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This thesis studies the velocity dependence of the
transient magnetic field that is experienced by ions while
slowing down in polarized ferromagnetic materials. Thick
targets of FeBORhZO’ Fe70Pd30, and FeSSPt15 alloys were bom-

barded by 5 to 10 Mev alpha particle, 35 Mev 16

12

0, and 20
Mev C beams from the McMaster Tandem van de Graaff accelera-
tor. The precession angles of Coulomb-excited rhodium,
palladium and platinum nuclei that recoil and stop in the
ferromagnetic target were measured using the technique of
perturbed angular distributions following Coulomb excitation.
The singles mode, in which gamma ray events are accepted irres-
pective of projectile scattering angle, was employed. A de-
tailed theoretical analysis was developed to indicate how the
double average over projectile scattering angle and energy
required in a thick target singles experiment would modify the

observed rotation angle. Calculations were carried out using

the Coulomb excitation theory of Alder et al and the transient
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field theory of Lindhard and Winther. The doubly-averaged
transient field contribution to the rotation angle was found,
in general, to be somewhat smaller than the transient field
contribution before averaging, but the difference was not‘
large for the cases of interest.

The data analysis permitted the separation of transient
and average static rotations. The transient rotation as a
function of initial recoil velocity was shown to be adequately
described within experimental error by the Lindhard and Winther
theory in both low and high velocity regimes. The average
static field was seen to vary with the choice of projectile,
but was not noticeably affected by changing the target coolant
from water to liquid nitrogen.

Indirect feeding of a nuclear state, by Coulomb excita-
tion of a higher-energy state and subsequent decay to the
state of interest, was found to modify the observed precession
angle of the state. The theory of this effect was developed
for both singles and backscatter coincidence experiments;
indirect feeding corrections were applied to the 295 kev state

in 103Rh and the 211 kev state in 195Pt. The g-factor of

195

the 211 kev state in Pt was measured to be .164(66).

104 108

The g factors of the first 2+ states in P4, Pd, and

110Pd were measured from the average of 6, 7 and 8 Mev alpha
particle bombardments of a Fe,,Pd;, target. The analysis

assumed that (1) the transient field rotation was negligible

iid



at these bombarding energies and (2) the g factors of the 2+

states were not very different from the g factor of the first 2+

106

state in P4, which had been measured using a radioactive

104

source. The results were ( Pd)g2+ = ,479(91), (losPd)g2+ =

.396(46); (*'%a)g,, = .389(36).
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CHAPTER I

INTRODUCTION

Magnetic moment measurements for ground and excited
states of nuclei are important because comparison of magnetic
moments with theoretical predictions provides a test of nuclear
models.

A wide variety of techniques has been developed for
measuring magnetic moments of excited states of nuclei. All
methods of measurement employ the'fact that, in the presence
of a magnetic field H, the interaction of the moment u with the
field H produces an interaction energy u°*H and a torque 6n the
nucleus 1 = uxH. 1] is related to the nuclear spin I by

u= gu,I where Uy is the nuclear magneton and the proportiona-
lity constant g is known as the nuclear g-factor. A technique
such as recoilless resonance absorption (Mossbauer effect)
measures the hyperfine interaction energy p°*H directly. The
method used in this thesis,perturbed angular distributions fol-
lowing Coulomb excitation (Chapter 2), makes use of the fact
that when H has a fixed direction in space, the torque exerted
on the nucleus causes the nucleus to precess with constant
angular velocity w (for constant H) about the direction of the
field H. The angular frequency w is given by w = - 3;§E

(independent of magnetic substate quantum number) where H is the



magnitude of the perturbing field, and UN and #1 are the
-nuclear magneton and Planck's constant/2m respectively.

The technique used in this thesis is a particular appli-
cation of the general method of perturbed angular correlations.
The usefulness of perturbed angular correlations is based on the
fact that the precession of the nucleus while in the excited
state causes a rotation of the angular distribution pattern of
de-excitation gamma rays from that state. When this angular
distribution pattern is anisotropic, the nuclear precession can
be detected as a change in gamma ray count-rate at a particular
angle. If, as in the experiments described herein, the detection
method is only sensitive to rotation angles occurring during
time intervals that are long compared to the mean life of the
decaying excited state, then the observed time-averaged rota-
tion angle is equal to wt where T is the mean life of the ex-
cited state.

Since wt = - 2% (gHt), a measurement of wt constitutes
; measurement of the product gHt. To extract the magnetic
moment by measuring the nuclear g-factor, g, it is necessary
to know the values of H and T from independent measurements.

Mean lives can be measured in a variety of ways;i the
process used depends upon the order of magnitude of the mean-life.

For the mean lives of 1-200 picoseconds considered in this thesis,

the Doppler shift method and the "plunger" technique are useful.

In addition, a measurement of the "upgoing" transition probability



in Coulomb excitation of a nuclear level provides a measurement
of the E2 mean life of the level because the Coulomb excitation
probability is directly related to the probability of decay of
the level by an E2 transition. For a state which can decay only
in E2 mode, this constitutes a measurement of the total mean
life; for states which decay by an E2/M1 admixture, the total
mean life can be deduced if the E2/Ml mixing ratio has been
measured.

The perturbed angular correlation method was first
described by Brady and DeutschB4 and was first successfully
applied in 1951 by Aeppli et al.23 to the 247 xev 85 nanosecond

state of 111

Cd. The applicability of the technique depends upon
the mean life of the nuclear state. If the mean life is too
long, then even in the absence of an external field, internal
fields acting on the nuclei cause transitions between magnetic
substates in such a manner as to make the substate populations
more equal; this tends to destroy the anisotropy of the angulax
distribution.,

For short mean lives, the converse problem presents it-
self; the value of the perturbing field H must be large enough

3

to produce an observable rotation angle (wt > 10 ~ radians).

External fields of tens of kilogauss can be used for states with
nanosecond mean lives; however, many nuclear states have

12

mean lives as short as 10~ seconds. The required perturbing

field (hundreds of kilogauss) far exceeded any external magnetic



field available in the laboratory in the mid 1950's.

The scope of the technique was extended upon the discovery
of the large hyperfine field acting on dilute non-magnetic impuri-
ties imbedded in ferromagnetic iron (Grace (1955), - paramagnetic im-—
purities; Samdlov (1959) - diamagnetic impurities.

While this field has a constant direction within a ferromagnetic
domain, in an unmagnetized sample the domains are randomly
oriented. Most of the domains can be aligned by placing the
sample in an external field of a few kilogauss. By studying

the nucleus of interest as a dilute impurity in magnetized iron,
using the aligned internal hyperfine field as the perturbing
field, rotation angles have been measured for states with mean
lives as short as 2x10” 12 seconds.

Hyperfine fields can be measured in a'variety of ways.
Nuclear magnetic resonance (NMR) and nuclear specific heat
measurements reguire macroscopic amounts of material and are most
useful for measurements on nuclear ground states whose magnetic
moments have been measured in independent experiments. NMR
measures the magnetic field on nuclei near or in the domain
walls, while the remaining techniques sample the hyperfine
field throughout the material. For measurements on excited
states, Mossbauer effect and perturbed angular correlations must
be used. In almost all cases for non-isomeric states, Mossbauer
experiments require that the substate splittings be greater
than the natural line widths and that the recoilless fraction

be large enough to be useful; these requirements make the



Mossbauer effect generally applicable only to states with

mean lives greater than 1072

seconds and excitation energies
less than 200 kev.

The first g-factor measurement using the internal hyper-
fine field in irdn was performed by Me'l:z;,e:::-Mz (1961) using
the nuclear resonance fluorescence technique. Since 1963, many
short-lived states have been investigated using the perturbed
angular correlation technique on nuclei imbedded in various
ferromagnets.

Several processes have been developed for imbedding the
nuclei of interest in the ferromagnetic matrix of atoms. One
process employed is the alloying by melting or diffusion of
trace amounts of radioactive parent material into the ferro-
magnetic matrix. The parent nucleus then beta decays to the
excited state of interest in the daughter nucleus. The beta
decay imparts a recoil energy of < 1 kev to the daughter
nucleus; this is sufficient to cause the nucleus to recoil
through the lattice and to come to rest at a different location

in a time less than 10712

seconds. A related process is ion
implantation, in which radioactive parent atoms are implanted

at a controlled energy (usually ten to several hundred kev)

into an initially pure ferromagnetic material. In this process,
most of the interesting atoms find themselves relatively close

to the surface of the ferromagnetic lattice; the depth distri-

pution can be varied by altering the incident ion energy. The



need for a source of radioactive parent atoms can be removed

if one uses an on-line process such as Coulomb excitation or

a nuclear reaction to excite the nuclear level of interest.
These processes involve collisions between target atoms and

a beam of ions of Mev energy from a particle accelerator.

The initial recoil energies of the target atoms can be as large
as 20 Mev or more. These recoiling atoms stop in a time of

< 10-12

seconds, and impart all of their kinetic energy to
the lattice during this stopping time.

For all of the processes described, the fact that
the ions undergo predominantly nuclear collisions when their
energy has degraded to 250 kev or so means that they will be
very effective in displacing lattice atoms (radiation damage)
in this energy region. This dynamic interaction between
lattice and recoiling atom forces the experimenter to proceed
with caution when considering the final site of the recoiling
atom, and the final hyperfine environment that it sees.

A relative of the method employed in this thesis is
the ion implantation perturbed angular correlation technique
(IMPACT). The method employs Coulomb excitation to excite
the nuclei of interest and detects the de-excitation gamma-ray
in coincidence with the projectile that caused the excitation.
By detecting the scattered particles at angles close to 180°,

one chooses to look only at gamma rays which have very anisotro-



pic angular distributions; this makes the angular distribution
very sensitive to small rotations, but the method is limited by
the fact that the Coulomb excitation cross-section must be high
enough to produce a reasonable coincidence count rate, a fact
which dictates the use of heavy ion beams (e.gq. 160 ions) in
most cases. The targets in IMPACT experiments consist of a thin
layer of target material coated on the front surface of a ferro-
magnetic magnetized foil (usually iron). Coulomb excitation of
the interesting nuclei occurs in the surface layer, and detec-
tion of the backscattered projectiles ensures that the excited
atoms recoil into the ferromagnetic backing in a narrow forward
cone. The use of heavy ions with tens of Mev of energy as

projectiles (e.g. 35 Mev 16

0) means that the recoiling Coulomb-
excited atoms can have large energies (eg 20 Mev) and corresponding-
ly large recoil velocities. This is to be compared with typical
recoil energies of 100 kev for the ion implantation process, 1
keV for the beta decay process, and 0 kev for the Mossbauer
effect.

Measurements of g-factors using the IMPACT technique yiel-
ded several negative g-factors for short-lived 2+ states in
even-even nuclei. Since these results disagreed with all previous
g-factor measurements on such states using beta decay and ion
implantation, a systematic study of the Coulomb excitation re-
sults was undertaken. Taken collectivel&, the data seemed to

indicate the existence of an impulsive rotation imparted to the

nucleus in a time < 1 picosecond and comparable in magnitude



to the rotation angles measured for short-lived states using
beta decay and ion implantation. Followup experiments confirmed
that the impulsive rotation was associated with the slowing down
of the ion in the ferromagnetic backingH3.‘The apparent absence
of such an impulsive rotation for experiments employing beta
decay and ion implantation seems to indicate that the interac-
tion is negligible at low recoil velocity. Since an electric
quadrupole interaction cannot produce a rotation of the angular
distribution pattern, the rotation has been ascribed to the exis-
tence of a large transient magnetic perturbation of the same
sign as the external magnetizing field. Lindhard and WintherLl
have developed a theory which accounts for this transient field
as a function of recoil velocity in terms of an enhancement of
the conduction electron spin density at the nucleus of the moving
ion. If v is the relative velocity of ion and electron, their
theory predicts a % dependence of the field down to a velocity'vp and
a constant non-zero value for the field below vp.

An understanding of the transient magnetic field acting
on a Coulomb-excited nucleus is important because it could per-
mit the nuclear g-factor to be measured for very short-lived
states (f 1 psec) without requiring a precise knowledge of either
the internal field seen after the ion comes to rest or the mean-
life o the state. An understanding of the transient field
behaviour for low recoil velocities is especially important

because the ion spends most of its stopping time at low velocities



where the field is largest.

One obvious way to study the velocity dependence of the
transient field is to vary the initial recoil velocity by
changing the incident beam energy. The beta decay results
correspond essentially to zero initial recoil velocity. The
IMPACT technique is not suitable for scanning the whole velocity
range because 1) using heavy ions as projectiles, the Coulomb
excitation probability becomes prohibitively low while the incident
ion still has an appreciable energy, and 2) using light projec-
tiles, the signal-to-noise ratio is poorer because the back-
ground is relatively higher in both particle and gamma ray
windows.

The singles technique employed in the present work uses
light projectiles (4He) to achieve low recoil velocities; the
method removes the coincidence condition and accepts gamma rays
irrespective of the angle at which the projectile is scattered
This has the effect of attenuating the angular distribution coef-
ficients by a factor of 10 or more. The loss.in'sensitivity
due to averaging over scattering angle and the smaller Coulomb
excitation probability associated with the use of light projec-
tiles can be more than compensated by the use of alloy targets
in which the target material is alloyed with iron in concentrations
of from 5 up to 50 atom percent.' In this kind of =xperiment,
since the recoil velocity of the target atom is uniquely

related to the angle of scatter of the incident projectile, the
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acceptance of all scattering angles implies that the interesting
target atoms will have a range of initial recoil velocities. It

is not obvious that a single recoil velocity adequately charac-
terizes the velocity distribution in this case; consideration

of this point is important if it is desired to study the transient
field as a function of recoil velocity. This thesis studies the
singles technique in detail and demonstrates that, given a model
for the transient field, it can be used in conjunction with a
light projectile (4He) to investigate the expected velocity depen-
dence of the transient field at low recoil velocities. Conclusions
about this low-velocity dependence are drawn on the basis of a
comparison between the experimental data and the theoretical
predictions. '

Chapter 1 has presented a brief introduction to the
transient field phenomenon in order to place the present work in
historical perspective. The second chapter presents short summa-
ries of relevant areas of physics theory; this section will
prove useful to readers not thoroughly familiar with the use of
perturbed angular distributions following Coulomb excitation in
transient field studies. In chapter three, Lindhard and Win-
ther's theory of the transient field is combined with a careful
analysis of the singles perturbed angular distribution technique
to predict how the transient field will modify the observed
rotation angle. A method for studyiﬁg the low-velocity depen-

dence of the transient field as a function of incident projectile
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energy is developed. Chapter four is an unexciting but necessary
description of the hardware used to perform the experiments,

In chapter five, various aspects of the data analysis are dis-
cussed and the results are presented, chiefly in the form of
graphs and tables. These results are analyzed and compared with
the results of other workers in chapter six. Finally, chapter
seven summarizes the conclusions that can be drawn from the
present work; a discussion of the significance of these con-

clusions completes the thesis.



CHAPTER II

THEORY

The purpose of this chapter is to provide a very brief
theoretical discussion of those aspects of physics theory
which relate to the subject of this thesis. No attempt at com-
pleteness has been made. Each discussion is heavily weighted
in favour of those points of the theory which will find appli-

cation elsewhere in the thesis.

A. COULOMB EXCITATION

This development is based upon the excellent review
article of reference Al.

By Coulomb excitation is meant the excitation of a
nuclear excited state through the interaction of the charged
nucleus with the electromagnetic field of a charged nuclear
projectile. Because the interaction potential is well-known,
namely the simple Coulomb potential, an extensive and detailed
theoretical analysis of the Coulomb excitation process is pos-

sibleP!

, and calculations based on this analysis permit the
outcome of many Coulomb excitation experiments to be predicted
with considerable quantitative accuracy.

The motion of the projectile in the Coulomb field of

the nucleus is essentially characterized by the dimensionless
2. 2. e

quantity n defined by n = -%%;E—— where ZP and ZT are atomic

12
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numbers of projectile and target, e = electronic charge, #i =
Planck's constant, v = relative velocity of projectile and target
nuclei. n measures the effective strength of the interaction.
For n << 1, the Coulomb field produces only a small distortion
of the incident wave and the collision process can be treated
by the Born approximation in which the incident particle is
treated as a plane wave. However, if the repulsive interaction
is not sufficiently strong, the nuclei can come close enough
together for nuclear reactions to occur. The condition that
the interaction be strong enough to obviate consideration of
competing nuclear reactions imposes the requirement that n >> 1;
in this case the particle is sufficiently well-localized that
the collision may be approximately described by considering the
incident particle to move along a classical trajectory for
the duration of the interaction. For inelastic collisions, it
is a further condition that the energy loss of the projectile
be small compared to the bombarding energy, E, so that the effect
of the excitation on the projectile's classical motion can be
neglected, |

Under these assumptions, the nuclear excitation can be
treated in terms of the time-dependent electromagnetic field
of the projectile acting on the nucleus. The excitation proba-
bility can be expressed in terms of the same nuclear matrix
elements that determine radiative transitions between nuclear

states. The Coulomb excitation process is related to the
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nuclear properties of the excited states through these matrix
elements.

In many cases, a semi-classical treatment of Coulomb
excitation is adequate; a detailed guantum mechanical
treatment introduces, in most instances, only small corrections.
One begins by noting that, in view of the assumption that the
orbit of the particle is negligibly affected by the excitation,
the differential Coulomb excitation cross-section can be

written as a product of two factors

doexc = Pch R

where doR is the classical Rutherford scattering cross-section,
and P is the probability that the nucleus is excited in a
collision in which the particle is scattered into solid angle

dQ. P can be expressed in terms of the amplitudes,b, ¢/ for
transition from an initial nuclear state i to various final states
£. Because it is usually the case that the probability for
excitation in a single encounter is very small, first order time-
dependent perturbation theory can be used to provide an expres-

sion for the excitation amplitudes bif'

0

! . iet
bif = -."L-E <le(t)|1>e dt
pe _ EgTEi o
where w = =g =~ _1E———'is the nuclear frequency associated with

excitation energy AE, and H(t) is the interaction Hamiltonian;

for non-relativistic velocities, the main interaction is the
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Coulomb energy. To evaluate the matrix element <f|H(ti|i>, it
is convenient to expand the Coulomb potential in terms of

multipole components. One obtains

4nzpe 1

big = T& ~ 7, ML <I;M, |MCEN u|TMe>Sgy ,, (8)

where I and M denote the total angular momentum guantum number
and magnetic quantum number respectively of the initial (i) and
final (f) states and M(EA,u) is the electric multipole moment
of order A. One point worth noting is the fact that the matrix
elements are functions of purely nuclear parameters; all of
the information about the role of the Coulomb interaction is con-
tained in the integral over orbital parameters, sEA’u(g). The
quantity & is proportional to the ratio between the collision
time and the nuclear period and so provides a measure of the
adiabaticity of the Coulomb excitation process. The more sudden
the impact (i.e. smaller collision time and so smaller & value),
the greater is the probability for Coulomb excitation in a single
collision. Thus as & decreases, the Coulomb excitation proba-
bility increases. The dimensionless parameter £ is defined by

2

_ aAE _ ZpZT e"AE

=8V Av 2E

where AE = excitation enexgy, E = bombarding energy, & = distance
of closest approach in a head-on collision, ZP and Z, are
atomic numbers of projectile and target, and Vv is their

relative velocity.
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Because the multipole moments are spherical tensor
operators, the Wigner-Eckart theorem permits each matrix
element to be written as the product of two factors; the
first, a Clebsch-Gordon coefficient, is a geometrical factor
sensitive to the orientation of the nucleus through its depen-
dence on the magnetic quantum numbers Mi and Mf; the second
is a factor called the reduced matrix element <Ii||M(A)||If>
which is independent of nuclear orientation and depends only
upon the nuclear properties of the states involved. As corol-
laries of the Wigner-Eckart theorem, one may impose the usual

spectroscopic selection rules:

T, - 1] <A< I, + I
MyMe = (_1)1 for electric transitions of order A
(-l)M1 for magnetic transitions of order A

where Ii and If are the total angular momentum quantum numbers
(commonly referred to as "spins") of the initial and final
nuclear states and 7 is the parity of these states.

It is convenient to introduce a quantity called the
"reduced transition probaﬁility", B(EA); it is the probability,
irrespective of nuclear orientation in the initial and final '
state,lfor a radiative transition, from an initial state Ii

to a final state If, of pure electric multipole order EA.

1 2
B(EA, I, ~ If)=§TI:I | <z, [[MEX)[|Te>]".
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Employing orthogonality relations among the Clebsch-Gordon
coefficients, the differential excitation cross-section can be
written ch = Azl dUEA where each dUEA is proportional to the
corresponding B(EA). The total cross-section for excitation
of order E\A is obtained by integrating the corresponding dif-
ferential cross-section over all the possible scattering
directions for the projectile. It is given by
2 e 2

opn = ) 2 B(EA) £, (8) .

The total cross-section for excitation of order EX is
seen to be proportional to B(EA). The function fEA(E) is known
as the excitation function; it contains all the information
about the effect of the Cbulomb intefaction whereas B(EA)
depends only upon the nuclear parameters of the states 'involved.
The corresponding differential excitation function
deA(E’eP) depends not only upon § but also upon the
angle 6, through which the projectile is scattered. Both of
these functions have been evaluated in the classical limit

and the values tabulatedA¥; a computer programWI

is available
which will calculate these functions using the full gquantum
mechanical theory.

The above analysis has been applied to electric
excitations for which TiMe = (-l)A. The opposite parity can
be produced through interaction with the magnetic field of

the pojectile. However, a similar analysis using a magnetic

vector potential yields an expression for O which is smaller
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2
than o, by a factor (%) . For bombarding energies below

EA
the Coulomb barrier, v << Cc, SO the magnetic excitation cross-
sections are usually negligible with respect to electric
excitations of corresponding multipole order.

The electromagnetic fields acting on the nucleus in
a radiative transition and in a Coulomb excitation event are
different. This implies possible differences in the relative
contributions of successive multipole components for the two
processes. For a given multipole order, in a radiative
process the electric and magnetic field strengths are roughly
equal in magnitude; in Coulomb excitation, the electric com-
ponent dominates, as discussed above.: In addition, the cross-
section for Coulomb excitation does not decrease as rapidly
with increasing multipole order as does the intensity of
corresponding radiative processes.

Transition probabilities are usually expressed in terms
of the probabilities calculated from a single-particle model
of the nucleus - the so-called "single-particle unit". Experi-
mentally, the probabilitieé obtained from measurement of the
lifetimes of gamma ray transitions show marked departures
from the single-particle unit; electric dipole (El) transitions
have transition probabilities orders of magnitude smaller than
the single particle unit, whereas electric quadrupole (E2)
transitions are enhanced by factors of 10-100. This enhance-~

ment of E2 transitions can be explained provided one assumes
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that the ground and excited states have a collective nature -
je. that the nucleons are behaving in a co-operative manner so that
a simple wave function with a small number of degrees of free-
dom may be found which describes the nucleus as a whole. The
usual collective excitations consider the (non-spherical) nucleus
as a rotor or the (near-spherical) nucleus as a spherical object
having surface vibrational waves. The important point is that
the collective wavefunction in each case contains a component
that is the spherical harmonic Y20(6,¢). This is the same
function that describes the spatial distribution of the quadru-
pole moment operator (whose intensity pattern is that of a
classical quadrupole antenna). When the component Y,, is pre-
sent in the initial and final states, the two states are
strongly connected by the gquadrupole moment operator. This is
the basis for the statement that E2 transitions are strongly
enhanced between states that are collective in nature. In
particular, Coulomb excitation in nuclei whose ground and excited
state are collective in nature occurs overwhelmingly by an E2
transition. Because of the enhanced E2 transition probabilities
for these collective states, Coulomb excitation is a useful
tool for studying these states. It is usual to consider the
transition to be pure E2; of course, for a 0+ - 2+ transition,
the transition must be pure E2.

In summary, Coulomb excitation provides a useful tool
for populating low-lying collective states with picosecond life-

times that are accessible by E2 transitions. Because the
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force law is the simple Coulomb force law, the theory of

Coulomb excitation can be worked out in full quantum-mechanical
detail; as a result, the effect of Coulomb excitation in
various experiments can be calculated with considerable quanti-
tative accuracy. Often a semi-classical calculation is adequate;
the parameter n is a measure of the extent to which a collision
between a given target and projectile of specified incident energy
can be described in a classical way. As n increases, the
collision looks more classical. The parameter £ is a measure

of the suddenness of the collision; as £ decreases the colli~
sion becomes more sudden in nature and the Coulomb excitation
probability increases,all else being equal.

B. ANGULAR DISTRIBUTIONS OF DE-EXCITATION GAMMA RAYS
FOLLOWING COULOMB EXCITATION

The nuclear states populated in Coulomb excitation
decay by emission of gamma-radiation or internal conversion
electrons. The angular-distribution of this radiation can be
obtained from the excitation amplitudes b, discussed above.

If the Coulomb excitation process populateg all of the
magnetic substates of a given excited state equally, the
ensemble of nuclei would have no preferred orientation and
the angular distribution of de-excitation gamma rays from that
state, with the incident beam direction as quantization axis,
would be necessarily isotropic. An anisotropic distribution
is observed because the Coulomb excitation process does not

populate the substates with equal strength; it does however



populate them symmetrically with respect to sign (i.e.
P(+m) = P(-m) but P(m) # P(m') for m#m'). In this case, the
ensemble of Coulomb excited nuclei is said to have a preferred
orientation. In Coulomb excitation experiments, the direction
of the incident particle beam defines a preferred direction
in space with respect to which angles are measured and angular
momentum projection guantum numbers are expressed. If the
incident ion beam is unpolarized the angular distribution has
azimuthal symmetry about the beam axis. Considering that
the beam axis and the axis of the gamma ray detector intersect
at the point where the beam strikes the target, one defines
the plane containing these axes as the plane of detection, and
the angle between them is angle 6 (+'ve z direction defined
by direction of travel of ions).

For an angular distribution, the quantity of interest
is the probability for emission of a gamma ray at an angle
8, without regard to polarization, for a process involving
Coulomb excitation from a state with spin I, to a state with
spin If and subsequent de-excitation from state I. to a final
state with spin Iff. The extent to which this probability
varies as a function of angle 6 depends upon how unevenly
the substates of the excited state are populated in the Coulomb
excitation process; one expects therefore that the probability
will involve a coherent sum over magnetic substates m, of this

state. Since the detection process is sensitive neither to the
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polarization of the emitted gamma ray nor to the magnetic
substates, m; and mf;,of jnitial and final states, one simi-
larly anticipates that the probability will involve incoherent
sums over these quantum numbers. The appropriate expression
is

w(e) = L |z
g, m. m
p S

Meg |
where HY(G,O) is the interaction Hamiltonian causing emission of

2
. bif<Iffmff|HY(e'°)IIfmf>| (2-1)

a gamma quantum in the direction 6 and with polarization 0.

and—t6)—is—the—ce—ordinate—of—the scattered—projectite.

The simplest case to consider (and most important ex-
perimentally) is one in which the excitation is of pure multipole
order A. It is very helpful to consider the angular distribution
in terms'of an angular correlation function for a hypothetical
gamma-gamma cascade. The theory of gamma-gamma angular corre- B
lations is well-developed; in such a corgelation,the detection
of the first gamma-ray selects a non-iandom distribution of
magnetic substates of the intermediate state and the angle of
emission of the second gamma ray is measured with respect to
the direction of emission of the first gamma-ray. The gamma=-xay
distribution (2-1) is one which would apply if the gamma-
ray were detected in coincidence with the scattered projectile:

a gamma-particle angular correlation. The theory of angular
correlations demonstrates that expression (2-1) can be
written as a sum of even-order Legendre polynomials. Usually,

only the first three terms are sufficient to describe the cor-
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relation,and the correlation is conventionally normalized to
unity.

w(e ,6_,E) =1+ al(e ,E)AAP (cos6 ) + al(e ,E)AAP (cos® )

Yy P 2°p 2”2 Y 4 'p 4”4 Y

where GY and ep are the angles at which the gamma ray is emitted
and the incident particle scattered respectively relative to
the beam axis. The factors A; and Az are numbers which depend
only upon the spins and parities of the ground and excited
states as well as upon the mulpipolarities associated with the
excitation and de-excitation processes. These are the same
factors which describe the angular distribution for the equiva-
lent gamma-gamma cascade. The entire influence of the Coulomb
excitation process on the angular distribution is contained in
the so-called "particle parametexrs" ag and ai. These numerical
factors are functions of the angle ep at which the incident
projectile is scattered as well as of the Coulomb excitation
parameter &. The behaviour of a, and a, as a function of BP and
£ is illustrated in Fig. 2-1.

From this figure, it can be seen that if only Coulomb
excitation events caused by projectiles backscattered at 180°
are observed, the value of a, is 2, and the value of a, is ~-1.5,
so the anisotropy of the angular distribution is greatly
enhanced. An experimental arrangement which closely approxi-
mates these conditions is one in which the gamma-rays are
detected in coincidence with the backscattered projectile; the
particle detector igs an annular detector concentric with the beam

axis and subtending an angular spread typically of 160° to 170°.



Figure 2-1

Comparison of (1) semi-classical and (2) full quantum-
mechanical calculations of thin target particle parameters
a§2 and agz. Semi-classical calculations used orbital
integrals of reference Al; quantum-mechanical calcula-
tions were generated from deBoer-Winther computer code.

Results are plotted as a function of projectile scattering

angle for two representative values of the £ parameter.
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This geometry will produce values of a, and a, close to the
values appropriate to 180°. However, the advantage of large
anisotropy is offset to some extent by the low counting rate
associated with coincidence experiments. An alternative approach
is to detect the gamma-rays without regard to the angle at which
the projectile is backscattered. In this case, what is observed
is an angular distribution averaged over backscatter angle

i.e. _ - .

W(eY,E) = I W(eY,ep,g)p(ep)dep
o

where p(ep) is the differential Coulomb excitation probability
for an event in which the projectile is backscattered at angle
ep‘ The effect of this averaging process is to attenuate the
particle parameters a, and a, by as much as a factor of 10 rela-
tive to the values appropriate for the coincidence experiment
described above. These parameters are then functions only of
the variable E. Strictly speaking, a, and a, are also functions
of the variable n, but in the calculations described in chapter
3 they are calculated in the classical limit (n = ©), so the

n-dependence has been onmitted.

C. ' PERTURBED ANGULAR DISTRIBUTIONS FOLLOWING COULOMB EXCITATION

(i) Magnetic Perturbations

If the Coulomb-excited nuclei experience an applied
ragnetic field while in the excited state, their magnetic mo-

ments will execute Larmor precession about the field direction.
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Since this alters the nuclear orientation, it changes the rela-
tive population of magnetic substates and so modifies the angu-
lar distribution of de-excitation gamma rays. Detection of a
gamma-ray, which must have an angular momentum component of #1
in its direction of travel, selects a particular ensemble of
Coulomb excited nuclei all of whose members have an angular
momentum projection in the direction perpendicular to the plane
of detection. If a static magnetic field is applied perpen-
dicular to this plane, the above ensemble precesses about the
field direction, but tﬁe nuclei do not change their angular
momentum projection along the field direction. One would
expect in this case that thé entire gamma ray angular distribu-
tion would simply rotate through an angle wt where w is the
Larmor precession frequency and t is the time for which the
magnetic field acts; a detailed analysis indicates that this

is in fact the case. Thus, if

w(e) = £ akAkPk(cose) where k = 0,2,4
k

then
wWlg,0,t) = ﬁ akAkPk[cos(e-wt)] .
This series can be written in an equivalent form
w(6,H,t) = I bkcos[k(e-mt)]
where g

- 9 = 3 5 —
bo =1 + = a2A2 + 7y a4A4 b2 =7 a2A2 + e a4A4 and b4 = == a4A
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If the gamma rays are not observed in coincidence with
the scattered projectile, the distribution is not sensitive to
the time t from excitation to de-excitation of the nuclear state.
In that case, what is observed is a distribution averaged over
all times t, with the distribution weighted by the exponential
decay factor of the state. The observed perturbed angular

distribution is given by

- -]
W(6,=) = %' J w(e,t)exp(~-t/t)dt
o .
bkcos[k(e-Ae)]
= X where k = 0,2,4

k ((1+(kwt) %) /2
and kA6 = arctan(kwt), =T being the mean life of the state.
For small wt, A6 2 wT.

It is to be noted that, in addition to the so-called
"integral rotation" A8, the averaging process has introduced an
.attenuation factor l/((l+(kmr)2)l/2. For short mean lives,
this factor is effectively unity; for longer mean lives, and
large perturbing fields, the attenuation can be significant,
especially if the angular distribution coefficients b2 and b4
are small. The largest rotation angle dealt with in this thesis
is ~ .12 rad; for which (2wt)2 = .058 and (dwt)® = .23. 1f
the attenuation factors are ignored, they can introduce errors of
up to 5.8 and 23% into the b2 and b4 terms respectively. 1In
most cases, however, the error incurred by ignoring these

factors is negligible (i.e. < 1%).

The Larmor precession frequency is given by
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guH
E o
tude of the perturbing magnetic field, and g is the nuclear g

w= -

where My is the nuclear magneton, H is the magni-

factor. If the integral rotation angle A8 is equal to wrt,
measurement of wt by observing the rotation of the angular distri-
bution pattern caused by the magnetic perturbation H permits
determination of the product gHt. If any two of these quanti-

ties have been measured in independent experiments, the third

can be determined from an integral rotation measurement. A
popular use of the integral rotation method is for the measurement
of g factors on a nucléar state whose mean-life is known in an
environment where the value of H is known.

(ii) Electric Perturbations

Thus far, the discussion has dealt only with the effect
of a static magnetic perturbation. However, an asymmetric charge
distribution about a lattice site can produce an electric field
.gradient at that site. If the nucleus possesses an electric
quadrupole moment, it can interact with the electric field
gradient. For an axially symmetric electric field gradient (%g ’
the electric quadrupole interaction energy is given by

2
3m2 - I(I+1) OE
3T (21-1) eQ(57)

AE =

where I is the nuclear level spin, m is the substate's magnetic
quantum number, and Z is the direction of the electric field's
symmetry axis.

The degeneracy of the interaction energy in +m and -m

implies that the interaction cannot distinguish "up" from "down",.



29

This fact, coupled with the fact that substates with magnetic
guantum number +m and -m are egually populated, means that the
electric guadrupole perturbation produces no net rotation of

the angular distribution pattern. The perturbation does, however,
produce an attenuation of the angular distribution coefficients.

The perturbed distribution can be written as
1+ Gz(t)Azpz(cose) + G4(t)A4P4(cose)

where the factors Gz(t) and G4(t) are < 1 and account for the
quadrupole attenuation.

It is convenient to introduce the quadrupole frequency

-eQ 3E,

woF FT(ZI-D/ 32 ° (2-2)

The quadrupole attenuation coefficients can be ex-
pressed in terms of the frequency .., which is the smallest non-=

vanishing energy difference between substates and is given by

W, = 3mQ for 2I even.

= GwQ for 21 odd.

The time integral attenuation coefficients for a quad-

rupole interaction involving a 2+ state (I=2) are:

Gz = 0.3714 + 0.0572 5 + 0.3428 5 + 0.2285 5
l+(w°1) l+(3w°1) 1+(4m01)
G4 = 0.4603 + 0.1905 + .254 + 0.0952

2 2 2
1+(m°t) l+(3w°T) 1+(4mor)

where T is the meanlife of the 2+ state.

The size of the gquadrupole frequency for a 2+ state’
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can be estimated from eq. (2-2). If one assumes an electric

field gradient of lolev/cm2

(abnormally large), a quadrupole
moment Q of 1 barn, and a mean life Tt of 100 psec, one obtains
w,T & .019 rad. Since (4wor)2 = .058, only a few percent error

at most will be incurred by assuming the guadrupole attenuation
factors to equal 1. For the experiments in this thesis, any
quadrupole field gradients present are almost certainly less
than the value used in this example, and all of the mean lives
are < 100 psec, so the quadrupole attenuation can be safely
ignored.

For an ion recoiling in a metal, there can be another
source of electric field gradient. As indicated in the theory
of the transient field (Sec. 2-D) by virtue of its motion a re-
coiling ion's nucleus will see an enhancement of the conduction
electron spin density at the site of the nucleus. The fact that
the electron density is not uniform means that there can also
be an electric field gradient at the nuclear site with symmetry
axis in the direction of the ion's motion.

Lindhard and Winther calculate the electric‘quadrupole
interaction due to the ion's motion, and find that the interac-
tion energy with the ion nucleus is, apart from an additive |

constant,

[

AH = Z ?eQPz(cose) (2-3)

where Q is the nuclear quadrupole moment and 6 is the angle
between the nuclear spin and direction of motion.

The function Y is given by
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8ﬂ2V

= —e —2
Y = -e 33 ZPZTNF(V,ZT)

where N is the atom density of the target material,

= S
Vo = 137
and the function F % g-2/3 oA

T Vo

Tt is noted that, in the moderate velocity region, the

) for moderate velocities V > Vo'

guadrupole frequenCY.%g is roughly independent of velocity

2 1/3
bo 1 81r2 e QZPZT NPz(cosB)
4 3 H

Evaluation of this frequency for Rh recoiling in Fe gives

10

w=1.62 x 10 radians/sec (2-4)

where Pz(cose) is assumed = 1. Lindhard and Winther's theory
also indicates that the quadrupole interaction should turn off
for Vv < Vo = I%7 .

For a backscatter coincidence experiment, the direction
of motion of the recoiling ion is almost along the guantization
.axis (beam direction), so the axis of the electric field gradient
is effectively parallel to the quantization axis; for this case,
there will be no quadrupolar attenuation of the angular distri-
bution coefficient551, For a singles experiment, the recoiling
ions make a range of angles with the quantization axis, varying
from 0° wup to the angle which corresponds to recoil velocity
Vo' at which the transient quadrupole interaction is supposed
to turn off. The problem of treating the effect of a randomly
oriented or single crystal quadrupole interaction in the pre-

sence of a simultaneous magnetic perturbation has been treated

by Alder et al.A2 The attenuation factors for a singlesexperi-
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ment can be expected to lie somewhere between 1 (180° backscatter
only) and the values appropriate to a constant, but randomly-
oriented, quadrupole interaction. The attenuation factors for
the particular cases considered in this thesis would have to be
calculated by lengthy numerical methods.

However, the general expression for the attenuation
coefficientsSl can be written in the form

NN - LeE 0t

12 _
Gyx (t) = 2 C e

n,n' nn'

where n and n' run over the number of substates of the excited
state and where the constants Cnn' are independent of time. When
the attenuation coefficients are averaged over all times from 0-,
noting that the quadrupole effect turns off after time to' one

finds that the time-dependent exponential terms look like
t
l-C(wto)2 to second order in wto where the constant C T

'For a 2+ state, the largestpossible frequency is twice the

frequency (2-4) i.e. w = 3.24 X 1010. Assuming t = 1 psec,

one finds (-oto)2 4 10—3, so the attenuation from the transient

quadrupole interaction is negligible.

D. TRANSIENT FIELDS

By transient field is meant the amplification of
the magnetic field which acts on an ion moving through an aligned
ferromagnetic material. The theory of this effect, developed‘
by Lindhard and wintherLl, is based upon the general theory of
stopping of heavy ions in solids. Except at very low velocities,

the predominent mechanism is electronic stopping in which elec-



33

trons are excited or ejected from atoms along the path of the
particle. These electronic collisions produce a continuous
and slow decrease in the ion's velocity; at low energies the
stopping power is proportional to the velocity of the ion.

To describe the stopping, one uses the picture of a
charge moving in a degenerate electron gas. With co-ordinate
system attached to the moving ion, the picture is one of an al-
most stationary flow of electrons scattered in the field sur-
rounding the ion; each electron sees the field produced partly
by the nuclear charge and partly by the other electrons which
are scattered or held in strongly-bound states. (For low velocities,
this self-consistent field is close to a Hartree-~Fock field ).

It is well-known that, in scattering at low velocities

in a Coulomb field of charge Zpe, the density of electrons at

the centre is enhanced by a faétor X = 3;;23— over the density
at infinite distance, where the velocity o? the electrons is
assumed to be V. It is an important assumption of the theory
that the spin density at the nucleus suffers the same enhancement.
One now considers a ferromagnetic material with N atoms/
cm3 and assumes that { electrons per atom are polarized in the
direction of magnetization u. The magnetic moment of the ion's
nucleus will precess in a magnetic field which, in the rest
system of the ion, is given by B = %1 p U(1+E) where p is the.

polarized electron density at the nucleus and |u| is the Bohr

magneton. The factor (1+§) takes into account the fact that B
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is in the direction of magnetization only if the density distri-
bution is spherically symmetric (£ = 0) in the ion's rest frame.
For finite electron velocity Vr there is an asymmetry due to the
preferred direction of the ion's motion through the solid; this

gives rise to an additional term of the form

. v 2
p 30wV, -V u

E = e L]
= 4 2
Vr

Vr is tne relative velocity of ion and electron (i.e. V

= V.-V)
r —i -

where V. is the velocity of the polarized electron. If the
binding of these electrons is neglected, the average density of

polarized electrons at the ion nucleus is given by p = <X>Ng

where v
<273 e2> 21rzp Vg for VvV > Vp
R v/ I T <
i 2“zp Vp for v Vp
The average velocity of polarized electrons Vp is defined
'by <%7> = %— . It is expected that Vp is of the order of magni-
tude :f Vo g T§7 . The expression for p should be .~ultiplied by
the probability that the ion meets a polarized electron. This pro-=

1 when the ion's velocity becomes so small

bability must vanishL
that it cannot come sufficiently close to the atoms (very low
energies - 10 t 20 keV). At higher energies, the ion can move
freely through the lattice and P(V) % 1.

Neglecting the asymmetrycorrection, which vanishes if

VvV < Vp, the nuclear spin will precess around the direction of

magnetization. The differential precession, d¢, is given by
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guyB
d¢ = -5 dat

where gu.. is the nuclear magnetic moment, g the nuclear g-factor.
Iy
To change from a time-variable to a velocity variable,

one employs the stopping cross-section S defined by g% = NS (v)

where N is the number of atoms/unit volume. Since %% - g€ (%%) and

dt
drR _ . . . _ __dE . _
3e -V substitution gives dt = NS V)T ° Since dE =Mvadv

8 gHgH <
ap(v) = 35 o oM gy av .

The total precession for an ion which starts with initial

velocity v'is given by

'
. v

where M is the mass of the ion and Vc is a lower cutoff velocity
for the transient field.

Several features of this equation are worthy of note.
The precession angle is independent of N, the density of the
material; it is proportional to zp,the charge number of the ion and
also proportional to y , the number of polarized electrons per
atom.

It is important to consider the validity of the various
approximations which have been made in this development. It has
been found that relativistic effects are of importance for heavy

ions, and that these effects may be included approximately by

multiplying the effective magnetic field B and the precession
. z. 5/2
angle ¢ by the factor Crel n L+ (§T )

The effect of the binding of the polarized electrons

is expected to be small if the velocity of the ion is larger than
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the electron velocities Vi‘ At lower velocities, the effect

of binding is difficult to estimate; since the contribution

to the transient effect is important at low velocities, this is
a serious drawback. To try to account for this effect, one
approach is to treat Vp as an empirical parameter to be deter-
mined from experiment. One of the objectives of the present work

is to determine a value for Vp by examining the behaviour of

v
the transient field at low velocities V < 79 .

Finally, Lindhard and Winther point out that there is
an uncertainty in the theory due firstly to the existence of
possible resonance effects in the ion potential and secondly
to the effect of the partiaily filled bound states on the ion.
They incorporate this uncertainty as a multiplying constant Cion
for the enhancement factor x. The resonance effects in the
factor X could be as large as 50%, but are probably much smal}er

due to the effect of the ion's bound electronSW1.

E. SLOWING DOWN TIMES

The collision between a target atom and a projectile
(e.g. proton, alpha particle, or 16O ian) of several Mev energy
produces a recoiling target ion with energy in the Mev region.
The maximum possible recoil energy for an incident projectile

energy Ej; is given by
Er =‘ f___—z-IE Ei
Ukr+AP)

where A, and A, are the mass numbers of projectile and target
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respectively. The largest recoil energies encountered in the
present work occurred with oxygen ions (Ei = 35 Mev, AP = 16).
For Rh target atoms (AT = 103), the largest recoil energy

was 16.3 Mev. To find the stopping time, one uses the fact that

g%! = - %% , where - %% is the energy loss per unit path
length; one finds that
E
-~ [ ¥ dE
stopping time t = 3 L a5, .

o

Lindhard et al.L2 have developed a theory of stopping
power for heavy ions of moderate velocity; the theory uses a
Thomas-Fermi electron distribution for electronic stopping and a
power law for nuclear scattering at low velocities. Ranges cal-
culated using the Lindhard theory are generally in good agree-
ment with experimehtally—measured ranges. Calculated slowing
down times are usually less than 1 picosecond.

For 35 Mev 16

on 1°3Rh, the maximum recoil energies are 16.3 Mev and 1.44 Mev

O ions and 10 Mev alpha particles incident

respectively. The stopping times in Feeohao alloy were
calculated to be .89 psec and .34 psec respectively. The corres-
ponding stopping times for Pt recoils in FeasPt15 were calculated

to be .64 psec and .29 psec respectively.
F. RADIATION DAMAGE IN METALS BY ENERGETIC HEAVY IONS

This subject is important because it can be the determining
factor in deciding not only the final position of the recoiling

ion but also the environment that the ion sees after it has come
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to rest. A survey of the voluminous literature on the subject

of radiation damage makes it apparent that it is difficult to
devise a theory that can make guantitative contact with experi-
ment except in very special cases. The theory is however, useful in
providing order of magnitude estimates and at least a quali-

tative understanding of the damage problem.

Several general observations can be made. If bombardment
occurs at a low enough temperature that both of the simple point
defects, vacancies and interstitials, can be considered immo-
bile (e.g. 4°K), then the damage will consist almost entirely
of point defects, whose density increases linearly with radiation
dose because the recombination probability is small. At a higher
temperature, (say > 100°K) where one or both oi the point defect
types are mobile, two new effects modify this simple picture.

If two defects of opposite type encounter each other, they will
recombine and mﬁtually annihilate. If two defects of the same
.type come together, they can find it energetically favourable

to remain together at that position; this immobile divacancy or
di-interstitial then acts as a nucleation point to which further
defects of like type will attach themselves if they happen along
(homogeneous nucleation). The rate of recombination and the rate
of growth of defect clusters are functions of dose rate and
temperature. Recombination reduces damage but the growth of
defect clusters inhibits recombination by restricting defect
mobility. It should be noted that any defect in the crystal

structure (impurity or dislocations) can also serve as a nuclea-
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tion point for the growth of vacancy or interstitial clusters
('trap' nucleation). In the case of a polfcrystal, a grain
boundary is an array of dislocations; one would expect that the
growth of damage would not be homogeneous in polycrystals because
the growth of defect clusters would be enhanced at the grain
boundaries. A third type of cluster nucleation ("spike"
nucleation) is associated with the collision cascade phenomenon
that occurs near the end of an ion's path.

To appreciate the importance of the collision cascade
phenomenon, one should examine the processes of'energy loss of
the ion as it moves through the material. At high energy (e.g.
1l Mev), the predominant mechanism of energy loss is electronic
excitation which raises the local temperature of the lattice
but does not result in permanent displacement of lattice atoms.
At these energies, a minor source of energy loss is elastic
Rutherford collisions between the nuclei of projectile and target
'atoms. A fraction of these collisions are inelastic and corres-
pond to the Coulomb excitation events in which we are interested.
Elastic Rutherford collisions are responsible for thé primary
damage events that occur over most of the ion's range. However,
as will be shown, the most serious damage is produced by the
heavy target atoms recoiling following these Rutherford colli-
sions. As the ion's energy degrades, the effective charge on
the ion increases and, as a result, electronic energy loss de-

creases; the Rutherford cross-section increases with decreasing
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energy, so eventually the nuclear energy loss dominates the
electronic energy loss. Finally, the recoiling ion becomes
neutral, and below this energy the electronic screening of the
nuclear charges is so complete that the collisions are now of
the hard-sphere or billiard ball type in which the impenetrable
electron clouds play a dominant role. An estimate of the
recoil energy at which the ion becomes neutral and a separate
estimate of the energy at which electronic energy loss becomes
negligible compared to the hard-sphere collision contribution
show that the two energies coincide approximately and are given
by

.~ A keV

hs
where A is the atomic mass number of the recoiling ion. Below

E

this energy, the ion loses energy rapidly via a succession of
hard-spherecollisions with the target atoms. Most of these
target atoms have sufficient energy to initiate hard-sphere col-
1lisions with other target atoms, and so on. This collision
cascade near the end of an ion's path produces a large number of
displacements over a relatively small region. Foxr heavy ions,
an order of magnitude estimate of the number of displaced atoms
Nd in the cascade, can be obtained from the expression Nd = g%i
where Ej4 is the minimum energy neceséary to produce one displace-
ment. Ey is generally quoted as 25 ev., independent of target
material.

So Nd M 20 x A .
Ny varies from 1000 to 4000 in passing from iron (A=56) to plati-
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num (A = 195). For 10 Mev alpha particles stopping in iron,

one obtains using a more detailed expression appropriate to

light ions provided by Kinchin and pease T, Ng ~ 100. In alloy
systems, where two species of different mass are involved, the
analysis of BaroodyB2 indicates that the energy provided by a
primary knock-on is distributed quite evenly between the two com-
ponents over a wide range of primary energy provided that the atomic
mass numbers are not different by more than a factor of 10. This
condition is well satisfied for Rh (A = 103) in Fe (A = 56) and for
Pt (A = 195) in Fe. So the magnitude of cascade damage in our
binary systems should not be greatly different from that in a pure
metal.

In the present experiments, we are interested in the environ-
ment of Coulomb excited atoms. It is instructive to compare the
profile of damage in the target with the profile of the Coulomb
excitation cross-section as a function of projectile penetration
depth (Fig. 2-2 ). Since the heavy Coulomb-excited target atoms
have a very short range, the profile of the Coulomb excitation
cross-section essentially defines the distribution of interesting
Coulomb excitation events as a function of penetration depth.
Radiation damage that occurs beyond the region where the Coulomb
excitation probability is appreciable lies outside the region of
interest and should not influence the environment of Coulomb-
excited atoms. It is important to realize that the range of ﬁhe
incident projectiles is such that they always come to rest far

beyond the region where the overwhelming number of Coulomb excita-



Figure 2-2
Radiation damage profiles for oxygen and alpha par-

103Rh. The total Coulomb excitation

ticle projectiles in
and Rutherford scattering cross-sections are plotted on the
same graph as a function of penetration depth into the tar-
get to indicate how the distribution of Coulomb-excited
atoms in the target is likely to be related to the distri-
bution of accumulated radiation damage. The final diagram
plots (ratio of Rutherford to Coulomb excitation cross-
sections) vs (penetration depth) as a measure of the damaée

created per Coulomb excitation event for various projec-

tile enerxgies.
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tion events occur; the damage caused at the end of the projec-
tile's path should not, therefore, influence the environment of
Coulomb excited atoms.

The important damage in the region of appreciable Coulomb
excitation cross=section is caused by recoiling heavy target
atoms which have undergone nuclear Rutherford collisions with the
projectile. These atoms can have initial recoil energies as large
as 16.9 Mev in our experiments. As discussed above, heavy ions
may displace a hundred or so lattice atoms in slowing down to
A keV, but the overwhelming majority of the displacements (num-
bering in the thousands) occur in the hard sphere collision region
below A keV. As a first approximation, then, the number of col-
lisions produced by such a heavy recoil can be considered inde-
pendent of the initial recoil energy as long as that energy is

greater than A keV.

(i) Accumulated damage
A simple estimate of the buildup of damage with time can
be made by assuming that:
(1) there is no recombination of defects,
(2) the number of primary collisions at a given projectile
energy is determined by the total Rutherford cross-

section o, and the incident beam flux,

R
(3) each primary recoil produces the same number v of
displaced atoms, independent df initial recoil energy.
(2) and (3) taken together imply that the damage rate
depends upon the projectile energy only through the inverse square

energy dependence of the Rutherford cross-section. If one further
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assumes that all projectiles at a certain depth in the target
have the same energy (no straggling), then the damage rate will
be a unique function of the penetration depth into the target.
For example, consider bombardment of pure iron by alpha
particles with energy E. Assuming a beam current of .5 uA of

4He++ and a beam spot of 3 mm. diameter, one obtains a flux =

2.ZIXI013 ions/cmz/sec. The Rutherford crossection is
_ -23 2 2
Op = (4.40x10 )/EMev cm”,

Using a value for v of 1000 for iron atoms recoiling in

iron, one finds that

2
Mev®

No. damage events/scattering centre/day = 8.4X10-2/E
The lowest energy for.which the Coulomb excitation proba-
bility is apprecieble is 3 Mev. At this energy, the damage den-
sity is 9.3XI0-3 events/sc. centre/day. The density decreases
quickly for higher projectile energy. The worst damage density,
taking into account alloy concentration, beam flux, Rutherford
cross-section and multiplicity v was predicted for ouxr experiment
using 400 nA of 7 Mev alpha particles on FessPtl5 alloy for
which the damage density at 3 Mev alpha energy was calculated to
be 5.0x10”2 events/sc. centre/day.
If the estimates of the multiplicity factors v are rea-
sonably accurate, then the calculated damage densities are pro-
bably overestimates because no allowance has been made for re-

combination of defects. The assumption that, after one day of

continuous bombardment the damage density is less than the 1%
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level, in the target layer of interest would seem to be a reasonable
one. The numbers indicate that the experiments in which the cumu-
lated damage would be greatest are those using high current
(.4-.6 ua) low energy alpha projectiles (7,6,5 Mev).

From the point of view of radiation damage, a useful compari-
son between the experiments employing different projectiles can
be made by calculating the number of damage events per Coulomb

excitation event in each case. Irrespective of the beam flux, this

N, ORv . R . .
number is given by F— = 7 - .The ratio 5= will be a function of
CE CE CE
the incident energy E. It has been plotted in Fig. 2-2 for the
16

case of alpha particles on pure rhodium and O ions on pure
rhodium for direct excitation of the 295 keV state. While the
absolute values of the numbers can have considerable uncertainty
associated with them, the relative values are significant.

They clearly indicate that the use of more energetic projectiles
;s an advantage from the point of view of reducing the amount

of cumulated radiation damage in such experiments. However, there
are certain advantages to the use of low energy, light projec—-
tiles, namely low background and minimization of transient field
effects. To decide whether the higher damage level associated
with these low energy experiments is significant, one must first
decide whether a 1% level of damage density is likely to affect

the value of the hyperfine field seen by a Coulomb-excited atom

after it has come to rest. A 1% level of damage density means
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that, on average, one in every hundred atoms in the lattice

has been displaced. 1If the damage distribution is assumed uni-
form and isotropic, then this implies that a Coulomb-excited atom
will have,on average, a fourth or fifth nearest neighbour that
has been displaced. Since the magnetic dipole interaction is
almost entirely a nearest neighbour interaction, it is unlikely
that such a displacement would affect the hyperfine field at the
site of the Coulomb excited nucleus. These simple arguments have
assumed that the damage distribution is homogenous over micro-
scopic portions of the target; the growth of defect clusters,
particularly at grain boundaries clearly calls this assumption
into question. However, thé effect of such inhomogeneous aggre-
gations of defects is very difficult to estimate, and no attempt

has been made to do so.

ii) Self-damage

The above analysis has concerned itself with the damage
density seen by a recoiling Coulomb-excited target atom due to
all of the damage events that have occurred since the beginning
of the experiment. However, while a particular Coulomb-excited
atom is slowing down, it initiates its own collision cascade
near the end of its range, and this damage in the immediate
vicinity of the stopped atom could be of high density during the

short time (< 10710

sec) that the excited state takes to decay.
Calculations by Liebfried®3 of the interstitial density at the

centre of a collision cascade as a function of primary energy
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indicate that this density peaks at 5% when the recoil energy is
about 1 kev and that the density has dropped to near 1% when the
primary's energy has dropped to 30 eV. These results are comple-

mented by the work of Bernas et al.Bl

who used stereoscopic
electron microscopy to measure the density of vacancy loops fol-
lowing implantation of 130 keV Yb into Au, Nb and Fe. They esti-
mate that half of the vacancies produced may be in loops.

Due to energy straggling, there will be a distribution of

stopping distances; these were calculated using the stopping
theory of Lindhard et al.Lz. Their results may be summarized by
saying that the ion distribution tended to outdistance the vacancy
distribution. The peak in the ion distribption occurred where

the vacancy density was ~ 1%; this is in agreement with Liebfried's
calculations, but the comparison between the two results must

be treated with care because Liebfried's calculations concern the
stopping of an individual ion whereas the ion implantation experi-

14 atoms/cm2 over some period

‘ments involve dosesof 10*1 - 10
of time and so examine the integrated damage in the target.

Sigmund et al.S3 have investigated the primary distribu-
tion of defect cascades for two different scattering cross sections,
the first independent of projectile energy (hard-sphere scattering),
and the second varying as Ep—m where 0 < m < 1. They integrated
the relevant integral equations to obtain spatial averages over
the defect distribution. Their results indicate that for

M, >> M& (where the subscripts refer to projectile and target

respectively), there is uniform heavy damage throughout the cascade
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region and there is significant separation of interstitials and
vacancies (with vacancies concentrated along the ion trajectory)
in the intermediate and lower kev region, even without considering
the action of replacement sequences. In this case, one could
expect the primary ion to stop in a vacancy-rich region.

For MP Y MT' there is evidence for a slight clustering effect.

In this case, fluctuations in the trajectory would tend to over-
shadow the effect, so the fact that they see any tendency at all
toward vacancy clustering along the trajectory, without considering
replacement sequences, suggests support for the theory advanced

by Brinkman that, when the ion comes to rest, it finds itself in

a vacancy-rich region. For Rh in Fe, ﬁ; ~ 2 and for Pt in Fe,
;% ~ 3.5, so the mass ratios lie somewhere between the cases
MP Av MT and MP >>MT. If Brinkman's concept is correct, then
one would expect the ion to stop substutionally with high

probability.

(iii) Effect of damage on ordering in alloy

Radiation damage by heavy recoil ions can also affect the
degree of spatial and magnetic ordering in an alloy. 1In this
regard, replacement collisions, which typically outnumber displace-
ments by factors of 4 or 5, can play a significant role. If
the alloy is initially homogeneous and in a stable, highly-ordered
phase, then radiation damage, particularly in the collision
cascade, will most certainly reduce the degree of order. On the

other hand, if the alloy is initially in a metastable disordered
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state, and the thermodynamical equilibrium state involves some
degree of order, then the production of isolated vacancies
can enhance the approach to the ordered state by enhancing the
diffusion rate; in a collision cascade, thé diffusion rate can
be greatly enhanced due to the large number of vacancies created
and this fact, plus the need to relax large lattice strains, can
precipitate microscopic phase changes in the vicinity of the
cascade. The latter process is particularly likely at the very
end of the ion's range, where the mean free path between collisions
becomes comparable to or greater than the interatomic spacing
and the ion must be considered to interact with many lattice
atoms simultaneously; in this case it succeeds in displacing
every atom along its path and produces a displacement "spike".
When its energy has further degraded to below 25 eV, it does not
have sufficient energy to displace a lattice atom, soO the remaining
energy is imparted to its neighbouring atoms as lattice vibrations
.and can effectively raise the local temperature to several
thousand degrees K for a brief time. This so-called "thermal
spike" which effectively melts a small volume of the lattice for
a short time, and the "displacement spike" mentioned above can
both help to precipitate local phase changes if such changes are
thermodynamically favoured.

The effect of radiation damage on the alloys used in the
present work depends upon the initial structure and degree of
ordering in each alloy. Comments on these specific cases will be

made in Chapter 6 in a discussion concerning the measured static
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hyperfine fields.

G. FINAL POSITION OF RECOILING TARGET ATOMS

Some useful experimental and theoretical work has been
done to investigate the question of the final position of heavy
ions recoiling in a solid. The term "final" site refers strictly
to the actual site that a recoiling atom occupies at the ﬁoment
when it comes to rest in the lattice. However, if, for example,
the atom stops initially in an interstitial position, it can
continue to migrate through the lattice until it encounters a
vacancy, thereby becoming substitutional. So the final site distri-
bution of implanted atoms that is seen in an experiment will depend
upon the length of time that has elapsed between the time that
the ion first stopped in the lattice and the time at which the
experimental probe examines the final site distribution. The
time scale for room-temperature migration of a defect to a sink
‘is on the order of tens of nanoseconds, so a probe which examines
the final site distribution within a few nanoseconds after the
ion has come to rest probably reflects a final site distribution
that has not been appreciably altered by defect migrations. On-
line experiments such as Mossbauer effect following Coulomb
excitation and perturbed angular correlations following either
Coulomb excitation or nuclear reactions are experiments which
fall into this category because the excited nuclear probes decay
with mean-lives usually less than or of the order of a few nano-
seconds. On the other hand, almost all ion implantation experiments,

in which the hyperfine field distribution for implanted ions is
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examined by Mossbauer effect, nuclear orientation, or channelling,
are affected by defect migration because the experiments are
performed minutes or hours after the implantation. Exceptions
may occur when the dose is so low that the defect recombination
rate is very low and/or when the implant and subsequent experiment
are both carried out at very low temperature (liquid heliup
temperature) so that the defect mobility is greatly reduced.

For the experiments in this thesis, most of the Coulomb-
excited atoms decay in times < .1 nsec., so their distribution
of final sites should not be appreciably affected by defect mi-
gration. One should look to on-line experiments with nanosecond
or subnanosecond probes for. information on final sites that would
be directly applicable to our experiments. The time-integral perxr-
turbed angular distribution technique which must be employed on
such short-lived states measures only an internal field averaged
over all final sites, so the technique does not permit one to
‘detect the existence of different internal fields corresponding to
different final sites. BorchersB3 has shown that the observed
effect in such an experiment is quite insensitive to a distribu-
tion in fields.

Even when the technique used does permit one to distinguish

more than one hyperfine field, there remains the more difficult
task of correlating the distributioh of internal fields to the
distribution of final sites. This problem is complicated by the
fact that it has not been satisfactorily established that the high-
field site is a substitutional or "normal" site. At present, it

would seem that one can say only that detection of more than one
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internal field implies more than one kind of final site; the
actual nature and distribution of final sites on a nanosecond time-
scale, however, are questions that remain unresolved.

42Ca in

Marmor et al.Ml measured the hyperfine field of
Fe; they excited the 3.19 Mev 67 state in 42Ca via the 39K(a,p)42Ca
reaction with a 10.03 Mev o beam and measured the time-differen-
tial perturbed angular correlation of de-excitation gamma rays from
this state. Only one hyperfine field of statistical significance
was observed. They employed the IMPAC technique, so the 42Ca was
a dilute impurity in the Fe matrix.

Various experiments employing MSssbauer effect following
Coulomb excitation have been performed. Kalvius et al.K3 re-
coiled excited 57pe atoms through vacuum into various media, in-
cluding iron. Where comparison data on diffused sources are
available (for Cu, Au, Al, and Fe), the results at room tempera-
ture indicate that within the nuclear lifetime of 10-7 sec, the
.recoils find a *normal" lattice site.

The incomplete body of data on final sites following ion
implantation provides some useful information on the question of
the uniqueness of internal fields. The data way be summarized
by saying that, in general, at least two and sometimes three
different hyperfine fields are detected following implantation.

The high-field site is not necessarily substitutional. In all
cases studied to date, the impurity was insoluble in the host
matrix.

In an alloy, one can anticipate some interstitial and

some substitutional recoils; however, due to the variety of
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possible environments that a stopped atom can see in a partially-
ordered alloy, one would expect a broader distribution of internal
fields than the one- and two-field cases observed for dilute

impurity implants in pure metals.

H. HYPERFINE FIELDS

The phrase "hyperfine magnetic field" refers to the‘magne-
tic field that exists at the site of a nucleus due to the surroun-
ding electrons. The subject of hyperfine fields is extensive
and well—documentedul, so only a brief outline of the origin of
these fields for the séecific case of ferromagnetic metals will
be presented here.

Most metals have large electric fields acting on the atoms
in the lattice. This introduces a non-central force into the
electron-nucleus interaction; as a result, the direction of the
total angular momentum L is not constant in space, but changes
-continuously such that the time-average of the magnitude of L
is zero. This so-called "quenching" of the orbital angular momen-
tum decouples the total orbital and spin angular momenta and
causes the major contribution to the hyperfine field to come
from the electron spins. Ungquenched orbital angular momentum
is important for rare-earth metals, but not for 3d metals like
iron.

Except for the case of the rare earths, the most important
hyperfine contribution in ferromagnetic metals and alloys with

cubic symmetry is that arising from the Fermi contact interaction.
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This interaction, which is non-zero only for s-state electrons,
occurs because s electrons have a non-vanishing spin density

at the nucleus. For cubic symmetry, one might expect contact
interaction for spin up and down to cancel. The field in this case
is generated through the mechanism of core polarization (CP).

The field produced by CP arises from the Fermi contact term
for paired electrons whose spatial behaviour at the nucleus is
slightly different from one another. This difference in spatial
behaviour occurs because electrons in the 1ls and 2s shells that
lie inside the 338 shell and with spin parallel to the 3d electron's
spin have their spatial dependence changed by the s-d exchange
interaction in such a way that they appear to be attracted out-
ward; this results in a net negative spin density at the nucleus.
The 3s electrons lie partly inside and partly outside of the
3@ shell, sc competing contributions to CP make the overall 3s
contrlbutlon small but positive. |

The analysis of hyperfine flelds in metals is more compli-
cated than in ionic crystals because the energy levels are broa-
dened into bands, and an electron in & conduction band s
cannot, in general, be considered to be localized on a particu-
lar atom. When a non-magnetic impurity is dissolved in a transi-
tion metal, especially in a ferromagnetic metal of the iron group,
it is useful to distinguish between two kinds of valence electrons:
those of the conduction band (comprised mainly of the 4s electrons),
and those of the 3d band, responsible for ferromagnetism in Fe, Co‘

and Ni. The 4s conduction band is very broad and has a very low
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density of states per unit of energy, while, due to the weaker
overlap of atomic d-orbitals, the 3d band is comparatively
narrow, with a correspondingly high density of states. In the
ferromagnetic state, the d-d exchange interaction lifts the
degeneracy in energy between spin up and spin down electrons in
the 3d band. This causes the density of states at the Fermi level
to be slightly different for spin up and spin down 3d electrons,
and produces the ferromagnetic state.

An important source of hyperfine field for a non-magnetic
impurity dissolved in a ferromagnetic metal of the iron group
is conduction electron polarization (CEP). The 4s-3d exchange
interaction lifts the energ& degeneracy for spin up and spin down
4s electrons; then, just as for core polarization, this alters
the spatial behaviour of spin up and spin down s electrons at
the impurity nucleus so that the spin up and spin down contri-

,butions to the Fermi contact interaction no longer cancel.



CHAPTER III

THEORY OF EXPERIMENT

A reasonably detailed development of the relevant
physics has been given in Chapter 2; only useful results from
that discussion will be quoted in this chapter.

First will be presented an explanation of how the exis-
tence of the transient field was demonstrated and some of its
properties deduced; then will follow a development of the
expected velocity dependence of the transient field based upon
the theory of Lindhard and Winther. Finally, the transient
field effect is incorporated into the theory of perturbed
angular distributions following Coulomb excitation. The
technique for testing the expected low velocity behaviour

of the transient field using singles experiments is developed.

A. COMPARISON OF BETA-DECAY AND HEAVY ION EXPERIMENTS

As has been discussed, measurement of the rotation angle
wt permits the product gHT to be determined for short-lived
states. If any two of these three quantities have been measured
in independent experiments, the third can be determined from a
measurement of wTt.

Measurement of the rotation angle wt by a perturbed

angular correlation is a commonly-used technique for measuring

56
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g-factors of nuclear excited states. Different techniques

are available for populating the excited state so as to produce
an anisotropic angular distribution of de-excitation gamma-
rays. Among the techniques are beta-decay from a neighbouring
nucleus, Coulomb excitation, nuclear reactions, and resonance
absorption.

There are significant differences between these processes
which are worthy of note. In most cases of practical interest,
the beta-decay feeds a nuclear level higher in energy than the
one of interest; this level then gamma-decays to the level of
interest, which in turn gamma-decays to the ground state, and
the gamma-gamma angular correlation for this cascade is observed
using coincidence circuitry. Coulomb excitation can populate
the state of interest directly; as has been discussed, the gamma
ray angular distribution may be anisotropic whether or not the
gamma ray is detected in coincidence with the backscattered
projectile.

Nuclear reactions can populate the level of interest either
directly or indirectly; if the reaction energy is chosen to be
just above threshold, then the limitation on the angular mo-
mentum of the outgoing particle will ensure an anisotropic
distribution of de-excitation gamma rays from the residual
nucleus even if the outgoing particle is not detected.

Resonance fluorescence populates the state directly. A
gamma ray from the source atom is used to excite the same energy

level in a target atom of the same species. The process of
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resonant gamma-ray absorption can produce a very anisotropic
distribution of de-excitation gamma rays; the resonance
fluorescence technique consists of detecting these de-excitation
gamma-rays and observing the perturbation of their angular dis-
tribution when an external magnetic field is applied. MetzSeer
used 56Fe as source and absorber, and, taking advantage of the
large internal field in iron, measured an observable rotation

angle for the 847 keV level in 56

Fe which has a mean-life of

1l psec. Mossbauer effect, or recoilless resonance absorption

is not very useful for such shortlived states because (1)

AET v i implies that the width AE of the resonance can become wider
than the hyperfine splitting for mean lives shorter than a fraction
of a nanosecond, (2) the transition energy E,
states with short mean-lives is large, and this makes the recoil

for vibrational

energy (Er'»(ET)z) so large that the recoilless fraction becomes
too small to be useful.

For a given mass number, as one moves away from the
centre of the valley of beta-decay stability, the beta-decay
half-life decreases; as well, some radioactive parent isotopes
are difficult to produce by neutron bombardment due to low abun-
dance or low formation cross-section. Primarily for these reaéons,
not all low-lying nuclear levels can be populated by beta -
decay in a way that is experimentally useful. Many first 2+
states in even~even nuclei have short mean-lives - typically
10 to 100 psec. Perturbed angular distributions following

Coulomb excitation provides a useful tool for studying these states
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(pure E2 transition, B(E2) proportional to T—l , and magnetic

perturbation large enough to produce an observable rotation
angle), particularly when the states are not easily accessible
by beta-decay. Several of these states can be studied by both
methods. Comparison of the results obtained for these states
using beta-decay and Coulomb excitation provided the first evi-
dence for the transient magnetic field phenomenon whose behaviour
is the subject of the experiments reported in this work.

If the element of interest has more than one isotope,
each isotope has the same electronic configuration, and so will
experience the same average internal magnetic field H. of coﬁrse,
excited states in each isotope can have diffeéent g-factors
and mean lives. It is usually possible to measure simultaneously
the rotation angle wt for several states in different isotopes
of the same element. If each of these states is a first 2+
state in an even-even isotope, almost all of the measured g-fac-
tors for such states as well as theoretical calculations support
the fact that their g-factors should be approximately the same:
positive and Vv % in value. However, when the same g-factors
were measured using Coulomb excitation with heavy ions, those
belonging to states having the shortest mean lives were found

2 .
2 rule, and in some cases to be

to depart considerably from the z

negative.
A clue to the cause of the discrepancy for the very

short-lived states between the g-factors measured by beta decay
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and by Coulomb excitation with heavy ions can be obtained by
plotting the rotation angles wT measured by Coulomb exci-
tation as a function of mean-life T. If each of the rotation
angles is proportional to mean-life 1, then together they
should@ define a straight line with zero intercept, and slope

w (assuming that their g-factors are the same). This is indeed
the case within experimental error for the rotation angles
measured using beta-decay. However, the corresponding

rotation angles measured using Coulomb excitation with heavy
jons define a straight line with approximately the same slope
but with an intercept that is definitely non-zero. Further-
more, in almost all cases studied the sign of the intercept

is opposite to the sign of the external magnetizing field;

This difference is illustrated by the data in Figure 3-1 collected
using the IMPAC technique.

Taken together, the data seem to indicate that Coulomb
excitation with heavy ions has associated with it an additional
rotation of magnitude comparable to the rotation angles observed
in beta-decay but (for negative internal fields) usually of
the opposite sign. Moreover, this rotation angle seems to
be equal (within experimental error) for all of the first 2+
levels belonging to isotopes of the same element even for a
state whose mean life is N2 psecHl; the latter facts seem

to indicate that the mechanism causing this additional rotation




Figure 3-1

Comparison of observed rotation angles for (1) IMPACT
experiments and (2) radioactivity measurements in diffused
sources, for the even-even isotopes of platinum. IMPACT
results have been taken from the work of the Wisconsin
_groupK7; radioacfivity results are the accepted averages

of several measurements, as summarized in reference B7. The
data are plotted using the most recent (and most accurate)

mean lives available at time of writingB7.

]
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imparts its full effect in a time small compared to 1 psec,

and is independent of mean life. The wide variation in g-factors
for short-lived states measured by Coulomb excitation is.caused
by the fact that for these states, the static and transient

contributions are comparable in magnitude; the net observed

rotation angle is the sum of the two contributions (i.e.
A8 = wt + ¢T).

The data are consistent with the existence of a large

magnetic perturbation having the same sign as the external magne-

tizing field. Since a typical slowing-down time for heavy ions

in iron or nickel is < 1 psec., it is further reasonable to
conclude that this perturbation imparts all or almost all of its
effect during the time that the ion is slowing down in the ferro-
magnetic backing.

Since this perturbation seems to be associated primarily
with the very brief slowing-down time of the ion in the ferro-
magnetic backing material it is referred to as a "transient
field".

To explain why the transient field would exist for ions
recoiling following Coulomb excitation with heavy ions but
not for ions recoiling following beta-decay, one must examine
the differences in the recoil processes for two cases. In beta-
decay, momentum conservation requires that the nucleus recoil
when the beta particle is emitted. A typical recoil energy for
the nucleus is 1 kev. This corresponds for A = 100 to

a maximum initial recoil velocity of 4.4><'105 cm/sec (% = ,00015).
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However, for-a 35 MeV O ion in head-on collision with a nucleus

of mass 100, the recoiling nucleus has an initial energy of 16.6
MeV, corresponding to g = .019. This large difference in recoil Ve-
locity is the most notable difference between the recoil pro-

cesses for the two cases. Lindhard and WintherLl have developed

a theory which accounts for the transient field as a function of

recoil velocity v (Sec.2-d).

B. THEORETICAL VELOCITY - DEPENDENCE OF TRANSIENT FIELD

From Chapter II, the reader will recall that Lindhard

and WintherLl

attribute the transient field to the scattering of
unbound polarized electrons by an ion as it recoils in a magne-
tized ferromagnetic material. The scattering in the ion nucleus'
Coulomb field produces an enhancement X of the electron spin
density at the ion nucleus. The magnetic moment of the nucleus
sees this enhanced electron spin density as a magnetic field B,
in the direction of magnetization, and of magnitude

B = %1 p(l+§)BB where[uB|is the Bohr magneton. £ is an asym-
metry correction necessitated by the fact that the direction of
the ion's motion is not coincident with the direction of
magnetization. This correction is usually quite small. p

is the density of polarized electrons at the‘ion nucleus, and
neglecting the binding of the electrons, it can be shown that

p. = <> Ng where N is the number of atoms/cm3 and ¢ is the

number of electrons per atom polarized in the direction of

magnetization. A<x> is given by
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212 2 21Z_ 29 for v > v
x> = <P x PV p (3-1)
'nl!-i-y-l 272 7o for v < v
P Vp P
vy is the electron velocity and v is the ion velocity; vp is
an average electron velocity defined by %— = <%I>r < > denoting
P

an average over all possible directions of the electron velocity.
The expression for B in the direction of magnetization

becomes

16n for v > v

P (3-2)

for v < v
P

B =

uBN(1+5)z g

<|°< <1o<

p

It is seen that B varies as % down to some velocity vp
and is expected to be constant and non-zero below vp (Fig.3-2 ).
The reader will recall that if the ion nucleus has magnetic
moment gy then in time dt it precesseg about the field B with a
differential precession angle d¢ = 3;5— dt. When the time

variable is converted to a velocity variable, the expression is

gu u

d¢=3

where M is the mass of the ion and S(v) is the total stopping cross-
section.

At high velocities, B is proportional to % and S(v) is
proportional to v, so d¢ is proportional to lf dv.

At low velocities, B is constant, and s{v) is approximately

constant, except at very low velocities, so in part of the low
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velocity region d¢ ~ dv.
For an ion that slows down from initial velocity v' to
rest, the total precession is given by

vcutoff

$(v') = J dé
vl
where Voutoff is the velocity below which the transient field

turns off.

C. EFFECT OF TRANSIENT FIELD ON PERTURBED ANGULAR DISTRIBUTION

The incorporation of the theory of the transient field
into the expression for the perturbed angular distribution must
be handled differently for a singles experiment than for a
coincidence experiment. This is necessitated by the fact that
the recoil velocity of the Coulomb excited nucleus is related
to the scattering angle for the incident ion. 1In a singles
experiment, what is observed is an effect averaged over the
gcattering angle of the incident ion, and, consequently,
averaged over a wide range of recoil velocities. In a coinci-
dence experiment the backscatter ions detected by a particle
detector in a narrow angular band near 180° ensure that the
corresponding recoiling ions will move in a narrow forward
cone; there will be only a small spread in velocities, and all
of these velocities will be slightly less than the value

corresponding to a head-on collision.

s
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In a collision between projectile ion of mass number
Ap and target atom of mass number Aq, the non-relativistic
expression relating the recoil energy Er of the target atom
to the scattering angle ep of the projectile in laboratory

coordinates is

A A 2A
P -
AE = E_(1 + K—) - E; (1 - X_) - /EiE coso (3-+4)

where AE is the excitation energy and E; is the incident pro-
jectile energy. If terms in (——) are neglected in the solution
for E then one obtains the 51mple expression (valid to < 1%

for all values of ep for the values of AP and AT considered

in the thesis)

2A A (e 2A |
E -—11———- E (l-cos6) - AE (3-5
r (AP +AT ) AP+AT

Now consider the angular distribution appropriate to
an ion Coulomb excited in a collision with a projectile that is

is scattered at angle ep (see Section 2-B)

W(ey) = bO + bz(ep,g)cos(2ey) + b4(9p,E)cos(4BY) . {(3-6)

If, in a time t, a magnetic perturbation H acts to
produce a rotation of the angular distribution through angle

&6, then

w(o,,H,t) = by + b,cos [2(e, -28)] + b4cos[4((:)Y—Ae)] (3=7)

0 2

where A9 is a function of H and t.
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To decide upon the form of A8, it is useful to divide
the time domain into two segments, t < ts and t > ts’ where ts
is the stopping time of the ion. If the transient rotation
acts only during the slowing down time of the ion and if the
static field is constant and acts only after the ion has come

to rest, then

t
Ao ¢(t) for t < tg where ¢(t) = J wTdt'

(o]

= w-(t—ts) + ¢(ts) for t > t_ . (3-8

The angular distribution, when averaged over time,

must be weighted by the exponential decay factor e-t/T for
the nuclear state:
1 - -t/t4,. - 1 _ -t/t
= [ W(eY Af)e dt = 2 [ w(eY Ad)e dat +
o
-]
+ 1 J w(e --Ae)e-t/‘r at . (3-9)
T Y
t
s

Using the small angle approximation sinkA®6 ¥ kae
and coskA® ~ 1 the second integral gives
-ts/r bk .
(2) = e I ————— [cosk® + k(mr+¢(ts))(sink9)] {3-10)
k [1+(kwt)”]
The first integral, using the same small-angle approxi-
mations ,gives s tg

-t_/T -
(l)ébk[coske (l-e s )+ Ocsinkgy)j d(t)e t/t i—t] (3-11)

o
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Now for the rotation angles in this thesis, the attenua-
tion factors 1 + (kwr)2 are ¥ 1.

Combining (1) and (2) yields

’ t -t /7T
o) = . s -t/1 dt s
W(Qy,H, )_ihk{coskef+ksxnkqu ¢(t)e — +e (¢(ts)+wt)]} (3-12)

o
If the angle QY= 135° used in the experiments is inserted,

one finds that

-t/T dt

wpe (3-13)

-t_/t ts
wW(l135°,H,») = l-b4-2b2[wre s +‘

o
The weighted transient rotation is defined by

s
-t/T
= W€ dt -
¢w(ts) I T (3-14)
o
where the subscript "T" stands for "transient".

Equation (3-13) is the perturbed angular distribution
app~opriate to events in which the projectile is sgcattered
at angle ep and the recoil nvsleus has a corresponding initial
recoil velocity vi, specified by eguation (3-5).

Because the experiment in which the gamma ray is detected
in coincidence with the gcattered projectile restricts ep
to a narrow band of angles near 180°, and restricts V. to a
narrow band of velocities just below the head-on collision velocity,
the variation in ep and v, can be safely ignored; expression
(3-13) correctly describes the perturbed angular distribution
for this type of experiment.

However, for the singles experiments described in this

thesis events are accepted irrespective of the projectile's back~-
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scatter angle; this implies that the observed result must corres-
pond to a distribution averaged over all possible backscatter
angles (and consequently over all possible target atom recoil

velocities).

(i) Average over scattering angle

The analysis is complicated by the fact that the angular
distribution coefficients b2 and b4,as well as the weighted
transient rotation ¢w(ts) and the stopping time t, vary as

function of backscatter angle 6 the latter two quantities

depend indirectly upon ep throuzh their dependenée upon recoil
velocity. The dependence of'b2 and b4 upon Gp can be calculated
using the Coulomb excitation theory outlined in Chapter 2; the
variations of ¢w(ts) and tg with ep depend upon the models that
are assumed for the transient field and for the stopping cross-
section.

The only quantitative model for the transient field to
date has been provided by Lindhard and WintherLl. The same
authors have also provided a universal theory of stopping power
that accounts for both nuclear and electronic stoppinng.

As discussed in Chapter II, the differential Coulomb
excitation probability is a function of backscatter angle ep.
The required average over ep is given by W= éﬂw(ep)p(ep)dep
where the normalized Coulomb excitation probability is given by

P(o,) = g (0,,8)siney/ r%g(ep,g)sinepdep . (3-15)

o
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As noted in Chapter II, tables of values of %% ’
calculated semi-classically, are availableAl. These tables
were used for the calculation of p(ep). The parameter £ is con~
stant for definite values of incident projectile energy, excita-
tion energy, and a given choice of target and projectile. The
values of the angular distribution coefficients bz(ep,g) and
b4(ep,£) were also calculated semi-classically. Letting 52(5)

represent b2 averaged over ep,etc. and using expression (3-13) for

W, one finds that

~t /%
f(135°,0,%) = By-B,~2[bye 5 T + byg ] (3-16)
- - - b,¢ -t /7
= bo-b4—2b2[mt + 3 w] assuming e A RN
b
2

It is usual to express the angular distribution with the
first term normalized to 1. This can be accomplished by dividing

all terms by 50.

Because the stopping time tg is related to a unique initial
recoil velocity, and the initial recoil velocity is related to

a unique backscatter angle 6_, ¢w can also be considered to be a

p
function of ep. So
by by " L
S —= dase b, (6 _)P(6_)de 3-1
by T b, (0,14, (0,)2 (8) p/l ,(0,)R (8 )a0,  (3-17)
. 2 o °
The woove expression has been integrated numerically.

The results for a representative case are shown in Fig. 3-2; the
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effect of averaging over ep, and convolution with the
function bz(ep) can be seen by comparing with the values

of ¢w also plotted in this figure.

(ii) Thick-target average

There is a further modification to the theory that
is required. In a coincidence experiment, all of the Coulomb
excitation of the target atoms occurs in a thin (v 100 ugm/
cmz) layer of target material coated on the front surface of
a ferromagnetic foil. Energetic heavy ions p;ssing through
this layer lose only a small fraction of their initial energy,
so Coulomb excitation of the interesting target atoms takes
place at what is effectively a single projectile energy. In
a singles experiment, the target atoms are distribted uni-
formly throughout a ferromagnetic lattice; not all of the
interesting Coulomb excitation events occur at the surface of
the target. As the projectile moves into the target it loses
enexrgy and the total Coulomb excitation cross-section (i.e.
crosi-section irrespective of backscatter angle) decreases.
The variation of incident projectile energies at which
Coulomb excitation occurs implies a corresponding variation
in the £ parameter. It is therefore necessary to average
the angular distribution again to account for the effect of
a thick target. The weighting function in this case is the
total Coulomb excitation probability which is independent of

backscatter angle and dependent only upon the parameter £.

- b r sm i caeem—
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The total Coulomb excitation probability is proportio-
nal to the function sz(E) which is simply the differential

function
af (6 ,6)

_—dTL_

integrated over backscatter angle ep. Tables of values of

the function sz(E), calculated using the full quantum mechanical
treatment, are availableAl. Alder et al. have taken into

account the energy loss of the ion and have developed the weigh-
ting function necessary to perform the thick target averaging.

It is defined by

P
AE(l + A——)
_ P
5 = E
i
and AP 1/2
10.008 (1 + (z0)AE
4 T
V= g .
ZpZn Ap



Figqure 3-2

Transient field and integrated transient rotation ¢w plot-
ted as a function of ion recoil velocity for the cases of
Rh ions recoiling in FeBOhao alloy and Pt ions recoiling in
FegPt g The actual curve of ¢ is the negative of the

one shown in the diagram. The integrated transient rotation

¢

w! for a given velocity, essentially represents the inte-~

gral of the transient field curve from that velocity down

to zero velocity. The transient field has been calculated

1

from the Lindhard and WintherL theory assuming C = 1.

ion
Also shown is the quantity iw' evaluated for the particular
choices of projectile type and energy used in this thesis.
® w is ¢, averaged over projectile scattexing angle and
energy. For interpreting this quantity, the velocity coor-
dinate should be thought of as the maximum initial recoil

velocity of a Coulomb-excited ion.
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The appropriate thick-target average is given by

- 1_ 1
W(13s°,H,°) = [ wv,0u v, /[ v, v,
2 T 2 T

;O ;0

=1-b, - 252[wt + =
2
where ;o corresponds to initial projectile energy Eo' and $w H

E;?;/ﬁz is the thick-target transient rotation averaged over
backscatter angle and §. The results have been calculated nu-
merically and are plotted in Fig. 3-2 as a function of maximum ini-
tial recoil velocity vi. The coefficients 52 and 34 are the
angular distribution coefficients that would be measured for

a thick-target singles experiment. These calculated coefficients

are listed in Table 3-1.

(iii) Solid angle attenuation factors

The a, and a, coefficients are calculated on the basis
of the assumption that the detectors are point detectors. The
efféct of averaging over finite detector size is to attenuate
the angular distribution coefficients; calculations of the
attenuation factors for a, and a, coefficients for Ge(Li) de-
tectors have been published by Camp and van Lehnc?. the attenua-
tion factors used in calculation of the b2 coefficients were taken

from these tables and the uncertainty in their value was believed

to be less than .5 per cent.

—————-
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(iv) Multiple scattering

As the projectile slows down in the térget material, it
can suffer a small number of large-angle deflections which ef-
fectively change its direction of motion. The distribution of
projectile directions due to multiplé‘scattering has been worked
out by several authors. The distribution is effectively Gaussian,
and has the effect of attenuating the observed angular distri-
bution. McGowan and S't:elsorl;4 ¥ have calculated the attenuation
coefficients for protons on various targets and have demonstrated
that the attenuation factor can be as lafge as 5% for protons;
however, for heavier projectiles, like alpha particles, the
angular gspread is only 2 or 3 degrees, and the attenuation is

negligible.

(v) Uncertainties in calculated quantities .

1 are the result

The sz values tabulated in Alder et al.A
of a full quantum mechanical calculation and are therefore probab-
ly accurate to better than one percent. The main error in the 02
function arises from uncertainties in the value of m for the E ™
energy dependence of the stopping power; however, Alder indi-
cates that the results for thick-target yields which are presen-
ted in the paper aré rather insensitive to the assumed power law,
and are likely accurate to 2%. It is ASSumed, therefore, that
the uncertainties in the calculated b, coefficients due to thick
target averaging are 2%.

Figure 2-1 presents the results of a comparison between

the semi-classical and quantum-mechanical calculations of the
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agz and aﬁz parameters as a function of scattering angle ep.

It is seen that, for agz, the two calculations agree to within

2

1-2% where the ag value is appreciable over most of the range

of 6_. Somewhat large discrepancies for the aﬁz parameter are

P
not serious because the value of the angle-averaged aﬁz parameter

is so much smaller than the agz

parameter value. It is believed
that the uncertainty in the angle-averaged value of agz due to
the semi-classical, rather than full quantum-mechanical calcula-
tion of agz(ep), is less than 1%. ,

The largest uncertainty in the average over scattering
angle ariseg from the semi-classical calculation of the differen-
tial £20 function. Alder et al. do not provide an estimate of
this error, except to say that it is likely to be larger than
the error in the total sz function. A comparison with the full
quantum mechanical calculation was carried out for two represen-
tative values of §; the discrepancy varied from approximately
6% at back angles to as much as 10% at some forward angles.
However, the semi-classical values overestimate the true values
at some angles and underestimate them at other angles, so the
error in the average over scattering angles is probably much less
than these values quoted for particular angles. The uncertainty
in the b, coefficients due to this source is assumed to be 3%.

The overall uncertainty in the calculated b, coefficients

was set equal to 5%.
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CHAPTER 1V

EXPERIMENTAL ARRANGEMENT

The basic components of the experiments were:
(a) a beam of ions of MeV energy (b) a ferromagnetic alloy
target, in the form of a thick (.2 mm) foil (c) an electro-
magnet producing a magnetic field of a few kilogauss for
the purpose of aligning the domains in the ferromagnetic
target (d) two Lithium-drifted Germanium detectors mounted
at particular angles with respect to the incident beam direc-
tion to monitor the gamma-ray count rate at those angles
(e) a switching circuit to reverse the magnetic field direc-
tion at reqular time intervals in an attempt to minimize the
effect of systematic drifts in the electronics (£f) a data-
handling system to record a singles gamma-ray spectrum for
each detector for both field "up" and field "down" - four

spectra in all.

A. ION BEAM

The beam of ions required for the experiments was
produced by a model FN Tandem Van de Graaff Acceleratocr at
McMaster University. fhis machine can attain a terminal voltage 1
of 9 MV; the highest terminal voltage required for the i
various experiments is presented in Table 4-1. :

The beam was steered and focussed onto the target

78
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through two apertures, the first made of tantalum, the second
of lead. Their diameters were 4.5 mm and 3 mm respectively,

and their positions are indicated in Fig. 4-1.

B. TARGETS

The targets were alloys consisting of rhodium , palladium )
platinum, dissolved in iron in concentrations of up to 50 atom
per cent. Iron was used as the ferromagnetic solvent material
because of its high internal magnetic field and because the
metals of interest were soluble in iron over a wide range
of concentrations.

Various methods were employed to produce the alloys.
The FeBORhZO targets were produced at the Central,Research

Institute for Physics, Budapest, Hungary, by arc melting and

were kindly provided by Dr. L. Keszthelyi.

platinum
Th {palladium

University using an NRC electron-gun and resistance-heating

}-iron alloys were produced at McMaster i

unit. The electron-gun proved ineffective for two reasons:

e e Tt

its permanent magnet tended to scatter the iron powder or flakes

in the target material, and the melted alloy solidified into

a (usually hollow) sphere. The latter fact made the alloy

difficult to roll into a flat sheet, particularly for a i

brittle alloy like PtFe. ‘ : :
To circumvent these pfoblems, a method was devised for

forcing the liquid alloy to solidify directly into the required ﬁ

pill-box shape. This method consisted of melting the powdered
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materials in a mould fashioned of carbon; the mould featured
a carbon plug that pushed down on.the melted alloy and forced
it to adopt the cylindrical shape of the melting chamber. Car-
bon was used as the mould material because it provided the
high-resistance material that must be mounted between the
electrodes of the resistance heating unit. A diagram of the
arrangement can be found in Fig. 4.3. The length of the car-
bon plug was adjusted to suit the amount of target material
used. The pill-box shaped solid alloy was then reduced to the
desired shape (.2 mm thickx3mm highx4mm wide) by filing and
by rubbing with emery cloth.

The targets were éhecked for magnetic saturation
by measuring the magnetization as a function of external field
at room temperature using a vibrating-sample magnetometer. Care
was taken to provide the same target orientation relative to
the external field as was used in the experiments. The (uncali-
brated) magnetization curves are presented in Fig. 4-4; the
operating points for the experiments are indicated as well
as the approximate percentage of full room-temperature magneti-
zation that was achieved. The possibility that the surface
magnetization differs from the measured bulk magnetization
is discussed in a later chapter.

The targets were soldered onto the front face of a

rectangular copper bar with a cross-section of ~3 mmx16 mm.
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FIGURE 4-4

Bulk magnetization as a function of external applied.field
for Fesohao, Fe70Pd3o, and FeBSPtls alloys. Measurements
were taken at room temperature using a vibrating-sample
magnetometer, so the magnetization is expressed in arbitrary
units and the three curves have been normalized at 7 kG
external field for purposes of comparison. The external
field used in the experiments reported in this thesis (3.2

kGauss) is indicated on the diagram .
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This bar fit snugly into a copper plug that was in direct
contact with the target coolant. The distance from coolant to
target was 3 cm. The size of the beam spot was v 2 mm in
diameter, and the highest power delivered by the beam was 3.5
watts for our experiments. Calculations showed that the power
radiated to the copper bar from the walls of the target chamber
was negligible by comparison. An estimate of the temperature

difference T was made. On the basis of these

target-Tcoolant
. e s _ °
calculations, it is felt that Ttarget Teoolant S 30°C is a

reasonable estimate for all of our experiments. The two coolants

used were room-temperature water and liquid nitrogen. Thus

o o
for R.T. water coolant 293°K < Ttarget < 343°K

3 s (-] o
for liquid N2 coolant 77°K < Ttarget < 127°K.

C. ELECTROMAGNET

The electromagnet (Fig. 4-1) used to provide the
external field consisted of two wire wound coils in series
mounted on a C-shaped Armco iron yoke. The coils each con-
tained 3200 turns of ASA number 20 insulated copper wire;
the yoke was 1 inch square in cross-section and 12 inches high.
The circular Armco-iron pole tips were 1/2 inch in diameter.
With a pole-tip separation of 5 mm and a current in the colls
of .8 amperes, a magnetic field of 3.2 kilogauss was produced
at the centre of the pole-gap.

The profile of the transverse magnetic field as a

function of radial distance from the centre of the pole gap

e —
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was measured using a Bell gaussmeter Hall probe. The Hall
probe was calibrated against the analyzing magnet of the
Tandem Accelerator, whose magnetic field is readily measured
to high accuracy, using an in situ NMR probe. This field
profile was necessary in order to calculate the effect of

beam-bending (see Appendix 1) on our experiments.

D. FIELD-REVERSING ELECTRONICS

(i) Switch In an attempt to‘minimize the effect of syste-
matic errors in count-rate due to short-term and randomly-
occurring drifts in the electronics system it is desirable to
interchange the roles of the two detectors at regular inter-
vals during the experiment. This is most easily accomplished
by reversing the external field direction (and thus the inter-
nal field direction in the target). The theory of such
errors indicates that their effect can be minimized by making
the counting time between field reversals as short as possible.
Offsetting this requirement is the need for experimental ef-
ficiency which dictates that the counting interval ("on"
interval) should be as large as possible compared to the
field-reversing interval ("off" interval). The compromise
chosen for our experiments was an "on" interval of 20 seconds
and an "off" interval of..8 seconds.

Since a current of .8 amperes was used, it was nec-
essary to have a switch which could reverse this current in

less than .8 seconds. In the early experiments, a mechanical
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relay was used; however, the reliability of its contacts
deteriorated as time passed and it was superceded by an elec-
tronic switch (Fig. 4-5) which employed four power transis-
tors, two of PNP type and two of NPN type. The direction

of current flow was controlled by two logic levels (labelled

FDl or FD2 in Fig. 4-5) applied to the bases of the transistors.

(ii) Logic - Fig. (4-5)

A timer-scaler was used as a timer to count the 20
second intervals. Operated in master mode, it stopped
counting and produced a logic pulse when 20 seconds had elapsed.
This pulse was fed back to reset the timer/scaler to zero;
it also fired a Schmidt trigger ciccuit, constructed of NAND
gates. The fast logic output of this circuit was used to:

(a) block the ADC inputs to prevent data accumulation during
the switching interval, (b) change the status of the route
logic level which controlled where the data was stored in the
analyzer, (c) change the status of the logic levels FDl and
FD2 which control the field-reversing switch, thereby rever-
sing the field direction and (d) fire a series of two mono-
stable IC's which delivered a "restart" logic pulse after .8
seconds. The latter pulse was used to remove the blocking

signal from the ADC's and to restart the timer/scaler.
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E. ELECTRONICS FOR PULSE-HEIGHT ANALYSIS

A block diagram of the electronics is presented in
Fig. 4-6. Two Ge(Li) detectors of large volume (40-50 cc)
produced singles gamma-ray spectra which were analyzed and
stored separately. A routing bit, whose status was changed
during each "off" interval, permitted the spectra for magnetic
field "up" and "down" to be stored separately. Four spectra;
each 2048 channels in length, were therefore recorded -
counter 1, field up and down, and counter 2, field up and
down. The pulse-height analysis systems used were either
a Nuclear Data 3300 Analyzer,or a PDP-9 digital computer

programmed to act as an analyzer.

F. TARGET CHAMBER (Figs.4-1 and 4-2)

The target chamber was a thin-walled stainless-steel
"pillbox" 2 inches in diameter and .375 inches high; the
walls were of uniform 1 mm thickness. The copper bar on
which the target was mounted protruded into the target chamber
through a slot at the back end. The copper bar fitted into a
copper plug which was mounted on the end of a 3/4 inch diameter
stainless-steel tube. This tube permitted coolant (liquid N,
or water) to be brought to a distance of 3 cm from the targét.

The stainless steel tube was about 10 inches long, and was
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located along the axis of a flexible metal bellows. The
bellows served as a vacuum housing for the coolant tube;
however, it also served another function. The coolant tube
was welded to a metal blankoff which was in turn vacuum-sealed
to the back end of the bellows by a Teflon seal. The target
chamber itself was attached to the front end of the bellows
by a similar arrangement. This front end was rigidly fixed
in position; the back end of the bellows was mounted on a hori-
zontal slider assembly. This feature permitted the
coolant tube and target bar to be moved horizontally up to 1/2
inch with respect to the target chamber while the interior
of the chamber and bellows was under vacuum. As a result,
more than one target could be mounted on the copper bar
and moved into the path of the beam as requiréd without letting
the chamber up to atmospheric pressure.

It proved necessary to modify the chamber by inser-
ting “pole cups" so that the pole gap could be reduced to 5 mm
and the magnetic field increased to 3.2 kG for the ekperiments
on FessPt15 alloy. Unfortunately, the pole cups under vacuum
then bent inward and touched the copper bar. It was necessary
to insert Teflontape'between bar and cup to provide electrical
‘and thermal insulation. This prevented the copper bar from
being moved under vacuum conditions, so the advantage was
lost for the experiﬁents on FeBSPtlS"

The target and cooling tubewere electrically isolated

from the chamber so that target current could be measured.

S




93

Current was also monitored on the two apertures mentioned
in Section A to assist in steering and focussing the beam

onto target.



CHAPTER V

DATA ANALYSIS AND EXPERIMENTAL RESULTS

This chapter begins with a development of the method of
data analysis used to extract the rotation angle A6. Then a
treatment of possible sources of error such as (1) background
subtractions in peak area calculations (2) beam bending and
(3) indirect feeding of nuclear levels is presented. Some brief
comments are made on particular problems of analysis associated
with certain excited states. Finally the experimental results

are presented.

A. RELATION BETWEEN ROTATION ANGLE AND MEASURED AREAS

The collected data consist of 4 singles gamma ray sSpec-

tra for counter 1, field up and down, and counter 2, field up

and down. Detector 1l is located at -135° and detector 2 at +135°.

For a particular nuclear excited state, the quantity of interest

in each spectrum is the ﬁumber of counts collected at a par-

ticular excitation energy in the photopeak.

Let Nl(+) = number of counts in detector 1 for field up at 135°
Nl(-) = number of counts in detector 1 for field down at 135°

N2(+) = number of counts in detector 2 for field up at 135°

Nz(-) = number of counts in detector 2 for field down at 135°.

The number of counts is proportional to the perturbed

angular distribution at that angle, i.e.

94
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Ny (+) = I o€p (1-34+232 (mr+$w)

where

I is the gamma ray intensity and is the same for both detectors

for a given fieid direction; € is the efficiency of the gamma ray

detector (including the solid angle attenuation factor ).
Changing the field direction simply changes the sign of

wT and zw . Letting

F(+) = 1-5,+25, (wt+3 )
W(-) = 1-34-252(w1+3w)
we define
.2 Ny () N, (=) ) [1+el€7':(+)1[1_e'2§‘3(+)1 ) (412
measured = Ny (=) Ny (+) [I_slﬁ(_)][1+ezﬁ(-)] W(-)1%

It can be seen that the advantage of combining the data
in this particular way is that the beam intensity factors and de-

tector efficiencies cancel out. Then

Q= (o2, )1/?

meas
_ W)
W)
and
o-1 _ 25, (wt+d,)
g+l 1-5, )

\

————— e == ~are
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A. GAMMA-RAY PEAK AREA ANALYSIS

A typical singles gamma ray spectrum is shown in Fig.
5-1.

As stated, the quantity of interest in a given singles
spectrum is the number of counts for a particular excitation
energy. The finite energy resolution of the detector and pulse-
height analysis system means that the number of counts in the
photopeak is distributed in a roughly Gaussian distribution over
a number of analyzer channels. (Fig. 5-2). The peak is, of course,
sitting on the ihevitable background that .arises mainly from
Compton~scattered events from higher energy gamma rays. To find
the peak area, it is necesséry to estimate and subtract the num-
ber of counts in the background under the peak.

In a singles spectrum, this background subtraction can
be a major source of error in the measured peak area; another
source of error arises when the peak of interest and another peak

close in energy are not resolved.

(i) Background Subtraction

Wwhile the background is not a linear function of channel
number over a large segment of the spectrum, it varies slowly
enough that the linear approximation is a good one over small
regions. For the analysis, a linear background was acsumed under
each peak in most cases.

To estimate the background, a sample background window

was set on either side of the peak; to make the linear approxi-
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mation as valid as possible, the background windows were set as
close as possible to the peak itself. As will be shown, the
error in the background is usually reduced by making these back-
ground windows as wide as possible, all else being equal.

However, in many cases the rules regarding the proximity
of the background windows to the peak and the width of these
windows had to be modified due to the presence nearby of gamma
ray peaks, dropped points, and Compton edges which disrupt the
smoothly-varying background.

With reference to Fig.5-2, if the lower and upper back-
ground windows contain total numbers of counts N; and N, respec-
tively, then the error in tﬁe background due to the finite width

of the window is given by
2 2

c.? wn c N
2 1, 0L 2 u
(AB) = (.__.) (__.) + (..__-) (_) .
Wy W Wy Wy

When the pure statistical errorxs in the measured quan-
tities (P+B) and B are taken into account , it is found that the

variance in the measured peak area P is given by

2 2 1/2
(o] N C N
1 L 2 U
AP =[(P+B)+B + ( ) =) + (=) (=)]
Wy, Wy, (wu Wy

The last two terms describe how the choice of background
windows increases the error in the measured peak area. The
minimum error, for infinitely-wide background windows, is still

(p+B)+B1%/ 2.
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The effect of the last two terms on the relative
error in P was investigated as a function of the width of the
background windows. The experiments were of sufficient duration
that almost all of the peaks of interest contained > 2x105 counts.
It was found that, for the experiments involving alpha particles
as projectile (P/B > 2:3), the relative error in peak area
was not appreciably affected (<1%) by the choice of window

4

width, even for the poor statistics }N 1.5 x 10 counts) of

the 408 keV level in 198Pt. For the experiments using 12C and
160 as projectiles (P/B > 1:5), the higher background required
that the window width be no smaller than three channelé in order
to make the effect of the window width unimportant in a rela-
tive sense (< 1%). For the statistically poor 408 keV peak

in lgapt, the windows could not be more than 4-5 channels wide in

practice; this increased the relative error in P by n 3.5%

for this peak.

(ii) Unresolved Doublets

The energy resolution of the Ge (Li) detectors and ampli-

fying system employed was 2.0 to 2.5 keV at low count rate; under |

actual high count rate conditions, the system resolution was
n 2.7 to 3.5 kev.

In some cases, the peak of interest was so close to a
neighbouring peak that the two peaks were not completely resolved.
In this case, one has the choice of a variety of methods for
extracting the area of the peak of interest.

One method attempted was the fitting of the multiplets
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by trial functions (skewed Gaussians); a non-linear-least-
squares fit was performed using the peak height, width, position
and skewness as parameters.

It was found that under the high count rate conditions
of the experiments, the peak shape varied considerably from one
experimental period to the next; this variable peak shape was
caused mainly by adjustments in the amplifying electronics (e.g.
pole-zero adjustment) which were not reproducible in successive
experiments. It was not possible to find a sufficiently general
trial function which would provide good fits to doublets in
all of the experimental spectra. For this reason, the fitting
procedure was abandoned. . |

One method that was employed when the uninteresting
member of the doublet was a reasonably small fraction of the
interesting member was simply to treat the doublet as a single
peak. Provided that the background peak is a small fraction of
the peak of interest, the ratio of counts for field up and field
down can be quite insensitive to the systematic over-estimate of
each peak area. This error in wt is even less if the same
target and same method of analysis are used to measure the b2 coef-
ficient. The validity of this method had to be judged for
individual cases. In cases where the two peaks were poorly
resolved, one had no choice but to treat the data by this
method.

Another method, employed where the peaks were reasonably
well-resolved and the statistics in the peak of interest were

good, was to set the peak limits so as to exclude from con-
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sideration that part of the interesting peak which is likely
to contain overlap with the uninteresting peak, and then to
analyze the peak of interest as a singlet. This method was
employed whenever possible.

Beam Bending

As the charged projectile ion enters the fringing
field of the electromagnet, it is bent in a curved path in the
horizontal plane. This bending of the beam not only causes a
shift in the location at which it strikes the target (beam shift),
but also alters the angle at which it strikes the target (beam
rotation). The changes in count-rate caused by these effects
can be comparable to the chénge in count rate caused by the
perturbation of the angular distribution; it is, therefore,
important to correct for the effect of beam-bending. A detailed
analysis of beam-bending corrections for singles experiments is
presented in Appendix 1, and the calculated corrections to the
measured quantity %E% are recorded in Table 5-1. The beam-
bending calculations were checked by a measurement of g%% for

52Cr(a,n)55Fe; They agreed

levels in 55Fe excited in the reaction
with the measured values within experimental error. It is '
worthy of note that the calculation achieved considerably

better accuracy than the experimental measurement of beam-
bending. It is also noteworthy that the experimental measurement

of the beam-bending effect requires at least two states with

widely-separated b2 coefficients in their angular distribution

ar— g o



TABLE 5-1 Summary of Beam-Bending Corrections

(&

Q+

2

A = projectile mass number

1 3
1)x10

projectile charge state

= (6.39-43.9 by) Zi

i = magnet current (amperes)

YAE
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E = projectile energy

Projec~ Energy Target AE b Q-1,x10
tile (Mev) gggige Species (kev) 2 Q+I)B.b
Alpha 5 2+ 103 RH 295 -.215  45.7
6 -.187  +4.8
7 -.165  +4.1
8 -.146  +3.6
9 -.131  +3.4
Alpha 5 2+ 103 RH 357 +.151  -0.08
6 +.137  -0.12
7 +.125  +0.27
8 +.114  +0.40
9 +.103  +0.50
164 35 a+ 103 RH 295 -.131  +1.6
35 4+ 103 RE 357 +.104 0.3
Alpha 6 2+ 104 PD 556 +.209  -0.6
7 +0191 "004
8 +.187  -0.3
6 2+ 108 PD 434 +.188 - .8
7 +.178 - .5
8 +5158 - 03
6 2+ 110 PD 374 +.178 - .4
7 +.161  -.15
8 +.149  -.02
Alpha 7 2+ 195 PT 211 +.0405 +1.4
195 PT 239 +.128  +0.2
194 PT 329 +.173  -0.4
196 PT 356 +.176 -0.4
198 PT 408 +.186  +0.5
164 35 5+ 195 pT 211 +.0345 +0.8
195 PT 239 +.108  +0.3
194 PT 329 +.152 -0.06
198 PT 408 +.165 =0.2
12, 20 3+ 194 PT 329 +.182 =0.3

a) Beam-bending corrections are

in this column.

opposite in sign to the values

|
I
|
\
i
1
!
|
i
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(preferably one positive and one negative), because the size of

the effect is a function of the b2 coefficient.

Indirect Feeding of Nuclear Level

While most of the Coulomb excitation of a nuclear state
occurs directly via E2 excitation, part of the contribution
to the population of the state can come from Coulomb-excited
states of higher energy which gaﬁma—decay to the state of
interest. Since the indirect feeding of the level involves an
intermediate gamma ray, the angular distribution for the gamma

rays created by indirect feeding can be considerably different

than for those created by direct Coulomb excitation. 1In addition,

if the mean life of the upper state is long compared to the
jower one, the mean life of the indirect process is eésentially
determined by the upper state's mean life. The theory of the
effect of indirect feeding on the observed rotation angle wt
and on the effective mean life T, ¢¢, is presented in detail in

Appendix B. Indirect feeding was found to be important in the

case of the 295 kev 3/2° level in 103, .nd the 211 kev 372 level

in 195pt Que to the existence of the 357 kev 5/2  1level in

1035, and the 239 kev 5/2° level in 195p,,

Following the convention of Appendix B, the upper level
is level A and the lower level is level B.

As discussed in the Appendix, the angular distribution
coefficients for level B are linear combinations of the coef-

ficients that are appropriate for direct excitation of level A

]
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and level B. Similarly, the effect of indirect feeding on the

observed rotation angle for a perturbed angular distribution

may be summarized by saying that the observed static and transient

rotations for the lower state (B) correspond to linear combi-
nations of the static and transient rotations for both the
upper (A) and lower (B) states. If indirect feeding were not
important, one could separate static and transient effects by
plotting %§-= {%}1 + (%) for two or more states as a function
of mean life t. However, when a nuclear levgl is subject to
indirect feeding, to consider the observed rotation for that
particular level to have this form one must choose between two
possibilities. The first oﬁtion is to use the measured rotation
angle for state (A) to correct the rotation angle for state (B)
for the influence of state (A). The second option requires one
to absorb the average static rotation waTp by expressing this
rotation in terms of the static.rotation WpTgs and, as a conse-
quence, to define an effective mean life for state (B) that con-
tains an explicit dependence on the ratio of g factors (gA/gB).
The approach that is preferable must be decided for each case of
interest. A full sample calculation for the case of 103Rh is
presented in Appendix B. The results for the case of the 295

keV level in 103Rh and the 211 keV level in 195

Pt are presented
in Table 5—-2. For both of these levels, it can be seen that the

indirect feeding effect is by no means negligible.

B
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E. SEPARATION OF STATIC AND TRANSIENT EFFECTS

The approach used in the data analysis is based upon
the basic assumption that the transient field acts only during
the time that the recoiling ion is slowing down and can be
considered as an impulsive rotation; the observed rotation angle
is therefore assumed to have the form A8 = wt + iw' where iw is
the transient contribution, T is the mean life of the state,
and wt is the average static rotation. If the g factors of all
states studied for a given element were the same, then the .w
value and iw value for each state would be the same; the mea-
sured rotation angles, A8, plotted vs mean life for these states,
would lie on a straight line of slope w and intercept ﬁw' If
all of the states are 2+ states of vibrational character in
even-even nuclei, the assumption of equal g factors may be
justifiable; however, even in this case g factors of 2+ states
.measured by radioactivity indicate that the g-factors can be
different. If odd-A nuclei are involved, it can certainly not .
be assumed that all g-factors are equal. If the g~-factors of
all of the states are known by measurement from independent'
experiments, the static and transient contributions can be
extracted by plotting A% vs T; the data points will define
a straight line of slope £ and intercept %». The reader will

g9
recall that these quantities correspond to ;?-a:tiizge and

2¢w

B.g

respectively, where

t
¢y, W s

= N -t/T
g & Htransient (t)e %1-:-

o)
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F. METALLURGICAL CONSIDERATIONS

Several criteria were applied in choosing the elements
to be alloyed with iron. First, the element had to be soluble
in iron over a reasonable range of concentrations. Second, to
optimize the experimental data rate, the concentration of solute
was to be as large as possible compatible with the requirement
that the resultant alloy be ferromagnetic and almost fully
magnetizable in moderate external fields. These metallurgical
restrictions, combined with nuclear considerations, sevefely
1imit the number of candidates for study. Rhodium, palladium
and platinum were three metals that satisfied the criteria.
The magnetization curves of Figure 4-4 indicate the degree of full
rcom temperature bulk magnetization achieved for each alloy used

in the experiments.

G. CHOICE OF TARGET COOLANTS

The experiments on FeBOhao and Fe70Pd3o alloy were
performed with both water cooling and liquid nitrogen cooling
of the target. This was done to investigate whether the ex-
perimental results depended upon target temperature. Two
possible causes of such a temperature dependence are: (1) beam
heating of the target, which, for water cooling, might destroy
some of the ferromagnetism by raising the local temperature in
the target near or above the Curie temperature of the alloy,
and (2) for liquid nitrogen cooling, a decrease in the rate of
annealing of radiation daﬁage due to the fact that vacancy

mobility is inhibited below room temperature. The first effect
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could lower the average observed static field for the water-
cooled target while the second effect could reduce the average
observed static field for the ligquid nitrogen cooled target.
I1f the experimental results are the same within error for both
target coolants, one could conclude that neither of the above

mechanisms affect the measured quantities in a significant way.

H. CHOICE OF PROJECTILE AND ENERGY

The reader will recall that Vp is the velocity at which
Lindhard and Winther's transient field changes from a % depen-
dence (above Vp) to a constant value (Selow VP). In view of
theoretical difficulties in calculating VP' it is treated in
the theory as an empirical parameter. Perhaps the most intuitive
estimate of Vp would be Vp =V, = I%T because the ion velocity
then equals the orbital 3d electron velocity in iron, and
according to Bohr's treatment of ionic energy loss,at this
velocity, the probabilities of pickup and loss of 34 electrons
become equal. Below this velocity, the average number of 34
electrons is most likely to remain constant, and equal to the
number approéiiate to a panionized atom. So one might expect
that any change in the velocity dependence of the transient field
would occur.at Vp‘= \ The experimental results accumulated
to date, mainly from IMPACT experiments are, in general,
approximately a factor of 2 larger than the theoretical predic-
tions and one can obtain better agreement with experiment by

Vo
assuming that Vp =5 .
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For our experiments, alpha particles were chosen as
projectiles in conjunction with target atoms.of mass number
A ~ 100 because the range of 5 to 9 Mev alpha particle energy
was just right for varying the maximum initial recoil velocity

v
of target atoms through the velocity 59 = l.1><108

cm/sec. This
seemed the most likely velocity region'for observing any sudden
changes in transient field behaviour. Below 5 Mev alpha energy,
the Coulomb excitation cross-section became prohibitively low;
above 9 Mev alpha energy, one is near the top or over the
Coulomb barrier for light impurities and the background from
nuclear reactions makes the peak-to-béckground ratio poor.

At or above 10 Mev, perhaps the most serious difficulty
for alloys rich in iron is the predominance of lines in the
spectrum from the reaction 56Fe(a,n)59Ni*. In particular, the
Coulomb excitation lines are dominated by a very strong 339
kev line; this is the first excited state in 59Ni. At 10 Mev
and above,if the éﬁunt rate is kept at a level that preserves
a reasonable dead time (< 50%) in the pulse-height analysis sys-
tem and reasonable detector resolution,lthen the counting rate
in the Coulomb excitation lines is very poor. A further draw-
back at or above 10 mev alpha enexrgy is neutfon damage to the
Ge (Li) detectors caused by neutrons from the reaction quoted
above.

The experiments employing 160 projectiles were performed
using FeBOhao and FeasPtis alloy targets to provide points of

contact with IMPACT experiments, and to provide recoil velocity
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coordinates far in excess of the value 79 . The experiment
employing 20 Mev 12C on the Fe85Pt15 target was intended to
provide a maximum initial recoil velocity coordinate inter-

. . o
mediate between the coordinates for 7 mev alpha (Vrecoil < 7—)

1 \'

and 35 mev 60 (v > 52) projectiles. For Pt, 7Li is

.y >
recoil
the required projectile for varying the Pt recoil velocity
through the value 59 . However, an experiment with 15 Mev

7Li projectiles was attempted and aborted due to the very

high level of background and consequent low counting rate in the

Coulomb excited peaks of interest.

I. Rh,, ALLOY

Fego=20 _

Apart from metallurgical considerations, rnodium was
chosen for study because:

(1) it is monoisotopic and has two states, (g1 = 3/2-, AE = 295
kev) and (Jm = 5/2-, AE = 357 keV) which are readily Coulomb
excited,

{2) one state is short-lived (295 kev, T = 10.4 psec) and one
is relatively long-lived (357 kev, T = 86.3 psec). Since
the average static rotation for the short-lived state is
small, this state should be most sensitive to transient
field effects, while the long-lived state should have a
large static field component. This is convenient for
separating "static" from "transient" field effects.

As the study proceeded, it became apparent that the
indirect feeding of the 295 kev state from the 357 kev state

was a signifiéant factor.
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It was decided to correct for the influence of state A
by subtracting the measured rotation for state A from the mea-

sured rotation for state B, following the procedure outlined in

Appendix B. The results are listed in Table 5-3 and are plotted

in Figure 5-3.
There have been several measurements of the g-factors

of the 295 kev and 357 kev statest?rR1sS4,

these authors have
assumed that the effect of indirect‘feeding on the measured
rotation angle of the 295 kev state is negligible. The only
works5 which does account for indirect feeding uses the singles
technique, bombarding a Feg,Rh; target with 5 Mev protons;

the results reported herein agree with the numbers reported in
this paper which indicate that most of the observed rotation
for the 295 kev state is due to the indirect feeding component.
When corrected for indirect feeding, the net rotation angle

of the 295 kev state is small and the uncertainty in its value,

is increased due to the uncertainty in the size of the indirect

feeding component. As a result, the g factor reported for

this state in reference S5 has a 57% uncertainty (g, 95 = .28(16),
d357 = .54(3)). The analysis that produced these numbers assumed

that the transient field contribution was negligible for 5 Mev
proton bombardment.

All authors agree that the g factors of the two states
are far from equal. It is therefore necessary to analyze the

data by plotting %ﬂ vs T. The g factor of the 357 kev state
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was taken to be .54(3), and its mean life t = 86.3(3.6) psec
from the average of B(E2) values measured by Coulomb excita-

onM4,BS,SG

ti . The mean life of the 295 kev state was taken

to be 10.4%.6 psecGl. In view of the large uncertainty in the
g factor of the 295 kev state arising from the correction for
indirect feeding, it was felt that the fairest way to analyze
the data was by treating gpg5 as @ parameter to be varied
between the quoted limits on its value (.12 to .48). The data
were analyzed in this way and are plotted in Figures 5-4 and 5-5
for 4 different values of gygg (g »» .20, .28, .36, .44). For

g = .12, the error bars on the extracted quantities became so
large that the data were meaningless. In analyzing the data,
the values g = .54, T3g7 = 86.3, Togg = 10.4 were used, and

no error was assumed in these quantities. This procedure is
justifiable because one is interested in the slope and intercept
as a function of projectile.eneIQY: as long as one uses the
.5333 values for these quantities for all projectile energies,
any error incurred by the particular values chosen for these
gquantities will be a systematic one. With reference to Figures
5-4 and 5-5, this means that,for any choice of gzgstvaryipg

the values of 9357+ T3577 and T,gg within the quoted errors

has the effect of shifting the entire‘set of data slightly
upward or downward, but does not seriously affect the relative

positions of the data points as a function of projectile energy.

S
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A6 VS PROJECTILE ENERGY
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J. FeqoPdjo ALLOY
Palladium was chosen for study because it is close to
rhodium in mass number and because it has three isotopes with

first 2+ states which have a nice spread in mean life (104

Pd,

556 kev, T = 15.1 psec; loan, 434 kev, T = 34.9 psec;

110?&, 374 kev, T = 61.6 psec). It was desired to test whether
possible changes in both static and transient field as a function
of projectile energy, observed in the experiments on FeSOhao
alloy, were reproducible in a case where indirect feeding was

not important. Only the 511 kev level in 1069d has had its g-
factor measured with a diffused radioactive source. Unfortunate-
ly, this level was masked in our experiments by strong 511 kev
electron-positron annihilation radiation, so no rotation angle,
could be measured for this state. For the states that were
studied, two sets of g-factor measurements have been reported

by other workers. The first H2 was an IMPACT experiment using

- 38,5 Mev 16

O ions; the analysis assumed that the average static
field seen by a stopped ion in an IMPACT experiment is the same
as the internal field measured in a diffused radioactive source.
Agnihotry et alA4, employed the singles technique with 5 Mev
alpha particle projectiles. They measured the internal'field
on 10654 using 1°6Ru activity diffused into their Feaoszo
target. However, in view of the discussion of radiation damage

and final site of recoiling ion presented in Chapter II, it

is not obvious that the internal field measured following diffusion
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should equal the internal field measured under dynamic bombard-
ment conditions for either a singles (light projectile) or
IMPACT (heavy projectile) experiment. Experiments on ion im-
plantation have indicated that, in certain cases, internal fields
measured by ion implantation agree with internal fields measured
in diffused sources, but there are at least as many cases where
the values do not agree.

Because of the difficulties stated above in measuring
the g-factors of 104'108’11°Pd, it was decided that it was best
not to introduce bias into the data analysis arising from pos-
sibly incorrect g-factor values. Straight lines were least-
squares fit to plots of Ae.vs t for the 374 kev, 434 kev, and
556 kev levels. The systematics of first 2+ states in even-even
nuclei would seem to indicate that the g-factors for the
states in 104,108,110p3 can be considered equal to within 20%
_with reasonable certainty. So even if the least-squares f£it
straight line has an "incorrect" slope and intercept by virtue
of unequal g-factors, this erfor will be a systematic one, and
will be independent of projectile bombarding energy; therefore
the comparison of slopes and intercepts for different bombar-
ding energies will still be meaningful. Experimental results
for this alloy are listed in Table 5-4 and plotted in Figures
5-6, 5-7 and 5-8.

The target consisted of 3 components; (1) natural P4
104

(2) Pd enriched to 63% in Pd and (3) natural iron. These
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components were mixed in appropriate amounts so that the 374
kév, 434 kev and 556 kev levels were of comparable intensity

and the overall Pd concentration was 30 atomic per cent.

Platinum was chosen for study because its large mass

(A ~ 195) would permit one to use alpha.particles, 12C, and

16O projectiles to probe different regions of recoil velocity
than was the case with medium-A nuclei (A ~ 100). It also
offered an opportunity to test the dependence of transient field
on the % -of the target. 1Its isotopes have a total of 5

states, with a wide spread in mean life, which can be readily

194

Coulomb-excited, and two of the states ( P, 329 kev,

T = 51.0 psec; 196Pt, 356 kev, T = 43.5 psec) have had their
g factors measured by radioactivity measurements in diffused
sources. The remaining three states are in 195Pt(21l kev,

1

t = 97 psec; 239 kev, T = <115 psec) and in 98Pt(408 kev,

T 27.7 psec.).

In extracting peak areas, the analysis was complicated
by the fact that (1) the 329 kev peak was located atop the
Compton edge for the 511 kev annihilation radiation,and (2) the
356 kev line was not completely resolved from a 352 kev line
that arose from Coulomb excitation of 57Fe. The presence of
the Compton edge under the 329 kev peak made the background

very non-linear and caused it to change curvature from one side

of the peak to the other. This change in curvature made it .

B
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difficult to choose an analytic function that would fit the
baékground well on both sides of the peak. Both linear and
parabolic background functions were used; with a variety of
background windows. An average of those values of 02 that
agreed within error was adopted as the accepted value. For the

spectra with 35 Mev 16 12

O and 20 Mev ~“C projectiles, the above

problems of irregular background shape were so acute for 329

kev and 211 kev peaks that a new method of background analysis

was adopted. A numerical function ﬁas chosen by graphical means

which varied smoothly and fit the background shape rather well;

then this numerical function was used to fit both field up and

field down backgrounds Uging a scaling factor as the only degree |
of freedom.

For the 356 kev peak, an attempt was made to minimize the
effect of the incompletely resolved 352 kev peak by setting ;
the lower peak window so as to exclude all of the 352 kev peak
from the calculated area.

Since not all of the states under consideration weré
first 2+ states in even-even isotopes, and the g-factors of
the first 2+ states were known to small error, it was decided to
analyze the data by doing a linear least squares fit to a plot

of A-g-»vs T . Because 198Pt is only .7.23% abundant in natural platinum l

the 408 kev line from 198

Pt was of low intensity and tended
to be swamped by the tail of a strong line at 417 kev. A
meaningful number for this state could be extracted only for

the spectrum with 7 Mev alpha projectiles. For the 211 kev
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level, tﬁe value of the E2/Ml mixing ratio for the 3/2- -+ 1/2-
211 kev transition results in a small A2 angular distribution
coefficient. As a result, the measured value of (%E%) is small,
and has a large relative error. This fact has meant that
previous measurements of the g factor of this state by other

workersK7'Vl

» have had large relative errors associated with them.
In view of this large relative error, the 211 kev level did not
appear tc be very useful in a study of the projectile energy
dependence of the transient field. Therefore, it was deéided
to use the data points from the 408 kev, 329 kev, 356 kev and 239
kev levels for 7'Mev alpha projectiles to measure the g factor
of the 211 kev state with full corrections for indirect feeding.
Using the straight line fit to A—g— vs T for these four
states, and employing the uncertainties in the slope and intercept
of this line, the value of A% appropriate to t = 97(6) (the mean
life of the 211 kev state) was calculated. The uncertainty in Tt
was incorporated. into the uncertainty in é% . Then the measured
rotation angle of the 211 kev state, corrected for indirect
feeding from fhe 295 kev state, was used to calculate 9011 from
the relat%on 9317 = 8800/ (86/9).  The result was g, ; = .164(66) .
This number is in agreement within error with the results of

previous workers (Varga et alVl, 9211'= .104 (21) ; Kugel et a1K7,

9211 %

.16(6)). Only one of these authors’! has taken indirect
feeding into account.
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CHAPTER VI

DISCUSSION OF RESULTS

In this chapter, the experimental results reported in
Chapter V are discussed with the purpose of drawing conclu-
sions regarding the behaviour of the transient and average
static rotations as a function of low projectile recoil
velocity. A comparison with the theoretical prediction of the
observed transient rotation as a function of recoil velocity,
which was developed in Chapter IIZ uSLng Lindhard and Winther's
transient field theory, is presented.

Finally a comparison is drawn between the current re-
sults and relevant results of other workers,

— Figures 6-1 through 6-3 contain the measured intercepts
—g-and the theoretical curves calculated as outlined in Chapter
III for Fe ORhZO’ Fe70Pdso, and FeBSPtlsg the data are plotted

as a function of the maximum initial recoil velocity appropriate
to each experiment.

From these figures, it can be seen that generally the -
experimental values agree within error with the theoretical
predictions for each alloy. Some comments on specific cases

are in order.

A.  FegoRh,, ALLOY -
As already discussed it was deemed prudent to

analyze the results for different values of the g factor

128
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Figure 6-1 (Integrated transient rotation/g) vs maximum

initial recoil velocity for rhodium in iron
Key: (1) - Ssingles, 2.5 Mev protons on Fe97Rh03 alloy (Ref.S5)

(2) - singles 5-9 Mev alphas on FeBORhZO alloy (This
work) ' .

(3)
(4)

Figure 6-2 Integrated transient rotation vs maximum initial recoil
velocity for palladium in.iron. :

Singles 35 MeV 16O on Fesoha0 alloy (This work)

IMPACT, ~ 35 Mev 160 (R1)

Key: (1) - 5 Mev alphas on FeBOPdZO alloy (Ref. A4)

(2) - 6-8 Mev alphas on Fe70Pd30 alloy (This work)

(3) - IMPACT, ~ 35 Mev 16O '(Ref.nz)

Figure 6-3 (Integrated transient rotation/g) vs maximum initial
recoil velocity for platinum in iron

Key: (1) - 2.5 Mev protons on Fe,, sPta7.5 and
FeSOPtso alloys Tt Ref. V1 )

(2) - 7 Mev alphas on FegcPt,g alloy (This work)

* 3y - mvpact, 96pe, 35 Mev 160, also 32s and *°c
beams. |
(4) 1MPACT, 35 Mev 0 (Ref. K10)

(5) 35 Mev -0 on FeggPt;g alloy (This work)

*
These points are extracted assuming that static field is

same as for radioactivity measurements. Ref. G.M. Heestand,
P, Hvelplund, B. Skaali, B. Herskind, Phys. Rev. B2 (1970)

3698,
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of the 295 keV state because of the uncertainty in its
value due to the indirect feeding component. From Fig.. 5-4
it can be seen that the general shape of the curve of?w/g |
as a function of Ep is not very sensitive to the assumed value
of the g factor of the 295 kev state. The reason for this is
clear from Fig. 5-3: when the effect of the 357 kev state is
extracted, the rotation angles of the 295 kev state are close
to zero, within error. Thus, their absolute values will not
chahge greatly when scaled by a g factor whose value is
changed by a factor of 2. However the absolute value of the
uncertainty in this rotation angle also scales with the g fac-
tor. Hence the absolute ﬁncertainty in the intercept is largest
for the smallest assumed value of g.

There appears to be a trend, independent of the assumed
value for g,g5 toward an increase in the negative value of
the intercept in passing from 5 to 9 Mev alpha particles. This
trend occurs both for HZO—cooled and liquid nitrogen-cooled targets.
If g,ygg < .20, the uncertainties in the intercepts become too
large to make the results meaningful. For larger values of
92957 the uncertainty in each intercept becomes smaller. Until
the g factor of the 295 keV state is known to much better ac-
curacy, one cannot draw a definite conclusion about the statis-
tical significance of the change in the value of the intercept.
If g5 .36,it would appear that the values of the intercepts at
7 and 8 Mev alpha energy are larger than the theoretical pre-

dictions,while at 5 and 6 Mev alpha energy, the values agree with
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the theoretical predictions within error.

The cause of the change in the value of the intercept
as a function of projectile energy can be seen by referring
to Fig. 5-3. From this figure,.;t can be seen that the measured
rotation angle of the 295 kev state, when corrected for the
influence of the 357 kev state, is constant within error. On
the other hand, the measured rotation angle of the 357 kev
state appears to increase monotonically in passing from 5 to 9
Mev alpha energy. Since a horizontal straight line can be
drawn through the alpha particle points'with a xz <1, it cannot
be concluded that this trend is statistically significant. The

16

decrease in the rotation angle from 4He to T 0 projectile can

be accounted for in terms of the transient field effect. The

16, projectile agrees with the theoretical

intercept for
prediction within error, but the uncertainty in the experimental
value is large. The intercepts for 7,8, and 9 Mev alpha energy

are all negative and non-zero if So905 > .28,

B, Fe,,Pd,, ALLOY

Reference to Figures 5-6, 5-7, and 5-8 indi-
cates that, for the experiments with 6, 7 and 8 Mev alpha par-

ticle projectiles on water-cooled and liquid nitrogen-cooled

targets, the intercepts are either zero or positive to withih
10 milliradians. No systematic change of statistical signifi-
cance in the intercept values could be discerned as a function
of projectile energy. The static field values for all of the

experiments were equal within error. The positive intercepts
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can be explained if the g factorsof the 556 kev and 434 kev
states are larger than the g factor of the 374 kev state. This

conclusion is consistent with the measured values of the g

2 4

factors of these states réported byHeestandH and AgnihotryA H
these authors used IMPACT with okygen ions and singles perturbed
angular distributions with 5 Mev alphas respectively.

Since no systematic trend in the values of the intercepts
or slopes could be noted, it was decided to treat the 6 experi-
ments (6, 7, 8, Mev and Hzo, LN2 coolants) as six repeated
measurements of the same rotation angles. For each nuclear state,
all of the rotation angles which were equal within experimental
error were averaged. The weighted averages are listed in Table ‘
6=-3. Then a least-squares fit to A6 vs T was carried out.
The intercept was not zero within error.

A value for the internal field was extracted by assuming ;
that, to a first approximation, the g factors of the three states :
were equal to the g factor of the 512 kev first 2+ state in %

106Pd. This g factor has been measured both in an external ?

field and with a radioactive source diffused in ironAs’Ms'Bg'Jl.

A weighted average of the rotation angles measured by the lat-

ter four authors was carried out with the result wt,, = 17.45(.25)
mrad. The mean life of the 512 kev state was determined by i

taking a weighted average of the available B(E2) values for

this state which agreed within experimental error. The result i
1
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was Tgi, = 16.60(.65) p sec. The value of the internal field

was assumed to be the same as the internal field measured in

losPd (the hyperfine anomaly is expected to be only 2

or 3 percent), Ho = =573(20) kGauss. From these measurements, :
one obtains dg12 = +400(17) . Then szziige = %; ;ffé = §
;271(20) kGauss. The mean lives of the first 2+ sfates in ;
104,108,110Pd were taken to be weighted averages of all measure-
ments to date which agreed within error .

These average values were Tesg 14.5(.8) p sec,

T434 = 35.2(1.6) psec,and T4,, = 63.5(2.2) p sec.
The g factors of the 556, 434, 374 kev states were extracted

{

(wt) YavT |

from the relation: = X~ , The results are: i

Ix 9512 |

These can be compared with the .values .32(8), .33(3), .27(3) and é
.26(46), .32(6), .26(3) reported by Heestand"? and Agnihotry™ for

the g factors of the 556, 434, and 374 kev states. f

C. FeggPt,. ALLOY 1

Plots of A% vs T are presented in Figure 5-9 for 7 Mev alpha 5

160 projectiles. (The value for the 329 kev state

and 35 Mev
and 20 Mev 12C'project.ile is also included. The intercepts
.extracted from these data are plotted in Figure 5-9, For the

7 Mev o data, the intercept is seen to agree with the theoreti-
cal prediction within experimental error. For the 35 Mev 16O
data, the experimental value of the intercept exceeds the
theoretical prediction, in spite of the large error bar on the

experimental point.
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The static field values show a substantial increase
from 7 Mev alpha to 35 Mev 16O projectile. The value for 35

16

Mev 160 (w2Verage

static =-1300+390 kGauss) is consistent with the

NMR value measured by KontaniK5 in dilute alloy at liquid
helium temperature (1280:25 kGauss) while the value for 7 Mev
alpha projectile (H:zzizge =-768+170 kGauss) is not.

There is a considerable spread in the values of the
jnternal field for Pt in Fe reported in different measurements.
KontaniKs quotes the most precise measurement using spin-echo
NMR on < 1% Pt in iron at 4.2°K (Hint = -1280 (25)kGauss), This
is the value most often quoted. Ho and PhillipsH4 obtained 1390
kGauss (no error quoted) using a specific heat measurement on
3.2% in iron. Buyrn and Grodziné.Blo measured 135050 kGauss
using Mossbauer effect on dilute alloy. Agresti et al'A8 mea-
sured 1190+40 kGauss using Mossbauer effect on 3% Pt alloy and
Atac et al'A9 measured 1240:150 kGauss using Mossbauer. Benczer-
KollerfBlzet al. used Mossbauer effect to measure the internal
field on Pt in iron using concentrated (10%, 30%, 50% Pt in
jron) alloys; they also used X-ray diffraction to investigate
the lattice structure. While they could only determine that

-1.2 < Hy o <-2.9 MGauss, théir X-ray studies revealed a b.c.C.
lattice with iattice parameters midway between the lattice
parameters of the b.c.c. Fe lattice and f.c.c. Pt lattice; the
Fe,oPts and Feg,Ptgy alloys had disordered structufes.

1l

B ,
Following Beraud et al, the accepted mean value for < 3% Pt,

from the above measurements, was taken to be 1270: 25 kGauss.
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It is not possible to make the observed average static field

for 7 Mev alpha and 35 Mev 16

O projectiles in our experiments
agree simultaneously with previous measurements of the internal
field on platinum in iron. The oxygen value agrees with the
above value, while the 7 Mev alpha measurement does not. If

the alloy were completely fandom, then the average static field
would scale with the iron concentration. So in a random alloy,
one might reasonably expect the average static field to be ~ 15%
smaller than for a dilute alloy. Figure 4-4 indicates that for
our experiment, the FessPt15 alloy was magnetized only to about
83% of full room-temperature magnetization. 1In this case, one
might expect the average sfatic field to be .83 of the value
appropriate to full magnétization. If one scales the 7 Mev alpha
value for the average static field by .85x.83 = .705, one can
almost obtain agreement with the value 1270%25, but then the
average static field for the oxygen data is high with respect

to this valué,

One can postulate several possible explanations for the
change in static field between 7 Mev alpha and 35 Mev 160 pro-
jectiles. One possiblé explanation is that radiation reduces
the average observed field in the case of alpha particle
bombardment. It will be recalled that the damage density is
. greatest for high current runs with low energy projectiles.

To check for possible changes in the observed rotation angle,

as a fraction of beam dose, the measured quantity gi%-was

monitored as a function of beam dose for the experiment employing

3kt # e A
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7 Mev alpha particles on FeBSPtIS’ The results are displayed
in Fig. 6-4. They indicate thét, within experimental error,

the value of %%% is consistent with the final value through-
out the course of the experiment. If accumulated radiation
damage is responsible for a dramatic reduction in the observed
static field for this experiment, the effect of the damage must
grow with a time constant that is very short compared to the-
duration of the experiment. This conclusion is inconsistent with
the crude calculations of Chapter II, which indicate that even
after 1 day of continuous bombardment, the average damage
density‘is still likely to be < 1-5%. It is felt that radiation
damage effects are not able to account for the large change

in average static field between 7 Mev alpha and 35 Mev 160
bombardments.

Another possible explanation of the change in average
ngtatic" field is related to the proximity of the Coulomb
excited atoms to the surface of the target. 1Ion implantation
implants atéms.within 100 to 200 i of the surface; in this
case, the measured field has been shown to be sensitive to
the thickness of the oxide laye; on the target surface. For
Coulomb excitation with 160, the excited atoms are distributed
with decreasing probability over a region of the order of 5-10
microns (5 to 10 X 104 i). This case is likely to be free
of surface oxide effects, but one cannot discount the effect

of surface domains; in iron, it is known that the domains at.

the surface of the specimen prefer to align themselves
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perpendicular to the surface. These domains are particularly
difficult to magnetize.

This effect would be expected to be more serious for 35
Mev 160 projectiles than for 7 Mev alpha projectiles (Fig. 2-2),
so it is difficult to see how it could explain why tﬁe field for

16O projectile is larger than for 7 Mev alpha projectile. a

tyvpical dimensibh €or a surface domain in iron is 10 microns,so the
fact that the surface magnetization differs from the bulk
magnetization cannot be ruled out as a possible cause of the
observation of low average static fields. Still another possible
explanation of different observed field values is the difficulty
of aligning the internal field at an impurity site with the
external field when the impurity atom is significantly larger
or smaller than the iron atomAlo- This difference in size
is most serious for Pt in iron (as opposed to rhodium or
palladium in iron). The effect is dubbed the conical field
effect because field directions at the impurity site define

a cone about the direction of the external field with an
opening angle of anywhere from 0 to 30° depending upon the

case considered. Such a conical field effect at the impurity
site would not show up in a bulk magnetization measurement.
while such an effect can reduce the observed average static
field in an alloy, it is difficult to decide how this effect
could be related to a change in average static field for dif-
ferent projectiles.

A final possible explanation of the change in average

\

S b et e S
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static field is related to the possibility that the "alloy"
is not homogeneous. If the "alloy" contained microscopic
platinum-rich regions, then most of the Coulomb excited platinum
atoms would come from these regions. If the recoil velocity
following collision with an alpha particle were not sufficient-
ly large, then the atom, after coming to rest, could still find
itself in the same platinum-rich region, with a correspondingly
low internal field at the platinum sites; if the recoil
velocity for 160 bombardment were large enough to drive the
Coulomb-excifed atoms out of the platinum-rich region, they
would find themselves in an iron rich reg;on, with a correspon-
dingly higher internal-field. Since no investigation of the
homogeneity of the Feg Ft,g alloy was carried out, this final §
explanation must reside in the realm of speculation. It would, |
however, account qualitatively for the observed change in !
average static field.

In view of the apparent changes in average observed
static field for Fe85Pt15 and (possibly) for FeBORhZO alloys, i
some comments on the strucutre of these alloys are in order. ;

D. ALLOY CRYSTAL STRUCTURE , .

(i) FeggRh,,: Shirane et al.52 nave iﬁvestigated the struc-
ture of iron-rhodium alloy both above and below 20 atomic per
cent rhodium concentration using.x-ray diffraction and Mdss-
bauer effect. 'Below 20 atomic percent Rh, the preferred
structure is body centered cubic (o phase) with Rh at the

center of iron cubes. Above 20 atomic percent, the alloy preferé



RS |

144

to adopt the CsCl structure (a' phase); two distinct.average
hyperfine fields .are observed at the iron nuclei. This result
is interpreted in terms of two distinct sites for irén atoms

in the CsCl structure. The cessium chloride structure can be
considered to be compcsed of two interpenetrating simple cubic
sublattices. On one sublattice, only iron atoms, are present;

on the other sublattice, rhodium and iron atoms are distributed
randomly. In this structure, a rhodium atom will always see

8 iron nearest neighbours. Chao et al.C1 point out that

the sharp transition from a to o' phase at 20 atomic percent
rhodium concentration indicated on the phase diagram of Shirane
et al. does not satisfy Gibbs' phase rule. To satisfy

the phase rule, they propose a narrow region of mixed a and a'
phase at 20 atomic percent concentration. However, for both

a and o' phase, a rhodium atom should see 8 iron nearest neigh-
bours, and thus the measured internal field should be the

same as that measured for very dilute alloys. Kontanixs, using
NMR, has measured the internal field on Rh in iron-rhodium

alloys with rhodium concentrations of from 0 to 50 atomic per

cent; he observes aﬁ average internal field that is roughly constant

within error over this range of concentration, a result that
is consistent with the phase diagram of Shirane. One might
conclude, therefore, that the measured internal field

should correspond to that observed by Kontani. Figure 5-5
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indicates that this is indeed the case for 6 to 9 Mev alpha
particle bombardment and 35 Mev 160 bombardment, for both
water-cooled and liéuid nitrogen-cooled targets. The measured
field for 5 Mev alpha bombardment is slightly lower than
Kontani's value for both target coolants. Of course, the
degree of order in the alloy depends in large ﬁeasure on its
method of formation and its history of heat treatment prior to
the experiment. For the Feaohao-alloy, it is not known
whether the alloy was allowed to cool slowly or whetﬁer it was’

annealed after formation.

(ii) FeggPt,g: Kussman “and RittbergK6 have investigated the

phase diagram of the iron-platinum system. Berkowitz‘Bs

et al.
have investigated the structure and magnetic properties of.
Fegs ¢Pt14.6 alloy. The phase diagram iﬁdicates that at 15
atomic percent Pt, the equilibrium ordered phase is b.c.c.
{a) phase up to 200°C, and non-magnetic y phase above that
temperature. In reference B5, the relétive amounts of each
phase were determined by X-ray diffraction measurements, and
by magnetization measurements which make use of the fact that
the different phases have different coercive forces. It was
found that the 14.6-;t.% Pt alloy, when quenched from 1000°C
to 0°C contained 95% volume fraction of a phase, in a highly
stressed condition. Aftei 23 hours of heat treatment at tem-

peratures between 500 and 1000°C, this volume fraction decreased

to 70%. In our experiments, the temperature of the target was
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estimated to be <70°C with water cooling. The alloy for our
experiments was formed by allowing the melt to cool to room
temperature over a period of 1 hour. No special heat treat-
ment was applied to the target thereafter. The results of
Berkowitz would support the view that any ordering that occur-
red would be a phase. Moreover, in our experiments, the tem-
perature of the target was estimated to be < 70°C, with water
cooling, so an a to y phase transition is not favoured thermo-
dynamically at this temperature. If the local temperature

and effect of radiation damage favoured an « + Y phase trans—=
formation for 7 Mev alphglparticles, such a transformation could

help to explain the low observed average static field.
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D. COMPARISON WITH RESULTS OF OTHER WORKERS

In this section, the rotation angles measured'by other
workers for rhodium, pailadium, and platinum in iron for a range
of concentrations and using a variety of techniques will be
compared with the rotation angles reported in this thesis. As
well, experimental results of other workers that-are relevant
to the study of the velocity dependence of the transient field
will be discussed briefly in relation to the present work.

In Tables 6-2, 6-3, and 6-4 is presented a summary of
all rotation angles reported in the literature which are free of .

obvious errors like failure to correct for beam-bending.

(i) Rhodium in iron

Table 6-2 summarizes available data for rhodium in iron.
Bhattacherjee et al.BG performed a singles experiment on FegsRho5
alloy using 5 Mev alpha particles. The rotation angles for the
357 kev state in the present work for 5 to 9 Mev alpha particle
energy and both target temperatures are in good agreement with
their value. The rotation angle for the 295 kev state is in
agreement a£ 8 and 9 Mev alpha energy for both target tempera-
turee. However, Bhattacherjee's rotation angle for the 295 kev
state is larger than the rotation angles reported in the ?resent
work at 5, 6 and 7 Mev alpha energy, and the results, while
not very different, do not quite agree within error. Szokefalvi-
NagySs have performed a singles experiment using 2.5 Mev protons

on a liquid-nitrogen-cooled Fe97Rh03 alloy target. The maximum
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initial recoil velocity for this projectile is a factor of 2.8
lower than for 5 Mev alpha particles. The rotation angle for
the 357 kev state is in agreement with the present results for
6, 7, 8 and 9 Mev alpha energy, and both target temperatures.
The 5 Mev alpha results are low with respect to the proton result;
the discrepancy is 7-10 milliradians. The results of Bhattacherjee
and Szokefalvi-Nagy agree within error for both states.

Roney et al.Rl have performed an IMPACT experiment using
N~ 35 Mev 160 ions on a standard layéred target. The rotation
angles of both states agree with the current results within

16

error for 35 Mev ~ O projectile on a water-cooled target. For

both of these experiments using 16

O projectile, the rotation
angles of both the 295 and 357 kev states are significantly
lower than the corresponding quantities employing either alpﬁa
particles or protons as projectiles. As indicated in Figure 6-1,
this discrepancy is adequately accounted for within experimental
error by the transient field thebry of Lindhard and Winther.
Taken collectively, the data of Table 6-2 would appear
to indicate that the transient field effect is small for alpha
particle and proton projectiles. Due to the uncertaintylin
the value of the 295 ke& state's g factor, it is not ppssible
at this time to present conclusive evidence for or against the
proposal that the transient field falls abruptly to zero when
the maximum initial recoil velocity is less than ;2 . This

proposal was presented in an earlier paperC3 on the basis of an

identical set of experiments performed by the McMaster group on

\
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FeSI.sths.S alloy. This paper reported sharp changes in

both transient and average static fields as the alpﬂa projectile
energy was varied from 5 to 10 Mev. Since the publication of
that paper, two important developments have occurred. The first
was the recognition of the need to account for indirect feeding
of the 295 keV state. The data of reference C3 have been re-
analyzed to take into account indirect feeding, and the reanalyzed
results are presented in Figures 6-5 and 6-6. The second develop-

ment was an experiment reported by Keszthelyi et al.K9

; in this
experiment, they bombarded FeRh targets of various Rh concen-
_trations with 2.5 MeQ protons and monitored the rotation angle

of the 357 kev state iﬁ rhoa;um as a function of beam dose. The
results for 15, 30, and 48.5 atomic percent rhodium alloy'tar-
gets are plotted in Figure €-7. For 15 and 30 atomic percent
rhodium, the observed rotation angle did not change as the ex-
periment proceeded. However, for 48.5% rhodium concentration,
there is definite evidénce that the measured rotation angle de-
creases significantly as a function of beam dose. Since transient
field effects are expected to be small for proton projectiles,

and the statié rotation of this state is large, the data provide ?
definite evidence that the observed average static field was
decreasing as a function of beam dose. Since Fe51.5Rh48.5 alloy
is highlf ordered, the decay of the average static field with in-
creasiﬁg beam dose was interpreted in terms of radiation damage
to the target structure.

This experiment provides clear evidence that bombardment ?

by the ion beam can affect the measured value of the average |
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static field in an alloy (in the case of highly ordered FeRh
alloy, the effect was to decrease the average field). The
result makes the sharp changes in the "static" field for water-
cooled Fe51.5Rh48.5 target reported in reference C3 understan-
dable in terms of radiation damage. It will be recalled that the
damage per Coulomb excitation event is greatest for the lowest
energy projectiles. So any lowering of the static field due to
radiation damage is most likely to occur at 5 and 6 MeV alpha
energy; this is consistent with the observed increase in the
static field from 5 to 9 Mev alpha energy. It is still puzzling
why a sharp change is observed for a water cooled target but

not for a liquid nitroéeh cooled target, especially since the
static field decay reported in reference K9 was for a liquid-
nf;rog?n-cocled target.

Comparison of Figure 5-4 with Figure 6-5 indicates that
the trend toward increasing transient field intercept in going
from 5 to 9 Mev alpha energy is common to both experiments.

Finally, it must be noted that the magnetization as a
function of applied field was not measured for this alloy:
therefore it is possiﬁle that the target was‘not saturated by the
external field; this could explain the low rotatidn angles
measured for the 357 kev state and (possibly) the.anomalous

behaviour of the average static field.
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(ii) Palladium in iron
Table 6-3 summarizes available data for palladium in iron.

4

AgnihotryA et al. have reported on experiment on FeSOPd20 alloy

using 5 Mev alpha particles. Their measured rotation angle for

losPd is in agreement with the results re-

the 434 kev state in
ported in this thesis for 6 and 7 Mev alpha energy, water-cooled-
target and 8 Mev alpha energy, liquid-nitrogen-cooled target, but
is low with respect to the current results at 8 Mev alpha
energy, water-cooled-target and 6 aﬂd 7 Mev.alpha energy, liquid-
nitrogen-cooled target. The weighted average for 6, 7 and 8
Mev alpha energy and both target coolants exceeds Agnihotry's
value by more than one standard deviation. For the 374 kev level
in 11oPd, the rotation angles reported in the present work agree
with Agnihotry's value for all of the experiments using alpha
projectile and liquid-nitrogen-cooled target. The weighted
average for this state agrees well with Agnihotry's measurement.
HeestandHz has performed an IMPAC: experiment using 35
Mev 160, and has 6btained rotation angles for the 556, 512, 434

and 374 kev levels in_;°4'1°6'1°8'1l°

PAd respectively. His ro-
tation angle for the 374 kev level agrees with the current values
" except for the 6 Mev alpha,liquid-nitrogen-cooled target experi-
ment. The weighted average is in good agreement with his value.
For the 434 kev state, Heestand's rotation angle agree§ with all
of the present experiments except for the 6 Mev alpha liquid-

nitrogen-cooled target experiment. The weighted average in

the present work agrees well with Heestand's value. For the
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556 kev state, none of the values reported in the present work
agree with Heestand's value. The discrepancy between Heestand's
rotation angle and our weighted average value is 7 mrad (more
than four standard deviations). A glance at Heestand's rotation

106Pd 512 kev state indicates that it is considera-

angle for the
bly lower than the radioactivity results (v 13 mrad). The tran-
sient field effect can account for these low rotation angles

for the 556 kev and 512 kev states in the case of 160 projectiles;
one is then led to wonder why the rotation angles for the 374

kev and 434 kev states do not show a similar drop in rotation
angle with respect to the alpha particle results. The answer can
be found by referring to Figure 6-8. It is evident that the

average static field for the 16

O bombardment and recoil into pure
iron (IMPACT) is larger than the average static field for recoil
in Fe7oPd30 alloy in which 3 out of every 10 atoms is a Pd
atom. For the 374 and 434 kev states, the transient field

16O bombardment and recoil into pure iron is approxi-

effect for
mately compensated by the lower average static rotation for

alpha bombardment of a 30% Pd alloy target.

(iii) Platinum in iron

Table 6-4 summarizes available data for platinum in iron.
Examination of this table does not reveal a readily recognizable
relationship between the rotation angles measured in different

experiments. However, a pattern emerges if A% is plotted vs T

for each of these experiments. The g factors of the 328,

194,195,196:P

239 and 356 keV levels in t are all known with
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an uncertainty of 6.2% or less, so dividing by the g factors
does not seriously increase the uncertainty in the data points.
Plots of A%vs t for each experiment listed in Table 6-4 are
presented in Figure 5-9; also in this figure is a plot of the
average static field and transient field for each experiment
extracted from the slope and intercept of the straight line that
was least-squares fit to each set of data points.

From these data, it would appear that both the singles
experiment on FeasPtlslalloy and coincidence (IMPACT) experiment
using 35 Mev 160 projectiles produce average static fields that

are consistent with each other, and also equal within error to

the field measured using a radioactive source. However, the average

static field measured for the 7 Mev alpha singles experiment on

FessPt15 and the 2.5 Mev proton'singles experiment on Fe72‘5Pt27.5

are both low with respect to these values. The 2.5 Mev proton
experiment on FeSOPtso alloy produces a higher average static
field. If there is a consistency in these results, it is not
obvious to the author; as a general conclusion, however, one
can say that the data jindicate that the measured average statilc
field for Pt in Fe depends upon the choice of projectile and

energy, as well as target composition.

(iv) Transient field experiments of special significance.
Since the first report of the transient field phenomenon,
many experiments have been performed to study the effect. Three

of the most important sets of data will be discussed briefly.
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One may question whether the transient field phenomenon
is in fact associated with the slowing down of the ion; two
experiments are particularly relevant to this question. Herskind
et alH3 performed IMPACT experiments using triple layer targets.
The first (thin) layer was the material to be Coulomb excited;
the second layer was a (thick) copper layer of carefully controlled
thickness, and the third (thick) layer was iron.. The purpose ‘
£ the copper layer was to provide an intermediate ﬁaterial through
which the recoiling Coulomb-excited ions could pass without ex-
periencing a coherent précession from hyperfine interactions; by

varying the thickness of the copper layer, the initial velocity

that the recoiling ion had when it entered the iron could be

varied. The experimental results indicated that as the copper
layer was increased in thickness, the rotation angle went from a
negative value (for zero Cu thickness) to a value near zero for 500

ugm/cm2 Cu thickness; when the copper thickness was further increased

(to ~750 ugm?] the observed rotation angle was positive and in
near agreement with radioactivity results. Finally, when the
thickness of the copper layer was increased to Nl mg/cmz, the
obgserved rotation angle dropped back to zero. These results were

interpreted as follows: As the copper thickness increased, the

the negative transient rotation in iron experienced by the re- ;
colling idn decreased with increasing coppef thickness. At ~ 500
ugm/cmz, the transient and static rotations 6ance11ed each other,
yielding a null result; as the copper thickness was increased

further, the transient rotation decreased even more,and what was
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observed was almost entirely a positive static rotation, not far
in value from the static rotation measured in a radioactivity ex-
periment. As the copper thickness was increased still further,
(v 1 mg/cmz) all of the ions stopped in the copper layer and
never reached the iron layef; in tais case, neither a transient
nor static rotation was observed and the observed rotation angle
was again zero. These results seem to indicate that the size

of the transient field effect decreases as the entry velocity into
iron decreases. They do not, however, preclude the possibility
that the transient field effect persists after the ion has come
~to rest. One of the best pieces of evidence that the transient
field effect imparts ifs-fuii effect in a time comparable to the
slowing down time of a recoiling ion is an IMPAC experiment per-

formed by HeestandH2

on germanium recoiling in iron. The intex-
nal field for dilute germanium in iron has been measured to be
+70(3) kGauss. Because the internal field is so small, the static
rotation is very small, so gerﬁanium in iron is a particularly
favourable case for studying transient field effects. The results
of the IMPACT experiment are consisten? with a very small
static rotation and a transient rotation of & 1l milliradians for
each of the 4 states studied in germaniumjthe first 2+ state
in %e has a mean life of 1.92(.20) psec and sees the full tran~
sient effect. Therefore it can be concluded that the full tran-
_ sient effect is imparted in a time less than 2 psec.

The velocity dependence of the transient field can be
studied simply by plotting the tfansient rotations measured in

different experiments as a function of tihe initial recoil velocity
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appropriate to each experiment. 1In an IMPACT experiment, one

observes the integrated transient rotation directly. In this
thesis, it has been demonstrated that the observed transient ro-
tation in a singles experiment corresponds to a double average of
¢w over projectile scattering angle and tafget thickness. $w

is not very different from ¢w in most cases; ﬁw can be larger
or smaller than ¢w depending upon how the b2 coefficient behaves
as a function of scattering angle. The principal difficulty in
studying the velocity-dependence of the transient field is to
find suitable combinations of target and projectile which will
permit one to scan both high and low velocity regions. For most
cases, only radioactivity results (zero velocity) and IMPACT
results (high velocity) are available. This thesis has attempted
to povide information on the systematic behaviour of the tran-
sient field at low recoil velocity.

A notable exception to the general lack of low-velocity
experiments is provided by the case of iron recoiling in iron.
The first excited state of 56Fe is a 2+ state of 847 kev exci~
tation energy, and mean life 10.4 psec. The rotation angle

for this state has been measured by beta-decayA7

fluorescenceM2; these results correspond essentially to zero recoil

16

and by resonance

velocity. IMPACT experiments with 38.5 Mev
H2

O ions and 9 and 7.5

Mev alpha particles have also been performed; as well in-

elastic proton scattering was carried out at 7.5 and 4.5 Mev

proton enexgy (IMPAC'J.‘)H2 and 7.8 Mev proton energy (singles)K1¥
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K12
Kerr et al have measured rotation angles for states in 55Fe

52Cr(a,n)ssFe reaction at 7 Mev alpha bombarding energy.

using the
The measured rotation angles and the recoil energy for the

various experiments are summarized in Table 6-5, and the data

are plotted as a function of initial recoil velocity in Figure 6-9.
Making the large assumption that the averége static field is
approximately the same for all of the experiments, and taking

the beta decay and resonance fluorescence measurements to be pure
static rotation, the transient field can be seen to grow as a

function of recoil velocity in a manner that is well-described

by the Lindhard-Winther theory.



CHAPTER VII

SUMMARY

This thesis has presented a study of the velocity de-
pendence of the transient field phenomenon for concentrated
alloys of rhodium (20 at %), palladium (30 at %), and platinum
(15 at %) in iron. The experiments were performed using the singles
perturbed angular distribution techﬂique following Coulomb ex-
citation. A detailed theoretical analysis 6f the experimentai
method was presented to describe how the transient field would
modify the observed rotation angle. It was found that for the
maximum initial recoil velocities appropriate to the experiments
described in this thesis, the transient field rotation when averaged
over projectile scattefing angle and energy, was not very dig-
ferent from the un-averaged value that would be measured in an
IMPACT experiment; the double~averaging can provide either a
small amplification or small attenuation with respect to the un-
averaged rotation, depending upon the projectile and energy con-
sidered. Using the transient field theory of Lindhard ané
WintherLl, the size of the effect was calculated for the cases
of interest. These célculated values were then compared with
the experimentally-measured transient rotations as a function
of the maximum initiai recoil velocity appropriate to each ex-

periment.
164
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For the cases studied, the transient rotation at low
velocity was smoothly-varying and was adequately described by
the Lindhard and Winther theory. The transient rotations mea-
sured for 35 Mev 164 projectiles agree within error with the
same quantities measured using the IMPACT technique.

The analysis technique permitted the separation of the
transient rotation (experienced while the ion was slowing down)
and average static rotation (caused by the average internal
field seen after the ion has come to rest)r In the case of
the platinum alloy, the average internal fields measured under
35 Mev 160 and 7 Mev alpha particle bombardment were significant-
ly different, only the 160 value being consistent with the
internal field measured for dilute Pt in iron. Comparison with
the results of other workers (Figure 5-9) indicates that not
all recoil implantation experiments on Pt in Fe measure the same
average internal field. This result emphasizes one of the
basic difficult;es in using recoil imglantation techniques
(IMPACT and singles) for g-factor measurements: the lack of
knowledge of the value of the average internal field. The results
presented in this thesis would indicate that this average inter-
nal field can be a function of projectiie type and energy as well
as of alloy composition. ‘

In the course of the experimental program, it was noted

103 195Pt), the measured rotation

that, in the odd-A isotopes ( Rh,
angle of the 3/2- state could contain a component that was due

to indirect feeding from the higher-energy 5/2- state. The
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theory of the effect of indirect feeding on the measured ro-

tation angle has been worked out for the case of coincidence
(IMPACT) and singles experiments. The g factor of the 211 kev state
in 195Pt has been remeasured, with corrections for indirect
feeding, using the data collected for 7 Mev alpha parficle pro-

jectiles on an FeggPt,;g target. A value of g,;, = ,164(66)

was obtained, in general agreement with previous measure-=

vVl K7*

ments only one of these authors has accounted for

the effect of indirect feedingVI. All of the measurements are in
disagreement with the theoretical prediction of GalG2 (-.02)
based on the core-excitation model.

Indirect feeding corrections were also made to the 295

kev level in 103

Rh; at 6 to 9 Mev alpha projectile energy, it
was found that almost all of the observed rotation of the 295 kev
state is contributed by the indirect feeding component from the
5/2- 357 kev level. If one believes the theoretical prediction
of the size of the transient field effect for this experiment
(v 1 mrad for g = .25), then the data are consistent with a very
small g factor for this state.

From the average of 6, 7 and 8 Mev alpha particle bombard-
ment of Fe70Pd30 alloy, g factors of the first 2+ states of 556,
434 and 374 kev in 104,108,110p4 respectively were measured using

an analysis which assumed that the transient field correction was

(varga et al.Vl, gy11 = .104(21); Kugel et alK7, 9511 = .16(6) .

-
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negligible and that the g factors were close in value to the mea-

10e

sured g factor of the 2+ 512 kev state in Pd. The measured

g factors were: 9374 = .389(36); 9434 = .396(46); dsg6 = .479(91)

A. SUGGESTIONS FOR FURTHER EXPERIMENTS

From the experiments reported in this thesis, several ex-
periments suggest themselves. '

Since the interpretation of the FeBORhZO data depends to
some extent upon a more precise knowledge of the g factor of the
295 kev state than is currently available, a measurement of the
g factor of this state is highly desirable. A radioactivity
measurement of the g factor of this state is a possibility.

103 1035 with a .07%

Pd,with a half-life of 17 days, decays to
branch to the 357 kev state. Assuming that the 62 kev (5/2-, 357 kev)
to (3/2-,295 kev) transition is pure Ml,the angular distribution for
the 5/2-(M1) 3/2- (M1l+E2) 1/2- cascade is very anisotropic.
Calculations indicate that, for a reactor flux of v 1.5 % 1014
n/cmz, and 10 mg of natural P4, sufficien£ source activity
could be produced to permit a radioactivity perturbed angular
correlation experiment on the 295 kev state to be performed in

3 to 4 weeks of counting time.

Tt would also be desirable to repeat Coulomb excitation
on FeggRh,, alloy at 5 Mev alpha energy and 8 or 9 Mev alpha
energy, taking the time necessary to accumulate excellent statis-
tics so that it can be determined whether the possible trend

toward increasing average static field and increasing (negative)

transient rotation with increasing beam energy is statistically

significant.



le8

For the Fe.de30 alloy, it would be desirable to carry

16O iohs to check whether the

out a bombardment with 35 Mev
average static field increases with respect to the value
observed with 7 Mev alpha particle projectiles, as is the case
with the Fe85Ptls alloy. .

For each of these experiments, it would be highly desirable
to monitor %}% as a function of beam dose to check that the
internal field does not decay as the run proceeds. To do so,
it is only necessary to divide the total run time up into
segments and to treat each segment as an individual measurement
of %%% (i.e. zero counts at the beginning of each time inter-
val, and an interval that is of sufficient duration to make the

statistical error on %%% small enough for the results to

be meaningful).

P A
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APPENDIX A

CORRECTIONS FOR BEAM-BENDING

As the beam of charged particles enters the magnetic
fringing field of the electromagnet, it is bent in a curved
path in the horizontal plane by the transverse component of
the magnetic field. This shifts the position of the point at
which the beam strikes the target (peam shift) and also alters
the angle at which it strikes the target (beam rotation). Since
the change in count-rate caused by th;;e effects can be com-
parable to the changes caused by the perturbation of the
angular distribution, it is important to be able to correct
the data to account for their effect.

A diagram of the situation is presented in Fig. A-1l.
With reference to this figure, the angle through which the beam
is rotated is given by 46 = g. Since the angle o is very
small, it is given approximately by o = - ; the fractional
change in distance from the detector is ;iven by Eé;£= %5 Q —%E .
The count rate N at the detector will change because (1) th: |
point at which the beam spot étrikes the target will be moved :
nearer or farther from the detector by a fractional amount'%E . i
and (2) the quantization axis will effectively be rotated 1
through angle . 8. , - |

The situation for field reversed can be obtained by %
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rotating diagram A-1l through 180° about the undeviated beam
axis. 1If the number of counts for field up in a given counter

at 135° is

2 _ -
N(+) = Nundev;ated[(r+Ar) - by + 252(a-3)]

2 _
[(E2A5)" - B, - 2B, (a-B))

then N(-) = N ngeviated' ' T
and
' Y. B Y -
N ITINI S -

where r is the detector-to-target disté;ce.

The negative of the above expression is the correction
that must be applied fo the quantity %%% to account for beam-
bending. |

The angle B turned through can be found using the small

angle approximation sin B % B. For a distance dx along the

x axis, the angle turned through is given by dB % %5 '
where p is the radius of curvature for the point X, defined by
!'. = S—B (X) . - |
5 = v . Thus

‘ X

Blx) = - | Blx)dx
o
-m 00

and o

B=8l) =34 | Blx)ax.
(o]

The beam shift y can be found by noting that %% ~ B(x)

in the small angle approximation.



172

So

dy = B{x)dx and Y = Jodx Jx B(x')dx' .
: o o Trx

The integrals J B(x)dx and I dx I B(x')dx' can be
evaluated numerically-gnce the.profife of the transverse magnetic
field B as a function of radial distance x from the centre of
the pole tip has been measured. The profile for the electro-
magnet and pdle-gap used in the experiments is shown in Fig.A-~2
The beam profile was measured using a Hall probe calibrated
against the analyzing magnet of the tandem accelerator. The
measured field was accurate to at least 2% over the entire range
of measurement. The detecﬁor-to-target distance varied slightly
from one experiment to the next, but was ~ 50 mm. for all of
the experiments. There was a 1% error in this distance measure-
ment.

The beam-pending corrections calculated in this way are
listed in Table 5-1 . For the heavy projectileé, 12C and 160,

it was found that the corrections were not negligible.

It is to be noted that the magnitude of the beam-bending
correction depends upon the 32 coefficient. For back angles,
the beam shift and beam rotatién corrections are opposite
in sign f§r positive 32 coefficients, and add for negative §2
coefficients.

A direct measurement of the beamrbgnéing correction was

made by carrying out a perturbed angular distribution run using
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the 52Cr(a,n)ssFe reaction with 7 MeV a's; since the chromium

target is non-ferromagnetic, any non-zero value measured for

%E% must be due solely to beam-bending. This particular reaction
was chosen because 3 levels populated in ssFe - 411, 477 and 931
keV have a nice spread in b, values: 0.0, ~.208(11) and +.080(5)
respectively. According to eq. A-1l, a plot of %E% vs b, should
be a straight line with slope V2 % - 2B and intercept v2 % .

The measured values agreed very well with the calculated

values within experimental error; the errors in the calculated

values and measured values of %E% were 5% and 15%,respectively.
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APPENDIX B

INDIRECT FEEDS OF COULOMB-EXCITED LEVELS

A. MODIFICATION OF ANSULAR DISTRIBUTION COEFFICIENTS

Consider a general 3-level scheme (Fig. B-1). Each
excited level can be directly populated by E2 Coulomb excita-
tion. In addition, the upper level (A) decays in part directly
to the ground state and in part to the lower excited state (B)
by gamma-ray emission and internal conversion. It is desired
to find the effect of this indirectlfeeding of level (B) on the
measured precession angle for level (B).

The direct excitation and de-excitation can be con-
sidered from the point of view of the equivalent gamma-gamma
cascade. The process can be summarized by: Ig(EZ)IB(E2+Ml)Ig.

The angular distribution coefficient A, for this process

(l)A(z) where

is given by (direct) Ag = A2 2

(1) _ . _E2

and
2
A(z) _ FZ(IB,IG,l,l) + 262F2(IB,IG,1,2) +62 Fz(IB,IG,z,Z)
2

.2
vhere 622 = Intensity (E2)/Intensity (M1)
The indirect process can be viewed in terms of the
equivalent y=-(y)-y cascade (i.e. a triple cascade in which the

intermediate radiation is undetected). This process can be

summarized by:

v
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Ig
INDIRECT FEEDING £2 E2
Ia, TA 0 Eq Ia, TA— — Ep
%-Ml.ez § MI.Ezg g
(UNOBSERVED (UNOBSERVED)
Ig "rB_ 7\ Eg >IB 'TB X EB
MI,E2 MI,E2
g2 [ wesemven (| |E2 MI,E2 MI,E2
MI.EZ—O (OBSERVED) (OBSERVED)
Ig
) EQUIVALENT
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T In E T In E
86-3ps — 3 ———————— 360 keV
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Figure B-1
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' : ‘
Ig (E2) IA(Ll'Ll )IB ({M1,E2) Ig.

N I ¢ D -
Then (indirect) Az Az UZA2 where

(1) _ E2
A, = Fz(IA,IG,Z,Z) ag (Exs0p) -

1
Aéz) is identical to the factor A(z) defined
previously. 2

The function U2 describes the inevitable attenuation of
the angular distribution due to the undetected intermediate
radiation, and is given by:

' 2 ' '
_W(IB'IA'IB'IA'LILI ) + 61 W(IB'IA’IB'IA’Ll 'Ll )

U.=

2
2
1+ 61 .
where W is a Racah coeffictent and
612 = Intensity (Ll')/Intensity (Ll).

The ratio of A, coefficients for indirect and direct processes

is given by

i

= 5,15,0,) F,Ugig 22)
Ag az(gB'ePl Fz IB IG Izl

The values of £ will change as the projectile energy Ep

. Uz.

changes, so one can write
Ay
—~_=R,(E_,0).
Ad 2 p' p)

2

A similar analysis may be applied to the A, coefficients,

yielding
al
;a— = R4 (Ep'ep) .
4
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One can write a proportionality relation

W(B)d+i « Nd(l+agAgP2(cose) + aiAiP4(cose))

+ Ni(l + a;AéPz(cose) + aiAiP4(cos9))
where the symbols "d" and "i" refer to the direct and indirect
processes respectively and Nd and Ni are the numbers of observed
gamma-rays from level B resulting from the direct and indirect

feeds, for a particular projectile backscatter angle ep, excluding

the dependence on gamma-ray emission angle.

N4 =[ (beam flux)x (detector solid angle)x(detector efficiency)]
do
* (3

where (g%) is the differential Coulomb excitation crossection

B
for level B.

4 IA—B

= g, x_total

Ny =1 1 * (@) *3-c
total

where the last term is the ratio of total (gamma-ray + internal
conversion electron) intensities for the transitions from level

A to B and from level A to the ground (G) state. We define

IA-B
_ “total
r-—;:m-—.
total

For a particular choice of projectile and target isotope,

.g% = (constant) (E-AE')B(E2) %%

The factors in the square-bracket and the constant in the
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expression for %% are the same for both direct and indirect terms,
so they will not affect the resultant angular distribution. With
a view to averaging over projectile scattering angle and incident

energy, one may write

W(0) 4,y = (E-AER)B(E2)y (a-ﬁ) % (1 + adade, (cos0) + agajP, (coso)]

o b

+ (E—AEA)B(Ez) ( )x(r) x [1 + a%Asz(cose) + a iP4(cose)],

when the double average has been carried out, one finds that
w(e)d+i B(E2)B [1 + gAng(cose) + §2A2P4(cose)]

+ B(EZ) (cl)(r)[l + ai 1 (cose) + aiAiP4(cose)]

=d
o

direct Coulégé excitation of level B and gi is the corresponding

ou
where c_ = I Ea dE is proportional to the thick target yield for
quantity for level A. The u, function is defined at the end of
Chapter 3.

Conventionally, the angle-independent part of the angular
distribution is normalized to unity. The resultant angular

distribution can be written as:

W(e)d+i = q [l+a2AdP (cose)+a4 AQP (cos8) ]

,a

+gtil 32 2 (cose)+a4A4P (cose)]
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where o' and B' are given by

: B(E2) , (1))
1 s . A O

a' = e ’ B' = es— wlth s = p—
1+s l+s B(EZ)B(Egs

a' and B8' can be interpreted as the fractions of the overall
angular distribution for level B contributed by the direct and
indirect processes respectively. If the angular distributions

are described in terms of the coefficients bo’ b2' and b4, then
W(e)d+i = a'[§S+§gcosze+§gcos49]+s'[§;+§;c0526+§:cos4e]

_ 1l = 9 =
where Bo = + * 7 2282 * &7 ash,

5 = 5 = 35 =

— _3= i =
By = 7 38, * 157 3R 4~ 87 2Py

Again normalizing the angle-independent part to unity, the

measured angular distribution coefficients will be

=d =i =a =1
b b b b
Em 2 2 Fmo_ 4 4
52 =0 g+ 8 EI— and 54 = Q Ea— + B EI—
(o] o] o (o]

where o and B are fractional contributions'evaluated using a

ol
(o I

value of s (defined above) that is multiplied by the factor

o’df

B. EFFECT ON PERTURBED ANGULAR DISTRIBUTION

For a perturbed angular'distribution, one begins with the
expression appropriate to a particular projectile scattering angle;
first the time-averaging for an integral rotation measurement

is carried out to yield, for the indirect process
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“t /T

. cos(ke ) [1-K® (mArA)(mB g)1-sin (k8 )[k(wA’rA pTplle

W, (6 ,) =L by {
i . [1 + (kogrg) 21 (1 + (kupT,)?)

~t /T .
+ cos(keY)[l - e 1 - s;n(keY)¢A}

where ts is the stopping time of the recoiling ion, and for the

direct process,

d ¢

cos(ke )-sin (k6 )[kmBTB]
wd(eY,w) « i bk

+ cos (k6 )[l-exp(-ts/T)]
[1+(kw )] Y

- sin(keY)¢B} .

When direct and indirect terms are combined, eY is set
equal to 135°, and the averages over projectile scattering angle

and energy are carried out, one finds that
=1

8 e ‘.
2
Wy 5 (0 v, ©)= 1+2wgT B{“-d (1——;)[1-(2wB s) +B—*(1-—;)[1-4((m ATa)
. By 3
2
+ (ugTg) 1Y
gl t Bd
+ 20,7 A{e——(l-—;) [1-4(w,T,) 2+ tugTy) 1 + uis_a og
0
by
+ B;g ¢A} . (B-‘l)

where the b, terms have been omitted because they are zero for the

two cases of interest in this thesis.
The above expression involves the following approximations:
-1 -t /T t
[l+(kwt)2] N 1-(kw1)2 and e ° ¥ - ?5 .

Since the largest value of wt encountered in this thesis is

, _7]
!
!
i
|
!
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i
< .15 radians and the largest ratio of ?5

.085 (ts = .89,
= 10.4 , for the 295 keV level of 16.3 Mev Rh ions recoiling
in iron), these approximations are both valid to better than 1%.
Terms of the form (1 - ;54 and [1 - 4(m1)2] are correction

terms that differ from 1 by < 10%. If one defines

A=1- (t/1p) B=1- (t/7p)
C=1- algry)? D=1- 4llu,ty)? + (ugTg) 2]
Bd. Bl '
and extracts the quantity 5 = Ea— + B _i ' expression (B-1)
0 0

can be rewritten as

_ =m
Wauy(8,,=) = 1+ 26y (ugTege * besg)

with
gd gi AA 152
Tege =~ "Bigm o=z HACH(B;-) (BD) + (5- )(B =%) (D)}
2 O 0 0
and
pd pi
bege = %ﬁ (o :335 + B _%fé. 3.
2 B Bg

In the expression for Tg. the static rotation angle w,Tp
has been written in terms of wpTp using the fact that the internal

w
field must be the same for both states (Eé = ) .
A

98
Since wp and ¢eff both change sign when the external field
direction is reversed, the measured rotation angle in our experi- |

ment corresponds to

(8-2) |
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Written this way, the rotation angle can be interpreted
as a point on a straight line, with slope wy and mean life Togf®
From this point of view, one sees that the effects of indirect
feeding of state B via state A are: (1) to produce an effective
mean life for state B that is larger than T, (if 9a and dp have
the same sign), and (2) to produce a transient field effect that
is a linear combination of the effects for state A and state B
separately.

The relative importance of the correction factors A, B,
Cc, and D depends mainly upon the mean lives of states A and B.
Indirect feeding tends to be important in a relative sense when
Ty >> Tg a8 is the case with 1°3Rh for which Ty = 86.3 psec and
g = 10.4 psec. For this case, A = 1l - ?i ,and B=1, C =1,
D = 1-4(wATA)2, to better than 1%. On the other hand for lgsPt, %
Tp = 115 psec and Tp = 97 psec, so A =1, B=1 to bettexr than
13, and C = 1-4(ugtg)?, D = 1-4Llw,t) % + (wgTg) 21

The use of an effective mean life T_g¢ is somewhat awk-
ward because the value of Taff is dependent upon the g factors
of states A and B; as a result, this tends to obscure the role
of the g factors in the data analysis. A more direct approach

to the indirect feeding correction can be made by working directly

from Equation B-l. For 103ph it can readily be shown that

Ei i
corrected_ , meas _ B _ (2 meas
2 "o
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where T
¢
meas _ - 2 27A
ABA = (I)ATA[J. 4(NATA) ] + -EJ'-_ .
2
Then
=da =i d
b t b b.¢
corrected_ 1 2 - _s 2y rqo 2 a 2B
a0g =upTp Ewle () (1 - 7248 () (-4 (uy ) “13+ SRl==).
2 o o 2 o
t
If the correction factorsl -~ ?E-and l—4(wA1A)2 are » 1, then the
factor multiplying weTp & 1. For 1°3Rh, wWaATa x .12 and ts/t ~,086

so 1—4(wAtA)2 ~ .94 and l-ts/t ~.91. Since Bis.small, the factor

multiplying wpTp will be % .94.  This number is subject to a few
percent uncertainty due to the uncertainty in the values of ts and
T. However, the value of T is small (10.4 psec), so a 10% effec-
tive reduction in its value is not going to affect the results in
a significant way. In the data analysis of the results for
FeSORh20 alloy reported in the text, the multiplying factor for
(m1)295 has been assumed = 1. With regard to the transient field
term, using this method of analysis, the effect of the inclusion
of indirect feeding is, roughly speaking, to attenuate the observed
transient rotation for state B by a factor ¢ ( ~ .80 for Rh);

the averaging over projectile scattering angle and energy can also
affect the observed rotation value (see Figure 3-2).

For 195Pt, the same kind of analysis can be applied. The

t
1l - ?E correction terms are both negligible, but the correction
terms of the form 1-4(w‘r)2 can be as small as .95 for both A and
B states because the mean life of both of these states is ~ lOQ

psec.

e
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The static rotation of state B then looks like:

Ed Ei
(mBrB)[1-4(m T ) ]{-—(a(—-J + B(—~0[1-4(m T ) ])}
2 So So

meas
.

can be approximated by Ae For the 239 kev state

waTp

in 195p¢, A8y ™ .09, s0 1-4(w,T A) ~ .97; the correction is not

serious and has been ignored for the analysis of the 211 kev state.
The second method of analysis (in which the measured

rotation angle of state A is used to correct the rotation angle

to state B) has been employed in this thesis because the role

of the nuclear g factors in the data analysis is easier to in-

terpret for this method. The jndirect feeding calculations for

the 295 kev state in 103 Rh and the 211 kev state in 195Pt are

summarized in Table 5-2.

B
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