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Representations of dead layer (DL) nature in Csl:Na crystals are considered. To eliminate the contradictions between the
models of DL, degradation of the conversion efficiency (n) for surface layers has been studied. Simultaneously, the DL profile and
its evolution under aging were studied using X-rays of different energies. It has been shown that immediately after surface polishing
the n is increased for 5.9 keV photons (depth of 90% attenuation is equals ~7.6 um). Anion vacancies are responsible for 1 increase,
whose concentration in the disturbed layer is comparable with the concentration of the activator C,. Decay of supersaturated vacancy
solid solution results in extremely inhomogeneous distribution of the n due to the local distortion of the Ca. The consequence of this
is the disappearance of the full absorption peak in the pulse height spectrum. Despite the loss of energy resolution and detection
efficiency (at photopeak) the total counting rate remains constant for a-particles. The dead layer itself (the loss of full detection
efficiency) is formed after the diffusion of sodium to the free surface, approximately after 6 months and more.

Keywords: dead layer; detection efficiency; conversion efficiency; light yield non-uniformity.

Posrnsinyto ysiBieHHs mpo mpupoay MeprtBoro mrapy (MII) B kpuctamax Csl:Na. [lns ycyHeHHs po30ibKHOCTEH Mix
mozemsimu MII BuBYEHO merpajariiro KOHBEpCiiHOI edekTHBHOCTI (1)) moBepxHeBHX mIapiB. OJJHOYACHO 3 MM BHBYEHO MPOQiThb
MII i fioro eBOXNIOLIIO MiJ Yac cTapiHHsS, BUKOPHUCTOBYIOUM PEHTTEHIBCHKI KBaHTH pi3HOI eHeprii. [lokasaHo, mo Oe3mocepeHbo
TTiCTIst MONipyBaHHS IMTOBEPXHI 1) 30inbIIeHa it poToHIB 3 eHeprieio 5,9 keB (rmmbuna 90% nocnabneHns ~ 7.6 MkM). 3a 301IbIICHHAS
T\ BIATIOBIAIOTH aHIOHHI BaKaHCIii, KOHIIGHTPAIIisl SKUX y CIIOTBOPEHOMY HIapi MOpiBHsHA 3 KOHIIEHTpaieio aktuBatopa Ca. Posman
MIEPECHUCHOTO PO3UYHMHY BAaKaHCIH MPU3BOAUTE 0 BKpail HEOTHOPIAHOTO PO3MOALTY 1 depe3 snokanbHi mopymeHus Ca. Hacmigkom
I[LOTO € 3HWKHEHHS ITiKy ITOBHOTO TOTJIMHAHHS B aMIUNITyJHOMY crekTpi. He3Baxkaioun Ha BTpaTy pO3ALTBHOI 3/aTHOCTI a TAKOX
MiKOBOi e()eKTHUBHOCTI peecTpallii, MBUIKICTh PaXyHKY O- YacTOK MO BCbOMY CHEKTpPY 3ajMIIaeThesi noctiiiHoro. Bracme MIII
(BTparta MOBHOT e()eKTUBHOCTI peecTpallii) yTBOPIOEThCS depe3 6 MicswiB i Oinblue, micis andy3iifHOro BUXOAy HATPIIO HA BiJIbHY
MOBEPXHIO.

KiouoBi cioBa: MepTBuii map; eeKTHBHICTD peecTparlii, KOHBepCiifHa e)eKTHBHICTh; HEOAHOPIIHICTh CBITIIOBUXO/Y.

Introduction

The figurative expression "living crystal" has long been
firmly established in the scientific literature [1] with the
easy hand of Ya.E. Geguzin. The term "dead layer" (DL) is
also widely used in technology for functional materials and
implies the absence of a useful signal from the surface
layers of the active element. For example, the concept of
DL was introduced in [2] for semiconductor crystal
phosphors and is explained by the distortion of the band
structure near the surface.

Despite the fact that the term DL has firmly entered the
scientific lexicon, seems that different authors put into this
concept a somewhat different meaning. First of all it
should be noted that spectrometry is the most important
section of scintillation technique. As to spectrometry in our
opinion the term DL means a sharp decrease (by one order
or more) of the registration efficiency ¢ at the peak of total

absorption, as this concept is used in [3, 4] especially for
weakly penetrating radiations.

On the other hand, it is known that the conversion
efficiency n is reduced commonly for low-energy photons.
This fact was discovered long ago, for the first time in [5]
for Nal:Tl scintillator. It was a decrease of mn by
approximately 20% (without a change in the ¢) and there
were no grounds for using the term DL. Since this decrease
concerned only the region of soft X-ray radiation and did
not affect the volume characteristics of scintillator, the
nature of this phenomenon was not dealt with in detail.

Nature of the DL and mechanism of its formation were
considered in [6, 7] for hygroscopic crystals of Nal:Tl. In
present paper, let us dwell on the features of the DL
manifestation in the Csl:Na scintillation material. The goal
of our present consideration is to review modern ideas
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about the nature of the dead layer, its evolution over time,
and also about measures to prevent its occurrence.

The dead layer manifestations in Csl:Na

Initially, the DL idea and its effect on the detection of
short-range radiation arose on the basis of a study of light
yield degradation. It is well known, that Csl:Na crystals,
despite its successful application for y-ray detection, are
not recommended as an o-particle counter. Let us explain
this conclusion by two examples. Fig. 1 shows the pulse
height spectra excited by a-particles in the Csl:Na
scintillation material [8]. It is clear seen that the
degradation of the light yield L, begins immediately after
manufacturing (finishing polishing) of the sample and
continues until the crystal is almost completely lost by the
ability to register short-range particles. A distinctive
feature of pulse height spectra at a late stage of
degradation is that, the peak of the total absorption (see
curve 4) is not so much shifted to the low-energy region as
it spreads to such an extent that it is practically impossible
to correctly determine the half-width. After a few days,
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Fig.1 — Change of pulse height spectrum during the crystal
storage at ambient conditions. Spectra are recoded after one
hour (1) of finishing polishing, 12 hours (2), 3 days (3) and 6
days (4). Note that position of the photopeak for 662 keV y-
rays do not change [8]

depending on the temperature and relative humidity, the
full absorption peak disappears.

The aging degradation kinetics of the light yield is
shown in Fig. 2. Curve 1 presents the change in light yield
for a-particle L, at temperature of 18°C and relative
humidity of ~ 80%. It is clear seen that the L, is
continuously reduced and after 25 days is only 30% of the
initial value.

A distinctive feature of the degradation process is not
so much a reduction in light yield as a significant
deterioration in the energy resolution (R). The
measurements were terminated due to the fact that the R
values exceeded 50% and it was impossible to determine
correctly the position of the maximum and the peak half-
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width. This means that the Csl:Na crystal loses the ability
to identify the particles on energy (by the position of the
full absorption peak) after three weeks of aging (see curve
1in Fig. 2). It should be noted that a collimator with a hole
diameter of 0.5 mm was used in our experiments. It means
that the o-particles penetrated into the crystal
perpendicular to its surface. Apparently, the registration of
oblique particles leads to the fact that the degradation of L,

occurs in a few days [10] under normal conditions.
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Fig. 2 — Relative light yield degradation during Csl:Na
crystals aging at 25°C and relative humidity 70 (1), 30 (2)
and 5% (3). Curves 1, 2 and 3 correspond to excitation by o-
particles (2°Pu), curve 4 by y-rays (**Cs)

Diffusion model of the DL in Csl:Na

Representations of the DL formation mechanism due to
the Na* diffusion from the crystal volume to free surface
were originally formed when studying thin-film detectors
[11], which have obvious advantages in the detection of a-
particles, protons and soft X-rays, when the thickness of
the scintillator is sufficiently small. The development of
works in this direction [12] led to the creation of
production for Csl:Tl epitaxial layers, which have been
successfully used so far.

It turned out, however, that Csl:Na thin films are not
stable and degrade in a short period of time in contrast to
Csl:Tl one which exhibit the stability of the spectrometric
characteristics. To explain this phenomenon, a diffusion
mechanism for DL formation due to the sodium release
from the volume to surface has been proposed in [3, 13].

The experimental facts underlying the mechanism are
the following:

e  during the aging of Csl:Na films, the parameters
1 and ¢ deteriorate sharply during 2-4 days;

e  distribution profile of activator in the aged sample
shows a sharp Na concentration increase at the surface;

o the Nal phase is formed on the surface itself;
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e sodium precipitates are formed in the near-surface
layer.

It was concluded in [13] that all these facts also hold
for single crystals taking into account that the diffusion
processes are inhibited. The typical time needed for Nal
phase formation on free surface is 6 months or more. A
visual experimental confirmation was obtained in [14], see
Fig.3. When the aged Csl:Na crystal is excited, a strong
dependence of the spectral composition of the
luminescence on the penetration depth of X-rays is
observed. It has been shown that a 304-nm emission,
typical for Csl-pure, rather than 420 nm, characteristic of
the Csl:Na, is excited near the surface. According to our
data, a sample of 3.8-mm-thick loses its spectrometric
properties at excitation by 662 keV y-rays after 13 years of
storage under ambient conditions. When this sample is
excited with 60-keV X-rays (90% depth of attenuation is
~0.65 mm) the 420 nm luminescence of Csl:Na does not
appeared, but only 304 nm emission is clearly recorded.
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Fig.3. Radioluminescence spectra of Csl:Na crystal at aging.

1 — one day of storage; 2 — 10 years; 3 — 14 years of storage,

curve 3 is multiplied by factor 5. Emission is excited by 60

keV y-rays from 2**Am source.

On the surface of aged samples, there is an appearance
of matte areas with a characteristic size of up to one
millimeter. The micro-X-ray analysis of such areas shows
that they are a film of baking soda (NaHCO3) on the
polished surface [15]. The NaHCO; product is observed in
centers of nucleation, where the formed Nal phase actively
adsorbs water and dissolves in it. The arid puddles of a
saturated solution are visible to the naked eye like the
shiny spines of a clamping hole [16]. In our opinion, it is
with this fact that the concepts of the hygroscopicity of
Csl: Na crystals are related. In solution, Nal hydrolyses to
form NaOH, this process is especially active in the light
[7]. Then the carbonization process proceeds according to
a known reaction:
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NaOH + CO, = NaHCO; 1)

as a result of which baking soda is formed. Similar results
on the nature of the precipitates on the surface of Csl:Na
crystals are presented recently in [17].

The diffusion model of DL proposed by Tchaikovsky
and Rosenberg [3, 13] can be considered proven, since
both the formation of the Nal phase on the surface and the
depletion of the near surface layer by the activator, are
observed experimentally.

X-RAY: 0 20 keV
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Fig.4. Spectrum of characteristic X-ray emission which

excited in matted regions formed by the inclusion of new

phase on internal surface of crystal

However, it soon became clear that the loss of crystal
spectrometric properties does not coincide in time with the
diffusion of sodium to the free surface of sample. The light
output decrease at excitation by a-particles in the course of
aging follows the exponential law L, ~ exp (-t /z) with the
parameter t = 4 days [4], which is clearly not enough for a
noticeable enrichment of the surface with sodium. The
essential signs of sodium enrichment appeared after a few
months of storage. The authors of [4] explained their
results from the opposite point of view they proposed the
diffusion of quenching impurities (like OH™ ions) into the
crystal lattice. Note that our results (see Fig. 2) confirm
both the data [4] as well as [3, 13] (see Fig. 4).

Distorted layer in living crystal

To solve this contradiction a DL profile and its
evolution in time have been studied. Simultaneously the
degradation of light output L, has been studied too. To
obtain the profile we replaced L, by #, using first
approximation: n = LJE,. We expected that a sharp
decrease in the conversion efficiency will be observed near
the surface, as it follows from the data of [18], where the
dependence of 7 vs E, was studied in the range of proton
energy 20 < E, <540 keV.
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Fig. 5 shows the data [18], but the original energy scale
was recounted by us into the proton range. It can be seen
that the n decrease is observed for protons of the lowest
energies. Characteristic depth dy of DL (d, corresponds to
attenuation of the 7 in 2,71 times) is approximately 2 um
for CsI:Na and only 0.2 um for CsI: Tl crystal. It should be
noted that conversion efficiency is normalized in Fig. 5,
the 7 value is equal to unity for protons of biggest energy.

In present work the DL profile has been investigated
using X- and low energy y-rays. Obtained profiles of DL
are shown in Fig.6 for Csl:Na crystal at different stages of
aging. Original data are presented in paper [9], here we
have recalculated energy scale to a depth of 90%
attenuation (dgo) of X-rays. It should be noted that
dependence 7 vs E, (where E, is an energy of X-ray) has a
nonmonotonic character in the region of the K-edge of
iodine (~ 30 keV). It has been shown, however, that after
scale replacement (E, — dg) this feature is smoothed out
[19].

e
.

normalized conversion efficiency

1 2 3 4 5 6 7 8 9 10
range of proton [pum]

Fig.5. Profile of dead layer in Csl:Na and Csl:Tl crystals
after 10 months of aging. Excitation by protons [18]

The course of the dependence 77 vs dgy for X-rays after
20 days of storage is similar to curves 1 and 2 in Fig. 5. A
distinctive feature of curve 1 in Fig. 6 is that for the quanta
of the lowest energies (5.9 keV with the dgy = 7.6 pm), an
increase in the 7 value is clearly seen. This increase in
conversion efficiency is temporary and disappears after
several days of aging. As can be seen from the data in Fig.
6, the alignment of the 7 values occurs after 19 days.

Contrary to curve 3 in Fig.6 which corresponds to
profile of the DL, the curve 1 illustrates the layer with
increased conversional efficiency. By analogy with [1] we
propose that such a profile be called a "living layer”.
During aging the living layer relaxes and after some days
the m values correspond to conversion efficiency in
volume, after that the actual dead layer is formed. After 25
days of storage, the crystal practically loses its ability to
detect weakly penetrating radiation, which is manifested in
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the sharp degradation of € and R for photons with energy
of 5.9 keV.
The nature of the living layer is associated with an
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Fig. 6. Dead layer profiles at different stage of Csl:Na
crystal aging. 1 — one day of storage; 2 — 19 days; 3 — 22
days of storage

increase in the number of luminescence centers in the near-
surface distorted layer. The fact is that the blue
luminescence of Csl:Na crystals is associated not only
with the activator (Na*), but also with anion vacancies
[20]. Cation (V") and anion (V) vacancies easily arise
during plastic deformation [20] of Csl crystal. Well known
that mechanical treatment causes the plastic deformation in
near-surface layer. It was shown that, with a greater degree
of deformation, a greater yield of blue luminescence [15,
20]. Estimates made in [15, 21] show that the
concentration of vacancies (Cy) in the living layer after
"soft polishing” is comparable to the sodium content (Ca)
in the volume of crystal.

Two-stage mechanism of DL formation

The DL model in Csl:Na crystals, proposed by
Tchaikovsky and Rosenberg [3, 13], is schematically
shown in Fig. 7. Curve Ca(d) denotes the profile of
activator distribution on the depth of crystal. It is well
known that sodium diffusion towards free surface results
in formation near boundary of the zone depleted by the
activator. Boundary between Csl pure layer and Csl:Na
volume has to shifts towards crystal depth according low
do ~ t2 [22]. However, as we saw above for single crystals
do ~ 1-exp(-t/7). According data [4] as well as our results
shown in Fig. 2 the parameter r is equal to 4 days for
sample stored at ambient condition and 6 days for aging at
dry room. These values of 7 are in good agreement with
data [10, 15] also.

A decrease in the light yield by 30% (see curve 3 in
Fig. 2) cannot lead to a significant broadening of total
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absorption peak and to a catastrophic deterioration in
energy resolution (see Fig. 1). It is natural to assume that
in the near-surface layer an inhomogeneous distribution of
emission centers is formed not only along the depth of
layer, but also in the cross-sectional area. An obvious sign
of such non-uniformity is the presence of sodium
precipitates, which appear in the DL [3, 13]. Sodium
precipitates are not typical for crystals with an optimal Na
concentration: Ca = 9.5-10"" cm . It should be noted that
we used an ingot with uniform activator distribution in
whole volume, sodium concentration in all samples was:
Ca=8,6:10" cm®.

Existence of the living layer near the surface at initial
stage of aging implies a revision of mechanism of DL
formation, since a supersaturated solid solution of
vacancies should disintegrate first of all. Obvious sinks for
vacancies are the free surface and dislocations. Let's
explain the above with a simple example.

Dead layer Csl:Na crystal =
. d
Na
Ca(d)
> Nal

Living layer

+
V A

VY C,@d+C )

Fig.7. Model of Dead Layer in Csl:Na crystal after agin

[13], curve "Ca(d)" shows the distribution profile of Ne

Proposed model of Living Layer, curve "Ca(d)+ Cy(d)

shows profile of distribution of emission centers

Free surface itself is a natural sink for excess
vacancies. Within a few days towards the interface, a
gradual weakening flow of vacancies will be directed.
Vacancy flow will lead to a predominant shift of Na*
cation in the opposite direction. Another consequence of
the living layer relaxation is, perhaps, the penetration of
foreign impurities, for example, OH™ ions, from the surface
into the crystal lattice. A similar displacement of impurity
ions occurs in any part of the crystal where there is a
directed vacancy flow [22].

As a result, the sodium distribution along depth will
change. Schematically, the change in the profile of sodium
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distribution is shown in Fig.8. In disappearing living layer
the zone enriched by sodium should form. Since even a
small (within + 20%) increase in Na concentration causes
the decay of solid solution [23], in noted zone the sharply
inhomogeneous activator distribution is appeared. Sodium
precipitates are just an experimental manifestation of such
non-homogeneity on microscopic level [3]. Vacancy
claster can play role of nucleation center for decay of solid
solution. It is known that such clasters appeared easy in
Csl [24] after plastic deformation as a result supersaturated
vacancy solution decay.

So, proposed model of DL and mechanism of living
layer transformation to dead one can be checking
experimentally. New model supposes that the formed dead
layer (peak of total absorption in which is absent on the
pulse height spectrum) is still a solid solution of sodium in
Csl. It means that a-particles should be detected even in
course of the decay of solid solution. So, Csl:Na crystal
can detects a-particles in counting mode but cannot
identify them on energy.

To check this assumption the pulse height spectra have
been measured. To select needed level of discrimination
the pulse height spectrum was measured for Csl-pure
crystal. Then the high discrimination threshold was chosen

such that the total absorption peak in spectrum
Dead la
) Csl:Na crystal
V. A
Na’
= —
Na
1+— \
v, Cy(d)
OH centers of
nucleation
d

»
>

Fig.8. Profile of dead layer in Csl:Na. Curve "Ca(d)”
shows the proposed distribution of Na after relaxation of
supersaturated solid solution of vacancies

disappeared. Figuratively speaking, we made artificially
the Csl crystal dead. As for the Csl:Na crystals, they still
recorded and distinguished o-particles at such a high
threshold. The measurements were continued after 30
days. Despite the absence of a full absorption peak in the
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spectrum, the crystal registered the a-particles in counting
mode, the total detection unchanged.

So, the term DL means first of all a loss of energy
resolution, rather than a light output or detection
efficiency. The scintillation technique distinguishes the
total and peak detection efficiency. Returning to the
meaning of term DL, one can concretize that a crystal with
a dead layer loses its peak not total registration efficiency.
Total efficiency of a-particles registration Csl:Na loss
throughout the year formation a Csl-pure layer. The
thickness of the Csl-pure layer should not be less than the
range ¢ of o — particles in Csl (£ = 32 um for energy
5.15 MeV from #°Pu source).

Conclusion

Representations of dead layer nature in Csl:Na crystals
are considered. To eliminate the contradictions between
two existing models of DL, degradation of the conversion
efficiency in near surface layer has been studied.
Simultaneously, the DL profile and its evolution under
aging were studied using X-rays of different energies. It
has been shown that immediately after surface polishing,
the m is increased for 5.9 keV photons (depth of 90%
attenuation is equals ~7.6 pum). Anion vacancies are
responsible for m increase, whose concentration in the
disturbed layer is comparable with the concentration of the
activator C,. Decay of supersaturated vacancy solid
solution results in extremely inhomogeneous distribution
of the n due to the local distortion of the C,. The
consequence of this is the disappearance of the full
absorption peak in the pulse height spectrum. Despite the
loss of energy resolution and detection efficiency (at
photopeak) the total counting rate remains constant for a-
particles. The dead layer itself (the loss of full detection
efficiency) is formed after the diffusion of sodium to the
free surface, approximately after 6 months and more.
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