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decomposition of crystals. The ML of irradiated alkali halide
crystals was reported for the first time found the increase in
ML intensity of NaCl and KCl crystals with the irradiation
doses, thickness of the crystals and with the applied pressure.
The ML emission during deformation of colored alkali halide
crystals[1]. The linear dependence of light emission on the
strain-rate in X-irradiated KBr, NaCl and LiF crystals was
observed [2-3]. The decrease in ML intensity with increasing
rate of compression was reported [4]. It has been shown that
the ML occurs in most of the cases due to the recombination
of free electrons with the luminescence centers [5-6]. Several
workers have reported the dislocation movement to be
responsible for the ML excitation in colored alkali halide
crystals the ML spectra of   irradiated alkali halide
crystals are similar to the luminescence excited by high
energy radiation [6-12]. The decay curve of the electric
current produced during plastic deformations of non-irradiated
KCl crystal and the decay curve of the ML produced during
deformation of the irradiated crystals are of the same form
[13]. The ML is produced in colored alkali halide crystals
during the application of pressure as well as during the release
of applied pressure. The dependence of ML and thermo
luminescence on the strain of irradiated KCl crystal. ML
excited by 1060 nm Nd glass laser beam is similar in spectra
to the ML excited by plastic deformations of X-or  irradiated alkali halide crystals. The correlation between the
ML and thermo luminescence of  -irradiated KCl crystals.
The effect of annealing in chlorine gas on the ML of X-rays
KCl crystal. The mechanism of ML excitation in colored
alkali halide crystals. An attempt to explain the process of ML
excitation in  -irradiated KCl crystal. Certain characteristics
of the luminescence stimulated during mechanical
deformations of colored alkali halide crystals.[14-24]

Abstract
The first peak in the Mechanoluminescence(ML) intensity
versus time curve occurs in the deformation region of the
crystals which is primarily due to the recombination of
dislocation electrons with the V2-centres. The occurrence of
second peak in the post deformation region of the crystals
may be understood as follows. In alkali halide crystals there
are deep surface states. The absorbed ions, for instance can
play the role of such traps. Calculations performed within the
model of point ions show that the electron traps on potassium
ions absorbed into the KCl (100) perfect surface and near a
step are located at 4.27 and 4.01 eV, respectively, from the
bottom of the conduction band. Since the dislocation accepter
band in the KCl is situated at approximately 2eV below the
conduction band bottom, the recombination between deep
traps and the electrons carried by dislocation the KCl surface
can cause the Auger ionization of other dislocation electrons
to the conduction bottom. Thus, if the shallow traps near the
conduction band of the crystal may be populated during the
process of Auger ionization of the electrons, then the
subsequent thermal stimulation may transfer electrons from
the shallow traps to the conduction band. Later on the
recombination of electrons with V2-centres in the crystal may
give rise to the delayed luminescence where the delay time
will depend on the life time of the electrons in the shallow
traps.
An expression is derived for the time dependence of the ML
intensity in colored alkali halide crystals, which suggest that
there should be two peaks in the ML intensity versus time
curves of the crystals, where one peak should be in the
deformation region and the other should be in post
deformation region in the crystals. The expression for
t m , I m , t m , I m andIT are derived
1

1

2

2

The plastic deformation of alkali halide crystal produces
luminescence, whether the crystals being deformed are
colored or not and also on the method of introducing the color
centers. The intense ML in alkali halides exists only in
crystals containing electron and hole centers. The emission
arises at the elastic deformation stage, at stresses which are
significantly less than the yield strength. As the stress
increases, the intensity of ML grows rapidly and at stresses
exceeding yield stress, the saturation occurs. A linear
dependence has been observed between the intensity of ML
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INTRODUCTION
Mechanical deformation of ionic crystals leads to the
excitation of their electron subsystems which is accompanied
by a number of non-equilibrium electron processes such as the
emission of electrons, luminescence, and flashes of high
temperature radiation, formation of color centers and
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and the number of F-centers which have disappeared during
deformation. The positions of the ML spectrum peaks are
identical to the positions of the emission bands observed when
electrons are captured on impurity centers.

luminescence in colored alkali halide crystals are as described
below –
TEMPORAL CHARACTERISTIC OF ML
Fig. 1 shows that when a  -irradiated KCl crystal is
deformed by the impact of a moving piston, then the ML
intensity versus time curve possesses two peaks. The
intensities of both peaks increase with the impact velocity of
the piston. The times t m and t m corresponding to the

The plastic deformation in colored alkali halide crystals on
ML have been studied in the most of the works, where all the
characteristics of ML have been well understood
experimentally and theoretically. Recently, the fracto
stimulated luminescence in colored alkali halide crystals have
been studied in detail experimentally in our group and some
interesting results have been obtain [5,12,15-19,26-27]

1

There is no theory which is able to explain the dependence of
fracto-stimulated luminescence intensity on several
controlling parameters till date. The present chapter proposes
a theory of the fracto-stimulated luminescence in colored
alkali halide crystals which is able to explain the dependence
of ML intensity on strain-rate, stress, temperature, dopant
concentration, annealing temperature, storage time, irradiation
doses etc. The theory is also able to explain the efficiency,
spectroscopy and the kinetics of ML.

1

faster with the impact velocity as compared that of I m , the
2

intensity corresponding to the second ML peak. The first peak
lies in the deformation region of the crystal, however, the
second peak lies in the post deformation region of the crystal.
STRAIN-RATE CHARACTERISTIC OF ML
Fig. 2 shows that both I m and I m increases non-linearly
1
2
with increasing strain rate or impact velocity of the piston
I m does not saturate for higher values of the strain-rate or

CHARACTERISTICS OF FRACTO-STIMULATED
LUMINESCENCE IN COLOURED ALKALI HALIDE
CRYSTALS
The

important

characteristics

of

size

2  2  1 mm , nF  10 cm
3

17

1

impact velocity (

-3

v o ),

however,

Im 2

gets saturated for

higher values of v o . It is evident from Fig. 3 that I T initially

fracto-stimulated

Fig .1 Time dependence of the ML intensity of

2

first and second ML peaks, respectively decreases with the
increasing impact velocity of the piston. It is seen that the ML
intensity I m , corresponding to the first ML peak, increases

 -irradiated KCl crystals for different strain-rates or impact velocity (crystal

) increases and then tends to attain a saturation value for higher values of the impact

velocity. Fig. 4 shows that both t m and t m decreases with increasing impact velocity
1
2
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of the piston.
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THERMAL CHARACTERISTIC OF ML
It is seen from Fig 5 that in the temperature range from room
temperature to 85oC, I m , increases with temperature,
1

however

Im 2

decreases and tends to disappear around 85oC.

Fig 6 shows that both

t m1

and

tm2

decreases with

increasing temperature of the crystals.
COLORATION CHARACTERISTIC OF ML
Fig. 7 shows that I m , I m and I T depend linearly on the
1
2
density of F-centre in the crystals.
CRYSTAL-SIZE CHARACTERISTIC OF ML
Fig 8 shows the dependence of

I m1

, on the size of the

crystals. It is seen that I m increases linearly with the area of
1
cross-section of crystal, however, Fig. 9 shows that both
I m and I T increases linearly with the mass or volume of
2

the crystals.

Fig. 2 Dependence of ML intensities of peak 1 and peak II or
 -irradiated KCl crystals on different strain-rate or impact
velocity
impact
velocity
(crystal
size
3
17
-3
2  2  1 mm , n F  10 cm )

SPECTRAL CHARACTERISTICS OF ML
Fig. 10 shows the ML spectra of  -irradiation KCl and KBr
crystals. It is seen that within the limit of experimental error.
The ML spectra are similar to the thermoluminescence (TL)
and lyoluminescence spectra of the crystals.

Fig. 4 Dependence of
impact

Fig. 3 Strain-rate or impact velocity dependence of total ML
intensities IT of  -irradiated KCl crystals(crystal size
2  2  1 mm 3 , n F  1017 cm -3 )

velocity

for

t m and t m
1
KCl

2  2  1 mm , n F  1017 cm -3 )
3
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2
crystals (crystal size
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Fig. 7 Variation of ML peak intensities

Im , Im

and total
1
2
ML intensity IT with density of F-centers (crystal size
2  2  1 mm 3 , n F  1017 cm -3 )

Fig. 5 Time dependence of ML intensities of  -irradiated
KCl crystals at different temperature (crystal size
2  2  1 mm 3 , n F  1017 cm -3 )

of  1
irradiated KCl on the area of cross-section A of the crystals
17
-3
( n F  10 cm )

Fig. 8 Dependence of the ML peak intensities
Fig. 6 Temperature dependence of t m
1
crystals (crystal size

and t m

2

for KCl

2  2  1 mm 3 , n F  1017 cm -3 )
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Fig. 9. Dependence of the IT and I m of
1

 -irradiated KCl on the area of volume of crystals. ( n F  1017 cm -3 )

Fig. 10: Mechanoluminescence after-glow and thermo luminescence spectra or
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 -irradiated KBr and KCl crystals.
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centers. The occurrence of second peak in the post
deformation region of the ML intensity versus time curve may
be understood as follows. In alkali halide crystals there are
deep surface states. The absorbed ions, for instance can play
the role of such traps. Calculations performed within the
model of point ions show that the electron traps on potassium
ions absorbed into the KCl (100) perfect surface and near a
step are located at 4.27 and 4.01 eV respectively from the
bottom of the conduction band (Davison and Levine 1978).
Since the dislocation accepter band in KCl is situated at
approximately 2eV below the conduction band bottom [17],
the recombination between deep traps and the electrons
carried by dislocation on the KCl surface can cause the Auger
ionization of other dislocation electrons to the conduction
band bottom. Thus, if the shallow traps near the conduction
band of the crystal may be populated during the process of
Auger ionization of the electrons, then the subsequent thermal
stimulation may transfer electrons from the shallow traps to
the conduction band and the recombination of electrons with
V2 centers in the crystal may give rise to delayed

THEORY OF ML IN COLOURED ALKALI HALIDE
CRYSTALS
The linear relation between ML intensity and density of color
centers, dependence of ML intensity on the number of newly
created dislocations, decrease in color centre density after
deformation, drastic decreases of ML intensity after
interruption of deformation, correlation of ML with exoelectron emission, similarity of ML spectra with F-stimulated
luminescence and intra-centre luminescence spectra, etc.
indicate the involvement of dislocations and color centers in
the ML excitation process in coloured alkali halide crystals
[12,14,16-17,20].
Several dislocation models for the ML excitation in colored
alkali halide crystals. These models are dislocation
annihilation model, dislocation defect stripping model,
dislocation unpinning model dislocation electrostatic
interaction model and dislocation mechanical interaction
model. The dislocation mechanical interaction model has been
found to be more suitable for the ML excitation in colored
alkali halide crystals. According to the dislocation mechanical
interaction model, the moving dislocations interact with the Fcenters and capture electrons from the latter defects. Later on,
the moving dislocation containing electrons encounter with
hole centers whereby the radiative electron-hole
recombination may give rise to luminescence.[16]

luminescence where the delay time will depend on the lifetime of the electrons in the shallow traps.

DEFORMATION
POPULATION
OF
THE
DISLOCATION BAND IN COLOURED ALKALI
HALIDE CRYSTALS

The comparison of the ML spectra with the spectra of other
types of luminescence in X or  -irradiated pure alkali halide
crystals and it has been proved that the ML arises due to the
recombination of electrons from F-centers with the holes in
V2 centers [18,20]. This is confirmed by the fact that pure

In alkali halide crystals, the dislocation band lies just above
the F-centre level where the energy gap between the bottom of
the dislocation band and the ground state of an F-centre is of
the order of 0.10 eV [15-17]. Near an edge dislocation, some
of the F-centers lie in the compression region and some of
them lie in the expansion region. As the energy gap between
two levels in alkali halide crystals decreases with decrease in
the local density of the crystals , the energy gap between
dislocation band and F-centre level may increase in the
compression region due to the increase in local density of the
crystals however, it may decrease in the expansion region due
to the decrease in local density of the crystals. Within a
certain distance between the dislocation and F-centre, the
energy difference between dislocation band and F-centre level
may be comparable with kT and, therefore some of the Fcentre electrons may jump to the dislocation band or, in other
words, the F-centre electrons in the expansion region may be
transferred to the interaction dislocation [28].

additively colored alkali halide crystals do not show ML
during their plastic deformation due to the absence of holes
schematically, the ML process can be described by the
following equations:

F  D  e d  



------------(A)



V2  X   X   X  e d  3X   h  D
------------(B)
where F and D represent F-centers and dislocation
respectively, e d is the dislocation electron i.e. the electron

We can get an idea of the dislocation capture probability

captured by dislocation [-] is the negative ion vacancy, X is
halogen ion, X is the self-trapped hole.

pF

of interacting F-centre electrons, in the following way. The
energy E r of the optical transition corresponding to an Fcentre is a function of the local density and for the expansion
region of an edge dislocation it may be given by.

In X- or  -irradiated impurity doped alkali halide crystals,
some of the holes may be in impurities and their
recombination with the dislocation electrons may induce the
impurity emissions [15].

 b(1  2 ) sin  
E r  E o 1 
r 
 2 (1  )

The first peak in the ML intensity versus time curve occurs in
the deformation region of the crystals is primarily due to the
recombination of dislocation electrons with the V2  type

where  is the Poisson’s ratio, r is the radius vector of the
point at which an F-centre is located, measured
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perpendicularly from the dislocation line,
between this vector and slip plane,
high value of r, and

Eo

 is the angle

is the value of

E r for

 n F rF1  n F rF PF

b1   2 
b

PF 

1
1   2 

 is a constant. For KCl crystal,
o

E o  2.29 eV,  = 1.14, b = 4.44 A and   0.17

where

.

Thus, the average change in the ground state energy
o
E o  E r for r  5 A , comes out to be nearly 0.1eV.



g

-----(4)

, is the dislocation capture

probability of the F-centers electrons.



We may assume that 1 , will be of the form

This fact shows that the ground state energy of the interacting
F-centers is lifted towards the conduction band and
consequently the energy gap between the bottom of the
dislocation band and interacting F-centre decreases. Thus, the
electrons of the interacting F-centers may acquire a significant
probability of jumping to the dislocation band.

  E  E a  
1  1 exp  a

kT


where

o

is a constant and

E a is

energy gap between the

Consider crystals having Nd dislocations of unit length per
unit volume. If Vd is the average velocity of the dislocation,

dislocation

then in time dt each dislocation will move a distance Vd dt . If

and average energy level of the interacting F-centers

rF

Assuming

is the radius of interaction of a dislocation with F-centers,

then the volume of interaction per unit time will be
N d Vd rF . If n F is the density of F-centers, then the rate of

of crystals,

where


rF n F
b

-------(1)

  N d Vd b , and b is the Burgers vector.
Let us assume that the average energy

Ei

For

the

where

interacting F-centre to the normal state, then we have

 n F rF
 1  exp 1   2 t
b1   2 



DERIVATION
INTENSITY



1   2 t  1, i.e. in equilibrium, we get

ni 

 n F rF
b1   2 

is the energy required to remove

OF

AN

EXPRESSION

FOR

ML

When a crystals is deformed at a slow strain-rate, no fracture
of crystals takes place during the elastic and plastic
deformation and therefore, the surface to volume ratio is less,
and consequently the number of deep traps occurring at
surface may be negligible. However, when the crystals is
deformed impulsively, the crystal fractures into several parts
and thereby the surface to volume ratio increases and
consequently the number of deep traps may be comparable to
the number of hole centres. It is to be noted that the deep traps
in alkali halide crystals are produced due to positive ions
absorbed into the (100) surface and the near the steps .

-------(2)

For

Ea  Ea 

-------(5)

an electron from the interacting F-centre into the dislocation
band.

dn i 
 rF n F   1 n i   2 n i
dt
b



may be expressed as

  E  E a  
1
PF 
exp  a

2
kT



transfer of interacting F-centers electrons to the dislocation
band and  2 is the rate constant for dropping back of the

ni 

to be independent of the temperature

 2  1 , we get

interacting F-centers lies in between the dislocation band and
normal F-centre level. If 1 is the rate constant for the

or

PF

2

 E  E a 
1 exp  a

kT


PF 
 E  E a 
1 exp  a
  2
kT



interaction of dislocations with F-centers may be given by

g i  N d Vd rF n F 

band and normal F-centre level and
is energy gap between the dislocation band

E a  E a 

-----(3)

For low deformation of the crystals, the number of
dislocations produced is directly proportional to the strain
(Hull 1975). However, when the crystals is deformed to a
large extent, the multiplication factor M, correlating the
number of dislocations produced and the strain, increases with

Thus, in equilibrium the rate of transfer of electrons
from interacting F-centers to the dislocation band or the rate
of generation of dislocation electrons may be given by
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dN d Mv o
  v o 

exp
t
dt
H
 H 

the deformation of the crystals .
When a moving piston impacts into a crystal with an initial
velocity Vo, then its velocity at any time t may be expressed
by the following equation .

 v
v  v o exp  o
 H

dN d Mv o

exp t 
dt
H

or


t


-------(6)
where

 is a constant and H is the thickness of the crystals.
dx
Since v 
, where dx is the compression of the crystals in
dt



where

follows the relation (Chandra et al 1986).

  v o 
dx  v o exp
t dt
 H 

 v
1 1

exp  c
 o
 vo

-------(7)

Integrating the above equation, we get

H
  v o 
exp
t  C

 H 

where
------(8)

H
 Vo
exp
 H


or

velocity

 H
t 
 

H
  v o
x  1  exp

 H


t 


on the

-

x 1
  v o
 1  exp
H 
 H

-----(13)

is a constant

vo

vo

similarly as the maximum strain

------(9)
where

Mo

and

vd





are constants. Thus, from equations

(6.7) and (6.9) we have


t 


  vd
dN d M o v o

exp
dt
H
 vo

------(10)


 exp t 


If

piston will stop after some time. It is evident from equation

of F-centers excited by a dislocation is

 1
 
 

d

is the mean free path of dislocations, then the number

produced by the deformation of crystal during the impact of
piston with an impact velocity v o .

g   d PF n F

dN d
dt

If M is the multiplication factor, then from equation
(9), the number of dislocations N d produced may be given

Substituting the value of

dN d
dt

by

M
  v o 
1  exp
t 

 
 H 

-----(15)

 d PF n F rF

.

Therefore, the rate of generation of electrons in the dislocation
band may be expressed as

will give the maximum value of the strain,

N d  M 

depends

-----(14)

When a crystal will be deformed impulsively by the
impact of a piston moving with an initial velocity v o , then the

(10) that

 1
 
 

(shown in equation 13). Thus, we get

  vd
M  M o exp
 vo

The stain of the crystals may be given by



vc





Since M changes with the deformation of the
crystals. We may assume that M depends on the impact

where C, is the constant of integration. At t = 0, x = 0 and
therefore C  H /  , Thus equation (8) may be written as

X

v o
H

At high strain-rate, M increases with the strain of the crystal.
It has been found experimentally that the maximum strain
1/  also increases with the initial impact velocity v o and

time dt, equation (6) can be written as

X

--------(12)

g   d PF n F
--------(11)
or

From the above equation, the rate of creation of dislocations
per unit time is given by
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from equation (15), we get

  vd
Mo vo
exp
H
 vo

g  g o exp t 


 exp t 

-----(16)
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where

go 
If

  vd
1
 d PF n F M o v o exp
H
 vo

1





electrons in shallow traps increases because of the several
steps of transfer of electrons from the decreases due to
recombination of electrons with holes. Thus, we have

-----(17)

d n 2    1" n1dt   2 n 2 dt

is the rate of transfer of electrons from

dislocation band to other centers, then we have

dn1  g o exp t dt   1n1dt
where

n1

 1'

1

of the

d n 2    2 n 2 dt 

n1

from equation (20) in

 1" g o
exp t   exp  1t  dt
1  





----(22)
Integrating equation (22) and taking the initial condition as
n 2  0 , at t = 0, we get

-----(19)

In the case of colored alkali halide crystals, the rate
constant  1 , is inversely related to the lifetime of the
electrons in the dislocation band i.e.

is the rate of recombination of the

equation (21) we get

dislocation electron transfer to the shallow traps near the
conduction band (which involves several steps as discussed
previously). Thus we have

 1   1'   1"

2

Substituting the value of

of the dislocation electron transfer to the

 1"

is the number of electrons in the shallow traps at

electrons from shallow traps with the hole containing centers.

includes both, the

centers containing holes and the probability

n 2

any time t and

is the concentration of electrons in the

dislocation band at any time t,
probability

where
-----(18)

 exp(t )
exp(1t )
exp( 2 t ) 
n 2  g o 1" 



 (  1 )(   2 ) (  1 )(   2 ) (   2 )(1   2 ) 

 1  1 / 1 ,  1 may

be given by

----(23)

1  1 N1v d   2 N 2 v d
where

1

and

2

Luminescence is produced during the recombination of
dislocation electrons with the centers containing holes and
also during the release of electrons the shallow traps and their
subsequent recombination with hole containing centre. Thus,
the luminescence intensity I may be written as

are capture cross-section of holes and

deep traps, respectively, N1 and N2 are densities of holes and
deep centers, respectively, and v d is the velocity of
dislocation electrons which may be taken to be equal to
average velocity of the dislocation as the dislocation electron
move with the dislocation v d is constant during impulsive

I  I1  I 2

where

n1  0

1

and

2

I

get

n1 

go
exp 1t   exp t 
  1 

n1

and

n 2

from equation

(20) and (23) in equation (24) we get

, at t = 0, we

go
exp t   exp 1t 
1   

-----(24)

are the probability of radiative electron-

By substituting the value of

n1 



hole recombination.

constant during impulsive deformation of the crystals.
Integrating equation (18) and taking



I   1' n11   2 n 2 2

or

deformation of crystals. When the crystal is deformed
impulsively, then the system is under high stress at which the
velocity of dislocations saturates or, in other words, it attains a
saturation value. Thus,  1 may be considered to be a

1g o 1'
exp 1t   exp t  
  1 


 2 g o 1" 2 





or

-----(21)

or

I  g o 

exp 1t 
exp  2 t  
exp(t )


  1    2    1 1   2     2 1   2 

 2 1" 2



11'


 exp(t )


   1    2    1 



 2 1" 2
 ' 
 1 1  exp(1t )
   1 1   2    1  

 g o 

-----(20)




 2 1" 2
 exp( t )
2
   2 1   2 


+ g o 

For simplification of the problem, it is assumed that most of
the dislocation-captured electrons reaching the deep traps
cause an Auger process and ionize electrons from the
dislocation band which reach the conduction band and then
subsequently get trapped in the shallow traps. The density of

or
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I  g o A exp(t )  B exp(1t )  C exp( 2 t ) ---(25)
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where





 2 1" 2
 '
 1 1 
   1     2   1 

A  

B






2  1" 2



For



   1 

  1  1   2  

1 1'

Estimation of t m
1

(i)





1     2 ,  1'   1 ,  1"   1'




 2 1" 2

C
   2 1   2 

B
C



For maximum value of I, dI/dt is equal to zero. Therefore,
differentiating the equation (25) and equating it to zero, we
get

and then the value of A, B and C

1 1'   2  1" 2
 1



or

-----(27)

 12
2  1" 2
 1



dI
 g o A exp t    1B exp 1t   0
dt

-----(26)

1 1'  1  2  1" 2

 1B exp  1t   A exp t 

1

t m1 

B 1
1
In
 1 A

t m1 

1 is the

1  1 N1v d
1 and N1 are the capture cross-section and density of
the recombination centre (holes), respectively and v d is the

1

1  1 
In 
1   

is independent of strain-rate, the term

where

rate of the crystals.

velocity of the dislocation electrons which is equal to the
17
3
velocity of dislocation. For N 1  10 cm
,
1  10 15 cm 2 and v d  10 4  10 5 cm s 1 , in the

(ii)

equal to

10  10 sec
6

As

2

7

1

1

-----(31)

1
does not affect the value of t m . As    v o / H  it
1
increases with the strain rate. With increasing value of  , the
ratio  1 /   decreases, but being in a logarithmic term,
only a slight change in the value of t m will take place.
1
Thus, t m should decreases slowly with increasing strain
1
As

rate constant for the recombination and it is given by

case of impulsive deformation

-----(30)

Substituting the values of A and B from equations
(26) and (27) in the above equation, we get

During the deformation of crystals at high strain-rate,
dislocations move with high velocity and it has been found
that  lies in between 1.2 and 1.5 for KCl crystal ). In the
experimental investigation being made in our laboratory, for
1
the highest value of v o  280 cm sec , and for the
thickness for the crystal H = 0.1 cm., the highest value of

H

-----(29)

Taking logarithm on both the sides and substituting t
= t m , we get

-----(28)

v o  , comes out to be 3  103 sec 1 . 



I  g o A exp t   B exp  1t 

ESTIMATION OF t m , I m , t m , I m AND IT
1
1
2
2



in equation (25) and I may therefore be

expressed as

may be expressed as.

A



C exp  2 t 

In the case of colored alkali halide crystals, we
assume  to be greater then  2 but less than  1 . Thus we

1     2

1  2 ,

and value of A and B are much greater than C. equations
(6.26), (6.27) and (6.28). For low value of t,
exp  2 t  1 , thus we can neglect the term,








assume

and

Estimation of I m
1

Substituting the value of

t m1

from equation (31) in the

following equation





I  g o A exp t   B exp 1t 

comes out to be nearly

.[19]
and taking

is the rate constant for the detrapping of the

I  I m1 , we get


   
 

I m1  g o A exp  In 1   B exp  In 1  

 
 1  


shallow traps, its value will depend on the trap-depth and the
temperature of crystals.
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 1  2 1" 22 
A
exp


 In
' 2 
  1 1 


 go 
" 2 
 1  

 C exp In 2 1' 22 

  1 1 

The solution of above equation, gives

I m1

g o 1 1'

1

I m2

-----(32)

The above equation indicates that I m should increase with
1
increasing strain-rate or impact velocity of the piston used to
deform the crystal, as g o increases with increasing value of

The solution of the above equation gives

v o (equation 17).

Im 2

Estimation of t m
2

(iii)

When t is large,

As

exp(  1t )  o, ,

since

 1 is



dI
dt

depends on the strain-rate, the above equation

is equal to zero. Therefore,



(v)

Estimation of total ML intensity IT

The expression for the total ML intensity IT can be written as




A exp t    2 C exp 2 t 

I T   Idt
0

Substituting the value of I from equation (25) in the above
equation, we get

----(33)

Substituting the value of A and C from equation (26) and (28),
we get

I T  go 

  2 1" 2  11'  
 2 1" 22
  2 t 

 exp t  
1
1



or

Taking logarithm both sides and substituting t

 t m , we get

1  2 1" 22
 In
 111 2



0

A expt   B exp1t   C exp 2 t dt

A B
C
IT  g o  


  1  2 

Substituting, the value of A, B and C from equations
(26), (27) and (28) above equation, we get

 1 1' 2  1" 
IT  go 


 1 
  1

----(34)

Since the pre-exponential factor will be dominating, it is
evident from equation (34) that t m should shift towards

IT 

or

2

shorter time values with increasing strain-rate or impact
velocity of the piston.
(iv)

Estimation of

from equation (34) in the



go
11'   2 1"
1



 1     2 , I T

IT 

t m2

following equation and taking



As

I m2

Substituting the value of

should increase with the strain-rate or

2

dI
 g o A exp t    2 C exp  2 t   0
dt

tm2

I m2

rate as compared to that of I m .
1

differentiating the above equation and equating it to zero, we
get

or

-----(35)

impact velocity. However, as  also depends on the strainrate, the value of I m should increase slowly with the strain

I  g o A exp t   C exp 2 t 
For maximum value of I,

go

indicates that

very high.

Thus equation (25) for I becomes



g o 2 1" 2

1



go
11'   2 1"


is given by



It is evident from the above equation that

I  I m 2 , we get

-----(36)

IT

should also

increase with increasing strain-rate or impact velocity of the
piston.



I  g o A exp t   C exp  2 t 

From equations (17), (32), (35) and (36), the value of
I m , I m and I T for a crystal of volume V may be
1
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expressed by the following expression :

I m1

will be comparatively less effective).

 is considerably independent of temperature and
1 , 1" and  2 increase with temperature of the crystals, a
significant change in the value of t m should be observed
2
Since

g o 1 1' V

1

or

with increasing temperature of the crystals (equation 34).

I m1

11'

A d PF n F rF M o v o exp( v d / v o )
1

It is evident from equation (37) that the temperature
dependence of I m , for a given value of vo and n F should
1
obey the relation

----(37)

I m2 

PF  PFo exp E a / kT  . This equation

shows that when the temperature of a crystal will increase,
I m should increase with the temperature of the crystal.

g o 2  1" 2 V

1

 1

However, as the temperature of the crystal increases, the
thermal bleaching of F-centers also takes place and
consequently I m may gradually decrease and finally

or

1

Im 2 

 2 1" 2
1 o

disappear at higher temperatures. Thus, it seems that

 d PF n F rF M o V exp( v c  v d ) / v d )

should be optimum for a particular temperature of the crystals.
It is seen from equation (38) that

-----(38)



g V
I T  o 1 1'  2  1"


I m1





I m2

depends on

2 , PF , n F and 1" 2 /(1 o ), PF , 1 and  2 increase



2 and nF decreases with increasing temperature of the
crystals.
and

or

  '  21"  d PF n F rF M o v o exp(v d / v o )
IT  1 1

temperature (nearly up to 85oC),

or

temperature. Since the detrapped electrons from shallow traps
may get exo-emitted at higher temperature, 2 may decrease

It has been found that where as

v o / H 


11'   2 1" v d PF n F rF M o exp( v d / v o )
IT 

and consequently

temperature dependent,



Substituting the value of
the above equation, we have

IT

 

1

'
1



  2 1" Vd PF nF rF M o

o

EFFECT

OF

I m1 , I m 2

AND IT

From

1/ 

equation

TEMPERATURE

(31),

t m1

ON

 
 1 /  In 1 


,

I m2

decreases with

decreases. Since

I m2

2

is strongly

starts decreasing above room

Later on, the thermal bleaching of F-centers will take place,
with increasing temperature of the crystal. Therefore, I T





t m1 , t m 2

increases with

temperature. Since I T is directly related to n F and PF
(equation 39), it should initially increase with temperature due
to increase in PF with increasing temperature of the crystals.

from equation (13) in

  v  vd
exp   c
  vo

I m2

I m1

should initially increase, attain, a maximum value at a
particular temperature, and then it should gradually decrease
and finally disappear at higher temperature of the crystals.

,

COMPARISON BETWEEN THE THEORETICAL AND
EXPERIMENTAL RESULTS

where

The above discussed theory shows that when the ML is
excited impulsively by deforming a crystal by the impact of a
moving piston on it, then there should be two peaks in the ML
intensity versus deformation time curve of the crystals, where
the first peaks should be in the deformation region of the
crystal and the second peak should lie in the post-deformation
region. Fig. (1) shows that when a  -irradiated KCl crystal is
deformed by the impact of a moving piston, then the ML

1  1 /  , is the life time of electrons in the dislocation
band. Since 1 decreases with increasing temperature of the
crystals, t m
should decrease with the increasing
1
temperature of the crystals (as the change in In 1  term
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intensity versus time curve possesses two peaks. The
intensities of both the peaks increase with the impact velocity
of the piston and the time t m and t m corresponding to
1

tm2

2

the first and second peaks, respectively, decrease with the
increasing impact velocity of the piston. The first peak lies in
the deformation region of the crystal, however, the second
peak lies in the post deformation region of the crystal.
The expressions derived for I m ,
1

I m 2 and I T

The above equations for

Im 2 

1 o

by the strain-rate. As a matter of

IT 



o

vo



1

that

t m2

should

2

expected

Equations (A) and (C) indicate that for a given value
of nF and Vo , I m , and I T are directly related to PF , which
1

increases non-linearly with increasing strain-rate or

is

impact velocity of the piston and it does not saturate for
higher values of the strain-rate or impact velocity. It is seen
from equations (B) and (C) that I m and I T depend on the

a

temperature

dependent

  E a  E a 
PF  PFo exp 

kT



2

,

quantity.
both

Since

I m1 and I T

should increase with temperature of the crystals. However, as
the temperature of the crystal increases above the room
temperature, thermal bleaching of F-centers begins and it
gradually increases as the temperature of the crystal rises.
Thus, both I m and I T should initially increase with

Equation (B) and (C) show

and I T
should attain saturation value. It is evident from Figs. 6.2 and
6.3 that I m and I T initially increase and then tend to attain
2
a saturation value for higher values of the impact velocity.
Thus there is a good correlation between the theoretical and
experimental results related to the observed behavior of I m ,

I m2

1

temperature, attain optimum values, and then gradually
decrease and finally disappear at higher temperatures. It is
observed from Fig. (5) that in the temperature range from
room temperature to 85oC, I m and I T both increase with
1

temperature. Thus, up to the observed temperature range,
I m and I T depend on temperature in the manner predicted

1

I m 2 and I T .

1

by equations (A) and (C). It is seen from equation (B) that
2 , PF , n F
depends
on
and
Im

The expressions derived for t m and t m , i.e. the time
1
2
corresponding to first and second peak of ML, are as follows:

t m1 

with the strain-rate. Therefore,

from the theoretical expressions for
t m1 and t m 2 . Thus, in this case also the experimental
results match satisfactorily with the theoretical results.

  vd 
 , which is a non-linear function
exp
v
 o 
I m1 with v o . It is seen from Fig. (2), shows that

that, after a particular velocity of the piston,

t m2

decrease with increasing strain-rate or impact velocity of the
piston. As shown in the Fig. 4, the variation in the values of
t m and t m with strain-rate or impact velocity is similar to

the function v o

  v c  v d  
function exp 
.
vo



. As an increases with



value of




It is seen from equation (A) that values of I m depends upon
1

I m1

t m2

increasing strain rate or impact velocity, the value of the term
1 /  will decreases and this results in a decrease in the

----(C)

correlating

and In  1 /  

2

affect much the values of

V d PF n F rFM o exp  v c  v d 

 

t m2

decrease slowly with increasing strain rate or impact velocity.
In the expression for t m , the logarithmic term does not

 v  v d  
 d PF n F rF M o v o exp  c

vo



  2 1"

suggest that

In 1/  is affected
the fact, t m should
1

rate. Thus, only the second term i.e.

----(B)

11'

t m1 and t m 2

. It has been described previously that a increases
considerably with increase in the strain-rate or impact
velocity. The first term 1 /  1 is independent of the strain-

are given by

----(A)

 2 1" 2

--------(E)

is directly related to the product of 1 /  1

g o 11' V 11'

A d PF n F rF M o v o exp( v d / v o )
1
1

I m1 

1  2 1" 22
 In
 11 2

1  1 
In  
  



2

 1" 2

 /   , P

2 and n F

--------(D)

1 o

F

and

2

increase

and

decrease with increase in temperature of

crystals. It has been found that where as increases with
temperature (nearly up to 80oC), I m decreases with
2
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temperature. Since the detrapped electrons from shallow traps
may get exo-emitted at higher temperature, 2 may decrease

I m2

and consequently,

may decrease,

I m2

decrease, due to decrease in the value of

2 is

temperature. Since

I m2
2

between the theoretical and experimental results.

may also

nF

CONCLUSIONS

with

(i)
The fracto stimulated luminescence in colored alkali
crystals has dislocation origin, in which the dislocation
moving during deformation of the crystal capture electrons
from the F-centers and transport them to the hole containing
defect centers, where by the radiative electron-hole
recombination gives rise to luminescence.

strongly temperature dependent,

starts decreasing above room temperature. It seems that
is more temperature sensitive as compared to 1 .

It is found experimentally that

I m2

(ii)

decreases with the rise in

the temperature of the crystals and it disappears around 85 oC.
Thus, the experimentally observed temperature dependence of
I m , I m and IT match satisfactorily with that predicted by
1

The formula for the fracto ML intensity I derived

I  g o A exp( t )  B exp( 1t  C exp(  2 t )

2

where

the theoretically derived expressions (A), (B) and (C).

t m1 and t m 2

It is seen from equation (D) that both
inversely related to

1 .

1 1'   2  1" 2
A
 1

are

Here, we do not consider the

logarithmic terms because its effect on t m is comparatively
1
less. As

B

 1 is inversely related to the lifetime of electrons in

the dislocation band, it should increase with increasing
temperature of the crystals. Thus, t m should decrease

C

1

slightly with increasing temperature of the crystals.

 is considerably independent of temperature,
1 , 1" and  2 increase with temperature, and
1 and 2 decrease with temperature. Since 2 is highly
2

temperature (equation E).
It is evident from equations (A), (B) and (C) that
I m , I m and I T are directly related to the density of Fcenters Fig. 7 shows that I m , I m and I T depend linearly
1
2
on the density of F-centers in the crystals.
It is evident from equations (A), (B) and (C) that I m should
1
increase with increasing area of cross-section of the crystals
and both I m and I T should increase linearly with the

t m1 

1  1 
In 
1   

t m2 

1 2 1" 22
In

1 11

I m1 

11'
A d PF n F rF M o v o exp( v d / v o )
1

Im 2 

 2 1" 2
 d PF n F rF M o v o exp( v c  v d ) / v d )
1 o

2

volume or mass of the crystals. Figs (8) and (9) show
dependence of I m , I m and I T on the size of crystals.
1
2
Thus, experimental results related to the crystal-size
dependence of I m , I m and I T are also in accord with the
2

  v o / H , equations (D) and
t m1 , and t m 2 should increase with

theoretical results. Since
(E) indicate that

2  1" 2
 1

(iv)
Finally the ML intensity corresponding to the first
peak lies in the deformation region the crystal and the second
peak lies in the post-deformation region of crystal and total
fracto ML intensities are derived

2

1

 12

(iii)
The time corresponding to first and second peak of
fracto ML intensity are

temperature sensitive, it seems that the decrease in value of
t m is primarily due to the decreasing value of 2 with

1

1 1'  1  2  1" 2

IT 

increasing thickness of the crystals. Such results have been
found experimentally[26-27] .
Conclusively, it may be said that there is a good correlation
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11'  21" V d PF n F rF M o exp  v c  v d 
o


 

vo
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