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INTRODUCTION

Meny crystajline solids, both maturally occuring as
well as those artificially grown, display the phenomena
of coloration and thermolumenescence as a result of the

interaction of lonizing radistion with their lattices.

The phenomenon of coloration is very marked with

simple alkall hallde erystals. A crystal of potassium bromi-
de, for example, when given an X-ray dose turns a dis-
tinet violet color, The intensity of this coloration
depends upon the amount of irradiatinn abeorbed. The

color will gradually bleach when the erystal is exposed

to light, particularly so when the incident light is of

the same wavelength as that sbeorbed to produce the col-
oration.

Further coloration has been observed by other in-
vestigators in the range from ultra-violet through the

visible, |

A crystal which has been irradiated will, when heat-

ed, emit photons and simulteneously loose the coloration
produced by the irvadiation, This light emiesion is
known as thermoluminescence and is often vielible to the
naked eye, The crystal, once heated and exhausted, will
emit no further light until re-irradisted.

Cther phenonens which accompany irradiation of these
erystals are photoconductivity, decrease in density,
fluorescence, end such effect which sre related to the
Presence of electrons trapped in metastable levels near
the conduction band. (2)
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Coloration is known to be due to electrons trapped
in lattice imperfectione. These systems absorb photons
which would ordimarily pass through the crystal, giving
- rise to absorption bends. Evidence seems to indicate
that the color producing electrons are situated in miss-

ing enion sites in the orystel lattice. This color cen-
ter is called a P-center. These vacancies move about in-
gide the erystal lattice as ions move at finite temper-
atures,; this belng postulated by tha‘lawa of thermodynam-
10#. When en alkeli halide is exposed to x-rays or any
lonizing radiation the electrons produced are trapped in
these spaces left by missing anions. By absorbing a pho-
ton of the proper fregquency or by aecquiring energy from
the thermal motion of the lattlice, these electrone obtain
enough energy to escape the trap an go into the conduet-
ion band. They may then be retrapped or fall to a ground
state in a normally filled bamd., Sometimes a photon is
emitted in this process. Theee processes are demonstrated
in the coloring, bleaching, and thermoluminescence of
an irradiated crystal.

The existence of F-centers in crystale is supported

by experiments in which alkall halides were grown from a
melt containing excess alkell metal. amystula thus pro-
duoed showed permanent coloration from color bands exacte

1y 1like those produced by irredistion. In these experiments

erystals were healted in the presence of the alkali metal
or ite vepors. The metal’s electron goes to the site of
the corresponding missing anion forming a FP-center.
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HISTORY

The first observation of thermoluminescence is att-

. ributed to Boyle who reported it in 1663. Boyle discover-
aaii% aceldentally while doing other work on dlamond. During
the next 250 years little work was done on this phenome
enon and it was considered little more than a mineralogical
curiosity.(3)

Geologlsts also recognized coloration and aceom-
panying thermoluminescence in naturally ocecuring crystals
but developed no adequate explemation of thie phenomenon.

Charles Steimmetz d1d some work in the field of
thermoluninescence of the alkali fluorides. He attributed
its cause to the presence of rare earth impurities.

The first suggestion of th§ currently aceepted the-
ory of thermoluminescence was made by Meyers and Przibren
who studied the lumineseence and coloration produced in
meny artificial materiale by high energy radietion. Thie
theory was accepted by Lind and Bardwell as the explan~
ation of the thermoluminescence and coloration of mater-
iale which had been expomed to radium. Lind and Bardwell
have translated Meyers and Przibram from the original
article as followe:

*1certain groups of electrons érm displaced by
radiation from thelr narﬁal positions and take
up new metastable poeitions among the atoms.'’ (4)
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The coloration produced in these crystals by the rad-
iation was attributed to the absorption of light by the
displaced electrons. The loss of color and the thermo-

* luminescence on heating was attributed to the return of
the electrons to their normal position in the lattice,
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OBJECTIVE
The original scope of thie work wae to study the
coloration of lithium fluoride as a pure substance and
1ithium fluoride with impurities of sodium fluorid and

: lithium chloride. This particular sslt wae chosen because

the study could be related to earlier work which had been
done.

Because the main color bands were already known with
some acouracy for lithium fluoride, it waes thought to be
interesting to find out what effect a foreign ion might
have on the F-centers and the'reaulting coloration. It is
known that a pure lithium fluoride crystal lattice having
& F-center would appear like this:

¥ A
L*E 1a*
sy
and that the electron trapped in the center resonates
among the six surrounding lithium ions. Thus, at a given
time there 1s always one neutral lithium atom among the
group. By adding a quantity of sodium fluoride impurity
to the lithium fluoride a condition is bound to appesr
where a F-center is adjacent to a foreign sodium ion,
as follows:
F~ Na'F”
Tl
FL*F
In this case the resonance would be disrupted, giving
rise to new energy levels and the appearance of new col-

or peaks. It was hoped that a quantatative relationship



w0

between the intensity of these new peaks and the amount
of impuritics added might be found.
When lithium chloride is added as an lmpurity the

. anion is that which 1s forelgn to the lattlice. In this
aa;e, since the trapped electron does not resonste among
the anions, & smaller effect on the coloration might be
expected. i

The color bande thus produced, or the light absorb-
ance, were measured with a Beckman ’’DU’’ spectrophotom-

pter,
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EXPERIMENTAL RESULTS

Sinece moet alkall halides have & melting point between
" 600 and 1000 degrees Centigrade, their crystals are gen-
erally made by slowly cooling the desired molten salt.

A platinum crucible is filled with the desired salt and
heated in an electric furnace, The temperature is raised
above thé melting point and held there a short while.
Then the molten mass 1s colled bavk to the melting point,
The meterial is held at the melting point for a period
of from several hours to one day. At thie time it is al-
lowed to slowly cool back to room temperature at a rate
of about two degrees per hour. Care must be practiced in
cooling the crystal since too rapld cooling ceauses sharp
faulte in the crystal lattice.

Voltege fluctuations of up to ten volte oeccur in the
laboratory A. C. source., This amount of flutuation will
cause a temperature fluctuation of fifteen degrees or
more at higher temperature. This situation made the !
uniform cooling of the melt 1mpossib1e‘ﬁnt11 a coneab
voltage regulator wae insertes in the eirecuit.

The erystal making appapatus we employed oonaiatéd
of an electric furnace opersted in series with an A. C.
ammeter and a'variac® variable #oltage outpnt, Current
wae supplied by & 110 vo't A, C. source fed through a
constant voltage regulator. Temperature wag messured

with a bimetallic thermocouple.
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The furnsce used in earlier crystal making attempts
wag a *YGenco’? 345 watt, pot type, with nichrome resist-
ance wire imbedded in its refractory éement sides. A sp-
- eclal 1id was comstructed for this furnace since the st-
andard one had no a@erature through which the mell could
be viewed, This was & necessary measure since the thermo-
couple could give only a close approximation of the temp-
erature while the melt had to be maintained exactly at
the melting point. This 1id was made of refractory cem-
ent lmbedding a wire mesh and bolted to a steel frame.

It had & two cm. mica window and a smaller hole to accom.
odate the thermocouple lead.

The furnace deseribed above worfed well at temper-
atures up to 700 degrees €. but above this temperature
the resistance wire in the walls became brittle and frac-
tured. The furnasce falled at sustained high temperatures.

For later work a Fisher *12660A' furnace wes used
which held up at temperatures in excess of 1000 degrees.

Twenty groms of lithium chloride wes heated 1n a
platinum evaporating dish to a temperature of 690 deg-
rees on the thermoecouple. At this point the salt melted
completely. The temperature was then lowered to 642 deg-
reeg when the sall grew less trensparent and a small
erystal appeared on the bottom, The melt wes allowed to
remain at this temperature overnight and on the follow-
ing day greduel cooling was begun. Thies cooling process
lasted two days, until room temperature was reached.

The salt had resolve# itself into two transparent, nearly
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flewless crystals, welghing about ten grams aplece.
Unfortunately, lithium chloride 1is 80 hygroscopic

that 1t could not be hendled in the manner our exper-

‘1M$nt required. The salt alone dissolves itself in molst-

ure taken from the air. The erystals were almost immed-

iately fogmged over and all attempts to dessicate them falled.

Immediately protecting the newly polished faces with trens-

parent tape proved a fallure since the tape did not trane-

mit vlitra violet in the spectrophotometer.

Due to the above, and because of the high melting
point of lithium fluoride, work with the lithium fluoride
series had to be abandoned for s more tractable salt.
Potassium chloride with impurities of potassium bromide
and sodium chloride was next chosen.

Crystale of pure potésﬂium chloride were prepared
successfully by slowly cooling the molten salt. Smaller
erystale were split from the larger ones by cleaving
along the planes of the lattice with a razor blade.

After the original crystal, attempts were made to
grow ones with two, five, ten, twenty, and fifty mole
per gent sodium chloride in potassium chloride. It was
found that, regardless of the care taken in controlling
temperaturm; the melts containing up to ten per cent impur-
ity bhad only, in the erystalline part, 3.8 per cent sodium
chloride.

The amount of lmpurity wes determined by running a
volumetric chloride anslysis on & sample and from this

result caloulating the percent sodium ion. In each case,
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the crystal mass, on cooling, formed a ring the center of
which 1rraguiar, semi-crystalline appearing granules
which were aseumed to be sodium chloride which was mot

~ taken up into the erystalline area.

The melt contalning 50 mole per cent sodium chloride
and 50 mole per cent potassium e¢hlorlide, on cooling,
produced a homogeneous mase w hich was milk white with
& glezed appearance. This mass afforded no crystals
large enough to be examined on the spectrophogometer,

Twemty mole per cent codium chloride in elghty mole
per cent potassium chloride produced & homogeneous bateh
of crystals which were too emall to be useful.

& ecrystal from the five mole per cent sodium chlor.
lde badch was subjected to an x-ray dose of 36,000 roent-
gens along with a crystal of pure potassium chloride.

The x-rays were provided by the machine belonging to the
Blology department on this campus. The impure crystal
wes enalysed and found to contein 3.8 per cent sodium
chloride. It had a thickness of 0,407 em. The pure potas-
sium chloride crystal wae 0.1276 cm. thick., After irrade
lation bogh erystals took on a deep violet color. They
were shielded from light to prevent bleaching and anal-
¥eed in the Beckman spectrophotometer for light absorp-
tion.

The use of the spectrophotometer introduced an un-

avolidable error in this determination since the HONO=
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chrometic light used to analyse the crystal at the same
time bleaches it to a certain extent. Thls error can
only be partially avoided by the rapld reading of the
‘machine while taking crystal sbsorptlon data.
Absorption data for the two erystals are shown
in table I. This table tabulates optical density, which
is equal to % 1ag,§pwh¢ra L 1s the thickness of the cry-

stal, and the corresponding wavelength of the analysing
light.

Speclal aluminum blocks were used to mount the
eryetale while analysing them in the photometer. These
blocks were drilled with a hole about 0.5 om. in diam.
eter acrcss which the crystel was pasted. These blocks
were designed to fit into the cuvette holder of the
photometer,

The eurves describing absorption versus wavelength
for this peir are in graph I. The abscissa is calibrated
in wavelengths of light (mu) and the ordinates are un-

its of opgical density.



TABLE I

Wavelength (mu) Optical Density
KC1 + NaCl pure KO1

320 270 508
330 . 300
340 351 705
350 371
360 371 627
370 «359
380 357 587
390 « 360
400 « 360 +625
420 378
440G 408 »T10
460 452
480 «535 .782
500 <708
520  J970 1.010
540 1.152 1.252
560 1.230 1.620
580 1.142 1.395
600 958 1.100
620 .868 . 940
640 .651 .852
660 517 12,690

Too <342 .685
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ANALYSTIS OF DATA

Comparing the optical density curves of pure potassium
‘chloride to mixed potassium chloride and sodium chloride
shows no new absorption peaks introduced by the sodium
chloride impurity. Both crystals show maximum optical
denslty at 560 mu, Furthermore, upon subbtracting the
absorbance of the unirradisted eryetals from the absorb-
ance of the irradiated crystals, and comparinz the in-
crease in optical density for several wavelengthe of the
pure and impure ecrystals, no difference wae found,
Hemce, one can conclude that there 1s very little, if
any, effect of impurities on intensity of coloration.

Fallure of the crystals to show the expected
effect of néw absorption peaks from impurities might
be laid to any one of three causecs:
1) Lack of intense enough irradietion.
2) Not enough sodium ion introduced as impurity.
3) There is no effect.
The largeet single dose of radistion we were =2ble
1o obtain from the biology department was 36,000 roent-
gens, This dose was the result of one half hour expos-
ure to their x-ray source. The effect of this exposure
ie shown in graph I, but on other occasions erystals
expoced to only 12,000 roentgens did not exhibit absorp-
tion in the ulira vioclet at all but in the visible only.
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It is poms;ble that the erystals might show the expect-
ed absorption if they were exposed to much higher inten-
sity irradiation such as that provided by a Co®® source
ora high intensity betatiun. |

The second consideration, thag there might not‘ba
enough impurity present to register sn effeect, could con_
celvably be corrected by purchasing ready made crystals
which are sold by the Harsha w Chemical Co. Whether
erystals, containing more than the optimun value of
3.8 per cent sodium chloride which we were able to pro-
duce,; can be purchssed is unknown. Perhaps with a more
delicately, thermostatically controlled temperature
regulating set-up a crystel containing more impurity
yet of usable size could be grown.
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