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Abstract

:

Fast and heavy inorganic scintillators with suitable radiation tolerance are required to face the challenges presented at future hadron colliders of high energy and intensity. Up to 5 GGy and 5 × 1018 neq/cm2 of one-MeV-equivalent neutron fluence is expected by the forward calorimeter at the Future Hadron Circular Collider. This paper reports the results of an investigation of proton- and neutron-induced radiation damage in various fast and heavy inorganic scintillators, such as LYSO:Ce crystals, LuAG:Ce ceramics, and BaF2 crystals. The experiments were carried out at the Blue Room with 800 MeV proton fluence up to 3.0 × 1015 p/cm2 and at the East Port with one MeV equivalent neutron fluence up to 9.2 × 1015 neq/cm2, respectively, at the Los Alamos Neutron Science Center. Experiments were also carried out at the CERN PS-IRRAD proton facility with 24 GeV proton fluence up to 8.2 × 1015 p/cm2. Research and development will continue to develop LuAG:Ce ceramics and BaF2:Y crystals with improved optical quality, F/T ratio, and radiation hardness.
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1. Introduction


Future high-energy physics (HEP) experiments face an unprecedented challenge of a harsh radiation environment against ionization dose charged hadrons as well as neutral hadrons. The radiation environment expected by the forward calorimeter in the proposed Future Hadron Circular Collider (FCC-hh) reaches an ionization dose up to 5 GGy and a neutron fluence up to 5 × 1018 one-MeV-equivalent neq/cm2 [1]. Bright and fast cerium-doped lutetium yttrium oxyorthosilicate (Lu2(1−x)Y2xSiO5:Ce or LYSO:Ce) features high stopping power and suitable radiation tolerance against both ionization dose and hadrons. Under construction is the barrel timing layer (BTL) [2] using LYSO crystals for the compact muon solenoid (CMS) upgrade at the high-luminosity large hadron collider (HL-LHC). LYSO crystals were also proposed for the Mu2e experiment at Fermilab [3]. In addition, a total absorption LYSO calorimeter for the coherent muon to electron transition (COMET) experiment at the High-Energy Accelerator Research Organization (KEK) [4] and a 3D imaging calorimeter for the high-energy cosmic-radiation detection (HERD) experiment in space [5] are being built. Under investigation are cost-effective cerium-doped lutetium aluminum garnet (Lu3Al5O12:Ce or LuAG:Ce) ceramics for the precision-timing, ultracompact, radiation-hard electromagnetic calorimetry (RADiCAL) concept for future HEP experiments [6]. BaF2 crystals also attract attention due to their ultrafast light with 0.5 ns decay time, which is considered for the Mu2e-II upgrade [7]. While radiation damage in fast and heavy inorganic scintillators against ionization dose is well understood [8,9,10,11,12,13,14], investigations are still ongoing to understand radiation damage against hadrons, including both charged hadrons [8,10,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28] and neutrons [29,30,31,32,33].



Starting in 2014, a series of experiments was performed to study radiation damage in fast and heavy inorganic scintillators against hadrons by using 800 MeV protons at the Blue Room and neutrons at the East Port, respectively, at the Los Alamos Neutron Science Center (LANSCE). Inorganic scintillators were irradiated up to 3.0 × 1015 p/cm2 and 9.2 × 1015 one MeV equivalent neq/cm2. LYSO:Ce crystals and LuAG:Ce ceramics were also irradiated at the European Organization for Nuclear Research (CERN) PS-IRRAD proton facility by 24 GeV protons up to 8.2 × 1015 p/cm2. In this paper, we summarize our results obtained for LYSO:Ce crystals, LuAG:Ce ceramics, and BaF2 crystals. The result of this work is of great importance for the CMS phase-II upgrade of the BTL detector [2] at the HL-LHC, as well as an ultra-radiation-hard RADiCAL calorimetry [6] for the proposed FCC-hh.




2. Materials and Methods


The samples were produced at the Beijing Glass Research Institute (BGRI), the Beijing Opto-Electronics Technology Company Ltd. (BOET or OET), the Shanghai Institute of Ceramics (SIC), the Shanghai Institute of Optics and Fine Mechanics (SIOM), the Chongqing Shengpu Electronics Co. LTD (SIPAT), and the Sichuan Tianle Photonics Company (Tianle). Four proton irradiation experiments 6501 [25,26,27], 6990 [25,26,27], 7324 [28,33] and 8051 [33] were conducted in 2014, 2015, 2016, and 2018, respectively. Three neutron irradiation experiments 6991 [31,32], 7332 [31,32] and 7638 [31,32,33] were conducted in 2015, 2016, and 2017, respectively. Some LYSO:Ce and LuAG:Ce samples were also irradiated at the CERN PS-IRRAD facility. The details of these experiments and samples are listed in Table 1.



The LANSCE 800 MeV and the CERN PS-IRRAD 24-GeV proton beam show a Gaussian shape with a full width at half-maximum (FWHM) of about 25 and 12 mm, respectively. Dosimeters with a cross-section of 10 × 10 and 20 × 20 mm2 were used to measure the proton fluence at CERN PS-IRRAD. The proton fluence at LANSCE was calculated by measuring the proton current. The systematic uncertainties of the proton fluence at CERN and LANSCE are 7% and 10%, respectively. In the neutron irradiation experiments, half of the samples used in experiments 7332 and 7638 were irradiated with a 5 mm lead shielding, the other half without lead shielding. The error for the neutron fluence is about 10%.



To avoid optical bleaching and thermal annealing, all samples were wrapped with aluminum foil during and after irradiation and were kept at room temperature after irradiation. Transmittance was measured by using a Hitachi U3210 spectrophotometer with a precision of 0.2%. The emission-weighted longitudinal transmittance (EWLT) was calculated by using the equation


  E W L T =     ∫  ​  T  ( λ )   E m   ( λ )  d λ     ∫  ​   E m   ( λ )  d λ     ,  



(1)




where T(λ) and Em(λ) are the transmittance and emission spectra, respectively. The EWLT is a numerical value of transmittance over the entire emission spectrum. The radiation-induced absorption coefficient (RIAC) was obtained from


  R I A C =  1 l  ln  (     T 0     T 1     )    ,  



(2)




where l is the crystal length and T0 and T1 are the transmittances before and after irradiation, respectively.



The errors for the RIAC value depend on the light path length and the initial transmittance of the sample. For samples with suitable initial transparency, the errors are about 1, 3.5, and 5 m−1 for the thickness of 5, 1.5, and 1 mm, respectively. The RIAC errors for some LuAG:Ce ceramic samples could be larger than 5 m−1 because of poor initial transparency due to rough surfaces or scattering centers in the ceramic bulk [33]. A Hamamatsu R2059 PMT was used to measure the light output (LO) before and after irradiation with a grease coupling for 0.511-MeV γ-rays from a 22Na source with a coincidence trigger. The uncertainty for the light output measurements is about 1%.




3. Results and Discussion


Figure 1 shows transmittance spectra for LYSO (top), BaF2 (middle) and PWO crystals (bottom) measured before (black lines) and after (red lines) (a) proton irradiation with a proton fluence of 9.7 × 1014 p/cm2 and (b) neutron irradiation [31,32] with a one-MeV-equivalent neutron fluence of 8.3 × 1015 neq/cm2, respectively. Also shown in the figure are the emission spectra (blue dash lines), the numerical values of the EWLT, and the theoretical limit of transmittance (black dots) calculated according to the refractive index, assuming multiple bounces without internal absorption [34]. The results demonstrate that the radiation hardness of LYSO and BaF2 crystals is much better than PWO crystals against both protons and neutrons.



Figure 2 shows LO as a function of integration time for LYSO (top), BaF2 (middle), and PWO crystals (bottom) measured before (black) and after (red) (a) a proton fluence of up to 9.7 × 1014 p/cm2 [28] and (b) a one MeV equivalent neutron fluence of up to 8.3 × 1015 neq/cm2 [31,32], respectively. Also shown in the figure are the numerical values of LO (200), LO (2500), A0, A1, and τ, which represent the light output integrated into the time gate of 200 ns and 2500 ns, the fast component (if applicable), the slow component, and the decay time from the exponential fit. Since the light output of PWO crystals is too low after 9.7 × 1014 p/cm2 and 8.3 × 1015 neq/cm2, the data after 1.6 × 1014 p/cm2 and 3.7 × 1015 neq/cm2 are shown for PWO samples. We note that more than 91% and 77% LO remain for LYSO and BaF2 crystals after 9.7 × 1014 p/cm2 and 8.3 × 1015 neq/cm2, respectively. This indicates that LYSO and BaF2 crystals survive up to these hadron fluences but not PWO.



Figure 3 shows the normalized LO integrated in 50 ns gate as a function of the emission-weighted RIAC (EWRIAC) of the 220-nm peak for BaF2 samples used in (a) the proton experiment 7324 and the neutron experiment 7332 and (b) the neutron experiment 7332 and 7638, respectively. Correlation coefficients of 0.91, 0.95, and 0.95 were observed for 18 BaF2 plates of 5 mm in Figure 3a, and 12 BaF2 plates of 15 × 15 × 5 mm3 and 16 BaF2 plates of 10 × 10 × 2 mm3 in Figure 3b. It is interesting to note that the relative LO loss can be ascribed to the radiation-induced absorption for both proton and neutron irradiation. It is also interesting to note that the mean light path length, which is L, shown in these figures, depends on the sample thickness.



Figure 4 shows the RIAC values as a function of (a) the proton fluence [25,26,27,35] and (b) the one MeV equivalent neutron fluence [32] for LYSO/LFS crystals from different vendors irradiated in the proton experiments 6990 and 7324 up to 3.0 × 1015 p/cm2 and the proton experiment at CERN PS-IRRAD up to 8.2 × 1015 p/cm2 and the neutron experiments 6991, 7332, and 7638 up to 9.2 × 1015 neq/cm2.



Also shown in the figure are the corresponding fits and the uncertainties of the fittings, which depend on the uncertainties of the data points. The result also shows a consistent linear relation between the RIAC values at 430 nm and the proton fluence for LYSO crystals from different vendors with a correlation coefficient (CC) of 0.95. The corresponding value is 0.71 for one MeV equivalent neutron fluence. The radiation hardness specification for the CMS BTL LYSO crystals of 3.12 × 3.12 × 57 mm3 is: RIAC should be less than 3 m−1 after 48 kGy, 2.5 × 1013 p/cm2 and 3 × 1014 neq/cm2. It is clear that LYSO crystals from different vendors meet the CMS BTL specification.



We also notice that the numerical RIAC values for LYSO against neutrons are a factor of ten less than that against 800 MeV protons at LANSCE and 24 GeV at CERN. This difference can be ascribed to damage by ionization energy loss from protons as compared to damage by displacement and nuclear breakup only from neutrons.



Figure 5 shows RIAC values as a function of (a) proton fluence [33] and (b) and one MeV equivalent neutron fluence [33] for LuAG:Ce ceramics, LYSO:Ce, and BaF2 crystals irradiated in the proton experiment at CERN PS-IRRAD up to 8.2 × 1015 p/cm2 and the neutron experiment 7638 up to 6.7 × 1015 neq/cm2, respectively. Also shown are the corresponding fits. It is interesting to note that the RIAC values for LuAG:Ce ceramics are a factor of two smaller than that of LYSO:Ce crystals. This material thus is promising for future colliders with harsh radiation environments, such as the proposed FCC-hh. We also note that large systematic uncertainties were observed for LuAG:Ce ceramics with poor initial transparency. The surface condition of and the scattering centers inside the ceramic bulk may degrade measured transmission and thus introduce a large systematic uncertainty in the RIAC values. The EWLT values of two ceramic samples shown in Figure 5a, for example, are 67.6% and 32.1% before irradiation and 67.5% and 31.9% after 7.1 × 1013 p/cm2 and 1.2 × 1015 p/cm2, respectively, corresponding to RIAC values of 0.5 and 7.1 m−1. Further improvement in optical quality, fast-total ratio (F/T), and radiation hardness of LuAG:Ce ceramics are important for such investigation.



Figure 6 shows the LO normalized to before irradiation as a function of (a) proton fluence [28] and (b) one MeV equivalent neutron fluence [32] for LYSO, BaF2, and PWO plates irradiated in the proton experiment 7324 up to 9.7 × 1014 p/cm2 and the neutron experiment 7332 up to 8.3 × 1015 neq/cm2, respectively. It is interesting to note that both LYSO:Ce and BaF2 plates maintain more than 85% and 75% of light output after a proton fluence of 9.7 × 1014 p/cm2 and a one-MeV-equivalent neutron fluence of 8.3 × 1015 neq/cm2. This result indicates that the radiation hardness of BaF2 is similar to LYSO:Ce under high hadron fluence. BaF2 crystals, however, have an issue of slow component with a decay time of 600 ns. Yttrium doping in BaF2 suppresses the slow component effectively while maintaining the ultrafast light [30,36,37,38,39,40]. An investigation is ongoing to understand hadron-induced radiation damage in BaF2:Y crystals.




4. Conclusions


Radiation damage was measured before and after proton and neutron irradiation conducted at LANSCE and CERN for LYSO, BaF2, and PWO crystals and LuAG ceramics. Both LYSO and BaF2 plates maintain more than 85% and 75% of light output after proton and neutron irradiation up to 3.0 × 1014 p/cm2 and 9.2 × 1015 neq/cm2, respectively. LYSO:Ce and LFS crystals from different vendors show consistent damage against protons of 800 MeV and 24 GeV. The RIAC values for LuAG:Ce ceramics are a factor of two smaller than that of LYSO:Ce crystals against both neutrons and protons. The radiation hardness of BaF2 is similar to that of LYSO:Ce at high hadron fluence. We plan to improve optical quality, F/T ratio, and radiation hardness for LuAG:Ce and BaF2:Y crystals. We also plan to investigate radiation damage in various fast and heavy inorganic scintillators against ionization dose, protons, and neutrons.
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Figure 1. The transmittance spectra measured before (black lines) and after (red lines) irradiation in (a) the proton experiment 7324 and (b) the neutron experiment 7332 [31,32] are shown for LYSO (top), BaF2 (middle), and PWO crystals (bottom). 
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Figure 2. LO measured before (black) and after (red) irradiation in (a) the proton experiment 7324 and (b) the neutron experiment 7332 [31,32] is shown as a function of the integration time for LYSO (top), BaF2 (middle), and PWO crystals (bottom). 
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Figure 3. The normalized LO integrated in 50 ns gate is shown as a function of EWRIAC of the 220nm peak for the BaF2 samples used in (a) the proton experiment 7324 and the neutron experiment 7332 [28], and (b) the neutron experiment 7332 and 7638, respectively. 
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Figure 4. The RIAC values are shown as a function of (a) the proton fluence [25,26,27,35] and (b) the one MeV equivalent neutron fluence [32] for LYSO/LFS crystals from different vendors irradiated in the proton experiment 6990, 7324 and at the CERN PS-IRRAD experiment and the neutron experiment 6991, 7332, and 7638, respectively. 
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Figure 5. The RIAC values are shown as a function of (a) proton fluence [33] and (b) one MeV equivalent neutron fluence [33] for LuAG:Ce ceramics, LYSO:Ce, and BaF2 crystals irradiated in the proton experiment at CERN PS-IRRAD and the neutron experiment 7638 at LANSCE, respectively. 
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Figure 6. The LO values normalized before irradiation are shown as a function of (a) the proton fluence [28] and (b) the one MeV equivalent neutron fluence [32] for LYSO, BaF2, and PWO plates irradiated in the proton experiment 7324 and the neutron experiment 7332, respectively. 






Figure 6. The LO values normalized before irradiation are shown as a function of (a) the proton fluence [28] and (b) the one MeV equivalent neutron fluence [32] for LYSO, BaF2, and PWO plates irradiated in the proton experiment 7324 and the neutron experiment 7332, respectively.



[image: Instruments 06 00057 g006]







[image: Table] 





Table 1. Samples used in various proton and neutron irradiation experiments.






Table 1. Samples used in various proton and neutron irradiation experiments.





	
Experiment

	
Samples

	
Dimension (mm3)

	
Fluence (cm−2)






	
CERN PS-IRRAD

	
4 × SIC LYSO

	
14 × 14 × 1.5

	
7.4 × 1013–6.9 × 1015




	
10 × BOET LFS

	
14 × 14 × 1.5

	
1.0 × 1014–8.2 × 1015




	
2 × SIC LuAG

	
Φ14.4 × 1

	
7.1 × 1013–1.2 × 1015




	
LANSCE-p-6990

	
OET LFS

	
25 × 25 × 180

	
1.8 × 1014–2.9 × 1015




	
LANSCE-p-7324

	
SIC LYSO

	
25 × 25 × 200

	
5.0 × 1013–3.0 × 1015




	
9 × SIC LYSO

	
10 × 10 × 3

	
2.7 × 1013–9.7 × 1014




	
6 × SIC BaF2

	
25 × 25 × 5

	
2.7 × 1013–9.7 × 1014




	
6 × SIC PWO

	
25 × 25 × 5

	
2.7 × 1013–9.7 × 1014




	
LANSCE-p-8051

	
SIPAT LYSO

	
25 × 25 × 200

	
3.8 × 1013–1.6 × 1015




	
Tianle LYSO

	
25 × 25 × 200

	
2.2 × 1013–1.8 × 1015




	
LANSCE-n-6991

	
18 × OET LFS

	
14 × 14 × 1.5

	
9.4 × 1014–9.2 × 1015




	
LANSCE-n-7332

	
12 × SIC LYSO

	
10 × 10 × 5

	
1.7 × 1015–8.3 × 1015




	
12 × SIC BaF2

	
15 × 15 × 5

	
1.7 × 1015–8.3 × 1015




	
12 × SIC PWO

	
15 × 15 × 5

	
1.7 × 1015–8.3 × 1015




	
LANSCE-n-7638

	
6 × SIC LYSO

	
10 × 10 × 3

	
1.7 × 1015–6.7 × 1015




	
6 × Tianle LYSO

	
10 × 10 × 3

	
1.7 × 1015–6.7 × 1015




	
8 × BGRI BaF2

	
10 × 10 × 2

	
1.7 × 1015–6.7 × 1015




	
8 × SIC BaF2

	
10 × 10 × 2

	
1.7 × 1015–6.7 × 1015




	
3 × SIC LuAG

	
Φ14.4 × 1

	
1.7 × 1015–6.7 × 1015
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