested
and mixing ratios deduced.

Mixing ratios have also been derived for several gamma transitions in “7%7°Se. The M2
nature of the 101 keV isomeric transition in "2Br has been confirmed by an electron conversion
measurement.

Unfortunately an important potential result of this analysis, namely a precise value for
the site distribution parameter in 72~ 75Br, was not forthcoming. With this objective in mind
further LTNO experiments on these isotopes, using greater source strengths, might prove to be

very fruitful. Certainly data on the weaker transitions would enable many new spin assignments

and hence mixing ratios to be obtained, particularly so for the plethora of higher lying levels in

74,76G,
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Chapter 6

Collective models of the nucleus

6.1 Introduction

This chapter will briefly review the collective models of low energy nuclear excitations,
concentrating in particular on the particle-rotor models. 1t is intended both as an introduction
to the calculations presented in the next chapter and to develop the formalism by which the

particle-rotor models have been extended to include soft cores in this work.

6.2 The collective quadrupole motion of even-even nuclei

6.2.1 The surface variables and the collective Hamiltonian

In the laboratory frame, nuclear deformations, as evidenced by non-zero quadrupole mo-

ments and B(E2) values, can be conveniently expressed by the relation

R(9,0,t) = Ro{ 14 ) _ aau(t)Yy,(9,9) (6.1)
Ap

where R defines the location of a point on the surface and Ry is the average nuclear radius.
The ay, are the components of the surface collective tensor a{)‘}, where )\ determines the
multipolarity of the nuclear motion. The A = 0 mode merely scales the nuclear volume, while
the A = 1 mode corresponds (for small deformations at least) to a trivial translation of the
center of mass. Therefore the A = 2 quadrupole mode is the lowest order mode of interest. The

A = 3 octupole modes correspond, in general, to higher lying excitations. Hence only quadrupole

terms will be considered and the index A will be dropped.
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In this approximation the Hamiltonian may be separated into a kinetic energy 7" ({2}, al?})
and a potential energy V (a{2}). Assuming a series expansion in terms of the small quantities

o2} and their canonically conjugate momenta 712} leads to

T (w{z},a{z}) — %[W{a} x 11210} 4 Ba[[n{2} x al?)] x ,r{z}]{"} +... (6.2)
and
v (0{2}) — _‘/2_302[0{2} x ol 4 C3[a(?) x af?] x a{z}]{f’} +.- (6.3)

The coupling of the various tensor products to degree zero ensures that the Hamiltonian is scalar
and therefore rotationally invariant. Further, the condition of invariance under time reversal
requires that the kinetic energy only contains products of even numbers of conjugate momenta.
The parameters B and C characterize the inertia of the collective motion and the stiffness of the

collective potential energy respectively. To third order the kinetic energy (6.2) may be written

1 e 2 2 2. :
T=§B2E“:aua#+332(u y v)aua,,av. (6.4)

urv
For spherical nuclei the potential of deformation may be expanded about a{2} = 0 as was

assumed in (6.3) and so to second order the Hamiltonian becomes

1 -y 1 "
H,;, = 532 E o, + 502 E Q0. (6.5)
B u

This is the vibrational Hamiltonian [ in which the nucleus is considered to perform harmonic
vibrations about spherical shape.

When static nuclear deformation is introduced, it is more convenient to work in the intrinsic
(body fixed) frame in which the five quadrupole surface collective variables are denoted a,.

From the invariance of (6.1) under rotations it follows that the surface variables must transform

according to

ay, = ZDzy(¢,0,¢)au (66)

where ¢, 6 and 1 are the Euler angles of the rotation. Without any loss of generality this

transformation may be chosen such that

1 )
ap=fcosy, ax; =0 and ais = 7§ﬂs1n7. (6.7)
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In terms of the five intrinsic variables (ao,asz, @, 8, ¥) the collective kinetic energy to third order

(6.4) is therefore

1 1
T= § Z k(ao,a2)‘-‘)k ¢,0,'¢)) + Bzao(l - QB’ao) + 3202(1 + 2B’a0) <+ 4BQB agaoag (6 8)
k

where wy is the angular velocity about the intrinsic axes labelled by k and

2 B3
B' = .
358, (6-9)
In this approximation the moment of inertia is given by
2 p 2w 2m
Sk(ag,a2) =4B23° <1+ 2B'Bcos | v — -3—k sin? { v — ?k . (6.10)

Together with the potential energy, expanded quadratically around the deformed equilibrium

position, (6.8) forms the basis of the rotation-vibration Hamiltonian [2].

If this potential is infinitely stiff around the deformed minimum then the intrinsic surface
variables become constant. As a result only the D-matrices of (6.6) contribute to the time

dependence of the laboratory surface variables appearing in (6.4). The collective Hamiltonian

then reduces to its purely rotational limit [3

1
rot = 52%*,((10,02)&)% (611)
k

with moments of inertia, to lowest order,

2
S (ao, az) = 4By 3% sin’ (7 - —”k) (6.12)



Collective models of the nucleus 113

6.2.2 The generalized rotational basis

Let the collective nuclear wavefunction be denoted by |IM p), where I is the total angular
momentum, M its component on the laboratory 3-axis and p any other quantum numbers
required to specify the state. As a solution of the collective Hamiltonian, |IM g) depends on

the five quadrupole coordinates 8,v,¢,6 and 1. Thus the transformation from the laboratory

frame to the intrinsic frame gives

I
IMe) =/ 27 3 AR(8,)Dhexc (8,6, 9) (613)
. K

where K is the projection of the total angular momentum on the intrinsic 3-axis and Aﬁ{? is the
wavefunction in the intrinsic system. This collective wavefunction must be a single valued func-
tion of the laboratory surface variables a,. There are 24 different sets of right handed intrinsic
axes which alter the intrinsic quadrupole coordinates in such a way as to leave the a, invarn-
ant. These possibilities are all obtainable through various combinations of the transformation

operators R;, R, and R3, where

R:(1,2,3)=(1,-2,-3)
R»(1,2,3)=(2,-1, 3) (6.14)
Ry1,2,3)=(3, 1, 2).

The action on these operators on the rotation matrices are

RuDigxe = exp'™0=5) Dly_y

RyDiyg = exp™¥/? Dy (6.15)

~ * T T
R3DIIWK - E D}{KI (—2',0, —2’) D]IWKI
K’

so that |[IM g) is invariant under these transformations provided that the intrinsic system wave-

function satisfies

AL (Bm) = (-)*EAE(B)
Ale(g,y) = (-1)X/2478(8,-7) (6.16)
46,1 = 3 Dhe (50.5) 412 (895 )
It follows that if A}2(8,7) is known in any /3 sector of v then its value is determined for all

other principle values. Further, by applying the second equation of (6.16) twice, it is clear that

K is restricted to even values. Thus the symmetrized collective wavefunction (6.13) becomes
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[IMg) = AR (B, IIMK) (6.17)
K=0,2, -

where

2I+1
IM = I 1\ ni
M) \/1671'2(1 ¥ bx.0) {Dux +(=1)'Dy i} (6.18)

This symmetrization forbids K = 0 components when I is odd and therefore no states of I = 1

are allowed in this representation.

6.2.3 The rotational states of even-even nuclei

When expressed in terms of the intrinsic frame components I of the total angular mo-

mentum operator, the rotational limit (6.11) of the collective Hamiltonian becomes, after some

rearrangement,

11 1V, 11 1\, oy, 1
S O N W I ) Y 1
Hror 4{91+92}{I 13}+4{91 92}{1 dhtag s (619

where the elements of irrotational moment of inertia (6.12) are written

S = f;-so sin’ (7 — 3311:) : (6.20)

The 3 dependence of the moment of inertia parameter Sy is often approximated by the empirical
relation of Grodzins [4.

The diagonalization of the Hamiltonian matrix in the basis (6.17) is relatively straight
forward. The matrix elements are given in appendix A.l together with a computer code which
has been written to initiate the matrix.

The states near to the yrast line constitute two separate band structures, the ground state
band (07, 2}, 47 --.) and the higher lying gamma band (23, 3}, 47 - --). The energy eigenvalues
of the ground state and gamma bands are illustrated in figure 6.1 . Since the intrinsic coordinate
P merely scales the Hamiltonian via the moment of inertia, the relative energies are governed
entirely by the asymmetry parameter 7. It can be seen that while the energies of the ground
state band remain relatively unchanged, the energies of the gamma band decrease rapidly as ¥

increases. The position of the rotational gamma band relative to the ground state band therefore

gifles a clear indication of the degree of static nuclear triaxiality.
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At large triaxial deformations the sequence of even-odd spins above I = 5 in the gamma
band is predicted to reverse. In this feature the asymmetric rotor model 13! is distinct from the
rotation-vibration %) and IBA [6) models. While the stretched E2 transition strengths within
the gamma band always remain quite large, the transitions from even I to odd I states decrease
to zero as full triaxiality is approached [7l. Thus it is more appropriate to consider the 27, 4%,
---and 31+, 51*, -+ - states as separate band structures for large ¥ deformations.

Analytic expressions for the energies of the low spin states may be easily derived. Those

which will be employed are, in units of 3h2/4Sy,

9 8 .
Ezf,z = 27) {1 + \/7 -3 sm2(37)} (6.21)

18
E.y = 6.22
37 sin®(37) (6.22)

while the three spin 4 energy levels are the roots of

640
sin?(37)

s 90, 48

- — —— {27+ 26sin*(3y)} E -
sin®(37) * sin*(3v) {27+ 265in°(3)}

{27 + 7sin?(37)} = 0. (6.23)

The relationship between static and dynamic electric quadrupole moments and the defor-
mation coordinates [, v are also of interest. Thus, using the collective elements of the operators

defined in subsection 6.3.5, one obtains for the first excited member of the ground state band

(3]

6 cos(3
Qur = —Qo (7) (6.24)
7\/53 — 8sin?(3y)
and
202 9 ain2
B(E2;2} — 0%) = 9.3_;3_0 | 4 3= 2sin"(37) (6.25)
4 \/9 - 8sin®(37)
where the intrinsic macroscopic electric quadrupole moment @ is given by
3 2
Qo = ZR;p. (6.26)

V5
Within the framework of this model the asymmetry parameter ¥ may thus be derived from the

ratio EZ; / E’2-1+ and subsequently § from either (6.24) or (6.25).



Collective models of the nucleus 116

100 , —
h\]‘ v I I ] I / IF’T
h\\\ Vo I I“"
\ \ 81 / !
fidy 2 /| &
Vo T « 7 I
' 9f i
\‘\\ / | |10+
15 | U L L
\ /)
‘\\\ \ \ , / “,’
~~ I\ \ /
I\ + /
& i YN g __63 s / / I,Il’
N s + N / Il
o Wy~ 7 ~=7 )l o
— 90 _
S WA /
5 Wy 7l
2 VAN /
£ Y /'
[ﬂ \ \ \ 5+ /7 / /
\\ N o 1 _ - / /
\\ A // /
7~ ~ +
N S TT—
\ ~ - 31*' - 7 y
\A - - p 4'1{-
- ~ _ o T——
25 4
21
0 | | | | l

0 10 20 30 40 50 60
v (degrees)

Figure 6.1. The excitation energies of the ground state (solid) and gamma (dashed) bands of
the asymmetric rigid rotor as a function of the asymmetry parameter 7.

6.3 The unified model of odd nuclel

The many body Hamiltonian of an odd mass nuclear system can be approximated by

H= Hcore(a) + Hpart(-a-) + Hint(a) (627)
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where H.ore is the collective Hamiltonian for the even-even core, Hyart 1s the single particle
Hamiltonian in an adiabatic field corresponding to some fixed set @ of the surface collective
variables and H;,; takes into account the effect of the odd particle on that part of the core field

not already included in Hp,ys.

If a spherical shell model potential Vp(r,1,s) is assumed, then the potential

r
V(ie,r,1,8) =V —,1,s (6.28)
(1+ 2oau Y3y )

has an equipotential on the nuclear surface r = Ry {1 + 2 s a,\,,YA*#}. Expanding (6.28) about

a = 0 gives to first order

ov

BaA,“

aA” + e
v 0 (6.29)
0 *
=V (r,l,s) - r_d—f’— %:a,\uYA“ + .-

V(a,r1s)=V(0,r],s)+ }:
u

where by definition Vy(r,1,8) = V(0,r,1,s). The Hamiltonian (6.27) may therefore be written

dV,

{0}
H= Hcore(a) + Hpm(a = 0) _ TT [a{A} X Y{)‘}]
A

r" T (6.30)
where the the zeroth order potential Vp(r,1,s) is absorbed into Hpgr:. The remaining potential
energy terms constitute H;,; which, since the gradient of a typical Woods Saxon potential is
only different from zero near the nuclear surface, represents a surface coupling.

This expansion is employed in the weak coupling model [8 which considers the interaction
between the single particle and the collective motion of a spherical vibrational core (6.5). In
principle the only limitation to the Hamiltonian of (6.30) lies in the neglect of higher order terms
in o. In practice a further difficulty arises when the first order terms are more than a small
perturbation, since then the size of the single particle basis required for convergence becomes
unmanageably large. In such cases it is appropriate to expand the shell model potential around
a fixed set of intrinsic surface variables @ which correspond to the static average of the core field

and minimize H;,;. Thus

{arxy —Tap} + -+ (6.31)

V(a,r,1,8) = V(a,rl,s) + Z oV
Ap K

Oa,
Gap

If all but the zeroth order term of this deformed shell model potential is neglected then vibra-

tional contributions to H;,; disappear and only the orientation coordinates of the intrinsic frame
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(¢,0,%) remain as dynamic variables. The collective motion is then restricted to the rotational

form of (6.11) leading to the particle-rotor Hamiltonian

1
H =) 5= Ri($,0,9) + Hpartint(d, 4,0, 9) (6.32)
k

where R is the angular momentum of the core taken with respect to the intrinsic axes k.
By diagonalizing (6.32) in the strong coupling basis states (subsection 6.3.3), which are not
themselves eigenstates of the core, the contributions from the particle-rotation interaction are
transformed from Hpq,+ and into Heore. Thus, expressing R as the vector difference between

the total angular momentum I and the single particle contribution j, (6.32) becomes

1
H = Zk: soy {TE(8,0,9) = 214(8,0,9)ji + T} + Hpare(3) (6.33)

In this representation the particle-rotation coupling emerges in the form of a Coriolis term
3 1j/S and a recoil term ) j2/2S.

The nature of this Hamiltonian will be discussed in more detail after the deformed single

particle solutions have been derived.

6.3.1 The Nilsson modified harmonic oscillator potential

The basis for most discussions of the nuclear shell model lies in the self-consistent Hartree-
Fock one-body potential calculated from the nuclear two-body interactions. Perhaps the most
realistic of these, together with the spin-orbit term, is the Wood-Saxon potential with constant

surface diffuseness (9]

Viws = V(r) 4+ Vis + Veour (6.34)

with

V(r) = ——Vo/{l + exp[dist(r,a)/a]} (6.35)

where a is the surface diffuseness and dist(r, @) denotes the distance (taken to be negative within
the surface) between the radius vector r and the nuclear surface defined by (6.1). The spin-orbit

potential Vis takes the form

Vis = s VVio(r) x p (6.36)
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where s and p denote the nucleon spin and linear momentum operators and V,, is an appropriate
radial function which need not necessarily be identical to the potential V(r). The coulomb
potential Ve,y; enters only for protons and is generated by a charge (Z —1)e uniformly distributed
within the nuclear volume.

However, the Woods-Saxon potential suffers from the disadvantage that its matrix elements

cannot be solved analytically. In this respect a far better choice is the Nilsson modified harmonic

oscillator potential (10

tho = Vosc + Vcorr + Vis. (637)

The shape of the harmonic oscillator term

1
Vose = Emz; wiz)? (6.38)

is defined by the quadrupole deformation parameters é and 5, which are related to the oscillator

frequencies @ through the equations

4 2
wi = wi(6,7s) {1 - 56 cos (75 - -3—7rk) } . (6.39)

Veorr 18 a corrective term which to some degree bridges the differences between V,,. and
(6.35). Since the Woods-Saxon potential has greater depth than V,,. close to the nuclear surface,
high orbital angular momentum states, which have correspondingly large rms radii, are depressed
relative to those in an oscillator potential. Empirically therefore, the high [ oscillator states may

be adjusted by the addition of a term

 Veorr = —kphwgl? (6.40)

where « and p are constant parameters. In fact, since the matrix elements of —I/? within an
oscillator shell are the same as those of 2r* apart from additive constants, V..., can also be
viewed as the next term in a radial expansion of (6.38).

The spin-orbit term may be calculated from (6.36) on the assumption that the functional

form of V;, is identical to that of the oscillator potential V,,.. Thus in the limit of spherical

symmetry

Vs = —=2khwgl - s. (6.41)
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Table 6.1. Typical 1-s and I strength parameters, k and p, of the modified oscillator po-
tential. Values are given for both protons and neutrons in the various oscillator

shells.
N KP ﬂp Kn ﬂn
0 0.120 0.00 0.120 0.00
1 0.120 0.00 0.120 0.00
2 0.105 0.00 0.105 0.00
3 0.090 0.30 0.095 0.18
4 0.065 0.57 0.080 0.22
5 0.060 0.65 0.062 0.43
6 0.054 0.69 0.062 0.34

This form is generally retained even when spherical symmetry is violated. Values for the pa-
rameters k and p are frequently quoted in the literature. A typical example, illustrating the
oscillator shell number dependence, is given in table 6.1 (111,

It is well known that the nuclear density and therefore the nuclear volume is approximately
constant for any deformation. Due to the short range of the nuclear two-body interactions a
given nuclear equipotential surface should also be required to enclose a fixed volume independent
of deformation. For V..., and Vi s this condition is rather hard to apply rigorously. Instead,
volume conservation is achieved in an approximate manner by subtracting the average of these
terms, (I2) 5 and (1 - s)n respectively, taken over an oscillator shell. With the addition of these
two corrections to the total potential Vi,h,, the volume conservation condition may then be

applied to V,,. in isolation. For ellipsoidal deformations this requires that

[I=:=2" (6.42)

Together with (6.39) this equation determines the deformation dependence of wg(6,7s). The
deformation independent constant < is chosen such that the rms radius of the nucleus reproduces

the empirical value RoAS. Taking Ry = 1.2 fm leads to the approximate formula

oN 1 IN-Z
= -3 - . 6.4
{%Z} 414 {u T } (6.43)

The difference in the proton and neutron oscillator frequencies reflects the effect of the hitherto

neglected Coulomb force.

With the introduction of the “unstretched” coordinates defined by zx = z}\/mwy/h, the

modified harmonic oscillator Hamiltonian may be written
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1
Hmho = §hw0(6’76) {—Vz + 7‘2} - Kﬁ&o {21 -s + M (12 - (IQ)N)}

A ym (6.44)

4 1 .
- §hw0(5,‘76)7'2§ ‘5—5 {COS Y5 Y20 + 75 sin s (Y22 + Yz—z)} .

The diagonalization of the Hamiltonian matrix is performed in one of the harmonic oscillator
basis sets: |NjIQ) (coupled), |[NjAX) (decoupled) or |[NngAX) (cylindrical), where N is the
principal oscillator quantum number, n3 the number of quanta along the 3-axis and A, X, Q are
the quantum numbers of I3, s3 and j3 respectively. The quadrupole terms of (6.44) have non-zero
matrix elements between basis states whose principal quantum numbers differ by zero or two
units. The resultant mixing of the oscillator shells requires that the basis must span at least
three shells of a given parity to achieve convergence. This inconvenience may be avoided by a

introducing the “stretched” representation & = z}\/m®w; /h, with the quadrupole deformation

parametrized by

i = wole€,Ye) {1 - %c cos (76 - 2311{:) } . (6.45)

The frequency parameter wo(e, ) is scaled to conserve the nuclear volume in an identical
fashion to before. The stretched Hamiltonian H} , may then be expressed as the sum of a
spherically symmetric term, Hy and two quadrupole coupling terms, H; and H, which arise
from the potential and kinetic energy terms respectively. These may be written

1 .
Ho = 5?&@0(6,75) {"‘Vﬁ + P2} - Khwo {21t -8+ H (It2 - (It2)Nt)}

1 2 [4n 1 .
H, = —§th(€,7e)P2§ 5 ¢ {COS YeYyo + ’\/_5 sin v, (Y3, + th—z)}

and

2 2 2

Hy= oo {3eosr (r+ oz 2o ) + gz (- g+ o)} (640
where p is the stretched radius vector. The index t denotes those quantities which are defined
with respect to the stretched coordinate system in an exactly analogous manner to the similar
quantities appearing in (6.44) which are defined in the unstretched coordinates. An exact
mapping between the two coordinate systems would require that 1 transforms into l¢ together
with some deformation dependant residual terms. To first order in ¢ the magnitude of these

residual corrections constitute only ~ 10% of the strength of the quadrupole coupling terms
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H) + Hz and can therefore be neglected [1°). Further, in the presence of nuclear deformation
the spin-orbit potential (6.36) no longer reduces to 1-s. The difference between the true spin-
orbit coupling and the assumed 1- s form is of the same order of magnitude as the difference
between 1-s and l¢ - s. Similarly it is questionable as to whether a spherically symmetric /2
correction to the potential shape is still appropriate when the oscillator shape is itself deformed.
Thus it appears that the effect of the residual correction terms is entirely within the range of
ambiguity in the definition of the 1-s and /2 terms for the deformed nucleus.

The matrix elements of H; and Hy in the stretched basis are such that [19]

(N:|Hy + Hy|Ny) =2(Nt|H1|Nt’)5N,,N,'- (6.47)

Therefore within a given shell, H} ,  has the same matrix elements in the stretched representa-
tion as Hyupo (6.44) has in the unstretched representation apart from the change of deformation
parameters. However, contrary to the unstretched case, the matrix elements of H} , vanish
identically between states belonging to different oscillator shells (provided only quadrupole de-
formations are considered), so that the basis for diagonalization is greatly reduced. There are
however some disadvantages in the use of this representation.

The first of these has already been mentioned, namely that the spherical (i.e. unstretched)
orbital angular momentum operators do not map exactly into the corresponding operators de-
fined in the stretched space. As has been remarked this is not of great importance with regard
to the largely empirical terms appearing in the modified oscillator potential. However when sin-
gle particle angular momentum matrix elements are required, as for example in the case of the
particle rotor Hamiltonian (6.82), appropriate corrections may be necessary. For small nuclear
deformations these corrections are small and are usually neglected. Secondly, the stretched
coordinates change with deformation. Thus wavefunctions at different deformations must be
transformed into the unstretched basis if detailed comparisons are to be made.

Generally the Hamiltonians (6.44) or (6.46) must be diagonalized numerically. Here the
basis chosen for this purpose are the coupled wavefunctions |NjIS?). The single particle wave-

functions x; are thus obtained as

xi = Y BijiglNjiQ). (6.48)
NjIQ

However perturbative solutions are possible where the nuclear potential is close to either
spherical or cylindrical symmetry. These will be enumerated for H! , . Only the case of axial
symmetry will be discussed so that jz commutes with the total Hamiltonian and consequently

Q = A+ X is a good quantum number.
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Consider first the case of small deformations using the coupled basis, |NjIQ). The index t
will be dropped since the choice of coordinate system is obvious from the deformation parameter.

The spherically symmetric sub-Hamiltonian Hy (6.46) is diagonal in this representation with

energy eigenvalues

Eo(N,j,1,Q) = hy {N + % —k [r +u (1(1 +1)— %N(N + 3))] } (6.49)

where I' = lor —(I +1)if j =14 1/2 or | ~ 1/2 respectively. The (2j + 1)-fold degeneracy in
the j subshells is lifted by the quadrupole coupling terms, Hy + H, = 2H;, which gives a first

order contribution

1 3
E142(N,j,Q) = ghwo {N + -} €

302 — (i +1)
5 i

j(G+1)

(6.50)

These splittings are clearly seen in figure 7.1.

For increasing deformations the above method soon becomes inapplicable. At large de-
formations it is more appropriate to introduce a representation that exactly diagonalizes the
harmonic oscillator field (6.38) and to treat the 1-s and I? terms as perturbations. The rep-
resentation in question is the cylindrical (asymptotic) basis, [Nn3AZL), in which (6.38) has the

energy eigenvalues

E(N,n3) = hwy {N + g} + %fﬁwo {N —3n3}. (6.51)

The additional first order perturbative energies of the I-s and I terms are

1
El.s_Hz(N, na,A, 2) = —Kth {QAE + H [A2 + 2TI,_L713 + 2713 + ny — é‘N(N + 3)]} (652)

where n; = N — nj3 is the number of oscillator quanta along the 1- and 2-axes. The effect of
this perturbation is to lift the 2(n, + 1)-fold degeneracy in A and T of the n  sublevels, leaving
only the two-fold time reversal degeneracy.

At intermediate deformations the off-diagonal matrix elements are still sufficiently small
that the asymptotic quantum numbers [Nn3A] 2 remain essentially preserved and are generally
used to label orbitals in nuclear spectroscopy, as in figures 7.1 and 7.3.

The approach to the asymptotic limit can be observed in figure 7.1 with a general trend
towards the nj energy splittings of (6.50). At the intermediate deformations illustrated the

perturbative effects (6.51) are best seen in the four N = 3,n3 = 0 orbitals. These favour states

of large A% with A and ¥ parallel leading to the observed ordering.
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In a vy deformed potential only the time reversal symmetry is generally preserved. Parity
only remains as a good quantum number provided that no odd multipole deformations are intro-
duced so that the even and odd oscillator shells remain uncoupled. (In the case of the modified
harmonic oscillator potential N; also remains good provided that quadrupole deformations are
considered exclusively and even then only on the condition that the orbital angular momentum
residual correction terms are neglected). There are no other exact or even approximately good
quantum numbers to replace the asymptotic labels which are used in the axial limit. The single
particle energies along a closed path in the (¢,7) plane are illustrated in figure 7.3 in the vicinity
of the third oscillator shell. The orbitals are labelled in the asymptotic notation [Nn3zA]Q for
prolate (v = 0) and oblate (y = 7/3) shapes.

Finally, the relationship between the Bohr shape parametrization 3,73 and the Nilsson
parametrizations 6,vs and €,v, will be discussed. Qualitatively all three pairs are similar and
lead to the same physical effects. The correspondence between the two sets of Nilsson parameters
can be obtained from a comparison of (6.39) and (6.45) [12. As can be seen from (6.44) and

(6.46) the oscillator equipotentials in these parametrizations are

-1
4 (47 1 .
r? {1 - 5 ?6 (COS Y6 Y20 + ﬁ sin s [ng + Yg_g])} (6.53)

with a similar form for the stretched system. This 1s contrary to the formalism of the previous

sections where the radius vectors of the nuclear equipotentials are given by (6.1)

r & {1 + 3 (cos BsYo0 + % sin 78 [Y22 + Yg_g])} . (6.54)

The relationship between the Bohr and Nilsson parametrizations follows by equating (6.53) and
(6.54). An exact mapping requires the admixture of higher multipole deformations [!3). These
have been neglected thus far, although the generalization of the single particle Hamiltonian to
include higher orders of deformation is straight forward 4. In practice an empirical corre-
spondence between the quadrupole Bohr and Nilsson parametrizations is achieved by requiring

that both correspond to the same macroscopic electric quadrupole moment [15].
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6.3.2 The pairing interaction

In addition to the average one-body shell model potential there acts a relatively short range
residual force between the nucleons which energetically favours states in which the nucleons are
pairwise coupled to states of zero total angular momentum. This residual two-body force is
simulated by the pairing interaction H¢ which is characterized by having non-vanishing matrix
elements of constant magnitude, —G, for time conjugate pairs of states (¢,7) and (¢/,7).

If a} is the creation operator of single particle state |7), then

H® = —GF*F (6.55)

where F* = Y, ata? and the summation does not extend to the time reversed states |z). The
single particle creation operators are related to the creation operators b,f,jm of the coupled basis

states by the second quantized analogue of (6.48)

‘1? = Z BjleQbI-'\}jlﬂ (6.56)
Nji

while the creation operator of the corresponding time reversed state is (6.78)

at = Y (-1 "Byjiablji-a- (6.57)
NI

The pairing Hamiltonian may be rewritten as

HE = —G(F* ~ (F*) + (F*))(F - (F) + (F))
(6.58)
= —G(F*)(F* 4+ F) - G(F* — (F*))(F — (F*)) + G(F*)?
using the fact that (F*) = (F) for a BCS wavefunction. Assuming that the second term is small
and can be neglected leads to the linearized Hamiltonian
A2

HA = —A(F* + F)+ & (6.59)

where

A = G(F*). (6.60)

The pair field Hamiltonian H® is an approximation of the full pairing Hamiltonian H¢ and
describes the emission or absorption of a pair of particles. Although much simplified H2 fails to

commute with the particle number operator N = Ei(a;"a,' + a;" a;). As a result the associated
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wavefunction contains components with different numbers of particles. It is therefore necessary

to diagonalize the combined single particle one-body and pair field Hamiltonian

H(A) = Ze;(afai + afa;) — AZ(a?a;f + ara;) — AN (6.61)

where e; represents the energy eigenvalues of the one-body Hamiltonian. The Lagrange mul-
tiplier A ensures that the average particle number is correct. If the resulting eigenvector with

lowest energy is |[Ta) then it must be required to satisfy the subsidiary conditions

G(YTalFt|Ta)=A (6.62)

and

(Ta|NITa)=n (6.63)

where n is the number of particles. Performing the unitary transformation to the quasiparticle

operators at and a [16]

a;" = U,-a?' + V,-a,— a;—* = U,-a;-" - V,-a,-
(6.64)
a; = Uia; + Viaf a; = Ujaz — Vo

(where the canonical nature of the transform requires that U2+ V2 = 1) leads to the Hamiltonian

HA) = S {2V(ei - 2) - 20UV} + %ﬁ

+ 3 {(UZ - V) (ei = \) + 2AU:V;} {of i + of o) (6.65)
+ 3 {2UiVi(ei = A) = A(UE =V} {of off + asas} .

With a suitable choice of U; and V;, namely

U" — l 6,'—-/\
{%}‘J2{li\/(e,_x)z+m} (6.66)

the last term in (6.65) can be made to disappear so that the Hamiltonian becomes diagonal in

the quasiparticle representation. Thus, using (6.66)

H(A) = 2{21/}2(6,'—/\)—-2AU,'V,'}+%2'

' (6.67)
+ ZE,- {a}a; + of a5}
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where the quasiparticle energy E; = \/(e; — A)2 + A? has been introduced. Since E; > 0, it is
clear that the lowest energy state of this Hamiltonian, |Ta), must be the quasiparticle vacuum

defined by a;|Ta) = o5|Ta) = 0. Such a state may be constructed as

1Ta) o [ aies{0) (6.68)

where |0) is the particle vacuum state, a;|0) = 0. When expressed in terms of ordinary particle

operators, |Ta) reduces to the BCS wavefunction

ITa) < [J(Ui + Viaf at|0). (6.69)

The constraints (6.62) and (6.63) can now be solved to give

A=GD UV n=2% V2 (6.70)

from which the Fermi level A and the pairing gap A can be obtained. With the introduction of

(6.70) the total single particle Hamiltonian is given as

H(A) = 22{/‘_2(6,- —A) - %2+ZE,- {ofai+ ato;}. (6.71)

The first two terms of this expression represent the constant energy of the quasiparticle vacuum,
the former part denoting the single-particle energy while the latter gives the correlation due to
the pairing interaction. The third term is the multi-quasiparticle excitation energy. In particular
the energy of a 1-qp excitation |7) measured relative to the quasiparticle vacuum is just E;, so
that A is seen to represent odd-even mass difference.

Finally, quasiparticle matrix elements can be obtained by a transformation of the operators
from the particle variables at,a to the quasiparticle variables a*,a. Thus the one particle

operator F' may be expressed as

F= Z(izlplil)a+(i2)a(i1)
= Y (- VR(iIFl)
i>0
+ 2_ (10 + i Va)ia| Flin)a* (iz)ai)

+ Y (U2~ clh Vo) {(ia| FliT)a* (iz)at (i) + (5| Fliz)a(ir )a(is) }

i1<i2

(6.72)
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The factor c is the dichotomous quantum number of the particle-hole conj ugation operator acting

on F

(1| Fliz) = —c(iz| Fliy) (6.73)

which has the value ¢ = 1 for magnetic operators and ¢ = —1 for electric operators. In particular

the matrix elements of the magnetic operators ji between single (v = 1) quasiparticle states are

(v =1502)jk|v = L;41) = (U1 Uz + Vi Vo) (i2|5k i1). (6.74)

The matrix elements of j2 can be calculated by inserting a complete set of v-qp intermediate

states |v;¢), thus

(v=1;is|ji|v=1;4;) = Z(v = 1; 72|k |v; s} {v; slge lv = 1;41). (6.75)

v¢

From (6.72) it can be seen that the matrix elements of jZ are linked by both 1- and 3-qp
intermediate states. The resulting expression is rather complicated (171 and in the following
sections it will be assumed that the matrix elements can be approximated by an expression of
a similar form to (6.74).

To conclude, the effects of the pairing interaction can be incorporated into the one-body
Hamiltonian by replacing the single particle energies e; by the corresponding single quasiparticle
energies E; and by introducing the appropriately transformed single particle operators into the

subsequent calculations.

6.3.3 The strong coupling basis

Having derived the deformed single particle solutions it is now possible to diagonalize the
total Hamiltonian (6.27) of the odd mass system. This may be performed in either the weak or
strong coupling bases. The former are discussed in section 6.7. However, as has been pointed out
in section (6.3), when dealing with particle-(rigid) rotor Hamiltonian it is convenient to use the
strong coupling basis so that the matrix calculation may be performed entirely in the intrinsic

frame. Neglecting for the moment pairing, the unsymmetrized strong coupling basis states may

: 2T +1
IMK3) = —W—D,’W KX (6.76)

be written
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where M and K are the projections of the total angular momentum (both core and single parti-
cle) onto the laboratory and intrinsic axes respectively and y; is the single particle wavefunction
(6.48). Being expressed in the intrinsic frame this wavefunction is subject to the symmetry
requirements (6.14). The action of the R; operators on the rotation matrices has already been

given in (6.15), while the behavior of the x; may be deduced by converting from the intrinsic to

laboratory axes. Thus
Ry |NjIQ) = Ry ) Di|Njluy
N

- Zexp—iw(j—ﬂ) Df‘*_nlelll)' (6.77)
7

= (-1)"U-D|Nj1 - Q)
where the prime denotes the wavefunction referred to the laboratory axes which are invariant

under the R operations. Hence

Rixi = xv= Y _ (=) "Bi;ialNjl - Q). (6.78)
NjIQ
Similarly
Ry|NFIQ) = exp~i™Y2|N;IQ). (6.79)

Therefore the symmetrized strong coupling basis wavefunction may be written

. [2T¥1 ,. . _ |
IMKd) =\~ Y Biviia {DyxINIQ) + (=1)' Dis_x|Njl- Q)} (6.80)

NjIQ
with K — Q restricted to even values. These can be chosen such that both K and Q take only
the values --- —3/2,1/2,5/2--.

In a paired system the corresponding strong coupling basis states are

2I +1
1672

where |BCS) denotes the quasiparticle vacuum state (6.68).

IIMKi) =

{Dixef +(=1)'"¥Dj,_gaf } IBCS) (6.81)
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6.3.4 The particle rotor model

The particle-rotor Hamiltonian, written in a suitable form for the strong coupling basis,

has already been introduced in section 6.3. With the inclusion of pairing and after some rear-

rangement the Hamiltonian (6.33) becomes

_1f1 1 2 2 g : .
H= Z{§+§§}{I I - (- 4 1)
I I {I2+12 472442 —2(l4j4 +1-5)} (6.82)
819 S f U+ - Tl Ay A '
1 . 2 +
+E{Ia—]3} +E' Eiof a;

where in the last term the constant energy of the quasiparticle vacuum has been neglected.
Onto all single quasiparticle angular momentum operators must be attached the pairing factor
UiUis + V;Vis of (6.74). The special nature of the recoil terms j? is therefore ignored. Since all
other operators are diagonal in the single particle space and U? + V;? = 1, this can be achieved
by multiplying the entire Hamiltonian matrix element by the appropriate pairing factor. The
moments of inertia S are taken to be of the form (6.20). The total angular momentum operators
I being defined with respect to the intrinsic axes upon which they themselves operate do not
follow the usual angular momentum commutation rules but instead, as is also the case in the
even-even rotor, follow those of (A.2). The required matrix elements for this Hamiltonian are
given explicitly by Larsson et al. [18],

In order to clarify some of the properties of the particle-rotor Hamiltonian it will be assumed
that axial symmetry is preserved so that Q2 is a good quantum number. Further, in the necessary

absence of any collective motion along this axis, K = 2. The Hamiltonian therefore reduces to

H

{I?-21-§+ %} + ) Eio}oa
' (6.83)

5l @l-

(P =B+ -5 - (I4i-+1-j0)} + ) Eiatan.
)

The nature of the resulting band structure depends on the relative influences of the particle-core
coupling and the Coriolis force, I -J.

Consider first the decoupling limit in which the coupling of the odd particle to the quadrupole
deformation of the core is broken by the Coriolis force which acts to align the intrinsic and core
spins along a common axis. To illustrate this it will be assumed that the single particle occupies
a pure subshell of angular momentum j whose component ¢ on the collective rotation axis is
approximately a good quantum number. The single particle wavefunction (6.48) can then be

projected onto the nuclear symmetry axis, thus
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= |i¢) = Zd (7/2)159). (6.84)

Naturally this expansion is such that most of amplitude resides in the lowest § orbitals, de-

creasing monotonically as Q increases. With these assumptions the strong coupled basis (6.80)

becomes

11M30) = \ 25 3 dla(n/2) (Drali®) + (<13 Dy _qli - )
9}
= /o5 S da(r/2)Diunli®) {1+ -1/}

where the phase dén(w/2) = (—l)j'cd'é_n(w/2) has been used. Provided that I > Q this state

(6.85)

behaves as an approximate eigenfunction of (6.83) with the corresponding eigenvalue [1°]

_ 2
B(1,3,0) = 3 dia(r/2en + g {10+ 1)~ 21C + (G + 1) (6.86)
1)

where the single particle energies e are given to first order by (6.50). Clearly the rotational
energy is minimized when ¢ = j, since then full alignment of the intrinsic and collective spins is
achieved and hence the Coriolis force is maximal. The symmetrization of the wavefunction (6.85)
implies that the resulting decoupled band structure contains only the spins [ = j,7+2,j+4,---
with relative energies
32
E=={II+1)-20j+j(+1)

2
h s R(R+1)

(6.87)

where R = I — j. Thus the rotational spectrum of this favoured band follows that of the even-
even core. For a lesser degree of alignment, { = j — 1, the strength of the Coriolis force is
reduced and so one obtains a higher lying unfavoured band with spins I = j+1,5+3,---

For this coupling scheme to be fully realized the Coriolis force must dominate the particle-
core quadrupole coupling. The former term depends on both the magnitude and direction of j.
For the required alignment of j it is necessary to be able to spread the single particle amplitude
over the entire subshell, with the low spin 2 = 1/2 states dominating. The energy required
to affect this distribution is represented by the first term in (6.86) and is intimately connected
with the quadrupole coupling strength which to first order increases linearly with deformation.
Therefore the decoupling scheme is only favourable for a single odd particle lying in a low-Q

orbital of a high-j shell interacting with a weakly deformed core.
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As the core deformation increases and hence also the energy splittings of the Q substates, the
Coriolis force becomes gradually less significant and reduces to the status of a small perturbation.
The matrix elements I,j_ + I_j, representing the Coriolis force in (6.83) link only states
differing by one unit in K and Q, so that to first order these are only none zero between states
of 2 = 1/2. Thus in this adiabatic approximation the intrinsic orbitals remain unmixed and the
single particle becomes strongly coupled to the deformation of the core, its angular momentum

precessing about the symmetry axis with constant projection. The excitation energy eigenvalues

of the rotational band are then given as

E(I,K)=e+ % {1(1 +1)- K?+ 6K'%a(—1)1+§ (1 + %)} (6.88)

where the purely intrinsic recoil terms j2 and j2 have been included into the single particle
energy e since they are constant for a given band.

Unlike the decoupled case there are no symmetry selection rules on the total spin so that
each rotational band exhibits the spins I = K, K +1--- For Q # 1/2 the rotational levels follow
the I(I + 1) energy dependence characteristic of a strongly coupled band.

Orbitals with spin projections £ = 1/2 are also subject to the Coriolis force since there is
necessarily some spin alignment along the axis of core rotation. This additional interaction is
represented by the last term in (6.88). Its strength is determined by the decoupling parameter

a, given by

a = (x:li+Ix7) = (xzli-Ix:)- (6.89)

The spin dependent phase factor in this term leads to a signature splitting between the I =
K,K+2,---andI=K+1,K+3,--- band members, reminiscent of the decoupled limit.

The exact nature of the particle-rotor band structure is illustrated in figure 6.2 for the case
an odd gg/2 nucleon with the Fermi level placed on the lowest Nilsson level.

Close to sphericity and centered on the core energies, the nearly degenerate multiplets of
the weak coupling scheme are apparent. However as a result of the deformation dependence
of the moment of inertia (6.12), at such deformations these energies are sufficiently large that
it is doubtful that any collective model should apply. Thus in the present context it is not
clear that the weak coupling of the odd particle to collective rotational states will be valid
anywhere. As the nuclear deformation and hence the moment of inertia increases, the rotational
energy decreases below the quasiparticle excitation energies and so the collective rotational

model becomes applicable.
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For deformed prolate shapes (7 = 0) the Fermi level lies on the © = 1/2 orbital giving rise to
a decoupled band structure. The unfavoured decoupled band I = 11/2,15/2, - - (parallel align-
ment) and I = 7/2,3/2 (antiparallel alignment) lies high above the favoured I = 9/2, 13/2,---
(parallel) and I = 9/2,5/2,1/2 (antiparallel) band. As the deformation increases the Nilsson
levels diverge. Correspondingly the energy of unfavoured band, which due to its lesser alignment
with the core rotation is built upon higher lying orbitals, shifts upwards. Also the alignment
of the odd particle in the favoured band shifts towards the nuclear symmetry axis. With this
tendency towards strong coupling there is a reduction in the staggering of the band causing the
5/2 level to become the band head. The extent to which this staggering can be removed at large
deformations is determined by the decoupling parameter a.

On the oblate side (y = 7/3) the single particle angular momentum is fully aligned along
the axis of nuclear symmetry. This gives rise to a strongly coupled I = 9/2,11/2,13/2--- band
structure. Here the decoupled limit is never realized, even at small deformations, since the ¢
population is always inverted relative to the required d?l((w/2) distribution. (Notice that the
roles of ( and ©Q have been reversed with respect to previous discussions. This is as a result
of the shape parametrization, which for 4¥ = 7/3 leads to the reversal of the axes of nuclear
symmetry and collective rotation compared to the case v = 0).

The two types of alignment are connected via the v degree of freedom which gradually
transforms the alignment of the single particle spin from the axis of collective rotation (y = 0)
to the axis of nuclear symmetry (y = #/3). As a result the favoured-unfavoured signature

splitting is seen to reduce to zero.

6.3.5 Electromagnetic moments and transition probabilities

The electromagnetic M1 and E2 multipole operators are given in the laboratory frame by

the expressions

/ 3 .
M(MI1;u) = p~ G {gRIp + (g1 — gR)Ju + (95 — 91)3#}

(6.90)
M(E2, /1) = Z 6[,61',-2},2;‘(193', ()01)

where 6, = 1 for protons and 0 for neutrons. Here the total contribution to the electric
quadrupole operator is calculated microscopically by summing contributions from the individual

proton orbitals ¢ up to the Fermi level. In practice this is often separated into a contribution
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Figure 6.2. The deformation dependence of the particle-rotor band structure in the (¢,7v) plane
for an odd gg/2 nucleon. The solid and dashed lines distinguish the two signatures.

arising from the single odd nucleon, together with a term corresponding to the macroscopic

quadrupole moment of the core expressed in terms of the surface variables o

For the present Hamiltonian these operators must be expressed in the intrinsic frame of

reference using the transformation
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M) =" D), M) (6.91)

which leads to the operators

3
M(ML; p) = vy yp Y DL, {9rL + (91 — 9r)iv + (95 — 91)50 }
¥ (6.92)
M(E2;p) = Z«s eD?, r?Y,, + iZ}%&eﬁ D%, cosy + 1 (D%, + D?_,sin7)
- P 7 A7 u0 \/2- u2 p—2 :

In this case M(E2) is expressed in terms of the macroscopic quadrupole moment of the core,
written here to first oder in the §,+ coordinates. A similar expression holds for the two Nilsson
parametrizations with, again to first order, 3 replaced by g\/z?? {s}el,

The effects of pairing are included by attaching onto each term arising from to the single
odd particle the factors U;U;: + V; V;s or U; Uy — V;V;s for magnetic and electric terms respectively.

From these operators can be calculated the reduced electromagnetic transition probabilities

B(wA,I; — Iy), defined by

1
2I; +1

B(wA, I — Iy) = |(Ir (| M (x )| L)

and also the static moments defined by

pr = (InouI)\/%;(IHM(Ml)nf)
(6.93)

eQr = (I120|11) l—‘gi(an(Ez)uI).

Finally, with the magnetic and electric reduced matrix elements expressed in units of u~ and eb

respectively, the E2/M1 mixing ratio is given by

TIM(E)IIT)
§ = VOTEy G (6:54)

where Ej; is the energy of the transition in MeV.
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6.4 The unified model of odd-odd nuclei

Following on from the Hamiltonian (6.27) of the odd mass system, that of an odd-odd

nucleus must treat explicitly the coupling of (at least) two quasiparticles to the collective core.

Hence

H= Hcore(a) + {Hpart(a) + Hint(a)}p’n + Vpn (695)

where the terms in braces are taken twice, once for the odd proton and once for the odd neutron.

The residual proton-neutron interaction is represented by the term V;,. Only the particle-rotor

limit of this Hamiltonian will be considered.

As before the unsymmetrized strong coupled basis states may be written

[2T + 1
|IM Kpn) = WD,{, K Xpn- (6.96)

The intrinsic wavefunction xpn comprises two distinct product states, Xpn = |p)|n) and |p)|m).
In the case of axial symmetry these two products correspond to K =, + €, and K = Qp, —Qp
respectively. With the same restrictions on 2 as in the odd mass case it is clear that K is
even (odd) if the intrinsic product state does (does not) contain the conjugate neutron orbital.
This is true even when axial symmetry is violated. The two fully symmetrized strong coupled

wavefunctions in the quasiparticle representation are therefore

|[IMKpn) = 4 /3{-6—";—21 {D,{lxa;,"a,’f + (-1)*1Di,_ Ka;a;} |BCS) (6.97)

for K = +1,43,...,£(I — 1) or £I and

_ 2I +1
IMKpa) = 1/ T3 {D,{,Ka;,*'ag + (—1)’+1D§,_Ka;a:} |BCS) (6.98)
for K = 40,42,...,4+(I — 1) or £I. The phase factor of (6.98) incorporates the fact that for

Fermions a% = —a} (6.57). With the core spin written as R =T — jp — jn, the particle-rotor

Hamiltonian becomes [2°]

H= .1.11. {_8-‘11_ + c\%} {1 = I3 + % — §3, + 32 = §3n + J4pi-n + j-pitn
— ItGiep + jon) + I-(igp + j4n)}
41 {51: _ 9,%} {12412 + 2, 432, + 520+ 320 + 2ispisn + J-pi-n) (6.99)
= 214 (Gyp + jan) — 21_(jp + j-n)}

1 . .
+ 55—;{]3 — J3p — JSn}2 + E E'pag'ap + E E,,a:an + Von.
4 n
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It then remains to multiply onto both the proton and neutron single particle angular momentum
operators the appropriate pairing factor, U;U; + Vi Vir.

As with the odd A case, the resulting band structure depends on the orientation of the
two single particle spins relative to the collective rotation. Where the position of the proton
and neutron Fermi levels favours the alignment of both odd particles along either the nuclear
symmetry or the collective rotation axes, then the respective strongly coupled and decoupled
bands occur of a nature directly analogous to the odd A spectra discussed previously. In addition
there is now the possibility that the two particles exhibit conflicting alignments leading to a
rather more complex band structure. The nature of these extreme strongly coupled, decoupled
and conflicting cases have been expounded by Kreiner [21 and Toki et al.  [22].

For the residual proton-neutron interaction V,, a phenomenological force of the type con-

sidered by Boisson et al. 23] is assumed. This can be written

Von = V(r) {uo + u10p - 0n + 2Py + u30p - 0n P + V2 S12 + Vrpm S12Pm } (6.100)

where P,, is the space exchange operator, ¢ is a Pauli spin matrix and S is the tensor force

Sz = 70 "%"" T %(ap . on). (6.101)

The strengths of these various terms are characterized by the parameters u,, u;, us, u3, Vr and
Vrum and have been determined in the rare earth region by Boisson et al. The radial dependence

V(r) is taken to be of the dual range Gaussian form

V(r)= exp""“/’g +ar exp‘ra/’i (6.102)

where 75 and r; denote the short and long ranges and « expresses the proportion of the long

range component present. In the special case of a zero range force (6.100) reduces to

1

313
Vpn = —47W, [% (—_h—> ] {(1 - WO) + WoUp ’ Un} (6103)

mtog
with just two parameters Wy and W;.

The transformation of the residual proton-neutron interaction to the quasiparticle represen-

tation is achieved by the methods of (6.72). The required matrix elements of Vpn In the strong

coupling basis are then
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(IMK'p'n'|Vpu|[IM Kpn) = bk {A(p'n'|Vpn |pn) — BTV, [P7')}

(6.104)
+ (=)™ 6,k {A(F 7 |Vpnlpn) + B{FA'|Vpn|p'n)}
for K odd and
(IMK'p'n|Vpn |[IM Kprt) = 8k, {A(P'R|Vpn|pR) — B(p'n|Vps|pn')}
a1 (6.105)
+ (=) ox -k {A(B 0| Voo |pR) + B(Bn'|Vpa [P'7)}
for K even, where A and B are the pairing factors
A = Up/UpUn’Un + ‘/p’Van’Vn
(6.106)
B =UpUpVy Vi, + Ve VUi Uy,
From those terms in V,, which have negative parity under particle hole conjugation (¢ = —1)

contributions from (6.72) involving sums over all occupied proton and neutron orbital are also
obtained. They represent the quasiparticle condensate expectation value of the operator and
are therefore discarded.

The main features of the residual proton-neutron interaction can be illustrated by consid-

ering only the diagonal matrix elements of V,,. Thus for odd K

(IMKpn|Vpn|[IM Kpn) = {A(pn|Vpn|pn) — B(pn|Vpn|pn)} (6.107)

and for even K

(IM K p7t|Vpn | IM Kp) = {A(p7|Vpn|pR) — B(pn|Vpn|pn)}
(6.108)
+ (=1)*16k,0(A + B)(Pn|Vpn p7).

The numerical difference between these two matrix elements leads to the Gallagher-Moszkowski
splitting. The nature of this splitting is expressed by the empirical Gallagher-Moszkowski rule
[24) which states that the lowest lying of the two partner states Q, + Q, is that for which
the projections of the intrinsic spins ¥, and X, are parallel. This is the generalization to the
asymptotic region of the Nordheim rules [2%] for spherical nuclei. Ultimately it must fail in the
region of small deformations as a result of the increasing dominance of the spin-orbit term in
the Nilsson potential which has off diagonal matrix elements in ¥ space.

In the special case of K = 0 the latter term in (6.108) leads to the staggering of the resultant

odd and even band members by virtue of its spin dependant phase factor. This signature splitting

is the so called Newby shift [26],
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Finally, the electromagnetic moments and transition probabilities are calculated from the

suitably generalized operators of subsection 6.3.5.

6.5 The Variable Moment of Inertia model

The existence of many even-even spectra in the well deformed region which follow the I(I+1)
rotational rule is well established. Those nuclei for which the law fails exhibit consistently smaller
band spacings than would be expected from this law. These deviations can be incorporated into

the axially symmetric collective rotational model, for which

Er = QE;I(I+ 1), I1=0,2,4,--- (6.109)
by allowing the moment of inertia & to vary with spin. To account for the observed band
structures within this framework the moment of inertia is required to increase monotonically
with spin, ultimately tending towards some limit which corresponds to the value expected for a
rigid body of the given nuclear geometry.

Nielsen’s analysis [27] has shown that these deviations are essentially independent of the
properties of the second 2% state, at least for highly deformed nuclei. The existence of such
a state is of course the most characteristic consequence of the non-axial degree of freedom ~.
Thus although non-axial deformations result in a departure from the I(I + 1) law, they are not
the principal cause of the observed deviations.

Phenomenologically these deviations are accurately reproduced by certain two parameter
fits. For instance Harris [28] by expanding the nuclear energy in terms of the angular velocity

w, showed that the following relations are generally valid

1
Er = =w?(Sg+3Buw? + - --
1= ) (6.110)

{I(I+1)}} = w(So+2Bw?+--°)
where 3y and B are variable parameters. Even retaining just the two lowest order terms the
agreement with the experimental rotational bands is remarkable.
An alternative approach was considered by Diamond et al. [29) who assumed that the
centrifugal stretching of the nucleus was chiefly responsible for the changing moment of inertia
via the hydrodynamical relationship & = 3Bf? (6.12). Thus, with a the addition of a harmonic

restoring force, the semi-classical energy may be written
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h2
B = g U+ 1)+ SC(B1 - o) (6.111)

This is subject to the minimization condition 6 E (Br)/0Br = 0, from which S is seen to represent
the ground state static deformation. By treating B and C as variable parameters good fits can
be obtained to the bands of strongly deformed nuclei. However, bands outside the deformed
region cannot be satisfactorily reproduced with any reasonable degree of accuracy. Another
difficulty arose when studies of isomer shifts using both the Méssbauer effect 3% and muonic
atoms [3! indicated that the true increase in deformation is much smaller than is required by
such a centrifugal stretching model.

These results obtained support from theoretical considerations [32] which showed that the
decrease in the effective pairing force has a even greater influence on the moment of inertia
with increasing  than does the centrifugal stretching. Both of these effects are incorporated in

the form of the moment of inertia obtained from a fourth order perturbation treatment of the

cranking model [28]. In this way the moment of inertia becomes

S(w) = So + 3Buw>. (6.112)

The form of this expression is the same as that appearing in brackets in the first of the Harris
two parameter model equations (6.110) although now $¢ and B are explicitly related to the

nuclear matrix elements. In particular and in the absence of pairing

o] - 2
o = 2h22%. (6.113)
i£0 € 0

In fact it can be shown [33] for an equilibrated independent particle system in some static

potential that the moment of inertia resulting from (6.113) is approximately equal to Sz,

where

A
3‘"‘9,’4 = <Z m(:c% + x§)5> (6.114)
i=1

denotes the rigid moment of inertia corresponding to system of A particles of mass m rotating
about the l-axis.

The pairing field is introduced by replacing the energy denominator with the sum of the
corresponding quasiparticle energies and attaching the appropriate pairing factor to the operator
Jj1. Since this operator links the BCS ground state with the 2-qp states it is seen from (6.72)
that this is just U; Vi — V;U;. Thus
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SO(A) — 2h22 | |Jl

E UV, - VU2, (6.115)
i>i '

Both the pairing factor and the quasiparticle denominator lead to a reduction in the moment of
inertia.

These pairing correlations are opposed by interactions induced by the nuclear rotation.
The coriolis force, which is manifest in the j; operator, acts so as to align all single particle
angular momenta along the axis of rotation. Thus with increasing nuclear rotation the pairing
correlations, which tend to pair particles with vanishing (anti-parallel) total angular momentum,
will be gradually destroyed. This has the effect of increasing the moment of inertia and ultimately
for some critical value of the angular momentum, the nucleus undergoes a transition from the
superconducting to the normal phase. Simultaneously the nuclear moment of inertia increases
up to the rigid limit provided by (6.113).

In addition to this Coriolis Anti-Pairing effect the moment of inertia also increases with
spin as a result of the angular velocity dependent term in (6.112). This latter dependence
approximates the centrifugal stretching effect.

Clearly then a combination of CAP and centrifugal stretching embodies the main features
of the spin dependence of the moment of inertia. Such a formulation though, based as it is upon
microscopic features, is not readily applicable to the macroscopic Bohr Hamiltonian of section
6.2 where the intrinsic structure is not considered. However, the sweeping regularities exhibited
by the ground state rotational bands suggest that a description of the spin dependence of the
moment of inertia in terms of macroscopic variables is possible. Mariscotti et al. 34 suggested
a Variable Moment of Inertia approach based on an expression similar to (6.111) but with the

deformation being replaced by the moment of inertia itself

2

Er= 23,

2
—I(I+1)+ C( 4 %) (6.116)

subject to the equilibrium condition 8 E7(J)/0Sr = 0. It was shown that this formalism was
capable of reproducing not only the ground state but also the ¥ band to a very satisfactory
degree of accuracy, using only the two parameters C and Sy. In fact, although it is not obvious
a priori, this VMI procedure is mathematically equivalent to the two parameter model of Harris.

The extent to which this variable moment of inertia deviates from the ground state value

Qo for a given spin is expressed by the quantity d3/SdI. In particular for 7 =0

S=—— = —. 6.117
QdI . 3 ( )
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Thus defined, the nuclear softness S provides a useful two parameter identification of each

nucleus. For a perfectly rigid core S = 0 and the VMI equations yield the usual I(f + 1) law.

6.6 The generalization of the VMI procedure to triaxial rotors

The natural extension of the VMI model to asymmetrically deformed nuclei leads to the

Hamiltonian [3%]

1 1 /S5, So)?
H = 2, Lo [3le S0
;28;;191"—'—20(7‘:2 fﬂ)

Cx
819 ~50

+ oy (G- 32

(6.118)
) (7]9 - 70) + %C'y('ng - 70)2-

The three components of the moment of inertia tensor are related via the usual expression

Skre = %S‘;Q sin? (7 - %k) (6.119)

where the spin dependent parameters Sy, and indeed the asymmetric deformation vy, are chosen
to minimize the resulting energy eigenvalues.

It will be assumed here that the gamma band is due to a static gamma asymmetry of the
nucleus and that the gamma vibrational states lie high enough to be disregarded (C, = Cg, =
o0). In practice this assumption restricts ¥ to the same value for each core state. Further it
will be assumed that the moment of inertia parameter Jj, depends only upon the magnitude
of the spin and not upon its various orientations labelled p. Thus the triaxial VMI Hamiltonian

reduces to the form

1 1..(Sr S\’
H= B+zCl=5-—= 6.120
27 T2 <h2 h2) (6.120)
Since the ratios S5 : S7 : 937 remain unchanged with respect to a rigid core and the potential
energy term is a constant, this VMI Hamiltonian has the same eigenvectors as in the rigid case
with energy eigenvalues
2 SI 80 ) 2

Er,(S1,7) = i-1719(7)1(1 +1)+ %C (— -

237 R: R (6.121)

The dimensionless quantity 77,(y) represents the deviation the triaxial rigid rotor energy eigen-

values from those of the corresponding axial rotor.
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From this equation the moment of inertia parameter J; is determined by the equilibrium

condition 8Ey, /031 = 0, which in a g independent form becomes

32 {i}, S

1
F F - F} = %I(I+ 1). (6.122)

The VMI parameters C, 3y and the non-axial deformation v are determined by fitting the

energy eigenvalues to the experimental 2'1",2; and 47 level energies. A solution to this problem

is given in appendix A.2.

6.6.1 The range of validity of the asymmetric VMI model

By combining (6.121) and (6.122) the energy ratio Ry = Ey,/E,; is given as

R, = I(I+1)S, [7111 +h I(£+ 1)/4c\y,] | (6.123)
6 Sy n21 + h 6/4C8§
In particular in the hhmit of small nuclear softness S = 0
®, = [+ m (6.124)
6 21

while for large softness S — oo

2
1(1+1)}s [2n11+1]
R = ) 6.125
1 { 6 o + 1 (6.125)

These limiting values are given below for the case of R2 and 4 and also for the ratio R; =

E3/(E21 + E22)

rigid rotor S =0 S — o
v=0 5 v=0 5
o 00 2.00 00 1.75
R4 3.33 2.67 2.23 1.90
3 1.00 1.00 0.79 0.79

Thus the present VMI prescription extends the range of nuclei which may be described by the
rotational model well into the harmonic region 4 ~ R, ~ 2. It is also to possible to describe

nuclei for which the ratio R2 is less than 2.
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An illustration of the agreement with the experimental band structures than can be achieved
with the VMI model is shown in figure 6.3 for the nucleus 75Se. With the ratios R, = 2.18,
R4 = 2.38 and R; = 0.95 this nucleus lies outside the region which may be described by the

rigid rotor (S = 0) model. In contrast the VMI model gives an excellent reproduction of the

experimental data.

6.7 The VMI in the particle-rotor models

The inclusion of the VMI core Hamiltonian (6.120) into the particle-rotor Hamiltonians
(6.82) and (6.99) allows a correspondingly precise description of the rotational band structures
of both odd and odd-odd nuclei.

However the VMI Hamiltonian together with the equilibrium equation (6.122) is written in
terms of the core spin R as opposed to the total spin, I. Therefore the assignment of a suitable
moment of inertia parameter Sg for a given core spin R can only be made in a basis in which
the core spin is a good quantum number. In particular this is not true of the strong coupling
wavefunctions. Thus the diagonalization of the core Hamiltonian is performed in a basis which
couples the laboratory quasiparticle states to the core eigenfunctions. This will be referred to
as the weak coupling basis although the name is more generally associated with a vibrational
Hamiltonian of the type (6.30) referred to the laboratory system, neither of with are the case

here.

The formalism for these calculations will be presented below.

6.7.1 1-qp excitations: odd A nuclei

The weak coupling basis for 1-qp excitations may be written

IIMRgj) = Y (RMpjm|IM)|RMpe)B};1m|BCS) (6.126)

MRm

where the ﬂ;{, jlm aT€ the creation operators of spherical quasiparticles in the laboratory system

and the |[RMRp) are the eigenfunctions of the VMI core Hamiltonian. These are expressed in

the generalized rotational basis of subsection 6.2.2
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Figure 6.3. A comparison of the VMI and rigid rotor models with the experimental band
structure of "5Se. The parameters are chosen to reproduce the experimental en-

ergies of the 2} and 27 levels for the rigid rotor and also that of the 47 level for
the VMI model.

R 2R+1
1RMre) = ;Aﬂf\/mwza + bR, 0) {Ditery + (=) Diis_p,} (6.127)
3 £

With the core states written in this form the symmetrization of the weak coupling basis states
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with respect to the intrinsic axis permutation operators Ry is guaranteed.
While the core Hamiltonian is diagonal in the weak coupling basis the single particle Hamil-
tonian, being referred to the intrinsic frame, is not. Rather, the single particle Hamiltonian is

diagonal in the strong coupling basis |[IM K i). To exploit these features the particle-rotor Hamil-

tonian 1s written in the form

H= ) |IMK)E{(IMKi|+ > |IMRgj)Ep,(IMRej| (6.128)
IMKi IMRgj

where Eg, denotes the VMI rotational energy (6.121) of the core and E; represents the single
quasiparticle energies.

Either the strong or weak coupling bases may be chosen to perform the final diagonalization
of the this Hamiltonian. Here the strong coupling basis will be employed in order to comply with

the pre-existing particle-rigid rotor computer codes [18:20) Thus the required matrix elements

are

(IMKi|H|IMK'i') = Eibk k60 + 3 (IMKi|IMRoj)Ero(IM Roj|IMK'?').  (6.129)
NjlRp

In order to be able to calculate the unitary transformation brackets (IM Ki|I M Rgj) it is
necessary to express the weak coupling basis entirely in the intrinsic frame. The laboratory
frame quasiparticle operators may be related to the corresponding operators in the intrinsic

system by the expression

B itm = Z Dfnnﬂ;{}jm. (6.130)
[4)

Thus, using the Clebsh-Gordon series for the D-matrices [36]

> "(AaBb|Cc) D7, D = (AaBB|Cy) DS, (6.131)
ab

and (6.127), the weak coupling basis functions become

. 2R+1 .
|IM Rej) = ; AR2{ (RR3jQUIRs + ) Dyspyin
ryloe.. | 167%(1+6R,0) ™
on (6.132)
+ (~)F(R — RsjQUI ~ Ry ~ Q) Dhs_p, 40 } B}l BCS).
The summation is taken over both normal Q and time conjugate states @ = —(Q. Finally, using

the relations
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B = X:Bija,-"L (6.133)
i

'B;Jlﬂ = Z(-—l)j"'nBija:f (6134)

i
which are the quasiparticle inverses of expressions (6.56) and (6.57) and the orthogonality of the

D-matrices, the overlaps between the weak coupling basis (6.132) and the strong coupling basis

o7 +1
IMKi) = 1/ 16+2 {Dhixet +(-1)~1D},_xat}|BCS) (6.135)

are obtained as

2R+1

2I+1{Z,/1+5K Q2,0
+(— 1)32\/__

+(=1)1-7 E Alk-a (R- K — Q59| — K)Bi;i_q

V3i+é_k_qo

Al .
+(—1)F+I-] Z K40 _(R— K - QjQ|I - K)B;Vj,_n}

V1i+6é_k_qo

A computer program which has been written to calculate these overlaps and to construct

(IMKi|IM Rgj) =

(RK — QjQIIK)Bijin

(RQ — KjiQIK)Bi;in
(6.136)

the strong coupling particle-rotor Hamiltonian is given in appendix A.3.

6.7.2 2-gqp excitations: odd-odd A nuclei

The formalism for the inclusion of a VMI core into the odd-odd Hamiltonian proceeds in

an 1dentical manner to the previous case. The 2-qp weak coupling basis is

'IMRQijjn> = E (jpmpjnmn|JMJ)(JMJRMRIIM)IRQMR>ﬁ;ﬁ:IBCS> (6'137)

MRMJm,m,,

where J is the quantum number of the the total quasiparticle angular momentum operator
J = jp + jp whose projection onto the laboratory 3-axis is My = m, + my,.

Again the choice of the strong coupling basis in which to perform the diagonalization of
the full particle-rotor Hamiltonian matrix has been guided by the previous rigid core computer

code (29, In this basis this Hamiltonian may be written
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(IMKpnIHIIMK'p'n') =(Ep + En)‘SK,K’ép,p’én,n' + Z (IMKpnlIMRQijjn)ERg
jpjn-’RQ
(IMRoJ jpjn | IMK'p'n'y + (IMKpn|Vpn [IMK'p'n').

(6.138)

Again, in order to calculate the transformation brackets the weak coupling wave function must

be expressed entirely in the intrinsic frame. Thus

Cooy 2R+ 1 R I
[IM RoJ jpjn) = R; T 6R“0)AR§’{(JI:JRR3|IR3 + k) DY rosk,
),
+ (=1)R(Jk;R — Rs|Tky — R3)D,’WKJ_R3}(ijpannIJkJ)ﬁ;ﬁ,’{|BCS).

(6.139)

The overlaps with the two strong coupling basis functions (6.97) and (6.98) are therefore

o 1 /2R+1
(IMKpn|IMRpJ jpjn) = 9 21+1{

A _ —p—Qn :
Z \/1+5K P (JprJnQnIJQp+Qn)

X (JQ + QuREK — Qp — Qu|IK) By 10y Binji).

+(-1)R 8,40, oS G0 2 | T + O
(- )n“;‘n \/Hénpm"_m(p p p + )

X (JQp + QURK — ), — Qn|IK)B€ij),B€NﬂQ)n

I+jp+in Alk-a,-0, ]
H(=1)I+rH nz W e — (3 Opn 2l + )
p n

X (JQp+QmR—K—-Qp -y |IK)B(NJI n),B?Nﬂ—ﬂ)n

A§
+(=1)+R+iptin 1,400+ K Qi Q1 TQ, + Q,
(-1) Z T Sy 792, + Qn)

X(JQ%W+QR— K —Q, — QnIIK)Bfsz-n),B?le—ﬂ)n}
(6.140)

for K odd and
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o . 1 PR+1
IMKpR|IM RoJjpjn) = =1/
(IMKpa|IMReJjpjn) = 3 21+1{

e
AK—Q,,-—Q.,

nzﬁ V1+6ék_a,-q.0
pién

(=1)intn (G in Q]I + 2,)

X (JQ + QuRK — O — QulIK) By 100 Binii-q),

. Al
+ _1 R+4j,4+0, E ﬂ,+ﬂ,.—K ) Q .nQn JQ +Qn
=1 an V1I+6a,40.-K0 el 174 )
piin

X (I + QuRK — Qp — Qu|IK) By 10y Bivji-a),

; AQK 0,-0
+(—1)THIHH K e (jp Qa2 T + Q)
a,0, Vi+b-k-0,-a.0

X (J%p+QR- K — Q, — QnIIK)Bfle—n),B?NJ’IQ)n

. Af
(=) HRHIA 400§ et (5 0 50, |7, + Qn)
peén

X (JQP +Q,R— K — Qp - QnIIK)BfNj(_n)pB?leQ),.}
(6.141)
for K even.

A listing of the computer program which performs these calculations is given in appendix

Ad.

6.8 Core truncation and the choice of basis states

In this work the choice of basis in which to perform the final diagonalization of the Hamil-
tonian matrix has been guided by the pre-existing computer codes. However both the strong
and weak coupling bases have definite advantages and disadvantages.

Using (6.72) it can be shown that the particle and quasiparticle angular momentum com-
mutators are idgntical only in the case where the pairing factors U;U;: + V;V;/ are unity and the
basis does not contain states differing by two quasiparticles. With these constraints the angular
momentum algebra may be used to transform the quasiparticle operators from the laboratory
to the intrinsic frames (6.130).

It has already been pointed out that when expressed in the strong coupling basis the pairing

factors U; Ui+ V; Vi» may be multiplied onto the matrix elements as a whole, rather than attaching



Collective models of the nucleus 150

them to the single particle angular momentum operators separately. As a result the strong
coupling matrix elements of the Hamiltonian can be calculated using an exact transformation
between reference frames under the condition U;U;» + V;V;y = 1. Once derived this condition
may be relaxed and the matrix elements multiplied by the pairing factor U;U;» + Vi V;:. Thus
both the reference frame transformation and the pairing are handled exactly, although only in
the case where the special nature of the recoil terms is ignored.

Had the weak coupling basis been employed for the final diagonalization this method could
not have been employed since the Hamiltonian matrix is no longer diagonal in the single particle
space. It is therefore necessary either to treat the frame transformation exactly using the new
quasiparticle angular momentum algebra which includes the pairing factors implicitly or to
maintain the constraint U;U;s + Vi Vi = 1. For large deformations (8 > 0.3) it is not clear that
such a constraint is valid [22:37),

On the other hand, it is clear that high lying core states of high spin and/or ¢ will not
contribute to the low lying eigenfunctions. In view of the large number of summations associated
with the transformation bracket between the strong and weak coupling bases it is advantageous
computationally to be able to truncate the core basis as appropriate. While this is trivial in
the weak coupling representation the strong coupling basis is particularly inappropriate for this
purpose.

Here the content of the various core states in the strong coupling basis functions as expressed
by the overlap integrals (6.136), (6.140) and (6.141) is governed by vector coupling rather than
energy considerations. As a result both high and low lying core states generally occur with
similar amplitudes in the same strong coupling basis vectors. The ab initio removal of high
lying core states from the strong coupling basis is therefore impossible and is only achieved in
the linear combinations of basis states which result from the final diagonalization.

However a certain degree of simplification occurs in the case of axial symmetry. There the
core becomes diagonal in the basis [RMgrR3). In particular the ground state band members
|RMg1) map only into the strong coupling states |I MK = 1), while the remaining core states
which lie arbitrarily high in energy map only into the strong coupling states I IMK # Q). Thus
by confining the strong coupling basis to states of [JMK = Q) it is possible to restrict the core
summations of (6.129) and (6.138) to the ground state band (¢ = 1), although even in this case
truncation with respect to R is still not possible. This truncation has been employed in the
calculation of the matrix elements given in appendices A.3 and A 4.

Thus although the diagonalization of the VMI Hamiltonian in the strong coupling basis

allows the inclusion of pairing, it is at a distinct disadvantage compared to the weak coupling
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basis with respect to the number of calculations required for a given degree of convergence. In
the case of odd A the increase in CPU time incurred by a VMI calculation in the full strong
coupling basis space compared with the same rigid rotor calculation is modest, typically 4 s
compared with 1 s. For odd-odd calculations the vastly increased basis space leads to rather
large CPU times. For extensive calculations therefore a truncated weak coupling basis is at a
definite advantage. Set against this is the failure of the pairing assumption U;U; + V;Vy = 1 for

the larger deformations, which thus limits the generality of the model. For this reason it is not

used in the present computer code.

6.9 Conclusion

The present work has increased the flexibility of pre-existing particle-rotor computer codes
by allowing the calculations to be performed in a space in which the core Hamiltonian is diagonal.
Thus the rigid rotor assumption may be relaxed and a more complete description of the rotational
band structure in odd and odd-odd nuclei may be achieved by considering a VMI rotor instead.

With the core rotational energies thus calculated it is possible to test more directly the
assumptions made in coupling the single particles to the core, without the restrictions imposed
by an inadequate treatment of the core rotational energies.

A non-empirical approach to the changing moment of inertia requires a microscopic descrip-
tion of the core. Indeed it has been shown for a few particular cases in even-even nuclei 3]
that the VMI effect is well reproduced by the coupling of 0-qp rigid rotor states to yrare 2-qp
states, via the number non-conserving terms in the quasiparticle operators (6.72). Although
such calculations provide a more profound understanding of the true nuclear mechanisms, in the
general case, particularly when extended to odd (1-qp and 3-gp excitations) and odd-odd (2-qp
and 4-qp excitations), the required calculations are prohibitive.

In this respect the more empirical VMI calculations presented here provide the only method

to achieve fully quantitative reproductions of the observed nuclear rotational band structures.
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Chapter 7

The single particle configurations of the light bromine isotopes

7.1 Introduction

The single particle level density in the A ~ 75 region of nuclei is noticeably lower than
in, for example, the rare earth region. Indeed, with the number of single particle states per
unit energy smaller by a factor of two, the single particle energy gaps and more generally the
shell structure effects manifest themselves in a comparatively dramatic way in these nuclei. In
particular they give rise to a strong shape variation as a function of both particle number and
spin and lead to pronounced shape coexistent effects.

This chapter will attempt to interpret the low lying nuclear structure of the isotopes “2~7"Br
in terms of the particle -VMI rotor model, with particular reference to the present magnetic
moment measurements described in chapter 4. As an introduction to the single particle level
scheme, a general discussion of the ground state configurations expected to occur in the odd A

bromines will now be given.

7.2 The single particle level scheme

The microscopic structure of nuclei in the A ~ 75 region is dominated by the 4¢4,,, 3p;/2,
3fsj2, 3pss2 and 3f7/, orbitals. These are illustrated in figure 7.1 for protons in an axially
symmetric prolate deformed Nilsson potential. Although in many cases the wavefunctions are
strongly mixed, the asymptotic quantum numbers [Nn, A]Q are used to label individual levels.
For small deformations the spherical quantum numbers (N)I; are also given.

The odd A bromine nuclei ®~37Br, with atomic number 35, are all known or thought to
have ground state spins of 3/2~. From figure 7.1 it can be seen that for prolate nuclei the last

odd proton is indeed expected to occupy the [301]3/2 orbital for quadrupole deformations up
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Figure 7.1. Proton single particle levels in the A ~ 75 mass region as a function of the
quadrupole deformation €. The approximate position of the bromine Fermi level
is indicated by the heavy line. The potential strength parameters x, = +0.068,
pp = +0.38 are used.

to € ~ 0.22 and the [312]3/2 orbital at larger deformations in the range 0.30 < € < 0.40. As
these levels are associated with magnetic dipole moments of approximately +2.3 and +0.75uy
respectively, the experimental magnetic moments of the 3/2~ ground states give a clear signature
of the orbitals involved and hence the magnitude of the nuclear deformation.

Since the orbitals of interest to the odd A bromine ground states have the same component
of angular momentum and can therefore intermix, the transition between high and low moment
is not sharp, but instead has a definite deformation dependence. This is most sensitive in the
region 0.22 < € < 0.30 where, with increasing deformation, the Fermi level shifts from the
[301]3/2 to the [312]3/2 orbital via the [440]1/2 state. As a consequence, the dominant single
particle contribution to the total wavefunction changes between the two configurations and is
accompanied by a smooth and rather rapid drop in the magnetic moment from +2.3 to +0.75ux.
The variation of the ground state moment with deformation is illustrated in figure 7.2. Only

the positions of the negative parity [301])3/2, [312]3/2 and [303]7/2 bandheads, together with
the 1/2~ and 3/2~ members of the [310]1/2 band are shown.
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Figure 7.2. A typical deformation dependence of the ground state magnetic dipole moment in
the odd A bromine isotopes. The positions of the [301]3/2 (1), [312]3/2 (1) and
[303]7/2 bandheads, together with the 1/2 and 3/2 (*) members of the [310]1/2

band are indicated. The magnetic moments of these three lowest lying 3/2~ states
are given in p,.

The details of this transition and in particular the region of deformation in which it occurs

are determined by the the relative splittings of the 4g9/2, 3 f5/2 and 3p3/3 subshells. In turn these

depend upon the parameters, x and g, of the Nilsson potential (see subsection 6.3.1). From the

experimental relationship between the magnetic moments and deformations, as deduced from the

electric quadrupole moments, it is therefore possible to evaluate the proton potential strength

parameters in this mass region to be kK, = +0.068 and y, = 40.38. The details will be discussed

fully in subsection 7.4.1.

Previously, these strength parameters have been evaluated by minimizing the deviation

between theoretical and experimental single particle levels in the spherical nuclei 160, 4°Ca,

48Ca, %Ni and 2°®Pb and in the deformed A ~ 25, A ~ 165 (rare earth) and A ~ 242 (actinide)

regions. While the mass dependence of k can be approximated by a linear function, it is clear

that u cannot. There is therefore some ambiguity in interpolating u to the present mass region.
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Within these limitations the values Kp = +0.069, y, = +0.42 and «, = +0.072, u, = +0.31 for
protons and neutrons respectively can be expected in the region A ~ 75 (1], These interpolated
proton parameters agree fairly well with the values derived from the bromine electromagnetic
data which will be used here. Since the only information on the neutron potential strength
parameters available from the bromine nuclei derives from the highly complicated odd-odd
systems, the interpolated neutron values will be assumed in the subsequent analysis.

Although the description of the 3/2~ ground states of the higher mass odd A bromine
nuclides in terms of prolate single particle configurations is fairly clear, the 1/2~ ground state
observed in “®Br presents something of a problem.

As can be seen from figure 7.1, which uses the proton potential strength parameters x, =
+0.068, pp = +0.38, the bromine Fermi level does not appeariinclude an appropriate prolate
Nilsson orbital. The [440]1/2 state can be excluded immediately since it has both the wrong
parity and, as a result of the strong Coriolis interaction, leads to a 5/2% bandhead which
has been identified experimentally [2). On the other hand, with the present potential strength
parameters the [310]1/2 orbital is expected to lie reasonably close to the Fermi level, particularly
for higher deformations as can be seen from figure 7.2. Therefore the potential parameters were
varied slightly in order to rearrange the Nilsson diagram in an attempt to accommodate the "3Br
ground state. To this end pu was varied in the range +0.30 < p < +0.55, corresponding to a
splitting of the spherical 3 f5/2 and 3ps;, subshells of between +0.14 and —0.04 A respectively,
where hts ~ 9.5 MeV. The deformation was varied up to € = 0.40, by which time the [303]7/2
orbital invariably becomes the ground state.

For p ~ +0.30 the Nilsson diagram is little changed with respect to figure 7.1 and so the
[310]1/2 orbital is still predicted to be no more than a low lying nuclear excitation. In contrast,
with g ~ +0.55 the 3ps/, subshell lies above the f5)2 subshell. Then, for deformations in the
range 0.20 < € < 0.37, the Fermi level lies on the [310]1/2 orbital. However, due to the strong
Coriolis interaction with nearby [312)3/2 level, the particle-rotor model predicts a 3/2~ rather
than a 1/2~ bandhead. (Note that with a significantly rearranged Nilsson level scheme certain
first order band crossings no longer occur. As a result the labelling is slightly different from that
given in figure 7.1. Thus the [310]1/2 and [312]3/2 orbitals now originate in the spherical 3p3/,
and 3fs,, subshells respectively). Further, the shift of the Fermi level between the [301]3/2 and
[312]3/2 orbitals which is so crucial to the interpretation of the magnetic properties exhibited

by the higher mass odd A nuclides no longer occurs. Therefore such a large value of p should

not be considered.
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Thus, one concludes that there is no orbital which can give rise to a 1/2~ bandhead for
axially symmetric prolate nuclear deformations in the particle-rotor model.

A more general Nilsson diagram, which illustrates the deformation dependence of the single
particle orbitals along closed paths in the (¢,7) plane, is shown in figure 7.3. The states are
labelled by the asymptotic quantum numbers for axially symmetric deformations only. It can
be seen from this figure that the axially symmetric prolate level ordering is not considerably
altered when the nuclear asymmetry is increased towards vy = 7/6. As a result, the conclusions
drawn above for axial shapes also apply, at least qualitatively, in the entire region 0 < y < n/6.
Therefore the possibility of a prolate-triaxial ground state for “3Br may be excluded. Again this

has been verified explicitly for various parametrizations of the single particle potential.
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Figure 7.3. Proton single particle levels in the A ~ 75 mass region in the (¢,v) plane. The
potential strength parameters K, = +0.068, pp, = +0.38 are used.

However for oblate-triaxial nuclear deformations, which appear on the right half of figure

7.3, there exist two possibilities for the “®Br ground state; the [321]1/2 and [310]1/2 orbitals.

The former lies on the Fermi level for oblate or oblate-triaxial deformations in the approximate
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range € < 0.25, /6 < v < 7/3. In fact it turns out that the large Coriolis interaction arising
from the close proximity of the [321]1/2 and [321]3/2 orbitals, which persists from the spherical
to the asymptotic limit, leads to a 5/2~ bandhead. (The same argument applied to the [321]3/2
orbital thus precludes the possibility of oblate-triaxial deformed ground states in the heavier
isotopes). Therefore the latter [310]1/2 Nilsson orbital remains as the only candidate which is
expected to result in a 1/2~ bandhead, thus confining the deformation of the “3Br ground state
to the region € > 0.25, /6 <y < 7/3.

Finally, to reiterate the basic conclusion of this preliminary discussion, it is clear that the
ground state nuclear deformation must undergo some form of transition between prolate-triaxial

(y < w/6) and oblate-triaxial (Y > 7/6) shapes in passing from the heavier odd mass bromine

nuclei to "3Br.

7.3 The particle-rotor parameters

The analysis presented in this chapter utilizes the particle -VMI rotor model as described
in the previous chapter. Before embarking on a detailed description of the nuclear structure of
each isotope, some general points about the model parameters need to be made.

Firstly with regard to the shape parametrization, only quadrupole deformations in the
stretched coordinate system (e,7) will be considered. These deformations will be confined to
the region ¢ > 0, 0 < v < /3. Although this is a convenient parametrization it suffers from
the disadvantage that the ellipsoidal symmetry axis coincides with the intrinsic 2-axis, rather
than the 3-axis, for oblate shapes (y = 7/3). While this is of no consequence physically, it tends
to confuse the interpretation of the wavefunctions since the basis states, as defined in chapter
6, are always referred to the 3-axis. In order to avoid this complication, the wavefunctions of
oblate-triaxial nuclear shapes are quoted in the coordinate system (—¢, m/3—+) which maintains
the equivalence of the symmetry and intrinsic 3-axes.

The pairing parameters are taken to be go = +22.0 and g; = +8.0 with V5Z or /5N single
particle orbitals included above and below the Fermi surface [3l. With the pairing constant —G
thus defined, the Fermi level and BCS gap parameter are derived quantities rather than input
parameters.

The g-factor of the intrinsic nucleon spin is taken to be 65% of the free value for both

protons and neutrons. This is found to reproduce the limiting values +2.3 and +0.75u, of the
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odd A bromine ground state moments which are observed experimentally. The core g-factor is
assumed to be Z/A, while the core quadrupole moment is calculated macroscopically.

For odd A nuclei, 8 deformed single particle orbitals |7} of a given parity were included into
the particle-rotor basis while for odd-odd nuclei, 5 proton and neutron states, |p) and |n), of
each parity were considered. The errors introduced by this truncation should be negligible.

The parameters of the residual proton-neutron interaction (6.100) are assumed to be iden-
tical to those of the rare earth region, as determined by Boisson et al.  [4. The tensor force

was not included, thus up = —50.0 MeV, u; = —9.22 MeV, uy = +0.52 MeV, u3 = —6.20 MeV

and VT = VTM = 0.

7.3.1 The VMI core parameters

In the particle -VMI rotor model, a natural choice for the VMI parameters are those of the
even-even core nuclei themselves. However, the structures of the even-even cores 70:72,74,76G,
are by no means trivial. In all these nuclei a low lying 0% level is observed which cannot be
accommodated within the framework of the asymmetric rotor model.

In 7Se there exists a low lying 23 state associated with a AT = 1 gamma band [B]. A
description of this nucleus in terms of an asymmetric rotator therefore seems possible and in
fact a good agreement between the experimental and theoretical ground and gamma bands may
be obtained, as illustrated in figure 6.3.

In contrast, the yrast bands of ">74Se are not purely rotational but instead are found to
exhibit both vibrational and rotational structures, a phenomenon which has been ascribed to
shape isomerism. The low spin members of the band are assigned to a vibrational spectrum
built upon a near spherical ground state which is crossed at around spin 4 by a K = 0 rotational
band built upon a well deformed prolate shape lying at an excitation energy of about 900 keV.
Thus 72Se develops from a shape coexistent ground state with a rms deformation (¢} ~ 0.20
into a prolate rotor with ¢ ~ 0.31 [6]. Similar properties are observed in 74Se although the
deformation, both static and dynamic, is rather more constant at € ~ 0.30 7. In the light
of these observations it has been suggested that the 23 level is associated with a AI = 2 beta
band built upon the 0F state. This is not however a unique assignment and the 27 level in 7Se
has also been proposed as the gamma bandhead [8],

Despite the possible shortcomings of an asymmetric rotational description of these nuclei,
by identifying the 2% level (rightly or wrongly!) as the gamma bandhead leads to the VMI

parameters listed in table 7.1 . These have been calculated using the program VMIPAR (see
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appendix A.2). The cores 7%72Se, with ratios ®» = 1.69 and 1.52 respectively, lie outside

the region which can be described by the VMI model (see subsection 6.6.1). This could
either be a result of perturbative interactions between the 2; state and levels of the same
spin in the vibrational and beta bands, or simply that the level is not gamma but rather beta
rotational. (Presumably similar possibilities exist for 74Se, although R, lies within the model
limits). Therefore in the case of >72Se the maximum gamma asymmetry is assumed and the

VMI parameters are deduced by fitting to the 2'1" and 4'1F levels. This approximation results in

an adequate, though not perfect, reproduction of the ground state bands.

Table 7.1. The VMI core parameters of 70:72:74,76G¢

Core Ey E'Z;f Eq 0% So C S
(MeV) (deg) | (R MeV~1) | (MeV3)

%Se | 0.56 1.22 1.33 | 25.9° 6.44 0.023 0.083

74Ge | 0.64 1.27 136 | 26.8° 4.05 0.011 0.684

72Ge | 0.86 1.32 1.64 | 30.0° 1.52 0.014 10.16

70Ge | 0.95 1.60 2.04 | 30.0° 3.26 0.049 0.297

As will be shown in the following section, the presence of additional odd nucleons induces a
substantial increase in the core deformations. With this polarization the deformed core may be
stabilized into one particular shape, so that the interference between vibrational and rotational
structures present in the isolated core need not be reflected in the corresponding odd A or odd-
odd nucleus. In view of these facts it is not clear that VMI parameters, as deduced from an
asymmetric rotational description of the even-even cores, may be applied to the odd A and odd-
odd nuclei. Therefore in the following sections an independent choice of the VMI parameters

will be made where the “true” core parameters seem less appropriate.
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7.4 The odd A nuclei 3757"Br

7.4.1 The negative parity states

The high spin negative parity spectra of 7375.77Br appear as a regular sequence of two
stretched E2 bands. Connecting dipole transitions have also been observed up to spin 11/27 in
Br [ and up to 21/2~ in 7"Br [19). In both cases the bands terminate at the 3/2~ ground
state. In-beam spectroscopic studies of 3Br [2] have identified a band sequence which bears a
remarkable resemblance to that of " Br. However, the last stretched E2 transition terminates
not on the ground state but instead on an excited level at 178 keV which has therefore been
assigned as 3/2~.

The results of a particle-rotor analysis of these 3/2~ yrast bandheads and also those of
79.81Br are shown in table 7.2 . By requiring that the calculations reproduce the previously
known magnetic moments of "*#!Br [11] at the nuclear deformations implied by the ground
state static electric quadrupole moments [l it is possible to extract the Nilsson proton po-
tential parameters k, = +0.068 and p, = +0.38 quoted previously. For the remaining isotopes,
73,75,77Br, the deformations are calculated from the electric quadrupole transition strengths
(2,9,10] with particular emphasis on the stretched E2 transitions to the bandheads. For reasons
which will be discussed later, the negative parity states are considered to be axially symmetric.

These quadrupole moments point to a gradual increase in nuclear deformation from ¢ =
0.22,7 = 0in ®!'Br to € = 0.32,7 = 0 in "3Br. This is accompanied by a drop in the experimental
magnetic dipole moments from +2.3 to £0.76x,. As can be seen from table 7.2, this trend in
the magnetic moments is well reproduced by the theory and indicates a transition of the single
particle Fermi level from the [301]3/2 to the [312]3/2 orbital. The calculations show that the
ground state composition of 3! Br is dominated by the [301]3/2 orbital, "Br is transitional, while
the yrast bandheads in 7% 7"Br are almost entirely of [312]3/2 character. (At this juncture
it should be restated that the asymptotic quantum numbers serve only to label the Nilsson
orbitals. Therefore the results presented in the last column of table 7.2 represent the relative
contributions from two the Nilsson levels and do not necessarily reflect the exact single particle
configurations).

The particle-rotor fits to the band structures in "37%7"Br are shown in figure 7.4. The VMI
parameters of > 7’Br were taken from the corresponding even-even cores while the parameters

of ®Br were chosen to be identical to those of “Br in view of the marked similarities between
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Table 7.2. The negative parity yrast bandhead properties of the odd A nuclei 73~31Br.
The electric moment data includes both static quadrupole moments Q (b) and
quadrupole transition strengths B(E2; 7/2 — 3/2) (W.u.), denoted ' and ! re-

spectively. The magnetic dipole moments are quoted in units of uy. The final
column gives the composition of the bandhead.

Nucleus | Deformation Electric Moment Magnetic Moment Configuration
(e, 7) exp. theory exp. theory | [312]3/2 [301]3/2

31Br 0.22, 0.0° +0.276(4)t  40.28 | +2.27 +2.28 8% 84%

"Br 0.24, 0.0° +0.331(4)t  +40.33 | +2.11 +2.11 33% 58%

""Br 0.27, 0.0° 35(9)? 33 | £0.92( 5) +0.93 95% 4%

Br 0.32, 0.0° 61(5)} 60 | +0.76(18) +0.75 98% 1%

"3Br 0.32, 0.0° 45(7)? 59 +0.75 98% 1%

the band structures. Although the overall energy scaling in the @ = +1/2 band is relatively well
reproduced the positions of the @ = —1/2 band members become considerably depressed relative
to the theory, especially at high spins. The experimental and theoretical electric quadrupole
transition strengths are compared in figure 7.5 . The experimental B(E2) values show interesting
deviations from the particle-rotor predictions at both high and low spins. A cranked shell model
analysis of the negative parity band in "Br [®] indicates that the aligned spin, although very
small at low rotational frequencies, increases to 7 ~ 4 in the frequency range 0.3 MeV < hw < 0.4
MeV. This is attributed to a gradual 72(4gy/,) alignment leading to a band crossing around spins
17/2= — 21/2~. As a result the experimental B(E2) values begin to fall below the particle-rotor
predictions in this spin region as seen in “3°Br.

At low spins the measured B(E2) values of “®Br lie well above the values expected on the
basis of the bandhead 7/2~ — 3/2~ transition strength. Some low spin irregularities are also
observed in “®Br. These effects are possibly due to prolate-oblate shape coexistence in the
even-even cores, '>74Se. Total energy surface calculations in " Br [®] indicate that an energy
minimized prolate (¢ = 0.33,v = 0) [312]3/2 ground state is expected to coexist with an oblate

(e = 0.19,7 = n/3) [321]3/2 state lying at an excitation energy of only 560 keV. The interaction

between such prolate and oblate states may be approximated by

where (corepro|V|coreqs) is the effective interaction between the 0f ground state and 07 shape

isomeric state of the even-even core. Since the structures of these prolate and oblate states are
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Figure 7.4. The negative parity band structures of the odd A nuclei 7®75:77Br. The model
parameters are indicated.

very similar with an 80% overlap of the single particle wavefunctions, a considerable amount of
prolate-oblate interference may exist. Not only does this disturb the low spin band structure
but it also reduces the transitional quadrupole moments and hence B(E2) values. Therefore
fitting to the bandhead quadrupole transition strength might well lead to an underestimation
of the nuclear deformation and B(E2) values at higher spins.

On the other hand, the even-even core 76Se does not show shape coexistent effects and so
one would not expect such considerations to influence the low spin structure of ““Br. As can be
seen from figure 7.5, the B(E2) values of “"Br are indeed reproduced more closely.

The low lying energy levels of 737%77Br [212,10) 3re shown in figure 7.6 . Notice that

experimentally, besides the first two members of the ground state band, no states are observed
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Figure 7.5. The experimental and theoretical B(E2) values in the negative parity bands of

73,75,77Br. The quadrupole deformation is chosen so as to reproduce as far as

possible the 7/2~ — 3/2~ transition strength.

below 150 keV in 75:7"Br. Theoretically, this is also true in the case of axial symmetry. How-

ever for an axially asymmetric nucleus, using for instance the value y ~ 26° suggested by the

even-even cores, several very low lying states (< 100 keV) are predicted. Also the enhanced
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rotational alignment, resulting from the admixture of Q = 1/2 components into the single par-
ticle wavefunction when triaxiality is introduced, causes the 5/2~ member of the yrast band to
become the ground state. Since this is expected to remain the case up to quite high deformations
(€ < 0.30,7 = 26°) the observed ground states of the lesser deformed isotopes 72'3!Br could not
be reproduced. Further there are now two 3/2~ states built from the [312]3/2 orbital which
correspond to orthogonal combinations of roughly equal amounts of the two angular momentum
projections, K = 1/2,3/2. The magnetic moments of both these states remain above +1.1u,,
in contrast to the much smaller experimental moments of 77“Br. For these reasons the negative

parity states of “>7Br and the yrast band of 73Br are considered to be axially symmetric.
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Figure 7.6. The low lying negative parity states of the odd A nuclei 7>7%77Br. The theoretical
levels are also given for comparison in the cases of 75:77Br.

With axial symmetry, the (1/2}) and (3/23) states in 7®77Br may be associated with
the [310]1/2 band. The reverse ordering of these levels predicted for ““Br is peculiar to the
deformation € ~ 0.27,7 = 0. Generally the normal ordering is reproduced by the theory, as can

be seen from figure 7.2.
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The low lying levels of ®Br are somewhat different. The (3/27) yrast bandhead and first
excited state occur at 178 and 482 keV respectively. By analogy with the heavier bromine
nuclides these have been interpreted in terms of a prolate nuclear shape. Below these lie the
1/27 ground state and a presumed (5/27) level at only 27 keV.

It has already been concluded that a 1/2~ ground state can only result from the [310]1/2
orbital for oblate or oblate-triaxial nuclear shapes. Both of these possibilities have been consid-
ered in the calculations. Oblate-triaxial (v ~ 26°) nuclear deformations result in a normal 1/27,
3/2~, 5/2~ ordering of the [310]1/2 band members, as do pure oblate deformations ¢ > 0.30,
v = /3. However for smaller oblate deformations 0.25 < € < 0.30, v = 7/3 the required 1/27,
5/2~ ordering is obtained. Since the 5/2~ level is expected to become the ground state for
smaller deformations, the close proximity of the 1/2~ and 5/2~ band members suggests that
the nuclear deformation lies at the lower end of this range.

Unfortunately, more quantitative calculations are not possible without a knowledge of the
moment of inertia. With such a drastic change in both the magnitude and shape of the nuclear
deformation it is unlikely that the VMI parameters assumed for the prolate [312]3/2 band will
still apply. In fact with these parameters the 1/2~ ground state band is predicted to be yrast.
The fact that this is not the case experimentally must imply that the oblate shape has a smaller
moment of inertia than the prolate shape. Using Grodzins relation (6.12) this suggests that
the magnitude of the oblate deformation is somewhat smaller than the prolate deformation
(€ ~ 0.32,4 = 0). Again this points to a value of the nuclear ground state deformation of "*Br
towards the lower end of the range 0.25 < € < 0.30, v = 7/3.

The existence of such an oblate ground state in “3Br is the first experimental evidence for
the prolate-oblate shape transition in the bromine nuclides. This transition has been predicted
by several total energy surface calculations (13,14,15] a}though it was expected to occur at higher
masses between 73Br and 7°Br [13], However the ground state configurations deduced from the
present magnetic moments prove that both “°Br and ""Br are still prolate. It is also interesting
to note that shape coexistence calculations on the neighbouring krypton nuclei [15] indicate that
the magnitude of the oblate deformation is smaller than that of the prolate deformation, as is

possibly the case in 73Br.
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7.4.2 The positive parity states

A dominant and widespread feature of odd A nuclei in this mass region is the presence
of positive parity band structures arising from the unique parity 4gg,, subshell. In the lighter
bromine nuclides these occur as low energy excitations [2:° 10) a5 shown in figure 7.7 . The large
signature splitting indicates immediately their decoupled nature and hence an origin in the low-
2 members of the 4gy;, subshell. Characteristically, the energy spacings within the favoured

bands resemble those in the ground state rotational bands of the corresponding even-even cores.
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Figure 7.7. The positive parity band structures of the odd A nuclei "37%7"Br. The energy

levels of the ground state rotational bands in the adjacent even-even cores are
indicated for comparison.

In passing down the isotopic chain, the 5/2% favoured band member is seen to systemat-
ically drop in energy, ultimately becoming the bandhead in "®Br. Accompanying this is a fall
in the excitation energies of the low spin 3/2* and 7/2* unfavoured band members. Quantita-

tively, these phenomena can be readily explained by an increase in the nuclear deformation with
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reducing neutron number. This rise in deformation causes both the proton Fermi level to move
towards the higher-Q states in mid subshell and also the overall quadrupole substate splitting

to increase. As a result, the Coriolis interaction weakens and there is an increasing tendency

towards strong coupling characteristics.

Despite this simple interpretation, the particle-rotor model has some difficulty in reproduc-
ing these trends in a more quantitative manner. Figure 7.8 compares the experimental data on
75Br with the theoretical levels for various parameter sets. The 8 single particle levels considered
in the model space include the entire 4gq /2 subshell and several low lying members of the 4g7/5
and 4ds/, subshells. In all cases the ¢ deformation is chosen so as to reproduce the experimental
B(E2; 13/2 — 9/2) values [2:9:10],

It is clear from figure 7.8b that an axially symmetric (y = 0) nuclear deformation places
the unfavoured band too high in energy in comparison with the experimental data. As has
been pointed out by Toki and Faessler [16] the signature splitting can be reduced by the
introduction of axial asymmetry. An increase of v deformation from 0 to 7 /3 transforms the
region of the 4gy/, subshell around the Fermi level from low to high- states, as shown in figure
7.3. Consequently there is a gradual transition from the decoupling limit to the strong coupling
limit where there is no distinction between favoured and unfavoured states. By taking the
asymmetric deformation v = 26.8° and VMI parameters suggested by the even-even core, the
position of the unfavoured band moves towards its experimental position (figure 7.8c). However,
despite this improved agreement, the predicted positions of the 3/2%, 5/2% and 7/2% levels are
still too high, suggesting that the calculations overestimate the strength of the Coriolis force
and hence the degree of rotational alignment.

There are three ways by which the level of decoupling may be reduced. Firstly, the nuclear
asymmetry may be increased further. This takes the nucleus into the oblate-triaxial region
where the low lying nuclear structure is dominated by the strongly coupled bands characteristic
of high-Q orbitals. States with I < K(2) have no place in such a regime and so the 3/2* and
5/2% states shift upwards, rather than downwards, in energy.

Alternatively, the Coriolis force may be reduced directly by attenuating the (off-diagonal)
matrix elements of the appropriate single particle operators by some constant factor, ¢ < 1.0.
Although there is a slight tendency towards the correct positioning of the low spin levels, even
with a value as low as £ = 0.60 the 5/2% level is still far from becoming the favoured bandhead
(figure 7.8d). Further, above spin 13/2% the positions of the favoured-unfavoured band members

are reversed compared to the observed level ordering.
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Figure 7.8. The experimental and theoretical positive parity excitation energies of ““Br. The
model parameters are indicated. The experimental energies are shown in a). The
axial and triaxial theoretical levels are shown in b) and c) respectively. The effects
of the parameters £ and 7 are demonstrated in d) and e).

Finally, the relative effectiveness of the Coriolis interaction may be reduced by increasing the
quadrupole coupling strength of the nuclear potential by a factor, 7. In the present model there is
an intimate connection between the quadrupole interaction strength and the electric quadrupole
operator. By discarding this relationship, the quadrupole level splittings may be chosen without
the constraints imposed by the electric multipole moments. With this extra degree of freedom
a much improved reproduction of the experimental excitation energies becomes possible, as
illustrated in figure 7.8e. Not only is the correct ordering of the favoured and unfavoured band
members reproduced but the 3/2%, 5/2% and 7/2% states are placed close to their experimental

energies. Therefore this, rather than a direct attenuation, seems to be the most satisfactory
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resolution of the problem with the Coriolis interaction.

Similar conclusions may be drawn about the positive parity levels in 7>77Br. The theoretical
fits to these spectra are shown in figure 7.9 for the cases were the quadrupole interaction
strength is constrained by the electric multipole moments (figures 7.8b and e) and allowed to
vary freely (figures 7.8c and f). No Coriolis attenuation was introduced. As before, the best fit
to the experimental energies is obtained when the quadrupole strength is allowed to vary freely.

Again, the nuclear asymmetries and VMI parameters  are taken from the even-even cores.
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Figure 7.9. The theoretical and experimental positive parity excitation energies of 7377Br,
The model parameters are indicated. The experimental energies are shown in
a) and d). The theoretical levels corresponding to the standard and enhanced
quadrupole strengths are shown in b), e) and c), f) respectively.
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The experimental and theoretical B(E2) values are compared in figure 7.10 for the case
where the quadrupole coupling strength is varied freely. As was the case in the negative par-
ity bands, the experimental B(E2) values drop below the theoretical expectations around spin
17/2%. Again this may be attributed to a 72(4g9/2) alignment, although this can only be partial
since full alignment is now blocked. However, in contrast to the negative parity case, the low
spin B(E2) values seem tot:'adequately accounted for in all three isotopes, indicating that the
effects of prolate-oblate mixing at low spin are no longer present. Indeed, shape coexistence
effects are expected to be weak for positive parity states since the prolate low-K 4gq /2 states
have no structural analogues at oblate deformations where the high-K orbitals are present [,

Table 7.3 lists both the deformation parameters of the positive parity states of “3:7%:7"Br
and the quadrupole strength factors 7 derived from this analysis. From these results it would
appear that in this particular case the Nilsson potential underestimates the quadrupole coupling
strength by a factor of 7 ~ 1.4. This may be attributed to a failure of the Nilsson potential to
describe the true radial form of the quadrupole potential term 7). Since the positive parity
band structures in the isotopes considered here are dominated by the 4go/2 configurations then
one may consider the present results to imply that the matrix elements of the true quadrupole

radial potential, (N!|V,(r)|N1), are numerically given by

(44|Vy(r)|44) ~ 1.4 x hwog—\/i;-(44|r2l44).

The root of such a discrepancy in the Nilsson potential probably lies in the application
of the correction potential V..., (see subsection 6.3.1). The purpose of this term is to flatten
the base of the pure spherical harmonic potential in a manner approximating the true nuclear
one-body potential. However, V..., i1s considered to retain its spherical form even when the
potential is deformed. The quadrupole part of the deformed potential therefore remains that of
a pure harmonic oscillator. Since V..., i8 most important for the high orbital angular momentum
orbitals it is not surprising that out of all the orbitals studied thus far such discrepancies only
come to light for the 4g9;2 subshell.

It is worth noting that the basis for the apparent success of the simplified particle-rotor
model of Toki and Faessler %l in describing other positive parity 4go/2 structures in this region
[16,19,20] 3150 lies in such an increase of the quadrupole strength. The model potential employs
the Nilsson quadrupole coupling strength characteristic of the N = 6 shell [21]. The application
of this same “rare earth” potential to the present mass region therefore strictly lies outside the
formalism of the Nilsson model. In fact such an assumption overestimates the Nilsson quadrupole

strength by a factor (r?)N=¢/(r®)N=4 = 1.36, almost identical to the present value.
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It would be interesting to study decoupled (since strongly coupled bands are adiabatic and

therefore insensitive to the quadrupole splitting) unique parity band structures in other mass

regions in order to investigate this problem further.
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Table 7.3. The positive parity nuclear deformations of 7375.77B;.

Nucleus Quadrupole Deformation Quadrupole Strength Factor
(€, 7) T
“"Br 0.29, 25.9° 1.34
SBr 0.33, 26.8° 1.39
3Br 0.38, 30.0° 1.40

7.5 The odd-odd nuclei 727476y

The conclusions drawn in the previous section relating to the Nilsson quadrupole coupling
strength apply only to w4gg/s orbitals. There is little reason to apply the same quadrupole
strength factor to v4gg,, orbitals, let alone the negative parity configurations. In general one
might expect each proton and neutron subshell to be associated with a distinct quadrupole
strength factor. As a result, there is no single value of 7 which may be applied to the mixed
proton and neutron configurations occurring in odd-odd nuclei. Therefore the more empirical
Coriolis attenuation factor £ will be applied where required.

As mentioned before, the interpolated parameters k, = +0.072, u, = +0.31 [] are assumed
for the neutron potential. Since these are not greatly different from the corresponding proton

parameters, figures 7.1 and 7.3 may be referred to for the neutron single particle level scheme.

7.5.1 "“Br

Three AI = 1 band structures are known in “5Se, the ground state 1~ band and bands
built upon an excited (4)~ level at 302 keV and the isomeric (4)% state at 103 keV (221, These
are illustrated in figure 7.11 .

The static electromagnetic méments of the 1~ ground state have been measured previously
to be u = £0.554, and Q = £0.27(1) b 'l This quadrupole moment implies a deformation
of ¢ = 0.31,7 = 0 which fits in well with the systematics of the odd A nuclear deformations
(tables 7.2 and 7.3). Using the VMI core parameters of "4Se the experimental band structure
(figure 7.11a) is well reproduced by the particle-rotor calculations (figure 7.11c), although the
1~ bandhead is only placed below the 2~ level with a Coriolis attenuation of € = 0.70. The
band head configuration is 7[312])3/21{422]5/2 K= 1 (96%) with predicted moments of —0.7Tuy

and Q = +0.27 b. This confirms the previous configuration assignment (23], In addition, the
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Figure 7.11. The experimental and theoretical band structures of “®Br. The model parameters
are indicated. The experimental energies are illustrated in a), b) (—) and f)
(4+7). The corresponding theoretical levels are shown in c), d), ) (—=) and g)
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theoretical electromagnetic strengths (in W.u.) of the (2)~ — 1~ transition, B(M1)= 0.132
and B(E2)= 111, are in good agreement with the corresponding experimental values, B(M1)=
0.100(5) and B(E2)< 160 respectively [24],

With this same deformation, a 4~ bandhead is predicted at an excitation energy of 271 keV
corresponding to the 7[312]3/21[422]5/2 K= —4 (91%) configuration, the Gallagher-Moszkowski
split conjugate of the ground state. This coincides reasonably well with the 302 keV experi-
mental excitation energy of the (4)~ bandhead. However, the (7)~ and (8)~ members of the
experimental band (figure 7.11b) show a bunching which is not reproduced by the theory (figure
7.11d). Further, the large aligned angular momentum of this band (i ~ 3) indicates the partici-

pation of a 499/, proton (22], The possibility of such configurations has also been investigated.
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Particle-rotor calculations show that there are two possible candidates. At the deformation
€ = 0.31,y = 0 there exists the 7[440]1/2v(301]3/2 K= 2 (39%), K= —1 (33%) configuration,
while at slightly smaller deformations (e ~ 0.28,y = 0) there is also the 7[440]1/2,[303]5/2 K= 3
(41%), K= —2 (38%) configuration. The band structures are extremely similar and both give
an excellent reproduction of the experimental levels and in particular the (7)~,(8)~ grouping.
The former configuration is illustrated in figure 7.11e (the bandhead is placed at the experimen-
tal excitation energy). Again the Coriolis force was attenuated by £ = 0.70 which leads to an
expansion of the band to the degree observed experimentally. However, neither configuration
corresponds to K= —4 and so a 4~ bandhead should not necessarily be expected. In fact the
7[440]1/2v[301]3/2 band is predicted to have a low lying 2~ level which drops just below (25
keV) the 47 level when the Coriolis attenuation is reduced to £ = 0.70. No such level ordering
has been observed as yet. In contrast, the 4~ level remains as the 7[440]1/21{303]5/2 bandhead
in spite of the Coriolis attenuation so that this configuration might be preferred.

Like the (4)~ band, the large aligned angular momentum (i ~ 4) of the isomeric (4)* band
(figure 7.11f) and the (7)%,(8)* grouping indicates the presence of a 4gy/» proton [22. The
theoretical interpretation of this band structure in terms of a w[431)3/21[422]5/2 configuration
has already been given [2%]. The present calculations give similar results although the M+, (8)*
grouping 1s not particularly well reproduced. At € = 0.31,v = 0 the three lowest band members
are predicted to be almost degenerate and ordered 5%, 6%, 4. Reducing the Coriolis coupling
to & = 0.70 hfts this near degeneracy and restores the normal level ordering although overall
the band is too compressed. Increasing the deformation to ¢ = 0.36,4 = 0 expands the band
to the approximate experimental spacings as shown in figure 7.11g. With these parameters the
bandhead configuration is w[431]3/2v[{422]5/2 K= —4 (83%).

This increase in deformation may well be a real phenomena since it is known from the odd
A case that the 4g9/, proton polarizes the core to higher deformations. On the other hand,
an increase in the nuclear deformation is tantamount to increasing the quadrupole interaction
strength, thus indicating an inadequacy in the Coriolis attenuation method which has already
been noted in subsection 7.4.2. In fact an increase in the proton quadrupole strength by a factor
of 1.5 was used in the previous analysis [?%]. Clearly a measurement of the electric transition
probabilities would be useful in distinguishing the two possibilities.

Finally, it is known from the positive parity band structures in the odd A nuclides that the
4g9/2 proton leads to triaxial nuclear shapes. For completeness the possibility of such shapes

has also been considered. However, with v ~ 26° the (4)* bandhead is no longer the lowest
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positive parity state, lying instead above many closely spaced levels. Since experimentally no

positive parity levels are observed below the isomeric state this possibility may be ruled out.

7.5.2 "“Br

In "™Br two separate level schemes on top of the (0~) ground and spin 4 isomeric state
have been ascertained [26]. As has already been discussed in section 5.5, while the isomeric
spin is well established [23] the parity is uncertain. Negative parity has been proposed on the
basis of supposed first unique forbidden 3/EC transitions to 74Se [27] while positive parity has
been suggested from a comparison with the (4)* and (4)~ band structures in “®Br [2¢], In view
of the fact that the corresponding neutron Fermi levels are virtually coincident in the region
0.3 < € < 0.4, as can be seen from figure 7.1, such similarities between the states of 7476Br
might well be expected.

Drawing on these similarities therefore, likely candidates for a 4= isomeric state include
the 7[312]3/21[422]5/2, n[440}1/21[301]3/2 and #[440]1/2[303]5/2 orbitals. However, the cal-
culated moments of these configurations, ~0.16, +3.93 and +4.20u, respectively, are all in-
compatible with the present experimental moment of +1.68(18)u,. The tentatively proposed
7(301]3/20(422]5/2 orbital [23] with a theoretical moment of +1.71y,, never comes close enough
to the Fermi level to be viable possibility. A search for other candidates over a wider region
of deformation, both prolate and oblate, failed to find further configurations with suitable mo-
ments.

By contrast, the moment of the positive parity 7[431}3/21{422]5/2 configuration is calcu-
lated to be +1.77u,, in excellent agreement with the experimental value. Therefore the present
magnetic moment strongly favours a 4% assignment for the isomeric state.

A comparison between the theoretical and experimental isomeric band structures is given
in figures 7.12a and b respectively. The VMI parameters were taken from the even-even core.
As was the case with the corresponding (4)* band of "®Br, the Coriolis force was attenuated
by £ = 0.70. In order to reproduce the approximate energy scaling of the band the deformation
€ = 0.37,7 = 0 was assumed, for which the isomeric state configuration is 7{431)3/21[422]5/2
K= —4 (89%).

Of the negative parity states, the (1~) band lying 9.8 keV above the (0~) ground state
closely resembles that of the 1~ ground state band in “Br. This bandhead may therefore be
identified with the 7[312]3/2v[422]5/2 K= 1 configuration. The experimental and theoretical

band structures are shown in figure 7.12d and f. The deformation was taken to be ¢ = 0.37, v=0.
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Figure 7.12. The experimental and theoretical band structures of ““Br. The model parameters
are indicated. The experimental energies are illustrated in a) (+) and c), d), €)
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Feeding into this band is a (47 ) state at 330 keV (figure 7.12¢), close to the 275 keV excitation

energy at which the K= —4 conjugate state is expected (figure 7.12g). However, as with 7Br,

this level is probably associated with a proton 4g,,, configuration.

As this deformation there is no obvious candidate for the tentatively assigned (0~ ) ground

state (figure 7.12c). One possibility is the 7[312]3/21{431]3/2 configuration. However, as this

only occurs for lower deformations in the region ¢ = 0.28,7 = 0, this would not be expected to

be associated with an extremely low lying (17) band as occurs in practice.
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7.5.3 7?2Br

Recent in-beam gamma spectroscopy studies on “?Br  [23] have revealed three rotational
bands. Electric transition strengths within the band terminating on the (1)~ isomeric state
indicate a nuclear deformation in the region € ~ 0.30. Shape coexistence at low spin is a real
possibility and interestingly no band structure clearly associated with the (3)* ground state has
been observed, reminiscent of the neighbouring nucleus 73Br.

With this in mind, a search for a possible 3* ground state was carried out for a mesh of pro-
late, oblate and triaxial deformation points in the range 0.05 < € < 0.40,y = 0, 15,25, 35, 45, 60°.
Despite this extensive search no such ground state was found, nor did any low lying 3* states
have moments consistent with the experimental value of £0.55(21)uy. A similar search for a
isomeric 1~ state also failed to produce an obvious candidate.

In the light of these failures it seem reasonable to question the (3)* and (1)~ spin-parity
assignments of the ground and isomeric states [2%] although, as outlined in sections 5.7 and 5.8,
their justifications appear to well founded. Unfortunately predictive calculations are difficult,
given the multiplicity of single particle product states in the vicinity of the Fermi level which can
be formed. However it is probably worth pointing out that a 3~ 7[312])3/21[440]1/2 ground state
with a moment of —0.70uy is expected at a deformation of ¢ ~ 0.28,7 = 0. Several candidates

for a low lying 1% state also exist.

7.6 Conclusion

The interpretation of the magnetic moment data on the nuclei 72~ 7?Br within the framework
of the particle-rotor model has lead to several positive configuration assignments for the long
lived levels.

In the odd A nuclei it has been shown that there is a transformation in the character of
the ground state configuration from the [301]3/2 orbital in "*3!Br to the [312)3/2 orbital in
75,77Br. The measured magnetic dipole moments are well reproduced by the theory and are
fully consistent with the deformations suggested by the electric quadrupole data. While these
magnetic moments are only compatible with prolate deformations, the ground state spin of 73Br
can only be interpreted in terms of an oblate nuclear shape. This is the first evidence in the
bromine nuclei for the conjectured prolate-oblate shape transition. The presence in "3Br of a low

lying (3/27) rotational band, whose nature is closely similar to the ground state band in 7®Br,
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indicates the occurrence of coexisting oblate and prolate shapes. Clearly more spectroscopic
work needs to be done on this nucleus in order to probe the effects of shape isomerism further.

In the odd-odd nuclei, the moment of the "*Br ground state demonstrates the involvemnent
of a 7[312]3/2 orbital as observed in the neighbouring odd A nuclei, ">7’Br. The magnetic
moment of “Br™ has also been instrumental in assigning positive parity to the isomeric state.
Unfortunately, it proved impossible to find candidates for the assumed (3)* ground state and
(1)~ isomeric state of “Br.

With regard to the particle-rotor model it has been shown that the Coriolis interaction
is not satisfactorily treated, particularly so in the case of the high angular momentum 4gq /2
configurations. This appears to be the result of an underestimation of the quadrupole interaction
strength in the Nilsson potential, rather than an overestimation of the Coriolis force itself. It
would be interesting to determine whether a more realistic nuclear one-body potential could
resolve this problem.

For the most part the VMI parameters have been taken from the even-even cores. In
this region the cores exhibit shape coexistence and are readily polarized by addition unpaired
nucleons. Thus, while this is a natural starting point, it is not clear that the core parameters
will be completely applicable to the description of their odd A and odd-odd neighbours. The
calculation of the VMI parameters by a Simplex minimization of the difference between the
experimental and theoretical odd A and odd-odd band structures might therefore be more
appropriate. However, such improved VMI parameters would only provide cosmetic changes to
the calculations and make little or no additional contribution to the interpretation of the low
lying nuclear structure presented here.

With no alternative guidance, the parameters of the proton-neutron interaction have been
taken over from the rare earth region. Since no Gallagher-Moszkowski split conjugate pairs
have been positively identified in this work, it is not possible to ascertain the validity of this
assumption. It would therefore be useful to perform a study of the odd-odd nuclei in the region

as a whole in order to test the parametrization of the residual interaction.
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Chapter 8

Time reversal invariance in nuclear gamma decay

8.1 Introduction

With the discovery of CP-violation in the decay of the neutral kaon [ there came the
first and only evidence for the breakdown of T-reversal symmetry. This was implied by both
the CPT theorem and also by an analysis of the kaon decay parameters [2. Theories of such
CP- and T-nonconservation may be divided in four general categories [3]

1. C- and T-violating electromagnetic interactions (with an expected coupling strength of

gr ~ 10* — 1072 and a predicted neutron electric dipole moment d, ~ 10~23 — 10~2!
e cm).

2. C- and T-violating millistrong interactions (g7 ~ 1074 — 1073, d,, ~ 10723 e cm).

3. P- and T-violating milliweak interactions (gr ~ 107°, d,, ~ 10724 ¢ cm).

4. CP- and T-violating superweak interactions (gr ~ 10715, d, ~ 1072° e cm).

The T-violating coupling strengths predicted by these theories span some 12 orders of
magnitude. In order to resolve this rather unsatisfactory situation a number of experimental
tests of time reversal invariance have been performed. These tests concern the searches for
atomic and nuclear electric dipole moments, the studies of the relative intensities of polarized
hyperfine transitions using the Mossbauer effect, the investigations of the symmetry of reaction
yields by detailed balance and various correlation experiments on nuclear radiation. To date no
such T-violations have ever been observed in an atomic or nuclear system.

Perhaps the most accurate and easily interpretable experimental constraint on T-invariance
arising from these experiments is provided by the current limit for the neutron electric dipole
moment, d,, < 2.6 x 1072% e cm (4], By dimensional arguments this may be interpreted as an
upper limit on the amplitude of a T-odd (P-odd) interaction of 10~5 — 10~4.

In comparison, the detailed balance and gamma correlation class of experiments are consis-
tent with time reversal invariance to at least the 1073 level. The interpretation of such results

is uncertain as they are connected to the fundamental force via complicated nuclear structure
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considerations which may result in enhancements or cancelations of the T-odd (P-even) man-
ifestation  [5]. However, in general, dimensional arguments lead to coupling strengths of the
same order as the measured T-odd variables themselves.

The present experimental limits on the T-violating coupling strength are therefore close to
those predicted by the electromagnetic and millistrong theories. Further investigations of time

reversal invariance can therefore provide important indicators as to the true nature of the effect.

8.2 Time reversal invariance in gamma transitions

Time reversal non-invariant effects manifest themselves in the reduced matrix elements of
the electromagnetic transition operators. The ratio of the corresponding absolute transition

amplitudes y(xL) [® defines the mixing ratio

§ =v(x'L')/y(xL) = |6 exp*"+®).. (8.1)

The time reversal phase angle n differs from 0 or 7 only in the presence of a T-violating inter-
action. The angle £, which will be discussed further in subsection 8.7.5, results from the atomic
final state electromagnetic interaction and the Faraday effect. In general sin (1 + £), if non-zero,
appears in a T-odd observable which changes sign under time reversal.

Experimentally the quantities that can be measured are the nuclear spin I, photon spin
S, wavevector k and linear polarization e whose signatures under time reversal are —, —, —, +
respectively. Any T-odd observable must involve at least three of these variables. Appropriate
combinations have been tabulated by Boehm [7. In general these involve the preparation of an
polarized initial state from which I is determined and a measurement of two other quantities. A
review of the various types of experiment which have been performed to date has recently been
given [8],

In particular, T-odd P-even terms of the form (I-k x e)(I-k)(I-e) may be constructed,
requiring measurements of the wavevectors and linear polarization of gamma radiation emitted
from an oriented source. Such an experiment, using a single counting method, has set the present
lowest limit on the time reversal phase in the nuclear system of sinnp = +2.9(6.6) x 10~4 [l

The present experiment follows the same principle. However, unlike the previous work the
gamma ray linear polarization is detected by coincidence techniques with good energy resolution.

The gamma rays of interest are therefore clearly separable from unwanted background events.
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This is in stark contrast to the single counting method where energy separation relies on the
Compton scattering process alone. The resulting resolution is therefore extremely poor, thereby
limiting the nuclei which can be studied to cases where the gamma ray spectrum is sufficiently
simple.

Thus although the present coincidence method suffers from a loss of statistical accuracy, its

far superior energy resolution makes it applicable to a far wider range of nuclei.

8.3 The gamma ray linear polarization distribution of oriented nuclei

The general expression for the linear polarization distribution of gamma rays emitted from
an axially symmetric polarized state can be derived from (1.57) using the appropriate efficiency

matrix. In this way it can be shown that

W(8,¢) = Wi (6) + Wa(6,¢) + Wa(6, 4) (8.2)
where
Wi(f) = Y BaUxAxPx(cos?) (8.3)
A=even
Wa(6,8) = > BalUaAx [8;3;:] ’ (2) PZ(cos 8) cos(24) (8.4)
A=even
and
= (A —2)! : —21)P2(cos 8) sin(2¢). 8.5
W)= 3 Batidn [G55] (2P Cost)sin(29 (55

The first two terms of this angular distribution, W; and W5, represent the ordinary directional
distribution (1.70) and the ordinary linear polarization distribution of the gamma radiation
respectively. Both of these remain invariant under the time reversal operation (§ —» 7 —6,¢ —
7 + ¢), while the linear polarization distribution W3 reverses sign. This, therefore, is the T-
violating term of interest.

As the lowest non-zero linear polarization angular distribution coefficients A5 [1% are of the
second order, the leading term of this T-violating distribution is of the third rank. The angular
dependence of this component, which is directly related to the quantity (I-k x e)(I-k)(I-e),

is sin? @ cos @ sin(2¢). Since this function reverses sign under both the transformations (9,¢) —
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(6,—¢) and (8,4) — (7 — 0,4) there are two separate experimental asymmetries which are

sensitive to time reversal effect

_W,0)-We,-9) _ Wi
A= W6 T WE,—4) ~ Wi+ W, (8.6)
and
4, W0 -W(r-0) W 1)

CW(b,0)+W(r—0,6) Wi+ Wy
These experimental time reversal asymmetries are maximized at the angles (¢’ = 0.96,4, =
nn/2 + n/4). Not only is W3 greatest at these angles, but also the leading order directional
distribution term and the entire ordinary linear polarization term W, vanish. The major con-
tributors to the experimental asymmetries are therefore the A = 3 term of the T-violating
distribution W3 in the numerator and the A = 4 term of the ordinary directional distribu-
tion W, (higher order terms of which will vanish for dipole or quadrupole transitions) in the

denominator.

Thus in the optimized time reversal geometry (6’,¢;,) the experimental asymmetries may

be written explicitly as

Ag = Ay = Ksin(n+§) (8.8)
where the sensitivity function K is given by
L L 3
1 QB;;U;;F;;(LL'IfI,')|5|P32(COS 0') sin(2¢;) -1 -1 2

= /30 1 + (62 {1 + BsUsFa(LL'I;I;) Ps(cos &)} (L L 3)
1 -1 0

(8.9)

and Q is the linear polarization detection efficiency defined in the following section.
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8.4 The Compton polarimeter

The gamma ray linear polarization is detected using a standard Compton polarimeter. This
consists of a central Ge(Li) detector which scatters incident radiation through an angle 6, = 7 /2
to be subsequently analyzed in one of four onlooking Ge(Li) detectors. Coincident events in the
scatterer and analyzer are summed by the methods described in section 2.6, thus reconstructing
the energy of the original gamma ray. A schematic diagram of such a Compton polarimeter is
shown 1n figure 8.1 .

The four analyzers are mounted in mutually perpendicular directions upon a specially de-
signed turnable which can be continuously rotated about the central axis of the scattering
detector. The orientation of this central axis can be varied, so that all necessary values of # and

¢ may be selected for experimentation.

Source

Oriented ax

¢
_—~

FElectric vector

——— Analyzer

e

/

Scatterer

Reaction plane

Analyzer

Figure 8.1. The geometry of a Compton polarimeter. Two of the four analyzers are shown.

The principle of the polarimeter relies upon the asymmetry with which photons are Comp-
ton scattered. This is governed by the cross section do/d2(6. = 7/2,4.), where 6. is the
scattering angle and ¢. is the angle between the electric vector of the primary radiation and
the scattering plane of the incident and scattered photons, as shown in figure 8.1. Since the
scattered radiation is distributed over an extended range of angles the polarimeter is generally
not fully efficient.

In order to illustrate the nature of this efficiency factor further, consider a measurement of

ordinary linear polarization distribution, W;. 1t is clear from (8.4) that the maximum difference
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in this distribution occurs for the angles (§ = 7/2,¢ = 0) and (6 = 7/2,¢ = 7/2). Therefore it

1s convenient to define the degree of linear polarization to be

W(b,6=0)—W(b,é=
Wb,6=0)+W(h,é=

3)

Experimentally one measures the quantity

_ N, (0. = z) - N"(Hc = g—)
N.L(gc = %)-{-Nn(gc = 1'2:)

(8.11)

where N and N, are the intensities of the full energy peaks of the summed coincidence spectra
in the analyzers parallel and perpendicular to the reaction plane respectively. Since Nj and N}
are measured by separate detectors and therefore not directly comparable, they must first be
normalized to the corresponding “warm” isotropic linear polarization distribution.

The measured full energy count rates can be expressed in terms of the theoretical polariza-

tion distributions by means of the expressions

Nll(ﬁ—%’¢°:°)= Z_g(° ;,¢C_0)W(6¢—0) (8.12)
+ =G =) w(oe=13)

and

W (0=0=3)= E(o=Fe=Fwoe=0

A TS

Therefore the theoretical and experimental linear polarization asymmetries are related by the

(8.13)

equation

P(6) = %A(e) (8.14)

where the linear polarization detection efficiency @ is defined by

g Bl:=5.0:=35)~ 8. = 5,6.=0)
%O.=5¢.=5)+80=5¢=0)

(8.15)

As can be seen from (8.15) the efficiency @ is independent of the angles § and ¢. Since it is only
required that the radiation scattered through #/2 is detected in two mutually perpendicular di-
rections, this ordinary linear polarization detection efficiency factor also applies to measurements

in the time reversal geometry (8’ = 0.96,¢), = n7/2 4+ 7/4).
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The efficiency @ appearing in (8.9) may therefore be evaluated from (8.14) by comparing the
experimental and theoretical ordinary linear polarizations in the geometry (6 = 7/2, ¢ = 0, 7/2).
‘The theoretical energy dependence of this efficiency factor may be determined using the

Klein-Nishina formula for the Compton scattering cross section. Thus from (8.15) one obtains

a+1
) (P
Q Zratl (8.16)

where o is the ratio of incident photon energy to the electron rest mass energy and for point
detectors I' = 1. In practice this limit is never realized as a result of photon absorption in the
polarimeter detectors and the finite solid angle which they subtend. However, the experimental
efficiencies may still be related to this expression by considering the coefficient I' to have some

functional energy dependence. Often a constant form is quite sufficient 111,

8.5 The choice of nucleus

In order to achieve the maximum response of the experimental time reversal asymmetry to
the phase angles 7 + £, the sensitivity function K (8.9) must be maximized. In addition to the
geometrical factors which have already been discussed, the choice of the experimental nucleus
must also be guided by this criterion.

The parent nucleus must therefore be required to orient as completely as possible in order
to maximize Bs. This requires a large nuclear hyperfine interaction pBsyp/I. Simultaneously
the temperature must be kept as low as possible, despite the large source strengths required for
good statistical accuracy. Thus nuclei which decay by ~ or EC are preferred to those which
decay by Bt emission. The daughter nucleus must then have a mixed (6 ~ 1) transition with
a suitably large Uz F3 coefficient. Low (< 1 MeV) energy gamma transitions are preferred since
these are associated with the largest polarimeter efficiencies (8.16).

A review of such nuclei (12 indicates that the parent nucleus 19?Ir, which decays by 8~
emission to 192Pt, has the most favourable sensitivity function at 10 mK. In addition, the half
life (73.8 d) is sufficiently great to accommodate a long term experiment and the energy of the
604 keV mixed transition of interest falls in the region where it is estimated that the combination
of polarimeter efficiency and (unwanted) gamma ray absorption is at its most favourable for the
present experimental configuration [13) This nucleus was therefore chosen as the best candidate

for the present experiment.
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The hyperfine interaction of the *°2IrFe system has been previously measured by NMR/ON

techniques to be [14]

p==+1.924(10)uy B,y = —137.3(7) T.

The decay scheme of 1°2Ir is shown in figure 8.2 [15]. The seven dominant transitions which

arise are listed below

Energy (keV) E2/M1 mixing ratio [19]

296 +15(4)
308 +7.6(1)
316 E2
468 E2
589 E2
604 ~1.4(1)
612 E2

8.6 Experimental details

The °2Ir source of total activity ~ 350uCi was prepared by the neutron irradiation of
natural iridium at the Risley Research Reactor. This was then melted under vacuum with iron
(> 99.998% purity) at ~ 1500 °C. The sample was then soldered onto the tip of a specially
constructed high purity copper cold finger. The design was such that the ratio of cross sectional
area to length in the narrower tip was equal to that of the more substantial body. As a result
the thermal transmission was maximized, reducing as far as possible the temperature gradient
between the mixing chamber and source created by the large radioactive heating.

As has been pointed out in section 8.3, there are two distinct methods by which the time
reversal asymmetry can be measured. The first of these (8.6) requires a comparison of count rates
taken at two separate angles using separate detectors, in a similar fashion to the measurement of
ordinary linear polarization. Experimentally there are a number of difficulties involved with this
method. Firstly, the count rates in the two detectors are not directly comparable and so require
normalization, inevitably reducing the experimental precision. Secondly, the ambiguity in the
subtraction of background from photopeak can lead to difficulties when the different spectral

shapes of the detectors are compared. Thirdly, the solid angles subtended at the source by the
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Figure 8.2. The decay scheme of 192r [13],

two detectors will differ. While these considerations are unimportant in the measurement of
the relatively large ordinary linear polarization effect, they can produce discernable systematic
errors in the measurement of a “null” time reversal asymmetry.

However, the second type of time reversal asymmetry measurement (8.7) eliminates these

drawbacks. The angle 6 is measured from the quantization axis, which will be defined here
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by the direction of the applied magnetic field. As a result the orientation of the Compton
polarimeter can be fixed, the transformation § — 7 — 6 being performed by a reversal of the
applied magnetic field. One then compares the count rates within a given analyzer as a function
of magnetic field. There is thus no problem with differing solid angles and with no physical
movement of the analyzer the two count rates are, in the absence of time reversal effects, identical
thus avoiding the need for normalization. Also ambiguities in the background subtraction are
rendered unimportant since the spectral shape remains unchanged. Having the smaller number
of potential sources of systematic error, this latter method was chosen in favour of the former.
If + B is the field direction for which 8 = 0.96 and — B the reverse field for which § = =—0.96,

then the experimental time reversal asymmetry (8.7) becomes

"~ W(+B,¢)+W(~B,¢)’

Despite the notation it should be noted that although in relative terms the two fields are of

Ap

(8.17)

opposite sign, both are positive in their respective (8, ¢) coordinate systems.

The experimental procedure is outlined in figure 8.3 which illustrates an aquisition period
of 25 spectra. The variation of the magnetic field is shown schematically at the top of the
diagram. Spectra 1 — 4 accumulate the angular distribution data W(+ B). The field is reversed
during spectrum 5 which is thus rendered void. Spectra 6 — 9 then record W(—B). The field
is then swept up once more during spectrum 10 and the cycle is repeated.

Spectra were acquired every 40 minutes (30 minutes live time). The field reversal was
achieved by means of two current sources, one fixed the other variable, connected in parallel
to the superconducting magnet coils. With the fixed current I opposed by the variable current
0 — 21, a net current in the range —I — +1I is transmitted to the magnet resulting the fields
—B — +B. The variable current source was electronically controlled by the data aquisition
system. The applied field was set to 0.7 T. The duration of the sweep was set to 5 minutes,
a compromise to avoid the worst effects of eddy current heating while giving the temperature
ample time to recover before the start of the next data set. The corresponding temperatures,
as monitored by an axial Ge(Li) detector recording the directional distribution W;(6 = 0) in
singles mode, are shown in the lower half of the diagram. The dramatic increase in temperature
coinciding with the changing magnetic field is evident. However this is somewhat misleading
since much of this increase can be attributed to the loss of polarization in the iron host as
the field reverses through zero. In any event the temperature fully recovers in time for the
start of the following four spectrum data set. The base temperature is seen to be absolutely

constant within statistics, indicating that the degree to which the domains within the iron foil
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Figure 8.3. A schematic representation of the experimental procedure. The variation in the
temperature of the system is also indicated.

are polarized is identical in both field directions. This is an important factor since any disparity
in the degree of polarization would lead to systematic differences between W(+B) and W(—B).

The experimental geometry required for the measurement of the time reversal asymmetry
1s shown schematically in figure 8.4 . The four polarimeter analyzing detectors, labelled 1 — 4,

occupy each of the four optimal angles ¢!, = n7/2 + n /4.

NN g #=096

~ 1)

-

-

\\ Y. |

~ \\ ,,

An. 2 \\ An. 4
NARY
NG

An. 1 b

!

&

Figure 8.4. A schematic diagram of the Compton polarimeter relative to the source in the
time reversal geometry.
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At intervals the polarimeter turntable was rotated in 7/2 increments so that each analyzer
recorded data at each of the ¢/, orientations. In this way systematic errors in the observed
asymmetry, such as minor geometrical misalignments, can be removed to first order. The ¢,
angle of observation for each analyzer in the four turntable positions is tabulated below. The

phase factors sin(2¢;,) which reverse the sign of K (8.9) are enclosed in brackets.

Turntable Analyzer Angle (sin 24,)

Position An. 1 An. 2 An. 3 An. 4
1 57/4(+)  Tx/4(-) T/4(+)  3x/4(-)
2 Tr/4(-) /4(+)  3n/A(-)  57/4(+)
3 7/4(+)  3w/4(=)  5r/4(+)  Tw/4(-)
4 3r/4(-)  5w/A(+)  Tw/4(-) w/4(+)

In all approximately 55 spectra, each of 40 minute duration, were acquired per analyzer per
turntable position per field direction both “cold” and “warm” (~ 1 K). The warm spectra serve
as an experimental control. Arexample of the coincidence spectra observed in the analyzers is
given in figure 8.5 . The 468 keV singlet and the 589, 604 and 612 keV triplet are shown in
more detail in figures 3.1 and 3.2 respectively. Due to a number of disturbances to the system
as a result of major technical difficulties with the dilution refrigerator, the resolution, although
excellent in the example, deteriorated on occasions and was compounded by small gain shifts
in the amplification system. As a result the peak areas were not determined by the peak fitting
routine FIT (see section 3.2) since the peak shape variation would lead;rroneous variations in
the fitted areas. Instead the 296, 308, 316 and 589, 604, 612 keV triplets were analysed as if
single peaks using the CEN routine, thus avoiding any systematic errors due to random peak
shape variations. The seven dominant lines in the decay are thus included into three groups

Window 1: 296, 308 and 316 keV triplet

Window 2: 468 keV singlet

Window 3: 589, 604 and 612 keV triplet.

The 468 peak thus remains as the only uncontaminated pure E2 line. Being unmixed and

therefore without time reversal asymmetry this also acts as an experimental control.
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Figure 8.5. A coincidence spectrum of 192Ir acquired over a 40 minute period.

8.7 Results

8.7.1 The raw experimental asymmetries

The experimental asymmetries are calculated separately for consecutive pairs of W(+B)
and W(~B) data sets. Odd spectra at the end of a run which did not constitute a complete
data set of four spectra were included into the preceeding group. In general, therefore, each
asymmetry datum corresponds to eight 40 minute (30 minute live time) spectra. The data were
adjusted to account for the small half life decay correction (3.4).

These asymmetry points are shown in figures 8.6, 8.7 and 8.8 for windows 1, 2 and 3
respectively. No systematic effects are apparent. In fact generally the stability of the system was
excellent, despite the frequent upheavals required to affect repairs to the refrigerator. Only the
last few points in analyzer 2, “cold” position 2 were erroneous as a result of a noise introduced by
a faulty contact. These have been excluded from the subsequent analysis. Due to an unresolved
problem with the electronic equipment the net count rate in analyzer 3 was lower by an order
of magnitude than the other three analyzers and so statistically contributes little to the final

result. Since this was combined with poor resolution it is not included in this analysis.
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The summed asymmetries at each position are given in tables 8.1, 8.2 and 8.3 for windows
1, 2 and 3 respectively. The resulting standard errors were found to be similar to the weighted
errors indicating the distribution of data points is largely governed by statistics. Also tabulated

are the mean asymmetries summed over all four turntable positions. The phase factors sin(2¢/,)

were included at this point.

Table 8.1. The average asymmetries of the 296, 308 and 316 keV triplet (window 1).

Analyzer Turntable Position Mean
1 2 3 4 (x1073)
1 (Cold) | +0.18(0.71) +0.33(1.29) —0.58(1.35) +0.84(0.99) | —0.24(0.49)
(Warm) | +0.08(0.90) —1.04(1.17) -0.12(0.99) +0.79(0.86) | —0.08(0.48)
2 (Cold) | —0.14(0.84) —0.20(0.61) —1.63(1.15) —0.58(0.96) | +0.04(0.41)
(Warm) | 40.50(1.02) +0.56(0.72) —0.34(0.88) —0.52(0.84) | 40.05(0.42)
4 (Cold) | —0.35(0.70) +0.23(0.82) -—1.07(1.07) +40.25(1.02) | +0.43(0.46)
(Warm) | 4+1.21(0.87) +0.25(0.82) +0.66(0.78) —0.63(0.88) | —0.54(0.42)
Table 8.2. The average asymmetries of the 468 keV singlet (window 2).
Analyzer Turntable Position Mean
1 2 3 4 (x1073)
1 (Cold) | —0.42(0.86) —1.98(1.50) +0.86(1.56) —0.76(1.17) | +0.42(0.58)
(Warm) | +1.87(1.03) -—1.56(1.41) -—0.13(1.18) +1.38(1.06) | +0.40(0.57)
2 (Cold) | 40.74(0.99) +1.72(1.22) +0.34(1.46) +0.39(1.17) | 4+0.18(0.59)
(Warm) | —0.00(1.08) —1.05(1.00) +1.68(1.15) —0.56(1.01) | —0.80(0.53)
4 (Cold) [ —0.75(0.85) +1.90(1.00) +0.50(1.28) —1.00(1.24) | +0.54(0.52)
(Warm) | —0.64(1.02) +0.87(1.04) +0.71(0.96) +0.75(1.14) | 4+0.33(0.51)




Table 8.3. The average asymmetries of the 589, 604 and 612 keV triplet (window 3).

Time reversal invariance in nuclear gamma decay

Analyzer Turntable Position Mean

1 2 3 4 (x1073)
1 (Cold) | —1.19(1.77) +0.70(2.92) +3.94(3.13) —1.48(2.45) | +0.26(1.19)
(Warm) | —1.61(1.95) -3.29(2.71) -0.91(2.34) -0.14(2.07) | —0.13(1.11)
2 (Cold) | +0.83(1.78) —0.69(1.60) —2.24(2.65) +1.73(2.16) | +0.15(0.97)
(Warm) | +1.61(1.83) +1.44(1.73) +0.25(2.00) +2.36(1.78) | +0.57(0.91)
4 (Cold) | —2.97(1.65) +0.41(1.84) +1.34(2.30) +0.84(2.21) | +1.07(0.97)
(Warm) | +0.87(1.71) -0.60(1.80) —0.48(1.74) +1.00(1.88) | —0.03(0.89)

The final results, averaged over all three analyzers, are thus

Window Total asymmetry (x1073)

1 (Cold) +0.09(0.26)
(Warm) —0.20(0.25)

2 (Cold) +0.39(0.32)
(Warm) —0.03(0.31)

3 (Cold) +0.52(0.59)
(Warm) +0.17(0.55)

197

From these results it is clear that no statistically significant asymmetries were observed at any

time in any of the windows, either “warm” or “cold”. Therefore no normalizing subtraction of

“warm” data from “cold” data is necessary.

8.7.2 The orientation parameters

It has already been shown in figure 8.3 that the short term temperature stability of the

system was excellent. In fact this is also true in the long term, so that to a good approximation

the temperature may be taken as constant for the duration of the experiment. As deduced from

the axial anisotropy of the 468 keV transition, this average temperature was 14.99(1) mK. (It is

assumed that the method of sample preparation leads to a complete occupation of the iridium

impurities in good substitutional sites [17),



Time reversal invariance in nuclear gamma decay 198

Position
035 1 2 3 4

Cold
o
[
"F"l
bod
b
oy
M4
-
e
ot
o
[
(W)

|
o
()
wn

=

Analyzer 1
o
&

Warm
o
i
]
)
(A
o
Fe4
bl

Cold
o
Fod
ted
tod
)
fod
bod
)
e
(ag]
ped
o
HA
oy
e
o
bod
bod
bl

&N

S H | :

< ‘S 0 .{T."ﬂ-;zlj I II | 1. ¥
= T O E’iﬁufaiﬁ %Iniﬁlifil
o3 L ! i !
035

Cold
o
(W)
Jof
tof
bof
fod
o
(o g]
[
b
bod

Analyzer 4
o
o

- Warm
o

i

L

o
~
o

Figure 8.6. The time reversal asymmetries observed in the 296, 308 and 316 keV triplet. Each
asymmetry point corresponds to an aquisition period of approximately 5% hours.
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Figure 8.7. The time reversal asymmetries observed in the 468 keV singlet. Each asymmetry
point corresponds to an aquisition period of approximately 5% hours.
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Although the even orders of orientation parameter are always positive, the sign of the
odd orders and in particular Bj is sensitive to that of the Boltzmann parameter (1.27). If
this is negative then all the odd orders of orientation parameter are positive and vice versa.
Unfortunately, in the case of 192Ir the sign of the magnetic moment is not known and so the

phase of Bj is indeterminate. Therefore, the orientation parameters at this average temperature

are

By = +1.316(4)
Bs = +0.914(5)

(8.18)
By = +0.505(4)

8.7.3 The polarimeter efficiency

The polarimeter efficiency @ was measured in the geometry (6 = 7/2, ¢ = 0,7/2) as
outlined in section 8.4. Unlike the time reversal case, the peaks were fitted separately since any
small systematic errors introduced by gain shifts and resolution changes will not significantly
effect the relatively large ordinary linear polarization.

In this way the experimental polarizations (8.11) of the 468 and 589 keV transitions were
measured to be Asez = —0.230(3) and Aszgg = —0.199(12). Due to large gains shifts the 296,
308, 317 and 604, 612 keV transitions were not well resolved and therefore are not included.

Using the mixing ratios quoted in section 8.5, the corresponding theoretical polarizations

(8.10) are calculated to be Pyes = —0.666(11) and Psgg = —0.701(12). Thus from (8.14) the

polarimeter efficiencies are

Qaes = 34(1)% I = 0.50(1)
Qss0 = 28(2)% T = 0.45(3)

where T is defined in (8.16). Taking the mean value, I' = 0.49(1), then the efficiency of the

present polarimeter is given as

_ a+1
Q—0.49(1)a2+a+ -
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8.7.4 The sensitivity function K

With the above values for the orientation parameters and polarimeter efficiency, the sensi-

tivity functions K at 15 mK of the three mixed transitions are calculated to be

K296 = :f:0016(4)
K3ps = 430.042(7)
Keos = £0.109(8)

Where one or more transitions contribute to the same experimental asymmetry an effective

sensitivity function K.s; can be calculated from

Kepp Y L= Kl (8.19)
$ i

where I; denotes the gamma intensities. Thus for window 1, where the two mixed transitions
have sensitivity functions of opposite sign and are diluted by a much stronger pure transition
for which K = 0, the effective sensitivity function is as low as F0.005. This essentially precludes
it from contributing to a useful limit on the time reversal phase angle.

In window 3 the mixed 604 keV transition contributes 44(1)% of the total intensity as
deduced from a Gaussian fit to the triplet. Thus the effective sensitivity function for this

window is K.py = £0.048(4).

8.7.5 The time reversal phase angle

By combining the sensitivity functions with the raw experimental asymmetries according

to (8.8) one obtains for the time reversal phase angle of the 604 keV transition in '92Pt

sin(n+ €) = £11(12) x 1073,

Experimentally one cannot separate the phase shift £ from the true time reversal effect 7.
However the magnitude of this unwanted term can be estimated theoretically. There are two
main contributors to this term: the Faraday effect and final state interactions. The former, by
virtue of the polarization dependence of the refractive index in a magnetized optical medium,
causes the polarization vector e to rotate as the photons traverse the ferromagnetic iron host
lattice. This would be recorded in the polarimeter as an asymmetry. The magnitude of this

effect in the time reversal geometry can be estimated from the leading order term of W5. Thus
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A~ QB2U2A222P22(COS 0.96)Q2 (8.20)

where Q = Qot cot(0.96), t being the thickness of the iron foil and Qp = +3.9(0.3) x 103 rad

em~1 (18] At 15 mK and with t ~ 10pum, this corresponds to A ~ 5 x 10~ and therefore can

be safely neglected.

A much more important mimic of the true T-violating effect in angular distributions arises
from the atomic final state interaction. In deriving such distributions the electromagnetic matrix
elements are calculated in the Born approximation and are therefore Hermitian. However, if
higher order terms are considered then the transition operator generally contains an additional
skew-Hermitian component. As a result, the interference between direct photon emission and
processes involving virtual intermediate states introduces a complex phase angle £ into the
reduced matrix elements.

Henley and Jacobsohn [19] have estimated that the nuclear radiative correction gives a
contribution to £ of only ~ 10~7 — 10~6. Higher order processes involving the atomic electrons
are however much more significant. These arise from both virtual internal conversion and elastic
photon-electron scattering. From the calculations of Davis et al. 2% it is estimated that this
correction for the E2/M1 604 keV transition in 1%?Pt amounts to £ = +6.1x10~%. At the present
level of experimental accuracy £ may therefore be neglected. Thus the final time reversal phase

angle is taken to be

sing = £11(12) x 1073,

8.7.6 Conclusion

Unfortunately the present result has failed to improve upon the previous best limit on the
T-violation strength in !92Pt, +4(5) x 1072 [21), However it must be emphasized that this
experiment was beset by interruptions caused by problems in the refrigeration system. As a
result, only 25 out of a total of 100 days were spent acquiring data. Had the full experimental
time been available and the full complement of analyzing detectors been operational then a limit
in the region of 5 x 10-3 could have been reached.

This is by no means the ultimate precision which can be attained. Firstly, the present
experiment has shown that there are no significant systematic asymmetries in the polarimeter.

Thus it is possible to dispense with the “warm” data, relying instead on the the 468 keV pure
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E2 transition as the sole experimental control, thereby doubling the time available for “cold”
data. Secondly, an improved design of the polarimeter is under consideration. By employing a
scattering detector with a much narrower crystal, the transmission of scattered radiation to the
analyzers can be significantly improved ['3]. Also with the present apparatus, the time reversal
geometry reciuires that the gamma rays pass through the thickest and most absorptive part of
the polarizing magnet. This reduces the gamma ray intensity by approximately 30% at 604 keV.

With the appropriate modifications it should be possible to attain a precision of ~ 2 x 10~3

in this isotope under favourable experimental conditions.

8.8 Future work

Although interesting in itself, the 192Ir experiment was performed as a preparation for a
future experiment on the 501 keV transition in the isomeric decay of !3°Hf™. This is of special
interest because of the known P-odd contribution in the initial state of the transition [?2. Thus
in addition to the T-odd effect one could also measure the ratio of the P-odd T-odd to P-odd

amplitude, potentially providing a much smaller limit on the fundamental coupling constant

than a T-violation alone [23].
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Appendix

A.1 The construction of the even-even A VMI Hamiltonian

In the laboratory frame of reference the components of the total angular momentum oper-

ator obey the usual commutation rules

[Ra,RB] = iZEABcRC (A.1)
C

where € is the antisymmetric tensor. When the components are taken with respect to the

intrinsic axes, upon which they themselves operate, the commutation properties become

[Ra,Rs) = =i ) _ €apeRe. (A.2)

As a result of this slight change, the roles of the raising and lowering operators, Ry = R; & R,,

are reversed. Thus the non-zero matrix elements required for the even-even VMI Hamiltonian

(6.19) and (6.120) are

(RK|R?|RK) = R®R(R +1) (A.3)
(RK|R}|RK) = MR} (A.4)
and
1
(RK|R} - RIRK £2) = §(RK|R§r + RZ|RK +2) (A.5)
where

(RK|R%|RK +2)=(R- K|R2|R— K - 2)
(A.6)

=h*V/{R(R+1)— (K +1)(K +2)} {R(R+ 1) - K(K +1)}.

The matrix elements of the constant VMI potential energy term are of course fully diagonal.
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A listing of a program which has been written to construct the even-even VMI Hamiltonian

1s given below, together with a brief correspondence between the program variables and the

notation used in the text of chapter 6.

IR=R
KUP = R3
L=p

STIFF = C
AR = h?/29p
A0 = R2/2S,

A1,42,A3 = {4sin? (y — Zk)}
ROTEN = EpR,

ROTEIG = AR

CVHRRRBAURBURBJRARRARRBRRBHRRBHBRRRBBHRBBRRRBBRBRBBBBRBBRBRBRBERRBRRRBRRCV
CVRARRAHRBHBERBRBRBRBRWRBHRBRBHBRRRRBBBBRBBBGRHRBBBRBRBRBRRBBEBBR{WRHUCV

Ccv cv
Cv CALCULATION OF CORE STATES cv
Ccv Ccv

CVRR AR AR BRBRBR AR R BB RRRBR BB BB BB R RBRARBRRBRRBRBRA BB RRBRBGBEERURGERBRAHHCY
CVRRRR AR BB R RARRRRRRRRRRBRRBRRR GGG BB B R BB BRBRBR BB RRRBRBRBRBRRERBRBRACV
cv
cV EVEN CORE SPINS
cV
DO 801 IR=0,(21+ISPIN)/2,2
CALL INERTIA(IR,AO,STIFF,AR(IR+1))
IF (VMI .NE. 1) AR(IR+1)=1
IF (VMI .NE. 1) AO=1
DO 802 III=0,(IR+2)*(IR+4)/8
A(III)=0
802 CONTINUE
DO 803 KUP=0,IR,2
DO 803 ICOUNT=0,1
ANORM=0.25
IF (KUP .EQ. 0) ANORM=0.35355339
INDEX=KUP*(IR+3-KUP/2)/4+ICOUNT+1
IF (ICOUNT .EQ. 0) A(INDEX)=-(AR(IR+1)*(A1+A2)/2.*(IR*(IR+1)
$-KUP*KUP) +AR (IR+1) *A3*xKUP#KUP+STIFF/8.%*(1./A0-1./AR(IR+1))**2)
IF (ICOUNT .EQ. 1 .AND. KUP .LT. IR)
$A (INDEX)=-AR(IR+1)*ANORM*(A1-A2)*(((IR*(IR+1)-KUP*
$ (KUP+1) ) * (IR*(IR+1) - (KUP+1)*(KUP+2)) ) **_.5)
803 CONTINUE
NR=IR/2+1
IDIMR=IR/2+1
CALL BIGMAX(A,VALUE,NN,IDIMR,IDIMR,EIGVEL,MATDIM)
DO 804 L=1,IDIMR
VALUE(L) = -VALUE(L)
ROTEN(L,IR+1)=VALUE(L)
DO 804 LL=1,NN
ROTEIG(LL,L,IR+1)=EIGVEL(LL,L)
804 CONTIRUE
801 CONTINUE
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cv

cv ODD CORE SPINS
cv
DO 805 IR=3,(21+ISPIN)/2,2
CALL INERTIA(IR,AO,STIFF,AR(IR+1))
IF (VMI .NE. 1) AR(IR+1)=1
IF (VMI .NE. 1) AO0=1
DO 806 III=0,(IR-1)*(IR+1)/8
A(III)=0
806 CONTINUE
DO 807 KUP=2,IR,2
DO 807 ICOUNT=0,1
ANORM=0.250
INDEX=(KUP-2)*(2*IR+2-KUP)/8+ICOUNT+1
IF (ICOUNT .EQ. 0) A(INDEX)=-(AR(IR+1)*(A1+A2)/2.%(IR*(IR+1)
$-KUP*KUP) +AR(IR+1)*A3*#KUP*KUP+STIFF/8.*(1./A0-1./AR(IR+1))*%*2)
IF (ICOUNT .EQ. 1 .AND. KUP .LT. IR-1)
$A(INDEX)=-AR(IR+1)*ANORM*(A1-A2)*( ((IR*(IR+1)-KUP#*
$ (KUP+1))*(IR*(IR+1)-(KUP+1)*(KUP+2)))*%_.5)
807 CONTINUE
NN=(IR-1)/2
IDIMR=NN
CALL BIGMAX(A,VALUE,NN,IDIMR,IDIMR,EIGVEL,MATDIM)
DO 808 L=1,IDIMR
VALUE(L) = -VALUE(L)
ROTEN(L,IR+1)=VALUE(L)
DO 808 LL=1,NN
ROTEIG(LL+1,L,IR+1)=EIGVEL(LL,L)
808 CONTINUE
805 CONTINUE
cv
CVER R R R ER AR LR LR R R BB ERB BB R B RBRERERHRBERRRBRBBRBRERRHRRRBBRBERRBHRURERUHCV
cv
SUBROUTINE INERTIA(IR,AO0,STIFF,AR)
R=IR*(IR+1)/4./STIFF+1/216./A0%*3
T=R+1./216./A0*%3
T=T*IR*(IR+1)/4./STIFF
T=T*x%.5
AR=(R+T)#*(1./3.)+(R-T)*x(1./3.)+1./6./A0
AR=1./2./AR
RETURN
END

A.2 The calculation of the VMI parameters

The values of the VMI parameters C and S together with the asymmetry parameter v
may be extracted from the experimental energies of the 25, 27 and 47 levels, denoted Ey;, E22
and Fj4; respectively.

These are given as the simultaneous solutions of the explicit expressions for the energy

eigenvalues of the VMI rotor (6.21), (6.23) and (6.121)

{Ezz} _ 27, 1i\ﬁ—§sin2(37) _1_C( 1 1 )2 (A7)

= <+ _—— —
Exn 2 sin?(3v) 8 \42 Ao
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3 1 1 1\
F4q = =ALFE(3 - —_— =
11 = 0 Aq (3v) + 8C (A4 A()) (A.8)

where E(37) is the smallest root of (6.23) and Ag = h?/2Q R, together with the equilibrium
conditions (6.122)

1 1 1 4 24

A% (A—2 - :‘1—0) = ER(R+ )= E (A.9)
1 1 1 4 80
A?; <A4 - 2:) = 5R(R+ )= E (A.10)

Owing to the non-linearities of this system of equations the convergence of the solutions in an

iterative process is poor. The equations are therefore solved as far as possible by substitution.

Thus from (A.9) and (A.10)

1 10/A3-3/A3
Ao = 10/42 - 3/42 (4.11)
and so with the definition
1.1 1Y)°
=-C|{——-— 12
*= %8 (Az Ao) (4.12)
one obtains from (A.9)
1/A4 - 1/A,
= 9A2Z/ A2 .
o =oat/ g (A1)
and
1.1 1)\? 100A3
If
X = {E22 - a}/{E21 - a} (A.15)
then from (A.7) the asymmetry parameter is given as
. 3 X
Sll’l(37) = X_-i—l _5 (A16)
Thus finally the energy eigenvalues may be rewritten as
X+1
En =64,2F2 4 a (A.17)

X
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and

3 100 A}
E4 = —A4F —4 ,
a1 = ;A (X)+ 5 Aga (A.18)

which, with X given by (A.15) and o by (A.14), are now implicit functions of just the two
parameters A, and A4. The convergence properties of the iterative solutions are now found
to be excellent with little dependence upon the initial values. From these two values the VMI
parameters C and 3, and also the ¥ asymmetry may be calculated explicitly.

The following program employs the NAG library routine CO5NBF in order to find the
simultaneous roots of (A.17) and (A.18).

CHARRURBARUBUBRBRRRBRBRBRRRBRRBRRRARBRRABBRERBBBERGBRBREBRHARRRBBBRBERRC
CRARBUBUURAUBBRRRRRRRRRRERBRBBERRRRBRRRRRREBRRRBRURRBERRBRRBRRRRBRBR7#HC

C C
C Program VMIPAR: calculates VMI parameters AO and STIFFNESS C
C Input E21,E41 and E22 or Gamma C
C C

CRABR AR ARRRABEERRRBRBRRERRBBRERBRBBERRBRERRBRBGEBBRERRBBURBRRRBRBRUUHC
CRERRBRBRABRRBBRBBBRBRBBRRBRRBERUR BB BB BB BEER BB BB BRRBRRRBERBRRRBRRHHRBHC

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

REAL*8 FVEC(2),WA(19),PARAM(2)

COMMON /INPUT/E21,E22,E41,XSINN,GAMTEST

COMMON /OUPUT/XSIN

CHARACTER INPUT,GAMTEST

EXTERNAL FCN

IFAIL=1

INPUT/OUTPUT

QOO

WRITE(6,1)
READ(5,2)GAMTEST
100 IF (GAMTEST .EQ. ’Y’) THEN
WRITE(6,3)
READ(5,*)E21,E41,GAMMA
XSINN=SIND(3*GAMMA)
IF (GAMMA .EQ. 0) XSINN=0.00005
ELSE
WRITE(6,4)
READ(5,*)E21,E22,E41
ENDIF
PARAM(1)
PARAM(2)
101 WRITE(6,5)
CALL COBNBF(FCN,2,PARAM,FVEC,SQRT(X02AAF(0.0)),WA,19,IFAIL)
WRITE(6,6)FO5ABF(FVEC,2)
IF (GAMTEST .NE. ’Y’ .AND. XSIN .GT.1) THEN
WRITE(6,7)XSIN
XSIN=1
ENDIF
GAMMA=ASIND(XSIN)/3
AO0=(10/PARAM(1)**2-3/PARAM(2) **2)/(10/PARAM(1)*%3-3/PARAM(2)**3)
C=24*PARAM(1)**2/(1/PARAM(1)~1/A0)
IF (C .LE. 0.0) THEN
WRITE(6,8)
READ(5,*)PARAM(1) ,PARAM(2)
END IF
IF (C .LE. 0.0) GOTO 101

.1
.08



c

CHARRBURBURBURRRRARRRRHRRRBRBRBREREGRBBERARBBRRBR{BRRRGRRBRRRBUBRBBHHHC

c

aaaQ aaQa
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WRITE(6,9)
VRITE(G,10)GAHHA,C,4*A0**3/C,A0,PARAH(i),PARAH(2)
WRITE(6,11)
READ(5,2)INPUT
IF (INPUT .NE. ’N’) GOTO 100
FORMAT(/,/,X,’Are you inputing Gamma? <CR>=No’,/)
FORMAT (A1)
FORMAT(/,/,X,’Input E21,E41 energies (MeV) and Gamma(Deg)’,/)
FORMAT(/,/,X,’Input E21,E22,E41 energies (MeV)’,/)
FORMAT(/,/,X’FVEC(E21) FVEC(E41)’)
FORMAT(/,/,X,’Norm Of Residuals ’,E9.2)
FORHAT(/,/,X,’Varning ...Sine(3*Gamma) = ’,F4.2,
$’ Gamma reset to 30°’,/)
8 FORMAT(/,/,X,’Warning ...C negative...reset parameters’,
$/,/,X,’Input new A02,A04 start parameters’,/)
9 FORMAT(/,/,X,’Gamma(Deg) C(MeV*%3) SOFTNESS
$ AO(MeV) A02(MeV) A04(MeV)’)
10 FORMAT(2X,F7.2,X,4X,E10.3,4(4X,F9.4))
11 FORMAT(/,/,X,’Repeat? <CR>=Yes’,/)
STOP
END

N O WN -

SUBROUTINE FCN(N,PARAM,FVEC,IFLAG)
IMPLICIT DOUBLE PRECISION (A-K,0-Z)
COMMON /INPUT/E21,E22,E41,XSINN,GAMTEST
COMMON /OUPUT/XSIN

REAL*8 FVEC(2),PARAM(2)

CHARACTER GAMTEST

ALPHA=9%* (PARAM(1)/PARAM(2) ) #**2*(1/PARAM(2)-1/PARAM(1))
ALPHA=ALPHA/(10/PARAM(1)*%*2-3/PARAM(2) **2)
IF (GAMTEST .EQ. ’Y’) THEN

XSIN=XSINN

XSIN2=XSIN*XSIN

XSIN4=XSIN2*XSIN2

X=8.*XSIN2/9.

X=2*(1+SQRT(1-X))/X~-1

ELSE

X=E22-ALPHA

X=X/ (E21-ALPHA)

XSIN=3/(X+1)*SQRT(X/2)

XSIN2=XSIN*XSIN

XSIN4=XSIN2*XSIN2

ENDIF

2_1 LEVEL
FVEC(1)=6*PARAM(1)*(X+1)/X+ALPHA-E21
4_1 LEVEL

A1=48%(27+26*XSIN2)/XSIN4
A2=-90/XSIN2
A0=-640%(27+7*XSIN2)/XSIN4
Q=-A1/3+A2%A2/9
SQRTQ=SQRT(Q)
R=(A1%A2-3*%A0)/6-A2%A2%A2/27
PHASE=ACOS (R/SQRTQ/Q)
E4=-SQRTQ*COS(PHASE/3)~-A2/3-1.732050808*SQRTQ*ABS (SIN(PHASE/3))
FVEC(2)=1.5*PARAM(2)*E4+100/9*ALPHA* (PARAM(2) /PARAM(1) ) **4-E41
WRITE(6,1)FVEC(1),FVEC(2)
1 FORMAT(X,2(E9.2,10X))
RETURN
END

211
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A.3 The construction of the odd A VMI Hamiltonian

A routine to calculate the transformation brackets (6.136) and construct the matrix elements

(6.129) in the strong coupling basis is listed below. The program draws upon the eigenvectors

and eigenfunctions of the even-even rotor of appendix A.1 and in the case of axial symmetry

(IGAM = 1) the calculations are confined to the ground state rotational band, ¢ = 1.

IN=N
1J=2j
IKK = 2Q
SPCOEFF = By g
IMNT = 2]
K,KP = 2K
IR = 2R
NNN = R3
I1,12,ISP=
IA=p

ROTEN = ER,
ROTEIG = AR

OVLP = (IM Ki|IM Roj)

CVHARHRURBUNBRRRERBBBRBBRBBRB BB GRBBREBRBBRBURBBBBERBRRUBERERBRRYHBBHRCV
CVRHARRNURHBRBRRARRBBRBBRRBUURBRGRBBRBBURBUBBBERABARLRBRRBBBBBRRBBERURCY

cv Ccv
cv CALCULATION OF ODD A VMI HAMILTONIAN Ccv
cv cv

CV AR AR R R AR R R R RR BB BB RR BB BB R B R R R BB RR AR BB B R BB B URRRRURRBEERBEBERBRUCY
CVH AR R AR BN R R RR R E BB BB R R B RRR BB RBRARRERRURRBERRERRRBRERRBBRRBRRBERRBECY
cv
cV CALCULATION OF OVERLAPS
cv

IF (VMI .EQ. 1) THEN

ILIMIT1=IDIM

ILIMIT2=KYIC

IRSTEP=2

IF (IGAM .EQ. 1) THEN

ILIMIT1=NYIC

ILIMIT2=1

IRSTEP=4

ENDIF

DO 831 IN=INMIN, INMAX

IJMAX=4*IN-1

IF (IPAR1 .EQ. ’+’) IJMAX=4*IK-3

DO 831 IJ=1,IJMAX,2

IRMIN=ABS(IMNT-1J)

IF (IGAM .EQ. 1 .AND. IRMIN/4#4 .NE. IRMIN) IRMIN=IRMIN+2

IRMAX=IMNT+IJ)

DO 831 IR=IRMIN,IRMAX, IRSTEP



814

cv
cv
cv
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SPINFAC=(((FLOAT(IR)+1)/(FLOAT(IMNT)+1))#*%.5)/2.0
DO 810 III=1,ILIMIT1

IKK=KKMAX-4*(III-1)

IF (IGAM .EQ. 1) IKK=KAX(III)

IAMAX=(IR/2-1)/2 ,

IF( IR/4*4 .EQ. IR) IAMAX=IR/4+1

IF (IGAM .EQ .1) IAMAX=1

DO 814 ISP=1,NYIC

DO 814 IA=1,IAMAX

SUM(ISP,IA)=0

CONTINUE

NNNMAX=IR/2

IF (IGAM .EQ .1) NNNMAX=0

DO 811 NNN=0,NNNMAX,2

DELTA=1

IF( NNN .EQ. 0) DELTA=0.707106781

IF (ABS(IKK-2*NNN) .LE. IJ) THEN
CGSUM=DELTA*(CLEBI(IR,IJ,IMNT,2*NNN,6 IKK-2*KNN,6IKK)+

$CLEBI(IR,IJ,IMNT,-2*NNN,2*NNN-IKK,-IKK)*(-1)**((IR+IMNT-1J)/2))

812

813

811

810

DO 812 IISP=1,ILIMIT2

ISP=IISP

IF (IGAM .EQ. 1) ISP = III

SPC=SPCOEFF (ISP, (IJ+1)/2, (ABS(IKK-2*NNK)+1)/2,IN)

DO 812 TA=1,TAMAX
SUM(ISP,IA)=SUM(ISP,IA)+ROTEIG(NNN/2+1,IA,IR/2+1)*SPC*CGSUM
CONTINUE

ENDIF

IF (ABS(IKK+2*NNN) .LE. IJ) THEN
CGSUM=DELTA*(CLEBI(IR,IJ,IMNT,-2*NNN,K IKK+2*NNN,IKK)*(-1)#*x(IR/2)+
$CLEBI(IR,IJ,IMNT,2*NNN,-2*NNN-IKK,-IKK)*(~1)**((IMNT-1J)/2))
DO 813 IISP=1,ILIMIT2

ISP=1ISP

IF (IGAM .EQ. 1) ISP = III

SPC=SPCOEFF (ISP, (IJ+1)/2, (ABS(IKK+2*NNN)+1)/2,IN)

DO 813 IA=1,IAMAX
SUM(ISP,IA)=SUM(ISP,IA)+ROTEIG(NNN/2+1,IA,IR/2+1)*SPC*CGSUM
CONTINUE

ENDIF

CONTINUE

DO 810 IISP=1,ILIMIT2

ISP=I1SP

IF (IGAM .EQ. 1) ISP = III

DO 810 IA=1,IAMAX
OVLP((ABS(IKK)+1)/2,1SP,IA)=SUM(ISP,IA)*SPINFAC

CONTINUE

CONSTRUCT PARTIAL MATRIX ELEMENTS

DO 831 I1=1,NYIC

DO 831 I2=1,I1
I3=IDIM*(I1-1)
I4=IDIM*(I2-1)

DO 831 III=1,IDIM

IF (IGAM .EQ. 1) THEN
KP=KAX(I1)

ELSE
KP=KKMAX-4*(III-1)
ENDIF

DO 831 JJJ=1,IDIM

IF (IGAM .EQ. 1) THEN
K=KAX(I2)

ELSE
K=KKMAX-4%*(JJJ-1)
ENDIF

K3(JJJ)=K

I=III+1I3

J=JJJ+14

INDEX = (2+IDIM1-J)*(J-1)/2 + I
IF(J.GT.I) GO TO 831
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DO 831 IA=1,IAMAX
A(INDEX)=A(INDEX)+OVLP((ABS(KP)+1)/2,1I1,I4)
$*ROTEN(IA,IR/2+1)*0VLP((ABS(K )+1)/2,I2,I4)
831 CONTINUE
CV
cv ADD PAIRING AND S.P. FACTORS
cv
DO 832 I1=1,NYIC
DO 832 I2=1,I1
I3=IDIM*(I1-1)
I4=IDIM*(I2-1)
DO 832 III=1,IDIM
IF (IGAM .EQ. 1) THEN
KP=KAX(I1)
ELSE
KP=KKMAX-4*(III-1)
ENDIF
DO 832 JJ)J=1,IDIM
IF (IGAM .EQ. 1) THEN
K=KAX(I2)
ELSE
K=KKMAX-4%(JJJ-1)
ENDIF
K3(JJJ)=K
I=III+I3
J=J3J+I4
INDEX = (2*IDIM1-J)*(J-1)/2 + I
IF(J.GT.I) GO TO 832
cv
cv REMOVE SPURIOUS BASIS STATE (K.GT.I): MAY OCCUR FOR IGAM=1
cv
KTEST=MAXO(IABS(K),IABS(KP))
IF (KTEST .GT. IMOM .AND. J .EQ. I .AND .I1 .EQ. I2) THEN
A(INDEX)=50*(A1+A2)*(IMOM*(IMOM+2)+K*K)+SQP(I1)
A(IRDEX)=-A(INDEX)
ENDIF
IF (KTEST .GT. IMOM) GO TO 832
A(INDEX) = A(INDEX)*PUV(I1,I2)
IF (I1 .NE. I2) A(INDEX) = A(INDEX)#*CHSI
IF (I1 .EQ. I2 .AND. I .EQ. J) A(INDEX) = A(INDEX) + SQP(I1)
A(INDEX) = - A(INDEX)
832 CONTINUE

A.4 The construction of the odd-odd A VMI Hamiltonian

The overlaps (6.140) and (6.141) and matrix elements (6.138) are calculated in an analogous
fashion to the odd A case given in appendix A.3. Again the program truncates the core basis

in the case of axial symmetry.

EQP = N, NQN = N,
1JP = 2j, IJN = 2j,
IPK = 2Q, IPN = 2Q),

IP,IPP =p IN,INP=n
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JTOT = J

SPCOEFF = ijm),_,
ISPIN = ]

IK,IKP = K

IR=R

NNN = R;

IAR =

ROTEN = Ep,
ROTEIG = AR°

OVLP = (IMKpn|IM RoJ j,j,)

CVHHHRBRRBRURBURBRJHBURRBRBBRBBBERBBBRBRBRBBRRBIRRRRRBBRBBRBRBRBRJHRHCV
CVRHHRBRAHRRRBUBRARBRARRRBREBRBRARBRBURBRBERURRRBREBBRBBRBRRBBBRBURHHRCV

cv Ccv
cv CALCULATION OF ODD-0ODD A VMI HAMILTONIAN cv
cv Cv

CVHAH R ERAR BB R BB AR BRRRBRR AR BB RER BB BB ERARR BB R BB ERRBBERRBRBRBBRRERRRBRBRCV
CVREARHBBBRRBBRRBBBRRBRBBRRBR BB BRBRBBBBURRBRRBRBERERBBRRRBRBRERRBBRUCY
CV
cv CALCULATE OVERLAPS
cv
IF (VMI .EQ. 1) THEN
ILIMIT1=1
ILIMIT2=1
ILIMIT3=NPROT
ILIMIT4=NNEUT
IRSTEP=1
IF (IGAM .EQ. 1) THEN
ILIMIT1=NPROT
ILIMIT2=NNEUT
ILIMIT3=1
ILIMIT4=1
IRSTEP=2
ENDIF
DO 703 JJJ=1,DIMTRI
A(JJ1)=0
703 CONTINUE
DO 700 NQP=NMIN(1),NMAX(1)
DO 700 NQN=NMIN(2),EMAX(2)
IJPMAX=4*NQP-1
IF (IPAR(1) .EQ. ’+’) IJPMAX=4*NQP-3
IJNMAX=4*NQN-1
IF (IPAR(2) .EQ. ’'+’) IJNMAX=4+*NQN-3
DO 700 IJP=1,IJPMAX,?2
DO 700 IJN=1,IJNMAX,2
DO 700 JTOT=(ABS(IJP-IJN))/2,(IJP+IJN)/2
IRMIN=ABS(ISPIN-JTOT)
IF (IGAM .EQ. 1 .AND. IRMIN/2#2 .NE. IRMIN) IRMIN=IRMIN+1i
IRMAX=ISPIN+JTOT
DO 700 IR=IRMIN,IRMAX,IRSTEP
SPINFAC=(((FLOAT(IR)+0.5)/(FLOAT(ISPIN)+0.5))**0.5)/2.0
IARMAX=(IR-1)/2
IF (IR/2*2 .EQ. IR) IARMAX=IR/2+1
IF (IGAM .EQ. 1) IARMAX=1
DO 702 IIP = 1,ILIMIT!
IP=IIP
DO 702 IIN = 1,ILIMIT2
IN=IIN
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DO 702 IK = 1,KDIM

IF (IGAM .EQ. 1) THEN

K = KPN(IK,IP,IN)

ELSE

K = IK-KKMAX-1

ENDIF

DO 710 I=1,NPROT

DO 710 II=1,NNEUT

DO 710 III=1,IARMAX

SUM(I,II,III)=0

CONTINUE

DIMP=(IJP+1)/2

IPKMAX=1JP

IF ( (IJP-1)/4*4 .NE. IJP-1) IPKMAX=IJP-2

DO 701 III=1,DIMP

IPK=IPKMAX-4*(III-1)

NNNMAX=IR

IF (IGAM .EQ. 1) NNNMAX=0

DO 701 NNN=0O,NNNMAX,?2

DELTA=1

IF (NNN .EQ. 0) DELTA=0.707106781

IF (K/2%2 .EQ. K) THEN

IF (ABS(2*NNN-2*K+IPK) .LE. IJN) THEN
CGSUM=CLEBI(IJP,IJN,2*JTOT,IPK,-2*NNN+2*K-IPK,2*K-2*NNK) *
$CLEBI(2*JTOT,2*IR,2*ISPIN, 2%K-2*NNN, 2*NNN, 2#K) *
$(-1)**((IIN-IPK)/2)+
$CLEBI(IJP,IJN,2+%JTOT,-IPK,-2+K+IPK+2*NNN,-2+K+2*NNN) *
$CLEBI(2*JTOT,2%IR,2*ISPIN,-2*K+2+NKN,-2+#NKN,-2+K) *
$(-1)**(ISPIN+1+IR+(IJP-IPK)/2)

DO 711 IIIP=1,ILIMIT3

IF (IGAM .NE. 1) IP=IIIP

SPCP=SPCOEFF(1,IP, (IJP+1)/2,(ABS(IPK)+1)/2,NQP)*DELTA
DO 711 IIIN=1,ILIMIT4

IF (IGAM .NE. 1) IN=IIIN
SPCN=SPCOEFF(2,IN, (IJN+1)/2, (ABS(2*NNN-2*K+IPK)+1)/2,NQN)
DO 711 IAR=1,IARMAX
SUM(IP,IN,IAR)=SUM(IP,IN,IAR)+ROTEIG(NNN/2+1,IAR,IR+1)*
$SPCP*SPCN*CGSUM

711 CONTINUE

712

ENDIF

IF (ABS(-2*NNN-2+#K+IPK) .LE. IJN) THEN
CGSUM=CLEBI(IJP,IJN,2*JTOT,IPK,2*NNN+2*K-IPK, 2*K+2#NNN)*
$CLEBI(2*JTOT,2*IR,2*ISPIN,2*K+2*NNN,-2*NNN,2*K) *
$(~1)**((IIN-IPK)/2+IR)+
$CLEBI(IJP,IJN,2*JTOT,-IPK,-2%K+IPK-2*NNN,-2*K-2*NNN) *
$CLEBI(2*%JTOT,2*IR,2*ISPIN,-2+#K-2*NNN,2*#NNN,-2*K) *
$(~1)*x(ISPIN+1+(IJP-IPK)/2)

DO 712 IIIP=1,ILIMIT3

IF (IGAM .NE. 1) IP=IIIP
SPCP=SPCOEFF(1,IP,(IJP+1)/2,(ABS(IPK)+1)/2,NQP)*DELTA
DO 712 IIIN=1,ILIMIT4

IF (IGAM .NE. 1) IN=IIIN
SPCN=SPCOEFF(2,IN, (IJN+1)/2, (ABS(-2*NNN-2*K+IPK)+1)/2,NQN)
DO 712 IAR=1,IARMAX
SUM(IP,IN,IAR)=SUM(IP,IN,IAR)+ROTEIG(NNN/2+1,IAR,IR+1)*
$SPCP*SPCN*CGSUM

CONTIRUE

ERDIF

ELSE

IF (ABS(-2#NNN+2xK-IPK) .LE. IJN) THEN
CGSUM=CLEBI(IJP,IJN,2+JTOT, IPK,-2*NKN+2*K-IPK,2+#K-2*NKN)=*

$CLEBI(2*JTOT,2*IR,2*«ISPIN,2+K-2+#NNN,2*NNN, 2*K) +
$CLEBI(IJP,IJN,2*JTOT,~IPK,-2*K+IPK+2*NNN,-2+K+2+NNN)*
$CLEBI(2*JTOT,2*IR,2+#ISPIN,-2#K+2*NNN,-2*NNN,-2+K) *
$(-1)**(ISPIN+IR+(IJP+IJN)/2)

DO 713 IIIP=1,ILIMIT3

IF (IGAM .NE. 1) IP=IIIP

SPCP=SPCOEFF(1,IP,(IJP+1)/2, (ABS(IPK)+1)/2,NQP)*DELTA
DO 713 IIIN=1,ILIMIT4
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IF (IGAM .NE. 1) IN=IIIN
SPCN=SPCOEFF(2,IN, (I1JE+1)/2, (ABS(-2*NNN+2*K-IPK)+1)/2,6NQN)
DO 713 IAR=1,IARMAX
SUM(IP,IN,IAR)=SUM(IP,IN,IAR)+ROTEIG(NNN/2+1,IAR,IR+1)*
$SPCP*SPCN*CGSUM

713 CONTINUE

ENDIF '

IF (ABS(2*NNN+2+K-IPK) .LE. IJN) THEN
CGSUH=CLEBI(IJP,IJN,2*JTOT,IPK,2*NNN+2*K-IPK,2*K+2*NNN)*
$CLEBI(2*JTOT,2%IR,2+ISPIN,2+K+2*NNN,-2+NNN,2*K) *(-1) #*IR+

$CLEBI(IJP,IJN,2*JTOT,—IPK,—2*K+IPK—2*NNN,—2*K-2*NNN)*
$CLEBI(2*JTOT,2*IR,2*ISPIN,-2*K-2*NNN,2*NNN,—2*K)*
$(-1)**x(ISPIN+(IJP+IJN)/2)
DO 714 IIIP=1,ILIMIT3
IF (IGAM .NE. 1) IP=IIIP
SPCP=SPCOEFF(1,IP,(IJP+1)/2,(ABS(IPK)+1)/2,NQP)*DELTA
DO 714 IIIN=1,ILIMIT4
IF (IGAM .NE. 1) IN=IIIN
SPCN=SPCOEFF(2,IN,(IJN+1)/2,(ABS(2*NNN+2*K—IPK)+1)/2,NQN)
DO 714 IAR=1,IARMAX
SUH(IP,IN,IAR)=SUH(IP,IN,IAR)+ROTEIG(HNN/2+1,IAR,IR+1)*
$SPCP*SPCN*CGSUM

714 CONTINUE

701

ENDIF

ENDIF

CONTINUE

DO 702 IIIP=1,ILIMIT3

IF (IGAM .RE. 1) IP=IIIP

DO 702 IIIN=1,ILIMIT4

IF (IGAM .NE. 1) IN=IIIN

DO 702 IAR=1,IARMAX
OVLP(IK,IP,IN,IAR)=SUM(IP,IN,IAR)*SPINFAC

702 CONTINUE

CONSTRUCT PARTIAL MATRIX ELEMENTS

DO 704 IP = 1,NPROT
DO 704 IN = 1,NNEUT
DO 704 IK = 1,KDIM

IA = (IP-1)*NNEUT*KDIM + (IN-1)*KDIM + IK
IF (IGAM .EQ. 1) THEN
K = KPN(IK,IP,IN)

ELSE

K = IK-KKMAX-1

ENDIF

DO 704 IPP = 1,NPROT
DO 704 INP = 1,NNEUT
DO 704 IKP = 1,KDIM

IB = (IPP-1)*NNEUT*KDIM + (INP-1)*KDIM + IKP
IF (IB .GT. IA) GO TO 704

IF (IGAM .EQ. 1) TEHEN

KP = KPN(IKP,IPP,INP)

ELSE

KP = IKP-KKMAX-1

ENDIF

INDEX = (2*DIM - IB)*(IB-1)/2 + IA

DO 704 IAR=1,IARMAX
A(INDEX)=A(INDEX)+0VLP(IK,IP,IN,IAR)*ROTEN(IAR,IR+1)*
$0OVLP (IKP,IPP,INP,IAR)

704 CONTINUE
700 CONTINUE

cv
cv
cv

ADD PAIRING FACTORS, S.P. AND Vpn ELEMENTS

DO 705 IP = 1,RPROT
DO 706 IN = 1,NNEUT
DO 705 IK = 1,KDIM

IA = (IP-1)*NNEUT+KDIM + (IN-1)*KDIM + IK
IF (IGAM .EQ. 1) THEN



cv
Cv
cv

cv
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K = KPN(IK,IP,IN)

ELSE

K = TK-KKMAX-1

ENDIF

DO 706 IPP = 1,NPROT
DO 706 INP = 1,NNEUT
DO 706 IKP = 1,KDIM

IB = (IPP-1)*NNEUT*KDIM + (INP-1)*KDIM + IKP
IF (IB .GT. IA) GO TO 706

IF (IGAM .EQ. 1) THEN

KP = KPN(IKP,IPP,INP)

ELSE

KP = IKP-KKMAX-1

ENDIF

INDEX = (2#DIM - IB)*(IB-1)/2 + IA

REMOVE SPURIOUS BASIS STATE (K.GT.I): MAY OCCUR FOR IGAM=1

KTEST = MAXO(IABS(K),IABS(KP))

IF (KTEST .GT. ISPIN .AND. IA .EQ. IB) THEN

A(INDEX) = 50.*AOR(3)*(A1+A2)*(ISPIN*(ISPIN+1)+IABS(K))
$+sSQP(1,IP)+sSQP(2,IN)

A(INDEX) = -A(INDEX)

ENDIF

IF (KTEST .GT. ISPIN) GO TO 706

A(INDEX) = A(INDEX)*PUV(1,IP,IPP)*PUV(2,IN,INP)

IF(IP .NE. IPP .OR. IN .NE. INP) A(INDEX)=A(INDEX)*CHSI
IF(IP .NE. IPP .AND. IN .NE. INP) A(INDEX)=A(INDEX)*CHSI
IF (IA .EQ. IB) A(INDEX) = A(INDEX) + SQP(1,IP) + SQP(2,IN)
IF(IRES .EQ. 0) GO TO 707

APAIR = UPAIR(1,IP)*UPAIR(1,IPP)*UPAIR(2,IN)*UPAIR(2,INP)
$+4VPAIR(1,IP)*VPAIR(1,IPP)*VPAIR(2,IN)*VPAIR(2,INP)

BPAIR = UPAIR(1,IP)*UPAIR(1,IPP)*VPAIR(2,IN)*VPAIR(2,INP)
$+VPAIR(1,IP)*VPAIR(1,IPP)*UPAIR(2,IN)*UPAIR(2,INP)

M=1

IF (MOD(K,2) .EQ. 0) M=2

VRES = 0.0

IF (KP .EQ. -K) THEN

VRES = APAIR*VPN(IP,IN,IPP,INP,5-M)
$+BPAIR*VPN(IP,INP,IPP,IN,5-M)
VRES=VRES*(-1)**(ISPIN+1)*PHASE

ENDIF

IF (KP .EQ. K) THEN

VRES = VRES + APAIR*VPN(IP,IN,IPP,INP,M)

$-BPAIR*VPN(IP,INP,IPP,IN,3-M)

ENDIF
A(INDEX)=A(INDEX)+CRES*VRES

707 CONTINUE

A(INDEX) = -A(INDEX)

706 CONTINUE
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