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Fast & Radiation Hard Scintillators

Supported by the DOE HEP advanced detector R&D program we are developing
fast and radiation hard inorganic scintillators to face the challenge for future HEP
experiments at the energy and intensity frontiers.

Our investigation shows that LYSO:Ce, BaF, and LUAG:Ce will survive the
radiation environment expected at the HL-LHC with 3,000 fb!. LYSO is proposed
for a precision MIP Timing Detector for the CMS Phase-Il upgrade for the HL-LHC:

= Jonizations dose: up to 100 Mrad,
= Charged hadron fluence: up to 6x10%% p/cm?,
= Fast neutron fluence: up to 3x10!> n/cm?2.

Ultra-fast scintillators with excellent radiation hardness is also needed to face
the challenge of unprecedented event rate expected by future HEP experiments
at the intensity frontier, such as Mu2e-Il, and the GHz hard X-ray imaging for the
proposed Marie project at Los Alamos National Laboratory.

Yttrium doped BaF, with a sub-ns FWHM pulse width and a suppressed slow
scintillation component is a leading candidate for both applications.
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GHz Hard X-Ray Imaging for Marie
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High-Energy and Ultrafast X-Ray Imaging Technologies and Applications

Organizers: Peter Denes, Sol Gruner, Michael Stevens & Zhehui (Jeff) Wang?
(Location/Time: Santa Fe, NM, USA fAug 2-3, 2016)
The goals of this workshop are to gather the leading experts in the related fields, to prioritize tasks for
ultrafast hard X-ray imaging detector technology development and applications in the next 5 to 10 years,
see Table 1, and to establish the foundations for near-term R&D collaborations.

Table |I. High-energy photon imagers for MaRIE XFEL

Performance Type | imager Type |l imager
X-ray energy 30 keV 42-126 keV
Frame-rate/inter-frame time .5 GHz/2 ns 3 GHz / 300 ps
Number of frames / 10 10 - 30
X-ray detection efficiency / above 50% above 80%
Pixel size/pitch / < 300 um < 300 pum
Dynamic range / 10? X-ray photons = 10* X-ray photons
Pixel format 64 x 64 (scalable to 1 Mpix) 1 Mpix
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Why Crystal Scintillator?

= Detection efficiency for hard X-ray requires bulk detector.

= Scintillation light provides fastest signal.

" Pixelized crystal detector is a standard in medical industry.

= A total absorption imager:

* Pixelized fast scintillator screen; i AN
* Pixelized fast photodetector; R Y
* Fast electronics readout. ANANA :S:: E;S:S
P NN AN
" Challenges: = R
e Ultra fast scintillator; //';':// AN eenones
e Ultra fast photodetector; X-ray photons b Detectors
e Ultra fast readout electronics. Fast Scintillator

Screen
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a. Top line: slow component, bottom line: fast
component;

b. At the wavelength of the emission maximum;
c. Excited by Gamma rays;

d. For Gd;Ga;Al,0,,:Ce

e. For 0.4 at% Ca co-doping

f. Ceramic with 0.3 Mg at% co-doping

g. Defined as LY(2 to 4 ns)/LY(0 to 2 ns)

Fast Inorganic Scintillators (Il)
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Pulse Height {a.u.)

-2

4

- — Tywek wrapping. £= 1.5 =02 ns
- —Black wrapping, L= 1.5 =0.2 ns

B LSO/LYSO

LY 30 Ce
1.68¥, cube

- — Tywek wrapping, t=1.7 £+ 0 2 ns
- —EBlack wrapping. t= 1.6 + 0.2 ns

VA

| Cefy

| 1.5¥; cube

- — Tyvek wrapping. £,= 1.7 £ 0.2 ns
- —Black wrapping, = 1.6 =02 ns

BGO

1.6%, cube

- —Tywek wrapping, t= 1.8+ 02 ns
-—FBlack wrapping. t= 1.6 02 ns

Csl
Csl
1.5%,; sample

- — Tywek window, = 2.0 = 0.2 ns
- —Black window. t= 1.8 =0.2 ns

L 11 [
-5 -5 -5 [1] 5
Time {(ns) Time (ns) Time {ns) Time (ns) Time {ns)
B B ime pick-off B ime pick-off B ime pick-off
i B Time pick-off B i
| LaBr,:Ce w__ LaCl:Ce B Mal{TI) [ Csl{TT) [ CisliMa)
L 1.5%; sample L 15X sampls 1.5%; sample = 1.5X ; sample B 1.5%; sampls
L Tywek window, t= 2.8 =02 ns L Tywek window, t= 3.5+ 03 ns — Tywek window t=86 £05ns | —Tyvek window =26+ 1 ns B —Tywek window t= 30 + 1 ns
| — Black winI-:I-:ml- t=28= i:I.E- ns - — Elack 'ﬂinidmr. t=30 IIII.3 ns | —Ellacl-l: winldmr L= IEI-E + D.ﬁl ns | —Ellal::k w'nll:ll:-w t= IEpEu +1 n;:'- | —Ellack wir}dnw t= Ii-lﬁ +1 n|5
-5 a 5 -5 0 5 -25 0 25 50 Ta -25 0 25 50 75 -25 0 25 50 75
Time (ns) Time (ns) Time {ns) Time (ns) Time {ns)

The 3 ns FWHM pulse width of BaF, will be reduced by using a faster photodetector

LYSO, LaBr; & CeBr; have tail, which would cause pile-up for GHz hard X-ray imaging
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BaF, has a fast scintillation
component with sub-ns decay time,
and a slow component with 600 ns

decay time.

The amount of the fast light is
similar to undoped Csl, and is 1/5 of
the slow component.

Spectroscopic selection of the fast
component may be realized by
selective doping with rare earths
and/or a solar blind photodetector.
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F/S ratio from 1/5 to 5/1, presented in TIPP 2017, Beijing
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F/S ratio increased from 0.21t0 6 .2
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BGRI BaF, cylinders of ®10x10 mm? shows y-ray response:

0.26/0.55/0.94 ns of rising/decay/FWHM width
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Summary

LYSO and BaF, crystals show excellent radiation hardness beyond 100
Mrad, 1 x 10%> p/cm? and 2 x 10> n/cm?. They will survive a severe
radiation environment, such as the HL-LHC.

Undoped BaF, crystals provide fast light with sub-ns FWHM pulse width.
Recently, yttrium doping increases its F/S ratio from 1/5 to 6/1 while
maintaining its fast component intensity. At this level, its fast component
and Fast/slow is similar to and less than undoped Csl. This material is
proposed to Mu2e-Il and Marie. It may also be considered for the CMS
MTD barrel sensor.

We plan to optimize Y:BaF, further and test its radiation hardness. Will
also pay an attention to DUV photodetectors: LAPPD, Si (Hamamatsu
S$13370 with 25% PDE at 200 nm) or diamond based solid state detector.

November 8, 2017 Talk presented by Ren-Yuan Zhu of Caltech in the CMS MTD - Barrel Sensors Meeting at CERN 19



Hamamatsu S13370 VUV SiPM

VUV-4 has a much better performance than VUV3

PDE measurement data
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Figure 6. Quantum efficiency of diamond photoconductors at
different temperatures and Arrhenius plot of the peak value (inset).

(From [Sal00].)
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Fig.4. External quantum efficiency extended to
visible and near infrared wavelength regions. The
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