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ABSTRACT

The quadrupole interaction of lslTa with the

electric field gradient (EFG) at Hf sites in the co-

h ]

ordination compounds (NH4)3 HfF7,K3HfF7 and Hf(acac)4
has been measured by the method of differential perturbed
angular correlations.

The heptafluorates which possess identical crystal
3 _ .

structures were found to produce vastly different EFG's at

181

the sites of the Ta prohe nuclei. Over the range from

liquid nitrogen to room temperature, the FFG in (NH4)3HfF7
was observed to change from a statiB to a dvnamic nature

3= jon ard the effects of the

due to the reorienting HEF,
dynanic NH4+ ions. No comparable time-dependent effescts

were observed in K3HfF which required a two site static

7
model for the Hf atoms at liquid nitrogen temperature and

a one site model, with only a slight dynamic modification,
at room temperature. The results were found to be in agree-
ment w;th other NMR and X-ray studies of these compounds.

The measurement of the EFG at the metal site in

Hf(acac)é yéﬁlded a large asymmetry value that is discussed
in terms of the crystal structure and type of ligand bonding

involved in this octocoordinated complex. Gomparison of the

results for synthetic and irradiated samples of Hf(acac)i

®
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gave no indications g%‘radiation produced damage to the.
crystal structure. Evidence for the existence of two
sites with diffe;ent asymmetry parameters as suggested by
a previous itudy was not found.

A detailed investigation of instrumental effects
in perturbed angular correlation measurements was also
carried out. This study included the measurement and
correction of system nonlinearities and background anomalie;.
in time spectra measurements,

Finally, a precise measuremené of the half-life of

181

the 482 keV level in Ta was performed using the delayed

coincidence method.
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CHAPTER " 1

" INTRODUCTION

The pursuit of sgientific knowledge by means of
research in physics generally leads to the study of a
particular field of endeavour such ;; nuclear or solid-state
physics. The problems encountered often lie within a well;
defined discipline. There are however, certai5 fruitful
areas of research that are not so restricted in their outlook.
One such case is that of peréurbed angular correlations (PAC)
which combines the points of view of nuclear physics, solid-
state physics, atomic physics and chemistry. This is a pfime
reason why PAC has.become a great attraction for many egperi—
mentalists. It has become known as a physical method rather
than remaining as a limited bfanch of nuclear physics from
which it originaged.

The PAC method is based_on the measurement of the
angular distribution of radiation from nuclei whose spins tend
to point in a certain preferred direction. Angulaf distributions
of radiation from free nuclei are dependent only on the nuclear
properties'of the system and as such, the study of these
distributions has become an important tool in nuclear research.

Generally, these nuclei are not free but are located in a
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source or target in which large internal and external magnetic
or electric fields may be present. These fields interact with
the magnetic or electric moments of the oriented nucleus under
study and‘may change its degree of orientation in the time
interval between its initial orientation and the subsegquent
emission of the nuclear radiation. This change allows one to
study the interaction of the nucleus with its surroundings -
and therefore can be a valuable aid in chemical and solid-~state
research.

There are a number of methods available to produce an
assembly of nuclei that possess the same average orientation
with respect to a particular a;is. One way is to place the
sample at very low temperature in a region of strong magnetic
or electric field thereby producing a net alignment of nuclear
spins. Another method uses nQFlear reactioné that leave the
target nucieus in an oriented state because of the conservation
of angular momentum of the reaction products., A third method,
and the one with which this thesis is concerned, is the selection
of nuclei whose spins happen to be in a preferred direction.

The basis of this method can be explained by considering
a nucleus that decays through the successive emission of two
Y—rays,‘yl and Y, as shown in figure 1,1. Although y-rays are

chosen here, other two-step nuclear processes can be utilized



Figure 1.1

Decay of an Excited Nucleus by Successive y-Ray Emission
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e.g. the scattering of a charged particle followed by

Y emiésion due to Coulomb excitation. The nuclei are

randomly oriented and Y, can be emitted in any direction.

The observation of Y, in a fixed direction, however, selects
those nuclei with preferentially aligned spins. The second
radiation Yo will then be emitted byznuclei with this prefer-
ential alignment and Yo will show an angular dependent coinci-
dence rate W(0) with respect to Yl' This angular correlation
is dependent only upon the nuclear properties of the cascade
and it prqvides information about the nuclear levels involved
and the angular momentum carried away by the y-rays, if the
orientation of the nucl%us remains unchanged between the times
of emission of Y, and Yo i.e. when the nucleus is in the inter-
mediate level I. The measured distribution is known as the
unperturbed angular correlation.

Extranuclear magnetic or elfctric fields interacting
with the nuclear magnetic dipole or electric quadrupole moments
can cause the nucleus to precess about the field direction
much like a spinning top will precess in a gravitational field.
If the strength of the interaction is sufficiently strong to
cause a significant change in the alignment of the nuclear spin

within the lifetime of the intermediate .level, then Y, is emitted

from an altered distribution of nuclear spins and the Y17Ys



angular correlation ifs perturbed. In quantum mechanical
language, the interactions cause transitions among the m
states of the intermediate level thus changing the m state
population distribution and this change is responsible for
the perturbation or attenuation of the angular correlation.

A schematic of the apparatus used to measure the
angular correlation is shown in figure 1.2. A complete
description of the experimental arrangement is given in
chapter 3. Detectors 1 and 2 are made to accept only Yy and
Yo respectively when emitted at an angle O relative to each
other. The detectors respond to all Y, and Y, radiation but
the coincidence analyzexr accepts only those pairs Y, and Yo
which are emitted within the resolving time of the coincidence -
circuit. This ensures Ehat both y-rays are from the same
nucleus. The angular correletion function W(0) is then given
by the number of coinaidences per unit time as a function of
the angle 0.

The times of emission of Yy and Y, are not simultaneous
but are separated by the exponéntial decay of the intermediate
level of lifetime 1. If the resolving time of the coincidence
circuit is small in comparison to v, the distribution in time
intexvals between the emissions of Yy and Y, can also be recorded.

The resulting time spectrum W(0,t) is an exponential decay that



Figure 1.2

Schematic of the Experimental Arrangement Used

for Angular Correlation Measurements
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is modulated by the reorientation of the angular corre-
lation pattern due to any extranuclear field interaction.
This is known as a differential perturbed angular corre-
lation (DPAC) measurement. If the resolving time of the
coincidence circuit is much larger than 1, the experiment
is called an integral measurement. DPAC generally yields
information of a more detailed nature than the integral
method. In particular, it is possible with differential
measurements to reach conclusions about the symmetry of
electric field gradients at the nuclear site whereas the
integral correlation method is rather insensitive to asym-
metry effects.

The above description of the method of perturbed
angular correlations is only of an introductory nature. A
further treatment of this subject outlining the theoretical
equations involved is given in chapter 2.

The PAC technique possesses some important advantages
when compared to other experimental methods, such as the
Mossbauer effect, which algo uses the nucleus as a probe into
the solid-state or chemical behaviour of matter: the method
can be performed at all temperatures; measurements can be
carried oﬁt in liquids and gases as well as solids; it requires

a relatively small amount of active nuclei when compared to



resonance methods; it is not restricted to ground state
transitions or low energy yY-rays; it can be used to study
directly the time variation of the local environment of
the probe nucleus. As a result, PAC applications have become
both numerous and diverse. These include the measurement of
the "tumbling” times of biologically important molecules in
solution (SH70) which is related to their effective length
and hence their chemical constitution, the study of protein
structure (BA74) and in vivo experiments on the chemical
behaviour of certain compounds in mice (ME72). Radiation
damage measurement (VA69) is another important application.
PAC has also been used in the elucidation of solid-state
physico-chemical phenomena such as interconversion among
possible conformational isomers (BO72) and electronic bonding
symmetries in organic complexes (RA75). The latter two appli-
cations are related to the research area of the present work.
This thesis is concerned in part with the electric

181

quadrupole interaction of Ta in the fluorine compounds

4)3 7 3HfF7. DPAC studies of these compounds are

particularly intriguing because they contain the unusual ion

3-
7 [
of ZrF

(NH HfF., and K

HEF Original models were based on a structure consisting

2~
6

compound (NE%)BZrF7. A later study (lIIA38) on this same compound

and F~ ions (HA24) from studies of the analogous

L



and K3ZrF7 proposed the model containing the er73— ion in

a disordered structurc that allowed several possible orien-
tations of the ion. Some disorder of the zirconium and
nitrogen atoms was also postulated. This disorder made a
definitive study of these compounds difficult to achieve.

More recent X-ray analysis (HU70) on (UHA)BZrF7 disagreed

with the structure proposed earlier. MNuclear magnetic reson-
ance exXperiments (PI67) have indicated that the ZrF73— and

+ . . . . .
NH4 ions are dynamically distorted and reorienting. This

dynamic or time dependent relaxation effect has heen studied
by Andrade et al. (AN70) and Gerdau et al. (GI'73) who, during-
the course of this work, performed DPAC measurements of the

181

quadrupole interaction of Ta in (NH4)3HfF7. Both papers

attributed the relaxation to the "jumping about" of the seventh

fluorine atom above the trianglular faces of the HfFGZ— octa-

hedra although only Ge}dau saw.nginite indications of a static
interaction at low temperatures.

In the present work, DPAC experiments on (NH4)3HfF7
were performed at various temperatures and compared to the
previous results. In addition, a DPAC study of the similar
compound K3HfF7 was carried out in the hope that a comparative

study would shed more light on these compounds. Any time

dependent and temperature sensitive variation of the Hf

4
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environment in this compound could not be attributed to
3- ion
5

effects including reorientation or structure changes could

‘NH4+ ion dynamics and any manifestation of HfF
be separately observed.

A second concern of this thesis is the study of the
electric field gradient at the metal site in hafnium acetyl-
acetonate, Hf(acac)4.Ear1y interest in this compound was
initiated by the possibility of using it as a prohe to study
the orientation effects of the layered structure of a liquid
crystal. It had been demonstrated (UH70) in a Mossbauer
investigation that a molecular probe could yield structure
information for both the solute molecules and liquid-crystalline
solvent. Because of the orientation effects, DPAC is a logical,
complementary technique in this research area. However, prior
to such an investigation, a more complete knowledge of the
Hf(aéac)4 molecule itself was required and DPAC studies of the

quadrupole interaction of 181

Ta in Ilf(acac)4 were performed.

As shall be seen in a later chapter, the data analysis of this
compound is related to that of K3HfF7. Bot% compounds are
concerned with the possibility that the Hf atom can be situated
within two different chemical environments. Earlier DPAC data

on Hf(acac)4 (BE69) had indicated this two site approach, with

the probability of occcurrence of each site being dependent on

+

]
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the radiation history of the sample. The ability of the

data redurtion methods used in this thesis to distinguish
between the one and two site fmodels is important for a

proper interpretation of the/ experimental results. The
’present DPAC study of!!f(acac)4, which is significantly
different from the previous results, is analyzed in terms

of the symmetry nature of the electriéafleld gradient at the

Hf site and is shown to be consistent with an earlier structure
determination done by X-ray analysis (SI63).

Another aspect of this thesis is concerned with
instrumental effects involved in DPAC measurerments and the
corresponding data manipulation that is reguired to deal with
these effects. These include time and angular resolution
calculations, nonlinearities in the measuring system and
background anomalies in time-interval distributions. A basic
knowledge of these instrumental limitations is a reguisite fgf
proper DPAC research using the present experimental arrangement.

Finally, included in the data reduction section of this
work is a precise measurcement of the half-life of tﬁe 482 keV

level of‘lalTa

. The half-life of this level, which is the
intermediate level of the yv-v. cascade used in the DPAC studies,
can be calculated from the DPAC data and in fact serves as an

indicator of correct data reduction. During the course of
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this work, the half-life vélues derived from the DPAC data
were found tp be consistently lower than the most recently
published result. In the measurement of the h;lf~life,
careful attention was directed towards system non-linearities

and an accurate method of time calibration in order to obtain

a more precise value.

o
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CHAPTER 2

The Theory of: y-y Angular Correlations

The general theory of the angular distribution of
nuclear radiation has been extensively studied and reviewcd:
for example see (FR68). The theory is far-ranging and is
usually divided into subsections centred on the type of
radiation observed (a,B,Y), on the properties that are singled
out by the experiment: (direction, polarfzation), and on the
ctranuclear fflelds acting on the nucleus (magnetic or
ic). This chapter presents the fundamental equations‘
theory on which éhe calculations of the éresent study
based. As such, they deal with the angular correlation
of y-rays from a y-y cascade and the perturbation of this

correlation by the interaction of the extranuclear electric

field graéient with the nuclear gquadrupole moment.

1. The Unperturbed Angular Correlation

The angular variation of the intensity of a cascade
pair of y-rays is given by
kmax
W{O) =1 + z AkPk(cos ©) (2.1)

k=2
k even

13
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In this expression, O is the angle between the two y-rays,
Pk(cos 0) is the Legendre polvnomial of order k and the Ak
are parameters depending on the level spin sequence and
transition multipolarities. The sum limit kmax is determined
bf kmax=minimum (2J, 2Ll’ 2L2) where J is the spin of the
intermediate level and Ll' L2 are the multipolarities of the
y-rays; kmax=4 for the case of the 482 keV level of 181Ta.
This is always the maximum for practical experimental purposes
and, as shall be seen in‘a later chapter, terms up to only
k=2 are sufficient in the present study. Time differential
measurements also record the time of emission of Yo with
respect to Yl’and eguation 2.1 becomes

kmax

wee,t) = [1 + kiz AP, (cos 0)] exp (=-t/1) (2.2)
k even

where Tt is the lifetime of the intermediate state.

2. The Perturbed Angular Correlation

The angular correlation of the y-y cascéde will be
altered if the orientation of the nucleus is disturbed while
the nucleus is in the intermediate stateé. This perturbation
is a result of the coupling of theelectromagnetic moments of

the nucleus and ‘extranuclear electromagnetic fields. These
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fields may be static or time dependent and of electric or
magnetic origin. The y~-y correlation is changed in the
time interval between the emission of the first and second
yYy-rays and equation 2.2 must now contain functions Gk(t)
describing the attenuation of the angular correlation

coefficients Pk’

0) ] exp (-t/7) (2.3)

w(o,t) = [1 + Z A
k

The Gk(t) contain all the physical information about the
perturbation mechanisms. Much theoretical work is concerned
with the derivation of Gk(t) for various types of interactions.

This work is concerned with electric field interactions.

A. Static Interactions

For the case of a fixed electrostatic crystalline
field gradient interacting with the electric quadrupole

"moment Q of a nuclear state of spin I, the interaction

£

Hamiltonian may be represented as (GF69)

- L2 _ ~ +2 _ 1 2 2
H= [e QV,, /41 (21 nl] B - 1+ + 5 NI + 1) 1 .4)

V. -V
where n = _EEV_XX (2.5)
. ZZ

and VZZ is a component of the electric field gradient such
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2
that VZz = g~7 . The parameter n 1s a measure of the
dz
asymmetry of the field gradient and is identical to zero
for axially symmetric field gradients. The electric field
gradients are not independent but are related by Laplace's

equation

Vxx + vyy + Vg, = 0 (2.6)

The principal axes are chosen such that

gzl 2 Vol 2 1Vl

[v
and thus n is restricted to 0 < n < 1. The electric field
gradient is then characterised by its greatest component Voo
and the asymmetry parameter n.

The quadrupole interaction causes a hyperfine splitting
of the nuclear energy levels. The energy splittings are not
uniform and the states are twofold degenerate, i.e. the magnetic
gquantum numbers + m and - m give the same energy. For odd 2I,
there are %(2I+l) levels and transitions between these levels
occur with characteristic frequencies Wy -

For the case of axial symmetry, n=0, the simplified

interaction Hamiltonian yields the energies
E_ = [3m%* 1(I+1) Jhu
m Q

where Wy is the quadrupole interaction frequency defined by
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Q 41 (2I-1)n

The smallest frequency wy is related to Wy by

wy = 3 Wy for even 21

= 6 wQ for odd 2I

and the remaining freguencies are harmonics of wy - For a
polycrystalline sample, the interactions are averaged over

all directions and the perturbation function Gk(t) is given by

Nmax

Gk(t) = ngo skn cos (nmlt) . (2.8)

The spin dependent Srn have been calculated for the n=0 case

by Alder et al. (AL64). The spin dependent n = 3 for I = 5/2.

An example of G, (t) for I = 5/2 and n=0 is shown in figure 2.1.

|

The perturbation function is thus a sum of periodie
functions and the static interaction cannot destroy the angular
correlation. If the field strength is constant in time the
time-integrated attenuation function is

_ 1

Gy (=) = ﬁ Skn I+1nwlt52
. where T is the lifetime of the intermediate level. Even for
an infinitely strong interaction, Gk(w) never goes below the

so-called "hard core"” value:

lim Gk(w) = Sko (2.9)

w e ad o

1 <



Figure 2.1
The Perturbation Function Gz(t) for I=5/2 and

Various Values of the Asymmetry Parameter n
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The calculation of the attentuation coefficients
for non-axially symmetric fields (n3#0) is more complicated.

The eigenfunctions and eigenvalues of the interaction

Hamiltonian must be determined for differeng\values of Y and
n . The interaction frequencies are no longer multiples of
w This case has been treated by Matthias et al. (1MMA62,MA63)

0"
and also numerically by Alder et al. (AL64) who calculated the

a coefficients of the perturbation function

kn

a

Gk(t) =a,* N

n

I~

xp €OS (wnt) (2.10)

Figure 2.1 shows the results for Gz(t) for I=5/2 and various
values of n. The dependence of Gz(t) on n is obvious.
Beraud et al. (BE69) have considered the guadrupole
interaction for the I=5/2 case. They determined that the
eigenvalues of the interaction Hamiltonian are given by the

solutions of the equation

w3-28 w(n%+3) + 160" (n%-1)=0 (2.11)
where W is in units of h Wy The solutions of this cubic
equation are (GF69)

EtS/z = 2ath cos (% arccos 8) (2.12)

E13/2 = —Zath cos (% (n + arccos B))

Etl/2 = -Zath cos (% (m - arccos 8})
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2
where a = %g (3+n2) and B = ggilgﬂ—l
o
The energy level splittings are shown in figufe 2.2. The

frequencies w of eaguation 2.10 are the differences in

these energy levels divided by h. Using equation 2.11

gives
- ; 1
wy = 2v/3 w, Sin (3 arccos B) (2.13)
_ 1 } .1
Wy, = o wQ(3 cos (5 arccos B) Y3 sin (3 arccos B8))
w3 T Wy t*ow,

It can be seen that the w, are determined solely éy wQ or
wy and n.

Beraud et al. (BF69) have also tabulated the amplitude
coefficients asn of equation 2.10 for the case of I=5/2 and
various values of n. Thus for I=5/2, the exact form of
G,(t) can be calculated by specifying the two
parameters wy and n and using equations 2.10and 2.13. A
measurement of Gz(t) is then a determination of the crystal
structure characteristic§ n and VZZ'

It should be noted thaf the chemical environment of a
nucleus in a solid need not consist of only one type of.structure.

This is possible because the energy differences between ideal-

ized geometries for a particular compound may be small and
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Figure 2.2
The Quadrupole Splitting of a 542 Level

as a Function of n
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only slight distortions are required to interconvert these

14

"structures (11063). There is evidence from DPAC measurements

(B0O72) that some compounds exhibit two sites for the probe

nucleus, each with separate values of n and Wiy In such
cases, the per%grbation function is of the form
Gk(t) = p Sl + (1-p) 52 (2.14)

where Sl’ 82 represent the perturbation functions for sites

1 and 2 (equation 2,10) and p is the population probability
of site 1. If thermal interconversion of the site structures
is possible, then p will be temperature dependent.

So far in the discussion of DPAC it has been assumed
that the electric field gradient (FFG) at the site of the
perturbed nucleus has some well defined magnitude. 1In reality,
however, there exist many lattice imperfections due to impur-
ity atoms, vacancies or radiation damage that cause a change in
the atomic environment and thus alter the IFG sensed by the
decaying nucleus. This effect was first mathematically
treated by Matthias (MA63) who assigned a functional distribu-
tion to the i;teraction frequencies and calculated the new form
of the perturbagion function: if the frequency distribution
centred about W, is given by P(w-wo), then the new perturbation

function is
fP(w-wo) Gk(wt)dw

k[ o )= fP(w-wo)dw =
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where Cy(mt) 1s the oriadinal perturbation function

(equation 2.10). If a Gaussian distribution i1s assumed,
then
T R 1 2
Gkiwti‘— a . * g ay ,EXP [ 2(6nmnt) Jcos w t (2.15)
It is common practice to take én = § for all n. Table 2.1

L

summarizeé the attenuation coefficients resulting from
different types of frequency distributions. The effect of a
Gaussian distribution on Gz(wt) 1s shown 'in figure 2.3. The
frequency distribhution tends to smear out the time pattern of
the attenuation coefficients.

This procedure is of course only a model calcuiation
and to this author there is no known rigid physical reason why
the interaction frequencies should have any of the functional
distributions of Table 2.1.- The effect of these distributions
is mathematically easy to calculate. It is known, however,
that this concept does permit a hetter fit to the experimental
attenuation coefficients and the distribution width parameter
§ is correlated with possible crystal lattice irregqularities.

EFG distributions affect thexchCula§§9n of FFG

o @s determined from DPAC data,

—

Results of such calculations are given in the data analysis -

parameters such as n and w

section of ;his thesis.

B e o
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Figure 2.3
The Effect on Gz(t) of a.Gaussian Interaction

Frequency Distribution of Varying wWidth 6
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B. Time-dependent Interactions

When the'extranuclear fields acting on tﬁe nucleus
are time-deéendent, the solution of the Hamiltonian governing
the system cannot in general be writfen down in closed form,
However, there are a number of theories that héve been developed .
for some speciél cases.

The time dependence of the fields may be due, for
insEance, to iops and molecules in a liquid source travelling
past the nucleus in a ranom fashion ox to rapid conformational
bhangés in the crystalline environment of the nucleus when in
a solid., Eventually, the angulén,correﬁation measuredlin a
PAC eﬁperiment disappears. This is because the random
interactionslcause transitiogs among the diffgrent_m-stqtes
of the intermediate nuclear level ﬁnti; they are equally
populated and the directional correlation becbmes isotropic.
This is in cdntrast to static inﬁeractions in polycrystalline
sourceﬂ/in which the time—;ntegrated co;relat%én is never ‘
:eddéed beiow the hard core value (equation 2.9).

The time interval Tc sgpa;ating two interactipns
between the external field and the q?adruyole moment is called

the correlatjion time. The case of correlation times that are
) : - \

’

short relative to the lifetime T of the intermediate nuclear. .

[V
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o

ievgl and of small perturbinyg fields, o Te << "1, has been

) Q
treated by Abragam and Pound (ABSB).K They showed that

Gk(t) =‘exp (- Akt) (2.16)

where the reléxation parameter is related to the correlation

time by

3 2 : ‘ :
A = T ws k (k+1) [4I(I+1) - k (k+1)-1] (2.17)

and the time integrated attenuation coefficient is
/-é-,_ 1 (2.18)
k i+xkr .
Many experiments on liquid sources have demonstrated the
. validity of this theory.
‘This theory has been generalized (DI62) to include

strong perturbations with the result that

- i max ] S
Gy (t) = 2 e; exp (- A t) (2.19)
) is=2
i max
and z ei = 1
i=2

fhe parameters €4 Ai must be experimentally determined.

Possible evidence for such a multiexponential decay is ambiguous.
The limit of long correlatithtimes'that might for

example exist/ for slowly rotating large molecules in solution

\
A

(I N
v .
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has been solved explicitly (MA72). The calculations shol

that

-

_ e te) = 62 (t)expl-t/t,) L (2.20)

where Gg (t) is the static perturbation function and t, is

.

,related to the rotational diffusion constant of the molecule
containing the active nucleus. This exponential attenuation
is difficult to separate experimentally from the similar

effects of a static interaction involving a distribution of

frequencies.

L]

Other theories for special cases have been solved for

Y

arbitrary correlatiqn time. The work of Gabriel (GA69) is '
good for all T  but assumes small perturbations. The results
. #

{
of Blume (BL71l) are also good for all T and are based on a

simplifying random interaction assumptipn: there is no
correlation between the orientation of the perturbing field
before and after an interaction. The end result is an

expression for the Laplace transform of the perturbation

. function _ .
- G (pHA)
G (p) = = (2.21)
1-AGy (p+}) ﬂ
—

GE (p) is the Lagplace transform of the static pgrturbatién

function d;(t) and =1/t is the relaxation parameter.

»

e,
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This expression which is aﬁenable to numerical calculation
reduces to the static case for lang T and to unity for
short v _. The Abragam -Pound results also follow in a
suitablé limit, /

Identical results to that of Blume have been obtained
by Lynden-Bell (LY71} who' calculated the effect of reorien-
tation of the nuclear spin By moiecular mofion and the result-
ing time-depéndence of the angular éoprelatiod. ‘Although it
has been 'suggested tha; both thedries give a different rate
of dgcay for Gkif) (ﬁI?B), both in fact derive the mathematic;
ally identical equatioﬁ 2.21 and thus must produce ﬁhe same
results (GE75).=:‘t | ]

Some exﬁerimen;al dad;_on relaxation phenomena in a
solid has been fitted by assuming a temperature~dependent

mikture of static and time-dependent perturbations (VA73).

The effect ranges from a cémplete static perturbation at low

temperaturés to pure exponential relaxation at high -temperatuges.

L]

e



CHAPTER 3 -~

The Experimental System

1. The Detection Apparatus

. The detection apparatus consisted of Nal scintillation
detectors and the éssociated photomultiplier (PM) tubes and
bases. Sodium iodide was chosen because of its suitable
combination &f time and energy resolution and high deteétion
efficiené&. 'Plgstic scintillators have inherently better

time resolution‘because of a scintillation decay time of about
2 ns as compared to 250 ns for Nal. Howgv%F; the predominant
Yy-ray interaction in plégtic is the Compton effecti The
énergy spectrum of a }-ray acquired using’a plastic detector
\is thén a broad Compton continuum rather than a photopeak
indicating full Y—fay energy deposition in the detector via
the photoelectric effect as in NaI and the resultant energy
resolution is poor. Sufficient energy resolution w;s

lnga source

necessary to resolve the 482 keV y-ray of the
(figure 5.,1) ffom the 346 keV Y~£ay thch would prodﬁce a
large prompt peak in the time spectrum 7
_ The size of the detectors was determlned by chooskng
between the mutually contrad;ctgry aims of hlgh detectlon
efficiency w@iéh requires large deteétorg and good time
. " {

N o L

30



resolution, Bouiter (BO71) has experimentally shown

that even at a low energy such as 133 keV it is important

to use as small a Nal detector as possible in order to
minimize the time resolution. K6 This effect is due to the
number of internal random reflections of fhe scintillation
photons that occur before emission to the photocathode of
the PM tube. The 133 keV y-ray detector was a cylinder of
25mm diameter by 6émm thickness and the 482 keV y-ray
detectors were 25mm diameter by 25mm thickness. The use of
three detectors, ag shall be explained in section 372,
enabled the simultaneous'#ecording of twb.coincidenée
spectra. These detectoré have effici;ngies of 80% and 65%
for the 133 keV and 482 keV yr~rays respectively (HA§4).

The 133 keV detector was covered by a 0.8mm cadmium absorber
for the low energy X-rays and the 482 keV detectors were |
covered by 3mm lead absorbers to reduce the intensity of the

135 keV y—-rays. The source-detector distance was = 25mm even
for the low temperature runs becauée of the narroQ&tail of
the liguid helium cryostat in whlch the source was positioned.
The PM tubes used were the RCA 8850 and RCA 8575. Both of

these tubes are excellent for timing experlments because,of

-

the fast rise-times, about 2 ns; high gain and low noise.

The 8850 was chosen for the 133 keV detector because it ha;
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a higher gain than the 8575. The detectors were optically
coupled to the faces of the PM tubes via silicone grease
and the whole assembly was made ligh; tight with a cover-
ing of black electric insulating tape.

The tube base is essentially an external résistor
divider chain used to maintain the PM dynodes at the
required potentials. It also provides outputs for the
fast timing pulses taken from the anode and the energy
selection pulses taken from the ninth dynode. The photo-
cathodes of the PM tubes were képt at - 2600 Vv and - 2700 V
relative to the anodes for the 857S‘and 8850 respectively.
Too low a voltage would reduce the gain of the PM tube and
give pooref time resqlution‘due to increased transit time
variation of the electroné t?avelling down the PM tube while
too high a voltage would increase the dark current or noise
of the PM tube. )
| In scintillation counting, a common problem is éhat
of the dependeﬁcenof the gain of the PM tube on the rate
of scintillation prodgcihg events. This is due to a change
in the integQAynbde voltages which is caused by the high
'inter~dynode/cgrrents relative to the voltage-divider
current of the base i.e. the large number of electrons, ,

- o -
impinging on the dynodes cannot be balanced by the voltage-

I
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divider current and a change in the inter-dynode volt#ges

and hence, in the gain of the PM tube, results. This

can be somewhat reduced by designing a high-current bas

but this §ﬁ§olves bulky, high wattage components and the

resultant heat requires the base to be fan cooled. _— . .
Although this_problem was not of a critical nature

in the present work because of the slowly varying activity

of the 181

Hf source with a half-life of 42 days, a base
using Zener diodes as voltage stabilizers was constructed.
The first stage and the last three stages of the PM tube
were chosen for stabiliéation because direct, inter-dynode
voltage measurements showed theée to be the most sensitive
to counting ;;te changes. Although a full ch;in oﬁ'Zener
diodes would be most stable, it would only have one operating
voltage whereas the present design operates from 2500 V to
3000 V. The voltage distribution across the dynodes is
somewhat affected by voltage supply changes but this is not
serious. Tests showed that this base operating at 2 ma
was more stable by a factor of two than a 10 ma base:

The time resolution of the'system was not affected by the
new design.

This base was used for 6ne‘of the 48é keVv déteétors

while the other 482 keV detector used a commercial ORTEC 265

a

RCY



2 ma bhase. Except for the higher gain stability of the
Zene; diode base, the performance of the bases was
identical. The base of the RCA 8850 PM tube used a
conventional 2 ma design that followed the voltage -

distribution recommended by RCA.

e

2. The Electronic System ;

The type of system used in the present experiment
was the "fast-slow" delayed coincidence system which is
schematically outlined in figure 3.1. The "fast" side
consists of the anode pulses, discriminators and time-to-
amplitude converter.(TAC). The fast anode current pulse
marks the time of arrival of a scintillation producirig event.
The disgriminator is a circuit that produces a standargized
pulse when triggered by an appropriate anode pulse. The
voltage level above which the discriminator is triggered may
be varied. For NaI, it is generally chosen to be as low as
possible, just above the PM tube noise, in order to achieve
the best time resolution (BO71). The outputs of the
discriminators are connected to the start and stop inputs
of the TAC. The TAC is bésiéally a device which converts the
start-stop time interval to a pulse whose height is proportion-
al to the time interval. This pulse is then analyzed and

stored by the pulse height analyzer. The accumulated data



Figure 3.1

Schematic of a Fast Slow Coincidence

)
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is é plot. of the number of staftwstop

a\fuﬁctiqg of time.

coincidences as

. The "slow" side of this coingidence system makes

use of the slower, inteagrated dynode pulses whose height

e are proportional to the enerqgy of the

scintillation events.

These pulses are shaped, amplified and then fed to the

<

single channel analyzers (SCA) where the energy selection

is performea. The SCA produces a logic pulse output when

the input pulse is within the desired
defined by adjustable upper and léwer
between the SCA logic pulses indicate
for both the start and stop detectors
These coincidences open a linear gate
and 'storage of the TAC output pulse.‘
yields the timing ;nformation and the

thé energy selection.

-

énergy "window"
levels. Coincidences
that the energy conditions
have bBeen satisfied.

which allows analysis
Hencé} the "fastfyside

. . \,
“slow" side controls

The electronic configuration adopted for the present

. work required some additional electronics in order to

simultaneously record, two coincidence

spectra as measured with

one stop detector and two start detectors. The electronic

system is shown in f%gure 3.2. The start input of the TAC

was coupled to two pulées which indicatéd an event at either

90° or 180° relative to the stop detector. The start-stop

¥

+

)
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Figure 3.2

The Electronic System for the

y

DPAC Measurements

e
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coincidenceﬁ were enerqgy selected as described earlier
with the linear gate‘being opened by coincidences at

both 902 and 180°, In addition, the SCA coincidence signal
between the stop detector and only one start detector was
used as a routiﬁg pulse to direet the coincidence spéctra

at 90° and 180° to different halves of the analyzer. FEach

spectrum contained 256 channels.

) The SCA output of the stop detector was first
shaped by a monbstable (Texas Instruments SN74121) befOﬁé
entering the SCA coincidence unit. This shaper was used to
vary the Vidth of the stop SCA pulse. The optimum width is
equal to the TAC timescale range (100 ns.or 200 ns was chosen)
but this was increased by 50% in order to allow for less
critical édjus?gigt.in setting ?p the experimgnt., The delays
of the SCA oué&uts were optimized by using the prompt events

A 22

™\
produced by the toincident 511 keV y-rays from a ““¥a source

(see section 3.4). This source was also used to adjust the

/timing of the pulses éoupled to the analyzer routing input

as follows. A coincidence experiment was performed with . .-
oniy the 180° start-stop det;ctor combination in use.

These coincidences were routed to thé upper half of the
analyzer. Ceoincidence pulses that "fell" into the lower

half were indicative of poor routing. The timing of the

[




routing pulse was set' to slicghtly precede (=0.5 us) the
linear gate output as prescribed by the analyzer instruction
manual. All coincidences were then stored in the upper half-
of the analyzer.

Although the 133 keV y-ray is emitted from the 181Ta
ﬁucleus before the 482 keV y-ray, the TAC was started by the
latter and stopped by the artificially delayed 133 keV y-ray.
This is because the dead time of the TAC isfeénzrolled by
the start rate and the 133 keV detection rate was h}gher
than that of the 482 keV y-ray. A cable delay of about 100 ns
was used rather than a logic delay because of its highef
stability. Logie delays,which have an inherent deadtime,
tend to degrade fast pulse shapes and they are also rate

dependent. The resultant spectra are thus stored "back to

front" with time irncreasing to the left (figqure 6.1).
]

3., The Measurement Procedure

The three detector assemblies were mounted on an
aluminum structure so that all three detectors pointed to
and were at the same height as the source. The .angle between
the two 482 keV start detectors was fixed at 90° but the
angle betWeen these and the 133 keV stop detector was
varihble. The experlments were performed by alternatlng

daily between two pos;tlons as shown in flgure 3,3. This

s ik —




Figure 3.3

Detector Configuration

These two positions were alternated for each of the daily runs.
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/)‘

érocedure made use of the two available 90° positions and
‘this reduced errors due to possible incorfect source,
centering. Furthermore, ‘the alternat? use of each start
detector at 90° and 180° lesseped the;chance of systematic
errbrs‘in the data collection.

The SCA outputs were scaled prior to all runs to
check for equal count rates in both start detectors. They
wefe also‘scaleq during each of the daily runs. _These were
checked against the 42 day deéay éf the source in order to
monitor any drifting of the SCA energy "windq@s" during the
experiment. These drifts-were minimized by temperature
control of the roon and the use of a forced-air cooling
cébinet for the electronics.

The timescale of the TAC was calibrated periodically

(section %;4) and the time resolution of the system was measured

—

aé the beginning .and end of a series of runs. These checks
verified the stability of the electronic system. The data
recorded over a one day éerioa was printed out by a typéwriter
interfaéed to the pulse height analyzer and then transformed

to cards from/whiéﬁ‘the computer data analysis was carried out.

4. 'The Measuremeht of Time Resolution

\
\ The time resolution of the system plays a critical role

in the proper evaluation of the attenuation function ijt)
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{see chapter '4). The time resolution function, which
should be measured under the same conditions by which the
data were collected, was obtained és.follows.

The start and stop detectors were placed at 180°
relative to each other and the enerqgy selecéion windows of

the SCA's were set at 482 keV and 133 keV respectively, as

determined by a 18l'I‘a source. This source was replaced by

a 22Na source encapsulated in aluminum. This source emits

two 511 keV y-rays at 180° due to positron annihilation in

22

the aluminum following the B+ decay of Na and also a

22,

1275 xeV y-ray from the daughter nucleus e, Since the

511 keV Y-rays are coincident in time, i.e. prompt, the:

resulting time interval distribution is a measurement of the
time resolution of the system., The prompt peak was measured
with the same eheggy discrimination as used during the
gxberiméntal runs because of the energy débendence of the

time resolution (BO71). This arrangement allowed possible
511-1275 keV doincidenceg\which are not simultaneoué Y-rays
but are separatedﬁby a time interval determined by the lifetime
of the positrorns in £he aluminum holder. " However, such
coincidences had a negligible effect on the measured time

resolution because the 0.2 ns lifetime of the positrons in

the aluminum (BE60) is small in compafison to the 1.8 ns

o
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time resolution of the system. The resolution measurements
were carried out over a one day period as were all the data
runs, in order to measure any effects produced by electronic

gain or zero shifts that tend to worégn the time resolution

i of the system

Figure 3.4 shows two prompt spectra acquired with
the same stop detector but different_staft detectors. These
two combinétions were used for the ‘data collection. The
pﬁgmpt curves have been normalized to the same peak height.
The similarity of shapes and resolution for both combinations
is guite apparent. The slightly steeper slope of the left-
hand side of the prompt curves when compared to the right-
hand side reflects the better time resolution one obtains

for higher energy events, i.e. a start energy of 482 keV as

opposed to a stop eneégy of 133 keV. This asymmetry is some-

‘what reduced by the better resolution of the smaller 133 keV

detector. The prompt curves obtained in this manner were used

in the data analysis. ‘ o

5. TAC Timescale Calibration

A. Introduction

In DPAC experiments, it is important to pérform accu-
rately - the calibration of the TAC timescale as the asbolute

precision of the measured quadrupole interaction frequency



Figure 3.4

Experimental Time Resolution

These prompt curves were obtained with!the same
stop detector and either of the two start detectors.
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is directly related to this calibration. Many methods

of calibration have traditionally been used. These
procedures usually calibrate the timescale by inserting a
known delay into the start or stop side of the TAC and
measuring the displacement of the prompt peak in the time
spectrum. The precise measurement of the inserted delay is
then a problem. 1In general, these methods are time consuming
particularly if an accuracy of better than 1% is required.
The timescale calibrations for the present experiments were
performed precisely and guickly with a special calibrator

developed by Boulter et al. (BO70).

B, The TAC Calibrator

This device correlates the start and stop pulses with
a high frequency r.f. signal so that the start-stop time
interval is restricted to a random multiple of the r.f.
oscillator period (figure 3.5). Thé resulting peaks which
are generated across the TAC timescale are separated by one
oscillator period and hence yield the timescale caliprafion,
The precision of this device is base& on a highly—sfable
100 MHz crystal oscillator scaled down so that 10, 20, 40 or
80 ns calibration peak spacings may be selected. A direct
measurement with a frequency meter showed the oscillator

precision to be better than 8 parts in 500,000. Figure 3.6



46

is a typical timescale calibration spectrum acquired in
only a few minutes of S%nning time. The spacings of the
calibration peaks provide an estimation of the integral
nonlinearity of the system (BA68) as channel number and
time are not necessarily related (section 4.3).

In a check on the calibrator, a linear‘least squafés
fit of the peak centroid position to channel number after
correction of the peaks via the differential‘nonlinearity
curve (DNL, section 4.3) yielded a calibration of
0.5044+ 00,0005 ns per channel. This linearity is a good
inaication of the accuracy of both the TAC calibrator and
the DNL correction method. A second run compared the
calibrator to afcalibration performed by using stop insertion D
delays obtained from a commercial delay line module*. These
yielded identical calibrations to within the statistical
accuracy qf the data (figure 3.7).

‘Calibrations were performed regularly during the
course of a sefies of daily runs. The calibratio? varied less
"than 0.5% for any series of runs. Considering the stability
and precision of the calibrator, it can be concluded that the

error in the timescale calibratiorr is negligible in comparison

to the statistical errors of the present expérimental data.

T Dual Delay Line Module, Model 21, Chronetics 1Inc.,

Mount Vernon, N.Y.



Fidure 3.5

LN

Schematic of the TAC Calibrator, '
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Typical TAC Calibration Curve
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Figure 3.7

Comparison of TAC Calibration Methods
/ These calibrations were performed with the TAC calibrator
and also by the 1nsert10n of variable stop delays obtained

from a commerc1al module,

) 1 ’ ' x
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CHAPTER 4

Instrumental Effects In Differential
- Perturbed\Apgular Correlation Measurements
The determination of the perturbed angular correla-
tion functien W(0,t) from which the attenuation function -
Gk(t) is obtained\necessarily involved the measerement of the
two independent variables © and t. However, the measuring
system contaiﬂs inherent limitations that affect the perfect
calculation of these quantities; namely, a finite time response
and a finite angular resolution.,/There is in addition the |
problem of nonlinearity that occurs to some degree ln all time
spectra measuremen€/ In this chapter, the effects of these
limitations on the measurement of theﬂangula: correlation
function and the associated‘attenuation function are discussed.
Finally, the preblem of chance coinciéence background in time

spectra acquired by means of a start-stop TAC is presehﬁed and

analysed,.

1, Finite Time Resolution In D;fferentxal Perturbed Angular,
Correlatlon Measurements'

The data accumulated by the:delayed'eoincidence sysfem
descriﬁed in chapter 3 is a piot of the number ef Yl - Yi
qoincidenees as a function ef time. Such 4 system.is often
used to measure the llfetlme of an exc1ted nuclear state.

The- plot obtained is of the form exp( At) where A is the

1 " >,



decay constant of the excited state. The present DPAC
$tudies seek to determine perturbations in this exponential
coincidence plot. This system“ﬁdﬁéver'has a finite time
‘resolution that degracdes the measurement of such perturbations
i.e. if the two y-rays are emitted simultaneously, then the
form of ‘this time distribution or prompt peak should be a
§ function at time zero for perfect time resolution.
However, the detectors and associated electronics produce
some uncertainty in the measurement of the time of arrival
of the y-rays and the resulting prompt curve has a finite
width t. For a time distributionhthat is Gaussian shaped, T
is the standard deviation. Experimentalists ¢enerally meagure
tﬁe full width at half maximum (FWHM) of the prompt peak
which is related to T by FVHM = 2.35 1 and is referred to as
the regolution. The present data were ohtained with a resolu-
tion of 1.8 ns.

This effect has been studied by Beraud et al. (BE69)
who calculated the distdrtion‘in the attenuation function
G, (t) that is produced by a finite time resolution 7.’ The
meésured attenuation function is'q weighted convolution of
fthe theoretiéél aﬁtentuation ﬁunqtioglckjt) and gyewtime
reépbnsé funct;on‘p(t-ﬁ) of thé sfségm; the weighting

.factor being the factor exp(-Ait). - Thus, we have

f,gf,‘ /
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b

<Gy (£)> =f p(t-t')exp (-At')G, (t')dt'
o : (4.1)

/me p(tft')exp(~kt')dt'
O

If a Gaussian time response is assumed and Gy(t) represents

[

a static guadrupole interaction (equation 2.10), this
yields

n
max

<Gk(t)>T =z

ex had 0V}
n=o akn p(

2 2.
n t /2)cos(wnt) (4.2)

Thus, the finite time resolution préduces a damping in the
oscillation amplitudes of the frequencies by a factor

exp(¥pn212/2). This effect is particularly important when

n

v -

response acts as a filter and‘for lgrge values of-whr the
osci}lations in Gk(t) are suppressed. The time resolution
thus puts an experimental limit on the measurable values of
W - A |

Beraud et al, calculated the form of Gz(t) froh
equation 4.2 for various values of time resolution and

asymmetry parameter n for the case of level spin 5/2'and the

results for n = 0.5 are shown in figure 4.1l. ~Note the

damping of the amplitude of Gz(t) and the loss of the high -

L . & .o,
frequency components as the,reso;ution is worsened. A

quantitative knowledge of this finite time resolution

w_ is of the same order of magnitude as 1/1t. The finite time

e <« are e«



Figure 4.1
The Effect of a Finite Time Resolution

on Gz(t)

These curves were generated for n = 0.5 and Wy T values of

a) 0, b) 0.211w, <c) 0.30m, d) 0.387
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degradation is particularly important for the proper

" calculation of FFG distribution widths which also cause
b ¢

damping effects in the Gk(t) function (equation 3.15).

3

2. The Finite Solid Angle Fffect

The expression for the angular variation of the
intensity of a cascade pair of y-rays (eguation 2.1)
assumes point size detectors and sourceé, which is of course
not valid for experimental measurenents, The effect of a .
finite source size is negligible in the present work
(% 2 to 3mm sgquare) and need not be calculated. As has
been discussed by Rose (RO53), the effect of finite detector
size is to introduce into eacb term of the anqular correlation
function an attenuation factor so that the correlation is
somewhat smeared out. For detectors having axial syrmnetry
about the propagation directions of the y rays, the form of
the distribution is unchanged but the coefficients are replaced

by

1.2

k
where the Qi correct for all the geometric effects on the.
observed distribution function and ;fi,z refers to each of
the two detectors. The Q, are a function of the probability

of absorption of a y-ray and hence depend on detector
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thickness and Y ray energy. The Qk also depend on whether
one counts the whole Yy spectrum at each angle or just the
photopeék. This is because the y-rays interacting at the
eége of the detector are less likely-to contribute to the
photopeak than those interacting at the centre. However,
\these effects are small (%il%, YA65) and for the present
case,‘we will consider full absorption. In this limit,
Rose (RO53) has shown that %

o = k-1 (K)  ¥Py () (4.4)
k (k+1) (1-X) |

where X = cos vy, v is the half-angle subtended by the source
at the face of the detector and Pk is a Legendre polynomial
of order k. For k=2, this becomes

1

Q, =3 X(1 +X) (4.5)
e !
Using a value of Az = -0.295 (AV71), the present arrangement
f
gives Ayt = -0.21, The values of A,+ were found to be in the

range 0.20 *+ 0.03. Because the finite solid angle effect is
mof? pronounced for the A, coefficient which is initially
quite small ( -0.069, AV71l), A, can be émitted~in"a good
approximation Qf W(O,t).

This effect can be decreased by using smaller detectérs

and/or larger source-detector distances. However, this
»
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lengthens the data collection time needed for a given
statistical accuracy &nd so a compromise between the solid

angle attenuation effect and counting time must be chosen.

3. System Nonlinearities in Time Spectra Measurements

A, Introduction

.

The proper analysis of a complex time spectrum such
as that obtained in a DPAC experiment xpequires an accurate
knowledge of the linearity of the TAC-ADC system that con-
verts the delayed coincidence signals to stored time events. -
ADC refers to the analogue-to-digital converter of the pulse
height analyzer. TFxperimentally, the time t is a functioﬁ

of the channel numher n of the ADC, t = t(n), and therefore

P(t)at = P(t(n)) 3= dn , (4.6)

where P{(t) is the time spectrum to be measured and P(t(n))

is the data obtained. Nonlinearities arise if the time

interval corresponding to one channel width, g%
) «

from channel to channel (differential nonlinearity) or if

1

, varieg

over a numher of channels t(n) is a non-linear function
{integral nonlinearity). In particular, if A tn is the
time interval corresponding to channel n of the ADC and

At is the true time interval of a channel in the absence
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of all nonlinearities, then the differential nonlinearity
i

£n of channel_n is defined as

@ A
Ln = (Atn - At) /At ‘ (4.7)
. n .
In a rcal system tn = td + igl Ati differs from t0 + nAt

and one defines the integral nonlinearity-L1n from channel

l‘to’channel n as

Ly, = t, - (€ + nbt)/(nit) ‘ ‘ (4.8)

l ¥
The speétrel shape will be distorted if such ponlinearities
are present: If distortions are to be avoided or correcteﬁ
all 2n should be\negligibly small or very accurately known,

These errors appear to some degree in all systeméﬁanﬁ much
effort has gone 1nto their measurement and removalw(e g.
JIRE6, BL67 SC68 DAGS, C070). 1In order to measure the
. effect of these nonllnearltles in the present work and to
correct for these effects if necessary, a method analogous

to that suggested by Turner (TU70).was used to measure the
Sy . -

‘differentiél noalinearity curve (DNL) 6f the TAC-ADC égstem.

1

B., The DNL Méasurement | -

Figure 4.2 .shows the electronic schematic of the

. B
SN

AT el e a e



Figure 4.2

.,?

Schematic of the Measurement of

the DNL Curve
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DNL'measuring apparatus. The high rate periodic stop

was chosen to have a period greater than the TAC timescale
under consideration. THe start pulses, produced by the
decay of the radioactive source, occur at random during
stop intervals of constant length and a uniform accidental
distribution results. Good statistics are acauired in only
a few hours of running time. Care must be taken in the
choice of input rates as electronic distortions of the DHL
due to analyzer pile-up or ovg}driving of the TAC input
circuitry might result in a DNL'curve that is not properly

. indicative of the DNL curve of the TAC-ADC system while

running at lower data acquisition rates. For this reason,

)

a lower rate DNIL curve was measured over a longer time period -

under otherwise identical conditions. Upén coﬁparison of'éhe
two curves, no sign of electro#ic distoétion in the high~rate
DNL ;hrve,was observed.

'TﬁiéwﬁNL curve (figure 4,3) which would be. flat in
~a bérfect system is a measure of the nonlinearities of the
system. The count in eaéh channel n is directly proportional
to the time’vidth 4 t of that channel and the integral of
{Fhe éoqnts from‘somé arbit;arynzero £o thét channei is

W

proportionai to the time position t of that channel. Thus

P
. : . . IS
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Figure 4.3

Yo
Differential Nonlinearity Curve

The region of high nonlinearity below channel 70 was not used

in the final data analysis, '

~
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if M(t) %g the measured time spectrum and D(t) is the

DNL curve, then the corrected spectrum C(t) in each channel

14

n is
L Mn
Ch = Rn I R (4.9)
n
where !
Mn
R = = C
n D ",
n . N . ?'(.“ch

and the gummations are over the.entire area of the spectrﬁm
to‘be corrected. This ensures a constaﬁt éhanngl width.
~Also, since ZCn =,2Mn,.tﬁe total number of counts in thé
corrécted and measured spectra are equal. The time position
tn of each channel n as'measurea from the first channel of
the corrected spectrum is given by

% b,
o= 12 can | | (4.10) ~

L Dy .
where CAL is the timescale calibration obtained as described .
in section’3.5,

These simple equations were incorporatgﬁ into a short

FORTRAN data corfectién groqrém. To check the operation of
the program, a DHL curve of 0i3% statistical accuracy was

coxrected using itself as thé correction data and as expected

a perfectly flat liné resulted, A Second"DﬁL of 0.9% apcﬁracy

' » . » . 'Y



was measured in a shorter time butunder otherwise identical
condltlons. Of the 201 channels lﬁ the area to be corrected,
there were 85 channels outside the one standard deviation

range N, * 0; , 18 of which had individ?al deviations from
linearity of greater than 2%. This DNL curve was then
smoorhed using the first DIL curve as the correction data.
The correcfed spectrum had 65 channels outside the range

ﬁ; A .a For perfectly linear data, 33% of the 201 channel;
or 67 channels would be outside thie range. Only 4 channels

had individual nonlinearities of greater than 2%. The

_ average pereentage deviation from linearity for‘QRI channels

before and after correction was, 1.2% and 0.7% respectively.
The calculated standard deviation of the corrected data was
103 which compares well with’ Vﬁz = 107. The 0.7% fiqure is
better than the 0.9% statistical accuracy of the data and as
noted by Turnexr (TU70) the ultimate accuracy is determined by
the statistics»of the DNL measursment.

* A further. test of rhis method, in particular the
correction for integral nonlinearity or the éroPer time
positiéns of the chennels, invoivad the measurement of the

81

lifetime of the 482 keV level of Ta as described in -

chapter 6. Figure 6.5 is a plot of the d&layed coincidence
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)

+

time spectrum after the DNL correction. The extension
of the data to over 12 half-lives in a true exponential
decay as indicated by a least squares fit is a good test
of the power of this method. Any significant integral
nonlinearity would not permit the data to be properly v
fitted to an exponential model. .

Different DNL measurements performed 10 days apart
showed no significant éifferences indicating the stability

of the DNL curve of the system.

4, Chance Fvents In Delayed Coincidence I'xperiments

A, Introduction

DPAC delayed coincidence experimeﬁts measure the
time interval distribution of correlated start—stop‘eventé.
ein addition, there is a contribution to this correlateé
distribution from uncorrelated start-stop events £hat produce
the chance .or background distributionl* This background has
generall& bzen considered to be of‘tﬁz form exp (rkbt) where
Ab is tﬁe probability of a ghépcéiéoihciaence per unit tiTe.
A point which hgs'not been recognized is that the corielated
and chance distribu;ians are not independent but thap they
interact to produce apparent discontinuitjég in the back-
grpuﬁd.- The béckground level is suppressed in the region

’/ . ’ J(‘;.
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. corresponding to time intervals longer thé those assoc-
iated with the correlated‘events. Such an gffect has been
neted by Matoba et al. (MA71) for fission prqduct recoil
“time spectra. They, hewever, attributed thiS\Ehenomenon

to a phy81ca1 situation peculiar to their type\gf experiments.
Slnce thls effect appears to varying degrees in A@l time-
interval measurements using a TAC, it was investigeted more
“fully. What follows is a description of the experi&ental
arrangement and data analysis techniques used in thie

~

investigation (LO72). o . .

B. Experimental‘arrangements and results,

-

In order to investigate the effect under controlled
conditions, "two éxperimental arrangements were used, A block

dlagram of the first arrangement is shown in figqure 4.4.
. »

The output of a&dlgltal clock was fanned out into two branches:

e

the first provided the sfart timing marker and the second was

coupled to a Variable length register. The output of the
register was delayed and reshaped to provide the correlated
stop output. In this Way the: fractlon of start eventq prod-

ucing correlagnd events could be varied as‘(f) , where L is

' ’ -

the length of the register. The correlated output was then

‘mixed with the output of a random noise generator, this being

¥ *

.4"-"-



Figure 4.4

<

Block Diagram of the Electronics h

S~

used to vary the fraction of start events producing correlated

stop events.
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«

a photomultiplier tube - NaIl assembly deﬁepting events

’

from a radioactive source. These mixed signals pfovided
nthe stop timing markers for the time-to-amplitude converter.
The output of the TAC was connected to the ADC of a multi-
channel analyzer which recorded the'time—interval distributions
generated for various stop-start fractions of correlated events.
The distributions obtained were corrected for system non-
lineafities and are shown in figure 4.5. As can be seen from
the figure, there is a discontinuity in the uncorrelated time-
interval distribution occurring at the position of the peak
corresponding to the correlated events. The magnitude of the
discontinuity is dependent on the fraction of correlated stop-
start events. <

The second experimental drrangement which provides
a‘better §imulation of time-interval distribution measurements
is shown in figure 4.6. In this instanhce, correlated stop-
start events were obtained by conventional crossover timing

22

N -
of 511-511 keV pair events produced by a “"“Na source.

4

Uncorrelated stop events were obtained from a second, independent

181Ta). Crossover timing, with no energy selection

source (
(in contrast to the leading-edge timing of the DPAC experiments),
was chosen to produce a relatively wide distribution of corre-

lated events. The distribution obtained is shown in figure 4.7.

N



Figure 4.5
TAC Time-~Interval Distributions for Various
Correlated Stop-Start Fractions

-
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Figure 4.6

Block Diagram of the Electronics

_used to produce a typical TAC time-interval distribution
involving a high rate of uncorrelated stop events.

€,
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Figure 4.7

TAC Time~Interval Distribution

obtained with the arrangement shown in figure 4.7,

bl
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Again, there is a discontinﬁity in the uncorreclated time-
interval distribution occurring about the prompt peal and,.

as will be demonstrated, the magnitude of this discontinuity
varies with the fraction of correlatcd stop-start events.

In this case, as ih\most experiments, this stop-start

fraction is unknown. However, a sirple procedure can bhe
followed to ohtain this fraction and by means of an' iteration
method, all uncorrelated stop-start events can be rémoved
from thé time~interval disﬁ;ihupion, For compérison purposes,
a distribution containing only tﬁe proﬁpt peak was recorded

by removal of the noise source.

C. Method of anaiysis

In the case where there are only uncorrelated start-

stop events, the time-interval distribution is given by

(FV72)
_ -Rt _ -Rt
dNu(t) = NSR e 4= N e at (4.11)
where ‘
‘Ns = start counting rate,
R = stop counting rate.

If a delta function distribution produced by correlated

start-stop events is present in the spectrum, the above

N

distribution is modified to

N, (t) = N &Rt 4 p ,

T
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whefe P is the probability that a cofrelated start-stop
event has ggg»been‘dgté§ted. This is because the TAC
.can only reSpand fo one_stop event per start event. The
.disf}ibution in figure 4.5 can then be described by

A

=Rt

Nl(t) = Ni e . t f tp ’ ) (4.;2)
-Rt -Rt
N2(t) f N2 e =‘(1 - F) Nl e » > tp ’ ‘ (4.13)
where
‘ tp = prompt peak position
F = the probability that a correlated start-stop event

has been detected.

The discontinuipy parameter given by

AY

. Ny - N ) '
A= 22, (4.14)
Nl . ,
is shown'plotted against the variable F in figure 4.8. The
P . > 4
postulate that F=A, as derived from eguations 4.12 and 4,13,
: N A ,
leads to a reduced xz of 0.83 and can be assigned a confidence

limit of 93%:

Complications arise in practice however, because the

correlated events are themselves distributed in time (figure 4.7).

r

. &
The interaction of the correlated and uncorrelated distributions

produces an observed distribution that is not simply a linear
superposition of independent distributions.-

i A .
Yy

8
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Figure 4.8
/ -~
Plot of Experimental Against Theoretical

Background Discontinuity Parameters

as derived from equations 4,13 and 4.14,

=1
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&

'Let C(t) be the correlated time-interval distribu-
tion, U(t) be the‘uncorrelated time—inéerval distribution
and N_ be the start rate. The; for a time-interval 0 to t,
the probability that a correlated time interval or prompt

event has been detected is

t

Fee) = SEDAE! ' (4.15)
© s

Similarly, the probability that an uncorrelated time interval

or background event has been detected is

t ! 1
G(t) = f [—’—LP-N—)QE— , _ . (4.16)
A} o S

Since C(t) is we%ghted by the probability that a background
event has not beén detected and U(t) is weighted by the
probability that a prompt event has not been detecteq/;fhe
resultant obéefved distribution is givenfby *

-

N(t) = c(t) [1-c(t) ] +u) [i-Fee) ] . (4.17)

L

By using egquations 4.15 and 4.16 and noting that

U(t) = N_R e Rt ,

leads to



c(t')dat’

c(t) = n{t)elt - mu 1-c¢

. (4.18)

c(t')dt’

Ot Ot

b -

This shows that in order to determine the correlated
distribution, it is necessary to subtract from the
observed distrihution the contribution from uncorrelated
events; but to determine the latter, it is necessary to have
a priori knowledge of the correlated distribution.

A suitable approach to follow is to use an iterative

method hased on the eguation

Cj(t )dt

(4.19)

_ Rt '
Cj+l(t) = N(;)e -~ RN_|1 - ¢

Cj(t')dt‘

O%— g O,

-

A ]

The parameters R, N_ and ¢ were determined by assuming the
background sufficiently away from the neighbourhood of the

prompt peak to be of the form N, e Rt

. where i = 1,2
corresponds to the regions before and after the prompt‘

distribution respectively (figure 4.9). In particular

I'd
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Figure 4.10 compares the iterative prompt peak, as

derived hy equation 4.19,with. the prompt peak obtained

when the source of uncorrelated stop events was removed.

These are normalized to eaual areas., This method converges
very rapidly as the scuared differences of consecutive
iterations summed over the entire distribution decreased

7 4 on the fifth iteration.

from 10’ on the first iteration to 10~
In\fhis’instance, the first iteration guess was a Gaussian
centered at the prompt peak. However, calculations have
shown that the first iteration gﬁess has practically no
effect on the final iterative prompt peak.

This method was also applied to‘theoretically generated
data based on equation 4.19. The correiated distribution
was taken as a Gaussian with FWHM of 14.1 channels and area
of 5000 counts. The uncorrelated distribution without the
inkeraction was given by 500 e—t/SOO’ Statistics were
included by sampling from a Poisson distribution. A goodness
of fit parameter as defined by
(c; - p)?

1l Di

2 _ 1
X = §3

N1

. (4.20)
i



Figure 4.9

Regions of TAC Background Fvents

fitted to Nie-Rt,
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Figure 4.10
Comparison of The Calculated and

Experimental Prompt Curves .
| 1
The iterative prompt curve (x's) was obtained from fiqure 4.7
using-equation 4.19 and the experimental proﬁpt (dots) was
obtained when the source of uncorrelated stops was removed.
These curves are normalized to equal area from channels Slj to 557.
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where /
C; = iterative promét,
Pi = input prompt,
Di = theoretically generated data,

N = 100 = number of data points, )

was calculated to be 1.08 which demonstrates a very’good
fit within the statistical variation of the data.

In summary, the relation between the uncorrelated
time-interval distribution or background U(t) and the
correlated‘time-interval distribution or prompt peak C(t)

is
‘ t
c(t) = N(t) -~ u(t) (1 ~F [crenae) (4.21)
) e

where N(t) is the measured distribution and'F is an experiment-
ally determined parameter related to the efficiency of the

stop event detector. Under most experimentalnarréngeménts,

as in the present DPAC studies, the value of F is low enough

to allow tﬁe use of the conventional background subtractiﬁn
method without the ‘loss of significant accuracy. The inter-
action of the correlated and uhéorrelated time-interval-
-distributions as shown in equatioﬁ 4,21 does however become

~ important in measurements in which it is necessary to run under
high counting rate conditions in order to acquire adequate

data statistics.



CHAPTER &
The Sources

181

l. The Choice of Ta in PAC Fxperiments .

The nucleus 181Ta has often been chosen as the
»

probe nucleus in the measurement of electric field gradients

3

(CFG). It is the product of the 8~ decay of *8lme (Lre6s)
(figure 5.1) and the 133—485 keV y-ray cascade of 181Ta
is particularly suited for PAC experiments for several reasons.
What follows is an ouflineﬂof these reasons and a discussion
of some sf the source 'related problems that could a;ise in
PAC studies.
(i) The strength of the FFG-electric quadrupole inter-

. '
action is directly proportional to the nuclear guadrupole

moment. The nucleus 181

Ta, which is in a region of strongly
distorted nuclei, has a relatively large guadrupole moment of
2.51 # 0.15 barns for the 482 keV level (NL73).

(1)  The 10.8ns half-life of the 482 keV intermediate

level is sufficiently long to enable the perturbing mechanisms
to affect the angular correlation to a degree that is experi-
mentally measurable. quthermoré, nanosecond timing techniques
can be used to measure the perturbation as a function of time

i.e. differential measurements or DPAC.

(iii). It is known that a radioactive decay may cause

79



Figure 5.1 g

Level Scheme of 181Ta
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severe disturbances to the atomic electron configuration

of the decayiné ?ucleus. Such after-effects produce time
varying FFG's which may perturb the anqgular correlation

of successive y-rays and make the perturbations due to other
external causes such as crystél lattice TFG's difficult or
impossible to measure. This problem, however, is not present
with PAC measurements in this case. After the B~ decay of
lale, the daughter nucleus is predominantly in the 615 keV
excited state (93% branching) which has a half-life of 17.6us.
As the électronic rearrangement of atomic levels is relatively
fast, < 10“95 even in insulators (TH71), such electronic
after-effects of the B_’decay do not perturb the angular
correlation. ‘

~

A further pqssible disturbing influence of the 8 decay

is the recoil of the atom into an environment with an LFG

different from that of a regular lattice site. However, the
rgcoil energy of 1.6 eV calculated from the endpoint 8~ d
energy of 408 keV is small in comparison to the § 25 eV
that is required to displace an atom from a stable site in
a well-bound solid (SE56).

(iy) The value of the Az coefficient Qf the unperturbed
angular correlation function for the 133-482 keV cascade is

large : A, = ~0.290 (AV71). This facilitates the measurement

of the perturbation function Az Gz(t).
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181Hf has a half-life of 42.5 days.

(v) The B~ decay of
The collection of data on the same source can then be

extended to several weeks without the necessity of re-
irradiation. The slowly varying activity of the source
reduces the proplems of count rate changes such as photo-
multiplier tube gain shifts (chapter 3). Chemical precparation
or anncealing of samples can be performed after irradiation
without a significant loss of source activity.

(vi) ls;uf, the parent of lngé, is the only long-~lived
isotope of significant abundance produced by neutron capture
in natural hafniuﬁ. It is the most abundant isotope of
hafnium, 35%,and has a capture cross section of 12.2 barns.
Thus, irradiation times are only a few hours (for the
McMaster Nuclear Reactor) and background activity due to
other isotopes is negligible. Figure 5.2 is a y-ray spectr?m
of a source obtained with a Ge(Li) counter in which the main

peaks are identified. Those peaks marked with an asterisk

175

are from the 70 day Hf isotope. This spectrum was

recorded 9 months after source irradiation and consequently

r
175 181Hf had increased

the Hf activity relative to that of
by a factor of about 6 from the time of irradiation.
(vii) Interference effects in the angular correlation

measurements due to y-rays that are unresolved by the Nal
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detectors are neéligiﬁle. Specifically,.the relative
intensities of the possible interfering y-rays (figure 5.2)
in the 133-482 eV coincidence are (AV71)

1(482) _ ., L(133) _ o I(133) _ o
T(476) T(137) T(136)

&he 136 keV y-ray is emitted after the 482 keV y-ray and

thus only procduces chance background. The 137 keV y-ray

feeds the 482 keV level to produce coincidences with the 482
keV y-ray but in only & 2% of the total numher of coincidences.
In any case, such coincidences result in the same form of
angular correlation function as the 133-482 keV cascade

(with altered A, coefficients) and do not interfere with the

k
determination of the critical DPAC parameters.

-

2. Source Preparation and X-Ray Analysis

=

The chemical preparation of the sourfgs is a critical
procedure as the DPAC data depends directly on the chemical
environment of the 181Ta atom. Iq the present work, powder
X-ray photogfaphs of inactive samples were taken to)ensure
that the preparations yielded the required compounds. For
K4HEF., an additional X-ray diffractometer measurement was
performed. The active samples were then prepared'using the
identical rmethods. The follo&ing descriptions contain
several referghces to isomorphous zirconium compounds.

f
i
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Figqure 5.2

Ge (Li) y-Ray Spectrum of a 181Hf Source



clo—%L18
=== 1 O
=
3=
F
. B =
28t 9/_,{7=—1
¥ €Y —= '®)
410
g. <
ob¢
¥0¢¢ o
10
: QV]
,¢1'9¢]
¢el
sApa - —é |
X =
1 I L
0 < 0 N —©
o O o O O

SJ.Nﬂ(zO

84

ENERGY (keV)



85

This was a conseauence of the large amount of published

data available on zirconiur as cormpared to that of hafnium.

A. The Heptafluorates

The preparation of the heptafluorates was carried
out according to the procedure suggested by Paker (BA79)
for the isomarphous zirconium compounds. Crystals of
(NH4)3HFF7 and K3HfF7 were grown by first dissolving 200mg
of hafnium fluoride in 4m% of hot water and 0.2 mf of
hydrof&uorigﬁacid. A 30% ;plution containing a large excess
of ammoniur fiuoride or potassium fluoride was added to this.
The resultant cloudy solution was cleared by the addition of
1 m2 of water and 0.2 mf of hydrofluoric acid. The crystals
formed slowly from this solution while it was cooled over-
night. After filtering and drying, the crystals were sealed
in 5 mm diameter glass vials. These vials fitted into the
narrow extension at the bottom of the liquid helium cryostat.

Table 5.1 compares the d-spacings obtained from the
4)3HfF7
with those of the isomorphous zirconium compound obtained

X-ray powder photographs of an inactive sample of (NH

from the ASTM powder X-ray file index (AS€9, card no. 7-24).
The errors have been estimated from the calibrated ®emplate
used to measure directly the d-spacings from the powder

photograph. The measured spacings are in good agreement



TABLIT 5.1

X-Ray Analysis of (1*1144)3}«1&‘.7

o
d-spacing (A)

Fxperimental ) (NH4)BZrF7fu
5.4 ¢+ 0.1 5.44
4.7 ‘ 4.71
3.30 £°0.05 @ 3,33
2.82%0,02 2.84
2.62 - -
2.57 . -
2.34 2.36
2.15 _ ! 2.16
2.10 2.11
1.91% 0,01 " 1.92
1.80 ¢ 1.81
1.66 1.67
1.58 ' 1.59
1.56 1.57
1.48 1.49
1.43 ) 1.44°
1.41 1.42
1.35 ) - 1.36

T ASTM X-Ray Powder File No. 7-24

7

—_



87

with those of the zirconium compound which is expected to
be slightly expanded from the isomorphous hafnium compound.
Two .wecak lines on the photograph at 2.62 R and 2.57 R

remained unidentified.

Initial preparations of R3HfF7 did not produce clean
samples as noted by the large number of lines in the X-ray
photograph, possibkly due to’the formation of other fluorides
such as KZ”fFG' );his problem was overcome by using a much
laréer excess of/potassium fluoride, 200%, in the preparation
as compared to 100% excess of ammonium fluoride in the
(NH4)3HfF7 preparation. Figure 5.3 shows the X-ray analysis
of the sample and table 5.2 lists the results inpcomparison
with the isomorphous zirconium compound (AS69, card no. 10-372).
The X-ray radiation was.that of the copper Ku line (A = 1.541782)
and the d-spacings were calculated from ﬁhe measured 20
diffraction angles by the Bragg formula'

0.77089

sin 28
)

4.=

The identification of all the major lines in the spectrum

attests to the authenticity of the sample.

B. . Hafnium Acetylacetonate

wa‘megpods of sample preparation werefused. In the

.t.

first, a sample was prepared by irradiating commercial Iif(acac)4

¥ Obtained from KEK Laboratories; Inc., Plainsview, N.Y.



Figure 5.3
Powder X-Ray Diffractometer Spectrum

of K3HfF7

>
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TABLE 5.2
. X-Ray Analysis of K3HfF7
Spacing
20 Scattering Angle (deg) a) a(a)
calculated K3ZrF7+

17.10 * 0.05 5,185 + 0.015 5.190
19.75 ' 4,495 + 0.012 4.495
28.05 3.181 * 0.006 3.177
33.05 2.710 *+ 0.004 2.710
40.10 2.249 2.247
43.9 % 0.1 2.062 2.062
45.1 2.010 2.009
49.7 1.834 1.835
53.0 1.728 1.729
58.1 & 0.2 1.588 1.589
61.1 1.517 1.519
62.1 1.495 1.498
65.8 1.419 1.421

;

ASTM X-Ray Powder File No. 10-372

89
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for 2h in the Mclaster Reactor at a thermal flux of
2.6 x lolznicng. The flux was recorded in order to compare
with previous DPAC studies of possibhle irradiation éffects
on this compound (BE69). This source was vacuum sealed in
a 2rmm Adiameter glass vial.

A second sample was prepared by incorporating radio-
hafnium in the complex by synthesis of the acetylacetonate

from HfOCL., according to the procedure of Larsen et al. (LA53).

2
A 25% excess of the theoretical amount of acetylacetone was
added to a cold 0.1 M solution of HfOCQ.2 keeping the pH at
1.5 by the addition of a dilute sodium carbonate solution.
Crystals of‘Hf(acac)4 formed slowly from the cooled solution
over a period of'l 1/2 days. The crystals were then washed
and filtered and vacuum sealed in a 2mm diameter glass vial.
A comparison of the .X-ray photographs showed that the
diffractioﬁ-patterns for the commercial and synthetic samples
were identical in all respects except line width. The
commercial sample exhibited greater line broadening than did
the one.synthesized from the oxychloride. The d-spacings
for 15 lines were determined and were all essentially in
agreément with those calculated for the monoclinic stgucture

of the isomorphous Zr(acac)4 cohpound with lattice parameters

as given ‘hy Silverton and Hoard (SI63). The results are
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oA

shown in Tahle 5.3. The calculated values were ohtained

from the latticec paramcters

o o i ., 9 ) '
a = 19.86 A b = 8.38 A c 5 14.14 A £ = 1027 50 and

1

the monoclinic d-spacing formula (AZ58)

2 2 2
d a c b
sin2 £

In some instances, more than one set of h k £ values resulted

in similar d-spacings as indicated in Table 5.3. The calculated
values are systematically larger than the experimental values

as would be expected for the glightly expanded Zr(acac)4
compound. It can be concluded from these X-ray results that.

an authentic sample of Hf(acac)4 was synthesized.



d-spacing (X)

TABLE 5.3

X-Ray Analysis of nf(acac)4

92

Fxperimental Calculated Plane
Hf(acac)4 Zr(acac)4‘ h k &
9.6 + 0,3 9.68 200
7.7 ¢ 7.69 110
7.0 + 0. 6.89 002
6.3 6.34, 6.32 210, 202
5.3 5,32 012
5.1 5.11 202
4.85%0.05 4.92 112
3.95 3.98 121
3,75 3.80 113, 221, 312
3.55 3.58, 3.51 022, 320
3,45 3.45, 3.49 122, 222
t2.65 % 0.02 2.64 323
2.32 2.34 133
t2.24 2.26 233.
2.11 2.13 534

.i.

Wide lines, possibly unresolved doublets.



CHAPTER 6

Data Analysis

1. The Fitting Procedure

The daily time spectra corresponding to the two
emission angles were summed and normalized (sections 6.2,
6.3) and corrected for the contribution from random events
to yield the true time spectra N(m,t) and N(%,t). A
typical daily run is shown in figure 6.1. The perturbation

function was then calculated from these spectra according to

N(w,t) - N(T/2,t) (6.%)

ByGy(t) = 2 JirEy + 2n(i/7,.€)

which is derived from eguation 2.3. A plot of this function
for nf(acac)z is shown in figure 6.2.

The demominator of equation 6.1 should yield the
lifetime of the 482 KeV intermediate level providing that the
randoms have been subtracted correctly. This served as a
check for correct background subtraction and lead to a precise
re-evaluation of the 482 keV level lifetime (section 6.5).
fﬁe interaction of the correlated and chance time interval
distributions as discussed in chapter 4 was not seen in any of
tﬁe data because of the low rate of cggnce events wﬁich.
accounts for approximately 5% of the count rate at the maximum

in the spectra.

93



Figure 6.1

Examples of the DPAC Data

obtained from the synthetic sample of Hf(acac)4 in a one day run.
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Fiquré 6.2 - .

A2G2(t) for Hf(acac)Q

Curve A was obtained for fhe synthesized sample and
curve B for the commercially prepared sample.

- - ¥
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The background was calculated in the area of the spectrum
beyond the correlated distribution and it was assumed *to

be constant throughout the spectrum. For a typical stop
count rate of 20000/s, the fractional decrecase in the back-

ground over a 100 ns time range is only 2x1073. It was

found that the fiél&ng of the background to exponential or
linear functions did not alter the values of the derived
DPAC quantities.

All the DPAC parameters were éetermined by a least
squares fit to the perturbation functién calculated in
equation 6.1. The fitting took into éonsideration the
distribution of I'FG's and the finite time resolution of the
system. A typical computer fitting run was initiated by
calculation‘of the Fourier power spectrum of the perturbation
function in order to determine a starting value of the
fundamental frequency wy for the least sqguares fit. This

spectrum was calculated by numerical integration of the

equation

Pw) = |

0 13

A,G, (t)exp (iwt)dt K (6.2)

where T is the time span over which statistically significant
data had been obtained, generally 30 to 50 ns. Figure 6.3

shows the power 'spectra of the perturbatiyn functions shown

-



Figure 6.3

Fourier Power Spectra for Hf(acac)4

of the perturbation functions shown in figure 6.2.
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in figure 6.2, The power spectra method has been used.
diregtly for the determination of DPAC parameters

(e.g. GA69a) but in the present case it was predominantly
used in a qualitative apalysis of the data and as a starting
point fof the least squares fit.

- As an example of the fitting procedure, consider
fitting data to a static EFG with a Gaussian frequency
distribution as given by equation 2,15. Having determined
a starting value for the fundaméntal freqﬁency Wy the
asymmetry parameter n was randomly chosen and tHe rémaining
freauenciéé w

and Wy and the amplitude coefficients a were

2 2n
calculated from eqyatlons 2. 12 and 2.13. The d.c. coefficient
2,4 was left as a free parameter for reasons given in the

next section. A value for the EFG frequericy spread § was

assumed and the perturbation function of equation 2.15 was

then compleéely specified. Before comparison with the data,
this function was numerically convelved (equation 4.1) with
the time response curve of the éysteﬁ as determined in
section 3.7. This method did—not then .require an assumption
of the shgge of the fesponée curve. Fipally,'a variable
delay garaﬁeter was+sused to shift the data in time sinig éhe

t=o p031tlon did not necessarlly fall exactly on the first

channel position of the data under analysis. This convolved

7
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and shifted spectrum Xi was compared to the N data points
of variance oz and’ a goodness of fit parameter, the
reduced xz, was calculated,

2

(6.3)

Here, v is tﬁe n er of free parameters which in this case
is 5 : Ayyr M Wy, @ d.c. term and a delay parameter. The
fitting‘program varied these parameters and repeated the
above procedure in order to minimize xz. The program used
a powerful iterative method with-rapid convergence which is
based upon a technique developed by Davidon (DAS59) and later
simplified and improved by Fletcher and Powell (FL63). The
details and interpretation of the method including a firm
theofétical basis are given in these references.

Because the nonlinearities of the TAC-ADC system as
measured by the DNL curve were found to be'relatively small,

< 2%, correction bf the data in a few test cases did not

significantly alter the derived DPAC parameters. As a result,

-

the correction of the data via the DNL curve was not performed

except in the case of the precise lifetime measurement

(section 6.5).
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2. Time Zero Shifts

The data analysis required the addition of sevéral
time spectra from each of the daily runs. These spectra in
general had different t=o positions and thus had to be
aligned properly before summation. IMis-~alignment would
produce a distorted picture of the perturbation function.

The causes of the different time zero points originated in
two areas: zero shifts in the daily spectra all of which were
acquired with the same start~stop detector combination and
shifts in the spectra acaouired with different start detectors.
The former shifts have been well studied hy Wagner et al.
'(WA69) and are due primarily to perturbations of tﬁe photo-
multiplier tube by mggnetic figlds and influen?es to the
detector electronics and associated timing discriminators by
temperature chénqes. The temperature effects were minimized
by pérforming all experimehts in an air-conditioned room and
using a forced-air cooling cabinet for the electronics.

The maénetic field perturbations were checked by measuring
thg proﬁpt time response curve of the system‘with and without
mu-metal magnetic shields covering the photomultiplier tubes
and for various orientations of the tubes with respect to the
earth's magnetic field. MNo shifts in the prompt curve were

-

observed.
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The lagter shifts (in spectra acquired with
different start detectors) were minimized by aligning in
time the prompt curves accuired with the two detector
comhinations by the insertion of appropriate cable delays
in the start side of the TAC. These precautions reduced
the overall shifts to less than 0.5 ns. The problem of
these remaining shifts was treated as follows.

The region of the measured time spectrum near time
zero is a convolution of the lifetime curve of the inter-
mediate level and the time response function (= Gaussian)
of the system. For the case of a lifetime that is long
compared to the response width (% = 11 for thg present data),
the lifetime curve may be approximated by a step function

t
of height N_ &t time t=o. The measured spectrum is then

o0
M(t) = 1 s N exp (--(t-t')2 dt!
Y2 10 o 2 2
o
Nc t |
= 5 (L +erf —— ) (6.4}
Y20
The maximum value of M(t) is M(x) = NO and the value at t=o0
N &
is M(o) = 59 .. Thus, the time zero point occurs at one-

half of ﬁhe peak height of the leading edge of the time

spectrum, This point was found for each daily spectrum,all
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of which were then shifted to a common time zero point
before summation. The computer shifting program used
linear interpolation of the data between channels as the
shiftskwere generally only fractions of a channel in
magﬂiﬁude.

A check of the method was performed by calculating
the shifts necessary to m@nimize the residual .

2
(Xi“Yi)

f ————— for any two normalized spectra X and Y of the same
1 +

Xi Yi
angle. It was found that these shifts were in excellent

agreement with those determined by the half-height method.

3. Normalization of the Coincidence Spectra

The calculation of the perturbation function by
a2 %
equation 6.1 assumes a proper relative normalization of the

L4

m and "]2 coincidence épectra. If for some reasons such as
unequal source-detector distances, unequal detector efficiencies
or different energy windows {in the y energy selection by the
SCA's), the spectra are not normalized, then the calculated

o

function becomes

% 1-M+A,G, (t) (1+M/2)

cl(t) =2 T+2M+A,G, (€) (1-M) (6.5)

where M is the normalization factor of the original N' (7/2,t)

data i.e.

L

N(T/2,t) = M N'"(T/2,t) (6.6)
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This méans that due to experimental conditions the probab-
ility of a coincidence at 90° has been increased or decreased
éy a factor M relative to a coincidence at 180°. Note that
C(t) + A,G,(t) as M + 1. Now, in the denominator of C(t),
1+ 2M >> |A2G2(t) (1-M) | since A,G,(t) < 1 and M = 1 for

properly arranged experiments. Therefore equation 6.5 becomes

o 1-M M+2 A
Clt) =2 335 * 301

26, (£) (6.7)

This shows sthat for an incorrect normalization, the form of
the function C(t) from which the experimental parameters

are obtained is the same as A,G,(t) while only the amplitude,
%%%l,'and the d.c. level, 2 %%%M' are changed.

Equation 6.7 was tested by performing least squares
fits to DPAC data in which the normalization factor M was
altered from fit to fit., A-d.c. parameter aﬁd A2 were
allowed to vary freely. It was found that these fits yielded'
identical values for the asymmetry par8meter n, the fundamental
ffequency wy and the frequency distribution width 6,where§s .
the d.c. and A2 parameters varied with M. Table 6.1 list; '
the results along with the values predicted By equation 6.7.
The agreement is good even for M as large ,as 1.5. The

v

amplitude variations of A, are rather insensitive
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TABLE 6.1
The Lffects of Spectra Normalization
oy
Fitted Values Predicted Values
A, T 1-M M+2
M d.c. —2 2 Tvom M1
level A,
0.90 0.070 1.037 0.071 1.036
0.95 0.030 ©1.019 0.034 1.017
0.98 0.009 1.007 0.014 1.007
1000 —0'0,_04 1-0 ‘ 0.0 l.o
1.02 -0.019 0.9922 , -0.013 0.9934
1.05 -0.037 0.9824 ’ . =0.d32 0.9839
1.10 ~0.067 0.9641 - ) -0.063 0.9688
1.50 -0.254 0,8343 3 -0.250 0.8750

T’Aé:A at M = 1.00

%
RS
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to M and would generally be hidden by experimental
uncertainty while the d.c. shifts in C(t) are comparable
to the changes in the asg term of Gz(t). For example, a
2% change in M from unity results in a d.c. shift of 0.013
which spans about 20% of the entire range of a5 since, as
n changes from 0 to 1, 250 changes from 0.200 ts 0.258 (BE69).
Since equation 6.7 properly predicts the effect of
spectra normalization on the calculation of A2G2(t), a d.c.
parameter was included in the least squares fitting of the
DPAC data. The normalization factors in the present work
were calculated by comparing the background levels in the
m and T/2 spectra. These levels did -nét differ by more

than 3% for any sample.
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4. The Effect of EFG Distributions .on the Calculation

of DPAC Parameters.

The effect of an EFG distribution on the meagured
perturbation function is usually taken into account by
allowing for a distribution of interaction frequencies
(chapter 2) and if this distribution is assumed to be
Gaussian, the perturbation function takes the form given

in equation 2.15

- _ 2
G (E) = a, + Lay, exp [-(8 w t)*/2] cos w t (2.15)

It is a common practice in the data analysis to assume that
the individual frequencies w, have an identical distribution
width i.e. §;=8,=8,=6. However, the w, are strongly
correl&ted as shown in equation 2.13 and cannot be varied
independently. This problem was pointed out by Forker (F073)

who, instead of varying the W, v assumed Gaussian distributions

and V s

in the EFG components V 77

XX’ VYY

- 1 - _u©® 12/5,2
P (Vyy) - exp [ = (Vyy-Vyy) 2Axx] (6.8)
XX

and similar expressions for P(VYY) and P(VZZ).
Starting from a certain asymmetry parameter n° for the
"perfect"” crystal, together with the Laplace equation

Vxx + vYY + VZZ = (), the corresponding GK(t) were calculated

-

-

Q
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by integrating over all possible Vii's :

Y

GKZt; = ffGK(Vxx,V ) p(VXX)P(VYY)dVXXd .9)

Yy VYY

These spectra were then least-squares fitted to equation 2.15

in order to determine the quantities w . 6 and n. Forker

found that the derived n's differed considerably from the
n® values with which the model calculations were started,
especially for n° close to 0 or 1. As Forker explained,
this is éxpected since n is restricted to the range 0 £ n £ 1
and a distribution in n can never have an average of exactly
0 or 1. Thus, the most reliable data for the asymmetry
parameter c%lculation are obtained when the distortions of
the EFG by crystal lattice imperfections are small.
Concerning these two model calculations where either
the w, or the EFG components are varied to account for a non-
unique EFG at the site of the perturbed nucleus, the following
should be noted (2Z2M73). |
The assumption in the first model that the spread
Gn in the interaction frequencies w,  are identical is |
equivalent to allowing for a distribution in the quadrupole

interaction frequency w. only. This can be seen by assuming

Q

a Gaussian distribution in wQ with a width A = GwQ.
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This gives

= —(w.- w9)2/222
T8 = ay, + Layy Sexp[ (wy= wg) /22" cos (u t)du,  (6.10)
Now from equétion 2.13, w, = dQ'times a function of n,
s0O
- - 2 )
Gy i) = ay, + I a  exp[- (8w t)“/2]cos w t (6.11)

which identical to equation 2.15 with 6l= 62= 63= §.

‘The second model assumes a distribution in the EFG
components. Tbe dgviation of the fitted n's from n® in this
model as found. by Forker can be calculated directly from the

distribution of EFG's by

N = LI VyyVyy) P(Vyy) P(Vyy) @V v (6.12)

This integral was calculated numerically using the same n®
and AZé/VZZ values as Forker. Figure 6,4 shows the results
which reproduce the least squares fitted values of Forker
to within 20%. The (n® - ®) difference is largest near an
nO of 0 or 1. \

Since for a given fieid distribution, the average

asymmetry parameter is given by 0 and not no, the average

interaction frequencies should also be shifted. Calculation



<
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Figure 6.4

Plot of ; Acainst AZZ/VZZ

for various initial wvalues of no .
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of these shifts from eguation 2,13 reproduced the values
obtained- by Forker.

. -
In conclusiqn; while the first model assumes a

distribution of interaction frequengies which preserves
the asymmetry of the crystal (n remains unchanged), the
second model allows for an independent variation of the
EFG componefits with the only constraint given by the
Laplace equation. .

Which of the two model calculations is closer to
a physical picture of the actual field distribution might

depend on the exact nature of the imperfections e.g. lattice

vacancies, impurities, radiation damage or incomplete crystal-

.lization. If the observed field distribution is caused by

incomplete crystallizarion for instance then the measufed

n which is derived from a fit to equation 2.15, rather thaﬁ

n°, will describe the actual asymmetry parameter of the sample.
On the other hand, impuritiés which Sccupy léttice sites and
do not distort the crystallographic structure will result'in

a spatial distribution that is.cqnsisteqt with n® but a

field distribution with an average n not equal to n°.

The data in thi# thesi's were analyzed according to .

the conventional method by assuming either a Gaussian or

Lorentzian distribution of interaction fregquencies (Tablé 2.1), -
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The significance of reported asymmetry parameters should
be weighted by the above donsiderations. - .

S, Hal¥-Life of the 482 keV Level of 181Ta

The data aﬁalysis via equation 6.1 often fesulted in
a halfiiife of the 482 keV level thaé was lower than the
most recent result (BO7la) although in Agreement within
experimental error. Several previous measurements have been
reported (Table 6.2) but only Bond et al. (BO7la) mention the
significant contribution to the half-life uncertainty froﬁ
the time calibration of the TAC and the nonlinearitiés,of the
measuring systém and as a result they have quoted'a‘larger

error than the previous publications. Since a knowledge of

(3

th# half-life is important for the correct analysis of DPAC

measurements (section 6.1);‘a precise measurement ©of the |
half-life of the 482 kev level by the delayed coinE}aggsg
method was performed (LO73).

The electronic arrangement was similar’ to that
described in chapter 3 for the 2 angle DPAC measurements
but witﬁ only one pair_Bf\detectors in operation and no
rou;ing of the analyzex reqhired. The spectrum was stored

in 512 channels. The time resolution was l.8ns {(FWHM).



Comparison of Half-Life Results
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Half-life (ns) Reference

11.0 £ 0.2 NAG61

11.0 ¢+ 0.1 MAG63a

10.56+ 0.15 ME65

11.0 + 0.35 BO71a

10.81% 0.05 Present work
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The source was produced by irradiating 2mg of
HfI4 for 1 MWh in the McMaster Reactor. HfI4 was chosen
because earlier attempts at a DPAC measurement of this sample
did not produce any observable perturbations. The detectors,
placed at 180°, were kept at a minimum separation (v 5mm)
to attenuate any possible angular perturbations. A shorter
run at 90° was also recorded. f

The effect of system nonlinearity wasvgreatly
reduced by correcting the data with the DNL curve of the
system (section 4.3). This correction along with the accurate
timescale calibration (section 3.5) and the large amount of
data collected, greatly decreased tﬁe largest éources of error
that may have influenced previous l%fetime measurements.

_ Figure 6.5 is a plot of the ‘data corrected by the DNL
curve before and after background subtraction for a 3 day run
with the detectors at 180°. The ca;ibration is 0.504ns/cbannel.
The background was considered constant throughout the spectrum
because of a large (v 300) peak-to-background ratio at the
maximum in the spectrum, |

The presence of possible time dependent perturbations
in the solid;HfI4 which could affect the value of the calculated

half-life was discounted by the consistency of a series of

least squares fits to various separate regions of the data.

b



Figure 6.5
The Decay of the 482 keV Level of 181Ta j a
before dnd after background subtraction. The calibration is
0.504ns/channel.



114

N\

1

|

TINNVHI
08¢ 0o0¢ 062 00¢ o¢l 00!
T T T — T | T T T T T T T Y T T T 201
\ﬁZul
.‘ .
. . . -\ l‘
ﬁ.— [N !)’c-‘no.-" 0.'}0-.0-’0..”0 . e ™ t‘v ;
. .l\ - -]
. 'y l\..o : * .lall-\l‘ * -
o® '
ol" - l‘\- — ¢ o &
k&.}w‘
\'o Sl
~ .
o
=~
o,
i
‘“ﬂx -~y
P
o N

SINNOD



115

Angle dependent static perturbations were also ruled out
by analysis of the one day run with the detectors at 90°
which produced similar results.

The final fit to the corrected 180° data which
extended over three decades gave a half-life of 10.809 2
0.005nswhere the quoted error is due to statistical analysis
alone. Allowing for any possible systematic effects, the
result for the half-life of the 482 keV level of ‘%lra is

10.81 + 0.05ns.



CHAPTER 7

EXPERIMENTAL RESULTS AND DISCUSSION

1. The Heptafluorates
A. Results

L]

(i) (NH4)3HfF7

The calculated perturbation function for (NH4)3HfF7
at liquid nitrogen temperature is shown in figure 7.l1. This
spectrum shows little oscillatory detail and rapid attenuation
to a constant value with increasing time. This is indicative
of a static EFG with a rather wide interaction frequency
distribution. The fitted Gaussian frequency spread of’0.42
(Table 7.1) and the Fourier power spectrum of this function
(figure 7.2) afe‘in agreement. This result is somewhat expected
from the suggested random orientation of the HfF73- ions (HA38)
on account of which the environment of the Hf atom is not
unique. A measurement at liquid helium temperature yielded
identical results witﬁin experimental error thus confirming the
static nature of the EFG at these low temperatures.

Figure 7.3 shows the perturbation function at dry ice
temperature. The static nature of~£he EFG is less apparent

than at liquid nitrogen temperature and indeed, this function

was equally well fitted to a pure static EFG with a very large‘

116 .
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Figure 7.1

A,G,(t) for (NH,),HEF, at -196°C

272 7
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Figure 7.2

Fourier Power Spectrum for (NH4)3HEF

O
7 at -1?6 C

of the perturbation function shown in figure 7.1 .
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v Figure 7.3

- at -78°C

Asz(t) for (NH4)3HfF7
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-

'~ frequency distribution Qidth of 0.64 or with a static FFG
‘modifiéd by‘a time’dependent exponential attenuation factor
of the form of equatton 2.20. The results are gi;en in
Table 7.1. This inability to firmly determine thé exact
nature .of the FFG is common in the,presencé of larqge
frequency distribution widths. 1In both fits, the fundamental

. frequency w, is much smaller than at liquid nitrogen temper-

)

1

: .\
Lo ature. -

Figure 7.4 shows the perturbation function at room
temperature plotéed on a semi-log graph. This spectrum was
best fitted to a single-exponential decai which is indicatiye
of a pure time dependent relaxation process that is caused by

fast environmental fluctuations about the hafnium atom.

5 S

33 Y
(ii) K3HfF7 o
| - . The A,G,(t) spectrum at liquid nitrogen temperature
} .
for K3HfF7 (figure 7.5) .contains more frequency detail than

? \ " the ammonium compound. The data could not-be fitted to a one

. site model under any conditions. Upon introduction of' a second
site for the hafni;m atom as modelled in eqéation Z.ié, a good
-fit shown by the solid line in figure 7.5 resulted. The results
are shéwn.in %able 7.2. _The pOpﬁlation probability of the two

" sites were found to be in the ratio ofvaboutl2 to 1. The EFG

~— ’

characteristics as determined by the fundamental interaction

g ’ frequency and asymmetry parameter were found to be quite

- . k4

PSS L MBI vt s e Wy



Figure 7.4

A2G2(t) for (NH4)3HfF
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Figure 7.5

o
Azcz(t) for K3HfF7 at -196°C
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different for the two sites. The sites are also better
defined than the one site in the ammonium compound in that
they were fitted to Gaussian frequency distribution widths
of 13% and 6% as compared to 40% for (NH4)3an7.
The measurement at room temperature (figure 7.6)
pro?uced completely different results. This spectrum was
fitted to a static one site model multiplied by a small
exponential attenuation factor (Table 7.2) . The site
parameters differed from those of eithef of the two sites
foﬁnd at liquid nitrogen temperature. A repeat of the liquid
nitrogen measurement reproduced the previous results thus con-

firming the stability of the sample throughout the experiments.

A measurement at 0°C produced results that were similar to the

room temperature results within experimental error.

correspond to the wy fundamental frequencies of the sites as

calculated from the least squares fit analysi

B. _Discussion ,

7

181

The change in the environment of the Ta probe nucleus

/,
in (NH4)3HfF7 from a static EFG to a time dependent one.as the

temperature is increased is in direct contrast to the EFG in



Figure 7.6

[}
A2G2(t) for K3HfF7 at 21°C
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Figure 7.7

Fourier Power Spectra for K3HfF7

of the perturbation functions shown in figures 7.5 and 7.6 .



127

(S/avun) AON3ND3YA

0002 009 0021 008 o101 0 0091 0021 008 00%
i
//\\;\». T T T T T
g/.\/\
3 4
-~ » ﬁ.'
¢ 4
| \
Jdel2 =L Jo 96]~= |

@ [ <

SLINN A¥VYLIg

e

cl

¥V A4



128

K3HfF7 which retains its static character un to as high as

. + ;
room temperature. The presence of the NH4 ions obviously

3~
7

The low temperature measurements on the ammonium

plays a large role in the dynamic nature of the HfF ion.
compound are in general agreement with the results of
Gerdau et al. (Gr73) with only the quadrupole interaction

frequency w. being outside the experimental error overlap

0
(Table 7.1). In lidht of the diécussion of the calculation
of DPAC parameters in the/presence of large frequency dis-
tribution widths (section 6.,4), the result for the asymmetry
parameter should be considered as an average value. By using
822 = 0.42 as determined from

Vgg -
the least squares fit , equations 6.8 and 6.12 give n = 0.34

an FFG dis@ribution width of

which is close to the measured value of n = 0.40.

Gerdau et al. (¢E73) saw a smooth transition from a
static’spectrum to pure exponential béhaviour in the perturbation
function above - 50°C. The present resulﬁg show indications of
a time dependent effect §Sjlow as - 78°C., These authors fitted
their data by attributing this time dependence to rotations of
the Hfl’-’.]3
"jumping about" of the seventh fluorine atom around the faces

“ion. .They visualized this as being due to the

of a six fluorine octahedron (figure 7.8). This model éssumed

the crystal structure of (NH4)3HfF to be identical to that of

r

7



Figure 7.8

Possible Structures of the HfF73- Ion -

>

The octahedron + 1 model (A) was used by Gerdau et al. (GE73)
in their analysis of (NH4)3HfF7 while the pentagonal bipyramid

3

(B) was suggested by Hurst and Taylor (HU70).
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(9

4)3A£F6 apart from the additional floating fluorine atom.

The temperature dependence of this effect, considered to be

(NH

an activation-like process, was found to be in agreement
with NMR studies of the fluorine atoms. It should be noted
that this model is ingdisagreement‘with X-ray structure
determination of Hurst and Taylor (HU70) who state that the
ZrF73- ion. in(NH,),HfF, is in the shape of a pentagonal bi-
pyramid (figure 7?7) although slightly distorted.

The present study shows little evidence of a similar.
3=

9

range. The data were fitted to a static FFG even at room

Y

rotation of the HEF ion in K,NfF, over the same temperature

temperature at whlch only a small time dependent attenuatlon

was required. The change from a two site to a one site environ-
L
ment for the Hf atom as the £emperature is increased is in

£ ~

7 by Buslaev et al. (BUT1).

They found a phase transition or structure transformation from.

agreement witl X-ray studies on K4ZrF

- %

a cubic lattice to an orthorhombic modificatien in going from
room to liqqid nitroden temnerature. Thus a one site to two
site model cﬁenge is pdssible over‘Ehis tempefatufe range,
They also saw a similar phase transition in (NH4)37rF7 but a
two site model lS not ev1dent in the DPAC data at liquid

*

nitrogen temperature, It is possible, hqwever,tfor the two

site model to:remain undetected® For example, the two sites

e
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could exhibit closely spaced interaction frequencies which,
becéu;e of the frequency distribution widths, would overlap
and would not be distinguished from a singie broad inter-
action frequency. | |

The obsérved frequency spread of 0.12 at room
temperature in K3HfF7 produces an average asymmetry of n=0.10
from an initial asymmetry of n®=o (figure 6.4). This accounts
for a large fraction of the fitted value of n=0.17. This near
symmétry is thus consistent wilh the DSh symmetry of a pentag-
onal bipyramid which results in n=o bhecauyse of the equality of
the X and Y axes in the pentagonal plane. The higher asymmetry
values ag‘liquid nitrogen temperature suggest a change from
this DSh éymmetry. -

The two’ site .model for K3HfF7 can be compared to the .
NMR study of Tarasov and'Buslaev (TA69) of the molecular motion

+

and confiaguration of ZrFJ?— i? K3ZrF7. They explained the
characteristics of their data by postulating that a decrease in
temperature leads to a rearfangement of the iattice as a result
7?ﬁ ions occupy structurally nonequivalent

positions. They estimated the population probability of the

of which the 2rF

-

two- groups to be_in the ratio of 2 to 1 w@ich is the same ratio

_ as cdlculated from the‘presént DPAC data.
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These authors (TAG?) found that one of the groupings
of ZrF73~ ions was static and one was rotating. The DPAC
data was fitted to two statiq sites, This apparent discrep-
ancy can be understood if one considers the frequency of the
perturbing interactions invol?ed. As noted by Muetterties
(MU65a), any comparison of structural data on nonrigid molecules
must take into account the pertinent timescales of the measur-
ing techniques. Should the timescale of the dynaﬁics of a
given molecule or ion be comparable to or longer than that of
a laboratory observation, then the species under consideration
mgst be considered static for the purposes of the expefiment.

Sharp et al. (SH70a), from NMR studies of fluorime in K, 2rF

3 7!
found that the correlation time governing the Zr-F ion orient-

ation is given by

-14 exp (7700/RT)s

Te = 7.1 x 10

-1

where R is the gas constant (1.98 cal mole * °k™') and T is the

absolute temperature. This gives

T, (300 %k) = 3 x 107%
Thls correlation time is comparable to the entlre time range

"3~
7

should be viewed as almost completely statlc under these

of the DPA{L measurements (= SOns) and. thus the HEF ion
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&
conditions. It is interesting to note that this correlation

time is in rough agreément with the small relaxation para-
meter of 0.03.9ns"1 required to best fit the room temperature

data since

B

1

~|=

= 0.030ns

Mossbauer measurements (GE71) of the FFG at Hf sites
in these heptafluorates have been performed. These give

17 2

(7.2 ¢ 0.3) x 10 V/cm

U

$ .
vZz (in (NH4)3HfF7)

17 V/cmz

i

sz(in K3HfF7) (6.0 £+°0.3) x 10

VZZ can be calculated from the DPAC experiments by using the

w0 values and equation 2.7. This gives (Tables 7.1, 7.2).

(3.1 2

"+

17
Vg, (in (NH,) HEF.) 0.2) x 10" " v/em

HEF.) - (6.4 1

I+

0.4) x 1017 v/em?®  (site 1)

E]

VZZ(ln K3

“

= (10.1 * 0.7) x 107 v/em? (site 2)

In comparing these results, it should be noted that the
Mossbauer measurements are at Hf sites while the DPAC measure-

ments are at Ta sites. This difference is theoretically
/,

accounted for by calculation of the Sternheimer antishielding

“ factors. These factors measure the éhielding (or enhancement)

»~
.

!
!
(-
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\
of the EFG due to the polarization, caused by the lattice

EFG, of the atomic shells of an atom or ion. However, these
factors for Hf and Ta differ by only 10% (FF69) which is

much smallér than the ‘experimental differences (except for
site 1 in K3ani). Similar comparisons of Mossbauer ard DPAC

data on (NH HfF_ (GE69) produce much better agreement.

4)3Fg
Any refined theoretical calculations of the EFG in the hepta-
fluorates will have to consider these discrepancies.

The possible existence of different isomers in high
codrdination compounds is well known. For example, DPAC
measurements on octocoordinated complexes of hafnium (B072) ,
have indicated the necessity of the two site modél for the
probe nucleus. The structure of compounds of éoordination’
number 7 hés been particularly confusing due to the lack of
experimental data and the possibility of several competing
shépes (MU67). Theoretical calculations have generally been
based on 3 forms, one of which is the pentagonal bipyramid.
The energy differences between these shapes in terms of which
is-most stable are quite small. Furthermore, since real
compounds may exist only as distorted versions of these ideai-
ized-structures, the classification of such structures beéomes

somewhat difficﬁlt.

and K,HfF,_~

In summary, the heptafluorates (NH4)3HfF7 3 2
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which possess identical crystal structures (BU71) produce
vastly differént EFG's at the site of the hafnium nucleus
as measured in the DPAC method. In particular, the‘dynamic
nature of the FFG in terms of the HfF73_ ion orientations

in (NH4)3HEF7 is areatly influenced by the presence of

. . +

probable hydrogen bond effects from the reorienting NH4
ions as no comparable dynamﬁc effects are observed in K3HfF7. 4
by
Possibly this dynamic effect is due to the NH4*'1ons alone ®

and not the reorientations of the HfF73” ion. Studies of

these heptafluorates do present unique and difficult problems
but proper analysis of DPAC experiments can play a valuable ¢

complementary role in the understanding of their nature.

2, Hafnium Acetylacetonate

A. Results
The calculated pgrturbation functions for both the
synthetic and commercial samples of Hf (acac)4 are shown in
figére 6.2 (LO75), These erxhibit strongly developed oscill-
ationg, which for the sample synthe;ized after irradiation,
extend over seven cycles. For the commercial sample the

amplitude of the oscillations is significantly smaller but

'l

the frequency is similar.
These data were bést fitted to single site perturbation °
. functions with a Lorentzian distribution of interaction fre-

quencies. The results of the analysis are given in,Tablé 7.3
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and the smooth curves in figure 6.2 are those which result
using these parameters. Both the quadrupole interaction
frequency and the asymmetry parameter are identical for

both samples within the statistical uncertainty. In the
limiting case of n=1, the two lowest frequency components

wy and ws coalesce and this leads to a single component with
the conbined amplitude. The third component (from qquation
and in this limit would be twice the

+ W

2.13) is w, = w

3 1 2
value of the fundamental component. This is in qualitative
agreement with the observed power spectrum of the synthetic
sample (figufe 6.3) in which no fie;d gradient distribution
was indicated. The third component does not appear in the
power spectrum of the commercial sample to which a bhest fit
required a 7% spread in frequencies.
B. Discussion

‘. -
The results indicate that both gsamples are character-

ized by the same é&erage field gradient ten§ér, within
experimental error. The only real diffe;encé iszthat éﬁe
commercial sample exhibits a wider distribution in precession
freqguencies, Which is consistent with the indicaéion of poorer
crystal guality in the X-ray results, Furthermore, there could
be some radiation damage to this sample, the pogsibility of

which will be discussed later. . .

» > N A4
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According to Larsen (LA65), hafnium i? the oxidation
state four forms compounds which the central ékom is surrounded
by eight ligand bonds with either the square an&iprism or
dodecahedron arrangement. The former arrangemeng\is shown
in figure 7.9. In the acetylacetonate complex, tﬁ? eight
coordination bonds are provided by the 4 bidengate\ﬁnBCOCHCOCH3—
ligands and the.bonding occurs at the oxygen sikes. As
discussed by Meutterties and Wright (MU65), there are\4‘config-
urations to- be expected for such octocoordinated hafniuﬁ complexes
~as shown in figure 7.10. In these diagrams, the oxygen sites
are located at the corners and oxygen pairs common to a ligand
are joined by a curved line. .

The dodecahedraﬁ.and square antiprism forms, with point
group symmetries ng éﬁa Dy respectively, are characterized by
axially'symﬁetric field gradients. Beraud ‘et ai. (BE69) incorr-
ectly state that fﬁe Dyyg symmetry fequires a vanishing of the
field gradient tensor and that D, symmetry requires n=o. 1In
fact, D2d requires n=o while 02 puts no restriétions on the
value of n. A discussion of theée(symmetties is given in
(LA58). The present results ;hus limit the possibilities to
the équare antiprismatic forms with D2 and C, symmetry. In

order to account for their ;esults, Beraud et al. invoked the

two site model based on the @ossible variation in configurations
- . “ ~ = :



Figure 7.9
-Square Antiprismatic Structure of Hf(acac)4

s
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Figure 7.10
Possible Structures of an

Octocoordinated Hafnium Complex



140

uospayesepop Péq

wsudnue aienbs Qg

wsiidijue asenbs 8o

7N\

e

N

wstidijue asenbs ¥g




e P

! ’ 141

as discusscd above. They assumed that the fundamental

frequencies of the two sites were identical because of
. - »
the similar frequency value measured by Vargas et al. (VA69)

for the (BPHI\)4 complex wh}ch presents a similar structure

for the hafnium atoms. This seems somewhat arbitrary sincel

the two siﬁeg are characterized by different asymmetry .

parameters. One site is near symmetry n1=0.1 and the other

at maximum asymmetry‘né=l and are-populated with abundances

of 40% and 60% respectively. They aﬁparently find a funda-

ﬁental'}requency that is some 30% lower than that observed

in this study.. This coméarison is somewhat uncertain however
. ; “

since these authors state that wy = 6 mo which is incorrect
- A ) )

/for n#0 . ‘ d

The present data on both samples shows no evidence
for two sites of comparable contribution. Following the
method used to analyse the K3H§F7 data at liquid nitfogen

4 -

temperature, an attempt was made to fit the Hf(acac)4 data

_using a two site model but the best fit occurred when the

‘population of the second site was vanishingly small. This

is consistent with the observed Fourier spectrum which .
indicates no contribution at other frequencies. This result

is also consistent with the X-ray structure analysis of
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L]

;
Silverton and Hoard (SI163) who gdefinitively aSSng\EEE*02
square antiprismatic structure to this compound.
‘As noted earlier, there is the possibility of
radiation damage to the irradiated commercial sample of

Hf(acac)q. After neutron capture in 1§°nf, 20 of the

excited 181“f nuclei decay directly to the ground state by

the emission of a 5.7 MeV y-ray (AT74). This imparts a receil

lglﬂf nucdeus which is

energy of approximately 80 eV to the
considerably larger than the approximately 25 eV displacement

energy (SES56) of most solids. One would thus expect consider-

. able damage to the crystalline structure. Such effects have

been suggested to occur in the organic (BPHA)4 hafnium complex
by Vargas et al. (VA69) and also in Hf(acac)4 by Beraud et al,

(BE69) .. Both papers conclude that the (n,Y) recoil effect does

.not lead to a randomization of recoil sites but rather to the

formation of different chemical species around the recoil

I
nucleus.

The present results do not show to any significant

'degree any effects that can be directly attributed to radiation-

damage. The 7% frequency spread of the commercial sample, as
compared to zero for the synthetic sample, might be a result
of its initial poorer condition as indicated by the wider

X-ray diffraction lines (chapter 5). This apparent lack of ¢
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radiation damage could stem from two reasons: too low a

radiation dose and self-annealing. The commercial sample

12n m-ZS-l

was irradiate@ for 2 h at a fluk of 2.6x10 c as

compared to 24 h at 4x10%%n em ?s”! for «the sample of
Beraud et al. Secondly, they irradiated their sample at
liquid nitrogen temperature whereas samples in the McMaster

Nuclear Reactor reach typical temperatures of = 53°¢.

. Since some’efﬁects have been observed which suggest that the

damage recovery érocess is hastened by the irradiation itself
(K155), irradiation at a low temperature might “"freeze in"
some damage. Furthermore, temperature plays a role in deter-—
Mmining How long an interstitial atom and a vaca;cy, possibly
produced by the irradiation, remain apart. The threshold °
enerqgy for the mig;ation of interstiti&ls or vacagcies is
much lower than the apbroximately 25 eV required for ;he
igltial displacement (K155) and thus there is the possibility
of self-annealing even at room temperature at which this

experiment was performed. These effects would tend to reduce

< -~
*

the overall radiation damage. ’
In conclusion, it is interesting to note that the
result n=1 shows that the EFG at the site of the hafnium

nucleus isastrongly anisotropic with one of the field qradient
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components (VX or VYY) vanishing completely. This is

X
indicative of the ligand bonding in this octocoordinate

complex since the immediate surroundings of the hafnium
nucleus, formed by the square antiprismatic structure of

the eight oxygen atoms, would no£ produce such a large
gnisotrOpy. This result represents a significant constraint
which must be satisfied by any theories related to thesgole-
cular structure of the nf(acag':)4 compound.

3. Summary

181 '

The quadrupole interaction of Ta in the hepta-

fluorates (NH HfF_ and K, HfF., has been measured by means

4)3 7 3 7
of the differential perturbed angular correlation technique.

Although these compounds exhibit similar crystal structures,

the electric field gradient at the site of the'lnga probe

nucleus differs greatly in each compound. In particular, the
«*

dynamic nature of the EFG in the ammonium compound due to

3-
7

compound'over the same temperature range. The dynamics of the

reorientations of the HfF ion is not seen in the potassium

+ . . . .
NH, ion obviously contributes much to this time-dependent

-\ y

effect. In addition, the hafnium atom in K3HfF7 can bhe

situated in either of two sites at low temperatures with a
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population probabilitﬁ?ratio of 2 to 1 while the high
temperature data indigate but one static site modified by

a slight, time-dependent effect. These results are in agree-
ment with other NMR and X-ray studies of these compounds.

The FFG at the metal site in hafnium acetylacetonate
is quite dependent on the nature of the ligand bonding in this
octocoordinated complex. The asyrmetry of the IFG as deter-
mined from the DPAC measurements is indicative of the square

by

antiprismatic structure of the environment of the hafnium atom.
4

Fvidence for the existence of two sites with different asymmetry

parameteré as suggested by a previous DPAC study was not

found.
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