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ABSTRACT

The investigation was limited mainly to
NaCl.Mn'" and NaCl.Ca'', and was concerned with
colour centres in single crystals of these materials.
The crystals were grown by the Kyropoulis technique
and optical absorption megsurements were made with
a 8rating spectrophotometer. The emphasis of the
work was placed on the production of Z-bgnds in
NaCl.Ca' ' but the effects of optical and thermal
bPleaching and of gquenching were investigated in all

crystals.

The results of the work on NaCI.Mn++ confirmed
the model of Schneider and Caffyn (1955) in which
the Mn++ ions and positive ion vacancies are
deposited at dislocations and become more uniformly
distributed after quenching. In particular, it
was found that quenched crystals were luminescent
after being X-rayed, indicating the presence of
dispersed Mn++ ions a similar result was found in
NaC1.Ni++. A short study of the distribution of

++ .
Mn in crystals was also made.

It was found that Mn' ' and Ni'' gave rise to
characteristic bands in the ultra violet, a weak
band at 275 my with Mn++, a strong band at 247 mp
with Ni'T.  The presence of a band at 255 my in
Na,Cl.Cu++ was confirmed. No evidence was obtained

for the formation of Z-bands by Mn++, Nitt or cutt.



Calcium was found to be much more soluble in
NaCl than manganese, and enhanced the colouribility
proportionately less, pointing to a close relation-
ship between solubility, mis-match, and the production
of negative ion vacancies. Anaglysis of the F-band
in coloured NaCl.Ca' ' crystals indicated that 2-
centres were formed by X-rays. Quenching enhanced
the number of Z-centres, indicating a deposition at
dislocgtions similar to that found for manganese.
Evidence for the formation of both Zl- and ZQ-
centres by X-irradiation was found. In crystals
containing a high proportion of Ca.++ a band at
345 my, which is probably to be associated with Ca++—

positive ion vacancy complexes, was prominent.

The results of an investigation of the effect
of concentration of Ca++ on the growth of the F-
and Z-bands indicated that a Ca' ' ion introduced
about ten negative ion vacancies into the crystal.
On the basis of a statistical mechanical model of
the formgtion of Z-centres it was inferred that of
the Ca’ ' ions producing Z-centres no more than 2%
were associated with positive ion vacancies, confirm-
ing the work of Etzel (1952). It was also inferred
that the activation energy associated with the
liberation of Ca'’ ions from dislocations to form
incipient Z~centres was 1.9 eV, a value which agreed

well with an estimagted value.

Factors influencing the width of the PFP-band

are glso discussed.
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1 INTRODUCTION

lel] Introduction

Many of the properties of certain solid
materials which in the past have been thought to
be intrinsic properties of the pure material are now
regarded as manifestations of small quantities of
impurity resident in the base material. Notably,
it has been found that many, but not all, substances
owe their semiconducting properties to this cause,
and these properties can be profoundly modified by
the choice of impurity added. Further, it has
become evident that the effect of an impurity is
out of all proportion to the quantity present:

5

one impurity atom for every 10 atoms of the base
material is ample to providéj%bservable effect.
Since impurity concentrations of this order are
prevalent in ordinary "pure" materials manufactured
in bulk it becomes difficult, if not impossible, to
differentiate between intrinsic properties and
properties due to impuritiess and until purer
materials are generally available, this difficulty
will not be resolved. While a claim that a
particular property of a solid is gn intrinsic one
must be viewed with caution, there are many properties
which are obviously not intrinsic but due to

impurities, and it is with these that this work is

concerned in the main.

The alkali halides, with their simple cubic
lattice crystal structure, make an ideal base

material not only for this type of study but for

O
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the broader study of the structure of solids in
general. The model of an ideal alkali halide
single crystal is the repetition throughout the
volume of the crystal of s cube which has at its
corners salternately metal and halogen ipns.

There is every reason to suppose that this picture
is a correct one providing the size of the crystal
is drastically limited to the order of 1008 cubed,
but for sizes of crystals used in practice it must
be regarded as only a first approximation to the
truth, for during growth imperfections of many
types are formed and frozem into the crystal.
Notable among these are dislocations, areas of
strain within the crystal, produced by the
existence of extra planes of ions each extra plane
producing an edge-dislocation, or by the twisting
of planes of ions to give screw-dislocations;} and
vacancies in the lattice, produced by ions migrating
to the surface giving Schottky defects, or by ions
migrating to interstitial positions giving Frenkel
defeots, (see Wagner and Sehottky, 1930, and
Frenkel, 1926). In the current theory these
imperfections are responsible for many of the

properties of the crystal.

Lattice defects and associgtions of lagttice
defects can form colour centres under conditions
where free electrons and holes are present in the
crystal, and these give rise to optical absorption

bands in the visible and the near ultra violet and
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infra redj consequently, measurement of absorption
spectra has yielded much information about colour
centres. Impurity ions, themselves imperfectionmns,
also modify the absorption spectrum. In particular,
the modifications produced by certain divalent

impurities is the subject of this research.

To appreciate the effect of an impurity on a
property it is essential to know something about
the property it is modifying. Before reviewing
the work already done on alkali halides containing
impurities it is necessary, therefore, to outline

briefly the information regarding colour centres.

1.2 Electron Traps in the Alkali Halides.

(a) The Negative Ion Vacancy.

Many polar salts, when hegted in the vapour
of one of their constituent elements, acquire a
stoichiometric excess of that component. In the
case 0f an alkali halide c¢crystal heated in the
vapour of the corresponding metal, the crystal
acquires a stoichiometric excess of the metal and
at the same time becomes deeply coloured -
Yellowish brown for NaCl, blue for KCl, and so on.
Such coloured crystals are known as additively
coloured crystals. Since their discovery by
Goldstein (1896) the properties of coloured crystals
have been studied in great detail by Pohl and his



co-workers (see, for example R. W, Pohl, 1937,
1938, 1952), whose resultis enable a fairly

complete picture of these phenomena to be built

upe.

Megsurements of the absorption of coloured
alkali halides have revealed that the colouration
is due to an absorption band whose peak wavelength
is characteristic of the alkali halide, moving
from the blue to the red end of the spectrum in
the series LiCl, NaCl, KCl, RbC1l, CsCl. This
band is known as the F-band (from the German
Farbzentren, or colour centres) and the absorbing
centres F-centres. De Boer (1937) suggested
that F-centres were electrons trapped at negative
ion vacancies, and there is appreciable evidence
to support this model, notably, the density
measurements on coloured crystals made by

Estermann et al (1949).

The mechanism of the formation of F-centres
in additively coloured crystals is probably as
follows. The alkali atoms of the wvapour ionize
at the surface and become part of the lattice,
forming a complimentary number of negative ion
vacancies and free electrons. At the high
temperature of the crystal these wvacancies can
diffuse into the body of the crystal and become
uniformly dispersed. Since effectively, they are
positively charged, they will attract and trap

electrons from the ionized alkali atoms, and so



become F-centres. Quanta of F-light (light
absorbed by the F-centres) can then energize the
trapped electron to the first excited level of the
centre, and thus the crystal shows an absorption

band.

There is a close analogy between the F-centre
and the hydrogen atom, since both contain an
electron trapped in a central Coulomb field, and
this has been used to calculate the energy level
soheme of the F-centre by Simpson (1949),

Lehovac (1953), and others. The ground state

of the trapped electron (the 1s state) is about
3.5 eV below the conduction band minimum in NaCl,
while the first excited state (by analogy with the
hydrogen atom, a 2p state) is about 1 eV below the
conduction bgnd minimum. The transition 1ls to 2p
is responsible for the F-band. Mott and Gurney
(1940) suggested that transitions to higher levels
were responsible for the short wavelength tail of
the F-band, observed by Kleinschrod (1936).

F-centres can also be formed by exposing the
crystal to ionizing radiation, indicating the
existence of negative ion vacancies already present
in the crystal. The radiation liberates electrons
and holes which wander through the crystal until
recombingtion or trapping occurs. The colour
centre formed in this way is much more unstable
than that formed additively, prolonged exposure to
F-light destroying the colour completely, correspond-
ing to the liberation of the itrapped electrons by
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the light and their subsequent recombination with

trapped holes,

It is possible for the F-centre to capture a
second electron, and the resulting centre is
known as an F'-centre, producing a broad adsorption
band in the near infra red. The F'-band is
formed over g limited temperature range when the
F-band is bleached. In the case of KC1l this
range is from —13000 to -80°%C. Above this range
the F'-centre is thermally unstablej; below, the
F-centre remagins unionized by the F-light.
Normally, at room temperatures the F'-band is not

formed.

The negative ion vacancy and the F-centre
also give rise to bands in the long wavelength
tail of the fundamental absorption, associated
with transitions of electrons from neighbouring
halogen ions to levels created by the imperfection.
These bands are known as a and B bands, the a-band
being associagted with the vacancy, and the B-band
being associated with the F-centre (see Pringsheim
et al, 1950, 1953 and Duerig and Markham, 1952).
In KBr these bands lie beyond 20003 and become

resolvable only at low temperatures (about -180°¢C).

(b) Associations of Vacancies.

When the F-band is bleached with F-light at
room temperature the resulting absorption spectrum,
if examined at low temperatures where the resolution

is improved due to low temperature narrowing of



bands, shows three bands on the long wavelength
side of the F-band (in the red and near infra red
for NaCl). Proceeding from the F-band the bands
are designated Rl’ R2, and M, respectively. The
Rl—band is thought to be due to centres of the
type electron + negative ion vacancy pair, while
Rz-centres are negative ion vacancy pairs which
have captured two electrons (Seitz, 1946). The
M-centre is believed to arise from the capture of
an electron by an associagtion of vacancies
containing two negative ion vacancies and one
positive ion vacancy (Seitz, 1946). On this
model, the ground state of the M-centre has been
computed to be 5,63 eV, and the first excited
state 3.90 eV, below the conduction band minimum
in NaCl (Inui et al, 1952). The difference in
energy, 1l.73 eV, agrees well with the optical data.
A fourth band, the N-band, which appears further
in the infra red, has also beemn discovered
(Petroff, 1950, and Burstein and Oberly, 1950).
Seitz (1954) has suggested that this band is also
due to associgtions of vacancies which have
captured electrons. All these bands appear both

in additively coloured and X-rayed crystals.

Scott (e.g. 1953) has found that when
additively coloured crystals, which contain R, M,
and N, centres, are heated a broad, composite
band appears in the R-band region. This band,
the R'-band, is probably a combination of the

aforementioned centres together with other similar

aggregates, (Seitz, 1954). Further annealing



at about 400°C produces the colloid band in the
red or near infra red, due to the formation of

colloidal specks of the excess alkali metal.

1,3 Hole Traps in the Alkali Halides.

Mollwe (1937) found that it was possible for
KBr and KI to acquire a stoichiometric excess of
hglogen, and that crystals so treated showed a
series of bands in the ultra violet, now known as
the V-bands. These are due to pogitive ion
vacancies which have captured holes, freed by the
ionization of the halogen atoms. There is thus
a close analogy to the formation of F-centres in
excess alkali crystals. However, there is an
important difference between the two processes,
for whereas the concentration of excess alkali is
proportional to the partial pressure of the

monatomic alkali wvapour, Mollwo found that the

concentration of excess halogen was proportional

to the partial pressure of the diatomic halogen

ga8, indicating that the V-bands were associated

with pairs of positive ion vacancies.

V-bands may also be produced by irradiating
the crystals with X~-rays, indicating that positive,
as well as negative, ion vacancies are present
naturally in the crystal. Irradiation at room
X and 73,
(situated around 210 mpy in NaCl) which are poorly
2—band
is to be associated with a pair of positive ion

temperature produces the V bands

resolved. According to Seitz (1954) the V



vacancies which have captured two holes (the

analogue of the B_-centre). Irradiation at

2
liquid nitrogen temperatures produces also the
Vl, and the V4,
analogues of the F-, and M-, centres respectively.

A fifth band, the H-band, has also been discovered,

bands, associated with the

and may be due to a centre consisting of a hole
trapped at a vacancy pair (positive ion vacancy +
negative ion vacancy). (See Casler et al, 1950,
and Dorendorf, 1951).

One piece of evidence which supports the view
that V-centres contain trapped holes is obtained
from bleaching experiments. When the F-band is
exposed to F-light bleaching occurs, rapidly at
first, then more slowly, and the V-band (v2 + v3)
drops in intensity. R and M-centres are also
formed. The bleaching of the V-band indicates
that the V-centres act as centres of recombination
for the electrons freed from the F-centres, and are

therefore destroyed by electron capture.

1.4 The Effect of Impurities.

The F-type centres and the V-type centres
described above are found even in the purest
crystals, and therefore they may be regarded, at
the present stage of our knowledge, as intrinsic
properties of the alksgli halides. It is known,
however, that their concentrations can be greatly

increased by the presence of some impurities.
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Shulman (1953) has suggested that impurities

influence the colouribility of crystals by

(a) accentuating mismateh in the lattice
and increasing the density of dis-
locations, leading to an increase in

the vacancy concentrations

(b) directly enhancing the density of
vacancies, e.g. the presence of
a divalent impurity metal enhancing

the density of positive ion vacanciess
(¢) acting as traps.

Seitz (1954) has also pointed out that the
enhancing of the positive ion vacancy concentra-
tion by divalent metals will, at room temperature,
assist the migration of the slow moving negative
ion vacancies by forming mobile vacanecy pairs.
Since vacancies play an important role in the
ionic conductivity it may be expected that
divalent impurities would have a marked effect,
and, indeed, it has been found that the presence
of an alkaline earth metal increases the ionic

conductivity of KC1l (Kelting and Witt, 1949).

Apart from enhancing the density of colour
centres impurities can effect the optical

absorption in three other ways:

(a) If present in sufficient concentration
the impurity will precipitate and

render the normaglly transparent
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crystal opaque, or merely cloudys;

or produce colloid bands.

() An enhancement of the long wave-
length tail of the fundamental

absorption band may occur.

(¢) The impurity may introduce a
characteristic band in the ultra

violet.

The fundamental absorption band may be
regarded as being due to transitions of electirons
from the halogen ions to neighbouring alkali
ions, the energy involved in the transition being
a function of, among other things, the ionization
potential of the alkali atom. Transitions to an
impurity having ionization potential Eﬁ:iiir than
that of the alkali metal will involve less energy,
and this will result in an enhancement of the
long wavelength tail of the fundamental absorption
(Mott and Gurney, 1940). This effect has been

observed for many impurities.,

The characteristic impurity bands are
associgted with transitions between levels within
the impurity ion itself. Sometimes these levels
are metastable, an excited electron remaining in
an excited condition for some time agfter the
exciting stimulus has been removed before falling

back to the ground state. The crystal is then



12.

luminesocent, e.g. KCl.T1+, (Seitz, 1938).
Characteristic bands have been found in the

cases of lead and thallium (Hilseh, 1927, 1928;
and Arsenjewa, 1929), and silver and copper
(Smakula, 1927). Silver produces three bands,
associated with single Ag+ centres and complexes
of Agt ions (Etzel et al, 1952); and lead, in
NaCl, gives two poorly resolved bands near 280 mp
(Shulman et al, 1950). Arsenjewa (1929) found
that X-irradiation had a marked effect on these
bands. Electrons liberated by the X-rays may

be trapped at the monovalent impurity centre,
forming an atomic centre, thus destroying the
characteristic bands. Reduction of ocharacteristic
band intensity by X-rays has been noticed in the
cases of lead (Shulman et al, 1950), silver
(Burstein et al, 1952) and Kats®, 1952), and
copper (Katsb, 1952). Only in the latter case
wgs it observed that complete conversion to atomic

centres was impossible.

Crystals containing the alkali metal hydride
are particularly interesting in that they display
a prominent band in the ulira violet, attributed
to transitions within H ions which occupy
substituyﬁionally the halogen ion positions,
(Ponl, 1938). The band is known as the U-band,
unique, at present, as the only characteristic
impurity band produced by an electro-negative

impurity.
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The study of crystals containing divalent
impurities has been of immense importance to the
development of our knowledge of the properties
of the alkali halides. Of particular interest
is the influence of the alkaline earths on the
optical properties of coloured crystals. Since
caglcium and magnesium are often present as the
predominagnt impurities in normal "pure" crystals,
the work in this‘sphere is of great value in
helping to answer the question, which properties

are intrinsic, and which are due to impurities?

It has been found that the introduction of
alkaline earth ions into the alkali halides can
give rise to a set of absorption peaks in the
visible region of the spectrum, known as the
Z-bands (Pick, 19393 Heiland and Kelting, 1949;
Seitz, 19513 Camagni et al, 1954). When a KC1
crystal containing these impurities is coloured,
additively or X-rayed, only the F-band appears.

If the F-band is now bleached, a band appears on
its long wavelength side (at 590 my in KC1 at
~215°C compared with the F-band at 540 mp).

This is denoted the Zl—band, and Seitz has proposed
that it is due to the centre formed when a divalent
ion, occupying substitutionally a positive ion
position, captures an electron. The efficiency of

F-Zl conversion is very low, and Bassani and Fumi

(1954) have suggested that this is due to the
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presence of an excess number of negative ion
vacancies. The non-appearance of the band
during the initial colouring is presumably due
to the relatively low concentration of the

(see. szchions “+8)
divalent ions.A Heating the additively coloured
crystal to 110°C converts the Zl-band into the
Zz-band, whose peak is at 610 mpy, which, Seitz
suggests, is associated with the centre formed
by the capture of a vacancy pair by a Zl-centre.
Further heating of the additively coloured crystal
(over 200°C) destroys the Z-bands, and the F-band
re—-emerges. Both bands diminish if either are
optically bleached at -90°C and a broad band
appears on the short wavelength side of the ;f
band. Seitz suggests that this band, the Z3—
band, is analogous to the F'-band, i.e. associated
with a negatively charged centre, and proposes that
the Z3—centre is a Z2-centre which has captured a
second electron. NaCl, containing strontium or
calcium, behaves in a slightly different way, in
that additively coloured crystals show the Zz-
band as well as the F-band. Subsequent bleaching
of the Z2-band gives the Zl—band. The Z3~band
is not stable at room temperature. X-rayed
NaCl.Ca or NaCl.Sr behaves in the same way as the

KCl cerystals containing alkaline earths.



1.6 Conclusion

The present work on the optical properties

of the alkali halides containing divalent

impurities derived much of its stimulus from the

study of the Z-centres, very briefly described

above, since several questions seemed to be

unanswered, e.g.

(1)

(2)

Z-centres should be formed during the
colouring process. Why are they
absent in KCl and X-rayed NaCl? If
this is due to the low concentration
of divalent ions making the bands
undetectable, is it possible to
incregse this concentration until Z-
bands of detectable intensity are
formed?

The low F-Z1 conversion efficiency
has been put down to the presence of
an excess number of negative ion
vacancies in the additively coloured
crystal, produced by the divalent
chloride. If this is the case, how
efficient are the divalent chlorides
in producing vacancies; in fact, can
this excess number be measuredj and
can light be thrown on the mechanism

involved?
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(3) Only the divalent ions of the
alkaline earths have given Z-
bands. Do other divalent ions,
such as Mn++, cu™™ and Ni++,

produce Z-type bands, and if

not, why?

The question of the production of negative
ion vacancies by the impurity is a particularly
interesting one, since it probes into the whole
question of intrinsic and extriﬁsic properties.
What proportion of wvacancies present in a normal
"ﬁure" crystal are due to impurities? Would an
absolutely pure crystal colour at all under X-
irradiagtion? Above absolute zero it almost
certainly wouldy it is most unlikely that
impurities account for all vacancies produced.

In this respect, colouration, at least some of

it, is an intrinsic property of the alkali halide.
But until purer crystals are available it will be
impossible to decide the degree to which impurities
affect the properties, to any great accuracy, that
is. We know they have an important effect. How
deep this effect is remains to be answered with

confidence.
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2 THE ABSORPTION SPECTROPHOTOMETER

2.1 Thomas's Greting Spectrophotometer.

Through the kindness of Professor W. E.
Curtis and Dr. E. E. Schneider of the Physics
Department, King's College, Newcastle, a
grating spectrophotometer, made by T. B., Thomas
and described in his M.Sc. thesis (1952) was
made available. It consisted essentially of a
heavy iron baseplate on which was mounted the
monochromator housing and a mumetal box contain-
ing the electrical detection unit, and there was
provision made for mounting a tungsten lamp or a
hydrogen lamp near a condensing mirror. External
elements necessary for operation were power
supplies for the detection unit and lamps, and a
sensitive galvanometer. The instrument was
designed for use in the wavelength range 200 mp
to 600 mp, i.e. over the near ultra violet anad
most of the visible region, with a bandwidth of

103 which was constant over the whole range,

The optical system is shown diagrammatically
in figure 2. Light from the source is condensed
by a concave mirror on to the slit and rendered
Parallel by the collimating mirror, a concave
mirror of focal length 25 cm and diameter 6 om,
mounted so that its position can be adjusted by
the manipulation of three screws. Since it is

necessary to use the mirror in an off-axis
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position a certain amount of spherical aberration
is inevitable. A single slit, divided in the
middle, forms the exit and entrance slits, and

is of width 0,007 ecm. The parallel light from
the collimator falls on a 4 cm x 3 ¢cm replica
reflection grating having 5,709 lines per cm.

The grating mounting is shown in figure 3.

Screws A, B and C are levelling screws. By them
the small tilt to the wvertical required to return
the diffracted beam to the exit slit, and the
small tilt necessary for rendering parallel the
direction of the rulings to the slits, can be
achieved. Once levelled, the platform is
clamped by screws A', B' and C'. Loosening the
wing-nuts agllows the grating to be rotated for
zero wavelength adjustments. The platform can
rotate about a vertical axis, controlled rotation
being effected by a micrometer pressing against a
springed bragss rod rigidly fixed to the platform.
Readings of the micrometer can therefore be
strictly coyrelated with the wavelengths of the
light passing through the exit slit. The zero
order reflected beam from the grating can be a
serious source of scattered light for it may reach
the grating again from the collimator when the
grating is working at near normal incidence}
consequently, a suitably placeddiaphragm is
necesgssary to elimingte this effect. A further
source of scattered light is the light of longer
wavelength than the chosen spectral band impinging

on the area of the grating near the slit while
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converging from the collimator to the focal plane.
This beam converges to a thin horizontal strip as
far in front of the grating as the slits are
behind, and a baffle strip is placed in this

position to elimingte this unwanted radiation.

The monochromagtor system just described was
found to be quite satisfactory and was used through-
out without any modifications. The remaining
elements of the spectrophotometer, however,
suffered some modification ih the development of
the instrument. These modifications will be

dealt with later in this chapter.

The selected spectral band issuing through
the exit slit in the originagl instrument is
deflected by a plane mirror upwards into the
specimen chamber which contains a sliding tray
holding the specimen crystal. The tray pushed in,
allows the exit beam to pass through the specimen}
when pulled out the tray is completely outside the
beam. The box containing the detection unit is
connected to the specimen chamber by close-fitting
bress rings through which the light passes to fall
on to the cathode of the photoelectric cell.

To complete the description of the optical
elements, the sources of light used may be
mentioned. For visible radiation a 24 watt
tungsten incandescent lamp with a straight

vertical filagment is used. This provides light
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from about 360 mp upwards. The ultra violet
source is g "Point Source" H.F.5 hydrogen arc
of the Manufacturer's Supply Co. This lamp

provides a continuous spectrum from 185 mp to

350 mu.

The electrical detection and megsuring circuit
is shown in figure 4. The photoelectric cell is
an Osram Q.V.A. 39 with a blue-sensitive cathode
of cgesium-silver oxide and a quartz envelope.

The working potential difference across the cell
is derived from a 100 volt high tension battery.
The output current from the cell flows through

the 25 Kilomegohm resistor, which also serves as

a grid leak for the electrometer valve. The high
resistor can be short circuited by a switch
consisting of a wire which can be rotated freely
in air to make contact with the grid lead of the
valve, so that when the switch is open the
resistance between the wire and the grid is that
of about a centimetre of air. An ordinary toggle
switch used here would shunt the high resistance

appreciably in the "open" position.

The electrometer valve is a General Electric
Co. E.Tsl, a triode, whose characteristics are
cited elsewhere. It is supported on sponge rubdber
in order to reduce microphonics, derives its anode
potential from three 2 volt accumulators, its
filament current of 100 mA from one 2 volt

accumulator, and its grid bias of 2 volts from
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Weston Cadmium Standard Cells. Since the change

in anode current to be measured, about 4 pd4, is

two orders of magnitude smaller than the anode
current itself a backing-off circuit is employed

to counter~balance exactly the gquiescent anode
current, i.e. the current with the grid leak

shorted out. A Tinsley galvanometer, sensitivity
85 mm/pA at 1 m, then measures the change in anode
current when the shorting switch is opened, and the
deflection is directly proportional to the intensity
of light falling on to the photocell since the E.T.1
is used in conditions where its characteristics are

straight.

This circuit is an extremely simple one but is
open to the serious criticism of being subject to
battery drift, the main source of zero drift in
D.C. amplifiers, although this is kept as low as
possible by using high capacity accumulagtors.

Even so for an 80 ampere-hour battery supplying

100 mA the voltage drift is of the order of 0.5 mV
per hour if the battery is new, but can be ten

times this and more for older cells, and this

effect is serious in a circuit built to measure
direct currents of 10_12 A and less. Consequently,

a new measuring cirocuit was designed to counteract

this effect and was subsequently duilt.
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2.2 The No-Drift Circuit

The circuit finally designed was based on a
circuit used by Morton (1932) which is shown in

figure 5. Essentially it is a Wheatstone Net

whose arms are respectively R4 + T the anode
slope resistance, R5, R7 and R, + Rf, the
resistance of the filament. The potential drop

across R1 provides the grid bias, and it may be
observed that there is only one source of power,
providing, as well as the grid bias, the filament
current and the potential difference across the
valve. Battery drift is thus confined to one
source and not three as in Thomas's circuit and
can be eliminated by suitable choice of resistances,
if the drift is not variable. Discharge curves
quoted by manufacturers of accumulators, and
Personal experiments on the batteries actually
used in the apparatus, show that the rate of drop
of voltage is constant apart from short periods
at the beginning and a similar period at the end
of the discharge l1life of the battery.

Morton's treatment of the theory starts with
the assumption that If is very much greater than

Ia or i which is usually the case. The

G?
condition for balance, i.e. no current through
the galvanometer, may be obtained by applying

Kirchhoffts Law



0 = BRI, + iGG-Rs(Ia - 1G) . (1)
R I
; 1L _ _&
1 = O When = . . ° (2)
G - Ry T I,

This condition corresponds to the backing-off in

Thomas's circuit. Equation (1) may be written

(35 + G)élG = R561a - R761f

The condition for zero drift is then

6iG = 0
R 61

1 a (
B = <= . . . 3)
R5 5If

The problem now is to find the change in anode
current for a given change in filament current,
due to battery drift.

Morton takes 6Ia to be made up of two

components:

(a) Change in potential difference across

anode load and valve,

Rf + R6 + R7

61 . (4)
R4 + R5 t T f

whence 61!
a
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