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A range of natural chrome ores, containing iron in two valence states, have been
mnvesticated using the technique of Mogssbauer spectroscopy. The instrumentation

qmred 1o camy ou the techmquu was studied and an additional item ethpmcnt was

designe ¢ over which the effect could be
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2. . X L. P . . .
All the chrome ores ‘\'u.,i(ied a compliex spectra which could be atinibuied to a combination

e

of octahedrally and tetrahedrally co-ordinated Fe®' and Fe’' guadrupole doublets. A

model for fitting the spectra was devised assuming the presence of octahedrally co-
ordinated Fe’' and tetrahedrally co-ordinated Fe®'. The inhomogeneous nature of the
samples caused a broadening of the tetrahedral Fe®' contribution which was fitted as a

distribution of three doublets. The Mossbauer parameters obtained were compared with

those of pure compounds of a similar structure.

oy
¢

Spectra recorded from 12K to 600K enabled effective Debyve temperatures to

calculated. Second order Doppler shift (S5.0.ID.S.) calculations gave values for4, of

rs

4 — 2+ 4

385K and 638K for the Fe** and Fe®' contributions respectively. Absorption area data

-

gave similar values. An examination of the temperature dependence of the quadrupole
splitting of the Fe*' contributions appeared to confirm the validity of the proposed fitting
model. Estimations of the Fe®'/ Fe®* ratio were made using the data obtained and

ielded values of 1.6 - 3.6.
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1 CHROMITE-MAGNESIA REFRACTORIES

The chromite-magnesia brick normally used in the linings and roofs of basic steel
furnaces consists of about 60/70% chrome ore as the coarse fraction, and 30/40%
magnesia as the fine fraction, fired to a temperature above 1450°C. Since the
constitutions of the various magnesites and chrome ores are very variable, it follows that
the constitutions of such chromite-magnesia bricks can differ appreciably. This does not
apply only to different brands, but also te different batches of the same brand. This
variation in constitution is one of the chief reasons for the difference of chromite-
magnesia bricks in their properties and behaviour in service. In addition to the 70/30 type
of chromite-magnesia brick, a variety of types with various proportions of chrome ore to
magnesia and different gradings are produced for the linings of basic electric furnaces and
other purposes.

The magnesia AgO used in the brick is produced from naturallv occurring magnesite
MgCO, or, more usually, by a process invelving the reaction of the mineral dolomite
CaMg(CQ ), with sea water.

Chrome iron ore is the only rock containing sufficient chromium which occurs in
adequate deposits, being found in various parts of the world. The pure compound,
ferrous chromite FeO.Cr, O, contains 68% Cr,O, but the bulk ores used in the refractory
industry rarely contain more than o Cr,O; and average about 40-50%. The chromite
grains of chrome ores are mixtures of spinels 4(B,)0, in which the 4 atoms are
considered to be Fe** and Mg** and the B atoms Cr** and 4/7°". with smaller amounts
of Fe’*. On firing in air the complex chrome spinel is oxidised, resulting in black opaque
B,0; (not merely Fe,0;, but probably a solid solution of Fe,(,. Cr,O; and A4I,0;) in

the residual chrome grains.



Generally, chromite-magnesia refractories after firing consist of an aggregate of the two
constituents, together with small amounts of original chromite crystals and un-reacted
magnesia. It is likely that the thermal shock resistance of the finished brick is due to the:
introduction of micro-cracks in the structure of the brick, which act as inhibitors to the
spread of any cracks caused by thermal shock. These micro-cracks are thought to be
caused by the changes in volume associated with the change in valency of the constituent
atoms, especially the iron atoms, of the chrome ore on firing. For this reason a
knowledge of the Fe®'/Fe’" ratio could be a useful aid in the manufacture of the
refractory.

As &_vill be shown in succeeding chapters, Mdéssbauer spectrometry is a suitable technique

he detection of the differen
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2. THE MOSSBAUER EFFECT

The phenomenon of resonant absorption occurs between two similar bodies, when the
energy emitted by one body causes the other to resonate. This is easily observed thh
two tuning forks of the same frequency or, in the atomic case,when sodium vapour is
seen to cast a shadow when illuminated by the light from a sodium lamp. However,
there are difficulties on observing the resonant absorption of gamma radiation and this
led Rudolf Méssbauer to investigate the process in 1958. This work resulted in the

observation of the Mossbauer Effect.

2.1 RECOIL ENERGY LOSS

When a nucleus at rest loses energy £, in a transition from an excited state to a ground

state by emitting a gamma ray, energy £, , there will be a small recoil energy loss £,

due to the finite mass, M, of the nucleus. Conservation of energy gives

E,=E,+E, (2.1)

Momentum conservation requires that the momentum of the gamma photon p, and the
momentum gained by the nucleus of the system recoiling p, are equal in magnitude

and opposite in sign
pP.=-p, (22)

The magnitude of the momentum of the gamma ray is given by

p 5 (2.3)
1T C

where C is the velocity of light



Since nuclei are very heavy ( when their rest energy is compared to the transition energy

E, ) the nonreletavistic approximation can be used to yield the expression for:the recoil

energy

A B
"TAM  2MC?

(24)

Because £, is small when compared to £, it can be assﬁmed that £ = E|, to give

__E

2.5
To2MmC? (23)

If'a nucleus of mass M and initially at rest absorbs a gamma photon of momentum p,

it will recoil with this momentum. The recoil energy £, is not then available to excite
the nucleus. In order to excite a level of energy £, the incident gamma photon must

have an energy E, = E, . This situation is shown in figure 2.1.

Emission Absorption

E,-E, E, E,+E,

Figure 2.1 The photon emitted from a free nucleus at rest only possesses the energy
E, - E, ; in order to excite the absorber it requires the energy £, + E,



2.2 NATURAL LINE WIDTH

The energy of a state has been given as £, and indicated as a line. Actually these energy
levels have a certain line width. The energy of the level is not "sharp” but spread over a

certain energy range, as in figure 2.2.
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Figure 2. 2. Natural line width.
The approximate width of this range can be obtained from the uncenain.ty relation

AEAt 2 B (2.6)

Here, AE is the uncertainty in energy and A¢ the time interval available to measure the
energy E. This timé interval is of the order of the mean life time 7 of the excited state

under consideration. Setting Ar ~ 7, gives the approximate width ' = AE of the level



r== (2.7)

The ground state is stable or has a long lifetime and its energy level is well defined. *

The energy distribution of the emission and the absorption process is given by the Breit-
Wigner formula ( Breit & Wigner 1936 ) which can be derived classically by
considering the exponentially decaying wave train with a certain amplitude. The shapes

of the resulting lines are Lorentzian, with width [. These lines are shown in figure 2.3.

1(Ey

Figure 2.3. There is no overlap of emission and absorption lines even when considering
the natural line width I.

2.3 DOPPLER BROADENING

Previously the nucleus has been considered to be free and at rest. However, in a gas or a
solid, nuclei are not at rest but move with rather large velocities. In a gas the velocity

can be calculated classically. The kinetic energy of a atom or molecule is given by



Eh."=—Mv§=§kT (2.8)

Where T is the temperature ( °X ) and k is the Boltzmann constant.

At room temperature, typical velocities are of the order of a few hundred m/sec. Such a
velocity leads to a Doppler broadening.

The energy of a gamma ray emitted by a source moving with velocity component v,

along the direction of emission is shifted by an amount AE given by

v

AE =L E, (2.9)

C
In a gaseous source the velocity of the emitting atom will be directed at random with
respect to the direction linking the source and the absorber. The velocity along the
direction of emission will vary from +v, to —v, and the line shape observed from a

large number of decaying atoms will be broadened by an amount

Dz2%.E° (2.10)
The broadening is of the same orderas £, giving the situation illustrated in figure 2.4.

Emission and absorption lines now overlap and a small amount of resonant absorption
can be expected. Unfortunately the line height is reduced by an amount I'/ D which
drastically affects the number of absorbed photons. One way of increasing the amount
of absorption would be to increase the temperature, so broadening the lines and
increasing the overlap. However, Mossbauer observed that resonant absorption was

greater at lower temperatures.
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Figure 2.4.  Emission and absorption lines are broadened and a small overlap exists

2.4 EINSTEIN SOLIDS

Classically, the atoms of a solid have a kinetic energy essentially in agreement with
equation 2.8 and vibrate around their equilibrium positions with an energy that varies
continuously with temperature. However it was suggested ( Einstein 19‘07 ) that a solid
is also a quantum mechanical system and that its energy should also be quantized.
Assuming, for simplicity, that the energy levels of a solid should be equidistant; the

energy spectrum then shows only values

E et nk; n=0,1,2,etc.

10



In order to arrive at a crude value for the Einstein energy £, considet a solid with

lattice constant a, and use the equation
E=ho=— (2.11)

Here, v is the velocity of the waves in the solid, and 2 7& is the wavelength. Assuming

that A = 2a and taking v as the velocity of sound, gives ‘

g,
a

(2.12)

Sometimes, the Einstein temperature is given instead of the Einstein energy and it is

defined by
6 =—= (2.13)

A somewhat more realistic representation of a solid, particularly at low temperatures, is
the Debye model ( Debye 1912 ). The vibrational states are given by a certain

distribution of frequencies with a characteristic maximum vibrational frequency @,,.

The Debye temperature is then

hao,
k

6, = (2.14)

The Debye ( or Einstein ) temperature can be visualised as an approximate limit that
separates the high temperature region where the solid can be treated in a classical

fashion, from the low temperature region where quantum mechanical effects are

significant.

1



2.5 RECOIL FREE EMISSION OF GAMMA RAYS i

Now consider two different isotopes of iron whose decay schemes are given in figure

25.

P 58Co
/ .
W
/ .
< 800Kev
——5T,
s
s
- 7
3 < |36KeV
-
-?-— ; !04 KeV a '9 O
o7, 58_

Figure 2.5 Decay schemes for *'Fe and **Fe

Assuming that the decaying *’Co and *Co nuclei are embedded in an-iron lattice, the

following parameters for the two decay are obtained

57Fe SXFe
Decay Energy 14keV 800keV
E, 0.002eV 6eV

Eg 0.04eV 0.04eV

12



For the low-energy transition the recoil energy is much smaller than the Einstein energy,
whereas the opposite is true for the 800keV photons.

The minimum amount of energy that the solid can accept is £ £ Since £, is much
smaller than £, the solid cannot accept the amount £, and the gamma ray escapes

with full energy E,. Also, it is not Doppler broadened as the gamma ray escapes

without thermal excitation of the solid and hence has the natural line shape. The

situation is different for the 800keV transition. Here, £ is very large compared to £,
and the recoil energy is absorbed giving rise to lattice vibrations and hence Doppler

broadening.

Classically these are the only two possibilities, but quantum mechanically, even if £} is
much smaller than £ there is still a small probability that the gamma ray excites the

solid and leaves with less than the energy E,. in fact, a simple calculation shows that

the probability for emission with recoil energy loss is given by

-Eq

f=efs (2.15)

For smaller ratios £,/ £, a large fraction of gamma rays are.emitted without Doppler

broadening and without recoil energy loss.

13
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3. THE MOSSBAUER SPECTROMETER

It has been shown in the previous chapter that it is possible to construct a source with a

high proportion of recoil free emissions. However, to observe resonant absorption extra

energy has to be imparted to the source.This is achieved by mechanically vibrating the

source, thus varying the energy of the source via a first order Doppler effect. By

controlling this motion it is possible to measure the position of the energy line in the

absorber. This forms the basis of a Mssbauer spectrométer, the layout of which is shown

in figure 3.1.

Source Absorber

Drive —"D

Drive Error
Signal Signal

Drive

0

Generator

Detector re-Am Amp S.C.A.
Storage Readout
Analyser

Figure 3.1 Block diagram of Mdssbauer spectrometer

3.1 VELOCITY TRANSDUCER AND VELOCITY CONTROL

The Doppler velocity needed to obtain a Mdssbauer spectrum is of the order of mm/sec

for *’Fe. This is achieved electromechanically by the use of a transducer based on the

16



principle of two mechanically coupled loudspeakers, as shown in figure 3.2. The
driving coil causing the motion of the transducing elements and the pickup coil giving
the information of the value of the velocity back to the control unit. This is used in
conjunction with an analyser run in the multiscaler mode.

In the multiscaler mode the analyser accumulates counts in one channel for a specified
time. Once this time has elapsed the counts accumulated are stored, the next channel is
opened and the process repeated. With a large number of channels it is possiblé to
record the variation of count rate with time. If this is repéated for each cycle of the
transducer a Méssbauer spectrum can be accumulated. To synchronise the analyser with
the movement of the transducer, the triangular wave form needed to drive the
transducer is derived by integrating a square wave obtained from the switching of the
analyser sub-groups. With an analogue to digital converter of 512 channels, the

switching is set to occur at 256 and 512 channels, as shown in figure 3.3

0 256 Channel Number

N
— X

Figure 3.3 Wave forms of input voltage (top) and velocity (bottom)

17



SOURCE MOUNT

DRIVE COIL

PERMANENT MAGNET

SOFT IRON YOKE

PANNE Vo P e e Wl

CONNECTING TUBE

PICK-UP COIL

- GUIDE SPRING

\
l * SOURCE MOUNT

Figure 3.2 Massbauer Velocity Transducer



The motion of the drive is a double parabola and two spectra are displayed on the
multichannel analyser, one the mirror image of the other. The convention:has been
adopted to plot the spectrum not as a function of the Doppler energy but rather as a
function of the relative velocity v . Positive velocity is usually defined as the motion of
the source towards the absorber and negative velocity as the motion of the source away
from the absorber.

The motion of the transducer is monitored by electronically comparing a signal derived
from the pick-up coil in the transducer with the reference: wave-form derived by the
velocity control unit from the analyser. The drive signal is then modified to minimise
any deviation from the reference wave-form. The deviation of the pick-up signal and the
reference wave form is proportional to the deviation of the actual velocity from its

corrected value. Using the measured error signal . the error of the velocity is given by

-

v = u; x calibration: constant (3.1)

The error signal and the reference wave form are usually displayed on an oscilloscope
as an indication of the correct functioning of the spectrometer. .

Since the velocity tracking system controls only the transducer’s velocity and not the
position of the moving source mount, it is unable to prevent a slow drfﬁ of the so':urce
mount to the limit of its dynamic movement range. A position integmtor. has been added
to the system for this purpose. The source mount's momentary position is indicated as
the mean force applied by the driving coil. This mean force is proportional to the mean
voltage at the output of the velocity control unit. This voltage is compared to a
reference voltage v, and additional feedback voltage supplied to re-obtain the correct

mean position. The mean position can be varied by altering the reference voltage v,,.

19



3.2 MOSSBAUER SOURCE

The source used in the Mossbauer spectrometers at Sheffield Hallam Um'versit.y isa 925
MBq (25mCi) “Co in a rhodium matrix. "
Rhodium is commonly chosen as the matrix material for several reasons, it is a
homogeneous alloy that is easily formed, it has good chemical stability and is non-
magnetic. It has a cubic structure giving a zero electric field gmdiént The recoil free
fraction is high and any anomalous chgrge states folIoQing decay are too short lived to
influence resonant nuclei. '

Sources are prepared by uniformly depositing *’Co onto a 6pum thick foil of rhodium.
This is then diffused into the matrix at high temperatures in a controlled atmosphere to

achieve dispersion. The foil is then rigidly cemented into a polyz;érylaxe holder.

Typical properties are:-
Range of line widths, T 0.15 to 0.17 mms™
Recoilless fraction, f 0.74 to 0.78
(At room temperature)
(Amersham Intemfltional plc)
3.3 ABSORBERS

The absorber thickness plays a significant role in the quantitative analysis of the spectra
and has been studied in detail (Williams & Brooks 1975). The effective absorber
thickness, t, (for a single line absorber) is defined by

t=nf, o, (3.1)

20



where n is the number of resonant nuclei/cm?®, f, 1s the recoil free fraction in the
absorber and o, the maximum absorption cross section. Usually experiments are
carried out with a thickness of t ~ 1. Thicknesses greater than this produce iline
broadening due to saturation effects.

Absorbers are usually held in polyacrylate or high purity graphite containers. Those

absorbers in powder form can be diluted with high purity graphite powder.

3.4 GAMMA RAY DETECTION

There are several types of gamma ray detectors available. Of these the gas proportional
counter has a marked advantage for the detection of very low energy gamma rays. It
exhibits good resolution and has a high signal to noise ratio. It's efficiency for the
detection of high energy gamma rays, which are present in the decay of Mossbauer
sources and contribute to the background, is negligible.
The gas proportional counter consists of a metal cylinder at ground potential with a
central co-axial electrode held at a high positive potential, usually of the order of a few
kilovolts. The cylinder is sealed and filled with a gaseous mixture of 95% argon and
% methane to a pressure of one atmosphere. Gamma radiation enters the cylinder
through end window of aluminised Mylar™ and once inside the detéctor ionises the
argon atoms. The region near the central electrode has, due to the geometry c.)f the
detector, a high electric field and electrons produced in this region are accelerated
towards the central electrode gaining sufficient energy to give rise to further ionisation
pairs. The cumulative effect of this is to build a pulse of negative charge at the central
electrode. Provided that the voltage applied to the anode is not too high as to produce an
avalanche effect the size of the pulse is proportional to the energy of the incident

photon and so with suitable analysis of the pulses an energy spectrum of the source can

21



COUNTS

300

200

100

be accumulated. A typical spectrum for *’Co obtained by a gas proportional counter is

shown in figure 3 .4.

6.4 KeV

14.4 KeV

CHANNEL NUMBER

Figure 3.4 *'Co spectrum from proportional counter

Argon is generally chosen as the filling gas because.of its relative cheapness. However
when the positively charged argon ions reach the cathode, energy is released which can
gject an electron from the cathode producing a further discharge. Methane is added to
the filling gas as a quench gas. Methane has a lower ionisation potential than argon and
the methane molecules are ionised by the argon ions so that only methane ions reach the

cathode. The energy released in this case is insufficient to release an electron from the

cathode.

22



The voltage applied to the detector is determined by the type and pressure of the gas
filling and the geometry of the detector, the geometry determining the strength of the
electric field in the region of the anode. The surfaces of the electrodes need to be clean
and smooth as any irregularities can affect the uniformity if the electric field. As can be
seen from figure 3.5 the number of ions collected in a proportional counter is dependent
upon the anode voltage and for this reason the anode voltage needs to be stable.

Commercial high voltage supplies have a stability of - <0.1%/h under constant load

conditions.
Continuous
102 }— discharge
-
Geiger-
1010 p— Mueller
o L
w
3]
b 10! —
-
-
Q -
Q
2 10
5 10

lonization
chamber

104 —

Proportional

counter

102

ANODE VOLTAGE
Figure 3.5 Gas detector output vs anode voltage

The pulses from the proportional counter are then amplified. Any pulses that are not
attributable to the Mdssbauer radiation are discriminated against by a single channel

analyser before being processed by the analyser.
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3.5 ANALYSIS OF DATA

The data from the accumulated Méssbauer spectra is transferred from the analyser to an
Apollo 570 computer. A suite of programs have been adapted for interpretating the data
(Williams 1988). The raw data is folded to reduce the mirror image spectrum to a single

data set. Three programs are available for analysing the data, namely:

(1) A fitting program MOSFITN , which is essentialiy that written at UK.A.E.A.,
Harwell, by Longworth and Cmnshavs}. It makes use of a non-linear least squares
regression routine VAOSA (G.J. Long 1984). An initial guess is made as to the
Méssbauer parameters that describe the spectrum. These are then varied by the program
until a best possible fit of the observed spectrum is obtained. An estimate of the
goodness of fit, 77, is also calculated. '

(2) A modified version of MOSFITN that allows data from an a-Fe or sodium
nitroprusside spectrum to be analysed to calculate a calibration constant and the

location of zero velocity.

(3) A distribution fitting program, PQH, based on the algorithm developed by Phillips
and Twomey and applied to Mdssbauer spectroscopy by Wivel and Mor;ip (1981). It fits

sums of quadrupole doublets and/or magnetic sextets to a Méssbauer spectrum.

In addition to the programs concerned with individual Méssbauer spectra, there are two
further operations that deal with the parameters derived from Mossbauer spectra. Both
are based on the physics of the Debye model of solids that allows estimates of the
Debye temperature to be made from variation of the absorption area and the isomer

shift with temperature.
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