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VXyameHne onTHYeCKOTO MPOMyCKaHUs CIUHTHUIIIHOHHOTO KPHCTAlIa Mo ASHCTBHEM MOHU3UPYIOIIETO H3ITy-
YEeHHs] B CUMHTHJUISIMOHHOM CIIEKTPAJIFHOM JHMana3oHe HMPUBOIMT K MOTEPSIM CBETOBOTO IOTOKA, BCIEICTBHE YETO
SHEPreTHYECKOe pa3penieHIe CHIDKACTCS H BpeMst pa0OThI KaJOPUMETPa Ha OCHOBE CIUHTIIIIATOPOB OTPaHUIHBACTCS.
3T10T 3P PeKT 0COOSHHO 3aMETEH IS KaTOPUMETPOB, PA0OTAOMINX IPH HU3KKUX TeMIepaTypax. Vcmonbp30Banne cinH-
TWUIAILMOHHOTO KpHUcTa/ia Boiabdpamara ceunua (PbWO,) B kasopuMeTpun npu HU3KUX Temmeparypax (or —20 no
—45 °C) obecrnieynBaeT TPEXKPaTHOE YBEIMYCHUE CHUHTWUIALIAOHHOTO BBIXO/A, YTO IPUBOIUT K 3HAYHTEIHHOMY
VAYYIICHUIO 3HepreTudeckoro paspemenns (o 10 MaB). Coxpanenne 3Toif 0COOCHHOCTH KPUTHYECKH BaXKHO IS
aZlpoOHHOM crekTpockonuy. OnHAKO IPU MOHWKEHUH TeMIeparypsl kpucrania PbWO, ckopocTb CIIOHTaHHOH pernax-
CaIuy IICHTPOB OKPACKH, CO3MaHHBIX IMOJ ACHCTBHEM HOHH3UPYIOIICTO M3ITyYCHUs, 3HAUUTCIBHO 3aMEIIIICTCS, YTO
CMeIIaeT TUHAMHYECKHH YPOBEHb HaBEJCHHOTO MOTIONMIEHUS B CTOPOHY 00Jiee BRICOKOTO 3HAYCHHS TP UTUTEITHHOM
o0JryueHHH B dKCIIepUMeHTax (PU3UKU BBICOKMX Hepruil. [IpoBeseHo cpaBHEHNE CIIOHTAHHOM pellakcalii HaBeIeH-
HOTO TOTJIOIICHUS B CIIEKTPAIBHON 00JaCTH CIMHTHIUISIIIAIA CO CTUMYJIMPOBAaHHBIM BOCCTAaHOBIICHUEM IIPH OOIYICHUN
00pa31oB nH(ppakpacHEIMU (GOTOHAMH PA3HBIX JUIMH BOJH. [loka3aHo, 9TO permakcaIus IeHTPOB OKPACKH MOXKET OBITh
yCKOpeHa /1o Thicsiun pa3. Takum o0pa3oM, CTUMYIMPOBAaHHOE BOCCTAHOBJICHHE MO3BOJISIET OBICTPO M 3(P(eKkTHBHO
BO300OHOBUTH ONTHYECKOE MPOITYCKAHUE KPUCTAIIIOB JTUOO MEXKIY MEPUOIAMHU PabOThl YCKOPUTEI, JH00 mpu cOo-
pe DaHHBIX B OHJANH-pEXHMME, NMPH ATOM H3BICKaTh KPHCTAIUIBI U3 DKCIIEPUMEHTAIBHON yYCTaHOBKH HE TpedyeTcs.
[IpuMeHeHne CTUMYIIMPOBAHHOTO BOCCTAHOBICHHS MOKET CYIIECTBEHHO YIYYIIUTh padOTy KaJIOPUMETPOB HA OCHOBE
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PbWO, min npouinTh CpoK UX CIyKObI IIPU HU3KUX TEMIEpaTypax ¢ COXPaHEHHEM PaJHalliOHHOTO IOBPEKACHUS
OINTUYECKOIO IPONYCKAaHUA KPUCTAJIJIOB HA IPUEMIIEMOM YPOBHE.
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The degradation of the optical transmittance under ionising radiation of the scintillation crystal in the scintillation
spectral range leads to the losses of the light output, which results in the deterioration of the energy resolution and limits
the operation time of the calorimeter made of the scintillator. This effect is especially prominent for calorimeters operating
at a low temperature. The use of a lead tungstate scintillation crystal PbWO, in calorimetry at a low temperature in the
range from —20 to —45 °C provides a threefold increase in its scintillation yield, which causes a significant improvement
in the energy resolution in the range up to 10 MeV. Keep on this feature is critically important for hadron spectroscopy.
However, as the temperature of the PbWO, crystal is lowered, the rate of spontaneous relaxation of colour centers created
under ionising radiation significantly slows down, which shifts the dynamic level of the induced absorption towards
a higher value under long-term irradiation of high-energy physics experiments. A comparison is made of the spontaneous
relaxation of induced absorption in the spectral region of scintillations with stimulated relaxation upon irradiation of
samples by infrared photons of different wavelengths. It is shown that the relaxation of colour centers can be accelerated
up to one thousand times. Thus, recovery stimulation allows fast and efficient in situ recovery of the crystal optical trans-
mittance either at beam-off periods or online at data acquisition. The application can substantially improve or extend the
running period of the PWO based calorimeters at low temperatures by keeping the radiation damage at a tolerable level.

Keywords: electromagnetic calorimetry; lead tungstate scintillation crystal; radiation damage; light yield; optical trans-
mittance; stimulated recovery.

Introduction

Nowadays, lead tungstate (PbWO,, PWO) scintillation crystal is the most widely used scintillation material
in modern electromagnetic calorimetry at high energy physics experiments [1; 2]. Deterioration of the optical
transmittance of PWO crystals occurs in electromagnetic calorimeter (ECAL) operation in harsh irradiation
environments due to the creation of colour centers under ionising radiation. The radiation-induced optical ab-
sorption, which overlaps the scintillation band, limits the energy resolution of the calorimeter.

Dependence of the ECAL energy resolution may be parameterised as the quadratic sum of three terms [3]:

% _ 4 gl g,

E, B, E
where the symbol @ indicates a quadratic sum.

The first term, with coefficient a, is the stochastic term, arising from fluctuations in the number of signal
photons generated by ionising particles. Fluctuations in the measurement of the signal contribute as well.

Moreover, the second term, with coefficient b, is usually referred to as the noise term. It receives contri-
butions not only from noise in the readout electronics, but also from effects such as «pile-up» (simultaneous
energy deposition by uncorrelated particles).

The third term is the constant term with coefficient c. It arises from several effects including imperfections
in calorimeter construction (dimensional tolerances, etc.), non-uniformities in signal collection, calibration
errors, fluctuations in longitudinal energy containment, etc.

Forexample, the stochastic term in the resolution function is dominated by statistical fluctuations in the
number of detected photoelectrons and can be evaluated for an ideal crystal calorimeter by formula [3]
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where F' is the Fano factor, and », is the number of detected photoelectrons. Hence, the stochastic term is
controlled by both the light yield of the scintillation material and the light collection affecting the transport
of photons to the photoreceiver window. Thus, the deterioration of the response of the calorimeter is due to
the loss in the light collection. At such conditions, the rate of the spontaneous recovery of the colour centers,
in order to keep their dynamical concentration small at a given dose rate, becomes a crucial parameter of the
detection material. For the lead tungstate scintillation crystal, the light yield of which might be increased by
cooling, the fast recuperation of the colour centers at low operational temperature stands as a decisive property.
Unfortunately, the spontaneous recovery processes are significantly slowed down in PWO by cooling [4].

A possible way to recuperate the radiation-induced optical transmission damage during the ECAL operation
will be described here. The method is based on the implementation of stimulated recovery based on the injec-
tion of infra-red (IR) light into each crystal of the electromagnetic calorimeter.

Experimental results and discussion

Lead tungstate is a self-activated scintillator [5]. Therefore, the luminescence has a strong temperature
quenching, which provides fast scintillation kinetics with a decay constant of about 10 ns. The light yield
of the lead tungstate crystal varies with temperature coefficient (-3 %/°C) [6; 7] in the temperature range
from +50 to —50 °C. Figure 1 shows dependence of the light output on the integration time of the ensuring
electronics behind the fast readout photomultiplier tubes at different temperatures. The overall gain factor
of the light yield at 7=—-40 °C compared to 7= 420 °C is seven.
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Fig. 1. Gated light output of PWO scintillator (20 x 20 x 200 mm) coupled
to a Hamamatsu R2059 photomultiplier (Japan) tube at different temperatures

An increase of the light yield allows improving the energy resolution of the detector at hundreds of MeV
photon energy, which is crucially important for precise spectroscopy in hadron physics. The gain in energy
resolution obtained with a 3 x 3 matrix made of 200 mm long PWO crystals [8] confirms this statement and is
presented in fig. 2. Apparently, a decrease of the PWO based detector operational temperature is a prospective
way to achieve better energy resolution of the PWO based detector.

According to these experimental results, energy resolutions of % =1.11/JE ®1.67 and % =1.88/E®1.79

(in %; E given in GeV) were deduced at —25 and +10 °C, respectively. The reduced energy resolution at
T =+10 °C is consistent with the lower light output due to thermal quenching and is quantitatively expressed
by the higher stochastic term in the parametrisation of the resolution [10]. Assuming the ratio of light yields
at—25 and +10 °C around 2.5-3.0 from fig. 2, the stochastic terms of energy resolutions from experiment agree
well with equation (1).
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Fig. 2. The energy resolution of a 3 x 3 PWO matrix of 200 mm
long crystals measured at two different operating temperatures
of —25 and +10 °C, respectively (after [9])

When a lead tungstate crystal is exposed to ionising radiation, the pre-existing point defects of the crystal
structure may act as traps for electrons or holes. The resulting charged defects have discrete energy levels and
optical transitions can be induced, absorbing part of the scintillation light that propagates in the crystal toward
the photodetector.

Ionising radiation damage of optical transmission of the inorganic crystal can be considered as a three step
process consisting of creation of hot electrons and holes from the interaction of ionising particles with the crys-
tal lattice; free carrier separation during the thermalisation (through strong coupling with lattice phonons) and
diffusion process; localisation of electrons and holes near lattice defects, to balance local charge. This chain
results in the creation of colour centers overlapping the scintillation band.

Up to five types of colour centers have been identified in lead tungstate with corresponding absorption
bands at 350—400; 470; 520; 620 and 715 nm [11; 12]. Only three of them having absorption bands in the blue-
green spectral range overlap the scmtlllatlon band. Absorption bands in the 350—400 nm spectral range are
caused by the recharge of the WO Frenkel-type defect centers, whereas 470 and 520 nm absorption bands,
which also overlap the scmtrllatron band, are caused by several types of di-O™ centers [5].

The slowing of spontaneous recovery becomes observable already at the cooling the crystal to +10 °C.
The spontaneous recovery of the radiation induced absorption coefficient at 420 nm after irradiation of two
PWO samples at +22 and +10 °C is shown in fig. 3.

Stimulated recovery of the optical transmittance was measured during 50 and 500 h for short and long PWO
samples, respectively. Irradiation was perforrned using a “°Co source to a radiation dose of 100 Gy. Recovery
with a fast constant was not observed in the small samples, since the measurements were taken 30 min after
irradiation. The measurements for full-size samples were taken 2 min after irradiation.

The experimental data of recovery kinetics are approximated and the parameters of spontaneous recovery
of the radiation induced absorption coefficient for PWO samples at +22 and +10 °C are presented in table 1.
The time constant was evaluated with an accuracy of better than 5 %.

Table 1
Spontaneous recovery parameters of the radiation induced absorption coefficient
for PWO samples at +22 and +10 °C, respectively
Recovery time constant, h leaclt ion (f) (t)f ftasot/ Amplitude, m ™'
PWO sample, cm | Temperature, °C and s’ow constant, 7o
Te T T Ja Ja Jo k™™ K k™
+22 — 99 |1541.0 — — — — 0.205 1.040
2x2x%x2
+10 — 18.7 | 4278.0 — — — — 0.035 1.389
+22 0.18 71.0 109.6 | 0.0002 | 19.2 | 80.8 | 0.078 0.190 0.520
2.5x25x20.0 =
+10 0.42 74.3 771.2 10 301970 0.120 0.240 0.800
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Fig. 3. Spontaneous recovery of the radiation induced absorption coefficient at 420 nm
of two PWO samples irradiated and measure at +22 and +10 °C.
Samples are courtesy of the PANDA Collaboration at FAIR (Darmstadt)

The contribution of the fast recovery constant is accounted for less than 20 % at +22 to +10 °C. This effect
can be explained by low concentration of colour centers in the crystal. Decreasing the temperature signifi-
cantly reduces the contribution of the fast recovery constant. The recovery time constant for PWO at —25 °C
can be evaluated by linear approximation in the low temperature region of the recovery constants obtained for
the 20 cm long PWO crystal. The recovery time constant for PWO at —25 °C was estimated at the level of as
much as 260 000 h (~30 years). Conversely, radiation damage of optical transmittance for a PWO crystal can
be reduced by application of stimulated recovery. The stimulated recovery can be carried out by annealing the
crystal or by injection of visible light or even infrared radiation. The application of stimulated recovery makes
it possible to restore optical transmittance in situ either during technological breaks in the operation of the
accelerator or even during the operation of the accelerator if the photosensor is insensitive for the wavelength
range of injected photons. The recovery of the optical transmittance of the detector modules of a calorimeter
will increase their lifetime, maintaining the radiation induced absorption at an acceptable level.

There are two actual processes initiated by the photons: ionisation of colour centers and transport of the cap-
tured electron from ground state of the colour center to its radiation level. The first process depends on the
energy width of the conduction band and the position of the colour center ground state in the forbidden zone
and may be initiated in a wide spectral range from UV to visible light. However, ionisation of colour centers
is an improvident way because the energy £, of the injected photons should be much greater than the ther-
mal activation energy of colour centers E1,. The second process, called stimulated recovery, is an intra-center
resonant transition that can be initiated by photons with an energy £, even as low as E, ~ Ep,, so even infrared
photons can initiate it. In this case, stimulation can even be applied simultaneously with ionising irradiation,
in particular, if the photosensor used is blind for the chosen wavelength region. As a consequence, the level of
the dynamic saturation of the induced optical absorption in the crystal will be reduced.

The spontaneous and stimulated recovery of the transmittance at 420 nm at —25 °C of a lead tungstate crys-
tal after gamma-irradiation (30 Gy absorbed dose) is shown in fig. 4. The process of transmittance recovery
was monitored with a 420 nm LED pulsed source with intensity stabilised at the level of 0.1 %. A significant
acceleration of the recovery of the transmittance is observed with stimulation via intracenter transitions with
IR photons in the range 850—1060 nm. This effects is achieved by illuminating with photons at different wave-
lengths produced by laser diodes with an intensity 1 - 10" photons per second in the wrapped lead tungstate
crystal of 20 cm length cooled down to —25 °C. Deterioration of the relative optical transmittance of PWO crys-
tals was controlled by the monitoring system which provides continuous measurements of the relative optical
transmission in the blue spectral region with a peak around 420 nm after irradiation and during the stimulated

t t

recovery. The recovery curves are fitted with a double exponential function of the form 1 — ge ™ — a,e ™ —c,

where a = a, + a, is the sum of recovery; T, and T, are the fast and slow recovery constants, respectively;
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c is the residual damage according to range time of illumination; 1— (a + c) is the total initial damage. For

more details, the experimental setup for studying stimulated recovery of the radiation damage of lead tungstate
crystals is described elsewhere [13].
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Fig. 4. Changes of relative transmittance at 420 nm of a PWO crystal at —25 °C
due to spontaneous recovery and under stimulated recovery by photons
with different wavelengths of intensity 1 - 107 photons per second after 30 Gy absorbed dose

Stimulated recovery provides simultaneous changes of relative transmittance in a wide spectral range.
The stimulated recovery constants of a lead tungstate crystal for the transmittance at 420 nm and at —25 °C
after gamma-irradiation measured for different wavelengths of injected photons are presented in table 2.

Table 2
Stimulated recovery parameters of the radiation induced absorption coefficient
for PWO samples at —25 °C for different wavelengths of injected photons
Stimulated Fraction (/) of fast Total recovery. % Residual damaged
Wavelength recovery constant, h and slow constant, % Ty, 7o transmittance, %
of injected photons, nm

Tf Ts fcf fcs a=a, + a ¢
850 1.9 52.6 2.0 98.0 32.0
980 10.7 81.5 8.6 91.4 19.6 14
1060 10.4 106.3 2.2 97.7 15.2 19

As seen, stimulation of the colour centers by IR photons is able to accelerate the recuperation of the crystal
optical transmittance by three orders of magnitude. This finding makes a very perspective described approach
to keep ECAL acquisition capabilities at the operation at low temperatures.

Conclusions

An approach to keep ECAL detector capabilities constant, while operating at low temperature is described.
The PWO scintillator radiation-induced damage recovery stimulation by illumination with external light of IR
photons was found to be an effective way to recuperate radiation-damaged optical transmittance.

Recovery time may be accelerated by a factor 1000 in a comparison with the spontaneous process. This
finding may have a strong impact on future detector concepts, how to maintain the performance of electro-
magnetic calorimeters at accelerator experiments based on PWO scintillator. /n situ recuperation of optical
transmission of scintillator elements by stimulated recovery during the breaks between or even in parallel with
the data acquisition can substantially improve the detector performance and prolong its lifetime under tolerable
conditions. Since commonly used photosensors are blind in the IR region, stimulated recovery can possibly be
applied even during detector operation and data acquisition.

72 ey



du3nKa spa 1 IeMeHTAPHBIX YaCTHI
Atomic Nucleus and Elementary Particle Physics

— YWYV

References

1. Breskin A, Riidiger V, editors. The CERN Large Hadron Collider: accelerator and experiments. Geneva: CERN; 2009. 2 volumes.

2. Novotny RW, Doring W, Dormenev V, Drexler P, Erni W, Rost M, et al. Performance of PWO-II prototype arrays for the EMC
of PANDA. /IEEE Transactions on Nuclear Science. 2008;55(3):1295-1298. DOI: 10.1109/TNS.2008.922807.

3. Brown RM, Cockerill DJA. Electromagnetic calorimetry. Nuclear Instruments and Methods in Physics Research. Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment. 2012;666:47—79. DOI: 10.1016/j.nima.2011.03.017.

4. Semenov PA, Uzunian AV, Davidenko AM, Derevschikov AA, Goncharenko YM, Kachanov VA, et al. First study of radiation
hardness of lead tungstate crystals at low temperatures. Nuclear Instruments and Methods in Physics Research. Section A: Accelera-
tors, Spectrometers, Detectors and Associated Equipment. 2007;582(2):575-580. DOI: 10.1016/.nima.2007.08.178.

5. Lecoq P, Gektin A, Korzhik MV. Inorganic scintillators for detector systems: physical principles and crystal engineering.
2" edition. Cham: Springer; 2017. [408 p.] (Particle acceleration and detection). DOI: 10.1007/978-3-319-45522-8.

6. Burachas S, Ippolitov M, Manko V, Nikulin S, Vasiliev A, Apanasenko A, et al. Temperature dependence of radiation hardness
of lead tungstate (PWO) scintillation crystals. Radiation Measurements. 2010;45(1):83—-88. DOI: 10.1016/j.radmeas.2009.11.038.

7. Borisevich AE, Fedorov AA, Hofstaetter A, Korzhik MV, Meyer BK, Missevitch O, et al. Lead tungstate crystal with increased
light yield for the PANDA electromagnetic calorimeter. Nuclear Instruments and Methods in Physics Research. Section A: Accelera-
tors, Spectrometers, Detectors and Associated Equipment. 2005;537(1-2):101-104. DOI: 10.1016/j.nima.2004.07.244.

8. PANDA Collaboration, et al. Technical design report for PANDA electromagnetic calorimeter (EMC). 2008. e-Print:0810.1216
[physics.ins-det].

9. Novotny R-W. Fast and compact lead tungstate-based electromagnetic calorimeter for the PANDA detector at GSI. /EEE Tran-
sactions on Nuclear Science. 2004;51(6):3076-3080. DOI: 10.1109/TNS.2004.839100.

10. Novotny R-W, Burachas SF, Déring WM, Dormenev V, Goncharenko YM, Korzhik MV, et al. Radiation hardness and recovery
processes of PWO crystals at —25 °C. [EEE Transactions on Nuclear Science. 2008;55(3):1283-1288. DOI: 10.1109/TNS.2008.916062.

11. CMS Collaboration, et al. Radiation hardness qualification of PbWO, scintillation crystals for the CMS electromagnetic calo-
rimeter. Journal of Instrumentation. 2010;5:P03010. DOI: 10.1088/1748-0221/5/03/P03010.

12. Annenkov AN, Auffray E, Borisevich AE, Drobychev GYu, Fedorov AA, Inyakin A, et al. On the mechanism of radiation
damage of optical transmission in lead tungstate crystal. Physica Status Solidi (a). 2002;191(1):277-290. DOI: 10.1002/1521-396X
(200205)191:1<277::AID-PSSA277>3.0.CO;2-7.

13. Orsich P, Dormenev V, Brinkmann K-T, Korzhik M, Moritz M, Novotny R-W, et al. Stimulated recovery of the radiation da-
mage in lead tungstate crystals. [EEE Transactions on Nuclear Science. 2020;67(6):952-955. DOI: 10.1109/TNS.2020.2975889.

Received 16.08.2021 / revised 23.08.2021 / accepted 03.09.2021.

B2Y — cnovemnss wemoprt Jaw/cw



