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Dead layer in living Csl crystal
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Representations of dead layer (DL) nature in CsI: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 1 is increased for 5.9 keV photons (depth of 90% attenuation is equals ~7.6 um). Anion vacancies are responsible
for n 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 1 due to the local distortion of the
Cy. 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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PosrsinyTo ysiBnennst mpo npupoxy meprBoro mapy (MIH) B kpucramax Csl:Na. [nst ycyHeHHS po30DKHOCTEH Mixk
mozemnsimu MIII BuBueHo nerpananito KoHBepciiHoi edexTuBHOCTI (1)) moBepxHEBHX MmapiB. OHOYACHO 3 IIMM BUBYEHO MPOdiib
MIII i fioro eBOIIOLIIO M Yac CTapiHHs, BUKOPUCTOBYIOUM PEHTICHIBChKI KBAaHTHU pi3HOI eHeprii. [Tokazano, mo Ge3mocepetHb0
micns nmosipyBaHHS HMOBEPXHI M 30iibiuieHa a1 GoToHIB 3 eHepriero 5,9 keB (rmmubuna 90% nocnabinenus ~ 7.6 Mkm). 3a
30iIbLICHHS 1| BiJMOBIJAIOTH AHIOHHI BaKaHCil, KOHLEHTpALis SIKMX Y CIOTBOPEHOMY MLIapi MOPIBHSHA 3 KOHIEHTPALIEIO
aktuBaropa C,. Po3man nepecHyeHOro po3unHy BakaHCiii MPU3BOAWTH A0 BKpail HEOAHOPIJHOTO PO3MOJLTY 1) uepe3 JIOKalbHi
nopyueHts: C,. Hacimiikom 1pOro € 3HUKHEHHsI 1Ky TOBHOTO MOTJIMHAHHS B aMIUTITyAHOMY criekTpi. He3Baxkarouu Ha BTpaty
PO3/IIbHOI 37aTHOCTI @ TaKoX IKOBOI e(EeKTHBHOCTI peecTpallii, MIBHAKICTH PaXyHKY O- YacTOK [0 BCBOMY CIHEKTPY
3aiumaeThes nocriitnoro. Biacne MIII (BTpaTa noBHOI e(eKTUBHOCTI peecTpaliii) yTBOpIoeThes yepe3 6 MicsmiB i OiibIe, micis
Juy3iHHOTO BUXOAY HATPIlO HA BiJIbHY IIOBEPXHIO.

Kurouogi ciioBa: MepTBuii map; epekTHBHICT peecTpallii, KOHBepCiiiHa epeKTHBHICTh; HEOAHOPIHICTh CBITIIOBUXOY.

Paccmotpens! npeacrasinenus o npupoae Mepteoro ciosi (MC) B kpuctamiax Csl:Na. [l ycrpaHeHHs NpOTHBOPEUUi
Mexy mozpemsimu MC u3ydeHa jgerpafarys KOHBEPCHOHHOH 3((GeKTUBHOCTH (1)) HOBEPXHOCTHBIX cioeB. OXHOBPEMEHHO ¢
5TuUM H3y4eH npoduias MC u ero 9BOIIOLHS IIPU CTAPEHUH, HCIIOJb3Ysl PEHTITCHOBCKHE KBAHTBI pa3HbIX 3Hepruii. [Tokasano, 4ro
HENOCPE/ICTBEHHO 110C/Ie MOJMPOBKU MOBEPXHOCTH 1) yBenuueHa Juisi (OTOHOB ¢ sHeprueit 5,9 kaB (rayouna 90% ocnadienus
~7.6 MKM). 3a yBeIHUYEHHE 1| OTBETCTBEHHBI AaHHOHHBIC BAKAHCHH, KOHIICHTPANUs KOTOPHIX B HApPYIICHHOM CJOE CpPaBHHMa C
KoHIeHTpanuel akrtuBatopa C,. Pacman mepechineHHoro pacTBopa BaKaHCHH NPUBOANUT K HEOJHOPOIHOMY pacHpeeNICHUIO 1)
u3-3a JoKaIbHbIX HapymeHuil C,. CieacTBHEM STOrO sSBJSETCS MCUE3HOBEHHME ITMKA IOJIHOTO IMOIJIOLICHHUS B AMIUIUTYIHOM
crektpe. Hecmotps Ha yTpary paspemeHnst W MUKOBOH 3()(GEKTUBHOCTH PETHUCTPAINH, CKOPOCTh CUETA O-YaCTHI] 10 BCEMY
crekTpy ocraercst nocrostuHoit. CooctBeHHo MC (motepst mostHOH 3G PEeKTUBHOCTH perrcTpanun) odpasyercs yepes 6 Mecses u
6oree, mocie U GHy3NOHHOTO BEIXOAA HATPHS HA IIOBEPXHOCTb.

KioueBble cj10Ba: MepTBEIi C110i; 3 (HEKTUBHOCT PETUCTPAIMN; HEOXHOPOIHOCTH CBETOBOTO BBIXO/A

Introduction rometry 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 penetra-
ting radiations.

On the other hand, it is known that the conversion
efficiency 1 is reduced commonly for low-energy

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 photons. This fact was discovered long ago, for the first

semiconductor crystal phosphors and is explained by the ~ time in [5] for Nal:Tl scintillator. It was a decrease of n
distortion of the band structure near the surface. by approximately 20% (without a change in the ¢) and
Despite the fact that the term DL has firmly entered there were no grounds for using the term DL. Since this

the scientific lexicon, seems that different authors put dec.rea.lse conc.erned only the region of SOft. X-ray
into this concept a somewhat different meaning. First of radiation and did not affect the volume characteristics of

all it should be noted that spectrometry is the most scintillator, the nature of this phenomenon was not dealt
important section of scintillation technique. As to spect- with in detail.



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

The dead layer manifestations in CsI: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 a-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, depending on the
temperature and relative humidity, the full absorption
peak disappears.
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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]

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-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 1 in 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 a-par-
ticles 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 (*°Pu), curve 4 by y-rays (**Cs)

Diffusion model of the DL in CsI: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 CsI: 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 CsI:Tl one which exhibit the stability of the
spectrometric characteristics. To explain this phenome-
non, 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
n 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;

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 spectro-
metric 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 CsI: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 **' Am source.

On the surface of aged samples, there is an appea-
rance 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 (NaHCO;) 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:

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 Tchaikov-
sky 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.
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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 o-
particles in the course of aging follows the exponential
law L, ~ exp (~t /7) 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 7, using first
approximation: 77 = L/E,. 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 < £, < 540 keV.

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 d, of DL (d,
corresponds to attenuation of the 7 in 2,71 times) is
approximately 2 um for CsI:Na and only 0.2 pm 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 (dyy) 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 (£, — dy) this feature is
smoothed out [19].
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Fig.5. Profile of dead layer in CsI:Na and CsI: Tl crystals
after 10 months of aging. Excitation by protons [18]

normalized conversion efficiency

range of proton [um]

The course of the dependence 7 vs dyy 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
dgp = 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 thez values
occurs after 19 days.
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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

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 n 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 the sharp degradation of ¢ and R for
photons with energy of 5.9 keV.

The nature of the living layer is associated with an
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 (C,) 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 Cx(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 Cs/ pure layer and
Csl:Na volume has to shifts towards crystal depth
according low d, ~ ¢ [22]. However, as we saw above
for single crystals dy ~ I—exp(~t/7). According data [4]
as well as our results shown in Fig. 2 the parameter 7 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.
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Fig.7. Model of Dead Layer in CsI:Na crystal after aging
[13], curve "Ca(d)" shows the distribution profile of Na.
Proposed model of Living Layer, curve "Ca(d)+ Cy(d) "
shows profile of distribution of emission centers



A decrease in the light yield by 30% (see curve 3 in
Fig. 2) cannot lead to a significant broadening of total
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: C = 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: C, = 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.

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].

Csl:Na crystal

Cy(d)

centers of
nucleation

d

Fig.8. Profile of dead layer in CsI:Na. Curve "Cy(d)"

shows the proposed distribution of Na after relaxation of

supersaturated solid solution of vacancies

As a result, the sodium distribution along depth will

change. Schematically, the change in the profile of
sodium 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 o-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 disappeared. Figuratively speaking, we
made artificially the CsI 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 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 oa-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 a-particles in Csl (£ = 32 um
for energy 5.15 MeV from 29pu 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 n is increased for 5.9 keV
photons (depth of 90% attenuation is equals ~7.6 pm).
Anion vacancies are responsible for n 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 1 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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