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Mu2e-I: 1,348 Csl of 34x34x200 mm3
MuZ2e-II: 1,940 BaF,:Y

Concept of an ultrafast crystal-based
front imager proposed for future
Free-Electron Laser facilities

GHz Hard X-ray Imaging for FEL 2 ns and 300 ps inter-frame time requires ultrafast sensor

Performance Type | imager I Type Il imager /
X-ray energy up to 30 keV I 42-126 keV /
Frame-rate/inter-frame time 0.5 GHz /2 ns! 3GHz/300ps ’
Number of frames per burst >10 10-30
X-ray detection efficiency above 50% above 80%
Pixel size/pitch <300 um <300 um e
Dynamic range 103 X-ray > 10% X-ray — Fast
Photons/pixel/frame Photons/pixel/frame {;’:',/" Flectronies
Pixel format 64 x 642 (scalable to 1 Mpix) 1 Mpix X-ray photons Detectors
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Fast Scintillator
Screen
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A Puzzle of Long Decay Observed at APS [iiin.:

APS Trigger 0.16 E—SIC BaF,-Y-54 13x13x5 mm’ —

é 014 F Photek MCP-PMT110, HV = -4900 V. Peak=105mV -

Signa = S 0;? E Tektropix DPO 71254C 3
Sampling: 100GS/s 0_0-8 E_ t.=02+01ns _E

20-06 ‘ 1,=12£0.1ns :

i 15 m cable + 0.04 F =

! Al breadboard 'g) 002 F | F-WHM =1.4+0.1ns _;

g U_—"."-'vf“r":l | | .I...I...I:J..I.J..I'T..I...—:

1D-10 Inadiation Room o 016 ESIC BaF,1 50x50x5 mm® —

: 2 014 E photek MCP-PMT110, HV = 4900V Peak=86 mV -

The decay time of BaF, measured at [ESRY3ha ’ il
. - Tektronix DPO 71254C .

APS for septuplet X-ray bunches with 006; ©=02+0.1ns
2.83 ns spacing is longer than 1 ns. _— 2 o
This Is suspected to be caused by the 0.04 F E
0.02 F FWHM=16+02ns 3

15 m long cable used between the I T R e o St
MCP-PMT and the MSO S A

Time (ns)
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Na-22 Coincidence Trigger
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Am-241 Self Trigger T :

Ba F2 4 Photek MCP-PMT240, HV:-4200 V, Tyvek Wrapping ]

: | DSO Aglien 9254, Grease, Na-22 coincidence trigger 1

EF Bl PvT (R3509U) Am-241 Al e
Na-22 T __ pulse shape |
0 ... fit 1

V=A (e-t."rd ~ e—!.-':') +RB 4

1,=023+£005ns
1,=054+0.05ns
FWHM =09+0.1ns

Normalized Voltage (a.u.)

Agilent MSO9254A
BW: 2.5 GHz
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Sampling: 20 GS/s

el _ Time (ns)
Fitting: t :
Coincidence V=A(e *d— e )+B

B: background noise
Agilent MSO9254A or slow component,
T,: rise time,

T4: decay time.

0229 Aoipan

Rise, decay and FWHM obtained by fitting temporal response
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A fit to response of the Photek MCP-PMT 240 o}
for pico-second laser pulses shows both the rise .;E:_Z
and FWHM consistent with the specification |
T
Active | Spectral | 5 o oul e
Photodetector diameter range ' omf 1
(nm) ) S
(mm) (nm) 00 200 m: ‘:m 8n 10t
Photek .
MCP-PMT 240 40 160-850 280-450 1x10 0.180 0.82 s
Hamamatsu MCP- . 2 ::,:e::ﬁ;:f éO'SN85m13°5 -
BiEEssCa S 11 160-850 430 3x10 0.160 0.30 o
Photek . S 150 T+ H"MS‘*D :""‘Ms -
MCP-PMT 110 10 160-850 280-450 1x10 0.065 0.11 7:;125 } t; m
£
Photek 6 $ 100p-
LR 3 10 160-850  280-450 1x10 0.085 0.15 e
Hamamatsu i 7 5f i
ST RS 46 160-650 450 2x10 13 : -

Time (ns)
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Producer BGRI BGRI FJIRSM Dongjun Dongjun Tongji RM

Dimension (mm3) ®10x10 ®10x10 33x30x2 @40x2 10x10x5 7x7x2  @9I9x1 6x6x7
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Temporal Response of BaF, & BaF,:Y Haid.:
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Ultrafast response of 0.2/0.6/0.8 ns observed for BaF, and BaF,:Y crystals

The response is consistent with the Photek MCP-PMT 240 specification
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Lu,O5:Yb ceramic of 9.4 g/cc shows an ultrafast decay time of 1.1 ns by Am-241

with negligible slow component observed in integrated light output measurement
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Temporal response of YAP:Yb & YAG:Yb
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NIM A 940 (2019) 223-229

YAP:YDb & YAG:Yb show a decay time of 1.1 ns and 1.8 ns by Am-241 with negligible slow component
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Amplitude (a.u.)

[ Photek MCP-PMT240, HV:-4000 V, No Wrapping

[ Dso Aglient 9254, Grease, Am-241 self trigger

= o-particles =g

FJRSM Zn0O:Ga-2 22x22x0.3 mm® —

__ pulse shape i
... fit ]
V=A@ a-e")+Bee2 ]
1,=0.46 +0.05 ns

14, = 1.0+0.1 ns (59 %)
1,,=3.0+0.3 ns (41 %)
FWHM =2.1£02ns
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FJRSM Zn0O:Ga-2 22x22x0.3 mm°

Photek MCP-PMT240, HV:-4000 V, No Wrapping

DSO Aglient 9254, Grease, Am-241 self trigger

UI.II10.III20IIII30II.I40.I.I50
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Temporal Response of ZnO:Ga

beam at APS

FJRSM ZnO:Ga-2014-1 33x30x2 mm°

Photek MCP-PMT210, HV = -4950 V

Tektronix DPO 71254C

1,.=04+01ns
4, =18£02ns

FWHM =23x202ns

Ll n
2022 |EEE NSS MIC

Time (ns)

Zn0O:Ga shows decay time of 1.0/3.0 ns by Am-241 with negligible slow component
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Fast and UItrafast Inorganic Scintillators
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Density (g/cm?)
Melting points (°C)
Xo (cm)

Ry (cm)

A (cm)

Zeff
dE/dX (MeV/cm)

)‘peak é (n m)

Refractive Index?

Normalized
Light Yieldac

Total Light yield
(ph/MeV)

Decay time2 (ns)
» LY in 1stns
(photons/MeV)
LY in 1stns
[Total LY (%)

40 keV Att. Leng.
(2/e, mm)

a top/bottom row: slow/fast component; © at the emission peak; ¢ normalized to LYSO:Ce; 9 excited by Alpha particles; ¢ 0.3 Mg at% co-doping; f Lu,,Y,3AIO;:Ce.
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The Instrument Response Function

+0o
Fit(t) = fIV(t) * IRF(t)] = f V(t) * IRF(t — t)dTt
— 00
Cosmic ray Intrinsic ultrafast
Plastic counter :' PbF, 50x50x50 mm’ response tlme can
eﬁ 4:- Photek MCP-PMT240, HV:-4200 V, No Wrapping - be extracted by
“—E :: ; 3:_ DSO Aglient 9254, Air gap, Cosmic rays coincidence _: taking Out the IRF
g | — [RFpuse ; of the set-up. It
= A AL I /oS measured by
_ s ‘[ 1,=0.18£0.05ns _ -
z £,=060£005ns : fitting Cerenkov
'! FWHM =09+0.1ns i :
light pulse from a
Colneldence PbF, crystal, which
Digital Scope . .
e agrees well with

Time (ns) Photek Spec.
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Intrinsic Decay Time of Lu,0,:Yb

2= =
s = =

== 19
nl | IE

—  4r
g r RMD Lu O, Yb Ceramlc 3 CI)9><1 mm
.6. 3 5 PhotekMCPPMT240HV-4200 VNowrappmg ..........................
'(33 DSO Agllent 9254, Grease, Am-241 self trigger
= 3_ ................................................................................................................... * ..............................
= S s F|t t)y=f [V (p IRF (t)]
E 25__ ............................ o .................... V ....... =-A-L. e d ..... e .......... +B
< o (—)0 04 (+ 0 05 )

7| SRR W . W S T, .:_.0...63...+..0...0.5..ns _____________________

................ ,_‘. ................... Xz +ndf= 373/238 ...................

The magenta line shows the
convolution fit. The numerical
values of the fit after taking
out the IRF are shown in blue

The result of the 0.63 ns

IRF pulse

o pulse shape

IRF (t)

— V()

—— Convolution Fit (1)

decay time is the intrinsic
decay time of Lu,0O5:Yb

o) '-'.\ ) . @
S5 ;ifi"k.!,‘“f:,;‘:fbm ."’ 4 s w_.‘,’\ ..
@ e - -‘).' "\!1

Time [ns]
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The intrinsic decay time of YAP:Yb, YAG:Yb and ZnO:Ga are 0.6, 0.9 & 0.4/2.8 ns, respectively
The rise/decay time for the BaF,/BaF,:Y ultrafast light is within the IRF of the set-up

—a 4 T —a 4 [ 3 ~— 12
= BaF,:Y ®10x10 mm’® = ;__DJ YAP:Yb-2-2 $40x2 mm~ S
E, 3-55 Photek MCP PMTzlla HV--4200V, Tyvek wrapping E. 3.5 Photek- MGP-PMT240, HV::4200-V; No ma-ppm? (U. FJIRSM ZI’]O Ga‘2 22X22X0 3 mm :
P: o 3 _DSQ.AQII.EEDI 9254, Grea.&e.Amzzﬂ self frigger —_— :
5 DSO Agl:ent 9254, G:rease, Na-22 coincidence trigger : S ; 200150 ‘Eﬂ ns © 10 | Photek MCP PMT240 HV: -4D00 V, No wrapplng
= 2'55 i1, =0.01 + 0.05 ns : “ 2 2‘5; T =0.6 +0.2nS 'g - DSO Agllent 9254, Grease, Am 241 self trigger
o 2F i b 1 ; i o 2F o i = i i !
E 15 4 %, .TF%P:JMUG _g 95;"3 .[[o puise shape E L FWHM = 1.6 = 0.2 nS| o puise shape i 8- -1, =0. 25 +0.05 ns
&: 4 =0:9°+0: i 2/ ndf = 6.30 /238 |--.
1E ‘t &g -ndf-=:1.44-1-238 - :ft': 1B X IRF E i T, = 040 + 0.05 ns (60 %)
C RS i H —FI s i - H i i H f
05 ? T B 05 . T, =28 %0.3ns (40 %)
_ 2- ] - 1 .....I......I......;......... .‘;_- & "\:I_::"- "'.'Ii‘ ity ""-'7? “4'.' “" A3, -,‘,‘; .'-'-_\;?‘-.’ _ 2 ' 3 6 - ; FWHM ;= 2.0 —i— 0.52 ns
5, .| BaF, ®10x10 mm’ 5 __DJ YAG:Yb-4 |0>51_0><_5_;mm N - _ : N
©, 3.5f o McP- PMTHG' HV- 4300 Tyvek wiapping o 3.5_ Photekn{nizp PMT240; HV:=4200-V; Nowra‘ppmsg I 5 : i 2 ndf =215.2/ ?835
p 3k SR Wi o 3FPR0.Adlient 9234, Grease. Am:241 selt frigge 4 i
5 r DSO Aghent 9254, Cﬁ'ease Na-22 coincidence trigger o] 3 _ e pulse shape
2 25 05 608 he ! 225 Y - Zf,“ffo"; ons
a2 0,04 0,05 1S - Qo 2 S e 5 [ K
€ s F%VHM"'UQ"*'O"T' ______ o pulse shape| & , . '*'.r;_ . FWHM=1.9 £0.2nS| o puise shape 2 i
< vt SOIE0ANS T RF < °['% &3 y?/ndf=15.88/238 ...z i H
1k oty nlf-= 2,78 - 478 o 1k O/. K% : iy
3 i —Fi ; ol s L ]
0.5f = : 0.5 e : 0 ) :
0 - I”II ], _‘I o e R SN ':.-'_.'-' - I"' TP '3_,-..‘.-:'_',-..1—.'-_,.._.._-j-:'.._-,-:-_:ﬁ ;:":l_-'f;’,;'-_.‘-‘__.-'--:,_-'_Jia;f-'. :f—';-:"'?:-'? [ 1 11
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Summary

Ultrafast crystals with sub-nanosecond decay time are important to break the ps timing
barrier for future HEP TOF system, ultrafast calorimetry and GHz hard X-ray imaging.
Temporal response was measured by using a Photek MCP-PMT 240-based test bench.
The measured decay time of ~0.5 ns for BaF, and BaF,:Y is much shorter than the 1.2 ns
measured at APS, which is due to the 15 m long cable used between the MCP-PMT &
the MSO at APS.

Lu,05:Yb ceramics show a decay time of 1.1 ns with negligible slow component. With its
9.4 g/cc density, it is a very interesting ultrafast inorganic scintillator.

YAP:Yb and YAG:Yb samples show decay time of 1.1 and 1.8 ns. Both samples also have
negligible slow component.

Zn0:Ga show decay time of 1.0/3.0 ns.

Taking out the instrument response function, the intrinsic decay time of BaF,, Lu,0,:Yb,
YAP:Yb, YAG:Yb and ZnO:Ga are <0.5, 0.6, 0.6, 0.9 and 0.4/3 ns, respectively.
Investigation will continue at APS of ANL by using high intensity ps x-ray pulses.
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