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In recent times, gamma-ray diffraction has emerged
as a powerful tool in structural and defect studies of
crystals. Though similar in principle to X-ray and
neutron diffraction, the very short wavelength of y-rays
gives gamma-ray diffraction an edge over the other
diffraction techniques. Experimental details and
several applications are discussed.

g’

Tue discovery of X-ray diffraction (XRD) by Laue in
1912 opened up two branches in physics, viz. X-ray
spectroscopy and X-ray crystallography. Tremendous
strides were made in both these branches in the decades
that followed. Neutron diffraction (ND) which was dis-
covered in 1936 also developed as a complementary
technique in structural studies. Important aspects of XRD
and ND are discussed by Bacon'.

Gamma-ray diffraction (GRD) was demonstrated by
Andrade and Rutherford (see ref. 2) in 1914. However,
unlike XRD, the application of GRD remained confined
to the measurement of y-ray wavelengths® for quite some
time and it was only in the seventies that GRD emerged
as a powerful tool in crystal physics and has been used
to advantage for tackling several problems for which
the other diffraction techniques were not so effective.

The purpose of this article is 10 discuss (i) the principle
and special features of GRD vis-a-vis other diffraction
techniques, (ii) the experimental details, and (ii1) some
typical applications.

Principle and special features

Gamma rays are scattered by electrons associated with
the atoms in the crystal and, as such, the principle of
GRD is basically the same as that of XRD. GRD 1s
governed by Bragg’'s law and the expression for the
intensity (or reflectivity) of a gamma ray Bragg reflection
is the same as that for X-rays®. Fourier procedures
developed for XRD are applicable to GRD and lead to
electron charge distribution,

However, there are some significant differences be-
tween XRD and GRD and some special features asso-
ciated with GRD mainly due to the very short wavelength

of y-rays; these are discussed below® ",

1) The short wavelength of y-rays results in negligibly
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smal] absorption. This makes the absorption cor-
rection to intensities very smaill and insignificant.

i) Another consequence of the low absorption is that
thick crystal samples can be used without surface
preparation and, further, the presence of ovens,
cryostats and pressure devices does not introduce
any experimental complications.

ii1} The short wavelength makes extinction effects neg-
ligible and if at all a small extinction effect 1s
present, it can be corrected in a comparatively
simple manner. |

iv) The energy of y-rays being much larger than the
binding energy of the inner electrons, anommalous
dispersion cannot take place and the corresponding
anomalous dispersion correction becomes unneces-
sary.

v) As will be explained in detail later, because of
the short wavelength, the width of the GRD rocking
curve is determined only by lattice tilt (mosaicity)
and the strain contribution vanishes.

vi) Though ¥-ray sources emit several radiations, each
y-ray [ine is monoenergetic. Each wavelength can
be selected by means of a single channel analyser.
Hence, monochromators are not required.

vil) With the availability of intrinsic Ge detectors for
measurement of GRD intensities, the peak-to-back-
ground ratio is very high, obviating the need for
background subtraction which is a major source of
error in XRD.

viii) y-ray sources follow the well-known radioactive
decay law and consequently there are no random
fluctuations in the intensity.

i1X) By measuring fransmitied and diffracted intensities,
absolute structure factors are determined. As men-
tioned above, a number of corrections which are
unavoidable in processing XRD data do not occur

- in GRD and, hence, the determicatian of absolute
structure factors can be done with a high degree
of accuracy (~ 0.5%). The accuracy is often limited

by non-diffraction factors like limits of error in
counting statistics or error in measurement of crystal
thickness. Such accuracy is not possible with XRD.

x} For the sake of caompleteness, two problems arising
out of the short wavelength of y-rays may be
mentioned. Firstly, the entire diffraction pattern (s
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shified to very small Bragg angles. Secondly, the
short wavelength gives rise to the phenomenon of

multiple Bragg scattering which results in a sys-
tematic error not present in XRD. However, this
undesirable effect is negligible up to [sin /4] <0.8
but for larger values of [sin8/2], a correction

becomes necessary.
Experimental details

The main components of a y-ray diffractometer are the
source, the collimators, the goniometer and the detectors.

Several radioactive sources have been tried like '*Au,
1921 169y, '9Th, 3Sm and *’Cs. The relevant properties
of some sources are summarized in Table 1. The criteria
for the choice of optimum source are specific activity,
neutron and vy-ray self-shielding, source half-life and
wavelength (energy) of the radiation. Because of their
short half-lives, the '®Au and '>’Sm sources need re-
peated irradiation by thermal neutron flux and hence
diffractometers employing these sources have to be
installed very close to nuclear reactor stations. In contrast,
with the '"Ir and "“’Cs sources, which have larger
half-lives, it is possible to install y-ray diffractometers
even in laboratories away from nuclear reactors.

Schneider!' has discussed the design of the y-ray
diffractometer in use at the Laue-Langevin Institute at
Grenoble in France. The plan of this diffractometer is
shown in Figure 1a; the design of the goniometer
(Figure 1&) and source holder (Figure 1c¢) are also
shown. This instrument uses an irradiated gold foil as
the source. In the diffractometer set up at the Hahn-
Meitner Institute at Berlin (Schneider)'?, there is provision
for using either a gold source or an Ir source.

y-ray wavelengths are 10 to 50 times smaller than
X-ray wavelengths. The result is that whereas in XRD,
measurable Bragg reflections occur in the angular range
of 3°-89° in GRD, the Bragg reflections occur at very
small angles in the range 5-5°. Thus, the GRD experi-
ment 1s essentially a small angle scattering experiment.
Hence, collimation of high degree and an extremely

small beam divergence become necessary. This is
achieved by long source-to-sample and sample-to-detector
distances (of the order of several meters) and use of
thick lead blocks as collimators. The beam cross-section
is typically of the order of 0.2XS5mm? and beam
divergence is in the range 5-10".

The goniometer is of conventional design but with a
provision for holding comparatively large crystals. In
structure factor measurements, crystals with linear
dimensions 3-8 mm are employed and in mosaicity
studies, the linear dimensions of crystals used are as
large as 1-8 cm. In the latter case, the goniometer has
the provision for translating the sample horizontally and
vertically to facilitate scanning of different volume ele-
ments. In view of the extremely narrow range of Bragg
angles, the rotation of the goniometer has to be through
still smaller angular ranges. A combination of SLO-SYN
step motor and digital electronics ensures rotation in
steps of 2" (and sometimes even 0.2”) around the vertical
axis. Similar precision 1s needed in the setting and
movement of the detector.

Generally, a Nal(Tl) scintillation detector is used for
measuring the intensity of the directly transmitted beam
and an intrinsic Ge detector for the measurement of the
Bragg reflection intensity; as mentioned earlier, the latter
provides a high signal-to-noise ratio eliminating the need
for background correction.

Alkire and Yelon'® have discussed the design of the
y-ray diffractometer set up at the University of Missouri
Research Reactor. Hailed as a “facility (that) marks the
beginning of a new era in GRD’, this is a fully automated
full-circle diffractometer. The main difference between
this instrument and the European instruments is the use
of a 1000 Ci strong 'Sm source. In view of the very
short half-life (Table 1), the source requires frequent
irradiation in the reactor. For this reason, a transportable
source holder designed for underwater handling of
the source material is required and is described by Alkire
and Yelon. Because of the short half-life, intensity
measurements stretch over several half-lives. The meas-
urements made in different runs need careful normali-

Table 1. Properties of some y-ray sources used in GRD

Wavelength Wavelength spread
Source Activity Half-life (A) (AL/A) Other relevant features
AU 80 Ci 2.7 days 0.0301 10°¢ Very weak absorption; source has to be replaced every week;
0.078 108 commonly employed for absolute structure factor measure-
ments; suitable for thick samples/heavy elements
2y 200 Ci 74 days 0.0205 107 0.0392 A line generally used; presence of four lines makes it
- 0.0265 10°¢ useful especially in determination of extinction-free structure
0.0392 10°¢ factors
0.0603 107 |
138m 1000 Ci 468 h 0.12 1075 Suitable for study of thin samples/light elements
191Cs 29.9 yrs 0.020
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ure 1. A typical y-ray diffractometer (refs 11 and 12). @, Schemalic drawing of the sel-up; b, Goniometer, ¢, Source holder,

On the other hand, the high strength of the
and the consequent intense tlux make it ideal
lies on light elements and thin samples. The
n of the '“Sm source contains several wave-
each monochromatic. The availability ol several
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wavelengths makes it possible to determine extinction-
free structure factors. The instrument has a linear drive
for the detector with which the sample-to-detector
distance can be changed to effect different resolution
requirements.
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The diffractometers referred above are one-crystal dif- 70K to 800 K. The temperature variation of this ratio
fractometers; their angular resolution is about 10”.  was found to agree with Willis’ model'’.
Schneider’' states that with this angular resolution, fine
structure of rocking curves cannot be resolved. Double
crystal diffractometers offer a better angular resolution.  y—N synthesis
The first double crystal y-ray diffractometer was built
by Tanner'® and collaborators at the Rutherford Appleton
Laboratory in UK using a 'Au source but has not
been put to much use beyond recording the rocking

It is well known that bond distances calculated from
the electron charge distribution obtained from XRD are
affected by the distortion of the electron cloud by
curves for Si crystals bonding etffects. To separate the bonding effect, a dif-
' . . ference synthesis is carried out between the structure
A double crystal y-ray diffractometer which uses a | :

"It source h?s been installed at the Hahn-Meitner factors obtained from XRD and ND (the X-N synthesis'").
Institute: a detailed account of this is given by Schneider One limitation in the accuracy of X—]‘?I synthesis is that
the XRD and ND experiments are carried out on entirely

and Graf'*. The principle of the double crystal y-ray _ * , _
diffractometer is shown in Figure 2. As shown, the first dlffererlt samples wh‘lch.may hath ditferent abscr!:)tfon,
extinction and mosaicities. In view of the negligible

crystal is brought into correct diffracung position b _
Y s e P d absorption of y-rays and neutrons by crystals, it is

displacing the detector at distance Axt". Similarly, the _
P c y possible to carry out GRD and ND experiments on the

second crystal (sample) is oriented by displacing the _ , _
detector by a distance Ax"”. The second crystal (sample) same  sample. , The resuits of y-N sypthes:s obtained
from data on tne same sample are superior to the results

is then displaced in the scattering plane perpendicular e
to the direct beam by a distance Ax which is determined ot the X-N synthesis™.

by the Bragg angle of the first crystal and the distance
between the two crystals. With St as the first crystal Structural and optical changes in
with distances shown in Figure 2, Ax=16.34 mm. The
first crystal (Si), though otherwise highly perfect, has

internal strains which make its (220) planes have an . . . : .
effective cylindrical curvature about the [111] axis with MaF, is a classic example of antiferromagnetic ordering;
4 the transition takes place at 67 K. In MnF,, the Mn

a radius of curvature of nearly 1000 m. The diffraction . . , .
ions are in special positions and the structure can be

of the direct beam at these curved (220) planes results described in t £ the o/a ratio and the F i osits
in the diffracted beam being collimated to 1.4”. The ESCTIDE SIS OF The c7a Tatia an@ the T 1on posthion

first crystal thus acts like a Soller slit for the second .
crystal. The resultant angular resolution of such a double | S s
crystal set-up is an unprecedented 1” and makes the first crystal §|-5
double crystal diffractometer uniquely useful in certain
situations; some applications will be discussed later.

antiferromagnetic crystals

parameter .

Applications of y-ray diffraction

Absolute structure factors

Using GRD, absolute extinction free structure factors
of Be have been determined'” with an accuracy of 0.5%.
By comparison with theoretical model calculations, good
agreement was observed with the SCF-HF-LCAOQO cal-
culations. Similarly the determination of the absolute
structure factors of Au by GRD’ has made it possible
to differentiate between the relativistic and non-relativis-

tic calculations of form factors.

Anisotropy of structure factors

Using GRD, Kretschmer and Schneider'® could accurately
determine the anisotropy of structure factors of vanadium
metal. Absolute structure factors were determined and  gigure 2. Schematic lay-out of a double crystal y-ray diffractometer
the ratio F,,/F,,, was determined at temperatures from  (ref.14)
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At the para-antiferro transition, MnF, shows a promi-
nent change in the linear optical birefringence. It was
found that the magnetostrictive changes in the lattice
constants cannot account for the observed magnetic
birefringence. However, it would be possible to account
for the birefringence on the basis of the Ewald and
Born theory (see ref. 19) in terms of a small (fifth
place) magnetostrictive change in the u parameter at
low temperatures.

The best X-ray determination®” of the u parameter
(Table 2) gave resulis with fourth place accuracy which
was not sufficient to test the Ewald-Born theory results.
As mentioned earlier, several corrections required in
processing of XRD and ND data become unnecessary
in GRD due to which structural parameters can be
determined with much greater accuracy. Jauch et al®
carried out a GRD determination of # at room temperature
and low temperatures with fifth place accuracy. Their
results are given in Table 2. The change in u obtained
from their results leads to a magnetic birefringence
comparable with the observed birefringence. These results
have been confirmed by an independent GRD study by
Jauch et al?' (Table 2). The time-of-flight neutron
diffraction technique (TOEND) is capable of yielding
structural data with accuracy comparable with GRD,
although it does not have the several advantages that
arise from the short wavelengths of y-rays. Jauch et
al’' determined the u parameter of MnF, using the
TOFND technique. Their value for u (given in Table
2) at room temperature (RT) is comparable with the
GRD value. However, their low temperature (LT) value
differs from the GRD value. This is attributed to the
noncoincidence of the centroid of the electronic charge
distribution (obtained from GRD) and the nuclear po-
sitions (obtained from TOFND) in the antiferromagnetic
state. As a result the Au value from TOFND is less
than that from GRD.

NiF, is another antiferromagnetic crystal isomorphous
with MnF,. Palmer and Jauch® carried out exhaustive
GRD studies on NiF, at RT and LT (in the antiferro-
magnetic state). Their main results are: (i) there 1s a
magnetostrictive shift in # (Table 2) which is similar

. e

to that in MnF, and is consistent with optical birefrin-
gence results, (if) using Stewart’s method®, GRD data
ts used to obtain the atomic charge density (Figure 3)
and (ii1) there is excellent agreement between the cen-
troids of atomic charge density obtained from GRD and
nuclear positions obtained from ND?*,

Mosaicity

Mosaicity is an important aspect of the imperfect state
of a crystal and an important factor in determining
extinction in a crystal. GRD plays a useful role in the
characterization of mosaicity in crystals. The input for
such. studies is the determination of rocking curves,
which are obtained by a step-wise rotation of the crystal
through angle w and recording the counts at every step.

The special advantages of GRD in these studies are as
follows..

a) In a diffraction experiment, the full-width at half
maximum (FWHM) of the rocking curve (A8) con-
tains contributions from the lattice strain (Ar/7) as
well as mosaicity (7). The relation® is

(AG)’ = (Atr/7)* tan’d, + 72, (1)

where 8, is the Bragg angle. In XRD, the first
term 1s comparable with the second whereas in
GRD, because of the very small Bragg angles, the
first term is negligible and, thus, the FWHM of .
the y-ray rocking curve is almost entirely due to
mosaicity. GRD is therefore far superior to XRD
as a tool for characterization of mosaicity.

b) In order to show dynamical diffraction effects, a
defect-free crystal has to have a minimmum size. A
measure of this size is the extinction length ¢

given by'*®

t, = V/(r,FA), (2)

where V i1s the volume of the unit cell, F the
structure factor, 4 the wavelength and r, the classical
electron radius. Due to the relative magnitudes of

Table 2. Values of the fluorine position parameter u in MnF, and NiF, at room temperature and
low temperature

74

Crystal Method Room temp.,
MnF, XRD (ref 20) 0.3050 (2)
GRD (ref. 8) 0,30523 (N
GRD (ref. 21) 0.30492 (%)
ND Gef. 21D 0.30491 (3)
NiF, GRD (ref. 22) (0.30364 (9)
NI (ref. 22) 0.30365 (4)

Ast
[ K 5K u(RT) ~ (LT}
0.30471 (6) §2x 108
0.30443 (8) 49 x {03
0.30480 (2) 1 x10?
0.30326 (8) W x 10"
(.30332 () $3x t0°
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the wavelengths of X-rays and y-rays, ¢, will be
much targer for y-rays than for X-rays. Thus for
a ctystal of thickness #, 2t for X-rays but
t <t for y-rays. Hence, a crystal which appears
perfect when studied with A =1.54 A behaves like
an imperfect crystal when studied with A =0.03 A
(ref. 25). Thus certain aspecté of mosaic state can
be explored only with GRD.

c) As mentioned earlier, because of the negligible
absorption of y-rays, the mosaicity of large single
crystals can be studied without cutting or surface
preparation, Figure 4 shows different volume ele-
ments of a niobium crystal, the corresponding rock-
ing curves and the variation of the halt-width from
one volume element to another'’. Although the
integrated intensity shows some variation from one
volume element to another, the FWHM and, bhence,
the mosaicity is essentially homogeneous.

As mentioned earlier, the double crystal y-ray diffrac-
tometer is more powerful in giving details of the mosaic-
ity because of the high angular resolution. The following
examples are from ref. 15. Figure 5 shows the rocking
curves for a Cu crystal obtained with such an instrument;
it can be seen that the rocking curves are devoid of
any substructure. On the other hand, the rocking curves
for a Nb crystal shown in Figure 6 show considerable
substructure. It may be noted that this is the same
crystal for which a one crystal y-ray diffractometer has
shown rocking curves without any substructure and
without much variation (Figure 4). The rocking curves
for a synthetic FeS, crystal (Figure 7) show a larger
substructure for the (111) and than for the (220) reflection
planes. This indicates that the crystal growth parallel to
(111) lattice planes was perturbed. Figure 8 shows the
double crystal rocking curve of a [111] n-type Si wafer.
An analysis of the broadened rocking curve indicates a
curvature in the (111) planes with a radius of curvature
of 460 m. .

While the '*Au and '*"Ir sources are useful in deter-
mining rocking curves of thick samples, only the “’Sm
source can handle thin samples. Figure 9 shows the
rocking curves of two less than 500 um thick samples
of Hgl, used as X-ray and y-ray detectors. These were
determined with the help of the Sm based y-ray dif-
fractometer’. It is seen that the mosaic structure of the
sample marked grade D is more marked than that of
the grade B sample. Also, the efficiency of the grade
B sample as a detector was found to be better than
that of the grade D sample. Thus, it is possible to link
up detector performance with mosaic structure and use
GRD in quality-control of radiation detectors.

GRD has been used to characterize the mosaicity of
several other crystals like Al, Ge, Be, ice, CaF, and

gypsum.
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Figure 3. Total charge-density in the (110Q) plane of NiF, at room
temperature (ref. 22); p in units of ¢ A7

Domcain structure

The double crystal diffractometer with '"“Ir was used
by Palmer and Jauch?® to study the domain wail orien-
tation in magnetically ordered NiF, which has a Neel
temperature of 73 K. GRD experiments were conducted
at 15 K. The rocking curves for the (110), (110) and
(002) reflections have FWHM of 12”, 16” and 227 at
RT. At 15 K. the rocking curves for the (110) and (002}
reflections broaden (FWHM 38" and 33" respectively)
whereas the {110) rocking curve splits into {wo com-
ponents (Figure 10). Palmer and Jauch® have interpreted
this observation by proposing a zig-zag domain structure
for NiF, (Figure 11).

Extinction models

It has been stated earlier that extinction is very much
less in GRD than in XRD and the sliight amount of
extinction, if present, can be corrected in a comparatively
simple manner. The "’Ir source emits four wavelengths
from 0.0205 to 0.0603 A. The Bragg intensities measured
at these wavelengths may be extrapolated to A=0 to
obtain extinction-free kinematical structure factors trres-
pective of the nature of the extinction process. On the
other hand, by assuming different extinction modeis,
detailed corrections can be applied to these intensities
and the models can be tested. Schneider et al.*’ considered
the problem of primary extinction by studying the thick-
ness dependence of the intensity of y-ray diffracted by
Si crystals with thickness between | and 3 c¢m and
examined the Darwin mode! combined with the assump-
tions of Lorentzian and Gaussian mosaic distributions.
They showed that the primary extinction can be accounted
for by the sum of two Gaussian distributions. Palmer
and Jauch?® determined GRD intensities for a Nik,

CURRENT SCIENCE, VOL. 72, NO. 9, 10 MAY 1997
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crystal using all the four wavelengths of the '’Ir source.
Extinction corrections were applied using different
models. By a comparative analysis, it is pointed out
that for treating secondary extinction, the Zachariasen®
model and the Becker and Coppens’ model®® are much
better than Sabine’s™ model.

Crystal growth studies

The determination of the rate of crystal growth in melt
grown crystals is difficult as the liquid-solid interface
cannot be observed externally due to the opaqueness of
the containers and the surrounding furnace. According

Figure 4. y-ray rocking curves for a Nb crystal (ref. 12), a, Geomelry
and oricntation of the investigated Nb crystal; b, Serics of rocking
curves measured at the (110), refection of the Nb crystal shown in
Figure 4a, P (w) is the Bragg reflected intensity, R the integrated
intensity and FWHM is shown at the base of each rocking curve.
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to the kinematic theory of diffraction, the integrated
intensity is proportional to the diffracting volume. Welter
et al’ made use of this aspect and the negligible
absorption of materials for y-rays, to determine the rate
of growth of a Cu crystal growing in a graphite crucible
by means of GRD (Figure 12a). The intensity of
diffraction from the solidified crystal was determined
as a function of time (Figure 12 b). As the liquid-solid
interface moved up, the intensity increased, finally
becoming constant as the interface swept the entire
beam; the beam height was 10 mm. In this particular
experiment, the growth rate was found to be

2.3x 107 cmys.
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Figure 9. Rocking curves of two thin Hgl, crystals cleaved from a
single crystal (ref. 13).

Other applications

GRD has been employed in the study of several other
interesting problems like the ferroelectric-to-ferroelastic
transition in KDP and RbDP (refs 30, 33), the Jahn-Teller
effect in TmSO, and TbVO, (refs 34, 35), twinning In
KDP*® and pressure-induced structural changes in a-NbD_
(ref. 37).
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Figure 12. GRD experiment to study crystal growth rate (ref. 31). a, Schematic set-up; b, Time-dependence of the integraled intensity of the

(111) reflection of the growing Cu crystal.

Conclusion Langevin Institute at Grenoble (France), the Rutherford
Appleton Laboratory (UK), the University of Missouri,

The principles, special features, experimental details and  Columbia (USA) and Kernforschungsanlage Julich

some applications of y-ray diffraction are discussed. It  (Germany).

is shown that the short wavelength bestows on y-ray More than a dozen laboratories in India have made

diffraction many advantages which do not obtain in notable contributions in the field of X-ray crystal-

X-ray and neutron diffraction, making it a powerful tool lography. Defect characterization of crystals by XRD ix

in structural and defect studies. being carried out at NPL. The contributions of the
At present, y-ray diffractometers are avaituble at the  BARC group in the ficld of neutron diffraction are
Hahn-Meitner Institute at Berlin (Germany), the Lauc- internationally recognized. However, GRD fucilities are
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Evaluation of water quality index of the
river Cauvery and its tributaries
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Water quality of the river Cauvery and its tribu-
taries — Arkavathi and Vrishabhavathi — was assessed
by using Bhargava’s water quality index. Significant
seasonal variation was revealed by the spatially
measured physico-chemical characteristics. The water
quality index is categorized as class III (satisfactory
range) for the Cauvery and Arkavathi rivers and class
IV (poor range) for the Vrishabhavathi. The spatial
homogeneity of quality was determined by using
Duncan’s multiple range test.

Tue Cauvery river system, revered as the Ganges of

640

Southern India, is of great economic importance as apart
from being the main source of drinking water, it is
utilized for industrial and agricultural purposes. It has
been subjected to rapid deterioration over the years due
to increasing poliution stress from various sources.
Cauvery’s sub-tributary Vrishabhavathi receives most of
the urban wastes generated in Bangalore City before
joining the river Arkavathi, which finally joins Cauvery.

Physico-chemical and biological studies on the river

Cauvery have been undertaken'™. However, rivers
Arkavathi and Vrishabhavathi have received httle
attention.,
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