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ON THE AFTER-GLOW OF SODIUM CHLORIDE
AND ITS DECAY

By H. N. BOSE"

(Receiced 1oy publication, Febyary oo 1y

ABSTRACT The decav of Tumim scence afte rglow exeited by Neravs hus heen investigated
in the case of sodium chlotide (single crstal), pressed powdered sample of sodmm chloride,

and sodimm chloride with o5, of copper. The dtteet ol annealing the pressed snmples at

different temperatures as well as of heating the sample during cmission has also heen studied.

The suitahility of varons mechanisms and the corresponding decny laws has heen diseus.
sed. The ddeas of trap wcehanman as developed by Randall and Wilkins have heen utilised
to deduee the expeeted decay Taw i the present case.

Phosphiorescence m the guscons state can occeur only  through the presenee
of an mtermediate metastable state: it is theretore understandable that no
afterglow of measurable duration oceurs in gases as the metastable states in
gases generilly possess o relatively short duration.  After-glows have been
observed i denser media, the intensity and duration increase with the visco-
sity of the medimm in general. [t s thus reasonable to suppose that there
exists an interaction between the electronie transition of the excited particle
and the surrounding medmnt, From  general adeas and previous mvestiga-
tions we can state, in short, that () no alter-glow ocens if the medim does
not mfluence the ciission process appreciably, o, the process occurs entirely
within the atom or molecnle i a sphere of about 107 e diamceter; () after-
glow occurs when the configuration of the swrounding molecular structme
plays a part; lor this may change as a vesult of the absorption pracess and
some time must clapse hefore the configuration falls back into its former state.
After-glow will he accompanicd by photo-conductivity if the dectron is com-
pletely set free as it occurs in certain phosphors.  Phosphorescence is there-
fore generally characterised hy photo-conductivity but the reverse is not  peces-
sarily true.

A large amount of work has been donc about the decay of after-glow of
solid phosphors under ultraviolet excitation.  ‘I'he solid solutions of organic
dyes were some of the first to be  investigated; fluorescein in sugar posscsscs
a fluorcscence, originating from an excited state, with a life of r0™* see and
shows an after-glow of a few seconds.  The intensity of fluorescence varies
with the concentration almost in the sanie way in solids as in ligmid solution
which 1s rather a puzzle hecause, in solids collisions do not occur as it is supposed
m solutions. ‘I'his mdicates that chemical change of some type takes placc
during preparation. The cission of these phosphiors decays according to
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Grenerally speaking, a reduction
of temperature increases the time of decay while increase in concentration

the mono-molecular reaction law /=1,¢

dinnnishes the time of decay.,  Jablonsky (1935) has explained many features
of this kind of phosphors by assuming the c¢xistence of at least one mcta-
stable ievel lower than the unstable Ievel reached by absorption.

Zinc sulphide is the only phosphor which has been investigated thoroughly
by many wotkers.  The decay of luminescene of napurity activated zine sul-
phide i general follows a bimolecular law which may be written for simple
CUases as

Lo a

VI
where 1 is a constant and g is the number of electrons per unit \'oll*m(- in
the conduction band at =0, |

Antonow—Romanowsky (1035) and De Groot (1039) have observed ip case

of copper activated zine sulphide that high intensity gives a ragnd decay; this
also follows from  the bimolecular Taw given above. Do Groot has fn"‘uhw
observed o more rapid decay  with shorter wavelength of exeiting radiation;
according to him this is due 1o the higher absotbability of shorter wavelength
by the medinm,

In case of photo-conducting phosphors with stoichiometric excess of either
constituent, Mott and Guiney (1010) suggest a different decay law,

1

“'\7,::/ +1v) = - [
=An (n+v); B esp. (v, 01—

v

",

v=the number of notmally unoccupicd impurity centres in - addition to the
ordinury impurity centres.

The slow bimolecular decay nry have superposed on it a much more rapid
decay in certain cases,  The measurements of Strange in casc of copper
and silver activated phosphors indicate such possibility.

Mott and Gurney {1940) have given the following types of decay for photo-
conducting impurity activated phosphors :

(X3

1. For very high emilted intensitics an exponentdal decay with a decay
period of thie order of fraction of a microsccond, independent of temperature,

2. As the intensity decrcases this should change over to a rapid bimole-
cular decay independent of temperature.

3. TFor still lowet intensitics this should change to a slow bimolecular
decay with a value of ‘A’ strongly dependent on temperature.

4. Tinaily the decay law may change over again to an cxponential form
dependent on temperature, due to the presence of frozen-in jons.  This should
only occur when the activating impurity is a stoichiometric excess of one of

the constituents,”’
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More recently, Randall and Wilkins (1045) have catried out exUensive in.
vestigations on the decay curve of phosphors of the recombination type with
traps, and allied phenomena; they have also developad formulac to explain
the decay curves on the basis of trapping mechanisms,  Kiasens and Wise
(1946) have calculated in 2 more gencralised w ay the luminescence iutensity
over the whole period and have shown that the decay becomes bimolecular
at high temperatues.

The measurcment of decay of luminescence under Ne-ravs has as yet attract-
cd little attention from the experimental workers  Levy and West (1u39) in
their attempts to improve the suitability ot zine sulphide screens by wminimising
the after-glow, measuted the decay of lnminescence ot cine suiphide under X-
rays with ccttain impuritics.  They found that the addition of very small
quantities of pickel greatly reduces the phosphorescence without afiecting
the fluorescence intensily to a great extent. “hey also found out the optimum
amount. ‘The addition of iron does not affect the intensity muel while
traces of cobalt greatly reduces the fluorescence intensity.  ‘I'hie addition of
impurities i case of zine sulphide also affects the quality of the fluorescence
and phosphorescence hght.

In the present investication the nature of the long  period decay  of
phosphorescence  after-glow of sodium chloride with and without impurity by
X-ray excitation has been studied undar difierent conditions; the vinious decay
laws have been discussed with respect to the present case snd the probable
mechanism suggested.

EXPERIMENTAL PROCEDI RE

The pressed substance in the form of thin plate was excited to Tumine-
scence by X-rays coming out from the window of the Hadding tube with copper
anticathode run at 35-40 K.V, with to m.A  "Lhe photovoltaic ccll connected
to a gauivanometer, was placed almost in contact with sampleon theside opposite
to that of the X-ray tube,  I'wo lead covers, hoth connceted to a single lever,
were arranged in such a way that when X-rays were incident on one side of
the sample, the light and transmitted X-rays from the other side were stopped
by on¢ of them and could not reach the photoccll; on the other hand, when
that cover was raised by pressing the lever, the sccond lead cover at once
intercepted the X-rays incident on the front side of the sample.  In this way
the light from the back side of the luminescent samiple fell on the photocell
simultaneously with the cutting off of the incident X-rays. The deflections
could be marked off on the scale at regular intervals of time with the help
of a stop watch.

The low intensity of luminescence is a great trouble in the measurement
of the decay curve. After the lapse of a small interval of tinie the intensity
falls too low to he measured with high accuracy.
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that the sodium chloride crystal shows no increase in clectrical conductivity
under Kerays as i demanded by the zone picture of the crystal, calls for the
formulation of other mechanism o explain the phenomena of luminescence
in such crystals,

It is now known that the presence of impurity or lattice defects in gencial
sauses a number of Jocalised levels between the allowed band of the normal
enerey spectrum.  The clectron o the hole may be trapped in any one of these
states. This trapping process will lead to a release of a part of the encrgy
which may or may not he in the form of ¢mission.  ‘I'he trapped clectrons
nav be thermally excited to upper hound levels or to the conduction band.
In the first case energy may be emitted wlien the clectrons come back-o the
rround state,  In the latter case the clection is free to {ind out alhole Tor
recombination ; on the other hand, the impurity atom with trapped clections
may  bodilv move through the lattice encountering another withy trapped
hole and nentralise it with the emission of a quantum of phosphoyescence
Tight. l‘\

Since pure sodinm chloride does not show any fluorescence l1ll(]('l\" ultra-
vialet radiation, cmission is to he supposed to be taking place in some special
position of the lattice, i.c., centres, '

Different types of centres are possible in a crystal like sodium chloride

1 A foreign negative or positive jon may replace one of the negative or
positive ions of the regular lattice.

2. An election may be trapped at a lattice point wheré negative jon
1s missing (I' & 1Y centres).

3. There are hound levels associated with an don in the  interstitial
position of the lattice.

b At thie surface of a ervstal crack, where the periodic field is broken
off, there exists hound levels in which clections can exist without being free
to move through the crystal.

In the case of the presence of a forcign ion in the lattice (viz. KBi KH, K(l
Th) the emission is charactenistic of the activation and thete is no reason
why the samiple should not be luminescent under ultraviolet radiations.  Sub-
stances used - the present mvestigation had little chance of containing any
such activator.  As regards surface levels, though they are predicted from
theoretical consideration. thete is no direct exjpierimental evidence of their
presence in the orystal.  In a normal crystal, at any temperature there are
present a nuwber of vacant lattice points.  Tranping of dectrons into posi
tions, W here lherc‘ are missing necgative ions, is possible and actualiy takes
place in alkali halide crystals under suitable circumstances, viz., the crystal in
contact with Na or K vapour at high temperature. These are called F
centres which oive rise 1o the mnew absorption hands in the crystals termed
as F hands.  ‘Iihbs (1930) has calculated the wave function of the ground
state for such an electron in case of sodium chloride with some approximation..
He finds it to be 3 ¢.v. below the level of the conduction band and the first
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excited state. 0.6 c.v. below it As the ions wove into new position of
equilibrium after absorption the encrgy ol the celection s raised and there
15 indweet evidence that the excited state is o.1 Vo below the conduction

band after the absorption process. The fitled up boeentre is neutral but the

wave function of the clectron in the centic should extend over a greater
volume than that of the replaced negative 1on. I pow another clectron is
brought to this centie, the surronnding medium pets polarised  pushing
adjacent ions into new  positions of equilibrinm — “I'his causes o spherical
field which varies as 1/1; o set of stationary  states s therefore possible so
that it is quite possible that two clections can be trapped at a vacant ITattiee
pomt. This type of centres are IV ®onties and the 1 hand obtained in
absorption is duc to this mechanism  When sodinm ehloride s exposed 1o
X-rays. the erystalis coloured die to the bappang of dectrons in these centres
for the same absorption hands are also obtained when the 18 and T centres
are created by other means  Ow irradiation tharefore at first 1 and 19 centros
arc created and then the photocleetrons produced inside the crystal po on
exciting and jomsing different centres which give rise to Tumineseencee

Now Juminescence may he excitad in two ways:
1. I'he emitting centres are direetly excited but not jomsed

2. The electron from the centres or valence band are 1aised to the con-
duction band which will presumably find some centres and he eaptured; it
will in all probability be captured into an cxcited state causing  emission on
its return Lo the ground state.

Tn case ot (1) clectrons on ahsorption of photons are raised to higher  states
but not fieed so that they cannot contribute towards clecirical conductivity,
il ‘0" be the number of clectrons in exeited states par upit volume at any

tune 17, then dwing illumination the rate of decay of eicetions in the exeited

)
state will be .

oy
‘-.1 = In -~

di )
which, on selution, yiclds

n—pla=g,7"
At l=0, n=o,

n=plofr—¢="")

«, being a constant  for the particular crystal at a piven temperature, and
p, being the number of clectrous raised to higher states per sec. per umit

-

voluine.

The intensity of luminescence at any instant is proportional to the number
of electrons in the excited state ; hence the intensity grows exponentially to
a steady valuc when an equilibrium is estublished hetween the number of
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“ 0 f 1 ’ T3 \J "y - H ’
cleetions raised to excited states and of those coming to the ground state per
second,

For decay, p=o and n=n, at {=o0, sothat n=mnee "".

e T T =81 e . .
Henee I=1,¢ Since sodium chloride erystals do not show any inciease
m conductivityy under X-rays, it is natural to infer that luminescence “of
sodinm chlovide under X-1ays will be of type (1), But for forbidden transi-
. t ] -
tion "o’ ‘s of the order of 10" sec.™, so that decay law in no case can be

Lo

exp.(10*1)
in case of sodium chloride cannot bhe explained by this.  Besides, the high
temperature dependence of decay rafé as has been found in the present case
15 also difficull of explanation by the simple mechanism, for ‘o " should not
he much mfluenced by temperature,

slower than [+ s benee the long duration of after-glow as is found

Assuming, on the other hand, that the second type of luminescence ocgurs
in the case of sodium chloride, let us suppose thal the crystal contaips a
number of radiative centres where the clectrons are rapped, prcsunmbly\\ in
the higher states, in order to be able to cause phosphorescence ; hesides, the
crystal may contain a large number of non-radiative trapping centres wherc
the electrons may return to the valence band whenee it was originally released
without any cmission ; the last assumption is justified by the fact that the
pure crystals do not show any luminescence under ultraviolet radialions.

Let “m’ be the number of radiative centres per unit volume 9f the crystal
and is more or Iess unaffected by X-ray irradiation.  Let ‘v’ be the number
of non-radiative centres per unit volume also constant for the crystal ; if ‘n’
be the number of clectrons at any mstant in the conduction band per unit
volume the number of vacant holes in  the filled band may also be
taken as ‘ n’, for the coneentiation of trapped clectrons obtainable by X-ray
irradiation of sodium chloride is small even at saturation value. Further
when the steady state is reached an cquilibrium is established between the
number of electrons released 1o the conduction band per sccond and those
commg back to different positions from the conduction band per second, so
that nuwber of electrons trapped in special positions mside the crystal at any
instant should have a constant value at a particular temperaturc of the crystal
and inclusion of * m ' and ‘v’ will have accounted for those. Hence the
number of clectrons in the vonduction band will decay at the rate given by,

dn —Anm—Bnln+v)
di
2a Am+4 vB
s a = e 2 where a="*
so that, "N exp.(2a Bt)—1 ‘ 2R
at i=o. H=ng.

ngo
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After sufficiently long time,

Am +vB

LAV (N et
ngB+Am+vB Y

n=

and, l__._'l“(.'*fl‘+rlhf )

Thus the decay is exponential

If ny is very large compared to (Am t v3),

n
n= L
1k, Bt

so that the decay law can be written as

Iy
1! bl’

where b noB.

As a matter of fact, luminescence in sodium  chloride should consist of
fluorescence and phosphorescence ; for the probability of direet excitation of
centres is much greater than that of donisation of the centres. The fluores
cence part will decay too quickly to he noticed in the present measuiement,
Assuming total luminvscence intensity to be ‘p' tunes as great as the
phosphoreseence intensity, the decay law for our pupose should he

_ Ly : | 1
= .. 01 =
l)(l + ht) f.. I’(] + bl)
Tvis easy to sce that the experimental curve 1s widely different from this as
much as from the bimolecular law.  In order that this may explain the long
. R € sl e | . . [ I - .
duration of after-glow, "b’ is necessarily very small; assuming = ~ ° at { = 1000
i 20

seconds approximately we have,

i

20— - -7
h=.f...---/-v><lo A}oqe., b~1oTh,

‘)
Besides, the absence of any increase in conductivity under X-rays is not cleuly
understood.

On the other hand, it appears mote reasonable to assume that the long
after-glow is due to the time the electrons spend in a trap.  Mott and Gurney
have shown that the probability of capture of elections in the conduction band
by the traps is very large, so that during irradiation by X-rays the clectrons
are trapped as soon as they arc rcleased to the conduction band and the
fluorescence is mostly due to the direct excitation of the radiative centres
(which may be filled up ¥ and E’ centres caused by X.rays itsclf or otherwise).
In the equilibrium state the erystal contains a fixed number of electrons
trapped inside it depending upon the temperatnre and nature of the crystal.
During irradiation a steady state 1s reached between the supply of cleetrons
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to the conduction bhand and their decreasc by trapping mechanisin or other
transitions ; when the illumination is stopped, the release of sccondary
clectrons into the conduction band no longer takes place; (he trapped
electrons released by thermal cnerpgy escape to the conduction band at a rate
depending upon the temperatute and the depth of the traps; some of these
clections at least meet with radiative centres resuiting in emission ; procceding
with these wdeas, Randall (1045) has explamed the long dumation decay curve
of many phosphors and some other allied phenomena.  In a similar n ay, we
can arrive at the decay law expected in the present case.

Let, ‘v’ boe the number of trapped clectrons at any instant per unit

volume of the crystal, “u " be the number of clectrons in the conduction band
1 ’ - '

and “d ' the total number of trapping centres, theu we lave, * m h“\‘mi the

same meaning as hefore,

|
, IR T D \
‘_1:' = —Av Lk +ald—v)n
di
AN
dn _ Av K ~ald=vyn—cnm,
di

Assuming that the contribution of 1etrapping to phosphorescence is small,

~Aexp. (=5 ) KT

and, V=gl
where, - v=w,oat =0,
wAexp. =W RD, -RIRT
dn . py, o N exp TN S TIRT
di
u - Bt > el
Heuce, n= - g + K
cm=
_ -1/ RT
where, o= Av,e
— ‘\ ] i" ‘.
ﬁ:At' 1./ I l
K =a constant,
At (=0, n=n.
( , N 2
. * wfng | - cml ajng — Bt
. N=MNy | T e ERL I .
| cm—f31 cm=f3 \

'he value of cm is necessarily large so that the fitst term will be negligible
. . . . . q . i
within a short time; the intensity is proportional to "z .

u gt
Hence I1=1p— e P

ngcm



On the After-glow of Sodium Chloride and its Decay 41

The after-glow period will therefore be highly temperature dependent, for
¢ ’ ’ .
both ‘e "and "B’ vary with temperature. In considering the decay we have

so far taken into aocount only one type of trapping centres of depth K; if
there be a number of them of different depths,

1=1, 2Bt
nocm

The effect of retrapping which has heen neglected so far is expected to
make the decay curve still slower. T'he long after-plow period, tempcerature
dependence, and the nature of the decay, specially at the late portion of the
curve, can thus be satisfactorily accounted for without any difficulty about the
absence of photo-conductivity (under X-rays).

The slope of the decay curve for a single crystal of sodium chloride is
perceptibly greater than that for {he pressed powder samples. ‘The depen-
dence of (he slope of decay curve on the particie size of the phosphor (zine
sulphide) was noticed by Antonow Romanowsky ; he found that for
powders with giain size of the order of so0x, the slope is almost double of that
for particle size of the order of 10p.  In the present case the particle size was
not so small; single crystal uscd was a colourless transparent sodium chloride
crystal (1 em X 1 cm X 5 mm. approximately) and the powdered sample consisted
of particles of average size 1072 cm. It has been further observed in the present
investigation that the samples need be pressed into sheets hefore they exhibit
this longer afterglow. ‘This way of . preparing samples entails gencration of
intense local heating followed by cooling producing internal cracks and strain ;
these will all go to produce a larger number of tiapping centres of different
depths, which are probably deeper than those present in an unstrained single
crystal., These traps will therefore lose their elections less readily than the
other and the decay of after-glow will he (hercby slowed down. ‘The inclusion
of copper ions in the lattice is also found to be unimportant. This only shows
that the copper ions do mot play any important role in the mechanism of
luminescence ; they probably produce local strains in the crystal causing new

trapping centres which may account for the comparatively slower decay in
the case of NaCl+ Cu phosphors.

ACKNOWLEDGMENTS

The investigation was carried out in the Khaira Laboratory of Physics,
University of Calcutta. My thanks are duc to Prof. S. N. Bosc, Khaira
Prof. of Physics for the encouragement and helpiul discussions.

My thanks are also due to Mr. N. Sen Gupta, M.Sc., Palit Laboratory of
Physics, for many helpful discussions.

KHAIRA LABORATOUY OF PHYSICS,
CALCUTTA UNLVERSITY,

6- 1639P—1



42

H. N. Bose

REFERENCES

Antonow—Romanovsky, W. W. (1935). 'hys. Zeit. d. Sowjctunion, 7, 366.

Groot, W. dc (1939), Physica, 6, 275,

Jablonsky, A. (1y35), Zeits f. Phys., 9%, 18.

Klasens, ¥I. A. and Wise, M. 4. (1946), Naturc, 188, 483.

Levy, I, and West, 1), W (1939), Trans. Farad. Soc., 35, 87.

Mott, N. I'., and Gurney. R. W, (1540), " Electronic Processes ete.'  Oxiord, 218.
Mott, N. It. and Massey, 11. S. W. (1939, ** Theory of Atomic Collision ** Oxford.
Randall, J. T. and Wilkins, M. IL. I, (1945), Proc. Roy. Soc., A. 188, 366, 39q,
Tibhs, S. R (1938), Trans. Farad, Soc , 38, 1471,



The following special publications of the Iudian Association for the Cultivation of

Science, 210, Bowbazar Street, Calcutta, are available at the prices shown against each
of them :—

No. Subject Author Price
) o Rs. A. p,
111 Methods in Scientific Research ... Sir K. J. Russell o 6 o
1V The Origin of the Planets . Sir James H. Jeans o 6 o
V  Separation ol Isotopes ... Prof. F. W, Aston o 6 o
VI Garnets and their Role in .. Sir Lewis L. Fermor 2 8 o
Nature.
VII (1) The Royal Botanic Gardens, .. Sir Arthur Hill 1 8 o
Kew.
(2) Studies in the Germination ...
of Seeds.
VIII  Interatomic Forces .. Prof.]. E. Lennard-Jones 1 8 o
IX The Educational Aims and .. R. A, Millikan 0o 6 o
Practices of the California
Institute of Technology
X Active Nitiogen . Prof. 8. K. Mitra 2.8 0
A New Thceory '
A discount of 25% is allowed to Booksellers and Ageuts.
RATES OF ADVERTISEMENTS
Third page of cover Rs. 32, full page
do. do. s 20, half page
do. do. » 12, quarter page
Other pages » 25, full page
do. » 16, half page
do. » 10, quarter page

15% Commissions are allowed .to bonafide publicity agents securing orders for
advertisements..



We are now manwfacturing :

# KIPP’'S APPARATUS of one litre capacity,
# DESICCATOR of 4', 5" and 6" diameter,
* MEASURE GLASSES of 2 drams, 1 oz,

4 oz. and 8 oz. cap. accurately calibrated

AND
ALL TYPES OF GRADUATED GLASSWARE ;’

such as Measuring Flasks, Measuring Cylinders, \
Burettes, Pipettes, etc., etc.

Manufactured by :
INDUSTRIAL & ENGINEERING APPARATUS

CO., LTD.
CHOTANI ESTATES, PROCTOR ROAD, BOMBAY, 7.

' THE SCIENTIFIC APPARATUS & CHEMICAL
‘WORKS, LIMITED.

CIVIL LINES, AGRA,

(Originally founded in 1918

GOLDEN OPPORTUNITY

The Company’s Managing Director Mr.- S. P. Khandelwal has brought
with him from America and Europe a number of Schemes for the Scientific
development in India. Hence the Company invites,

TEMPORARY DEPOSITS
on interest as detailed below :
For one year Rs. 5/4/- p.c. per annum.

For two years Rs. 6/- p.c.:per annum.

For long periods please write or see personally the Managing Director.






