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THE EFFECTS OF HYDROSTATIC PRESSURE 
ON THE LOW -TEMPERATURE THERMOLUMINESCENCE OF NaCl 

William V. Macnabb 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

October 9, 1962 

ABSTRACT 

The effect of hydrostatic pressures up to 10,620 atmospheres on the 

low-temperature glow curve of NaCl is measured. It is found that one 

glow peak is enhanced by pressure in the range of conditions studied. It 

is proposed that this enhancement is caused by the production and move

ment of d,islocations within the crystal lattice. This movement creates 

vacancies and interstitials which will affect the luminescence. 

The experimental procedure consists of irradiating single crystals of 

NaCl with a cobalt-60 source at liquid nitrogen temperature. After irra

diation, the crystal is heated and the su?sequent glow is recorded by a 

photomultiplier tube. The crystal is then pressed hydrostatically for a 

period of time, and the above procedure is. repeated. A comparison is 

made between the glow curves obtained before and after pressing the 

crystal to determine what effect pressure has on the luminescence. 



-1-

I. INTRODUCTION 

A. Thermoluminescence, General 

If a crystalline substance is irradiated at low temperatures and sub-

sequently heated, luminescence may occur. This glow is called thermo

luminescence because the thermal energy absorbed as the substance 

warms up releases the glow near a certain temperature. This temperature' 

is characteristic of the substance and is affected by the warming rate, 

the radiation dose, and certain types of pretreatment given the crystal. 

The mechanism of thermoluminescence is thought to be one in which 

electrons are excited from a bound state into a conduc:;tion band by ion-

izing radiation. In the conduction band they migrate through the crystal 

until they reach a trapping site. An imperfection in the crystal lattice 

at which a negative ion is missing is such a site. If the electron 

"substitutes" for the negative ion, it is held in this position, which is 

now referred to as an F center. If this electron receives sufficient 

energy to .break~ away from the F center and re-enter the conduction 

band, it can decay to some ground state with the emission of heat or 

light. If light is emitted, the process is termed . luminescence. If 

thermal energy releases the trapped electron from the F center upon 

heating of the substance, the glow is called thermoluminescence. 

In addition to F centers there are several other types of trapping 

sites thought to contribute to the luminescent process. For a discussion 

of the various types of centers see the paper by Seitz. 
1 

Thermoluminescence may be divided into two categories, a. high

temperature and a low-temperature glow. The former is that glow curve 

obtained above room temperature, and the latter is that obtained below 

room temperature. In particular, this paper is concerned with the low

temperature thermoluminescence from 77 to 300°K. 
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B" Factors Affecting Luminescence 

The history of a sample may have a marked effect on its li..uninescent 

properites. Doping a sample with impurities can affect its thermolum

inescence. Impurities may take up interstitial positions and may enhance 

or quench luminosity. For instance, nickel and iron impurities suppress 

luminescence from certain phosphors, whereas excess sodium in NaCl 

enhances certain pl)rtions of the glow. 

Heat pretreatment also has an effect on luminescence. It is thought 

there are at least three different mechanisms at work during preheating. 

These are (a) diffusion of oxygen into the crystal which may act as a 

luminescent center, (b) production of vacancies on the surface of the 

crystal, and (c) migration of surface vacancies into the interior of the 

crystal and redistribution of the inner vacancies. Halperin and co-workers 

found that thermal pretreatment of NaCl in the air at 550°C greatly en

hances the low-temperature glow. 
2 

In addition to this effect they found 

that Hthe peaks at higher temperatures undergo a drop j"n intensity, which 

is stronger the higher the peak temperature. au 

Hatperin suggests there may be a diffusion of oxygen into the crystal 

and a migration of holes and positive -ion vacancies through the crystal 

during preheating such that low-temperature thermoluminescence is 

strongly enhanced and high-temperature thermoh1rninscence is s·uppressed. 

Concerning the latter mechanism he theorize& that (a) holes and 

positive -ion vacancies produced by heating diffuse from the surface of the 

crystal into the interior, and (b) holes and vacancies inside the crystal 

diffuse into a more even distribution. In support of {a) Halperin found 

that heating NaCl in a sodium. atmosphere caused certain low-temperature 

peaks and all the peaks above room temperatu:reto dis:.ppear. This disap

pearance is explainable in terms of the diffusion of sodium atoms into 

vacancies in the crystal lattice that were produced by he2 .. ting. If one· 

attributes the high-temperature peaks to the migration of carriers to 

nonneighboring recombination centers, these peaks should be less intense 

if centers migrate within the crystal during heat pretreatment. The fact 

that the high-temperature peaks do decrease in intensity upon heat pre

treatment may lend support to {b) above" 
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To determine what role is played by the atmosphere, Spicer pre

heated NaCl in both air and vacuum and found that nessentially the same 

results were obtained whether the crystals were heated in air or in vac

uum down to 10-
5 

mm Hg. 113 From this result it may be assumed that 

diffusion of oxygen into the crystal during heating does not play a role 

in changing the luminescent properties. 
4 

Bonissoni et aL performed similar experiments on KCl. Heat pre-

treatment in air was found to enhance the glow. To determine the role 

played by the air, Bonissoni. heated KCl in a vacuum and found a marked 

absence of any luminescence. About this finding he concludes, "From 

our observation of the absence of luminescence in KCl crystals annealed 

in vacuum, there seems to be little doubt that atoms of the ambient gas 

{probably oxygen}, diffusing into the crystal play an essential role in the 

observed phenomena. to Bonissoni acknowledges the results obtained with 

NaCl by Spicer, but he argues that the vacuum system used by Spicer 

may have been faulty. However, he also admits that NaCl and KCl may 

behave differently. 

If we assume that the results obtained by Spicer and Bonissoni are 

valid, the work done on NaCl suggests that heat treatment produces 

vacancies on the surface of the crystal which then diffuse · into the crystal. 

These vacancies are responsible for the marked increase in the lumi-. 

nescent intensity of the low-temperature peaks. The work on KCl sug

gests that diffusion of oxygen into the crystal is the contributing factor 

to the change in luminescent properties upon thermal pretreatment of 

this substance. 

C. Effects of Hydrostatic Pressure on Crystals 

The observation that past history of a sample has a great effect on 

the glow curve of NaCl led to investigation of the effect of hydrostatic 

pressure on single crystals of NaCL It is unlikely that hydrostatic 

pressure can produce holes or.vacancies or cause migration of vacancies 

within the crystaL In fact, Lazarus has shown that the activation energy 

for motion of vacancies increases with pressure in NaCL 
5 

Under purely 
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hydrostatic conditions no change is expected to take place in the crystal 

structure, and therefore, the luminescent properties should not change. 

This effect has beep. observed by Kuppenheirri. 
6 

D. The Role of Dislocations in Luminescence 

It is to be noted that hydrostatic pressure can exist only in a perfect 

crystaL In any real crystal, internal pressure gradients will be caused 

by gas or water bubbles, voids, and other defects present; Therefore, 

although the pressure on the surface of the crystal is hydrostatic, the 

pressure inside is noL The pressure gradients inside the lattice will 

increase with increasing external pressure, and at some point the gra

dient inside will exceed the local shear limit. Plastic flow will occur 

and the crystal structure will change. The most likely type of change 

will be the formation and movement of dislocation lines. The theory 

and description.:of dislocations are not discussed here, but the interested 
7 

reader is referred to the book by CottrelL Instead, some properties 

applicable to this work are discus sed. 

If stress is applied to a dislocation line which has its ends anchored, 

the line will deform and close on itself to form a loop. 
8 

Continued stress 

will cause expansion of this loop. Stresses also may cause the displace

ment oi£ certain types of dislocations, called edge and screw dislocations. 

It is reasonable that pressure gradients within the lattice can provide 

these stresses. When dislocations move through the lattice, they both 

generate and absorb vacant sites and produce interstitials. 
9 

This effect 

changes the luminescent properties of the materiaL 

As mentioned previously, hydrostatic pressure has the effect of 

immobilizing vacancies in the crystaL If it is reasonable to assume that 

pressure will create new vacancies and interstitials by the movement 

of dislocations, then this rearrangement of the lattice should be apparent 

in some changed luminescent property. But there will be no migration 

of vacancies; thus, any change can be attributed to the action of dislocations. " 
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IL APPARATUS 

A. Radiation Sources 

The irradiation facility consists of two cobalt-60 gamma-ray sour

ces, one of about 700 curies and the other of about 25 curies. 
10 

In the 

larger source the cobalt is mounted in small brass pencils 1. 50-in. long 

and 0. 125~in. diam. Sixteen of these pencils are arranged vertically ina 

4-in. circle surrounding the sample. The smaller source is of similar 

geometry except that it has 16 pencils on a 2.85-in. diam. The dose 

received by the sample per unit time in the large source is roughly 

twelve times that received in the smaller source. 

B. Sample Holder, Recording Apparatus, and Press 

The sample holder is shown in Fig. 1. It consists of a brass tube 

of 0.75-in. inside diam. and 4.375-in. long. The sample lies on the 

bottom of the tube. At the top of the tube there is a 1.625-in. teflon fit

ting which marries to the photomultiplier housing. 

The recording apparatus consists of an RCA 1P28 photomultiplier 

(PM) tube, a brass PM tube housing. a 2-kV voltage supply, an elec

trometer-voltmeter, and a Leeds-Northrup x
1
x

2 
model-G type-S poten

tiometer strip-chart recorder. This chart recorder has an accuracy of 

0. 3% full scale. It has a dead band of 0" l o/o and there is no zero shift 

over continual use. 

In addition to the above, a small nichrome resistance heater with 

a variac is used to control the warming rate, which is held close to 
0 

1 C per second. 

The photomultiplier tube housing is all brass with a teflon adapter 

to fit the sample holder. We use 0 rings to make lighttight seals at the 

window end and the tube-socket end of the housing (see Fig. 2 for details). 

The electrometer-voltmeter is manufactured by the E-H Company 

and is an E-H model215-RL. 

A Mettler type-B5 precision bal<:tnce is used to weigh samples prior 

to making runs with them. Weights are taken to the nearest tenth of a 

milligram. 

The hydrostatic press consists of a 0.37 5-in. steel cylinder with two 

pistons.. The pistons are fitted with 0 rings and bronze keeper rings to 

form a seal (see Fig. 3 for details). 
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MU-28465 

Fig. 1. Cross section of the sample holder. 
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Fig. 2. Cross section of photomultiplier and housing. 
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Fig. 3. Cross section of hydrostatic press. 
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III. EXPERIMENTAL PROCEDURE 

Eariy in the work a survey was done on approximately 35 inorganic 

substances taken from reagent bottles. This survey showed that some 

substances glow strongly, some weakly, and some not at all. The ability 

to glow did not fit any consistent s'cheme:. :Sa_mples taken from·the same hot

t1e,a;rtd handlerl in.thasam·e intnner.'Occas:i;~:ria;ll¥ show'ed at'riki.ng y;~:~ia1;ions. 

Therefore, it was decided to cortcentrate on a common salt whose prop

erites were well known, which could be obtained easily and in high purity~ 

and which was readily compressible. For these purposes NaCl was 

chosen. 

NaCl samples used are cleaved from Ha~s.haw Chemical Compa!ly 

crystals. No analysis was done on the crystals used. For an estimate 

of the impurity content in typical Harshaw crystals see the reference 

by Duerig and Markham. 
11 

Each sample is weighed.~. and a glow curve 

is obtained for each virgin crystal before it is pressed. The radiation 

dose given each sample on this first run is so small it ~as no effect on 

future runs. This fact was established by irradiating and warming one 

crystal three times. The temperatures of the glow peaks were within 

5°K of each other and the area under the curves was the same within 

experimental error. Samples were then hydrostatically pressed with 

pressures up to 10,620 atmospheres for periods of time up to 110 min

utes. The fluid medium used is a saturated solution of NaCl prepared 

with distilled w·ater. and Baker. & Adamson reagent-grade NaCl. An 

experimental difficulty arose in working with a saturated salt solution 

at 10,620 atmospheres. At this pressure the dihydrate of NaCl forms 

on the crystal and the surface flakes away. · Approximately 15 crystals 

we;re pressed and tested. It was found that the mass loss was compen

scited for by the same percent loss in the area unqer the glow curve. 
. . 

The maximum loss of weight by any crystal was 7o/o. 

After a sample is removed from the press, it is reweighed and · · 

then::sealed in the brass sample holder. The sample holder is: cooled 

down to liquid nitrogen temperature and then irradiated by a Co 
60 

source. 

A typical absorbed dose is around 600:. r. After the sample is irradiated 
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the photomultiplier tube is connected and the sample holder is placed in 

the heater. The rate of heating is kept approximately constant at 1 °C 

per second by manually adjusting the variac voltage. The temperature 

range covered is from 77 to 290°K. 

In earlier work the brass sample holder was not sealed against 

outside air while it was at liquid nitrogen temperature. It was found that 

after as little as 60 seconds as much as 1 cc of liquid oxygen had formed. 

Liquid oxygen inside the sample holder upsets the temperature control 

and has an unknown effect on the crystals. Since a typical experiment 

requires the sample to be at liquid nitrogen temperature for from 2 to 

5 minutes, it became necessary to make an airtight seal on the tube, for 

which a screw-on cap and a Teflon gasket were used (see Fig. 1). 

The temperature of the sample was not measured for each run. 

Instead, several calibration runs were made with a thermocouple touching 

the sample during a normal warming cycle. By this method the temper

ature could be estimated within 5°K over the range from 77°K to 290°K. 

· A plot of temperature versus time is shown in Fig. 4. 

The hydrostatic pressure to which each crystal was subjected was 

calculated from the force applied to the pressure chamber. This force 

was read frorn a gauge on the hand press used to compress the crystals. 



<J) 

c: 
Q) .... 
c: 

...... 

I 
I 

/ 

30 60 

-11-

o--o-o a 
b--1>--A b 
o-o-o c 

90 120 
Time (sec) 

150 

220~ 
0 

~ 
180 ::l 

0 ... 
Q) 

c.. 

140 ~ 
I-

80 

180 200 

MU-28468 

Fig. 4. Glow curves of NaCl crystals irradiated 2 min in Co 
60 

source (600 r); (a) virgin crystal (300 mg); (b) crystal pressed 
at 10,620 atm for 45 min (275 mg); (c) crystal pressed at 
10,620 atm for 110 min (166 mg). 
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IV. RESULTS 

·A. General 

Hydrostatic pressure applied to single crystals of NaCl is found to 

strongly enhance an emission peak at 250°K. After a pressure pretreat

ment of ll 0 minutes at l 0,620 atmospheres, the area is increased by a 

factor of 8 and the maximum intensity by a factor of 6. (see Fig. 4). 

It will be noted that there are slight differences in temperature and 

size of the other peaks. These differences are the result of variations 

in the crystal masses and variations in the warming rates. The greater 

the crystal mass, the larger the glow peaks, with certain exceptions 

(see Fig. 4c). It should be mentioned that even though crystal (c), Fig. 4, 

is smaller than (a) and (b) by a factor of about two, the glow curve obtained 

on the virgin crystal was comparable in size to curve (a). 

Slightly different timing in beginning each run causes small variations 

in warming rates. A difference in warming rates was also noted between 

small and large crystals. Both these factors can help explain why the 

maxima occur at slightly different temperatures, since different warm

ing rates result in different peak temperatures. 

B. Factors Investigated 

Three areas of interest were investigated: (a} the effect of the dur

ation of pressure on the glow; (b) the effect of delay between pressing 

andre-irradiating; and (c) t..h.e importance of the crystal surface. 

There is an increase in luminescent intensity with increasing time 

of applied pressure. As seen in Fig. 4, the effect of 45 min pretreat

ment is slight compared with the effect o£ a 110-min press. This strong 

enhancement was obtained on three different crystals pressed for ll 0 min. 

The results obtained for crystals pressed for l 0, 20, and 35 min, showed 

a very small increase in luminescence. 

It was of some interest to determtne whether the increase was a 

transient one or whether a permanent change had been made in the crystal 

structure. For this purpose one crystal was tested immediately after, 

2 days after, .5 days after, and 7 days after removal from the press. 
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There was no decay of the 250°K peak over these periods, which indicated 

permanent damage had been done to the crystal. 

One crystal that had been pressed,was,washed iri water to determine 

if the effect observed was localized on the surface. The mass was reduced 

from 155 mg to 90 mg, but the size of the 250°K peak in relation to the 

rest of the curve was only slightly reduced. This result shows that the 

mechanism that changes the luminescent properties does not reside on 

the surface of the crystal. 

C. Pressure vs Heat Pretreatment 

It is of further interest to compare results shown in this paper with 

those of workers concerned with heat pretreatment of NaCl. In particular, 

Hal.perin provides much information for comparison. It is necessary to 

relate first the different sets of data. Halperin's peaks at 170 and 23 5°K 

correspond, respectively, to those at 200 and 250°K in this paper. The 

differences in temperature are explainable by differences in technique 

such as different warming rates and different radiation doses. Halperin 

presents three glowcutves of interest here. First is that of a virgin crys

tal; second is that of a crystal preheated in air; and third is that of a 

crystal preheated in sodium vapor. 

The curves of his virgin crystals are similar to the curves obtained 

1n _this paper with two exceptions. The relative intensities of the peaks 

are different, and this writer finds at least three peaks below 120°K which 

are absent in Halperin1 s work. The cause of the first discrepancy is 

unknown. Concerning the second, it is found that these low-temperature 

peaks decay with time at liquid nitrogen temperature and are absent after 

about 5 minutes. If Halperin delayed more than 5 min before warming 

the crystal, he would have missed these peaks. Delays in our work are 

of the order of 50 seconds. 

More interesting are the curves of crystals preheated in air and in 

sodium vapor. These graphs are shown in Figs. 5 and 6. Attention will 

be devoted primarily to the peak at 235°K. (This peak corresponds to 

this paper's 250°K peak). Ha-lperin's results show that it disappears 
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Fig. 5. (a) Virgin crystal of NaCl ; (b) after 5 min; (c) after 44h 
0 

of pretreatment at 550 C. (scale X 50). (See ref. 2.) 



-15-

5 8.5 

I' 
0 

Q) 4 I \ (.) 
c: 

I b\ Q) 
(.) I \ (/) 

Q) 3 I ' c: 

E I 
:J I 
0 2 I \ E .... I 
Q) 

1\ I \ ..c: 
1- I \ I \ 

I \ I \ 
I ' 

I '-, _, ' I -'-./ 
0 
80 100 150 200 250 

(oK) 

MU-28470 

Fig. 6. (a) NaCl 45 min in air at 550° C; (b) after an additional 
3.5 h in Na vapor. (See ref. 2.) 
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upon thermal pretreatment in sodium vapor" This observation indicates 
0 

that the 235 K glow is not caused by interstitial Na atoms, but is prob-

ably a result of positive-ion vacancies in some arrangement or other in

side the crystaL 

As discussed 1n the introduction, heat treatment forms vacancies on 

the surface of the crystaL , Iri addition, heat may cause movement of 

vacancies already in,side the lattice and migration of vacancies fro:tn the 

surface to the interior, Since Halperinfinds that heat pretreatment in 

air enhances the 235°K glow, this effect may be caused by the formation 

or movement {or both) of vacant sites" Since pressure pretreatment also 

enhances this peak, a similar mechanism is probably at work" 
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V" CONCLUSIONS 

Our results show that hydrostatic pressure on single crystals of 

NaCl causes a permanent change in its crystal structure, which affects 

the luminescent properties. This change does ~ot occur just at the sur

face but is effective throughout the lattice. Other evidence indicates that 

the change in luminescence is probably not caused by the formation of 

interstitials, but is probably a result of a change in the number or arrange

ment of vacant sites. 

Since the effect of hydrostatic pressure is to immobilize vacancies, 

one is led to the reasonable conclusion that the change in luminescence is 

caused by the production of vacant sites. 

Hydrostatic pressure may form dislocations inside the crystal. The 

movement of these dislocations generates vacancies and interstitials. 

The latter do not affect the glow peak studied. Instead, the :result of hydro

static pressure is to form vacancies which enhance the 250°K glow peak 

of NaCL 

It is interesting to speculate what practical applications our results 

may have. By proper choice of a material and sufficient pressure treat

ment, a dosimeter capable of reading doses down to 10 mr is probably 

possible. It is questionable whether or not NaCl is the best substance 

for this purpose. 

The experimental method described here may be more useful in 

working with dislocations. In particular, these results may be valuable 

in studying the action of dislocations under conditions _of very small strain. 

Much more work could be done in this direction with possibly very re

warding results. 
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ZN-338 9 

Fig. 7. Small Co 
60 

source; (a) stationary stage holding sample; 
(b) movable stage with sources; (c ) CabO pencils. 

.. 
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ZN-3391 

Fig. 8. Large Co
60 

source; (a) control boxes for moving lower 
stage; (b) em~ty Co60 pencil; (c) sample holder cup in lower 
stage; (d) Co 0 pencils in stationary stage. 
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ZN-339 0 

Fig. 9. Equipment during a warming cycle; (a) PM tube and 
housing; (b) nichrome resistance heater; (c) va riac to control 
heater; (d) sample holder inside heater . 
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ZN-3392 

Fig. 10. Equipment arrangement during a run; (a) chart 
recorder; (b) high-voltage supply; (c) electrometer-voltmeter; 
(d) sample holder, PM tube housing, and heater. 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expr~ssed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that. 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






