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Abstract

Radiation damage is an important issue for particle detectors operated in a hostile
environment where radiations from ionization dose, protons, and neutrons are
expected. This is particularly important for future high energy physics detectors
designed for the energy and intensity frontiers. This chapter describes the radia-
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tion damage effects in inorganic scintillators, including scintillation mechanism
damage, radiation-induced phosphorescence, radiation-induced absorption, and
radiation-induced light output degradation. While radiation damage in halides
is attributed to the oxygen/hydroxyl contamination, it is the structure defects,
such as the oxygen vacancies, which cause damage in oxides. Various material
analysis methods used in investigations of the radiation damage effects as well as
the improvement of crystal quality through systematic R&D are also discussed.

Introduction

Total absorption shower counters made of inorganic crystal scintillators have been
known for decades for their superb energy resolutions and detection efficiencies
(Gratta et al. 1994) (» Scintillators and Scintillation Detectors , » Calorimeters ). In
high energy and nuclear physics experiments, large arrays of scintillating crystals of
up to more than ten cubic meters have been assembled for precision measurements
of photons and electrons. These crystals are working in a radiation environment,
where various particles, such as y-rays, charged hadrons, and neutrons, are expected.
Table 1 (Mao et al. 2008) lists basic properties of heavy crystal scintillators
commonly used in high energy physics (HEP) detectors. They are thallium-doped
sodium iodide (Nal(Tl) or Nal:Tl), thallium-doped cesium iodide (CsI(Tl) or
CsI:T1), undoped Csl, barium fluoride (BaF ), bismuth germanate (Bi4Ge3zOy, or
BGO), lead tungstate (PbWO4 or PWO), and cerium-doped lutetium oxyorthosil-
icate (Luz(Si04)0:Ce or LSO) (Melcher and Schweitzer 1992) and cerium-doped
lutetium yttrium oxyorthosilicate (Luy(1—x) Y2xSiO5:Ce, LYSO) (Cooke et al. 2000;
Kimble et al. 2002). All crystals have either been used in, or actively pursued for,
high energy and nuclear physics experiments. Some of them, such as Nal:T1, CsL:Tl,
BGO, LSO, and LYSO are also widely used in the medical industry.

All known crystal scintillators suffer from radiation damage (Zhu 1998). There
are three possible radiation damage effects in crystal scintillators: (1) scintillation
mechanism damage, (2) radiation-induced phosphorescence (afterglow), and (3)
radiation-induced absorption (color centers). A damaged scintillation mechanism
would reduce crystal’s scintillation light yield and cause a degradation of crystal’s
light output. It may also change crystal’s light response uniformity for large size
crystals used to construct total absorption calorimeters since radiation dose profile
is usually not uniform along the crystal length. Radiation-induced phosphorescence,
commonly called afterglow, causes an increased dark current in photo-detectors,
and thus an increased readout noise. Radiation-induced absorption reduces crystal’s
light attenuation length (Ma and Zhu 1993a), and thus crystal’s light output and
possibly also crystal’s light response uniformity.

Table 2 summarizes radiation damage effect for various crystal scintillators.
There is no experimental data supporting scintillation mechanism damage. All
crystal scintillators studies so far, however, suffer from radiation-induced phospho-
rescence and radiation-induced absorption.
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Table 1 Properties of heavy crystal scintillators

Crystal Nal:T1 | CsL:Tl Csl BaF; BGO PWO LSO/LYSO
Density(g/cm?) 3.67 4.51 4.51 4.89 7.13 8.3 7.40
Melting point 651 621 621 1280 1050 1123 2050
O
Radiation length | 2.59 1.86 1.86 2.03 1.12 0.89 1.14
(cm)
Moliere radius 4.13 3.57 3.57 3.10 2.23 2.00 2.07
(cm)
Interaction 429 39.3 39.3 30.7 22.7 20.7 20.9
length (cm)
Refractive index® | 1.85 1.79 1.95 1.50 2.15 2.20 1.82
Hygroscopicity Yes Slight Slight | No No No No
Luminescence® 410 560 420 300 480 425 420
(nm) (at Peak) 310 220 420
Decay time® (ns) | 245 1220 30 650 300 30 40
6 0.9 10
Light yield®® 100 165 3.6 36 21 0.30 85
1.1 4.1 0.077
d(LY)/dTP4d -0.2 0.4 —14 -19 -0.9 -25 —0.2
(%/°C) 0.1
Experiment Crystal | CLEO KTeV | TAPS L3 CMS COMET
Bball BaBar Mu2e-I |Mu2e-Il | BELLE | ALICE | HERD
BELLE PrimEx | CMS
BES 11 Panda

2At the wavelength of the emission maximum

>Top line: slow component, bottom line: fast component

“Relative light yield of samples of 1.5 Xy and with the PMT QE taken out
dAt room temperature

Table 2 Radiation damage in crystal scintillators

Item CsI'TI | Csl BaF, BGO PWO LSO/LYSO
Scintillation mechanism No No No No No No
Phosphorescence (afterglow) | Yes Yes Yes Yes Yes Yes
Absorption (color centers) Yes Yes Yes Yes Yes Yes
Recover at room temperature | Slow Slow No Yes Yes No
Dose rate dependence No No No Yes Yes No
Thermally annealing No No Yes Yes Yes Yes
Optical bleaching No No Yes Yes Yes Yes

Radiation-induced absorption is caused by a process called color center forma-
tion, which may recover spontaneously under the application temperature through
a process called color center annihilation. If so, the damage would be dose rate
dependent (Ma and Zhu 1993b; Zhu 1997). If radiation-induced absorption does not
recover, or the recovery speed is very slow, however, the color center density would
increase continuously under irradiations until all defect traps are fully filled. In this
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case the corresponding radiation damage effect does not depend on the dose rate
applied.

Color centers may also be annihilated thermally by heating the crystal to a high
temperature through a process called thermal annealing, or optically by injecting
light of various wavelength through a process called optical bleaching (Ma and
Zhu 1993b). The recovery process, either spontaneous or applied through thermal
annealing or optical bleaching, reduces the color center density, or the radiation-
induced absorption. The recovery process, however, also introduces an instability
in crystal’s transparency, so is crystal’s light output. In this case, a precision
monitoring system is mandatory to follow variations of crystal’s transparency, and
provide corrections for crystal’s light output calibration.

Radiation damage caused by charged hadrons and neutrons may differ from that
caused by ionization dose or y-rays. Studies (Huhtinen et al. 2005) on proton-
induced radiation damages in PWO crystals, for example, show a very slow (or no)
recovery under room temperature, which seems contrary to the radiation damage
caused by y-rays. This leads to a cumulative proton-induced damage in PWO with
no dose rate dependence.

Radiation damage level may also be different at different temperature for
crystals with dose rate dependent damage since the spontaneous recovery speed is
temperature dependent. PWO crystals used at low temperature, for example, suffer
more damage than that at high temperature (Semenov et al. 2007).

Commercially available mass produced crystals may not meet the quality
required for high energy physics detectors. The quality of mass produced crystals
thus need to be improved by removing harmful impurities and/or defects in the
crystal. The rest of this chapter discusses radiation-induced damage phenomena in
inorganic scintillators, the origin of the radiation damage in halides and oxides as
well as the improvement of the quality of commercially available crystals.

All data presented in this chapter, except that specified, are measured for full size
crystals adequate for total absorption calorimeters, which are typically 18 to 25 X
long. Since both the radiation-induced phosphorescence and absorption are of the
bulk effect, it is important that full size crystals are used in radiation damage studies.

Scintillation Mechanism Damage

Experimental data show that crystal’s scintillation mechanism is not damaged by
radiation. This is observed for irradiations of y-rays, neutrons as well as charged
hadrons (Huhtinen et al. 2005; Batarin et al. 2003). A common approach is to
compare the shape of the emission spectra measured before and after irradiations. It
is well known that the measured intensity of emission suffers from a large systematic
uncertainty caused by sample position and orientation, sample surface quality, and
internal absorption. Care thus should be taken in such measurements to maintain a
well-controlled location of the sample and excitation source, and avoid emission
light going through crystal bulk so that the measured emission spectrum is not
affected by the radiation-induced absorption.
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Fig. 1 Normalized photo-luminescence spectra measured before (blue) and after (red) y-ray
irradiation and corresponding difference (green) are shown as a function of wavelength for a PWO
sample (left) and an LY SO sample (right)

The top plots of Fig. 1 show the photo-luminescence spectra measured before
(blue) and after (red) y-ray irradiations for a PWO sample (left) and an LYSO
sample (right). These spectra are normalized to an integration around the emission
peaks as shown in the figures. The relative difference between these normalized
spectra (green) is shown in the bottom. Also shown in the bottom plots are the
average of the absolute values of the relative difference, which are 0.7% and 0.6%,
respectively, for PWO and LYSO. Such differences are much lower than the 1%
systematic uncertainty of the measurements, showing that no statistically significant
difference is observed between the photo-luminescence spectra taken before and
after irradiations for both PWO and LYSO, indicating no damage to the scintillation
mechanism. Similar investigations show that there is no scintillation mechanism
damage observed for BGO (Zhu et al. 1991), BaF; (Zhu 1994), and CsI: Tl (Zhu
et al. 1996a) as well. This conclusion is also supported by more complicated
measurements of the light response uniformity before and after irradiations with
a nonuniform dose profile (Batarin et al. 2003).

Radiation-Induced Phosphorescence and Energy Equivalent
Readout Noise

Radiation-induced phosphorescence is observed by measuring photo-current during
and after radiation is turned off. The left plot of Fig. 2 shows the y-ray-induced
photo-current after radiation, normalized to that during the irradiation, as a function
of time during and after y-ray irradiations for several crystal samples: PWO, BGO,
and LSO/LYSO. All samples are of full size adequate for calorimeter applications.
The amplitude of the normalized phosphorescence is at a level of 107> for BGO
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Fig. 2 Left: Normalized anode current is shown as a function of time during and after y-ray
irradiations for BGO, PWO, LSO, and LYSO samples. Right: y-ray-induced anode photo-current
is shown as a function of the dose rate applied to LSO and LYSO samples

and PWO, 3 x 107* for LYSO, and 2 x 10~2 for LSO, showing that LYSO has a
smaller phosphorescence, or afterglow, than LSO.

The right plot of Fig. 2 shows y-ray-induced anode photo-currents as a function
of the y-ray dose rate applied to several LSO and LY SO samples. Consistent slopes
are observed for all samples because of the similar light yield of these samples.
These slopes may be used to extract the readout noise in electron numbers for
the crystal and photo-detector combination in a particular integration gate, which
can then be converted to the energy equivalent readout noise by normalizing to the
crystal’s light output (Mao et al. 2009a, b). Because of its high light yield (200 times
PWO and 5 times BGO) and short decay time (40 ns), the energy equivalent readout
noise in LSO and LYSO is an order of magnitude lower than that in PWO for both
y-ray and neutron irradiations.

Radiation-Induced Absorption

The main consequence of radiation damage in scintillation crystals is radiation-
induced absorption, or color center formation. Depending on the type of the defects
in the crystals, color centers may be electrons located in anion vacancies (F center),
holes located in cation vacancies (V center), and interstitial anion atoms (H center)
or ions (I center), etc. Radiation-induced absorption is measured by comparing the
longitudinal optical transmittance spectra measured after and before irradiation.
A spectrophotometer of good quality provides systematic uncertainties as low
as 0.2%.

Figure 3 shows longitudinal transmittance spectra as a function of wavelength
measured before and after several steps of irradiations for halide crystals: CsI(T1)
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Fig. 3 The longitudinal transmittance spectra measured before and after several steps of the
irradiation are shown as a function of wavelength for several CsI(T1) (top left), a BaF, (top right),
a PWO (bottom left), and an LYSO (bottom right) crystal samples

(top left) and BaF; (top right), and oxide crystals: PWO (bottom left) and LYSO
(bottom right). While the color center width appears narrow in CsI(Tl), it is
relatively wide in other crystals. It is interesting to note that the CsI(TI) sample
SIC-5 suffers much less radiation damage than other two CsI(Tl) samples since
it was grown with a scavenger in the melt to remove the oxygen contamination,
which is an effective approach to improve radiation hardness for halide crystals
as discussed later in section “Damage Mechanism in Alkali Halide Crystals and
CsI:T1 Development.” For the BaF, sample we also notice that the damage levels
of the longitudinal transmittance spectra are identical for the same integrated dose,
while the fast dose rate (top) is up to a factor of 30 of the slow rate (bottom). Such a
dose rate independence is expected since no recovery at the room temperature was
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Fig. 4 Degradation on EWLT for a PWO sample (left) and an LY SO sample (right)

observed for BaF, as discussed later in section “Dose Rate Dependence and Color
Center Kinetics.”

It is also interesting to note that the radiation-induced absorption is much smaller
in LSO and LYSO than that in other crystals. Figure 4 shows an expanded view
of the longitudinal transmittance spectra measured before and after several steps of
y-ray irradiations for a PWO (left) and an LYSO (right) sample. Also shown in the
figures is the corresponding photo-luminescence spectra (blue) and the numerical
values of the emission weighted longitudinal transmittance (EWLT), which is
defined as:

[LT (A) Em ())dA

EWLT =
[ Em (1) dx

)

The EWLT value represents crystal’s transparency more accurate than the
transmittance at the emission peak, so is widely used in radiation damage studies.
This is particularly true for LSO and LYSO, which have a nonnegligible self-
absorption since a part of their emission spectra is not within the transparent region
of the crystal (Chen et al. 2005).

Recovery of Radiation-Induced Absorption

Depending on color-center depth, the radiation-induced absorption may recover
spontaneously at the application temperature. Figure 5 shows typical recovery
behavior of the longitudinal optical transmittance at 440 nm and 420 nm, respec-
tively, measured up to 4,000 and 500 h after y-ray irradiations for two PWO (left)
and four LSO and LYSO (right) samples. Three recovery time constants were
determined by an exponential fit for PWO samples. While the short time constant
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Fig. 5 Recovery of y-ray-induced transmittance damage is shown as a function of time after
irradiation for two PWO samples (left) and four LSO/LY SO samples (right)

is of a few tens of hours, the medium time constant is at a few thousands hours,
and the third time constant is much longer, which may be considered as no recovery
for the time scale of these measurements. It is also interesting to note that the LSO
and LYSO samples show very slow recovery speed, consisting with no recovery.
Similarly, the radiation-induced absorption in BaF; (Zhu 1994) and CsL:Tl (Zhu
et al. 1996a) does not recover as well at room temperature. The radiation damage in
LYSO, BaF,, and CslI crystals thus is not dose rate dependent. On the other hand,
the radiation damage in BGO and PWO are dose rate dependent.

In addition to the spontaneous recovery at the application temperature, the
radiation damage level may also be reduced by heating crystals to a high temperature
(thermal annealing) or injecting light of various wavelength to the crystal (optical
bleaching). It is known that y-ray-induced damage can be completely removed by
thermal annealing at 200 °C for BaF, (Zhu 1994), BGO (Zhu et al. 1991), and
PWO (Zhu et al. 1996b), or 300 °C for LSO and LYSO (Chen et al. 2005). Optical
bleaching was also found effective for BaF; (Zhu 1994), BGO (Zhu et al. 1991),
and PWO (Zhu et al. 1996b). On the other hand, the y-ray-induced absorption in
CsI:T1 can neither be annealed thermally or bleached optically (Zhu et al. 1996a).
Optical bleaching may be used to reduce color center density in crystals in situ. Such
an approach has been extensively studied for BaF, (Ma and Zhu 1993b) and PWO
(Zhu et al. 1996b; Yin et al. 1997).

Radiation-Induced Color Centers

Crystal’s longitudinal transmittance data can be used to calculate crystal’s light
attenuation length as a function of wavelength (Ma and Zhu 1993a):
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LAL (1)
!

In {[T () (1 =Ty ()*]/ [\/4T;‘ () + T2 () (1 - T2 (1) — 2712 m“
6)

where T(\) is the longitudinal transmittance measured along crystal length /, and
Ts (1) is the theoretical transmittance assuming multiple bouncings between two
crystal ends and without internal absorption:

T, =0—-RMW)?+R2QW(U-RO))?*+--=1—-RMR)/(1+RM)
3)

and

(ncrystal (A) — nair ()\))2
(”crystal (A) + najr ()\))2

RO = “4)

where 7nerystal (A) and ngir (A) are the refractive indices for crystal and air, respec-
tively.

Radiation-induced absorption coefficient RIAC (\), or color center density D
(%),and the emission weighted radiation-induced absorption coefficient (EWRIAC)
can be calculated as (Ma and Zhu 1993b):

RIAC () or D (LX) = 1/LALjgfier (A) — 1/LALpetore (1) &)

[ RIAC (1) Em (1) dA

EWRIAC =
[ Em () dxr

(6)

where LALafier (1) and LA Lpetore (1) are the light attenuation length after and before
irradiation, respectively, and Em(A) is the emission spectrum.

The above equations are accurate presentations for crystal’s transparency and
radiation-induced absorption coefficient. They are light path length independent,
so can be used to represent radiation damage level. A simplified representation for
RIAC(}) is:

1. T,
RIAC (\) = 71n (7

where TO(\) is the transmittance along crystal length 1 measured before irradiation
and T()\) is the transmittance measured after irradiation. This equation does not
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Fig. 6 Radiation-induced absorption coefficient spectra (data points with error bars) are shown as
a function of the photon energy for four doped BGO samples (Left) and two PWO samples (Right)

take into account multiple bounces between two end surfaces of the crystal, so is an
approximation of the eq. 5 above (Ma and Zhu 1993a).

Spectrum of radiation-induced absorption coefficient can also be presented as a
function of the photon energy, and be further decomposed to a sum of several color
centers with Gaussian energy distributions (Zhu et al. 1991):

n _(EW-E)?
RIAC () =) Aje i 8)
i=1

where E;, 0, and D; denote the energy, width, and amplitude of the color center i,
respectively, and E(}) is the photon energy.

Figure 6 shows the radiation-induced absorption coefficient as a function of the
photon energy for four BGO samples doped with Ca, Mn, Pb, and Cr (left) and two
PWO samples in the equilibrium under y-ray irradiation with dose rates of 100 rad/h
and 9,000 rad/h (right). It is interesting to note that although the overall shapes of
radiation-induced absorption coefficients are different, the color centers are located
at the same energy and with the same width for both crystals. While there are three
color centers peaked at 2.3 eV, 3.0 eV, and 3.8 eV for the BGO samples, the PWO
samples show two color centers peaked at 2.3 eV and 3.1 eV. This observation hints
that the color centers in these oxide crystals are caused by crystal structure-related
defects, such as oxygen vacancies, not particular impurities. Readers are referred to
the corresponding references (Zhu et al. 1991, 1996b) for more discussions about
the color centers in these crystals .
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Dose Rate Dependence and Color Center Kinetics

Because of the balance between two dynamic processes: a color center creation
process (irradiation) and a color center annihilation process (room temperature
recovery), radiation damage in inorganic scintillators is usually dose rate dependent.
Assuming that the annihilation speed of the color center i is proportional to a
constant g; and its creation speed is proportional to a constant b; and the dose rate
(R), the differential change of color center density when both processes coexist can
be expressed as (Ma and Zhu 1993b):

dD () = Xn: {—a,- D; () dt + (D;l” (A) — D (/\)) biRdz} 9)
i=1

where D; (A) is the density of the color center i in the crystal, and the summation
goes through all the centers. The solution of Eq. 9 is

n
b RD™ (%)
D)) = v -7

* Zl{ P

[1 _ e_(ai"l‘biR)[:I + DY L) e—(ﬂi+biR)f, (10)
]

1=

where Df‘“ (1) is the total density of the trap related to the color center i and

the DlQ (A) is its initial value. The color center density in the equilibrium Deq (1)

depends on the dose rate R:

n
bi RD™ (3)
Deg(V) =) P (1)
i=1

Following these equations, crystal’s optical transmittance, and thus crystal’s light
output, decreases when the crystal is exposed to a radiation under a dose rate R,
and would reach an equilibrium. At the equilibrium, the speed of the color center
formation (damage) equals to the speed of the color center annihilation (recovery),
so that the color center density, or radiation-induced absorption, does not change
unless the dose rate (R) or temperature (a;) changes. Applying a bleaching light
introduces an additional color center annihilation process (a;), thus changes the
color center density at the equilibrium as well. More detailed discussions on the
behavior of the color center densities with a bleaching light applied can befound in
(Ma and Zhu 1993b).

Equation 11 also indicates that the radiation damage level does not depend on
the dose rate if the recovery speed (a;) is small, which is the characteristics of
the radiation damage caused by deep color centers. For crystals with no dose rate
dependence, an accelerated irradiation with a high dose rate would lead to the same
effect as a slow irradiation with a low dose rate provided that the total integrated
dose is the same. This is clearly shown in the transmittance data of a BaF; crystal
in the top right plot of Fig. 3.
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Light Output Degradation

Crystal’s light output is a convolution of crystal’s emission, light propagation inside
the crystal, and the quantum efficiency (QE) of the photo-detector. All these are
wavelength-dependent. Since crystal emission and photo-detector QE are usually
not affected by radiation, the degradation of crystal’s light output is correlated to
the degradations of crystal’s transparency, i.e., the radiation-induced absorption. A
light monitoring system, which measures variations of crystal’s transparency, thus
provides necessary information for calibration of crystal’s light output in situ under
radiation. It is also clear that degradation of crystal’s light output is light path length
dependent. Crystals of small size thus suffer less radiation damage than crystals of
large size.

In HEP experiments, radiation in situ is expected from ionization dose, charged
hadrons, and neutrons. During the LHC Run-I, significant light output losses were
observed by the CMS light monitoring system for PWO crystals (T. Dimova on
behalf of the CMS Collaboration 2017). With a 5 x 10** cm™2 s~! luminosity
and a 3,000 fb~! integrated luminosity (> Particle Identification ), the HL-LHC
will present a radiation environment, where up to 130 Mrad ionization dose,
3 x 10'* charged hadrons/cm?, and 5 x 10'3 fast neutron/cm? are expected (Bilki
2015). In this section, light output degradation induced by ionization dose, protons,
and neutrons with an integrated dose up to 340 Mrad, a proton fluence up to
3.0 x 1015 p/cm?, and a fast neutron fluence up to 3.0 x 10!3 n/cm?, respectively, is
presented for various crystals, thus putting an emphasis on LYSO, BaF;, and PWO
crystals.

lonization Dose-Induced Radiation Damage

Ionization dose—induced radiation damage was investigated at the Total Ionization
Dose (TID) facility of Jet Propulsion Laboratory. Figure 7 shows normalized EWLT
(top) and light output (LO, bottom) as a function of the integrated dose for six
LYSO/LSO/LEFES crystals (left) and three BaF; crystals from different vendors,
where the fast scintillation component peaked at 220 nm with sub-ns decay time
is shown for BaF,. The losses of EWLT and light output are at a level about 40—
60% for both LYSO and BaF; crystals after 100 Mrad, showing excellent radiation
hardness of these crystals. It is also interesting to note that while the light output
of BaF; degrades below 10 krad, it is more or less stabilized after that, which is
consistent with the transmittance data shown in Fig. 3 (Zhu 1994).

Figure 8 shows the RIAC values at the emission peak (left) and the normalized
light output (right) as a function of the integrated dose for various crystal samples of
large size (Yang et al. 2016a). We note that beyond 1 Mrad LYSO, BaF, and BGO
crystals show significantly better radiation hardness than CeFs, Csl, and PWO. In
terms of light output loss, LYSO is the best among all crystal scintillators. The
best sample of this type maintains 75% and 60% light output, respectively, after
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shown as a function of integrated dose for various crystal scintillators

120 and 340 Mrad. On the other hand, BaF, and BGO crystals also maintain 45%
and 35% light output, respectively, after 120 and 200 Mrad, so may be considered
as cost-effective alternatives for future HEP experiments in a severe radiation
environment. Undoped Csl shows good radiation hardness below 100 krad, so is a
cost-effective choice for future HEP experiments in a modest radiation environment
(» Gamma-Ray Detectors ).
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of the integrated 800 MeV proton fluence for LYSO, BaF,, and PWO crystal plates

Proton-Induced Radiation Damage

Following early studies (Huhtinen et al. 2005; Dissertori et al. 2010, 2014; Yang
et al. 2016b; Auffray et al. 2012, 2013; Dormenev et al. 2014; Lecomte et al.
2006), proton-induced radiation damage was investigated at the Weapons Neutron
Research facility of Los Alamos Neutron Science Center (WNR of LANSCE) (Hu
etal. 2018a). A total of 21 samples (six each for BaF; and PWO of 25 x 25 x 5 mm?>
and nine LYSO of 10 x 10 x 3 mm?) were irradiated by 800 MeV protons in
three batches to reach 2.7 x 10'3, 1.6 x 10'% and 9.7 x 10'# p/cm?. Samples were
measured 183 days after irradiation.

Figure 9 shows their EWRIAC values (left) and the normalized light output
(right) as a function of the proton fluence. The EWRIAC values are 7, 18, and
71 m~L, respectively, for LYSO, BaF, , and PWO after a proton fluence of
9.7 x 10" p/cm?. The light output losses are 10% and 13%, respectively, for the
LYSO and BaF,, indicating excellent radiation hardness of LYSO and BaF, crystals
against charged hadrons. The light output of PWO samples after proton fluence of
9.7 x 10' p/cm? is too low to be experimentally determined.

Neutron-Induced Radiation Damage

Early works did not find clean evidence on neutron-induced damage in scintillating
crystals (Chipaux et al. 2005; Zhang et al. 2009). While the investigation presented
in (Zhang et al. 2009) was carried out for a fast neutron fluence up to 6 x 108 n/cm?,
that in (Chipaux et al. 2005) was carried out for PWO crystals up to a fast
neutron fluence of 109 n/cm?. Following these studies, neutron-induced radiation
damage was investigated at WNR of LANSCE by using a combination of particles,
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Fig. 10 The RIAC values at the emission peak (left) and the normalized light output (right) are
shown as a function of the integrated fast neutron fluence for LYSO, BaF,, and PWO crystal plates

including neutrons, protons, and y-rays with a fast neutron (>1 MeV) fluence up to
3.6 x 10'3 n/cm?, a proton fluence up to 1 x 103 p/cm?, and 5 Mrad of ionization
dose (Hu et al. 2018b). A total of 36 samples, 12 each for BaF, , LYSO, and PWO
of 10 x 10 x 5 mm?3, were irradiated in three batches for 21.2, 46.3, and 120 days
to reach fast neutron fluences of 7.4 x 10'%, 1.6 x 10!°, and 3.6 x 10! n/cm?,
respectively. In this experiment a half of the samples were shielded with 5 mm lead
to reduce the ionization dose background. Samples were measured 189, 164, and
90 days after the irradiation.

Figure 10 shows their RIAC values at the emission peak (left) and the normalized
light output (right) as a function of the fast neutron (>1 MeV) fluence. While
the average RIAC values of two samples each after a fast neutron fluence of
3.6 x 10!5 n/cm? are 14.1, 49.8, and 97.1 m~!, respectively, for LYSO, BaF;,
and PWO without 5 mm Pb shielding, the corresponding values are 7.3, 44.2,
and 110.5 m~' with Pb shielding. The corresponding light output losses after
3.6 x 10'5 n/cm? are 23% and 24%, respectively, for LYSO and BaF; crystals
without Pb shielding, and 20% and 20% with Pb shielding. In both cases, the light
output of PWO samples after a fast neutron fluence of 3.6 x 10! n/cm? is too low
to be experimentally determined. The data point for the PWO crystals in the group
3 thus indicates an upper limit. It is clear that LYSO and crystals are more radiation
hard than PWO under neutron irradiations.

It is interesting to note that the damage observed here is more than a factor
of ten larger than the damage expected by the 5 Mrad ionization dose along with
1 x 10'3 p/cm? proton fluence. These data thus show a clear evidence of neutron-
induced radiation damage in these scintillating crystals. Additional investigation
with an effective Pb shielding for ionization dose background would be useful to
clarify the nature of neutron-induced damage, compared to ionization dose and/or
charged hadrons—induced damages.
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Light Response Uniformity

An adequate light response uniformity along crystal length is a key for maintaining
excellent energy resolution promised by a total absorption crystal calorimeter. Light
output along a long crystal LO (x) may be parameterized as a linear function

LO(x)
L Onig

=1+8(/¥mia — 1 12)

where LOnjig represents the light output measured at the middle point of the crystal,
3 represents the deviation from a flat response, and x is the distance from one end
of the crystal. An alternative measure of light response uniformity is the rms values
of the light out values measured along the crystal length. Commercially available
crystals of a rectangular shape have a flat light response uniformity, but may also
be the photo-detector coupling end dependent. A common practice is to choose the
coupling end which provides a better light response uniformity.

Figure 11 shows the light response uniformity for a PWO sample (left) and an
LYSO sample (right) after several steps of y-ray irradiation. The y-ray irradiation
was carried out step by step under a fixed dose rate to reach an integrated dose in
each step. It is clear that the § values were not changed for both crystals, indicating
that the energy resolution would not be compromised after the y-ray irradiation.
This is due to the fact that the degraded light attenuation length is long enough to
maintain the light response uniformity as predicted by ray-tracing simulations (Zhu
1998).
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Fig. 11 Light output is shown as a function of the distance to the end coupled to PMT for a PWO
samples (left) and an LYSO sample (right) after several steps of y-ray irradiations
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Damage Mechanism in Alkali Halide Crystals and Csl:Tl
Development

Material analysis is important for investigations on the radiation damage mecha-
nism. Glow Discharge Mass Spectroscopy (GDMS) analysis was used to identify
trace impurities harmful to radiation hardness for a batch of CsI: Tl crystals. Samples
were taken 3—5 mm below the surface of the crystal to avoid surface contamination.
A survey of 76 elements, including all of the lanthanides, indicates that there are
no obvious correlations between the detected trace impurities and the crystal’s
susceptibility to the radiation damage. This hints an important role of the oxygen
contamination which cannot be determined by GDMS analysis.

Oxygen contamination is known to cause radiation damage in the alkali halide
scintillators. In BaF, (Zhu 1994), for example, hydroxyl (OH™) may be introduced
into crystal through a hydrolysis process, and later decomposed to interstitial and
substitutional centers by radiation through a radiolysis process. Equation 13 shows
a scenario of this process:

OH™ — H’+ 07 or HT 4 0! (13)

where the subscript i and s refer to the interstitial and substitutional centers,
respectively. Both the Oy~ center and the U center (H,~ ) were identified (Zhu 1994).

Following the BaF, experience, significant improvement of the radiation hard-
ness was achieved for CsI(Tl) crystals by using a scavenger to remove oxygen
contamination (Zhu et al. 1996a). Figure 12 (left) shows normalized light output
as a function of the integrated dose for a group of CsI(T1) samples, and compared to
the BaBar radiation hardness specification (solid lines) (Zhu 1998). While the late
samples SIC-5, 6, 7, and 8 satisfy the BaBar specification, early samples SIC-2 and
4 do not.

This improvement of CsI(Tl) quality was achieved following an understanding
that the radiation damage in the halide crystals is caused by the oxygen orhydroxyl
contamination. Various material analysis was carried out to quantitatively identify
the oxygen contamination in the CsI(T1) samples. Gas fusion (LECO), for example,
was found not sensitive enough to identify the oxygen contamination. The iden-
tification of oxygen contamination was finally achieved by using the secondary
ionization mass spectroscopy (SIMS) analysis. A Csion beam of 6 keV and 50 nA
was used to bombard the CsI(TI) samples. All samples were freshly cleaved prior
being loaded into the UHV chamber. An area of 0.15 x 0.15 mm? on the cleaved
surface was analyzed. To further avoid the surface contamination, the starting point
of the analysis is at about 10 pwm deep inside the fresh cleaved surface. Figure 12
(right) shows the depth profile of the oxygen contamination for two radiation
soft samples (SIC-T1 and SIC-2) and two radiation hard samples (SIC-T3 and
Khar’kov). Crystals with poor radiation resistance have oxygen contamination of
10'8atoms/cm® or 5.7 PPMW, which is 5 times higher than the background count
(2 x 10'7 atoms/cm?, or 1.4 PPMW).
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Fig. 12 Left: The progress of the CsI(Tl) radiation hardness is shown for CsI(Tl) samples from
SIC together with the BaBar radiation-hardness specification. Right: The depth profile of the
oxygen contamination is shown for two rad-soft CsI(Tl) samples (SIC-T1 and SIC-2) and two
rad-hard samples (SIC-T3 and Khar’kov)

Damage Mechanism in Oxide Crystals and PWO Development

Similarly, GDMS analysis was used for BGO and PWO crystals, and was found no
particular correlation with crystal’s radiation hardness. This hints an important role
of the structure-related defects in the crystal, which cannot be determined by the
GDMS analysis. Crystal structure defects, such as oxygen vacancies, are known to
cause radiation damage in oxide scintillators. In BGO, for example, three common
radiation-induced absorption bands at 2.3 eV, 3.0 eV, and 3.8 eV were found in a
series of 24 doped samples (Zhu et al. 1991) as shown in the left plot of Fig. 6.
Observations in the PWO crystals are similar with two color centers peaked at
2.3 eV and 3.1 eV as shown in the right plot of Fig. 6.

Following these observations, effort was made to reduce oxygen vacancies in
PWO crystals. An oxygen compensation approach, which was carried out by a
postgrowth thermal annealing in an oxygen-rich atmosphere, was found effective
in improving PWO’s radiation hardness for samples up to 10 cm long (Zhu et al.
1996b). This approach, however, is less effective for longer (25 cm) crystals because
of the variation of the oxygen vacancies along the crystal.

In practice, yttrium doping, which provides a local charge balance for oxygen
vacancies to prevent the color center formation, was found effective for PWO (Zhu
et al. 1996b). Figure 13 shows the normalized light output as a function of time for
three PWO samples under the y-ray irradiations with a dose rate of 15 rad/h. PWO
samples produced after 2002 with yttrium doping is much more radiation hard than
the early samples.
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Fig. 13 The progress of PWO radiation hardness is shown for PWO samples from SIC

This improvement of PWO quality was achieved following an assumption that
the radiation damage in the oxide crystals is caused by the oxygen vacancies.
Various material analysis was carried to quantitatively identify the stoichiome-
try deviation and the oxygen vacancies in the PWO samples. Particle-induced
X-ray emission (PIXE) and quantitative wavelength dispersive electron micro-probe
analysis (EMPA) were tried. PWO crystals with poor radiation hardness were found
as having a nonstoichiometric W/Pb ratio. Both PIXE and EMPA, however, do not
provide quantitative oxygen analysis. X-ray photoelectron spectroscopy (XPS) was
found to be very difficult because of the systematic uncertainty in oxygen analysis.
Electron paramagnetic resonance (ESR) and electron-nuclear double resonance
(ENDOR) were tried to find unpaired electrons, but were also found to be difficult
to reach a quantitative conclusion.

The final identification of the oxygen vacancies is achieved by using the
transmission electron microscopy (TEM) coupled to energy dispersion spectrometry
(EDS) with a localized stoichiometry analysis. A TOPCON-002B scope was first
used at 200 kV and 10 uA. The PWO samples were made to powders of an average
grain size of a few um, and then placed on a sustaining membrane. With a spatial
resolution of 2 A, the lattice structure of the PWO samples was clearly visible.



Radiation Damage Effects 21

Fig. 14 TEM pictures of a PWO crystal of poor radiation hardness (left), showing clearly the
black spots of ¢5—10 nm related to oxygen vacancies, as compared to that of a good one (right)

Table 3 Atomic fraction
(%) of O, W, and Pb in PWO
samples measured by

As grown sample
Element | Black spot | Peripheral | Matrix; | Matrix;

TEM/EDS (Yin et al. 1997) o L5 158 608  163.2
w 50.8 44.3 19.6 18.4
Pb 47.7 39.9 19.6 18.4
The same sample after oxygen compensation
Element | Point; Pointy Pointj Pointy
(0} 59.0 66.4 574 66.7
w 21.0 16.5 21.3 16.8
Pb 20.0 17.1 21.3 16.5

Figure 14 shows TEM pictures taken for a sample with poor (left) and good
(right) radiation hardness. Black spots of a diameter of 5-10 nm were clearly
observed in the sample with poor radiation hardness, but not in the sample with
good radiation hardness. A TEM/EDS stoichiometry analysis was carried out by
using a JEOL JEM-2010 scope and a Link ISISEDS. The fine spatial resolution
of this system allows a localized stoichiometry analysis in an area down to 0.5 nm
diameter. Table 3 lists result atomic fractions (%) in for areas inside and surrounding
the black spots as well as far away from the black spots (Matrix) (Yin et al. 1997).
The systematic uncertainty of this analysis is about 15%.

A clear deviation from the atomic stoichiometry of O:W:Pb = 66:17:17 was
observed for samples taken inside these black spots, revealing a severe oxygen
deficit. In the peripheral area, the oxygen deficit was less, but still significant.
There was no oxygen deficit observed in the area far away from the black spots.
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As a comparison, the same sample after a thermal annealing in an oxygen-rich
atmosphere was re-analyzed. No black spot was found. The result of the analysis
is also listed in Table 3. In all randomly selected points, no stoichiometry deviation
was observed. This analysis thus clearly identified oxygen vacancies in PWO
samples of poor radiation hardness .

Conclusion

Inorganic scintillators suffer from radiation damage with the following possible
consequences: (1) scintillation mechanism damage, (2) radiation-induced phos-
phorescence, and (3) radiation-induced absorption. No experimental evidence has
been observed for scintillation mechanism damage in any crystals studied so far.
All crystals show radiation-induced phosphorescence and absorption. Radiation-
induced phosphorescence increases dark current in photo-detector, and thus the
readout noise. This leads to energy equivalent noise, which is low for crystals with
high light yield. The predominant radiation damage effect in the crystal scintillators
is the radiation-induced absorption, or color center formation. Radiation-induced
absorption may recover spontaneously at the application temperature, and leads to
a dose rate dependence. Thermal annealing and optical bleaching are effective for
shallow color centers, but may not for deep color centers.

While radiation damage induced by ionization dose is well understood, hadron-
specific radiation damage in inorganic scintillators is under investigation, which is
very important for future high energy physics experiments at the energy frontier.
Recent data obtained at LANSCE show that LYSO and BaF, crystals are more
radiation hard than PWO under proton and fast neutron fluences up to a few x
10%/cm?. Additional investigation is needed to fully understand hadron-specific
radiation damage.

Radiation damage in alkali halide crystals is understood to be caused by
the oxygen and/or hydroxyl contamination as demonstrated by a SIMS analysis.
Radiation hardness of the mass produced CsI(TI) crystals is improved by using a
scavenger to remove oxygen contamination. Radiation damage in oxide crystals
is found to be caused by stoichiometry-related defects, e.g., oxygen vacancies, as
demonstrated by a localized stoichiometry analysis with TEM/EDS. Yttrium doping
improves radiation hardness of the mass produced PWO crystals.
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