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It is known that the light yield L is not proportional to energy E for many scintillation
materials under excitation by external y-rays. In contrast, L is proportional to E for
internal radiation sources. In this work, it has been shown that this contradiction can be
eliminated if the non-proportionality is considered as a total result caused by two effects.
First, the scintillation duration is shortened as the photon energy decreases, that results
in increasing measured L/E value at fixed signal formation time. Second, the presence of
dead layer results in the luminescence quenching near the crystal surface. In this concept,
the response non-proportionality is considered as axial inhomogeneity of the scintillation
efficiency depending on the radiation penetration depth H. It has been shown that the
valley in L/E vs E dependence near the K-edge of iodine absorption (the jump-like H
changing almost by ten times) disappears on the L/E vs H one.

HsBecTHO, UTO CBETOBOM BBIXOA L HEIPOIIOPIHOHAJIEH DSHEPruu dJeKTPOHOB E a1 MHO-
TUX COVHTHJIIAINOHHBIX MAaTEPHAJIOB IIPU BO30YIKIEeHWW BHENIHMMU Y-KBaHTaMHu. B mpotu-
BOIIOJIOJKHOCTh 9TOMY, L mponoprnuonaneH E pgjasd BHYTPeHHUX HCTOUHUKOB pagmanuu. B
paboTe mOKasaHO, YUTO 9TO MPOTUBOPEUNE MOJKHO YCTPAHUTH, €CJIU HEIPOIOPIMOHAJIHHOCTH
BEIXOJIa paccMaTpUBaTh KaK cyMMapHbIi adeKT AByX (hakTopoB. Bo-mepBhBIX, AJUTEIHHOCTD
CHUHTUJIANUN COKpPAIaeTcs C YMEeHbIIeHNEeM SHEePTUUM KBAHTOB, UTO IIPUBOJUT K yBeJU-
YeHUI0 uadMepsaeMoil BequunHsl L/E npu (pUKCUPOBAHHOM BpeMeHU (DOPMUPOBAHUSA CUTHA-
Jga. Bo-BTOPBIX, Ha/JIWYWE MEPTBOTO CJOA MNPUBOAUT K TYIIEHUIO JIOMHUHECIEHIIUU BOJIM3U
TMIOBEPXHOCTU KPUCTAJLJa. B TaKOM MOOAXOJe HEIPOIOPIMOHAJILHOCTL BBHIXOJA TPaKTyeTcsd
Kak oceBasg HEOJHOPOLHOCTH CIUHTUJIIANUOHHON 9(P(PEeKTUBHOCTU B 3aBUCUMOCTHU OT IJIyOU-
ool H nponukHoBeHus usaydenuit. [loxkasano, uto mpoBas Ha 3aBucumoctu L/E vs E
okoyio K-kpaa morsomieHus iioga, rae H maMeHAeTcs CKAYKOM Ha IMOPAJOK, McUe3aeT Ha
saBucumoctu L/E vs H.
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The light yield L is not proportional to
the electron energy E for many scintillation
materials under excitation by external ra-
diation sources [1]. For Nal: Tl and Csl.TI,
the non-proportionality is characterized as
an increasing scintillation efficiency dL/dE
when the photon energy decreases [2]. As a
first approximation, dL/dE ~ L/E, and the
specific light yield L/E can be expressed as:

L/E =(1/¢)pSQ, (1)
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where ¢ is the average energy of electron-
hole pair formation; (3, the light collection
coefficient; S, efficiency of energy transfer
from the host lattice to luminescence cen-
ters; @, the quantum efficiency of a lumi-
nescence center. The coefficients p and @
are energy-independent. The non-propor-
tionality of response is explained by differ-
ences in energy transfer conditions from
host lattice to activator centers for elec-
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trons of different energies, i.e. energy de-
pendence of the coefficient S = S(E). More
precisely, the explanation is connected with
increasing specific energy loss dE/dx with
decreasing electron energy [3]. The non-pro-
portionality of response is postulated in [4]
as an internal crystal property, which
causes an essential deterioration of energy
resolution.

Theoretical models [3, 4] based on con-
cept of the light yield non-proportionality
are generally accepted at present time.
However, assumptions were made for a long
time concerning possible distortion of light
yield data for low-energy photons due to
surface influence and its state [5, 6]. As an
example, to correct the function L/E vs E
in low-energy range, Meggitt [5] has supple-
mented the equation (1) with a coefficient
n taking into account the L/E decrease
caused by the surface negative influence:

n=1-exp(-x/d,), (2)

where x is the distance from surface; d,,
the characteristic layer depth. Essentially,
Meggitt introduced the concept of the so-
called "dead” near-surface layer [7, 8]. In
this layer, the light yield either decreases
essentially or is even zeroed. Such approach
allowed to correct the L/E vs E curve for
Nal: Tl in the lowest energy range [5] that
was necessary to explain the McCann and
Smith [9] results as to detection the events
with energy of 0.84 keV. If S = const, then
it follows from (1) and (2) that L/E is a
function of penetration depth but not of
energy, at least at a short distance from the
scintillator surface. The surface influence
can be neglected for sufficiently large crys-
tals which contain internal sources, i.e. iso-
topes introduced to the crystal lattice dur-
ing the crystal growth. Results of such
studies are summarized in [10]. It turned
out that the light yield is proportional to
energy within a wide energy range from
0.345 to 1.33 MeV for internal radiation
sources. This work is an attempt to eliminate
contradictions between investigation data on
the response non-proportionality obtained
using external and internal radiation sources.

It is well known that the scintillation
duration in Nal:TI [11] and Csl:TlI [12] is
shorter for a-particles than for y-rays. Re-
cently, the scintillation decay time has been
found to shorten as the photon energy de-
creases [13]. The dependence of light yield
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Fig. 1. Dependence of relative light yield on
the signal formation time for Csl:Tl with
0.11 mole % of TI. Excitation by 5.15 MeV
o-particles (1), 5.9 keV X-rays (2) and 662 keV

y-rays (3) ).

on the signal formation time (tp;) under
excitation by photons with various energies
for Csl:Tl are given in Fig. 1. In this crys-
tal, Tl concentration corresponded to the op-
timal value (0.11 mole %) both for y-rays
and a-particles. It is clearly seen from the
data of Fig. 1 that the relative light yield at
excitation by X-rays of 5.9 keV energy
(L o) as a function of 15, attains the satu-
ration much faster than the similar curves
for both Lgg and Lgge. We have observed
this effect for Nal: Tl and Csl:Na, too [13]. It
should be noted that for thin samples of
1.5 mm thickness, this effect is less pro-
nounced than for crystals of 6 mm thickness.
As far as both a-particles and 5.9 keV X-rays
are absorbed in thin layer near the surface,
these facts evidence a possible role of the
crystal surface in the observed effect.

When being excited by external radiation
sources, the light yield is not proportional
to the photon energy. As it has been noted
above, the mentioned non-proportionality is
not observed for internal sources. To recon-
cile these experimental facts, let the free
surface be assumed to influence the light
yield both negatively and positively. Ac-
cording to [10], let us assume that in the
crystal volume, the L/E depends neither on
energy nor coordinate of an interaction
point. We mean the "dead” layer as the
negative influence of surface while the posi-
tive surface influence is believed to be asso-
ciated with shortening of scintillation decay
time, i.e. with a purely kinetic light collec-
tion effect. In other words, in the whole
crystal volume except for a thin dead layer,
the luminescence intensity is coordinate-in-
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Fig. 2. Specific light yield as a result of shorten-
ing of decay time (1, 2) and sum effect (3, 4). The
L/E is normalized to tp, = 12.8 us (I) and 25 us
(2). Parameter d, = 5 pm (3) and 40 um (4).

dependent and the light yield is defined by
kinetic parameters of scintillation.

In the proposed model, all the L(t) vs tp¢
dependences are possible to be normalized to
the same relative yield when the tp, — o,
as it is shown in Fig. 1. These data show
that the lower is the energy (in the range of
662 to 5.9 keV), the higher is the relative
light yield at a selected signal formation
time. Such trend is typical of any tps val-
ues really used when the crystal is excited
by an external source. Let us assume that
L/E =1 at E =662 keV, as it is considered
as normalizing condition in the works aimed
at the non-proportionality of response. So,
from data of Fig. 1, we obtain the measured
response value L/E for a selected 1z, and
various E. For example, at 1p- = 1.6 us, the
response will be 15 per cent higher for
5.9 keV than for 662 keV. Such data for
511; 122; 59.5; 22.6; 17 and 5.9 keV ener-
gies are presented in Fig. 2, curve 1. That
curve makes it possible to explain a main
feature of the L/E vs E dependence,
namely, increase of the L/E as the photon
energy decreases, without using conception
of energy transfer by excitons.

The L/E in values low energy region are
less than the known ones. According to [14,
15], L/E has a maximum at Eyz 15 keV
(+20 % as compared to L/E at 662 keV).
The dependence L/E vs E for 662 keV in
Fig. 1 shows no saturation at 1z, > 6 us, so
its extrapolation to tpc = 25 us causes L/E
values in low energy region increased nearly
twice (curve 2 in Fig. 2). Curve 2, in its
physical sense, is the coefficient n; taking
into account the response increase due to
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Fig. 3. The dependence of L/E on the proton
free path in Csl single crystal.

shortening of 1. The maximum n, value is
limited by the radioluminescence yield. The
ratio of scintillation yield to luminescence
one is 0.6 for Nal:Tl and 0.5 for Csl:Tl [6].
As to scintillation yield, it is a maximum for
protons [16]. The L/E values for protons are
approximately 35 to 40 % higher than for
y-rays (EY = 662 keV) [14, 16]. So, the eleva-
tion of curve 2 on Fig. 2 towards the low
energy seems to be limited to L/E = 1.38.

Let us introduce the coefficient ng taking
into account the dead layer influence. The mul-
tiplication of these two coefficients just defines
the scintillation response near the surface:

L/E = (1/£)BSQn N, )]

We assume the coefficients 3, S and @ to
be energy-independent. This is a distinction
of our approach, since in many works, it is
assumed that S = S(E) [3]. It is somewhat
difficult to take into account the dead layer
effect, since this term itself assumes a de-
pendence of the coefficient ny on penetra-
tion depth H but not on energy. The infor-
mation on the dead layer profile can be ob-
tained best of all from the L/E dependence
on proton energy E, . For protons, L/E has
maximum value ané) almost independent of
energy [16] if E,> 500 keV. In [17], the
light yield and energy resolution of thin-
film Csl:Na and Csl:T| detectors have been
investigated under excitation by protons
with 20 SEp <540 keV. The obtained de-
pendences for thin-films and single crystals
are similar to one another but are in a
sharp contradiction with data from [14]. It
is important that in [17], the measurements
were carried out on aged samples. This al-
lows to neglect the influence of polishing on
the scintillation efficiency near the surface
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[18]. The results from [17] for single crystal
are presented on Fig. 3. Unlike that work,
we have presented the data for L/E as a
dependence on the proton free path lp in
Csl, not on energy. It is seen that L/E =
const if the lp > 5 um (Ep > 100 keV), while
for protons of lower energy, the L/E value
decreases sharply.

Proton has a maximum value of specific
energy loss (dE/dx = 230 keV-cm?2/mg)
when its energy is equal to 100 keV [3] and
proton free path is about 8.5 pm. The
dE/dx value decreases with decreasing en-
ergy (and proton free path) from 100 to
20 keV, therefore, the drop of the L/E vs [
curve should be addressed to dead layer ef-
fect near the surface and not to increasing
dE/dx. The L/E vs Iy dependence in Fig. 3
is described well by equation (2) with pa-
rameter d, = 0.2 um. This value agrees well
with d, = 0.4 pm obtained in paper [8] for
dead layer depth in Csl:Tl. This result was
obtained in experiments with mono-ener-
getic a-particles hitting the surface at acute
angles. Thus, we confirm the prediction [7]
that the dead layer profile can be described
by exponential dependence (2). For Csl:TI
crystal with Tl concentration of 0.11 mole %,
it is possible to suppose that d, is 0.2 to
0.4 um. For strongly hygroscopic Nal.Tl
crystal, the dO value depends on the surface
state. According to [19], Nal:T| make it pos-
sible to detect the events with energy of
1.7 keV (K Al), i.e. for cleavage plane, the
d, seems to be thinner than 1 pm. For pol-
ishing entrance surface, the dy may attain
30 nm or even 40 um [20, 21]. The causes
of the dead layer formation in alkali halide
crystals are considered in detail in mono-
graph [20].

Knowing the behavior of n; and n, coef-
ficients, we can construct the resulting
curve in Fig. 2. To that end, the curve 2 is
multiplied by coefficient ng. First, the pene-
tration depth H; has been calculated for
each photon energy E;. The coefficient
Nao(H;) has been found from equation (2) for two
dead layer profiles: d, =5 um and d, = 40 pm,
these values corresponding to real d, thick-
ness for Nal:Tl. Results are presented by
curves 2 and 3 in Fig. 2. It is seen that the
resulting curves reflect the behavior of the
dependence L/E vs E,, see for instance [14,
15, 22]. It is just the curve shape (with the
exceptions for the features in the region of
iodine K-edge) that is widely discussed in
literature [1, 10]. From data of Fig. 2, it is
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seen that as d, increases, the maximum of
the resulting curve shifts towards higher
energies. In our opinion, this fact can ex-
plain the discrepancy of experimental data
concerning position of the maximum on the
curve of response non-proportionality [22].
Basing on obtained results, a possible cause
of response non-proportionality can be ex-
plained easily. It is also possible to elimi-
nate the contradiction between data from
works where the non-proportionality was
studied using external and internal radia-
tion sources [10]. The scintillations occur-
ring near the surface are of shorter dura-
tion, and this results in L/E increase. The
cause of scintillation duration shortening
consists most likely in elastic stresses.
These stresses can penetrate to the crystal
depth to the distances of hundred microme-
ters if the surface electric properties are
not uniform over area [23].

The elastic stresses are known to influ-
ence the light yield and energy resolution of
Nal: Tl crystals [24]. The uniaxial compres-
sion influences the luminescence of self-
trapped excitons in Csl [25]. Internal tensile
stresses in Csl caused by impurity of a
small radius reduce the exciton lumines-
cence duration [26]. To describe the excited
state relaxation of a luminescence center,
the concept of local surrounding change of
that center is used (Jan-Teller effect).
Therefore, it is clear that in elastic-stressed
crystal, displacement of ions surrounding
the luminescence center depends on the act-
ing force value and direction. Near the scin-
tillator surface, the dead layer exists. Elec-
trons and holes arisen in this layer can re-
combinate on the surface at a high
probability. At this region, their energy is
spent for radiolysis of adsorbed water mole-
cules [20]. In Csl:Na, Na* solid solution de-
composition also occurs with formation of
Nal inclusions at the surface and sodium
precipitates in the near-surface layer [7].
Thus, the non-proportionality of response as
a matter of fact is the axial non-uniformity
of L/E depending on penetration depth of
radiation. Such concept allows to explain
the L/E vs E, curve dip near the iodine
adsorption K-edge. The fact is that penetration
depth changes almost ten times at K-edge.
Above the K-edge, the crystal area with in-
creased scintillation efficiency is excited.
When E, becomes such that H reaches the
same vaTue as that immediately before K-
edge, L/E values coincide with each other.
In Fig. 4, the data from [15] concerning to
L/E vs E, curve are presented. We have
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Fig. 4. Specific light yield as a function on
penetration depth. Data on L/E vs E depend-
ence are taken from [15]. Arrows indicate the
H values before and behind K-edge.

recalculated these data into L/E vs H de-
pendence except for several points lying
above the K-edge, to which it is senseless to
ascribe definite H values. For these ex-
cepted points, the excited scintillator vol-
ume is not characterized by penetration
depth of normal hitting photons with the
energy Ey but by secondary X-rays absorp-
tion (emission of K, and Kz X-rays with
~28 keV energy) taking into account the
X-ray escape out of the crystal. It is a rea-
son why the L/E has constant values just
over K-edge [27], i.e. H is defined by secon-
dary photons absorption. From Fig. 4 data, it
is seen that the L/E vs H dependence is char-
acterized by a smooth curve where the dip
near the iodine adsorption K-edge disappears.

In conclusion, for Nal:Tl or Csl:Tl crys-
tals, typical L/E wvs EY curves measured
with external radiation sources are defined
by influence of two effects. Those are (i)
shortened scintillation duration for low en-
ergy quanta resulting in increasing meas-
ured light yield value at fixed signal forma-
tion time and (ii) the dead layer influence
characterized by quenching of the light
yield near the crystal surface. The dead
layer existence or absence as well as its
thickness define the position of maximum
on the curve of response non-proportional-
ity as a function of energy. L/E vs EY de-
pendence reflects not the peculiarities of ra-
diation interaction with crystal but exist-
ence of axial light yield non-uniformity
near the scintillator entrance surface. Such
concept allows to eliminate the contradic-
tion between experimental data obtained
with external or internal radiation sources
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as well as to explain the L/E vs Ey curve
discrepancy near the iodine adsorption
K-edge.
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Mo:xkauBa MpUYMHA HENMPOMOPIIIOHAJBHOCTI BiATYKY
y cuuaTHaganiiaux kpucraxax Nal:Tl ra Csl:TIl

O.M.Kyodin, B.B.I'punvoé, B.JO.I'pecv, A.I. Mimiukin

Bigomo, mo cBitnoBuxin L He € mponoprioHalbHUM eHeprii emekTpoHiB E nisa 6ararbox
CHUMHTUJALINHUX MarepianiB mpu 80y[sKeHHI B0BHIIIHIMU Y-KBaHTaMHU. ¥ IIPOTHUJIEKHICTH
nbomy, L e mpomoprionanbauM E Ajad BHYTpimHiX AKepesa paziarmii. ¥ poboTi moxkasaHO, IIo
e IPOTUPiUUd MOJKHA YCYHYTH, SKIIO HEIPOIOPI[IOHAJBHICTH BUXOJY POSIJIAJATU SAK CY-
MapHUil edekT aBox UuMHHUKIB. Ilo-mepire, TpuBaMicTh CHUHTUIAININ CKOPOUYETHCA 3i 8MeH-
IIeHHAM eHeprii KBaHTiB, [0 IPUBOAUTL X0 30iJbIlleHHA BUMipioBaHoi BejqwuwHu L/E mpu
(ikcoBanomy uaci opmyBanHa curHainay. Ilo-gpyre, HafgBHiCTb MepPTBOrO IIAPY CIPUYUHSAE
racinHa JoMiHecneHIi1 mo6inudy moBepxHi Kpucrany. IIpu Takomy migzxoxi Hempomopirio-
HaJbHICTh BUXOLY TPAKTYETHbCA K OCbOBa HEOTHOPIAHICTH CHUHTUIAIINHOL edeKTHMBHOCTI B
sayieskHoCTi Big rimbunm H mpoHmMKHeHHs papgianii. IToxasaHo, 1[0 mpoBaJ Ha 3aJIeKHOCTL
L/E vs E mobnusy K-kparo norauHaHHA ifony, ne H 3MiHIOETBCA CTPUOKOM HA HOPAIOK,
3HUKae Ha 3ajexxuHocti L/E vs H.
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