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ABSTRACT

In this thesis the Mossbauer effect in meﬁallic iron has been
studied aé abfuncﬁion of the length of time of diffusion.of the 0057 source
into metallic iron, of the source temperature over the range 156°K to 478°K,
and of the sbgsorber thickness. In each case, the line shape, width,
intensity and shifts were measured.,

Measurements showed that the appearance of an appreciable Mosse
bauer effect, .122, arises within the first ten minuies of diffusion time
at 900°C in a hydrogen atmosphere and that,additional time is required to
reduce the line width and to increase the intensity to .145.

The observed temperature shift of the resonantly absorbed ih.h kev
radiation followed that which was predicted by the Josephson effect. Howe
ever, corrections for an isomer and a hydrostatic compression shift were
made to the data before comparing the meaaﬁred shift with the theoretical
shift. The results indicated a Debye temperature of &p = (h20120)°K
for both the source and absorber used.

The measurements made over the temperature range indicated that
the internal magnetic field II followed the saturation magnetization curve
(the Weiss Law) closely. For small temperature differences between the source
and absorber,ae<500K, measurements weré made indicating that the mininum
line width occurred at a0 = 24°K. These results indicated that the internal
magnetic field at <0 = 0°K for the source was .01x10%0e greater then that
of the absorber. Fora0} 100°K, the Mossbauer liue displayed a hyperfine
. structure arising from the temperature dependent difference in thé internal
ﬁagnetic field at the nuclei.

The line profile, width, shift and intensity were measured fof
four absorber thicknesses - .0002", .0CC35", .00055", and .0C1". The dee

tailed comparison of these line characteristics with the theoretical values
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required an extension of existing treatments, a discussion of which is given |
in chapter five. In each case it was observed that the Mossbauer line was
accompanled by two small peaks, one on either side of the main line. The

~ position of these peaks indicated that they were associated with a small

or zero internsl magnetic field at the site of some of the Fe?! atoms.
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INTRODUCTION

This thesis describeé experimental and theoretical work carried
out by the author on certain aspects of the Mossbhauer Effect.! The Mos-
sbauer Effect has been extensively studied. Summaries of the literature are
found In Hans Frauenfelder's book, "The Mosshauer Effect"2 in the report of
the;Second Mossbauer Effect Conferenée3 and in "The Mossbauer Effect" by
A.J.F. Boyle and H.E. Hall.u(*) Stated simply, the Mossbauer Effect is an-
other name for nuclear res;nence fluorescence, and its occurance is dweto the
fact that there exists a finite probability f, for nﬁclei bognd in erystal
lattices to emit and absorb gamma radiation having an energy almost precisely
equal to that of the nuclear transition, E,. The effect is characterized by
the facts that the recoil momentum of the nucleus during emission or absorp-
tion, E‘/c, is taken up by the crystal as a whole so that there is no line
shift due to recoil and, that there 1s negligible thermal Doppler broadening
of the gamma ray line. In general, f is very small; however, under spécial

conditions, given in Chapter I, it becomes large enough to be measurable.

Obhservable energy shifts of the Mossbauer absorption spectrum
occﬁ; because the width of the absorption line is sufficiently sﬁall com=
pared with the interaction between the nucleus and the lattice and, the in-
ternal flelds. Because of this, the Mogssbauer Effect has been useful in de-
termining the magnitude and direction of the filelds at the position of the
radiating nuclei, in determining nuclear values and static¢ multipole moments,

in investigating the chemical bonding of atoms in crystals,; and in

(*) References to these books will be given as Frauenfelder, p._,
Moss II, p._ and Boyle, P._.
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measuring small, relativistic shifts.

Prior to the writing of this thesis, no completely successful
attempt had been madebto fit theory to experimental measurements of the
Mossbauer yelocity spectrum . The most rigorous calculation of the line
intensity and the line shape, prior to this work, was that of S. Margu-
lies and J.R. Ehrman.5 In their theoretical gtudy cf the Mossbauer spec-
trum, they did not take into account ‘the faet that in many cases, of
whiph Fe57 in natural iron is an outstanding example, the emission and
absorption lines are split by Phe Zeeman effect rather than composed of
siﬁgle lines. The purpose of this thesis therefore, was to make a thorough
investigation of the Mossbauer absorption line obtained by the use of
Fe2T in a naturai iron lattice and to determine whether or not certain
features of this line could be understood theoretically. The features
considered were the line 1ntensity as a function of source diffusion into
the source lattice and of absorber thickness, the profile of the line
as a function of temperature difference between the source and absorber,
the diffusion of the source and of absorber thickness and, line shifts as
a funetion of temperature differences between source and abosrber and the

diffusion of the source.

This study of the absorption line width and_intensity has a
double importance. Fifst, it 1s possible that the current theory put forth
to explain the intensity and width of the Mossbauer spectrum is insuf-
ficient to explain all the features of the spectrum adequately. All the
features of the line should be predictable by theory so that any new
features would be recognizable as such, rather than attributed to ex-
perimental errors. Second, the study has a practical importance, that of
learning how to achleve narrow lines, i.e., measured line widths equal

to those expected on the basis of the half life of the radiating nucleus.
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The thesis, in Chapter I deals with the fundamentals of the
Mossbauer Effect . Chapter II deals with the theoretical aspects of
the Mossbauer velocity spectrum line shape, width, intensity and line
shifts for the case of Fedl. Chapter III describes the experimental
equipment and techniques used. Chapters IV, V and VI describe the ex-
perimental work done - Chapter IV, fhe annealing of the source; Chapter
V, the dependence on the absorber thickﬁess; Chapter VI, the temperature
dependence of the line width and shifts. Throughout the thesis the phrase,
"Mossbauer velocity spectrum" will be abbreviated to "Mossbauer spec-

trum"” or "Mossbauer line".
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Chapter I

'GENERAL FEATURES OF THE MOSSBAUER EFFECT
and
ITS USES AS AN EXPERIMENTAL TOOL

1.0 Introduction

Nuclear resonant absorption of gamma rays cannot usually be ob-
served, for two reasons. First, the recoil of the emitting and absorbing
nuclel displace the emission line from the absorption line so that little
or no overlap of the two occurs and resonant absorption does not take place.
Second, the Doppler broadening due to the thermal motions of the nuclel
greatly increase the effective width of the emission and absorption linés
so that any overlapping is spread out.{However, under Fertain conditions
(to be given later in this chapter), there exists a finite probability f,
that the emitting (or absorbing) nucleus 1is so tightly bound to the lattice
that the whole lattice rather than the emitting (or ébsorbing) nucleus re-
coils. In this case, the recoil energy is characterized by the mass of the
whole lattice rather than by the mass of the atom, and the Doppler broad-
ening by the thermal motion of the whole lattice rather than that of the
nucleus. Hence, both the recoil energy and the Doppler broadening of such
gamma rays is negligible and the gamma rays have the energy and width as-

soclated with the nuelear transition.

This chapter has been designed primarily to present a back-
ground of the Mossbauer Effect. Since this background theory has b;en well
summarized in Frauenfelder's book, "The Mossbauer Effect"® and by A.J.
Boyle and H.E. Hall in their article, "The Mossbauer Effect",4 the theory
contained herein will be given in abbreviated form. Theory relating spe-
cifically to the experimental work desoribed in this thesis is glven in

Chapter 11



1.1 Recolless Emission and Absorption

A gamma ray emitted by a free nucleus has an energy spectrum

centered at energy

Eg= Ey— Eo2/2me? I-1

where E, 1s the energy of the nuclear transition. m is the mass of the emit-
ting atom and Eoe/2mc2 = k@R 1s the recoil energy of the emitting atom where
Or may be called the "recoil temperature"”. In order to be absorbed by an

identical nucleus, this gamma ray must have energy
Ey = Eg + Ey2/2me® 1-2

since the absorbing nucleus will also recoil. In such a case the reso-

nant absorption would occur only if E02/2mc2< 2" where " is the natural

line width defined by the nuclear transition. However, for 10 kev < E,<¢ 100 kev,
the energy range in which resonant absorption could be expected (Boyle,p.445),
it is found that Eoe/mc2 > ™ so that very little overlap of the emission and
absorption spectra occur. For example, for Feo7, an/'mc2 = .00} ev. and

f“=:4.5 x 10‘9ev. and hence. negligible resonant absorption is expected.

In addition, when a gamma ray is emitted from a free nucleus, Doppler broad-
ening of the gamma spectrum is produced by the thermal motions of the emit-
ting atoms. For example. for a gas of atomic mass m = 57. the broadening ex-

pected at températuree = 300%K is

(k6Vm02)§ E,

AE

= .0lev
where k is the Boltzmann constant.

In marked contrast to the gamma emitted from a free nucleus, is
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the .one which i1s emitted from a nucléus that is tightly bound in the crystal
lattice. In this case it is found that subject to the conditions listed in
Table I-1, there exists a finite probability f, that the recoil energy given
above is replaced by E°2/2M02 and the Doppler broadening by (k&VMcE)%E where
M is the mass of the whole lattice. Since M»s m, the recoil energy loss and
the Doppler broadening of such gamma rays would be so small that the emission
| and absorption spectra would overlap, producing nuclear resonant abéorption,
l.e., the Mossbauer Effect. Table I-1 lists the conditions under which a

measurable Mossbauer Effect may be obtained.

When a gamma ray is emitted without recoil energy loss to the lat-
tice, the state qf the lattice is unchanged. In other words, the emission of
the gamma ray 1s not accompanied by the emission of a phonon. If L1 indicates
the initial state of the lattice, then the fraction of recollless gamma rays

emitted from the source is gdven by the expression (Frauenfelder, p.30)

where X 1is the distance of the

H
H

[¢Ly|exp(1k-2) | Lp| ,
D un emitting atom from equilibrium
= l(Lilexp(— X /ﬁ?)|L14
position. . I-4
The fraction of gamma rays absorbed without recoil is given by a simllar ex-
pression. f is called the Debye-Waller factor. In the Debye approximation

to the lattice vibration this factor is given by the equation

f = exp(-2W)
5 ,
= exp(-3§n§ 1 %+( g_)e xdx | ) I-5
me<  kep O eX-]
o

where @, is the Debye temperature of the solid. Using x = ®,_ , the function
: [+)

g 0:5/9) is plotted in figure I-1. In chapter VI, f has been calculated for

Fe57 as a function of & for @p= 420°K. At & = 300%, f = .78 for Fe’'.

At @ = 0, the Debye approximation for f reduces to

£ = exp(~3Eo2/2me? /2k @p) 1-6
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THE CONDITIONS WHICH MUST BE SATISFIED TO PRODUCE AN OBSERVABLE
MOSSBAUER EFFECT

a) The excited state must decay to a ground state in the same nucleus.
b) The ambient temperature must be iow compared with both the recoil
temperature and the Debye temperature. |
¢) The cross section,d,, of the gamma transition at resonance, must be
large. | |
d) The excited state must have a large probability for gamma dgcay.
e) The Debye temperature,®p, of the crystal must be éf the same mag-
nitude as or larger than the recoil temperature, ©gR.
f) The ground state must be available in sufficient quantity to make
an absorber.
g) The excited state must be available in sufficient quantity to make

a source.

Table I-1

Transmission through a resonance absorber can be varied by vary-
ing the velocity between the source and absorber (see sec. 1.4). The result-
ing Mossbauer spectrum has a width greater than or equal to twice the width
of the nuclear transition. The‘transmitted line intensities are temperature
dependent as a result of the temperature dependence of the Debye-Waller

factor, f (in the expression for the line intensities, Eqn. II-18).
1.2 Internal Field Effects

An 1mportant feature of the Mossbauer Effect is the fact that the
line width of the Mossbauer absorption spectrum is narrow - in mahy cases,
narrower than the Zeeman splitting of the nuclear magnetic substates. For
| exaﬁple, for Fe57 in Fe, the line width is 9 x 109 ev. whereas the Zeeman
éplitting of the first excited state and the ground state of FeST are 1.07

b4 10'7 ev. and 1.90 x 10"7 ev.6 Therefore, the Mossbauer Effect has been
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used to observe directly the Zeeman éplitting of various nuclear states,7
and also to measure the small shifts due to differences of chemical struc-
tures in source and absorber, the isomer shifts, and the electric quadrupole

- moments. The isomer shift arises from a difference in the s electron dens-
ity 'QJ(o)r'aﬁzéﬁe nucleus between the source gnd absorber. The shift is

seen only if the nuclear charge radii of the excited and ground states are
different. P{Roﬂlis influenced by the electron configuration of the electrons
(primarily, the 3d configuration in the case of iron) and, to a limited
extent, by the chemical environment. For Fed7 1in Fe, the only other element
present 1s Co which, like Fe, 1s a 3d metal, and the isomer shift arises

, : 8
only from the effect of the chemical bond and hence, should be very small.

1.3 Lattice Dynamics

The dynamics of the lattice in which the source or absorber nuclei
are imbedded influence the Mossbauer effect in several ways. First, f is
primarily determined by the lattice dynamics. Second, differences between
the iattice dynamics of source and absorber determine the velocity at which
the maxima of the Mossbauer absorption spectrum occur. A difference in Debye
temperature , a difference in average mass betweeri the source and absorber
and a difference in temperature between the source and absorber (the Joseph-
son Effect) all produce shifts of thé Mossbauer spectrum. Third, the fact
that the emitting nucleus is essentially an impurity in the lattice affects

the lattice vibrations and establishes a localized mode. This localized mode
| gives rise to both a shift and broadening of the Mossbauer absorption spectrum.

Chapter 1I contains a detailed analysis of these effects .

1.4 Mossbauer Experiments

The equipment necessary to perform a Mossbauer experiment consists of
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a) a source of gamma radiation, b) an absorber, the velocity of which, rela-
tive to the source, is controllable and ¢) a detector of gamma radiation. The
quantity measured is the transmission of the gamma rays through the absorber
as a function of the relative velocity between the source and absorber. In the
case in which both the emission and absorption spectra consist of a single
line of Lorenzian shape, the transmission displays only one absorption dip
as shown in figure IQza. This transmission spectrum is called the Mossbauer
spectrum. Its width 1s determined primarily by the half life of the nuclear
transition,[j and, the depth by the Debye-Waller factor, f, and the cross
section for gamma absorption. If, as is the case with FedT, the emissioﬁ and
absorption spectra consist of several Lorenzian lines, the Mossbauer spectrum
will then appear as in figure I-2b. Each absorption dip in this Mossbauer
spectrum arises from the overlap of at least one of the emission lines with
one absorption line. The centre line, called the Mossbauer line in this thesis,
arises from the overlap of all the emission lines with the corresponding ab-
sorption lines. If the source and absorber are identical, the Mossbhauer line

should be centered at v = O.
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Chapter II

THEORY OF LINE WIDIH, SHIFTS and INTENSITIES

2.0 Introduction

The prime objective of the experimental work deseribed in this
thesis was to cofrelate the line shape, width, shift and intensity of the Mos-
sbauer spectrum obtained with a source of Fe57 in iron and an iron absorber,
with the relevant theory which will be discussed in this chapter with special
attention being given to the Mossbauer spectrum obtained with a source of Fe2T
embedded in natural iron and a natural iron absorber. This particular case
was chosen so that various vélocity shifts etcetera, could be discussed with
greater ease than would have been possible had a stainless steel lattice or
some other alloy lattice been used for the absorber or the source. Effects
found could theﬁ be attributed to the iron or possibly to the CoP7 embedded in
the natural iron source rather than to an unknown cause. For reference pur-

poses, the properties of F657 pertinent to the Mossbauer Effect are given in

Table II-1, below.

The delay scheme of Fedl is: I= +7/2 = co27
I=-4+5/2 0.136 mev.
= +3/2 ] 0.0144 mev. (10°7sec)
I=+1/e Y—2X 49 (re2T)
10% 0% o
Line width: r=4,5 x 10'2 ev,
“Cross section of resonance: Go=1.4 x 163° om
Internal conversion coefficient: X =15
| Debye temperature: ®), = 420K
Mean lattice energy: C}2/3k::0-023 ev,
Free recoill energy: R =0.002 ev.

Abundance of Fe2! in natural iron: a=2.17%

Table II-1
Selected Characteristiecs of FedST
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The Mossbauer spectrum of the Fe?T radiation transmitted through
a natural Fe absorber is calculated in the first section of this chapter.
The facts that the ground and exeited states of the emitting and absorbing
nuclei are split into their magnetic substates b& the Zeeman effect and
that the souce has a finite thickness, are both considered in the calcu-
lations. The final equation (Eqn. II-18) was programmed for the I.B.M. 7090
computer and the results of the calculation appear in Chapter V. Also cal-
culated is the ratio of the intensity of radiation from a natural iron
source transmitted through a natural iron absorber fhere both the emission
and absorption spectra are split)to the intensity,of radiation from a stéin-
less steel source through a stainless steel absorber (where both emission

and absorption are unsplit).

The remainder of the chapter is devoted to the discussion of the
various mechanisms by which the Mossbauer spectrum 1s either shifted from
its unperturbed position or increased in width. One such mechanism is the
effeot of a temperature difference between source and absorber. This effect
is composed of Qwo factors, the Josephson effect and the thermal expansion
effect, both of which are calcﬁlated and plotted herein as a function of
temperature. A difference in Debye temperature and of average mass between
the source and absorber cause shifts similar to that of the Josephson
effect. The possible slze of such shifts for the source/absorber combin-

ation considered herein, have been calculated.

Another mechanism that causes shifts of Mossbauer spectra is a
difference in chemical environment of the Fb57 nuclel in the source and in
the absorber. This effect, the isomer shift, 1s discussed and an estimate

of the magnitude and signh to be expected with Fb57 is given.
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Considerable attention is then given to the magnetic field pro-
ducing the hyperfine splitting of the PedT radiation. The importance of
this magnetic field is twofold. First, the size of the field determines
the magnitude of the splitting so that any difference in the magnetic
field at the FeST nuclei 1in the soﬁrce and absorber results in an incom-
plete overlapping of the emission and absorption spectra, thereby giving
a broadened Mossbauer spectrum. Second, the magnetic field 1s temperature
dependent so that the width of the transmitted spectrum will also be

temperature dependent.

The electrie quadrupocle moment produces an effect similar to
that of the magnetlc field. Since Fe is approximately a cubic lattice, this
effect 1s expected to be small but could lead to a broadened transmission

spectrum.

The final mechanism considered is that of the localized modes.
In the Mossbauer effect, the emitting nucleus is essentially an Impurity
in the source lattice thereby giving rise to a localized mode which affects
the spectrum of normal modes of the sourgce atoms. There are ﬁwo conse=
quences of the locallzed modes. First is the existence of a one phondﬁw
process peak in the transmitted spectrum at the localized mode frequency
and second, the shifting and broadening of the recoilless peak of the
transmitted spectrum. The derivation of the theory predicting the seocond

effect concludes this chapter.

2.1 Transmission of the Six line Spectrum of FeoT

The following theory arises from that glven bX.J‘G' Dash et al,6

¢
and S. Margulius and J.R. Ehrman5. However, the facts that the source has
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a finite thickness and the emission and absorption spectra each consist
of six lines, are considered. An exact equation giving the transmission

as a function of velocity between the source and absorber is derived.

Since Pe is a ferromagnetic material, the Zeeman effect or,
the coupling between the nuclear magnetic moments of each energy level
and the internal magnetic field H, acting in each ferromagnetic domain
removes the degeneracy of the nuclear magnetic substates producing a set

of equally spaced spin sublevels of energies
Eps = Mg H I=m=1 II-1

where m is the magnetic quantum number, g is the nuclear gyromagnetic
ratio'andfin is the nuclear maghneton. By letting mj refer to the magnetic
guantum number of the 14.4 kev state of Fe2! and m, to the groupd state
and by employiﬁg the selection rule am = 0, * 1, (since the 14.4 kev
gamma ray of Fe2T is known to arise from a dominantly magnetic dipole
transition) the transition between thg 14.4 kev sublevels to the ground
étate levels results in a gamma spectrum of six components as shown in

figure 1I-1.

my = +3/2 . :
) L )
+1/2
3.2 x 1077 ev.
-1/2
-3/2
14.4 kev
-1/2 /
} 1.9 x 1077 ev.
+1/2 VAR X ‘

Fig. II-1
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The relative intensities of these six gamma rays are given by

the rules governing magnetic dipole radiationg, i.e.,

For I — I-1 my—my o+ 1 I, = 1/2C(I-m)(I-m-1)
my— my In=  C(I%n) II-2
my—m, -1 I, = 1/2C(I m)(I m-1)

where In 15 the intensity of the gamma ray and C is a constant. The nor-
mallzed probability that the transition J—k will occur is glven by the
J%transmission probabllities, Wjk. Hence, for the transition given in figure
I11-1, the relative intensities of the six lines are 3C, 20; c, C, 2C, 3C

for lines one to six and the normalized relative transition probabilities

| Wy ave: 1/4, 1/6, 1/12, 1/12, 1/6 and 1/h. A dilute Fe’! absorber (Boyle,
p.459) has a similar pattern of absorption line probabilities. For Fe57

in a natural iron lattice, the splitting of the 14.4 kev state and the ground
state is greater than 4.5 x 10"9 ev., the line width of the 14.4 kev redi-
atlon so that the full six line emission and absorption spectrs must always

be considered.

The Mossbauer velocity spectrum consists, for indentlcal source
and absorber, of a central sﬁrong line with a complicated set of satellite .
lines symetrical in velocity about the central line (See Fig. I-2b). In
the following, the phrase "Mossbauer line" will be used to dénote the
centre line of the Mossbauer velocity speoﬁrum. This 1line ;s the easiest to
- study experimentally and allows the greatest sensitivity in experiments
studying line profiles. However, the satellite lines are subject to the
.same shift and broadening mechanisms as the Mossbauer line. When any dis-
tinction is to be made between the source and absorber in the following,

primed subscripts will be used to denote the absorber.
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The intensity of any component of this spectrum 1s calculated

as follows:

Tne transition mj_,mk is proportional to:
a) the transition probabilities Wy and

b) the population py oOf the sublevel at
which the transition originates.

Above the temperature of liquid nitrogen (88°K) the population of the sub-
levels can be assumed to be egual and therefore, are not considered in the
following. Therefore, the hyperfine resonant absorption cross section is
composed of lines of cross section Wk'J‘cfkij' vhere: |

Sk'y'= 4['2/4 N

e 13

and ¢,, the total resonant absorption eross section is

2 22001 1 y = 1.48 x 10718 on? I1-4
N ETg1 " Tex

and Ek'J' is the energy at which the absorption line k—Jj, is centered. Then,‘
considering both the resonance emission spectrum and absorption spectrum to
be composed of six lines of Lorenzian shape, each line having a width M, the
intensity transmitted at a relative source/absorber speed v, 1is for the

J—k transmission:

00 1 L
I, (J,k)= Ig Wey r exp [-naft Wyt |q:| VoK K- )JdE
i JJO E-EJk+EJkg rr"/:;[ J k! J J
The summation is: j 1,...6 1I-5
k1l,...6
vhere: f'=z probability of absorption without

recoil. .
n=number of atoms/cm3
a=fractional abundance of Fe
I=total emitted intensity
t = absorption thickness.

57
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When Ejg(l-v/e) = Eygryr, i.e., at the centre of one of the resonant ab-
sorption dips,
oo “
- - LIFY |
Teldek)= e ig§2 | %x.#ﬁE | 11-6
- 00

(where y = 2(E-Ek|Jt)/r R x:naf"dot')
Which has the solution: '
It(J,k) = Ie W,jk Jo(iwk'J'_X_)exp(-WK'J' . x/2) 11-7
Z

where J, (iWy';' x) is the Bessel Function and may be found tabulated in
conventional formgin Tables of Functions, by Eugene Jahnke and Fritz Emele.lo
Hence, if both the absorber and the source have split ground and 14.4 kev
levels, the totai transmitted intensity (considering resonant absorption

only) is:

I, @otal,v):Iethk'J';To(iwk'ch)exp(-wkojvg)s(k—k',J-J')
2
11-8

In particular, the intensity of the Mossbauer line, henceforth
called the Mossbauer intensity (v=0), ean be calculated from this equation.
However, if the source and absorber have unsplit lines as in the case of
‘normagnetic stainless steel source and absorber, the total intensity be-

comes:
I, (Total,v) = I J,(1x/2) exp(-x/2) I1-8'

The above expressions for the intensity considered only the resonant part
of the gamma ray spectrum. When the electronic absorption is also considered,
the transmitted intensity becomes:

T(Total,v) = (1-f)I, exp(-pt')+ £ (Total,v) exp(-Mt')
11-9
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where/;' is the electronic absorption coefficient of Fe for 14.4 kev
gamma rays. In order to illustrate with a simple example, the results

of the calculations, iﬁ is useful to determine the relative transmitted
intensitles for the two cases of a split and an uﬁsplit line, assuming
for the moment that a thin source and absorber are uéed. For this simple

example Jo—1, and exp(x)—1+ x, so that equation II-9 becomes:

T(Total,v) = (1-£)Ig~a't ", e At erZJk,k.J'. ”Jk(l"’k'J'-’EQ

x 65(k-x',3J-3') 1I1I-}0
for the split line and:

gt
T'(Total,v) = (1-£)I, ~u't' ¥ £I (1-x) II-11
2

for the unsplit line. The Mossbauer intensity as defined above is:

§ ~T(Total,voo) ~T(Total,v=0) I1-12
T(Total,v=00) '

This, for the split line case becomes:

_fx ) Wi _fx 28 I1-13

~
o o—Ta
-

2 Jk, T 21k

whereas for the unsplit line case:

S fx S WaM 1= £x
§‘ QLJk,k'j' Wyt =75 II-14

Therefore, the ratio of the central line (v=0) for the split case to the
unsplit case in the thin source and absorber approximation for FedT is 7/36.
In practice, this ratic is reduced by a) saturation effects in non-thin

sources and absorbers and b) non-resonant backgrounds.
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In the discussion above of the transmitted.intensities, it was
implicitly assumed that the source thickness was negligible whereas in
practice, it is not. In fact, the width of the Mossbauer line depends
both upon the source and absorber thickness. Assuming that both emission
and absorption lines have a Lorenzian shape of width[ﬁ, that a fractlon
£, of all decays occur without energy loss and that the emission and ab-
sorption spectra are split into six lines, equatlion II-10, representing

the transmission through a resonant absorber for the Mossbauer line becomes:

L

= ¥ ’t‘ ” -#x ’ .’ 3
T(Total,v) ze” {(/-f)!f(x)e dx +; Wi, g. dE“P[’ZW.,j" r ]x

Jo - NOOE-EN T A

(v =

f(x!dx exp '\'JQ]'TPZ" — 1’1‘“‘) ] II-1
(E'E'a*’c‘Ec)L*r% [ IE-Eor TS A ] °

where 7=fandyt and p(x)dx is the number of FedTM atoms lying between x

and x +dx from the surface of the source.

A source prepared by electroplating Co57 onto Fe and then dif-
fusing the Co°T into the lattice, has a Gaussian distribution of radie-

active atomsd so that:
plx) = &Y exp(-x2/%) X0 11-16
viT :

where t is the rms diffusion depth of the fadioactive atoms and Nt rep-

resents the total number of radiocactive atoms. Substitution of this function

into equation 11-15 yilelds:

X
(€ +sV+T/

T(Totalw)re""[[".r)etf%ﬁ:@(%]+ZWM%'"/ T,
IR )
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L0 )s[i- 45 v Loy 48 |

Ky L{E+S) ™+

exp }: \N@J

R’ E"‘r’/‘f

exp[\_'w ‘r__t]" 11-17

RJ 2,([ '5)1 + r‘/q /;‘

Thus, for a given source and absorber thickness the transmission can be
caleculated as a funetion of the relative velocity between the source and

the absorber. The_ratio:
R(v) = TéTotal,vg
T(Total,

= 1-f +L_w W0 ndE exp (=W TT*/4 W 4
5% E*8)5 /4 (E?‘l )[1 Ez‘ﬁmsg?p?/ﬂj L]
x exp (W 4 £)2 + exp(ut)®{1-§ (1) 11-18
2 ims?éf‘-’?ﬂ]*ei) ‘ (&5 [ 2 } A

is plotted as a function of v to produce the Mossbauer velocity spectrum

(see Sec. 3.7). The calculated line widths and Mossbauer intensities for

various absorber thicknesses are given in Chapter V.

2.2 The Josephson and Related Effects

When a nucleus emits a gamma ray, it loses mass %mlz Eo/cg.
The energy of the lattlce vibrations is thereby affected and so, by the
conservation of energy, is the gamma ray energy. This effect was first
discussed by Josephson, who assumed that the crystal was a conservative
system in which the potent;al energy of the atoms in the crystal was a
functipn of the position only. It follows therefore, that the Hamiltonian
for the system has the form:

H= L P.2/2m+ V(ry.rp...) | 11-19
= \
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and that H=£, the total lattice energy. Upon emission of the gamma ray,

the change in € 1s therefore given by:

5¢

"

(O H)>
[»]
Smi/mi { P‘{/2m1> 1I-20

Eo/mic:2 <Yy

The average kiﬁentic energy of the 10 hucleus is (Yi)and it 1s assumed

that the itP nucleus emits the gamma ray. Therefore, since the lattice energy
is inereased by &£ when the gamma ray is emitted, the gamma ray energy must

be correspondingly reduced by $£1in order to conserve energy. This results in

a relative shift for the gamma ray of:
8E/E, = ~<Yy>/myc® I1-21

In order to estimate (Yi> , Josephson made the following as-

sumptions sbout the crystal:

a) The atoms all have the same mass and the kinetic energy is
equally distributed among them.
b) The kinetic energy 1is half the total lattice energy (i.e.,

he assumed that the forces coupling the atoms were harmonic).
These assumptions lead to the conclusion that:

<Yy /my = 1/20 11-22

where U 1s the lattice vibrational energy per unit mass. Hence, the rel-

ative shift of the gamma ray energy is:

SE/E, = -1/2U / ¢ | 11-23
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The Debye temperature of iron is approximately 420°K and therefore, at
room temperature, (6),AU can be approximated by its classical value
3k8 , giving a relative shift of:

my

®/E, = -3k6/2mc?
= -2.53 x 10712 per %K 1I-24
=-7.6 x 1013 for 300% .

When the gamma ray is absorbed, it will gain energy, resulting

another relative energy shift of

§¢ -1/2 U’
Eo ce 11-23"

From the Debye model of the crystal, the total vibrational energy per

unit mass of the lattice is:1@

)
U= 1f Z2(d)hddo o
Miexp(hd ) -1 + 1/2[2(‘)110@
o k6

3 3 1I-25
= ONk e e dx 3
T M [(@D) exp x) ~1 Qg_i

[~]
wherein the second term is the zeroc point energy of the lattice. It can
be seen that U and U' are functions of the crystal temperature, the Debye
temperature and the mass of the atoms comprising the lattice. The net shift
of the gamma ray energy considering both the emission and absorption processes,
i.e., the shift of the position of the Mossbauer line, is given by the

expressio?:

D(SE/E,) = !
o) = &L+ () "

=1/2 ¢ 3 Cb/ 34 e 7 3
e )_;_2_1052[ t%)) ° zxp%ﬁf %] )N l (@TB) o exp%—drx-l %’}

0

11-26
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Thus, a shift can be caused by any or a combinationof these three factors:

a) a temperature difference(A8) between source and absorber
b) a Debye temperature difference Qﬁ)n) between source and absorber

¢) a difference in the average mass(aM) of the source and absorber
N

By considering A()D=:O, but 46 # 0, (which are the conditions associated

- with the Josephson Effect), it seems that:

s€y= 17[¢® - [® -
aE) 2c2[[ ¢, de l ci, ae] 11-27
® @
where 4[ Cp, 48 = Nk (8 )3 ejf x3dx 11-28
M CTD 0 exp(x)-1

and Cy, is the lattice specific heat of the orystal.12

Equation I1I-27 1s plotted as a function of the temperature of
the source and Debye temperature of the source and absorber, in Fig.II-2.
The temperature of the absorber remained constant at 297°K and the Debye
temperatures used were 355°K and 420%K. Hence, it can be seen that the

Jogephson ghift is not very sensitive to the precise value of C)D.

In the above calculation of the temperature dependence of the
gémma ray energy, it was implicitly assumed that the volume of the crystal
remalned constant. Hmpirieally however, the thermal expansion of the
crystal must be taken into account when examining the temperature dependent
line shift. Thus the temperature coefficient of the gamma ray energy at
constant pressure has two contributions:l3 |

1 _ 1 1 2P -
5 (AL)P‘ ..E.o(.g%)v +. .:.E-o(-g-%)e (m)g (bban)P II-29
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FIGURE II-2 The theoretical Josephson effect as a function of the absolute
temperature of the source. The two curves shown are those ob-
tained for an absorber temperature of 293°K, and Debye temper=
atures of 355°K and 420°K,
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where the first term is the Josephson term and the second if the effect

»

of the thermal expansion which, at 295°K, is

126, (2B )g (alnV), _ ,0.15 x 1015 per %K 11-30
@ 1w R

which is opposite in sign to the Josephson shift and approximately ten
times smaller. This term is temperature dependent because of the temper-
ature dependence of the isothermal instantaneous compressibility

K= -1 (ov /éP)e The second term is plotted as a function of € in figure
11-3. The total shift caused by a difference in temperatures between source
and absorber is therefore the difference between these two temperature

dependent terms.

Consider nowv the more complicated case in which A® =0, but in
whichLKDD # 0. Under these circumstances, equation II-26 can be written

as follows:

16\7

, /6
a(Re)= N ke 1 j x3dx -1 3fo°x3dx oWk
Eo oMe? o eX-1 X1 | 16Mc2 @% -®'p
11-31
which, when 8 = 0, reduces to
A(§_§.) 5 O (®p) 1I-32

In order to the estimate the maximum value of such a shift for Fb57 in Fe,
the assumption is made thaﬁ the source 1s essentially a Co2T lattice with
a Debye temperature of E)D 305°K and that the absorber is an iron lattice
with a Debye temperature of le)z 420°%K. Using thesg values, equation
I11-32 gives |

-14

a(s8) = -3.2 x 10 11-33
EO



-155

.150
HB)6

145+

(x10-15)

180

<135 |-

] | 1 1 | ! 1

50

FIGURE II-3

100 150 200 250 300 350 400

The temperature dependent line shift arising from the thermal expansion of the
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whioh corresponds to a relative veloeity between source and absorber
of 9.6 x 10’4 em/sec. The negative velooity'implies that the distance
between the source and absorber increases. When 8 # O, the first term in
equation II-31 must also be considered. Under the same assumptions as

above, this term results in a shift of:

L 1.9 x 10°14 I-34
A(Rg-) =
EO

or a velocity of 5.6 x 10‘4 em/sec. Hence, these two effects tend to

annul each other and give a maximum net shift of the Mossbauer line of:

£, — =1.3 x 10-14 » I1-
A(_EL)_ 3 x | 35

However, since the sourée contains only small amounts of 0057, it is
reasonable to expeet that the Debye temperature of the source will not be
as low as 385°K but nearer to, if not exactly equal to the Debye temper-
ature of the absorber, such that the actual shift caused by a difference
in Debye temperature of source and absorber will be expecéed to be much
less than 1.3 x 10‘14. In the above discussion, the assumption was that
the Debye temperature of the lattices was independent of the temperature
of the lattice. This assumption is usually valid for crystals above ap-

proximately 60°K14 (the temperature region will be considered later).

Finally, consider the case in which the average mass of the

" atom of the source and absorber orystal differ, but in which the temper-
ature and the Debye temperature of each is the same. Since the source con-
tains Co>7 atoms, the average mass of the source will be larger than the

average mass of the absorber by an amount:

A M= M-M' 11-36
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and hence:
e
S8y ~ O Cpdd - M 9K & 1I-37
; A(Eo) M c? (J%jzce 16

(o}

Under the assumption that the average mass of the scurce atoms is 57 and

that the average mass of the absorber atoms is 55.85, a shift of:

£, = =1.25 x 10714 II1-38
A(E ) )
0
would be obtained. However, in the preparation of the source, the ratio of
Coo7 to Fe was kept tc less than .0l so that the maximum shift possible

through this mechanism is:

A(%g_) _ -1.25 x 10716 I1-39

Q
which can be neglected (See also, localized modes due to mass difference

between radiating nucleus and host lattice).

2.3 Isomeric Shift

The decay of Fe57 from the isomeric state to the ground state
is accompanied by an electrostatic interéction between the nuclear charge
and the electronic charge within the nuclear volume. The interaction
causes a change in the nuclear energy levels (the isomeric shift) but is
observed only if a) the nuclear charge radi: of the two states are dif-
ferent, b) the electronic wave function overlaps appreciably with the
nuclear wave functions and c¢) these functions are sensitive to external
(chemical) changes. In order to see the nuclear isomeric shift, the same
nuclear transition in the two atomic systems which have different electronic

wave functions at the nucleus, are compared.


http://Cj.de
http://the.se

w26 =

Only the difference in the igomer shifts between the two systems will be

thus measured.

Using a simple model, Frauenfelder (Frauenfelder, pp.53-57),

derived the following expression for the isomeric shift:
- *
% = 2% ze? [ <Re> 2. <Rg>2m\y(5)| - ‘\y(o)” I1-40
3

in which Ze 1is the nuclear charge, <R>? is the root mean square charge
radius and P*Qoﬂa is the total eleﬁtron density at the nucleus. It is ex-
pected that the major contribution arises from the s electrons as only
these have a finite probability density at the nucleus. In deriving this
equation, it was assumed that the wave function of the electrons involved

in the isomer shift remained constant over the nuclear volume and that:
2 2 , '
(RY* = 4w j(r) r- dr 11-41

wheréJO(r) is the nuclear charge density. Equation II-40 therefore, in=
cludes the three requirements listed ébove. Although the equation is based

upon a simple model, it gives the correct magnitude for the isomer shift.

57

The measured isomeric shift with Fe”' therefore, measures the
combination of the diffefence between the charge radii of the excited and
ground states and, the difference between the total electron density at
the nucleus of the source and absorber nuecleil. Measured i;alues15 indicate
. that for Fe57, the charge radius of the g;cund state is 1érger than that
of the chemical environment of the atoms and therefore, depends upon the
lattice in which the embedding and absorbing nucleil are located. The

presence of an isomer shift in the source/absorber combination considered

in this work would imply a difference between the chemical structures of
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the source and absorber. The Fe?! atoms in the source do not lose elec-
trons as a result of the recoil due to the preceding 121 kev transition
as habpens in the case of ionic compounds, so that such a shift, if ob-
served, is probably due to the presence of the 0057 1h the source lattice.

Measurements made by L. R. Walker et 8115

indicate that|\W[g)® for Co
is greater than that for Fe. Hence, knowing that A<Re>2 -<Rg>2 is negative,
any expected isomer shift should have positive sign and magnitude less
than ,003 em/sec, cccording to the results of L. K. Walker et al.lb

In the absence of phase changes,‘ﬂ{(Oﬂz should not change ap-
preciably with tehperature, and hence, it can be assumed that the iso-
meric shift is nqt temperature dependent. The above analysis assumes that
the 1someric shift in the given source/absorber oombiﬁation is uniform
for all emission and abgorption events. If this assumption is invalid
and instead, the isomeric shift is not uniform, a broadening of the Mos-

sbauer line would result rather than a line shift. Such a line broadening

should also be temperature independent.

: {
2.4 Hyperfine Splitting

The effect of the internal magnetic field on the energy levels

of the Fe57

nucleus was mentioned briefly at the beginning of this chapter.
At this point, it is appropriate to begin a detailed discussion of this

magnetic fileld and its effects.

The internal or hyperfine magnetic field of a system of atoms is
intimately related to the eleectronic structure of the magnetic material.
Since the actual contributions of the electrons to this field is not well

known, the fleld at the Fe nueleus cannot be accurately predicted. It is
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expected however, that the fileld will depend upon the following quanti-

ties as well as the local magnetic field at the nucleus:

a) the field arising froﬁbthe polarization of the core s
electrons {-300kg)

b) the field from the 4s conduction electrons which are polar-
ized by the 3d electrons in thé same way as the core is polar-
1zed (B0kg to 100kg)

c) the field from the 4s conduction electrons which are admixed
into the overlapping 3d band {(90kg)

53 the orbital contribution from any unquenched angulér momen=-

tum of the 3d electrons (50kg)

The values given for each cause is that estimated for Fe (MossII,
p. 120). The measured internal magnetic field at 0 = 300°K for Fe is
-333koe7 which indicates that a fifth mechanism (in addition to those listed
above) must contribute a negative field to the net magﬁetic field. A reason-
able hypothesis (Moss II, p.122) for this mechanism states that in addition
to the positive contribution which comes from a mixing of the 4s and 3d bands
there is a negative term which comes from a covalent mixing of the d-wave
functions on one atom with s-like conduction band wave functions from
another atom. The negative hyperfine fleld so produced would cancel the
field produced by quantity (c) above. The total hyperfine field therefore
is the sum of several quantities. It must be kept in mind however, that each
auantity itself is a sum of the magnetic fields of the electrons of one atom,
although each electron separately contributes a magnetic field many orders
of magnitude larger than the observed field but with the sign depending
upon the electron spin. Hence, each quantity contributing to the magnetic
field is the sum of large contributions of opposite signs ylelding a small

result...
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A ferromagnetic subject such as Fe, of macroscopic dimensiqns,
contains a number of domains which are spontanecously magnetized. The net
magnetization of the sauple is the vector sum of the magnetic moments of
these domains., In the presence of a small external field such as that of
the earth, the atomic diéole morents of the Fe atoms in the domain are
essentially aligned to produce saturation of the spontaneous magnetization
in that region so that in each domain the effective magnetic field acting
upon the nucleus has a single direction in space. Thus, the effective in-

ternal field at the nucleus can be represented by:

Hegp = HooM + Hooy - IT-h2

in which M is a unit vector along the direction of the magnetization in the
ferromagnetic domain and li, ) is the magnitude of the effective field in the
absence of the extermal field,lﬁext. The latter quantity includes the de-
magnetization field whiéh is negligible for the sample used. Since Fe has
Eext[geff<<l’ it is assumed that H_ .. 15 not appreciably influenced by
;?ext’ The internel magnetic field at the nucleus howvever, is strongly core
related with the spontaneous magnetization of the domain. In fact, it has been
found that the two follow essentially the same temperature dependence as
that predicfed by the Welss law. This temperature dependence is shown in
Figure II<k,

The effect of the internal field was seen to rémqve the degen=-
eracy of the nuclear spin orientation to produce a set of equally spaced

spin sube-levels of energles aE = m%HnH' Therefore, tue transition energy

of the transition =3/2- -1/2 denoted by L, will be:

Ly = Ep + (mgge = mggg)pnli‘
= 14k kev + (.2&33)}411&1

I1-43
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where the subscripts refer to the excited and ground states of the nucleus.'
The energies for the six transitions are given in Table II-2, below. From
this table 1t is evident that the energy or position of the emission or

absorption lines depends upon the internal magnetic field at the nucleus,

|

mj' 10y Transition Energy

L -3 - By *+ .2433unit
2 2

L, =1 _, =L E, + 1413upH
2 2

Ly L= Ey * .0393upH
2 2

L, =-=1_, 1 E, - .0393puH
2 2
2 2

e 3., % B, - .2433u0
2 2 '

Table II - 2

The transition energies of the six spectral lines of Fo’!

in terms of the internal magnetic field at the nucleus,

However, since the positions of the lines are syumetric with respect to K.,
The position of the Mossbauer line is independent of the internal field
although the remaining lines of the Mossbauer spectrum do depend upon

this field. But should the internal fields at the nuclel in the source and
absorber differ, then the width of the Mossbauer llne would be observed to
be wider than the lifetime of the state predicts. To completely appreciate
this statement, one must remember that the Mossbauer line arises from the
overlap of all six emission lines with the same six absorption lines., An
exact overlapping indicates that the internal fields in the source and ab=
sorber are identical., If the fields are different, the splitting of the

hyperfine structure of the source will differ from that of the absorber
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éo that the emission spectrum must be Doppler shifted in order to achieve
resonanée. ﬁowever, the magnitude of the shift depends upon which emission
line 1s considered so that the size of the necessary Doppler shift depends
upon the emission line. The Mossbauer line 1s produced by the overlapping
of all six components of the emission and absorption spectra so that if the
shift of the emission lines 1s small, these six lings will be unresolved,

thereby producing a broad Mossbauer line.

Since the internal field at £he nucleus is temperature dependent,
the difference between the internal fields at the nuclei in the source and
absorber depends upon the temperature differcnce between the source and
absorber theréby producing (by the above-mentioned mechanism) a temperature
dependent line width for the Mossbauer line. Using th; transition energies
given in Table II-2, the broadening of the Mossbauer iine caused by this
mechanism is calculated aé a function of the temperature difference between

the source and absorber. If aH = H-H', then the difference in transition

energy for the Ly line is:

2B 1 = 24334 nH . II-44
2

6
. o

The broadening of the line is the sum ;JAEJR{HJK. The result of this cal-
SRR}

culatlon is given in Table I1I-3.

-
8°K ©'°K a0°K Hxl(’ce H'xlésoe oHx1(Poe  Increase in Line Width

148 293 -145  3.39 3.33 -.06 .0178 em/sec
179 295 -116 3.38 3.33 -.05 .0115 em/sec
253 296 - 63  3.35 3.33 -.02 .0046 cm/sec
293 293 0 3.33 3.33 0 0 cm/sec
352 204 58 " 3.31 3.33 .02 .0046 cm/sec
4bos 295 110  3.27 3.33 .06 .0138 em/sec
458 204 164 3.21 3.33 .12 L0276 cem/sec
Table II - 3

The increase in iine width as a function of temperature difference between
source and absorber. The value of 3.42 x 10°0e was used for the internal
field at the Fe nucleus at @ 0°9%
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2.5 Electric Quadrupole Splitting

In a manner similar to that by which the nuclear magnetic moment
of FedT interacts with the effective internal field at the nucleus to split
the I = 3/2 spin state into four sub-states, the electric quadrupole moment
of this state interacts with the effective internal electric field gradient
to produce, in the absence'of the magnetic hyperfine splitting, two sub-states.
For a pure quédrupole interaction in the case of axially symetrilc electric

fleld gradients, the two sub-states are shifted by an energy:

- . - + f - ' .
i, [ )

vhere q :»(1/e)(a2»7%z2), the maximum principal field gradient, I is the

f

spin of the state (3/2 for the excited state of F857), Q is the electric
quadrupole moment, m 1s the magnetic quantum number of the magnetic sub-
state and ¥ is the anti-shielding factor. In the presence of non-symetric
field gradients, the above expression must be increased by a factor

. 1
(l"l/3“?)§, where

AN

2
(& - §;‘5 )/o%/ > 22 II-46

lob'ant

the asymmetry parameter (Moss II,p.169). When the quadrupole interaction
is combined with the Zeeman splitting of the sublevels of the I = 3/2
state, the precise energy shifts for the individual m states due to the
guadrupole interaction, depend upon the orientation of the magnetic axis
relative to the axis of symmetry for the electric fleld gradient and, in
general, are not the same for all m states. The energy shift then be-

comes

¢ = €99 (3cos? @ -1) ~ 11-47
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where ¢ is the angle between the magnetic field and the ecrystal axis. The
angle depends upon the tehperature of the crystal so that the magnitude of

the electric quadrupole interaction is temperature dependent (Moss II, p.160).

Por a crystal structure having cubical symmetry, the electric
field gradient is zero and hence, the electric quadrupole interaction is
also zero. Since natural Fe is a good approximation of a cubically sym-
metrical lattice, 1t is expected that no electric quadrupole interaction
would be present in the absorber. It 1s possible however, that the presence
of 0057 in the iron lattice of the source could destroy fhe cubical sym-
metry of this lattice so that a net electric field gradient could exist at
the Fb57 nuclei. In this case therefore, the presence of the quadrupole
Interaction in the source would shift the energies of the lines in the emis-
sion spectrum so that the Mossbauer line would split. If, on the other hand,
the shifts were small, the line splitting would be unresolved so that the
observed effect would be a broadened Mossbauer line rather than a split line.
Since the electric quadrupole interaction is temperature dependent, the line
broadening would also be temperature dependent. In the special case in which
the sburce or absorber consisted of a single line, the presence of an elec-
tric quadrupole interaction would shift the positions of the resonant ab-
sorption lines. Such a shift would be temperature dependent due to the temp-

erature dependence of the quadrupole interaction.

2.6 Localized Modes

In the source being discussed in this thesis, the emitting nucleus
(F657) 1s an impurity in the host source lattice and as an impurity, it has
a mass mgy which 1s different from the mass m of the lattice atoms. Further,

the coupling constant ko of the impurity atoms is different from the coupling

2
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constant k of the lattice atoms. The impurity atom therefore has a fre-

quency of':

v = ko/hxO I1-48

which differs frém that of the lattice atoms, Vg Moréover, in the Debye
approximation, the impurity causes a shift in the phonon fregquencies of

the lattice atoms by an amount which is of the order 1/N of that expected
from the Einstein model, where N 1s the total number of atoms in the lat-
tice. If the mass difference Am = my-m is positive, the the phonon fre-
quenclies are shifted tb lower frequencies and g quasi~localized mode of
frequency w, is established within the normal phonon spectrum of frequencies
(i.é., Wec Wy, vhere Vp is the maximum frequency of the Debye continuum).

The difference between w, and wp depends upon am and increases as am in-
iycreases. The number of atoms involved in the localized mode is very small,

consisting primarily of the closest neighbours of the impurity atom.

As seen in Table II-1, the establishment of the 14.4 kev state
of Fe57 is preceeded by the emission of a 121 kev ¥ ray. The recoil energy

of the 121 kev ¥ ray is:

- 2 2
E. = Ey /émoc
= 7.9 ev. '

I1-49

which is much larger'than that of the mean lattice energy of .023 ev. The
localized mode therefore, may be highly excited by the emission of the
121 kev ¥ ray. Since Wo4 Vpo the localized mode can decay easily by ex-

changing a phonon with the Debye continuum of normal phonon frequencies.

The lifetime of a localized mode 1s®
~ . Oaomh II-50
Lo —
Nm w

D



Equation II-52 assumes that w,¢¢ wp and am/my> 1. If these conditions
0 D

Fe |

are not valid (as is the case of in Armco iron) then the actual

lifetime 1s much less than this equation gives.

Using a one dimensional model of a lattice, it has been shown
that the Debye-Waller factor increases 1if the impurity mass is greater
than the host mass. In this case the Debye-Waller factor is given by the

expression (Moss II, p.81):

-2 1

f - e where W oC II-51

m(m + am)

In order that the increase in f be appreciable, it 1s necessary that the
mass of the impurity be appreciably less than that of the host lattice.

57

Since this 1is not the so in the case. of Fe in a natural iron lattice,

the Debye~Waller factor in this case is that of the natural iron lattice.

For comparison purposes the case in which am< O will also be
considered. In this case all frequencies of the lattice phonons are shifted
but this time, to higher frequencies by an amount of the order 1/N, except
the highest frequency which separates from the Debye continuum to form a
localized frequency mode of frequency Vo with amplitude localized in the
vieinity of the impurity. This localized mode when excited, can decay by
exchanging two or moré phonons with the Debye continuum.17 This inter-
change of energy between the normal phonon frequencies and the localized
mode.arises from the anharmonic forces coupling the impurity and the lattice
atoms. At absolute zero the lifetime of the mode is given by17

1_ 815 I(¥oy Vg (k') ( ) ’ II-52

"t'o ¥D mgVv
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where v is the velocity of sound, ¥ is the Gruneisen constant, my is the
atomic mass, k' and k'D are attenuation lengths and I(x) =.
d[’y3(1-y§)dy. At higher temperatures the anharmonic interaction is in-
c;;ased. For this case, it has been shown that the Debye-Waller factor

15 reduced by the presence of the impurity (Moss II, p.29).

In both of the cases of locallzed modes considered, the Mos-
sbauer effect can be used to detect the mode. The presence of the mode
is indicated by a peak centered at w,. superimposed upon the broad single
or multiple phonon- ¥ray emission and absorption processes. Since the
lifetime of the mode is short in either case, the peak will be broad
enough so that slow high resolution scanning of the Mossbauer spectrum

should not be necessary.

The localized mode can also exert some effect upon the zero
phonon spectrum (i.e., upon the recoilless ¥ ray spectrum). To establish
qualitatively this effect, the Einstein model of a lattice is used. This
model may be used as a good approximation in this case of a localized mode
since the extent of the interactlon between this mode and the rest of the
lattice is limlted to the fifst few nelghbours. Based on this model, the
impurity is oscillating in a potential well and has ground state energy
of ¥hw,. For smgll mass diferences am, w, is approximately equal to wp
and the probability of the occupation of the localized state is small.
Hence, as a result of the emission of the 121 kev ¥ray, the energy of tﬁe

localized mode will be approximately

E, = (n+4 Yaw
11-53
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Ey = 121 kev, which is the recoil energy of the 121 kev ¥ ray. If m',

represents the mass of the radiating nucleus in its excited state

(1.e., Fe2T™), then

m':mo...E
°oF -

= mg+ Smo

(Ey = 14.4 kev) ‘ L II-54

Hence the frequency before the emission of the ¥ ray is given by:

w'o = (k' /mg + Smo)é

: I1-55
=g (l-4 6mg/mgy)

Assuming that the ¥ emission preceeds the phonon emission from the local-

ized mode, the énergy of the excited state of the nucleus is
B) = <(n+iDhv', 11-53"
where (n+ 5) i1s the expectation value of n+%, and the energy of the

ground state is given by equation II-53. Hence the change in lattice

energy caused by the emission of the ¥ ray is:

AE, = <n+ HA(' ) -v,)
- =-¢n+ %) fﬁwosmo/mo I1-56
, 2
= ~3Ey /mc (kn+%)Hv,

Since w, = wp, n will be small (of the order of 10) hence,
large dispersions of n are possible. As a consequence of the fluctuations

in n, a broadening of the zero phonon spectrum of the order
O = BE/mge? (< - D o) 11-57

is expected. Furthermore, the absorbing nucleus, also an impurity in the



-38-
lattice, should be in the ground state since it is not subjected to a
recoil from a preceding decay as is the case of the source atom. Hence,

the change in the latfice energy of the absorber when'a ray is absorbed is
B] = (BEi/mge®) (¥hw,) s
Hence, there will be a shift in the zero phonon peak of the order
3(AE1? = él-:,'./moc2 <n>hw ' 1I-59

For both cases considered earlier, the magnitude of these two
effects depend upon the ratio of the lifetime of the %oufce to the life-
tiﬁe of the localized mode which, in turn, depends upen laﬁ\. For the
same jam| , the lifetime for am< 0 1s somewhat greater than that for
am> 0. For the example of 2957 in Armeo iron source and an Armco 1iron
absorber, it 1s seen that m, = 57, m = 56 and am=1. Since am is small
. compared with m, the effect of the localized mode on the position and
width of the Mossbauer line 1s‘expected-to be very small. Further, the
effect should decrease as temperature increases since the lifetime decreases

as the temperature increases.

In the discussion of the localized modes, it is to be remembered
that the introduction of the impurity may result in a change of the chem-

ical bond strength, thus giving rise to the isomer shift discussed earlier.



Chapter III

EXPERTMENTAL APPARATUS and MEFTHOD

3.0 Introduction

The source, absorber and gamma ray spectrometer used in the
gathering of the experimental data for this thesis are described in this
chapter. The method by which the source was electroplated is given but
the sgbsequent thermal treatment of this source to produce the Mossbauer
effect, is covered in Chapter IV. The absorber was mounted on a lathe
carriage so that its velocity relative to the source could be controlled.
Arrangements were made so that the temperature of the source could be var-
ried and the temperature of both the source and absorber could be monitored.
A proportional counter was constructed to detect ﬁhe gamma radiation. The
details of this construction as well as the cha;acter;sﬁics of the counter

are summarized in this chapter.

The second part of this chapter describes the method by which
the transmission of the gamma rays through the absorber as a function
of velocity was determined. Corrections to the measured transmission were
necessitated by'the presence of the background radiation, the counter
drift and the experimental geometry. Purther, an analysis was made to de-
terming the thickness of absorber which would give the most significant

: results.‘

3.1 Detectors
o a) Nal Crystal

T™he experimental data contained in this thesis was obtained with'
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the use of two types of detectors. For the preliminery investigations an
‘NaI crystal gamma ray spectrometer was used; for the fingl measurements
8l Ar—CHh (methune) proportional counter was used,

The Nal crystal used was 13" in diameter amd 1/8" thick, covered
with a .010" Be window to allow the highest transmission possible for low
energy gamma rays (those less than 16 kev) emitted bj the source. The
crystal was mounted on an R, C. A. 6342 photomultiplier tube #12-h;hhh by
means of Dow Corning 200 fluid (silicon grease with viscosity 1,100,000 cs)
and the assembly was wrapped with black electricians tape to prevent light
from entering the photomultiplier tube. The tube was operated at an EHT
of 1300 volts. Pulses from the photomultirlier were fed through the ap-
paratus shown in Fig. I1I=-11 with the photomultiplier replacing the proportion-
al counter, Fig. III-l illusfrates typlcal spectra of'Fe57 radiation oblained
with this erystxl. Calibration pulses from the pulse generator are ine
cluded in this figure. These peaks were obtsined with one volt across
the helipot end helipot settings of 2,50 to 7.00 in steps of .50, The set-
tings on the other electrical apparstus were a) for the amplifier, dif-
ferentiation time constant of .8 usec; integration time constant of .16
Msec; attenuation, coerse, C, fine, 12 dbs., b) of the nuclear data kick=
sorter, live time 10, window 9.7h, galn £ 8.00, ¢ 16, and c) for the
scaler, discriminetor bias 60, dead time 5 psec.

" The spectra shown in Fig. III-l are those obtained using a .00L"
stainless steel absorber, a .0Cl" shim steel absorber, and no absorber.
Bach spectrum in this figure was obtained in the same counting time, T,
and with the same electronic settings. The use of the stainless steel

absorber considerably increuses the separation of the 6,9 kev and 1h.h4 kev
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FIGURE III-1 Typical FeST spectra obtained by the use of a Nal crystal with (a) No absorber, (b) .001"
shim steel ebsorber, snd (c) .001" stainless steel absorber. Calibration pulses are also shown.
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gomaa ray pesks and increases the zbsorption of the 6.9 kev gamma ray.
The component of the stalnless steel responsible for this selective
absorption is the eleuwent chromium (type 30321 stainless steel used is
17-19% Cr) which has a linear absorption coefficiént of 7920m°l for the
6.9 kev gamua ray and 396cm-l for the 4.4 Xev gama ray. A second sube
stance found to absort the 6.9 kev gamma ray more strdngly than the 14.h4
kev gamma ray was the silicon grease mentioned above. Both of these sube
stances, however, absorb the 1l4.4 kev gamma ray as well as the 6.9 kev

gamma ray and therefore, were not used for the detalled investigations.
b) Ar-CH, Proportionel Counter
i) Sensitivity

The poér resolution of the Nal crystal for the 1h.hk kev gamms
ray in the absence of either Cr'or the silicon grease and cousequently
its insensitivity to small energy shifts prompted the construction of the
Ar=CH; proportional countér used to compile the experimental results
given in this thesis. The best resolution that can he expected with the
use of a proportional counter at 1b.4 kev is 5.95% whereas with an Nal
crystal the best resolution at 1l.h kev is 33.6% (Moss II, p.70). Ex~
perimentally, with proportional counters, recolutions of 10-20% have
been obtained « a factor of at least two greater than the best expected
with the crystal. Another advantage‘of the proportional counter is the
fact that they can be made very large and hence their efficienc?es at
low enérgies can be made higher than those of Nal crystals. Moreovef,
the proportional counter can be made insensitive to high encrgies. This

latter fact is particularly importamt when the counter is to be used
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with an Fedl sourc; in which there exists a high counting rate compared
with that of the transmitted 14.4 kev counting rate, arising from the 120
kev gamma ray of the preceding transition. Pound found that the use of

an Ar-CHj proportional counter produced a ratio of the counting rate o}
the 14.4 kev gamma ray to the total rate of 1:1.5, i.e., there were only

50% more counts above the 14.4 kev line than in the line (Moss II,pp.70-71).

Ideally, for 14.4 kev gamma rays, a krypton filled proportional
counter should be used (the linear absorption coefficient of Kr at 1
atmosphere pressure, at 14.4 kev is 4.35 x 10em™1) ‘but the expense of
- the krypton and the satisfactory results obtained with the Ar-CH; mix-
ture pr?éluded its'use. The use of the Ar-CHu mixture,lon the other hand,
requirea a very large counter (8" diameter) to get a useful stopping
power as the linear coefficient of absorption of Ar at 14.% kev 1s

1, Assuming the gas to be entirely Ar (a good approximation

4.27 x 10™%em™
.since the gas used was 90% Ar), the stopping power of the counter for
the 14.4 kev x-rays was calculated toc be 57% and fbf.the 6.9 kev x-rays
vgséentially 100%. To avoid gas contamination the counter was designed

to run vith a continudus gas flow. No attempt was made to recover the

gas since one cylinder (1600 1bs.) lasted approximately five months.
11) Construetion of the Counter

The body of the counter (see Fig. III-2) was constructed frbm
'a é3“ 1ength.6f aluminium pipe, 1/8" thick and 8“jinner diameter. In m-dez'lj
to méke the window of the counter, an area six inches square was cut from
tﬁé centre of the pipe. This ares was covered vith a piece of mylar
‘;001" thick’. The inside of the counter was groﬁﬁb”ﬁiﬁ? a drum sander to

remove the dirt, but no attempt was made to remove the remaining small

- y
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FIGURE III-2 A cross~sectional diagram of the body of the
Ar~CH, continuous flow proportional counter.
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surface irregularities. The interior was further cleaned with acectone,
then alcchol end dried with an infraered lamp. To provide a conducting
surface for the window, aluminium was deposited upon the inner side of

the mylar. The mylar was secured to the aluminium with R313.

Both ends were fitted with a gas flow tube and a terminual for
the centre wire, Fig.III-3 shows the details of the top terminal. These
two terminals were identical except for the fact that the top one was
fitted with an R. G. 560/U plug providing the mnesns for connecting the
counter to the pre-amplifier. The centre wire was .0C1" tungsten wire,
spot welded to each end of whicl: there was a short piece of nickel
wire (.005"). The tungsten‘wire was positioned in the counter by thread-
ing it through the two covar seals and soldering its two nickel ends to
these seals. The two removeable plates were fuéhioned to make this oper-
atlion pcssible, Great care was taken to insure thet no kinks remaiped

in the tungsten wire in this instellation process.
111) Filliing the Counter

The counter wus designed to operate at atmospheric pressure
so thet it was possible to have a very large, thin window. Hence, it
was net feasible to merely evacuale the counter and refill with the gas
mixﬁure. Instead the counter had to be placed within a slightly larger
cylinder of iron and both were evacuated at the came time. Both cylinders
were then filled with the gas mixture, the counter gas intake was closed
and the counter was rewoved, essentizlly ready for.operation. Since re=
sidual amounts of air stiil remained in the counter, gcod resolution was

not attained immedintely. However, after eight hours with a gas fiow of
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.05 cu.ft./br., a resolution of approximately 20% at 14.4 kev was at-

tained.

iv) Qas Flov System

The system providing the counter with a continuous stream of
gas is shown schematically in Pig. III-4. With reference to this dia-

gram, the parts used in this system are given below.

PARTS ' ' DESCRIPTION . MFG
éounter gas 90% Ar; 10% CHy, - Matheson Co. Ltd.
'V, and V3 Single stage regulator #li . "
¥, and V5 Low pressure "Pancake"” Regulator

#70-A-B ‘ ~oon

Vg ~ Needle valve : Rollason
V7 and V8 Imperial diamond valves 693-0 Impe;-ial Brass
Plowmeter #éOI Flowﬁeter | - Mathéson Co. Ltd.
?9- : Rubber hose clamp ‘ Cenco‘ |

Table II1I-1

The flowmeter was placed in the system so that a) the actual
flowrate of the gas could be measured and kept the séme wh§n~the gas
bottles were changed and b) so that fluectuations or instabilities in
thé gas flow cohld be detected. The metef was constructed from a block
of lucite. Tue gas flowed'through a narrow tube so that the flow rate .
wvas indicated by a sméll matal sphere supported in this tube by a flow

of gas. The meter was calibrated from .0l to .08 cu.ft./nr for dry air.

" 'The correction curve for other gases is shown in Fig. III-5. The flow
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- FIGURE III-i A block diagram showing the gas flow system of the Ar-CH, proportional counter.
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.rate used in the experiménts was .05 cu.ft./hr for the Ar-CH, mixture.

v) Difficulties

Since both the resolution (as noted in the filling procedure )

‘and the gas gain of the proportional counter depends upon the gas purity.,
‘it vas vital that the gas flow rate be kept constant. The required con- '
my,stant flow rate was obtained by including the needle valve V9 in the

flow system 5ecause without it the gas flow was essentially determined
'ﬁby' -P /if where P, and P, ‘refer to the counter and atmospheric pressures.u
respectively and If to the impedance 1n the gas flow of the flowmeter
K (If appeared to be a function of the flow rate through the meter). These

7f oonditions were sufficient to produce positive feedhack and fluctuations e

e

| iﬂ the Pressure in the counter. Vg acts as a high fixed impedance to theﬁnf‘

"

i |
gas flow so that the flow is determined by P, - /IV , which ‘is much f

o smaller than Py-P,/I¢ S0 that the flov is dominated by the fixed 1mped-

-

ance and the fluctuations are smaller. In fact under these conditions.

P

no fluctuations could be detected by the flowmeter.. -

‘Tha gnin‘of'ihe‘counter was found to bé*(ééyéxpected) strongly

= dependent, upon the pressure 1n the counter and heneé ‘this pressure had -

iuéqto be kept constant during the operation of the counter Since it op- :

erates at atmospheric pressure, any fluctuations 1n'the room pressure R
nffected the gain ‘of the oounter. Small fluctuations due to the ventil

ins fan in the room were minimized by leaving the door of the rooa:

. ing the course of tbe measurements as well as letting the fan run a

uat a constant speed However, a strong correlation A found between. the

,va uelof the atmospberic presnure and the count ra_e{-n the 14 4 kev.

; '~ohannel Therefore. changes in atmospheric pressure were monltered and the'f
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results were corrected for this count rate drift.

Another soﬁrce of difficulty with the cénnter was the fact
that very large pulses of unknown origin occasionally came through the
counter, effeetively turning it off for periods of approximately lO

i
milliseconds. The frequency of these bresk down pulses vas found to
increase as the E.H.T. of:the counter increased. Thesé pulses were ran;_
dom and it was found, as shown in Fig. III-7, that when they occured
sufficiently oftén, ihey distorted the distributiéh"of“bonnt rates about
the mean count rate avay from the statistically expeeted distribution to
: such an exxent that the highest E.H.T. at which it was possihle to operatélr

the counter vas 1800 volts.

llé‘addition_to being a fﬁnction of thewéag‘flbw'rate and the

. courter pfessdre. it vas found that the gain of.thé;bountef‘éepéndédﬁ‘
~upon’the total ecount rate of the source. Hovever, %ﬁe change in the ecount.

.réte for tbe”experiment (approximately 17%) was small enoﬁéhfao that the

- resulting gain shift vas negligible.

‘vi) Characteristics of the Counter

Using the seme equipment as used in the ekpériment and the
-NSEC #2 scﬁréé;nfhe’characteristics of the proportional counter as shown .
-in Pable III-2 were found. In order to determine thé gas gain in the -

. counter, the gain of the amplifier and the preamﬁfifiéﬁ'system vas measured.

o Thé=equ1phehf“ﬁas arranged as shown in F&g.III-Sé‘dei%hié‘measurement.

' The gain was determined for six values of Vin and avéfageé. With refer-

ence to the figure, the gain of the amplifier 1s given by:
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Yy 8
6, =V  Nin

= Ymax/ V(Cy/Cy+ Cp)

III-1

The average gain of the preamplifier-amplifier was 2 x 106.

The equipment was then arranged as in Fig.III-8b to determine the gas
gain of tﬁe proportional counter as a function of the E.H.T. In this

case

vi _ v ,
in = —g max I1I-2
= q/C

where q is the charge collected by the proportional .counter. The charge

3
1
!

a', produce@ in the counter when the gamma ray of energy E ¢y 1is absorbed
is: : :

i
I
¥

q' = E/e | 111-3 .

where & is the stopping powver éf the gas mixture. The value of ¢ for Ar

is 26.4 ev/ion pr.lg The gas gain therefore, is given by:
Gg = Q/q. .. . ' In-“

In the calculation of G, it vas assumed that the effect of CHy with

8
€ =29.4 ev/ion pr.eo on Gy would be within the experimentsl error and
 hence was not included in the calculations. The gas gain is plotted as:

a function of the E.H.T. in Fig.III-9.

\

In order to determine the resolution of the counter, the spec-
trum transmitted through the absorber was analyzed by mﬁans'of the C.D.C.
100 channel kicksorter. The spectrum was plotted by an X-Y recorder and

the backgfound correction made. The resolution as taken from this spectrum
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vas:

Reg = Wy/L . ms

vwhere W% is the width of»ihe 14 .4 kev peak at } height and L is the

distance from the lov energy limit to the 14.4 kev peak. The noise,

the signal to noise ratio and the rise time of the pulses were all de-
--termined by displaying the pulses from the counter and amplifying system..

into a calibrated oscilloscope.

E.H.T. Gas Gain Resolution Noise  Signal/Noise Rise Time(20-80%)

1650 volts 28+3  18.9 2.8 kev 5.00 3.0 psec
1700 & 3443 16,08 2.87 kev 5.83 - 3.0 =
1750 " 45¢3 17.0% 1.80 kev  8.00 3.0 -
1800 n 5843 1658 1M kev 10.00 . 3.0 »
1850 w . ThE6 16.7%  1.08 kev 13.30 2.5 =
1900 w 10046 17.7% .85 kev  17.00 .- 2.5 »
1950 »  142+9 18.3% 60 kev  24.00 - 2.5 =
2000 » 16449 19.95 .50 kev 28.80 2.5 =

. Table III-2 : . .
' Characteristics of the Proportional Counter as a Function of E.H.T. =

/ Thevsolid angle into which the detectedixfrays were emitted
was determined by the size of the counter window (36 'square inches) aﬁd ' ;i
‘the distance of the source fram the counter (27")._Tﬁ£s solid angle was">?2f
“célculated to be .O495 steradians. The spectrum obﬁéiﬁépig with the pro-:i; 
' portionél counter is shown in FPig.III-10.. Again, the calibration pulses |
from the pﬁise generatof have been included. The settings used for this 
» spectrum were: a) amplifier differentiation: B sec; integration time qon; :

stant: 3.2 sec; attenuation ¢ O, 20db b) Multichannel (C.D.C.) P.H.A. ° -

" .3 volts/channel, bias 5 and ¢) E.H.T. 1850 volts.
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FIGURE III-10

A typical Fe?T gpectrum vbtained with the proportional counter. Calibration pulses are

inciuded.
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3.2 The Electrical Apparatus

The electrical apparatus used in the experimental work is shown
schematically in Fig. III-11. A 1list of the equipment 1s given in Table

I11-3.

Name of Apparatus Description

Regulated high voltage supply Model RE-BOOIAW&, Serial #218
A Northeast Scientific Corporation

Pre-amplifier and amplifier . Amplifier unit type 1430A.Serial
' *  #1367. Dynatron Radio Ltd.
Single channg; kicksorter o Pulse height analyzer, single ehannel
. C ] ‘ Model 510.8erial #2633
%
“:Standard pulse geqerator * U.B.C. NP Scaler, Serial #7

3

B

7"

Lathe drive motor 1/3 HP General Electric Motor

Switech UND Laboratories Inc. #2HBWl
~ Scalers R o Berkeley type, Made at U.B.C.
Multi-channel pulse height 100 channel kicksorter. Computing

analyzer. *  Devices of Canada Ltd.

Table III-3

A circuit diagram of the pulse generator used for calibration
purposes is given in Fig.III-12. Also included in this figure are the AC
and DC supply circuits. The helipot used in the DC supply was made by

Helipot Corporation.

_ The U B.C. NP scaler was modified so that it produced an out-
: put signal sufficient to drive the Berkeley scalers. In addition, pro-
vigion for a dead time of 15 microseconds was made in this scaler for it

‘~~~vas found that with the dead times built iﬂto the scaler (i.e., .8,.2,5fand'

. 50 microseconds), it was impossible to set the Berkeley so that they would:&



FIGURE III-11 A block disgram of the electrical apparatms.
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all ecount in unison.

3«3 The Control Systen

A South Bend Precision Lathe (Modei A, catalogue #C1 G44Z)
with a bed length 3%' was used to move the absorber relative to the source
at small constant velocity. Toprevent vibrations present in the building
from reaching the source or absorber, the lathe was mounted upon a 3"
plece of lead which in!turn was mounted upon a 4' stand of éément blocks.
The lathe was accurately leveled and Kept well olled at all times to in-
sure thét the motion of the lathe carriage was constant and reproduceable
and freé of further vibration. An additional precaution against the ef-
fects o? room vibrations was to enclose the lathe and detector in a sound

proof box. This box also tended to reduce temperature fluctuations of the

equipment within the box during the course of the experiments.

The gears of the lathe pré;ided a range of 80 possible speeds,
40 each on direct and clutch drive. A 1/3 hp Genéfél Electric motor was
used to drive the lathe. Using a ratio of motor pullef.to lathe pulley of‘
1/5, the range of speeds obtainable was .2cm/sec to .0025cm/sec. An
. O~-ring #1820-72 was used instead of a pulley belt t6 feduce vibrations
- from the lathe drive. The limits and direction of motion of the lathe
carriage was controlled by means of two microswitches'attached to the
lathe bed. These microswitches were arranged so that the lathe carriage
.travelled 2.3cm. The microswitches also controlled the operation of the
zr-.Berkeley scalers so that they counted only when the lathe carriage vas _%J
Xmoving in the correct direction and at the correct speed. One of each i
| :pair of scalers recorded the number of transmitted gamma rays, the other

) the 60 eps mains frequency. The switching circuit is shown in Fig. III-13
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The temperature of the source and absorber were monitored at
all times by means of a copper-constantan thermocouple attached to them.

A Hewlett-Packard DC voltmeter was used to measure the thermocouple voltage.

3.4 The Absorber
a) The Absorber Mount

.The absorber was fixed to the lathe carriege by means of a
mount consisting of two squares of 3" aluminium, each of which had a 2"
diameter circle cut from its centre. The thin absocorber was placed be-
‘tween two £" pieces of styrofoam and then clamped beteen the two pieces
%f.eluminium. The styrofoam acted both as a support for the foil by
damping out induced vibration and as a temperature shield tending to
keep the absorber at a constant and uniform temperature regardless of the
source temperature The absorber mount was screved to a 1" diameter brass

eylinder which in turn was tightly fixed to the lathe carriage.
b) Armco Iron Absorbers

In the ceurse of the preliminary work on the Mossbauer effeet
sereral types of materials were used as absorbers. Hovever, it was de- .
| cided that since small shifts were to be investigated that pure Armco
| iron would be the most satisfactory. The two fpils of Armco iron which
“ vere used were obtained from the Hamilton Watch Co. These folls were rol-
““led to .0002" and .00035" thicknesses. Also used for certain measurements f'
.was a .001" shim steel foil. The Armco iron foils were annealed in an Ar o
atmosphere for a period of one hour at 950°C before being used. The .001" :
shim steel foil was likewise annealed but in an H2 atmosphere. Since the o

.Armco foils were difficult to obtain and wvere fragile, they vere sprayed '
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vwith Acrylic plastic to give them added strength and protect them from
corrosion. Unless otherwise stated, all absorption curves included in
this thesis were obtained using the two Armco iron foils mounted to-
gether to give an effective thickness of .00055". The reason for this
choice of thickness is given in section 3.9. Appendix B outlines the

method that could be used in the preparation of an enriched Fe57 absorber.-

3.5 The Source
a) The Mount

The source mount had to serve two purposes; to rigidly clamp
the source to the lathe bed and to enable the temperature of the source
to be varied from 100°K to 500°K. The mount shown in Pig.III-14 was used
for temperatures of 300°K and higﬁer. The pressure within the pot was
reduced to 15 microns when the temperature was increased to prevent the
Fe source from oxidizihg and to provide sufficient temperature insulation
iso that a constant source temperature could be maintained. In order to
maintain the reduced pressure without pumping, it was necessary to re-
place the .001" mylar window originall& used with the .005" mylar window
shﬁwn in Fig. III-14 and the covar seals héd to be coated with R313. The

source was heated with the heating unit from a soldering iron, placed

in the inner pot.

Preliminary investigations proved that the use of the above
- pot filled with liquid nitrogen to obtain the temperatures in the region -
of 100%K was not an acceptable method of lowering the temperature of the
source. The vibrations from the boiling nitrogen (and other low tempera-

ture mixtures) in the pot were transmitted to "the source and hence, broad-
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ened Mossbauer line to an observable but incalculable extent. To over-

come tais difficulty the inner pot shown in Fig.III-1l4h was replaced with
that shown in Fig. III-15, for all source temperatures below 300YK. The

lov tcecuperastures were ovtained by forcing the liquid nitrbgen vapour
through the stainless sieel tubes. The 1liquid nitrogen reservoixr used was
7" in diameter, 1' deep and surrounded by a layer of 2" styrufoam. The rate
of flow of the vapour and hence, the temperature of the source was controlled
by means of a 600 watt heating unit placed in the liquid nitrogen reservoir
and a variac to which the heating unit was attached. As the level of the
liquid nitrogen decreased, it was found that the voltasge of the heater

had to be increased slightly to keep the source temperature constant. To
improve the heat insulation, the pressure Qf the pot was reduced to 15
microns and an aluminium radiation shield was erected around three quarters
of the inmer surface of the outer pot. In order to prevent the vibration

of the liquid nitrogen from reaching the source, polyethyleme tubing

was used to connect the nitrogen reservoir and thne source mount., It was
found necessary to surround the tubing with 2" of styrofoem in order to
reach temperatures below 200°K. A plece of rubber tubing was connected

to the output stainless steel tube of the source holder to remove the

cold nitrogen gas from the equipment box and thereby insured that the

absorber temperature remained steady at room temperature,
b) Sources

The source used for the preliminary investigations was prepared
by Dr. J. B, VWarren. ‘This, and all other sources, was co’T. 1 me of
0057 was co=plated with Fe56 in the ratio of 1:500 onto a one=~quarter inch
sq?are copper bar. The plating solution, FeSOy, was absorbed in a piece

of absorbent cotton wrapped sbout the platinum anode., The COST/FG mixture
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was deposited by rubbing the copper rod with this anode arrangement. The

current density used was 50 ma/bme.

The two sources of Co®! were obtainéd from the Nuclear Science
ana Engineering Corporation. The first of these, NSEC #1, was 1 mc and the
second, NSEC #2, was 4 mc. The Co°7 was 99.9% pure and electroplated up~-
on .005" Armco iron. The cost of the Co?! was $75.00 per mc and a charge
of $75.00 was made for the electropléting. The active material was con-
fined to an area of .5 square centimetres. The Co®! of NSEC #1 vas dif-
fused onto the iron (Armco) backing in an argon atmosphere at 900°C for
one hour. The annealing of NSEC #2 is described in detail in Chapter IV.
Briefly, this treatment consisted of five steps of ten minutes each,
during which the source was heated to 900°C in an Ar atmosphere. NSEC #2

was used for the experimental results included in this thesis.

3.6 The Measured Quantity

The quantity measured was the transmission of the 14.4 kev
gamma ‘ray of Fb57 through an Fe absorber as a function of ﬁhe veloecity
of the absorber relative to the source under various experimental con-
ditions. With infinite velocity between source and absorber, electronic
absorption occurs only‘uhereas at very small relative velocities, both
electronic and Mossbauer (recollless) absorption occur. This change in
transmission with relative velocities produces the Mossbauer velocity

spectrum. The measured transmission is normalized by forming the ratio:

vi_ 2
T 1) = T’vi:.lﬂ)

where veloeity v=ulkcm/sec (rather than v- ) was used for experimental con=-
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venience. The measured line intensity therefore is h = l-Rm(vrz 0) and
will differ from the calculated line intensity ( Equation II-11). This
definition of h also means that the measured Mossbauer line width A\
(i.e., the width at h/2) will differ from the calculated width, d. In
the following, the: qﬁantities h and N will be considered except when a
comparisOn between theory and experiment is to be made at vhich time h

andALSVIll be adJusted to fit data for v = oo rather than v = .14cm/sec.

3.7 Geametric.Effeets on R(v)

In Chapter II the function R(v) was defined as T(total,v) which

by the substitution of Eqn.II-17 becomes:

Ry = 4« F *;‘:,W _fjfexp( —T’—"ngi),_

E+rS)+ Iy Uz <f*5 +f7ﬂ /‘9)-"

I11-6
Wi T

P (i['(E-rS)'Tl T wpt] exe(st 1 - dH)

. for a six line emission and absorption spectra. This equation is complete
in that-it accounts for the source thickness and the hyperfine splitting
:6?}¥£; 1%.% kev transition of Fe>! but the influence of the small but -
finite solid angle info which the gamma fays can fadiate and still be de~- .
tected by the gamma’féy spectrometer,jis ignored. This solid angle pro-
duces a finite width to the first order Doppler shift obtained with a
given veloclity and'aléo increases the effective thickness of the ahsorber .
-and proportionéi counter aﬁd hence, must be taken into account when inter-

preting the experimental measurements (see Fig. III-16) The parameter

uhich determines the magnitude of the effects is g, the angle between the
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line Jolning the source and detector and the vector at relative velocity.

The effect of the experimental geomstry on R(v) has been cal- .
culated in Appendix C. The result of this consideration is that Egn.III-6

must be replaced by:

R(v,#) 1-21-. 9@114 = “‘;23‘ /n){l-(t AT 2/ ]
E+S

LI(E + 5Y+ r}q.

* m—f—%w- g

‘in which the factor .97 corrects the originally caloulated R(v,@ = 0) to

R

' the experimental conditions under which Hm(v,ﬁ) is measured ‘The correction
" fagtor .97 is that required for a .001" absorber. Those factors necessary

C«

for othgr.absorber thicknesses are given in Appendix C.

3;8 Background Correction

.'Inspection of the spectrum of Fed! (see for example, Pig.III-10)
-shows that the 4.4 kev peak is superimposed upon_a;continuum of back-

ground radiation. In the caloulation of Ry(v), this background count rate o

must be subtracted so that only the count rate of the 14.4 kev transition

uis-cpnsidered in the results. Therefore Hm(v) is calculated as:

Ralv)z M) -y o a8

“where N is the total count rate at v and Ny, is the background count rate;rin

For zero relative velocity between the source and absorber, and;-'
for equal (dead time corrected) counting times, the Fe®7 spectra trans-

mitted through the Fe absorber and through a 1/16" aluminium absorber}
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were measured thus determining the background rate Nb-’Calculations
showed that the aluminium absorber would absorb aii of the 14.4 kev ra-
diation ineident upon it so that only background radiation of reduced in-
tensity would be measured when this absorber was used. i&e area of the
background radiéfibh”wiﬁhin the window settings of the single channel
kicksorter was ﬁéééhred for both spectra ( see diagram,Fig.IXI-17). The
count rate of the'background radiation transmitted through the aluminium

absorber was measured. Hence, N, is

Ny, :E'AFe(NAl) . vhere Ny, is the coun# rate III-9
A ‘of the transmitted through

the aluminium absorber.’

and therefore

Ape (Nay)
Ry N Am

CN(v = .14 )=Apa(Nay)
Ay

I11-10

All experimental measurements involving R,(v) used in the de-
termination of results given in this thesis are corrected in this manner

for the background unless otherwise noted.

The accuracy of the above correction is dependent upon the
acecuracy wvith which the dead time was measured. In the experimental work
the d‘ead time was (8 11)# so that the error in the determination of Ny
wvas approximately 1%. Moreover, since Np 1is almost 1/3 N(v), the total

- @rror in the determination of the background correction Rm(v) vas ap-

-proximately .3%.
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3.9 Selection of the Absorber

As mentioned in section 3.3, a number of absorbers of various
thicknesses were available for the experimental investigations. It was
necessary therefore, to determine which of these absorbers would give

thé most significant resultsgin'a given time T, that is, maximize the

3

expression X/e, where X is tﬁe difference in the count rate transmis-
sionat v =0 and v = {14cm/§ec and e is the statistical error for the

measured count rates. In Appéndix D it 1is shown that

ek /2 /2 4
PETE e I, o ) - Im-1

X/e = mxg,)ér e
where Ng 1s the source strength . For Fed7, the absorber thickness x at
which X/e is 4 maximum, depends upon the value of the Debye-Waller factor

£ and upon the fraction of absorber atoms which are FedT.

The value of X/e was measured for various absorber thicknesses
for both NSEC #1 and #2. Moreover, for the same absorber thicknesses, X/e .

was calculated using Eqn. III-llvfor f.:;h, 6 and~.7.'

- Abgorber o
Thickness NSEC #1 NSEC #2 f=.4 f=z=.6 ¢r£=.7

.0002" - 25.78 25.78 25.78 25.78 25.78
.00035" 45.70 39.00 35.60 33.63 34.02
.00055" 57.30 54.83 51.41 35.80 37.60
001"  57.77 55.98 41.70 31.96 34.46
.00155" 59.44 -

39.15 .23.81 26.21
Table III-4 o

The values of X/e for various absorber'thicknesses
as measured for NSEC #1&2 and calculated for £ .4,
.6 and .7. '

.. .Since the reason for this procedure vas to determine the optimum thick- ~

ness of the absorber, the values found in the above table have been nor-
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malized so that X/e for x =.0002" is the same for ali calculations.
Hence, the trend of X/e for all cases can be compared. The count fates
used for the NSEC #1 data required four minutes to accumulate vbereés
those fox; NSEC #2 fequired one minute. Corrections were made for the ’
dead time of the apparatus in each case but correction for ﬁﬁ’ékground_

+~- radiation was not madés. since only relative values of X/e were required.

The data 1nb Table)': III-4 is given in graphical form in Fig.III-vl:B.
The dependence of X/e on absorber thickness for NSEC #2 is seen from this
. figure to be the same, within eétperimental error. X/e attains a maxe -
imum value at x = 5.7 x 10"4 inches for £ = .7 and at x = (8.0 :.S)xl()-#
inches for the NSEC #2. The experimental results show that there is a
negligible difference in the significance attained with absorber thick-

. nesses of 5.5 x 10'4

inches and 1.0 x 10™3 inches. The choice of ab-
sorber thickness of 5.5 x 10'4 inches was therefore ba’s'ed upon the fact
that the accumulation of results was faster with the thinner absorber

and its clogeness to the theoretically determined optimum thickness

(assuming £ = .7 for Fe57) of 5.7 x 10=% inches.
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' Chapter IV
DIFFUSION OF Co°! INTO NATURAL IRON

4,0 Introduction

The usual method of preparing a radicactive source for a Mis-
shauer experiment 1s to electroplate or evaporate the radiocactive ma-
terial onto a non-radiocactive metallic lattice and to diffuse the radio-
active material into the lattice. Pound and Rebka?C were the first to
notice that the diffusion procedure remarkably improved the magnitude of
the M8ssbauer effect obtainable. The source used in this experiment was
made in a similar manner but the diffusion procedure was done in a series
of five short steps rather than in one or twé so that the Co57 could bé
diffused in a controlled and continuocusly monitored fashion to the min-
imum depth at which the measured M8ssbauer effect was equal to the cal-
culated effect (17.9% for a natural iron absorber of thickness .00055").
Such a controlled diffusion results in a source with optimum properties.
In addition, this procedure made it possible to measure the MBssbauer
line parameters (height h, width A, and shift ) as a function of the

depth to which the radiocactive atoms had diffused.

The dependence of these parameters on diffusion depth is due
to the fact that asg the CoS7 diffuses into the natural iron, the lattice
surrounding the radiating FedT nucleus changes from the non-uniform Co57
lattice resulting from the initial deposition process to a uniform lattice
of a weak solution of Co in Fe. Since accurate measurements of small line’

shifts and variations in line widths were to be measured with this source,
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the diffuéion process was continued until a narrow line and a large

MBssbauer intensity were produced.

The velocity spectrum showed the presence‘of two small auxe
iliary peaks on either side of the main line. These peaks appear to be
associated with a zero or small internal magnetic field at the sites of

some of the Fb57 atoms.

Before the apparatus and method used in the diffusion pro-
cedure are discussed, a brief summary of the theory (both general and
particular to this thesis) of diffusion is given. The remainder of the

chapter contains the experimental results and a discussion thereof.

4.1 Theory of Diffusion
a) General Diffusion Theory

Diffusion of one solid into another is governed by Flick's

Lawel

dm = DA d chz dy Iv-1
dx , '

where dm is the mass diffusing across area A, c(x) 1is the concentration
of diffusing atoms at depth x, and D is the diffusion coefficient. This
coefficient (D) gives the rate at which diffusion takes place. It depends

strongly upon temperature according to the equation21
D = D, exp(-Q'/R8) o Ie2

where Dy is a constant,R is the gas constant, 6 is the absclute temper-

ature, and Q' is the approximate binding energy of the crystal.
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‘In order tolcalculate the rms diffusion depth, it is necessary
to know the coefficlent D. This coefficient can be calculated by measur-
ing the activity of a radioactive solute before aﬁd.after its diffusion

: 22
and then substituting these quantities into the equation,

r = e?(1 - o vz) | w-3
where r 1s the ratio of counting rates, z is /u?Dt and uis the linear
coefficient of the detected radiation. 4)15 2 jy e"xa'dx. The above

: e Jo '
equation is subjected to the two assumptions:

a) The radioactive deposit before diffusion is infinitely thin.

b) The radioactivg material diffuses into a.sémi-infinite cyl~-

inder along the direction of the cylinder's ;xis.

The value of D ohtainéd by Carter and Richardsén in tﬁis was for Co
diffusing into Pe compounds at T 85000, agrees well with that calculated

by them by a more accurate method.

Under the same assumptions as above, the concentration of dif-

fused atoms at depth x is given by

e(x) ;. q exp(-x°/4Dt ) o V-4
’n .

from which (see Appendix E) the equation

R

{x) = \/ 2nt” V-5
giving the rms penetration, is derived.

b) Theory of the Diffusion of Co?! into Fe
¥hen a Mossbauer source 1s prepared by the electrodeposition

of 0057 onto an Fe lattice, the Fe?!™ nucleus, when 1t emits the 14.4 kev
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ray, is located in a Co lattice rather than an Fe lattice like the

F@57 nucleus. As the 0057 is diffused into the Fe lattice
a 57 i 57
the concentratlion of Co diminiches so that the Fe

absorbing
nuclei become part
of an Fe lattice rather than a Co lattice and are subJect to essentially
thie same bonds as are the Fe nuclel. The diffusion treatment therefore;
reduces the difference in Eebye temperatures and chemical bond effects
between the gource and absorber lattices which in turn, reduces or elimin-
ates the line shift of the Mossbauer spectrum. The fact that the diffusion
treatment increases the cbserved Mcssbauer intensity implies that the
bonds on the C057 atoms in the electroplated or evaporated deposit are weak

or inhomogeneous. The diffusion process also varies the apparent width

of the Mossbauer line.

In section 2.4 it was noted that any difference in fhe fields
at the nuclei of the source and absorber would produce a broadened line.
At 3OOOK, the internal field at an Fe57 nucleus embedded in an Pe lattice
is 3.33 x 10P0e., whereas that in a Co lattice is 3.045 x 109ce. (a dif-
ference in internal fields of .295 x 1050e.). Using equation II-44, the
increase in line width produced by this difference in internal magnetic
fields is calculated to be 3.27 x 10-8 ev.(compare with the expected width
for this source and absorber of 9.0 x lO‘Sev). As the 0057 is diffused into
the Fe lattice, the difference in the internal fields decrcases, thereby
decreasing the line wildth.

A summary of the conditions described by other authors under
which sources for the Mossbauer experiments have been diffused, is given

in Table IV-1l.



6l e

Source Lattice Diffusion Diffusion .
Preparation Source Material T@mperature Time Atmosphere Ref.
Electro. Ga®l Zn0 1000°C 60 min.  air 22
Electro. Co27 s.8. 900°C 60 min. hydrogen 23
Electro. Co2l Armco 900-1000°C 60 min. hydrogen 24

Iron
Evap. co?! . s.8. 950°C - vacuum 116
Electro. Co?l CoPd 1000°C 120 min. vacuum 25
Table IV=1

k.2 Apparatus

¢

The apparaius used in the diffusion of the 0057 source into
a .005" Aredo iron lattice is shqwn~1n Figs. IV-1l and IV-2. The apparatus
to hold.the source in the qﬁartz tube had to be designed in a manner
such that its heat capacity was small, thus requiring a very short time
to change from room temperature to the temperature useé for the diffusion
and its heat cohdudfaﬁce was low so that liitle heat was lost down the
supporting tube. Also, its strength was sufficient so that the source
could be moved in and out of the furmace without the risk of dropping
it in the quartz tube. A combination of an iren (.010") boat and thin
walled staihless steel tubing met these specifications. The iron boat was
sp§£ welded to the steel tubing. The ceramic two-hole tube within the
steel tubing énsured that the thermocouple wires did not fhort either to
'each other or to the stainless steel tube and in addition, increased the
stréngth of the boat handle. The hot Junction of the chromel-alumel
thqnmocquplé was attached to the iron boat by laying a pilece of .001" shim

stgel over the Junction and spot welding this overlay to the 'boat'.

In order to have a continous record of the temperature during

the diffusion, the thermocouple voltage was recorded on a Brown recorder.
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The 1K Spectrol helipot (#495086) was used to reduce the thermocouple
voltage (at 900°C, V=90mv) to a value that could be fed into the Brown
recorder (Model 153X12V-X-30Al, Serial #6471253) which has a full scale
deflection of 10mv. The potentiometer was set such fhat the boiling

water-ice temperature difference corresponded to lmv on the Brown recérder.

The arrangement of the apparatus is shown schematically in PFig.
IV-1b. The flow of gas was indicated by a water bubbler. Factors deter-
mining the use of argon were a) it is safer to usev(partiqularly at high
temperatures) than hydrogen, b) the apparatus needed for an argon atmos-
phere i% much simpler than that required for a vaeuuﬁ or hydrogen and
e) it p%cvides the necessary inert atmosphere. The argon used was 99.9975%
Ar, .06%8% 05, -0013%N, a£6 ;OOOM% Hy. The oven heater arrangement is
shown f; Fig. IV-2b where the oven used was a Hoskins Electric Furnace
(FD 303A, serial #33553, 110V, 5A4). To obtain 900°C inside the furnace,
the varige setting had to be 82.8V. A fan was arranged to blow on the ex-
terior of the quartz tube at the gas exit end to iﬁcreasé the rate at
which the diffusion boat and source returned to room temperature at the

end of each run.
4.3 Procedure

a) The central section of the quartz tube was heated to a pre-

determined temperature. This took about thirty minutes.

b) The source was placed in the boat at the gas exit end of
,the quartz tube. The flow of argon was increased to a flow producing 240
bubbles per minute when the gasjtubing was inserted ﬁ”ninﬁo the water.
The flow was maintained at this rate for at least five minutes before a

heating cycle commenced to remove any air from the tube.
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c¢) The flow rate was decreased to 85 bubbles per minute and

the system was allowed five minutes to reach thermal equilibrium.

d) The source and assembly were quickly inserted into the
furnace to the position indicated in PFig. IV-1b, to raise the tempera-

ture of the source to 90090. The temperature of the souyce was recorded

as a function of time.

e) The source and assembly were then gquickly withdrawn from
the furnace to the cool end of the quartz tube and held there in the Ar

atmosphere until the source returned to room temperature.

f) The source was removed and mounted in the Mossbauer ap-
paratus. The count rate of both the 6.9 kev and 14.4 kev gamma rays
were measured by putting the spectrum into the C.D.C. kiéksorter. The
dead time losses were taken into account in determining tﬁe count rates.
Two source to counter distances were used for this measurement on each

cyele - 153.3 em and 69.2 cm.

g) The Mossbauer intensity and the shape of the resonant ab-

sorption spectrum was measured using the 0.00055" Armco iron absorber.

h) The procedure was repeated from step b.

Since the count rate due to the 4 me source was high enoﬁgh
ﬁo cause coding troubles in the kicksorter, only évery tenth pulse was
put intb the kicksorter. In order to do this, the output of the ampli-
fiér was fed into the UBC NP scaler and the input to the second unit
"of the scaler triggefed the kicksorter (coincidence mode used). Fig.IV-3
"Is a8 reproduction of a typical temperature versus time trace made on the

Brown recorder.
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In the measurement of the Mossbauer intensity and the re-
sonant absorption spectrum, correction was made for the non:l4.4 kev
background count ‘rate within the single channel pulse height analyzer
settings. This correction was explained in Chapter III. Diffusion runs
1, 2, and 3 were done as a group, each run lasting approximately 1% hours.

However, at the end of run 3, trouble with the electronics delayed the

diffusion runs 4 and 5 until two days later.
4.4 Experimental Results

The résonant absorptioh line shape after each diffusion run
is shown.in Pig.IV-4. Also shown in this figure is the line shape ob-
tained from the electroplated source before the source was annealed. From
these curves the following quantities were determined: the fractional
resénant absorption h, the total line width at one half maximum height A,
aﬁd the size and direction of the line shift £.These three quantities are
sumarized in Table IV-Q. Also, these quantities are plotted as a function
of the diffusion time in figure IV-5 and the rms depth of the active

layer in figure IV-6. The line shift was calculated by means of the equa-

tion:
_ LV (AB) - (C+D) Vo6
8= @) (o) - (5D)
vﬁere: A is the fractional resonant absorption at -v;
B ] " n n " -V2
C n n " " n n Vl .
D o n n 1 " " V2
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The diffusion coeffic}ent»was calculated by the method given
in section 4.1. Prom the data of the diffusion runs, r = «690. from
which D was calculated to be 2 x lo'llcme/éec. This value of D is con-

sistent with the value of D obtained for the diffusion of Fe2? into
22

FeO, and Co0 at 900°C.““ The rms diffusion depth for the total treatment
vas 3,3 x 10 cm (see Appendix E).
Diffusion Total 8°c h A 4
Time Diffusion . (mm/sec)  (mm/sec) (mm/sec)
Time
10 min. 10 min.' 8g8oC 22 . .38 -.007
10 min. 20 min.. 895°¢C 147 a3 -.0024
10 min. 30 min. 890°C .126 .37 .0045
é 10 min. 40 min. 900°C 137 .38 .0013
 10min.  S50mtn. 910°C .45 31 .0035

Table IV-2

Summary of Diffusion of Co
into .00055" Armco Iron

57

4.5 Discussion of Results

An 1nspecti$n of Table IV-2 shows that an ?ppréciable value of
H appears afier very little diffusion at 900°C (lessfthan ten ﬁinutes): u
F&rther, the 1n§rease of hiafter the initial ten minutes of diffusion ié
only from .122 to .145. From these results it can be concluded that if
one desired to measure the initiation and build-up of h or of the Mos-
sbauer intensity as a function of diffusion time, then diffusion runs short-
er than ten minutes must be used. Hence, it would be necessary to construct

a diffusion apparatus which would reach a stable temperature faster than

the 'boat' used for this experiment.
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Althéugh the change in the width of the experimental lines was
rather irregular, there is a trend for the width to decrease with each
diffusion run. As noted earlier, a difference of the internal fields at
the Fe57 nuclei in the source and absorber produces a broadéned line.
Therefore, the decrease in line width indicates that the diffusion of the
Co57 into the Pe lattice changed the effective internal field at the
radiating Fe57 nuclei from that characteristic of the Co lattice to one
more similar to an Fe lattice. The final line width, .031 cm/sec (1.5 x
10‘8ev.) was larger than the theoretical line width

thus indicating that possibly a difference in internal fields still existed.

From an examination of Fig.IV-Y, it can be seen that the Mos-
sbauver line iz accompanied by two small peaks, one on either side of the
main line. These satellite absorption curves are evident on the spectra
ocbtained for the unannealed source and for the first three diffusion runs
but appear to be almost absent from the spectra obtained from the last
two diffusion runs. However, the better resolution and increased number
of points used to plot the spectra discussed in Chapter V, éhow that these
satellites were still present with considerably reduced amplitude. The
_pésition of these satellite peaks is between .80 mm/sec to 1.0 mm/sec,
whicg is comparable to the position of the peaks obtained from an unsplit,
unshifted emission line and Fe absorber, .86 mm/sec. The small absorption
peaks are therefore attributed to the presence of a small region within
tﬁe source in which the internal magnetic field‘at the Fé57 nuclel is ef-
fectively zero. The nuclei in such a region would emit an unsplit line,

similar to that emitted from non-maghetic stainless steels.

In equation II-40 it was noted that the isomeric shift % was
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given by the equation:

5 =2 ze? [ <Be>® - <R ] “\yq(o)i2 - (YL (01F]  11-h0

where the quantity'<Re>2 - (Rg> CET negative for Fé57. Assuming that
<R> i3 independent of the annealing and that the line shift during the

diffusion runs can be regarded as the isomeric shift, then

1= 5 -« |0 - ¥, o) ] -7

where o is a constant. Hence a variation in / would imply a variation in
the electron density |%ﬁ(0ﬂxat the nucleus. As indicated in Table IV-2,
a variation in ¢ does indeed occur. This variation from -.007 mm/sec

to a maximum of .0045 mm/sec¢ implies that‘%ﬂ(O)V'increased with the dif-
fusion. However, this change in { was not a permanent change. The break
in the variation of { noted between runs 3 and 4 is attributed to the
fact that the two runs were separated by two days wereas all other runs
were separated by 1% hours.This time dependent change in .{ indicates that
éome sort of relaxation process with a long time constant must have taken

place.



Chapter V

TEMPERATURE INDEPENDERT FEFFECTS
5.0 Introduction

In this chapter a swmmary is given of all the temperature inde=
pendent effects that could produce either a line shift or a line broadéning
of the Mossbauer line. This chapter then describes the experimental measure=
ment of the parameters of the Mossbauer line as a function of the absorber
thickness, t'. Four values of t' were used, .0002", ,00035", .C0055" and
;001'. ¥or each thickness the parameters ueasured were the line Inteunsity
h, the line width A, and the line shift% . The results are summarized in
Table Va1,

Equation 1I-18 was programmed and evaluated numerically on the U.
B.C.'s IBM 1620 couwputer. This equation, yielding a theoretical value for
R(v), was based upon the theory published by Margulies and Ehrmen but ine
cluded.the multiple emiscion and absorption lines of Fe?l in metallic iron
and the effect of the source thickness. The results of the numerical evalue-
ation show that the theory of Margulies and Ehrman is valid only when the
source thickness,t, is negligible in which case the Mossbauer effect in the
source does not effect the numerical reéults. If t is not negliglble as was
the case in this thesis, then the Mossbauer effect in the source affects the
calculated results to such an extent that R(v.=<79) # 1. The Mossbauer effect
in the source can be taken into account by the renormalizstion of equation
II-18 as indicated at the end of this chapter. A detailed discussion of the
computer program with sowe of the test results has been included in Appendix

A,
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501 A Brief Discussion of the Relevant Theory
a) Theoretical Mossbauer Intensity

The conditions which govern the characteristics of thé
Mossbauer effect for 8 given nucleus were summarized in table I-l.
Among these conditions, the three most important are the lifetime of
the excited state, the free récoil energy, and the Debye temperature.
The latter two are the primaery factors in determining the Debye-Waller
factor,f, which in turn determines the intensity,§} of the Mossbauer
effect. §~also depends, but to a lesservextent, upon the source and
absorber thickness, These factors are all taken into consideration in

the theoretical derivation of R(v) given by the equation III-7. In terms

of R(v), the intensity,é‘, is
£ = 1-Rwv) Vel
b) Line Shift Mechanisms
i) Isomer Shift

An isowmer shift, (see Chapter II, section 2.3) can be caused
by a small difference in the chemical environment (i.e. bonds) between
the source and the absorber nuclei. Thils shift, however, is detected
only if <Rg> # <Rg>+ The magnitude of the isomer shift may be calculated
from the equation

(3/e); = :;gg_zﬁa[wef’ - B Y e)® -[yie)|?]  1I-ho

c

1i) Debye Temperature Difference

It is possible for a difference between the Debye temper-"
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atures of the source and absorber to produce a line shift. (See
Chapter II, section 2.2). The size of this shift can be calculated

fromvthe equation
(- om0 e o
) = 9Nk 1 x3dx ~ 1 ; xJdx; Nk - ] II=31
(¥/e)as = 2 [@03] = &) Yo 2ACY
o 0

i1i) Impurity Effects

For Fe? in Fe, the localized mode shift is expected to be

small. (See Chapter II, section 2.6). The shift is

(6/¢)434 = xwhvwo x T(localized mode)
myce + (gauma. decay) ' Va2

where T(localized mode) is the relaxation time for the localized mode
to come to thermal equilibrium with the lattice, and T{gamma decay) is
the lifetime of the 14.4 kev state in Fe’'.T(localized mode) < 10712

appears to be a reasonsble value for T(localized mode).
iv) Mass Defect

The diffusing of the radioactive impurity into the source
lattice changes the average mass of the source and thus its internal
energy relative to that of the absorber. (See Chspter II, section 2.2).
This mass defect, through its influence on the internal energy,

produces a shift of the Mossbauer spectrum of
) | ‘
Clotn = e [0 ke < 52 e
v) Hydrostatic Compression

The isomeric shift has been shown to be dependent upon the

pressure to which the lattice is subjected-l3 (See Chapter 1I, section2.2)
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That is, the electron configuration is dependent upon the pressuré.

The pressure coefficient is given by

10,1 | [alnv
EO‘OP}B dlav | | P |

= «(2.61* 0.10) x 10~18/kg/cn?®

!
1}

¥ E id1nv

The first term represents the effect of the changing electron density
at the nucleus, and the second, the relativistic effect of changing the
mean vibrational energy. The second effect is less than 5% of the
total, measured éoefficient and hence, the volume dependence of the
isomeric shiftﬂaccounts for the major fart of the pressure coefficient.
Thus a pressure difference between the source and absorber results in

a shift of- the Mossbauer spectrum of

alnV

(5/¢c) .= 1 ;
/)y = 2 37,

!

¥isom

d1nV | V-l

d1nV) , 1 ‘adpay)
)6 c l 61nv}

c¢) Line Broadening Mechanisms
i) Magnetic Field Effects

In Chapter II, section 2.4 it was seen that the magnetic
Zeeman splitting of the excited and ground state energy levels of Fe57
is determined by the magnetic field at the nucleus. A differ;nce of the
magnitude of the internal field at the source and absorber nﬁclei
produces a brdaxlened Mossbauer line. A difference in the internal magnetic
fields could arise from the partiel magnetization of either or both of
the source and absorber by'the annealing process, or, by the presence

o7

of the Co in the source lattice.



ii) Localized Modes

The localized modes, (see above and Chapter II, section 2.6),
also give rise to a line broadening as a result of the uncertainty of
the occupation number of the localized mode. The megnitude of the

broadening is given by

i
JANE ZE (0> - <n)2)2hv°’r(localized modes)
T mge T (gamma decay) V-5

iii) Source and Absorber Thickness

The line width of the Mossbauer spectrum should equal 21"
vhere [' is the line width of the muclear transition. (See Chapter Ii,
section 2.1). However, only when the source and absorber thicknesses
can be approximated to zero 1s this the case.l5 The use of nonzero
source and absorber thicknesses produces a broadened line. The quantity
R(v) depends upon both thicknesses, and hence, the expected line width
in the nonzero thickness case should be determinsble from the theore-

1
tical spectrum.

iv) Random Shifts

Random isomeric shifts, (see Chapter I1I, sectiom 2.3) caused
by a variesble chemical environment of the 0057 nuclei could produce a
broadening of the Qossbauer spectrum rather than a éhift. In addition,
a difference in the quadrupole splitting of the excited state of the

source and absorber would also produce a broadening of the line.
52 Experimental Procedure : ..~ ...
a) Source and Absorber

The source used for the comparison between theory and



experiment was NSEC 2. The preparation and treatment of this source
was discussed in Chapters III1 and IV. Four absorbers were used; l. armco
1

iron .00020" thick, 2. armco iron .00035" thick, 3. armeco iron .00055"

thick, and 4. shim steel .COL" thick.
b) Procedure

1. The source was mounted in the hiph temperature source
holder (see Chapter III) but the outer pot was not evacuated. The source
holder was attatched to the lathe 27" from the proportional counter
window.

2. The E. H. T. of the counter was turned on 12 hours before
measurements were begun. The gas flow of the counter was checked at
intervals for an hour before measurements were begun and also throughout
the collection of data.

3. The .00020" Fe absorber was mounted in the absorber mount
and the mount was attatched to the lathe.

L., The copper=-constantan thermocouples were connected and
a continuous record of the source and sbsorber temperature begun.

5. With 3.5 volts across the helipot, the output spectra
of the pulser for setting of 1.00 to 4.00 in steps of 0.50 were super-
imposed upon the 1l4.4 kev spectrum by the C. D. C. 100 channel kicksorter.
The window settings of the single channel kicksorter were placed at
pulser amplitudes of 2.00 and 3.50 corresponding to a "Baseline" of
330, and a "Channel Width& of 731. The amplifier settings used were;
differenti;tion time constant - l.gps, integration time constant - 0.8s,
attenuation - 12 db, The discriminator bies on the NP Il scaler wes

1.0 volts and the dead time lS/Js.
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6. The count rate of the gamma rays transmitted through the
Fe absorber and through a 1/16" Al absorber were measured for equal
counting times, i.e. correction was made for the instrumental dead time.

7. The areas within the single channel kicksorter settings of
the bvackground radiation transmitted through the Fe absorber and
through the Al.absorber vere measured. N

8. The gamma ray transmission through the Fe absorber within
the sbove window settings was measured for 22 different positive and
negative velocities of the absorber relative to the source. The measure-
ments were made in groups of 4, separated by a measurement of the
transmission at v = 0, and v = %2 ({.e. .l4l4 cm/sec). A record of the
time at which the individual measuring periods ended wes kept.

9. Steps 6, 7, and 8 were repeated for the other three

absorbers.
¢) Discussion of the Procedure

The data used in this section of the thesis was collected
in one continuocus run to eliminate any possible drifts in the apparatus.
Furthermore, the source vas kept at room temperature to eliminate a
Josephson shift, and at room pressure to eliminate a hydrostatic
compression shift in the Mossbauer spectrum. Steps 6 and 7 were included
so that the background correction, explained in Chapter III, could be
made on the data. The numerous measurements of the transmission at
v =0, and v =0, were made 50 that Ry(v) could be plotted as a function
of time to check for shifts in the proportional counter. Also, the
continuous determination of Rm(v) automatically corrected for the

decay of the source strength.
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53 Calculations and Corrections

The transmitted count rate, N(v), was calculated from the measured
data and corrected for the background count rate as outlined in Chapter III.

The background correction is

N Na1(v) x A(Fe | I1I=15
voM s

For each absorber thickness, N(v ¥ 0) was plotted as a2 function of time in
order td:calculate fhe pressure drift of the proportional couhter.(see
Chapter III). For thgse particular measurements however, it was found that
the drift was negligible and hence, no correction for counter drift was
necessary. |

Using the background corrected values of N(v), the ratio Rm(v)
was calculated and plotted as a function of v in figures Vel, V=2, V=3

and V-, The line shift was calculated from equation IV<6,
5.4 Results

The mossbauer liﬁes obtained for each of the four absorber thicke
nesses are shown in figures V-1, V-2, V=3 and V-4, From these figures the
maximun intensity, h, of the Mossbauer lines were obtained. Also, the
width of the messured line at 3h was determined and called the width,/\.

The measured voalues of h,/\and & are summarized in Teble V<1,
These results show the expected increase of h and QA as the absorber thick-

ness increased.
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{ Absorber
Thickness

Looo2"
.00035"
.00055"

.001"

070
.113
169

.228

T5-

A (em/sec)  (mm/sec)
.285 -.002
.300 =.003
.310 -.002
.320 =.007
Table V

Measured Mossbauer Spectrum parameters as

thickness,

505 Discussion of Results and Conclusions

a function of absorber

The line snifts ameasured for the first three sbsorbers used

sgree within the experimental error (f.001 mm/sec) but disagree with

that obtained for the fourth absorber,

Tiuls differcence is attributable

to tlhie fact that the zbsorber used in the fourth case was shim steel while

the absorbers used in the first three cases were Artico iron, The difference

between these two materials was so small that it was concluded that the

line shift wos an isomer shift since all other shift mechanisms would

yield the same shift for the two types of sbsorbers.

The theory by which a theoretical value of R(v) was calculated

was based upon that published by 8. Margulies and J. R, Ehrmans. In their

work, the trsunsmission calculated for a gaussien source distribution was,

in the notation used in this thesis:

x[l -§ 2 Iy )}exp
[ (E+8)2+ ]

o0

T(v) = (1 - fexp(bpt)[1 - § () . £D dE__exp[-T"'p%/
( ) i ( ¢ ) x| (E+S)2+12/h ‘Eg¢7$75)
o Vet
rpem

2({E+8)=+/</h]
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It is seen that the Doppler shift, S = vED/c, has teen included in the
source part of the integration rather than the absorber peart and also,

i SO

that tiwe Mossbauer abscorption in tae source has been neglected, implying
a negligible source thickness,

Thz above equation was modified to lnulude the source thickness
and «loo the six line emiscion and absorption spectra of Fe57 in metallic
iron. Tne tranomission was noruwalized to yileld R(v) by dividing turough

by what Mazgulles and EBhrman indicated to be tue nonrescnant absorption

b

Ve s 3 2 ! .
pertion of equaticn Va5, exp(gyt)“[1 -@(gpt)] . This process vielded the

egua stion

R(v)

i

1 -1 + iw £r exp “ﬂs_iIElgﬁl‘
(F‘ruf’*fV 4t 2 <] 1I-18

& Wi T M/0 . ﬁpt T oexg Wy T2/ 4 + %Ptl
TR S v o/ } SHE S T T2

wrf LoyrYel - ¢ 1 ]
= exp(pt) il @\4pt)J
At w zop, the iutegral of cquation IT-13 showld ve reduced to { tiues
4 o

the nonresonent teim s0 that R(v =od = 2, In practice, however, eval-

uation by tie program oubtlined in eppendiz A yieided R(v=e0) = ,37.
ot d

Testing proved that (v =o9 increased to 9557 when t was reduced by &

factor of 10 to 3.3x0 7 Qe T

rom these results it was conciuded that
cquation 1T-18 would yield valid results only when tie souice thickness
is negligible and that the Mossbauer sbscorption ln the source affects
the calculated value of R{v) when t iz not negligible. Furthernore,

~it was concluded that to fully allow for the Mossbauer absoiption in the

source when i net negligible equation II-18 must be wodified to
[ &

"
2

B(v) = Te(v)/Te(v=10) V-7
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where
Te(v) = (1 - £) exp(Hut)2[1 =B ()] ¢ Sipmel] aE
- I ’n';jwiEfSS fF275

x exp [ -w.; T 2/k '1’1.;.:’ - 4 sut]] v-8
e ( (E,+jSZ ;_é,.g./” )l @t—%” by 2 ”
% exp| Wa. "R/ Lut 2

Ry means of this equation, R{v) could be evalusted numerically ond the
values of the line intensity and line width determined and comparad with

the experimentally determined values.
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Chapter VI

TEMPERATURE DEPENDENT EFFECTS

6.0 Introduction

A summary of the temperature dependence of the quantities
discussed in Chapter 11 1s given at the beginning of this chapter. The
experimental work discussed in this chapter was divided into tvo
sections; one section considered large temperature differences, i.e.
greater than 50°K, and the other, small temperature differences, i.e.
less than SOOK. This diQision was made so0 that very small changes caused
by small: temperature differences could be measured as well as the
general temperature dependence. The analysis of the data st small
temperature differencés required the use of special formulae and tech-
niques, both of which are discussed herein. The experimental procedure
by which the data was accumulated for both sections is given in detail
and the results summarized in table and graphic form. As in Chapter V,
the relationship betwecen the theoretical and experimental temperature
dependence is investigated. It 1s seen that the agreement between the
experimental and theoretical Josephson effect is good. The measurements
indicate a Debye temperature of 420%K for both the source an@ absorber;
It is also found that the minimum line width does not occur when the
source and absorber are at the same temperéture, a possibility that
was discussed in Chapter V. The shape of the Mossbauer spectrum proved
to be temperature dependent. This dependence is shown and discussed
near the end of the chapter. In the last sectidn of the chapter, a
discussion of the possible causes of the slight variation between theory

and experiment is given.
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6.1 Brief Discussion of Relevant Theory

a) Josephson Effect

The Josephson effect was discussed in Chapter II section 2.2.

The magnitude of the effect is calculated from equation II-27.
b) Hydrostatic Compression Effect

The details of this effect were given in Chapter II section 2.2.

The magnitude of this effect is calculated from equation II-30.
¢) Temperature Dependence of f

The Mossbauer intensity is determined, in part, by the Debye-
Waller factor, f, which 1is given, in the Debye approximation to the
lattice vibrations, by the expression

- - 2 2 1 2;‘/- !
£ = exp( =38 /knc?@0)| £ + (9/O) f x| s

As the temperature increases, f decreases so that the intensity, h,
also should decrease. Table VI-1l shows the variation of f as a function

of tempersture. For this table, f was calculated using(:)D=-h20°K

(°k) £ (oK) £
80 .910 300 , T84
100 .900 350 | JT755.
150 .875 koo | - .T30
200 - 843 450 .TOL
250 813 500 | 675

Table VIel
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The temperature dependence of f also affects the effective
source and absorber thicknesses, 7 end 7 . Using the values of f given
in table VI-1, 7 and Tﬁhave been plotted as & functlon of temperature

[
in figure Vi=-l.

d) Temperature Dependence of the Magnetic Field

As noted in Chapter II, section 2.4, the internal magnetic
field, H, at the emitting or absorbing nucleus is temperature dependent
its dependence is gilven by the Weiss Law. This temperature dependence
of‘ﬁ affects the Mossbauer spectrum in two ways. First, as the
difference between the internal magnetic fields of the source and

absorber increases, the width of the Mossbauer line also increases.

Secondly, as the Mossbauer line is broademed, its intensity will decrease

so that either an increase or a decrease in the source-temperature will

reduce the intensity.

6.2 Experimental Analysis of the Effects of Small Temperature

Differences Between Source and Absorber
a) Line Shifts
An equation that can be used to detect line shifts is

$ = 4av(A + B) - (C + D) ' VI-l
(A+¢C) -(8+0D)

where Av = v = v1, A is the count rate at rvy, B is the count rate at
+vp, C is the count rate at -vi, and D is the count rate at -v,. The
.assumption contained implicitly in this equation is that 8<<\, In fact,

as will be seen below, this approximate formula yields a value for &
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that is in error by a factor of 1.5. A more accurate formula (ioss II,p 58)

is

¢ = LAN(1/h - .T5)(R'= R V-5

3V3 R*+ R

where K and R are the count rates at +v and -v. The disadvantage of
equation IV=6 is that it necessitates a knowledge of h and A\, whereas
equation VI-1 does not.

It is possible, by careful measurement of § as a function of
to evaluafe 693’ the Debye temperature of fhe source. ®/c, where ¢ is
the velocity of light, was plotted as a function of & and &, in
figure II-3. If § is measured as z function of &, then the slope,

d(&/c)/d(68), determines the Debye temperature.
b) Line Widths

In Chapter V it was noted that the line width depended
upon the temperature dependent internal magnetice field H. As seen
there, the measured line width was greater than the theoretically
determined line width. It is expected that if ali = 0 at AG = O,:then
the minimum line width would be found at AQ =0. The true position of
the minimum line width can be determined by reasuring O as a function
of AB. The location of the minimum requires that smali tenperature
differences be used, and the accuracy of the location requires that‘
the counting statistics be good. Thus, the determination of the min-
imum line width is better done with a few points with good statistics
rather than from the total spectrum. Assuming thet A, B, C, and D have
the same definitions as in section 6.2.a; /\ can be calculated from the

equation
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AN = 2fvif + &v (h/2 - 4) + dv (/2 - C) VIe2
- dR d

where dv = vy = Vo de:: A =B, and dBp = C - D.‘This equation
requires that A, B, C, and D be located on the linear portion of the
Mossbauer spectrum, For large o8, the spectrum will be shifted to such
an extent that the two sets of count rates, A and B, and € and D, will
not both bLe in the linear portion, so that equation VI-2 is not valid

for large A6,
¢) Line Intensities

In equations VI-l and VI-2 it is noted that h appeers as a
varisble that must be known before either O or S can be calculated.
Therefore, a similar expression to determine h from a limited number
of péints on the Mossbauer spectrum, independent of A and § is impossible.

However, for small AQ, h varies very little and hence can be determined

by interpolation from a plot of h against:%?for‘large af.
6.3 Experimental Procedure
a) Source and Absorber

The source used for all temperature dependent measurements
was the NSEC #2. For large temperature differences between the source
and the absorber, the source was mounted in the high temperature source
holder shown in figure III-14. The source holder shown in figure III=15
was used only when the source temperature was lowe;ed below 0°C. A
similer system was followed for small temperature differences between

the source and the absorber.
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For these measurements, only the .00055" Fe absorber was used.
It was determined that the maximum significance of results could be
obtuined with this absorber. (see appendix D). The absorber was mounted

on the lathe carriage by means of the holder described in Chapter III.
b) Source Temperature CGreater Than Absorber Temperature

l. The source was mounted firmly in the high temperature
holder and the outer pot was evacuated to 15 microns

2. The absorber was firmly clamped in its holder and the
holder was clamped onto the lathe carriage.

3. The theruocouples were connected to the Varian recorder.
The cold Jjunctions were put into an ice-water mixture.

L, The setting on the apparatus were the same as used in
Chapter V.

5. The background correction, as outlined in Chapter V, was
determined.

6. The transmission of the gamma rays through the absorber
was measured as a function of velocity for 14 positive and negative
velbeities.,

7. The heating unit was inserted into the inner pot and the
source temperature increased.

8. Steps 5, 6, and 7 were repeated for source thermocouple
readings of 3.15 mv, 5.25 mv, and 8.3 mv. In each case sufficient time
was allowed for the source temperature to become stable before the

neasurements were begun,
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e¢) Source Temperature Less Than Absorber Temperature

1. Steps 1 to 4 of section 6.3.b were repeated with the source
in the low temperature holder.

2. A 600 watt heater was placed in the liquid nitrogen
reservolr and the variac was set to produce a thermocouple reading of
=1.95 nv,

3. The backgfound correction was determined as in Chapter V.

L. The transmission of the gamma rays through the absorber
was measured as a function of the velocity for 14 positive and négative
velocities.

5. Steps 2, 3, and 4 were repeated for source thermocouple

readings of =3.00 mv and -3.89 mv.
d) Smell Temperature Differences Between Source and Absorber

1. Steps 1 to 5 of section 6.3.b were repeated. The variac
was set to glve thermocouple readings of 1.00 mv, 1.52 nv, 1.72 mv,
2.05 mv, and 2.55 wv, The gamma ray transmission was determined at each
temperature. The measurements were made at velocities of *.lillcm/sec,
+.,0185 cm/sec, +.0123 cm/sec, + .0062 cm/sec, + .OOU6 cm/sec, end O cm/sec.

2. Steps 1 to 3 of section 6.3.c were repeated. The variac
was set to give thermocouple readings of .25 mv, .012 mv, and -.85 mv.
The gamma ray transmission was determined at each temperature. The
measurements were made at the same velocities as used for step 1.

In all the measurements, it was found that the counter drift,
in any set of measurements was negligible in the short period of data
collecting time. The number of counts registered per point for small

temperature differences was of the order of 10 greater than that for
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large temperature differences.
6.4 Celculations and Results
a) Large Temperature Differences Between Source and Absorber

For each source temperature, Rm(v) was calculated using the
corrected transmission values and plotted as a function of velocity as
1llustrated in figure VI-2. The intensity, h, was determined directly
from these plots. The line width, A\, was recorded as the width of the

gpectrum at %h. Since equation VI-l was not valid for large temperature
shifts, the line shift, , was measured directly from the graphs of the
Mossbauer spectrum, and was taken as that velocity about which the
spectrum was symmetrical at %h. The measured values of these parameters

are given in table VI-2,

l %K h A (em/sec) £{cn/sec)

I 179 .093 060 .0130

100 12k 036 0CT5

50 .166 .031 .0035

0 ATh .031 -.0003

-76 .168 .037 -.0055

-108 .160 L0kl -.0065

-138 .153 LObko -.0085
Table VI-2 |

The gross temperature dependence of the parameters
0f the Mossbauer spectrum

In order to compare the measured temperature shift with the

Josephson effect, several corrections had to be made with the measured
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FIGURE VI-2 The Mossbauer spectrum obteined with a source temperature
of 126°C end an absorber temperature of 26°C. This spectrum

illustrates both the temperature shift and the appearance of
the hyperfine structure.
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shift. First, it was noted that at o6 =0 a small residual shift was
measured. This zﬁ'esidual shift was subtracted from the measured shift.
Second, it was noticed that the absorber temperature, 6', was not constant
fdr all neasurements. This variation was compensated by adding a shift &'

given by
v ) ‘l ‘
o= «2.24 x 10 5z_\.Gc VI-3

where a8’ = 6 - 297°K, to the measured shift. Third, the temperature
-dependent hydrostatic compression shift was added to the measured shift.
This hydrostatic cowmpression shift was calculated from the data contained
in figure II-3. The values of the measured shift, the three corrections,
and the mesasured Josephson shift are summarized in table VI-3. The
Josephson shift has been plotted as a function of the source Scempera,ture
in figure VI=3 . The solid line in this figure is the theoretical

Josephson shift calculated from equation II-27 using By, = 420%K and

8 = 297°K.

o 1107 - L gm0 gtxa0™t gpxao™  1ox107

cw/sec cn/sec cm/sec cnm/sec cm/sec
478 130 -3.0 1.3 6.4 139.2
379 65 -3.0 -1.3 L5 73.8
349 35 -3.0 =l.3 2.3 41.6
299 -3 -3.0 -1.3 0.0 -1.3
219 =55 ~3.0 1.3 ~3.k ~56.7
186 65 -3.0 2,0 4.9 68,9
156 -85 -3.0 - 2.0 6,2 =86.0

Table VI-3

The three corrections applied to the measured temperature shift
of the Mossbauer spectrum to obtain the measured Josephson shift.

.
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The line intensity has been plotted as & function of A6 in
figure VI-4. Included in this figure is the variation of the thecretical
value of fhe Mossbauer intensity,ﬁh, witha&. This varistion takes into
account only the temperature variation of f and not of H. The theore-
tical pointswere calculated from equation II-18 on the IBM 1620

computer,

b) Small Temperature Differences Between Source and Absorber

§
The line shifts were calculated from the two equations referred

to above, first, § by equation VI-1 and secondly, §, from equation IV-6.
These calculsted shifté were corrected for the residuall shift, the
variation in Q’, and the hydrostatic compression shift as outlined in
section 6.k.a. The uncorrected and corrected values of §, and %, are

tabulated in table VI=h,

69K 6'°K 5) (n) 6 (c) 5o(n) sale)

cm/sec cin/sec cm/sec cm?sec
| 1335 298.5 .0021k £.00270 .00241 .00297
323 297.5 00113 .00157 .00113 .C0157
315 297 .00093 .00131 .00112 00150
310.5 297.5 00087 .00123 00043 .00082
298.5. 299.5 -.00009 - +00030 -,00042 00000
279 299.5 -.00278 -.00232 =.00226 =.00190
268.5 297.5 - =.00330 -.00310 =, 00290 =,00270
250 297 -.00k50 ~.00k79 | -.00386 -.00340

Table VIl

The uncorrected and corrected small teuwperature shifts of the
Mossbhauer spectrum,
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Inspection of the values of §, and §; given in table VI-4
shows, as expected, that the two are different, wiﬁh the magnitude of
§, usually greater than the magnitude of §, . This difference between
the magnitudes of the two shifts is also obvious in the plot of §, and
¢, as a function of a0 in figure VI-5. From this figure the slopes

d(%/c)/ab of 6, and &, were found to be

4(§1/c)dg = 3.28 x 10™12 /og VI-h
and

a(55/c)ag = 2.36 x 10™2/% | VI-5

The latter slope is equal, within experimental grror, to the slope
obtained from the measurements made in the previbus section of the
gross temperature shifts versus temperature. This agreement shows that
equation VI=3 is sufficiehtly accurate to use for calculating temper-
ature shifts. The shifts, §,, were added to figure VI-3 and are seen
to lie on the solid theoretical line. For@, = k20°K the theoretical

slope between & = 250°K and @ = BSOOK is
. _ "15 Q -
a(s/c)/ab = 2.34 x 10 °/°K VI-6

The line widths calculated for small temperature differences
between the source and absorber by'means of equation VI-2 are tabulated
in teble VI-5, The values of h used in these calculations were obtained
from figure VI-2, Figure VI-6 shows the variation of the Mossbauer line
widths as a function of temperature for both large and small temperature
shifts. The experimental points are shown with their errorfpars. The

results indicate that the minimum line width lies not at AE;:'OOK but

at AD = 24°K. Hence if it is assumed that the residual line broadening



to follow page 92

-.008

-, 006 —

.00k |~ \és

-.002 - | AN

9] “"( / ) é\ﬁ
% cm/sec N
. "y
002 -
' N
\é\%l-
N
.00k |- 8
+006 = A line shift §;
¢ line shift &p
.008

] l 1 ] i i |

0 20 Lo 60
A9 (°K)

FIGURE VI-5 A comparison of the temperature dependent line shifts,
§1, and 65, calculated from equations VI-1 and IV-b.
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at A0 =0° is due to éome residual internal magnetic field difference,
al, at A8 = 0°K, the resulting value calculated for aAH is .0l x 105 oe
which is the field difference required to produce a line broadening
at a8=Cc% of .002% cm/sec. (See table II-3). The solid line in
figure VI-6 is the broadeping of the Mossbauer spectrum calculated from
the temperature depéndence of H. For this calculation the minimum line
width was takea as .0305 cm/sec at a@ = 24°K, The theoretical points

are indicated on the figure without error bars.
6.5 Discussion of Results and Conclusions
a) The Shape of the Spectra

At AB = 1009K, 189°K and -138°K a hyperfine structure appeared -
on the Mossbauer spectrum.vThis structure, shown at af = lOOOK in

figure VI-2, indicates that the Zeeman splitting of the nuclear levels

G°K o' °k A6°k : h A(em/sec)
335.0 297.5 36.5 17 0335
323.0 297.5 25.5 ' .18 .0325
315.0 297.0 18.0 .18 .0320
310.5 297.5 13.0 .18 033k
298.5 299.5 -1.0 .18 .0318
279.0 299.5 -20.5 A7 0330
250.0 297.0 -47.0 17 .03k0
Table VI=5

The line width of the Mossbauer spectrum as a function of small
temperature differences between source and sbsorber
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q
of the sourée and absorber nuclei is sufficiently different to be
detected at these temperature differences. That is, the difference
between the Zeeman splitting of the nuclear levels no Ionger produces
only a broadening, but also a multiple line. This splitting is consis-
tent with the fact that at these large temperature differences, large
differences in the internal magnetic fields at the nuclei of the source
and absorber are present. Assuming tbat H= H' at a@ = ZhoK, then
8H = .06 x 109 ce, .12 x 10° oe, and -.12 x 10° oe, for each of the
above temperature differences. To illustrate the effect that a larée
temperature difference can have on the energy levels of the nuclei
consider the transition =3/2 5 <1/2 at AQ = 189°K. The difference in
the transition energies of this line of the sourcé and absbrber is
calculated, from equation II-kli, to produce a line shift of .0195 cm/sec.
This shift is comparable to the measured line width at af = 0%K of
.031 cm/sec. The shift in transition energy is greatest for the two
transitions =3/2 - =1/2 and 3/2— 1/2. (8ee table II-2). Moreover,
the transmission probabilities, wjkfor these two transitions are greater
than those of the four remaigihg transitions. Therefore, at the velocitles
at which the emission and absorption lines corresponding to these two
transitions overlap,the resonant absorption should reach a maximunm

thereby producing the observed doublet structure.

b) The Line Shift
In the temperature range considered (0O ::156°K to 6 ::MYSOK),
The measured line shifts agree, within experimental error, with the
shift predicted by the Josephson effect for @, = 420°K, The agreement,
implies that, in this temperature range and for this source and

absorber combination, the quadrupole moment snd the isomer shift are
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magnetic fields between the source and absorber at Aé}::OOK could be
caused by the fact that the source lattice is an alloy of 0057 and Fe
whereas the absorber lattice is natural Fe, However, it has been found
experimentally that the internal field at an Fe nucleus arises primarily
from the contributions of its own electrons and depends only slightly
upon the magnetization of the surrounding atoms.l6 For example, the
internal field at 300%K at the Fe nuclei in an Fe lattice is 3.33 x LOSoe,
whgreas it changes to 3.045 x losoe in a Co lattice. Since the

o7

concentration of Co” in the source used was less than 2.00 x 10 ’

any broadening caused by this mechanism is negligible. Also, if the
alloying of 0057 and Fe affected the internel magnetic field, then

the magnetic field at the source nuclel should be léss than that at the
absorber nuclei. However, the fact that afl =0 for A6)>OOK indicates
that at AQ = 0°K thevmagnetic field at the source 1s greaster than

that at the gbsorber nuclei, since the magnetic field decreases as the
temperature increases. A possible cause of the difference in H between
the source and absorber is the presence of a residual magnetic field
left in the source as a result of the annealing treatment. Moreover,
the nuclei at the boarders of the magnetic domains are subjected to
nonuniform magnetic fields so that a small amount of groadening of

the Mossbauer line can be expected to appear. Unfortunétely, it 1is
luwpossible to estimate the amount of this broadening.

An_additional temperature dependent broadening mechanism
that could be operating to increase the width of the observed line is
the change in the apparent source thickness,’(, through the temperature
dependence of f. This mechanism would opérate so as to increase A for

£8>0% and decrease A for AQ <0°K. However, the variation in T is

very small. (See figure VI-l)
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temperature independent or, at the most, their temperature variation
is within the experimental error. Hence any veriation of these two
quantities, such as that found by S. DeBenedetti et al,was not observed
with this source and absorber combination.28 Figure II-4 showing %/c
as a function of O for @, = 420%K and @), = 355 K illustrates the weak
dependence of &/c on t)o above 200°K, so that the sgreement between
experimental and theoretical line shifts merely means that any varie
ation caused by a temperature dependence of G}D is small compared with
the experimental error. This weak dependence of C)D on (9 also means
that an error of iéOOK must be assoclated with the assignment of
®p= 420°%K to the source and absorber. In order to reduce this error,
and to detect a difference in Debye temperature between the source
and absorber, measurements would have to_be conducted in the region
below §=150°K.

The residual shift found for Aé}::OOK does not arise from
a difference in Debye temperature between the source and absorber.
Since the source was an alloy of co?T and Fe, it ié expected that
G, < ();*which would produce a positive shift whereas the observed
residual shift is negative. it is concluded, therefore, that the

residual shift is essentially an isomer shift.
gc:) The Line Width

The observed temperature dependence of the line width is
predicted, within experimental error, by the temperature dependence
of the internal magnetic fleld and its effect upon the Zeeman splittings
of the nuclear levels of the source and absorber nuclei, This result,
however, 1is based upon the observation that the minimum line width

occurs at AQ = 24° and not at AQ = 0%K. The difference in the internal
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d) The Line Intensity

The temperature dependehce of f predicts that h should
decrease as  increases. However, since H and therefore A are temper=
ature dependent, the temperature dependence of f alone is insufficient
to expiain« the temperature dependence of h. This fact is clearly |
denonstrated in figure VI-i, The difference between h andlg'has been
plotted as a function of AQ in figure VI-7. The AQ exis in this figure
has also been labeled with the corresponding values of AH. This curve
illustrates a definite relationship between AH and h. The probable
mechanism producing this relationship was discussed in section 6.1.4.
It is interesting to note that the curve of figure VI-T7 has & minimum
at approximately AQ = 24°K similar to the curve of figure VI-6,
thereby supporting the conclusion that Al = 0 at AQ = 24°K, The
temperature dependence of h, therefore appears to be the resultant
of the temperature dependence of f and H.

| It is expected that the product, 3hA, which is the approximate
area under the Mossbauer spectrum, should follow the same temperature
dependence as f. In figure VI-8 ih N and f are plotted as functions of
G. From this figure it is seen that, between 200°K and 400°K, these
two quantities do have the same tempereture dependence but beyond

these limits the sgreement breaks:down.
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Appendix A

THE COMPUTER PROGRAM

In order to compare the theorctical paraneters of thé Mossgbauer
line with those bbtained cxperimentally equation Ii«lB had to be evale-
uated. This evaluation was to be done nunerically using the IBM 1620
at the UBC Computing Centre and the IBM 7090 at the University of
Toronto's Computing Centre.

Originally, the program was formuluted using Simpson's rule
for the evaluation of the integral. The difficulty in proddcing &
correct program lay in determining suitable values for the step size and
the limits of integration. The final values used were step size, lx10'9ev,
number of steps, 601, and the limits of integration, =3x10=Tev to
3xlO'7ev. The time required teo evalucte tne program using these values
wzs 53 minutes per point using the IBM 1620. The number of points that
were required for each of the four absorber thicknesges was 30, hence
' arrangements were made to send the program to the University of Toromto's
Computing Centre where the complete evaluction of the 120 points woﬁld
require only 20 minutes on the IBM T7090.

If the program used was correct, R(v=o0) should be 1. The
difficulty that remained, however, was that R(v=09), calculated by the
. above program was 970125 rather than 1. Since this error was thought
to be inherent in the step size, the limits of integration, or the
value of v used for v=o0, a series of check runs were made on the
IBM 1620 in which these values were varied. In each case, however, the
value of R(v=90) was less than .97 indicating that the error lay elsewhere.
Before further tests were made on the program, 1t was changed by

replacing all divisions by constants, by multiplications, and by
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replacing Simpson's rule by a Gaussian formula for the integration.
Eight, four«point Gaussian integrations were used over the range of
integration indicated above., This program yielded the same results as
did the former program but in an average lime of 2% ninutes per point.
Some final results obtained with thils program are summarized in Table
A-l. Boththe original and final programs are on file in the care of

Dr, B. L, White, Department of Physics, UBC.

Cmysec R(v,t) R(v,t5) R(v,t3) R(v,ty)
0 LS060 L8614 8099 .7393
.Cl . 2H00 L9171 .8892 .Oh81
.Oh 9690 .5662 .9627 3572
1l 0723 L9720 20717 .STL0
.26 L9726 9729 .9723 G726

Table Al

1
Test ;esults of the numerical eveluation of R(v). t3, té, té
and t§ refer to the absorber thicknesses of .0002", .C0035",
.00055" and ,OOL",
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Appendix B

57

THE PREPARATION OF AN ENRICHED Fe” ABSORBER

An investigation was made into the possibility of making
an enriched Fe57 absorber. Enriched Fe57 1s.supp11ed in the compound
Fe203 80 that the following procedure was devised_t; prepare the |
metallic avsorber from the oxide, ‘

1. Reduce the ferric oxide to Fe by placing the oxide in

a hydrogen atmosphere at 900°C for one hour.

2. Add H,50, (dilute) to the Fe to prepare Fep(S0y)3

containing 10 mg of Fe/ml.»

3. Prepare the following eléﬁtroplating zsc:l.utiong7

2.5 ml Fep(804)3 |
85.0 ml (NH)oCo0), (saturated)
1.0 ml 3M Hy50,
4. Use the following plating characteristics

current 0.85 amps
voltage 8 - 10 volts
time 2.25 hours
initlal pH L

final pH less than 7
initial solution colour yellowish green

time for colourless solution 0.75 hours
5. Use Pt for the anode and Cu for the cathode.
6. Maintein the plating solution temperature at T0°C
7. Offset the tendancy of the plating solution to become
basic by dropwise additions of 3M H,y30y.
The above procedure was used to produce several discs of
natural Fe electroplated on Cu. The layer of Fe was shiny but was

unevenly distributed in every case. This uneven distrivution made



=101~

the preparation of the enriched absorber impractical since a uniform o

absorber thickness is necessary for the interpretation of the experi-
mental results. Also, the thickness of the absorber had to be known
but no method could be devised whereby the electroplated layer could

be measured except by destroying the absorber.
{



@l02«
Appéndix cC

GEOMETRIC CORRECTIONS TO R(v), ..

L

To determine the effect the ewg;imental geametry had on
R(v), the two assumptions |
1. the. source thickness is zero and
2. the emission and absorption spectra éach consist bf a
single line

vere made. Under these conditions equation II-18 becocmes

HAR(V%) 1-°f4 f dPALD)TND)e [Ue+om(EaVOo ¢) n/cosd
E F‘o(‘l cos )A 27
v C-1

dm(om(m) "N/ G

In the above equation

(D) = 2ising ' ’ A C-2
. co o
Ao) = (1 - e-yupx/ sd)) where up is the linear absorption
_ coefficient for Ar C-3 -
/3 = vo/c C-4
| oulBavodu) = £'0o 4/ [ - Eo(1 + peos )]2+_r2/a c-5
and n is the number of Fe=! atoms/cm®.

Hhen =0, .n.((D) = n(0), T[(d)) = T((O), cosq)" 1 and

c-6

. -O{E(E,vo)n I,
R(v ,0) = l - fil - dﬁe
° { é’f'r[i Rk r'2/4 }

When ¢, is small, the substitution costb: 1 ‘%-(})2/2 can be

used. For a proportional counter window of 6" width, and a source to

counter distance of 15", bp = .2rad.” and the use of the expansion of . ...

J cosrp introduces an error of .7% in the valus of coa(p.Hence, vhenqu

- is small
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@) = 2@ - /6) c-2'
NG = N1 +i.uagf] c-3'

where the fact that apx =0.85 for the Ar-CH, proportional counter

has been used, and

exp(~{n/cos®) = exp(~gn)(1 - .%2) C=7
Hence | o o |
(W mpress-qa/cony = n(o>exp( ) f Bl --03/6)
x (1 + 21 - 7@2)
Also

exp(~ ¢n/cosp) = exP(-%(ZS=O)n)[1 - (é({?):O.)nSQ?/a] Ceh?

'in the derivation of which the approximstion (E - Eo(l + 1B =2
~ has been made. Op{P=0)n has a meximum value at B = By of & (for Fe57,
a .001" thick natural Fe absorber, and £ = .7), and an average value

of 1 over the range of integration, hence

ﬂ’j:iﬁ dﬂA@)n(ﬂ)exo[ (Ca +gm(£ vosb))o/co&@l
E !'_o(l +/3€osb)] + /74

-FPn(o)e ﬁtfi%e ((3 - /6{03)(' + 28N - . M‘y:-dmnggl)
- Eo( 4—/3) + /[%

$ 00
= fMMoye dffuagj F( 1¢’> )
[E Eo("*f}% +k ;
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Thus

R(v,%)

[ - =g
szﬁ:ﬁ%?/%ﬁmr = - &7 - -28p2)]
l - A]
T [E-Eoilfﬂg]% 2?75

vhere A is the geometnca.l correction factor. Values of A corres-

ponding to the four absorber thicknesses used in the experimental

work are given belov.

Absorber Thickness Correction Factor - A
.0010" .97
.00055" .98
.00035" .99

.0c02" | <996
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Appendix D

STATISTICAL DESIGN OF THE EXPERIMENT

Since a variety of absorber thicknesses were available for
the experimental work, (.0002", .00035", and .001"), the following
analysis was made to determine which thickness would give the most

significant results in a given counting time T. The assumption made

in this analysis is that the emission and absorption spectra consist of
single lines.

Assuming that cos@ = 1, the change in count rate from that at

V = o0, t0 that at v= O, is given by

;'7.. = N(v= ) - N(v = 0)

- poX X ~pieX
= Noe7'®% - Ng(re™* + (1-£)e ) D-1

- -uaX
= st(l -e ﬂmx)e re

w'hverve Ng 1is the count rate with no absorber, andupm and 4g are the

linear absorption coefficients of the Mossbauer and electronic absorption

respectively. Also

N
m
D-2
f(so-z +</4

= P02 IoGupx/2)

where I,(unx/2) = Jo(iupx/2) is the Bessel function of the first orderlo

The statistical error in the count réte is

e = (Nse"}‘ex)ﬁ D=3

Then, for the given counting time T, the absorber thickness x, for
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which the most signigicant results are obtained is that value at wvhich

the ratio X/e has its maximum value. HNow

3 1Fex/2

X/e = f(NgT) e (1 - e""m"/zlo(mx/é)) iwd. Deblh

so that for a fixed Ng and T, when X/e is a maximum

d{X/e)/dx = O
= pe/2[) - Rl 210(”mx/2)] + pax/2e ™21 (ua/2)

/26721 (ux/2) D5

where the relationship Io'(z) = I;(2) has been used. Using z :/1mx/2,
the condition determining the value of x at vhich‘X7b is a maximum is

that

e-zIO(z) = /Ue/(um +‘ue) +/lm/(gm + /Ae) e'zll(z) D-6

Since the experimental measurements were done with Zeeman
split spectra rather than with the single line spectra that the above
theory assumes, a difference betéeen the experﬁmentally determined
vélue of x at which X/e is a maximum and the theoretical value is not

unexpected.



Appendix E

THE ROOT MEAN SQUARE DIFFUSION DEPTH

Using the assumptions given in Chapter IV, thé number of

diffused atoms between x and x +dx is

(x) = %é- /4Dt)
CX = X | E-1

Therefore, the mean sqhare»penetration depth x2 is

- fi&g(-xe/m)dx
X _Jo

~ /Dt : E-2

°.j32%§§%(-x‘/th)dx
Dt

Hence, the root mean square diffusion depth is

)}
e

:35 = (2Dt)é : E-3
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