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Radiation damage in NaCl. III. Melting phenomena of sodium colloids
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We report measurements on the melting behavior of colloids produced in irradiated NaCl. With
differential scanning calorimetry (DSC) several latent-heat peaks near the melting temperature of pure
bulk sodium metal have been detected. It appears that the total latent heat in these peaks is an accurate
measure of the amount of damage in the crystal. Peak temperature and shape provide more detailed in-
formation about the properties of the colloids. The different melting temperature can be explained by
differences in the typical sizes of the colloid, based on the theory for melting of small particles. This
DSC technique provides a method to evaluate the production of radiation damage in detail without

changing the properties of the damaged crystal.

I. INTRODUCTION

Many different experimental techniques! ™ have been
used to study radiation damage in alkali halides, among
which optical-absorption spectroscopy, as described in
paper I (Ref. 6) and II,” is of particular importance.
However, the technique is limited to relatively low irradi-
ation doses (up to 3 Grad). Here we describe a nondes-
tructive thermal analysis technique, which is particularly
suitable for the analysis of sodium colloids in high-dose-
irradiated NaCl.

The irradiation of alkali halides results in the aggrega-
tion of primary defects, forming higher-order clusters
and finally colloids and dislocation loops. The results on
high-dose irradiations ( > 1 Grad) show that the amount
of colloidal sodium can reach a level of about 1 mol % at
10 Grad up to 10 mol% at doses higher than 100
Grad.®® The optical density of such crystals is too high
to be measured accurately ( > 10000 OD/cm). In case of
heavily damaged crystals, the measurement of the stored
energy (SE), which is released by recombining centers
when the crystal is heated up to 500°C, is frequently uti-
lized. However, this thermal analysis method does not
reveal much detailed information about the radiation
products in the crystal and annihilates all the damage in
the crystal for further analysis.

More appropriate for the investigation of heavily dam-
aged crystals is the measurement of the latent heat (LH)
needed for phase transitions in the colloids. Using
differential scanning calorimetry (DSC) the melting of
colloids is made visible by the appearance of several
latent-heat peaks int he DSC scan.

Similar differential thermal analysis (DTA) experi-
ments had been performed earlier by Lambert, Mazieres,
and Guinier,'” however, only on lithium colloids in neu-
tron irradiated LiF. In our laboratory we measured a
large number of NaCl crystals, varying in dose, dose rate,
irradiation temperature, and dopant, demonstrating the
wide scope of the experimental method for sodium col-
loids. The crystals were irradiated with 1.3-MeV elec-
trons from a van de Graaff accelerator.!! The crystals

0163-1829/94/50(14)/9793(5)/$06.00 50

were doped with different impurities, such as K, Li, F,
Br, and mixed dopant KBF,, with concentrations chosen
in accordance with the occurrence of the specific impuri-
ty in natural rocksalt.

In the results described below we will concentrate on
the data of crystals doped with 0.1 mol % K irradiated at
100 Mrad/h with doses varying from 5 to 150 Grad. The
irradiation temperature varied in the range of 20 to
150°C. We will briefly comment on the results of other
types of rocksalt crystals to illustrate some of the most
important features in connection with the latent-heat
peaks.

II. EXPERIMENTAL METHOD

Differential scanning calorimetry (DSC) is a very sensi-
tive method to study phase transitions that are accom-
panied by thermal effects. This technique provides the
heat flow needed to raise a sample in temperature at a
constant rate.

The DSC apparatus operates as a thermal-null system.
The irradiated sample and an unirradiated reference crys-
tal are placed inside two identical platinum-iridium mi-
crofurnaces. In order to measure the melting transition
the samples are heated simultaneously from 40 to 150°C
with a rate of 10°C/min. The melting of the colloids in
the irradiated sample causes a temperature difference be-
tween the samples. This difference, detected with an ac-
curacy of 0.1°C, is minimized by an extra heatflow for
the irradiated sample. In this way the latent heat needed
to melt metallic colloids will appear as an endothermal
peak in the detected heatflow.

A heat flow of less than 0.01 mW can be distinguished
from the noise. Damage levels of about 1 mol % corre-
spond with a few tenths of a milligram sodium metal in
the irradiated samples of 40 mg. The latent heat associat-
ed with these amounts of Na is sufficient, given the heat
of fusion of sodium 0.113 J/mg, to allow accurate mea-
surements with the DSC. The heating rate of 10°C/min
as used in this investigation appears to be the most ap-
propriate choice. Further decreasing the rate does not
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show any differences in the peak pattern, except for an in-
creasing noise. Increasing the heating rate tends to
smooth the peak shape and causes a small shift of the
peak positions (about 3 °C if the heating rate is increased
to 50°C/min).

The stored energy in the crystal is measured by heating
the crystal to temperatures of typically 500 °C with a rate
of 150°C/min. During the DSC scan the sodium and
chlorine aggregates dissociate and react back into NaCl.
The energy release involved in this process can be detect-
ed as an exothermal peak in the heatflow. The area of the
peak is an accurate measure of the total damage present
in the sample. However, in contrast with the latent-heat
measurement described above, the method destroys the
products of radiation damage completely.

III. OBSERVATIONS

In general the DSC signal associated with latent-heat
effects shows two or three peaks, depending on the irradi-
ation dose and temperature. The latent heat is obtained
by integrating over the area of each peak in the DSC
scan. The latent heat is measurable for samples, which
had been irradiated at temperatures between 50 and
150°C, with a maximum amount at temperatures varying
from 120°C at low doses to about 100°C at high doses.
In Fig. 1 typical DSC scans of crystals doped with 0.1
mol % K are presented, showing the development of the
melting peak pattern for increasing doses.

Two narrow peaks at rather fixed temperatures, peak 1
at 80°C (P1) and peak 2 at 92°C (P2) with a full width at
half maximum (FWHM) of about 5°C, are already
present at relatively low doses, when the amount of latent
heat is just large enough to be detected (at a dose of 5
Grad). The peak patterns for other irradiation tempera-
tures are similar, with an approximately constant ratio of
the peak areas P2/P1. The area of peak 1 decreases slow-
ly after 10 Grad, while peak 2 (the rest of the total area)
increases. This can be seen from Fig. 2, which shows the
partition of the latent heat over peaks 1 and 2 as function
of the dose. The range of irradiation temperatures is re-
stricted to the range where the damage production has a
maximum efficiency. In order to evaluate the different
peak areas we used a Gaussian peak fit program. Peak 1
is defined as the peak at 80 °C, superimposed on the low-
temperature flank of the more asymmetrically shaped
peak 2, which could be fitted accurately by three Gauss-
ian peaks.

A third peak (P3) at melting temperatures which may
vary between 95 and 112 °C is observed only at high doses
(>20 Grad), when a certain threshold damage level is
reached (0.5-0.8J/g LH). Figure 3 shows that this con-
dition is reached after about 25-30 Grad. Once peak 3
has appeared only the latent heat contained in peak 3 in-
creases. This behavior is similar for all irradiation tem-
peratures. This can be seen from Fig. 4, which shows the
amount of latent heat contained in peak 3 as compared to
the total latent heat for all the samples irradiated at tem-
peratures between 20 and 150°C. With increasing doses
the latent heat in peaks 1 and 2 decreases slowly and in
some cases, at very high doses ( > 100 Grad), only peak 3
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FIG. 1. Typical DSC scans of sodium colloids in heavily irra-
diated NaCl, doped with 0.1 mol % potassium, irradiated with a
dose rate of 100 Mrad/h. T;,=100°C, except for the 5 and 10
Grad samples, where T, =120 and 110°C. The total latent-
heat values per gram NaCl are respectively, 0.25, 0.48, 0.63,
0.68, 0.70, 1.09, and 2.13 J/g. The inset shows the melting peak
of bulk sodium.

is observed. The amount of latent heat reaches a level of
about 3J/g after 150 Grad, which corresponds to about 7
mol % colloidal sodium (based on the latent heat of
fusion of 0.113 J/mg for bulk sodium). The maximum
production is in the range of irradiation temperatures
around 100°C. At high irradiation temperatures
(> 135°C), for which the damage production efficiency is
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FIG. 2. The partition of the latent heat over peaks 1 and 2 as
function of the dose for K 0.1 mol % doped crystals which did
not show a third peak. T, =100-130°C.
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FIG. 3. The partition of the latent heat over peak 3 and
peaks 1 and 2 as function of the dose for K 0.1 mol % doped
crystals. T;,=100-110°C.

relatively low, the third peak has not been observed, al-
though the threshold damage level was already reached.
The peak can be very wide (FWHM up to 20°C) and has
a Gaussian shape.

Figure 1 shows that the peak shapes and temperatures
deviate strongly from the melting peak observed for bulk
sodium metal (97.8 °C). None of the melting peaks can be
associated with the melting of bulk sodium in irradiated
NaCl. The bulk sodium peak is indeed found at about
98 °C and can only be obtained in crystals with an excess
amount of sodium after long term annealing at very high
temperatures ( > 500°C).

Peak 1 and peak 2 are present for all the investigated
dopants and concentrations, having the same dose depen-
dence as described for the K 0.1 mol % doped crystals.
The occurrence of peak 3 depends on the dopant of the
crystal. For NaCl doped with varying concentrations po-
tassium (0.001-1.0 mol %) a clearly distinguishable,
Gaussian-shaped peak 3 arises, if the threshold level of
0.5 J/g LH is reached. For an impurity concentration of
0.01 mol % K the damage production at an irradiation
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FIG. 4. The partial latent heat of peak 3 versus the total la-
tent heat for K 0.1 mol % doped crystals. Typical peak patterns
are shown in Fig. 1.
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temperature of 100°C is about 25% lower than for 0.1
mol % K. In crystals with other dopants (Ba, mixed
dopant KBF,) peak 3 has also been detected, showing up
at about the same threshold level (0.4+0.2 J/g). In the
case of KBF, doped crystals the production of radiation
damage was considerably higher (>5J/g LH after 150
Grad) than for other crystals. In the case of Li 0.05
mol % doped crystals a saturation of the damage produc-
tion at an amount of 0.5 J/g LH has been observed after
about 30 Grad, which prolonged at least up to 90 Grad
(the crystals showing only melting peaks 1 and 2). Only
at the highest doses a significant peak 3 has been ob-
served for Li-doped crystals (at 150 Grad, 1 J/g LH).
Usually, peak 3 is positioned at a temperature between 95
and 115°C, however, for F-doped crystals peak 3 has fre-
quently been found at temperatures higher than 120°C.

A comparison of the latent heat and the stored-energy
measurements performed in our laboratory on the same
set of samples® makes clear that the total latent heat is a
good measure for the amount of radiation damage in the
crystal. Figure 5 shows that the total latent heat per
gram NaCl contained in the melting peaks is proportion-
al to the stored energy per gram NaCl: 1 J/g LH corre-
sponds to 191 J/g SE. If the atomic specific heat of melt-
ing for bulk sodium of 0.0273 eV is still applicable for
the colloidal sodium, we obtain a recombination energy
associated with the F- and H-center recombination of
5.3+0.5 eV. This value is close to the value found with
optical-absorption spectroscopy 6.2+1.0 eV’ (Ref. 7) and
is near the theoretical (about 5 eV)!>!* and experimental
(4.25 eV)' values given by other authors. The small
offset in the stored energy of about 20 J/g is probably re-
lated to other damage forms, i.e., sodium structures
which do not contribute to the latent heat, stress phe-
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FIG. 5. The stored energy versus the latent heat for

moderate damage levels, for different irradiation temperatures,
doses and dopants. The inset shows a measurements of heavily
damaged crystals for doses up to 150 Grad.
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nomena or surface effects. The relatively large scatter of
the data points near the origin reflect the accuracy of the
latent-heat measurements at these damage levels.

In contrast with the corresponding experiments on
LiF,!° this experimental technique is not destructive for
sodium colloids, probably because of the much lower
temperatures required. The peak patterns are reproduci-
ble with high accuracy. Even after annealing at 300°C
peak 1 and 2 are unchanged. The peak temperature of
peak 3 decreases slightly, if the sample is heated to tem-
peratures above 150°C. However, the peak area remains
the same up to annealing temperatures of 250°C. These
features make the DSC technique very useful as a method
of analysis in combination with other experiments, such
as Raman scattering and electron-spin resonance. A
DSC scan of the melting peaks will be helpful to charac-
terize the crystal and to see if the colloids have changed
after an experiment.

IV. DISCUSSION

The melting peak patterns of the sodium colloids pro-
vide strong evidence that during irradiation at least three
types of colloidal sodium are formed. We propose that
the occurrence of different melting temperatures is due to
the typical sizes of the particles involved. Numerous au-
thors have considered the problem of melting of small
particles as a function of the particle radius.!>~'7 The
classical treatment is based on the theory of Pawlow,'?
which is only valid for relatively large particles ( > 1000
atoms). To obtain an expression which is also correct for
smaller particles, Griffin and Andres'® and Ross and An-
dres?® have proposed the microscopic capillarity approxi-
mation. This approximation yields for the melting tem-
perature T, of a cluster with i particles:

173

T, o T3 |
T, () T B I R
where

A =(1277')1/3(0sv52/3—01v%/3)/(lhf) . (2)

Here T,,() is the bulk melting temperature of the
solid, v, and v, are the atomic volumes of the solid and
the liquid respectively, o, and o, are the respective bulk
surface free energies, and /h, is the heat of fusion. The
melting temperature of a trimer T,,(3) is estimated by
identifying the solid phase of a trimer as the state in
which each atom is bound to the two other atoms and the
liquid phase as the situation in which each atom is bound
to only one other atom. Then the melting temperature of
a trimer can be derived from the dissociation energy of a
dimer €, T,,(3)=0.26¢/k, where k is the Boltzman con-
stant. This phenomenological approach yields good
agreement with the available data for gold and argon
clusters.?!??

This expression can be used to predict the melting tem-
perature of small sodium clusters, however, the result is
very sensitive to the bulk surface free energies of the solid
and the liquid state. Unfortunately, there is disagreement
among authors about the values of the bulk surface free
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energies. We have used the values given by Miedema.?
With o0,=0.228 J/m? 0,=0.200 J/m? v,=3.932
X107% m’, v;=4.118X10"% m’, lh;=4.375X10"%!
J,and T,,(3)=2408 K (¢=0.8 eV) we have computed the
melting curve in Fig. 6. However, to fit our experimental
data we had to employ a correction factor of 0.16 for the
parameter A4 in Eq. (2). This correction is probably relat-
ed to the fact that the sodium particles are not surround-
ed by vacuum, but embedded in the NaCl matrix. The
host matrix will modify the surface free energies of the
particles. If we accept this choice, Fig. 6 suggests that
peak 1 at 80°C can be associated with particles of
500-1000 atoms and peak 2 at 92°C with particles of
more than 10000 atoms. Peak 3 is related to relatively
small particles of 50-200 atoms. At these scales small
changes in the number of atoms result in a large variation
of the peak temperature, which explains the wide range
of temperatures in which peak 3 has been found
(95-140°C).

We should note, however, that other effects may be in-
volved. Based on x-ray-diffraction studies, Lambert, and
co-workers'®?* attributed two latent-heat peaks in irradi-
ated LiF to the melting of different crystal structures (bcc
and fcc clusters). In agreement with this concept a possi-
ble explanation of the different melting peaks could be
that the sodium at the surface of the colloid has an fcc
structure, due to its interaction with the surrounding
NaCl matrix. This interfacial colloid melts at a lower
temperature than the inner sodium atoms, which have no
interaction with the matrix.

Even without knowing the characteristic size and
shape of the colloids exactly, we can attempt to draw
some conclusions about the processes that give rise to the
appearance of the melting peaks. Since similar peak pat-
terns have been found for lithium colloids in irradiated
LiF [DTA (Ref. 10) and DSC experiments performed in
our laboratory], the process which give rise to the
different types of colloid seem to be of a general nature
for irradiated alkali halides.

Possibly the following processes are involved in the
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FIG. 6. The predicted melting temperature of small sodium
particles as a function of the size of the particle. The curve is

based on Eq. (1) with a correction factor of 0.16, for the parame-
ter A in Eq. (2).
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growth of colloids. In the early stages of the irradiation
only two types of colloidal sodium are formed. The first
form (peak 1) is determined by the diffusion of F centers.
Some sort of open structure may be formed by diffusion-
limited aggregation. Because this colloid structure can be
heated far above the melting temperature of bulk sodium
(up to 300°C) and cooled down again without losing its
characteristic latent-heat features, we conclude that this
colloid structure is thermally stable. However, it is not
unlikely that the freshly formed colloid is affected by the
radiation induced lattice excitations within a few anion
distances from the colloid. In this way the colloid will be
transformed during irradiation into a configuration
which is less sensitive to further excitations, i.e., a more
compact structure (peak 2). This explains why peak 2 in-
creases proportional to the dose, whereas peak 1 remains
approximately constant. Such a transformation process
is only related to the dose rate, such that the ratio P2/P1
between the peaks is independent of the irradiation tem-
perature.

When the crystal is damaged very heavily by the irradi-
ation, the damage production will change because of the
changing crystal properties. An excitation only results in
the creation of an F-H pair, if the primary defects are
separated by many anion distances. Therefore one ex-
pects that at a certain damage level an effective creation
of F-H paris is not possible anymore, because the F and H
center will be captured by the same damage form. For
instance, if the dislocation line density becomes very
high, due to the continuous capture of H centers, the
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probability to capture both the F and the H center be-
comes very high. The new H center will settle down
close to the dislocation line, whereas the new F center
will immediately annihilate at the dislocation line, such
that the net result is the annihilation of the created F-H
pair. This idea has been introduced into a general model,
which describes the nucleation and aggregation of col-
loids.?® Such a process would result in a saturation of the
radiation damage.

We expect that the damage form represented by melt-
ing peak 1 and 2 can be associated with a process leading
to saturation as described above, which is determined by
diffusion through the matrix. This would explain the sat-
uration of this damage form in the case of Li-doped crys-
tals. However, the K-doped crystals (and others) do not
saturate with damage. The appearance of the third melt-
ing peak at latent heat levels of 0.5 J/g (about 1 mol %
colloidal sodium) for specific dopants indicates that other
processes become favorable in these crystals. Possibly
diffusion along the dislocation lines becomes dominant
and much smaller colloids are formed along the disloca-
tion lines.
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