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Introduction

e The Mu2e baseline choice is pure Csl.
* Requirements:
e Light Output (LO): 100 p.e./MeV by bi-alkali PMT;
e Light response uniformity (LRU): TBD, < 20%.
e Radiation environment (in hot region, x 3 safety):
e |onization dose : 10 krad/year == 100 krad ;
 Neutron fluence: 2 x 101 n/cm?/year === 10'% n/cm?.
* Requirements after 100 krad and 102 n/cm?:
e LO:>50p.e./MeV, no significant damage to LRU;
e Radiation induced phosphorescence is under control.

Investigations on pure Csl from various vendors:
e Kharkov (Ukraine), Opto Materials (Italy) and SICCAS (China): tested
e |n contact: Hilger (UK) and Saint-Gobain (France).
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Measurements

* Longitudinal transmittance (LT) was measured by using a
Perkin-Elmer Lambda 950 spectrophotometer (0.15%).

* Pulse height spectrum (PHS), FWHM energy resolution of
511 keV y-rays (ER), light output (LO), light response
uniformity(LRU) and decay kinetics were measured by a
Hamamatsu R2059 PMT with coincidence triggers from a
22Na source. All samples were wrapped with two layers of
Tyvek paper with precision and reproducibility of <1%.

« PHS/ER/LO/LRU were measured with air gap for pure
Csl because of the soft and hygroscopic surface.

« Both Caltech and INFN groups contributed to the work
presented in this report.
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Basic Property of Pure Csl

Plastic scintillator
CeF; | CeBr; | LaCl; (BC404)®

Density (g/cm?®) 7.4
Melting point (°C) 2050
Radiation Length (cm) 1.14
Moliére Radius (cm) 2.07
Interaction Length (cm) 20.9
Z value 64.8
dE/dX (MeV/cm) 9.55
Emission Peak® (nm) 420
Refractive Index” 1.82
Relative Light Yield®© 100

Decay Time® (ns) 40
d(LY)/dT ¢ (%/°C) -0.2

a. Top line: slow component, bottom line: fast component.
b. Atthe wavelength of the emission maximum.

c. Relative light yield normalized to the light yield of LSO

d. Atroom temperature (20°C)
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1. http://mwww.detectors.saint-gobain.com/Plastic-Scintillator.aspx

http://pdg.Ibl.gov/2008/AtomicNuclearProperties/HTML_PAGES/216.html
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MuZ2e Pure Csl Samples

LOELCTERIES  From INFN Sample to
Compare Test stations

“@rkov IT™ y-rays

Kharkov 1 29x29x230 All faces

Kharkov 3 29x29x230 All faces

Kharkov 4 29x29x230 All faces

Kharkov 5 20x20x120 All faces :

Kharkov 11 20x20x120 All faces EX p erimen tS

Optomaterial 11 30x30x200 All faces .

SIC 6 30x30x200 All faces Propertles measur(.ad a
SIC 11 30x30x200 All faces room te_mp(?rature. LT,
SIC 13 30x30x200 All faces Decay Kinetics, LO and

SIC 2013 50x50x300 All faces LRU
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Mu2e Csl: Longitudinal Transmittance
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Longitudinal
transmittance of
pure Csl depends on
crystal surface
qguality, so can not
be used in

specification, but
may be used in
radiation damage
investigation if
crystal surface is
kept stable.
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Mu2e Csl: LO, LRU and Decay Kinetics

LRU, Light Response Uniformity, is
defined as follow:

2 =1+6GC—-1)

T.l }rm[d mid

LO is defined as
the average of LO
values measured

at seven points

¥yl 1=13)

Decay kinetics was
measured at the

m point closest to

the PMT
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Decay Kinetics: Kharkov 3

250

A slow ’é
component g
with different [ER
intensity and é )
decay time of =M
1.6 and 4 us
was observed
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" Csl Kharkov 3 29x29x230 mm®’
PMT: R2059, Tyvek Wrapped, Air Gap

A End CoupingT

)]

~ Na-22 source, Coincidence Trigger
LO= A0+A1(1_e(-UT1))+A2(1_e(-tfrz))
AO A1 11 A2
0 08 28 16

o
T

B End Couping]

o)
a4

[0}

L.O = Ag+A,(1-e)+A (1-e2)

A, A, T, A, n,
0 99 29 51 3895 |
L | L | |
0 1000 2000 3000
Time (ns)
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PHS (200 ns): Kharkov 3

- Csl Kharkov 3 29x29x230 mm°
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Ave ER=44.8%

B end coupled

E.R=444%

L Csl Kharkov 3 29x29x230 mm°
i §$t3=200 ns
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LO & LRU (Different Gate): Kharkov 3

F/T ratio changes from one end to other
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Normalized Light Output
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Decay Kinetics: Optomaterial 11

A slow component
with a decay time
of 1.6 us and no
position
dependence was

observed, which is
at a level of 30% of
the fast component
with 30 ns decay
time
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' Csl Optomaterial 11 30x30x200 mm°

[ PMT: R2059, Tyvek Wrapped, Air Gap

~ Na-22 source, Coincidence Trigger

A End Couping]
- s

o
~

I L.O = A+A,(1-e")+A (1-e772)

| A0 A1 T
0 142 29

A2 T,
40 1601 |

o
T T

B End Couping]
Q =

¢

-

L.O = A+A,(1-e")+A (1-e772)
A, A, T, A, n,
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L | L | |
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Time (ns)
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PHS (200 ns): Optomaterial 11

Csl Optomaterial 11 30x30x200 mm® r Csl @ptomaterial 11 30x30x200 mm®
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LO & LRU (Different Gate): Optomaterial 11

F/T ratio is constant along the crystal
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Decay Kinetics: SIC
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6

| Csl SIC 6 30x30x200 mm® ' _
| PMT: R2059, Tyvek Wrapped, Air Gap ]
Na-22 source, Coincidence Trigger A End Couping
L.O = Aj+A, (1-e"1)+A (1-e7V72)
i A, A, T, A, T,
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| ! | ! |
B End Couping 1
I L.O = A*A, (1-e7)+A (1-e72)
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PHS (200 ns): SIC6

Ave ER= 36.3%
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LO & LRU (Different Gate): SIC 6

F/T ratio is constant along the crystal
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Mu2e Csl: Basic Property

Ave LO Ave LOin Ave LO in

Dimension EWLT Ave  in100ns 200 ns 3000 ns fg” fg? Com':;‘s;en , Corr?é%"xen ,
3 %) ER (% Gat Gat Gat
mm o0 o0 (pe/i/éV) (pe/i/lZV) (pe/;c\l/IgV) IE £l (PR (i)
Kharkov3 29x29x230 44.8 44.3 89 93 112 0.80 0.83 99 34
Kharkov 4 29x29x230 20.7 41.3 93 96 128 0.73 0.75 102 45
Opto-
material 30x30x200 31.6 34.1 135 140 167 0.81 0.84 142 40
11
SIC 6 30x30x200 37.0 36.3 123 125 127 0.97 0.98 135 1
SIC 11 30x30x200 28.7 36.3 124 128 137 0.91 0.93 145 12
SIC 13 30x30x200 455 354 127 130 144 0.88 0.90 135 18
Specifications on LO and F/T will be made according to data
MuZ2e £= Fermilab

16 Ren-yuan Zhu MU2E CALORIMETER DESIGN REVIEW FNAL 2/16/2016



Mu2e Csl: Comparison at LNF Stations, LY, LRU
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Mu2e Csl: Comparison at LNF Stations, LY,LRU
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Good agreement with Caltech measurement
(shift of -8%) on LY, good LRU with air-gap.
Spread in quality between test samples from
different producers.
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Mu2e Csl: Slow Component @ LNF with WFD
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Mu2e Csl: Slow Component @ LNF with WFD

Crystal Run Type 71 (ns) T (ns) f(200)
SICCAS 2 Source 34.6 +0.1 6.6-108% +1.3 108 92.3%
SICCAS 4 Source 36.0 £0.2 1853 4 258 94.3%
SICCAS 6 Source 33.6 £0.2 913 + 117 97.0%
SICCAS 7 Source 34.5+0.1 3576 + 981 96.5%
SICCAS 11 Source 35.2+0.2 717+ 35 93.9%
SICCAS 13 Source 34.9+0.2 1033 4+ 132 95.1%
ISMA 3 Source 31.4+0.5 470 + 44 93.1%
ISMA 5 Source 31.0+0.4 519 + 28 89.5%
ISMA 6 Source 32.0 £ 0.4 706 + 50 90.1%
ISMA 7 Source 32.6 £0.3 542 + 32 93.0%
ISMA 8 Source 31.3+04 344 4 24 95.4%
ISMA 9 Source 32.0£0.3 394 4+ 35 96.2%
ISMA 10 Source 32.6 £0.3 948 + 106 92.2%
ISMA 11 Source 31.3+04 477 + 31 92.1%
OPTOM 1 Source 33.8+0.2 537 + 31 94.3%
OPTOM 2 Source 30.2+0.5 385 + 38 93.9%
ISMA Cosmics 34.0+0.1 695 4 12 93.4%

Table 1: Summary of decay times and f(200) values obtained for all tested crystals.
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Mu?Z2e Radiation Induced Readout Noise

Assuming 230 days’ run (2 x 10’ sec) of each year we get this
average irradiation in the hottest places:

= |onization dose: 10 krad/year == 1.8 rad/h
= Neutron fluence: 2x10* n/cm?/year == 1.0 x 10* n/cm?/s.

The energy equivalent noise (o) is derived as the standard

deviation of photoelectron number (Q) in the readout
gate:

o= @ (MeV)

MuZ2e
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Gamma Induced Photo-Current

Dose rate from a Co-60 source is 2 rad/hr at the sample

@ Pb shielding
7 hY

/ b
’ ALY
,7 Co-60 N

r A Y
' Y
- + L. .
’ 4
| Crystal PMT (R2059)

Optical
fiber
Chopper
Concrete shielding o
Vool
_¥I
e
1 LED
Keithley (6485) Oriel (70103)
Picoammeter Merlin syetem
JE H
MuZe £ Fermilab
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Neutron Induced Photo-current

Neutron flux from four Cf-252 sources is about 4E4/cm2/s at the sample

Four Cf-252 sources 477t Netron sources, Efavg 25 MeV. |
— mem=s=' | W [ 252 20F. 262 910 ols. Jue. 45 2015....
, N D!‘slanc?.- between Sci:un:es and Clrystd 8 cm.
" * o q,,’“' Dislanc;e between Two Sources of 10% 4 em. :
. E 10°% Distanci bety n Two Sources of 107 16.cm
| Crystal PMT (R2059) Optical ©
fiber o
’ @
£
X | i jeseemesi,.. 1 iesssse,
= R I St Aottt T 1Y Y0 ittt A
- Chopper s
Wax sheilding = 3 : Avg.(5-25 cnl) = 4. 41E+04
zZ
; . 10*
Keithley (6485) Oriel (70103) T S S
Picoammeter Merlin syetem X (cm)

Cf-252 has y-ray background, so result is a upper limit

MuZ2e 2% Fermilab
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Radiation Induced Photoelectron Coefficient

F is defined as radiation induced photoelectron

numbers per second, determined by using the
measured anode current in the PMT.

Photocurrent
Charg €electron X GalnPMT

F =
Dose rate,_rqy 07 FluXyeytron

MuZ2e 2% Fermilab
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Phosphorescence of BaF, and Pure Csl

CsI SIC 14

——

D | Dimension(mm’) ___ Polishing

BaF, Incrom 3 30x30x200 All faces
Csl Kharkov 3 29x29x230 All faces
Csl SIC 14 25x25x200 All faces

Experiments
 Measured at room temperature : Anode current of PMT R2059

MuZ2e 2% Fermilab
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Anode current (nA)

Incrom BaF, under y-Rays and Neutrons

3.8E4 n/cm?/s on sample

2 rad/h on sample 3.8E4 n/cm?/s on sample

with 3 mm Pb plate

RN ARARE DA SN T T T T T T T T T T T
10 5L-BaFs.Incrom.3.30x303x200 m° ] 10 5t_B.aE._;..lJ‘.I.GB?m..3..:..02&3.[};‘2(200 mm> E 10 5LBaF{.Incrom. 3.30x30::200 mm°
F PMT: Hamamatsu R2059, HV = +700 \ é f PMT: Hamamatsu R2059, HV = :700 5 F PMT: Hamamatsu R2059, HV = :700
[ *°Coj Gamna-ray Dosé rate 2 rad/ ] L ““Cf, Neutron Flix 3.8x10" ns”em ] [ 2%Cf, Neutron Flux 3.8¥10% ns™'em?
104l ] 10 104 With.3. mpn.lead. plate;
< <
10°} —— 0% £ 10®
i c =
[ e I - o
I L 2 —
102§ 8 10 3 8 102
i o o
| ¢ .
10 : 10 ;
10 F 3 5: 3 1,=0.4+0.1hrs < E 1,=0.440.1 hrs 3
' \ 0 40 1 frs ' . \152 +0.5.hrs j L 1,=2.1+0.5hrs j
TE 3 1 E ] E

-1

At 0.4 O HnAY O 4o
10k Current =03:3.0e00 L] 10 it = (020,28 g pet R "0 feuient = 9.2+ 0 e o gAY
0" 0 20 30 a0 =0 80 70 @0 ° 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 20
Time (hours) Time (hours) Time (hours)

Afterglow decay time constant caused by y/neutron is 0.4/2.1hrs
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Kharkov Csl under y-Rays and Neutrons

Anode current (nA)

LN BN NN B NN BN BN BN B BN NN R R F LI B L B e T AT L L L T 1T T -I LLEL LELELIL 1T Iﬁ LU LELLL LI ) |3|
- Csl Kharkov 3 29x29x230 mm® - [ Csl Kharkpv 3 29x29x230 mm
10 *-PMT:-Hamamatsu -R2059; HV-=+700-V : 10 FPMT-Hamamatsu-R2059,- HY-= +700 Y-
F °0Co; Gamma-ray Dosé rate 2 rad/h : F 2°2Cf, Neutron Flix 4.4x10% ns™'em™?
10k 10°F
<
10 ] SRS SRS SRS SN SRS S ": 10 "~ R B A i -: it e |
: c : ——
i o [
_ S :
I >
10 2:_ ............. O 10 5 3
F SO
\ 1,=0.8+0.1 hrs o \ 7,=0.8+0.1 hrs
10 * 4 .-;?iﬁ. 5 §hrs < 10 e \ L2=4:':zi{}:'5"hl‘3"""'
1 : : > 1 : & ........................
Currf.ent = 09+21 .8e(';”°‘8)+:%_5e('”§4'7) F Current = 50.9+152.9e('f/0'8)+25’ el
10 llllllllllllllllllllllllllllllllll U 10 20 30 40 50 60 70 80

0 10 20 30 40 50 60 70 80

Time (hours) Time (hours)

Afterglow decay time constants are the same for y-rays and neutrons
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SIC Csl under y-Rays and Neutrons

105L.CsLSIC. 14, 25x25x200.00°.... o ; 105LCsL8IC 14.25x25x200.mm° i
F PMT: Hanmhamatsu R2059, HV = 700 : F PMT: Hamamatsu R2059, HV = ;700
F%°Co Gamma-ray Dose rate 2 rad/h ] [ 252Cf, Neutron Flix 3.8%10% ns”'em™®
10 4 E_ ............. 10 4 P - SO SRS EON R S I,
5 10 3 _.. ............. ........................................ _ 5 10 3 - SO OO NS NV NSO OO N O -
£ r— gt
o i i o [
5 02 S 102
8 10 8 10 3
(]
S S
c 10 I = 8 10 b e e R
< 7,=0.5£0.1thrs < 1,=0.5+0.1 hrs
[ A 253,020 5 008, ; o I - \ 1,23.020. 5008
-1 ; (B {72030 -1 -_:-
"0 Reutent = 0,247 66 YT 48 Y T " Reurrent = 9243106 R0 76N T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 30
Time (hours) Time (hours)

Afterglow decay time constants are the same for y-rays and neutrons
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Gamma-Ray Induced Noise

Assuming a readout gate of 50 ns/2,500 ns and 200 ns
for the BaF, fast/slow component and Csl respectively,
the readout noise is <1 MeV for both BaF, and Csl.

Samble Dimensions Readout gate LO Gamma Photo F Mu2e ECAL (0]
P (cm?) (ns) (p.e./MeV) (rad/hr) current (uA) (p.e./s/rad/hr) (rad/hr) (MeV)
Ban
3x3x20 50 78 2 1.27 1.25E+10 1.8 4.3E-1
Incrom-3
Ban
3x3x20 2500 367 2 1.27 1.25E+10 1.8 6.5E-1
Incrom-3
Csl 2.9x%x29x23 200 97 2 1.66 1.63E+10 1.8 7.9E-1
Kharkov-3
SICC-51|4* 2.5x2.5x20 200 140 2 0.88 8.66E+9 1.8 4.0E-1

* Photo current, F and o are corrected to the volume 2.9 X 2.9 X 23 cm3.

MuZ2e 2% Fermilab
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Neutron Induced Noise

Assuming a readout gate of 50 ns/2,500 ns and 200 ns for
the BaF, fast/slow component and Csl respectively, the
neutron induced readout noise is negligible for BaF, and Csl

Photo

Sample Dimensions Readout gate LO N-flux AT F Mu2e ECAL o

(cm?) (ns) (p.e./MeV)  (n/cm?/s) (1A) (p.e./nfecm?)  (n/ecm’/s)  (MeV)

BaFs 3x3x20 50 78 3.80E+04 0.24 1.07E+05 1.0E+4 9.4E-02
Incrom-3

Bak, 3x3x20 2500 367 3.80E+04 0.24 1.07E+05 1.0E+4 1.4E-01
Incrom-3

sl 2.9%x29x%x23 200 97 4.40E+04 0.54 2.42E+05 1.0E+4 2.3E-01
Kharkov-3

SI(S—Si|4* 2.5x25x%x20 200 140 3.80E+04 0.14 7.25E+04 1.0E+4 8.6E-02

* Photo current, F and o are corrected to the volume 2.9 X 2.9 X 23 cm3.
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No Recovery at Emission: SIC2013 Csl

Damage does not recover, so is dose rate independent

S SAIRAARNA DS 12 ETSCT3 5050800 T T Aend coupled
. FCsl SIC2013 50x50x300 mm ] R 107 rad Re 48 h .
IR 10% rad ~ 1W_
40 | ’ ~ 8= (5.6+1.0)% 7
: Ayelralg¢ Il_'l '|=|7p P?{Muev (Glatle?zognls)l ' R T T
: — 08 T T T T I T T T T I T T T T I T T T T I T IRIe ?2 hl T T T
- 35F 1 3 | ]
~ r
o [ Emission 1 5
- {1 © ‘M
8 30f A ] =
c - S [8=(56:10% -
g 25 1 — 08 :A\:fe:ra:g? L ':=:?,p .p'(:e'ﬂM:eY gG:at:eTZ‘O[:)n:s): gé ——+—
é S Re h
w (4b] - i
@ nf 1 N
© __ Re48h: 235% 1 g 1M‘
= 15F 973 59 1 = | §5=(56+1.0% 1
: EWLT: —— Reref2ss 1 S | Aerage L0 7ppeimey (Gate=aoons)
- Re 96 h: 23.4% . 0.8 R S e
10 ]
i __ Re216h:23.6% ] i T
5 2 ] ! w_
f ; , ] - 5= (5.6+1.0)% .
AP A R Y T R R B Average L.O. =70 p.e./MeY (Gate=200ns) , |
900 300 400 500 600 700 800 08 50 100 150 500 550 300
Wavelength (nm) Distance from the end coupled to PMT (mm)
Jt. .
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Radiation Damage: SIC2013

No significant degradation in LO and LRU up to 10 krad

T T T T T 12 [T ST 5050800 mm T~ " "] "ehd cofipled "]
 Csl SIC2013 50x50x300 mm> ) 1L =
45 -
[ sl [ 5=(3.141.0% = Average LO. =83 p.6/MeV (Gate=200ns
i ] D.8::Q.:7|: fl\ g.l:::?e'; LI....)
40 F _ | IR fot ad ]
N Emission ] o | ! i 'IR’ 10 d |
o ) 1 5
g 303 . 1 O 1 ‘M
© [ ] c [ 8=(4 7+1 0 % rl\verageLO =78 p.e./MeV (Gate —200ns)
E Bf ' 1 D08 RN =3 (0 h-T: BRELEAN
- [ 1 - I ]
2 2o 1 3 ° —M
E i Before radiation: 24 6% 1 g‘ 8 (5 6+1 O % IAverageLO —TDpelfMeV Ga“qe 200ns)
B i m 0.8 I I I I I I I I I I 1 1 1 T I T 1 T T I k. I I I I
— o 5 k IR 10" rad
15| ___ 10%rad: 24.2% ] E W
i 10° rad: 24.0% ] 3 'L ]
10 : - 8= (6.241.0)% L.O. = 58 p.e /MeV (Gafe=200
: EWLT: 10*rad: 235% ] 0.8 A ~Luerage,L0, =98 p.e/ey (Gafes200n) |
[ : : ] IR0 Tad
5[ P — 10°rad: 23.0% b - ]
L : i 1 M
| . | 6 - 7]
Ty - . 10 ra‘f'g"d’% | . 0o 2T (A9H1.0)% | Averagel 0, = 18p e /Me (Gate=200ns) |
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Radiation Damage: Kharkov 1 Csl

No significant degradation in LO and LRU up to 10 krad

1T 77T T
o0 [Csl Kharkov 1 29x29x230 mm® ]
80 | .
< T0F
X}
© eof
Q eof
c
cu [
= S0
|
c 4o ]
T | _ EWLT ]
= 5of BTSN ___ Before IR: 47.6% ]
: P — 10°rad: 45.9% :
2ok Y 10° rad: 45.0% ]
: - — 10° rad: 43.9% |
ok o ___ 10°rad: 39.5% ]
: P 10" rad: 15.3% ]
0'...:l..“h.l....l....|....|....
200 300 400 500 600 700
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Gamma-ray Induced Radiation Damage in LO

Light Output before and after Gamma Irradiations

Dimension (p.e./MeV)
(mm?)

Initial 10%2rad 103rad 10%rad 10°rad 10%rad 107rad

Kharkov 1 29x29x230 104 i 103 98 87 38 16

Kharkov5 20x20x120 134 : 129 125 87 . i
Khalakov 20x20x120 127 i 124 120 85 i .
SIC2013  50x50x300 83 82 78 70 58 18 7

Significant fraction of light remaining after 100 krad

Csl crystals survive the expected radiation environment
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Normalized EWLT & LO: All Csl Samples

1]
0.8 —
0.6 —
049 Csl SIC2013 50x50x300 mm>

‘M Csl Kharkov 1 29x29x230 mm?>

02 A Csl Kharkov 5 20x20x120 mm?>
'O Csl Kharkov 11 20x20x120 mm'f

Normalized EWLT

1_2_IIIIIII T T TTTTTT T T TTTTTT T IIIIIIII T T TTTTh

0.8}
06}

0.4}
'@ Csl| SIC2013 50x50x300 mm?
0.2 —I Csl Kharkov 1 29x29x230 mm

A Csl Kharkov 5 20x20x120 mm?>
0 JD' Csl Kharkﬂv 11 ZDxEDx’IED mm

Normalized LO

2
10 1[} ﬂ] 1[]

]
10

Integrated Dose (rad)
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7
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Consistent radiation
hardness:
no significant
degradation in LO
and LRU up to 100
krad, but not
beyond.

Cost of damage
investigation is high
because of no
recovery/annealing
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Csl: LT, LO & LRU Loss by Neutrons

100 L LA | T T T i
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Csl, Neutron Irradiation at FNG

» Neutrons at FNG, ENEA

» Upto9x10 n/cm?

» No large variation in LY

> SICCAS deterioration in LRU

Csl: OPTO MAT

ERIALS
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Summary:

LT Measurements for Csl crystals suffer from uncertainties
caused by crystal’s soft and hygroscopic surface.

Pure Csl crystals have sufficient fast light with emission
peaked at 310 nm, requiring UV extended photodetectors

Some Csl Crystals have slow component at different level,
which may vary along crystal length. R&D is needed to
understand the origin of slow component and to eliminate it.

Radiation induced readout noise is much less than 1 MeV,
and is dominated by ionization dose.

Main radiation damage effect in Csl is induced absorption by
lonization dose. Csl works well under 100 krad.

Quality control is required to control slow scintillation caused
by contamination and the radiation hardness.

MuZ2e 2% Fermilab
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Setup of PL and XEL

UV and X-ray excited emission

Hitachi F4500 JE——

Monochromator

and PMT

9000
Energy of X-rays 8000 -

MuZ2e

Caltech  2/15/2016
HEP

o iy |

7000 -
6000 -
25000
34000
3000
2000
1000

ECLIPSE-III-Transmission
X-Ray Spectrum
Ag Target (@ 30 KV
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0 4 8 13 17 21 25 29 34 38
Energy (keV)
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Comparison of XEL

150

—

F Mu2e Csl
:-X—ray excited luminescence .

E Additional
component
] around 450 nm

a
— —
o N
o (8]
|

-~
[8;]
LIS LELEL BN LA

___ Kharkov 4 29x29x230 mm®
___ SIC 6 30x30x200 mm?®

[9)]
o

exited by X-ray,
which seems

related to the
slow emission

___ Kharkov 4 29x29x230 mm®
_____ SIC 6 30x30x200 mm®

Normalized XEL Intensity(a.u

50 300 350 400 450 500 550 600 650 700

Wavelength (nm)
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Origin of the Slow Emission in Csl

1. It was attributed to the emission from T T Ty
excitons annihilating at crystal defects, 20} 36°C -
- - @ : .
e.g. I-vacancy or F cgnter. g | A / |
- C.W. Bates, Jr., A. Salau and D. Leniart, Phys. Rev. B 15 (1977) 5963. 'E i .,‘ ‘-,l

o e E 10+ 150°C _

2. The slow emission components peaked 2 oorors

o ey L ~
at 420/500 nm are related to impurities &£ L \: Py
other than K, Na, Tl, Rb or F and/or to g P S .
defects. . A A
200 300 400 500 600 700
-B.K. Utts and S.E. Spagno, IEEE Trans. Nucl. Sci. NS-37 (1990) 134. WAVELENGHT (nm)

Fig. 7. Emission spectra from the Csl crystal, which was heated to
temperatures of 100, 150, 200, 250 and 300°C during one hour,
and quenched to room temperature,

3. The slow emission may be suppressed
by thermal annealing:

-M. Hamada, Y. Nunoya, S. Kubota and S. Sakuragi. NIM A 365 (1995) 98-103
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Decay Kinetics: Kharkov 4

A slow
component
with a position
dependent

amplitude and
decay time of

3.2 and 3.6 us
was observed

MuZ2e

42

100

Light Output (p.e./MeV)

200

150

100

50

Ren-yuan Zhu MU2E CALORIMETER DESIGN REVIEW FNAL
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PHS (200 ns): Kharkov 4
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LO & LRU (Different Gate): Kharkov 4

Normalized Light Output

F/S Ratio
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Decay Kinetics: SIC 11

A slow
component at a
level of 10%

with a decay
time of 1.6 us
was observed
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PHS (200 ns): SIC 11

Ave ER=36.6%
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LO & LRU (Different Gate): SIC 11

F/T ratio changes from one end to other
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Decay Kinetics: SIC 13

A slow
component at a
level of 20%

with a decay
time of 1.6 us
was observed
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PHS (200 ns): SIC 13

Ave ER= 35.6% Ave ER=35.2%
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LO & LRU (Different Gate): SIC 13

F/T ratio changes from one end to other
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Pulse Height Spectra: SIC 13
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