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Introduction

= 20 endcap and 5 barrel PWO crystals arrived
Caltech late October and December, 2002,
respectively.

= All crystals went through (1) thermal annealing at
200°C, (2) irradiations by y—ray at 15, 100, 400
and 9k rad/h until equilibrium and (3) recovery.

= Transmittance, radiation induced color center,

emission weighted radiation induced absorption
coefficients were measured for all dose rates.

s Because of limited light output (less than 8
p.e./MeV), light output degradation was only
measured at 15 rad/h for most samples.

= The 25 samples can be divided to 3 types.
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Crystal Property Measured

UV-excited photo luminescence.
= Longitudinal transmittance.
= Radiation induced color centers.

= Emission weighted radiation induced
absorption coefficient.

= Recovery speed and time constant of
transmittance.

= Light output and decay Kkinetics.

s Damage speed and time constant of light
output under 15 rad/h.
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Thermal Annealing

= Rigorous temperature control both in
amplitude and slope:

= From RT to 200°C: 200 minutes;
= Maintain at 200°C: 240 minutes:
= From 200°C to 25°C: 400 minutes.

= Crystals are kept in dark at RT (18°C)
after annealing. The minimum time
between annealing and the 1st
measurement is 48 hours.
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Open 50 curie Co-60:
15, 100 and 400 rad/h

Closed 2,000 curie Cs-137:
9k rad/h at center, up to 36k rad/h
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Photoluminescence
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All 25 samples
show no variation
of either excitation
or emission
spectra.
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Longitudinal Transmittance Loss

Transmittance (%)
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Type lll Sample: LT Loss
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Summary of LT Loss (l)

Sample *I.L.T. (%) *15 rad/h *100 rad /h *400 rad/h *9k rad/h
ID 440nm  495nm  440nm 495nm 440nm 495nm  440nm 495nm 440nm  495nm

B2467 70.56 7215 0969 0988  0.954 0972  0.923 0944 0908  0.932

B2466  69.28 7122 0978 0988  0.966 0976  0.953 0963 0949  0.961

T e I B2456  70.66 7233 0978 098 0962 0969 0945 0956  0.938  0.950
yp p7903  T70.70 7238  0.976  0.981 — — 0.955 0965 0.930 0943
p7654  69.81 7165  0.963  0.975 — — 0.941 0955 0911 0933
p7566  69.09 7131  0.987  0.990 — — 0.967 0975  0.937 0949
p7557  69.73  T1L85  0.979  0.984 — — 0.958 0964  0.930  0.938
p7467  70.45 7223 0979  0.987 — — 0.959 0967 0928 0944

B2464 70.45 7206 0954 0964 0910 0924 0.821 0.841  0.703 0.729
B2458 69.42 7150 0976 0986  0.944 0955  0.885  0.902  0.800 0.822
B2457  69.48 7150  0.978 0983 0947 0956  0.882  0.806  0.809 0.827
B2455 71.02 7269  0.949 0962 0900 0916 0.866 0.884  0.773 0.798
B2436 70.16  72.18 0.922 0938 0.831 0852 0.758  0.783  0.486 0.521
B2434 70.03 7188 0971 0977 0927 0936  0.859 0872  0.693 0.715
B2433  69.59 7184 0978 0979 0929 0933  0.889  0.895  0.823 0.835
B2432 68.92 7162 0.962 0964 0.897 0903 0.78  0.802  0.613 0.635

B2409  69.67 TL6L 0972 0974 - - 078 0802 0613 0635
Type Il Baaws 6981 7173 0959 094 —  — 0807 0820 0692 0713
B2407 7005 7198 0968 0973  —  — 0836 0848 0730  0.750
B2406  70.10 7189  0.965 0968 —  — 0820 0832 0.665 0687
B2382 70.15 7216 0925 0938  —  — 0813 0831 0569 0595
B2381  70.13 7213 0957 0961  —  — 0830 0841  0.664 0684
B2376 7034 7218 0954 0963 —  — 0858 0871 0.642  0.669
B2375  69.87 7L94  0.961 0967  —  —  0.88 0894  0.659  0.682

* L.L.T. represents initial longitudinal transmittance measured after 200°C annealing.
* Longitudinal transmittance, normalized to I.L.T., measured when crystal damage is in equilibrium.
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Summary of LT Loss (II)
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Transmittance loss @ 440 nm after 400 rad/h (%)

LT Loss versus Initial LT
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Recovery Speed and Time Constant

0.2
BTCP-P7566

| After 9000 rad/h in Equilibrium
® T/T,=0.940 + 0.034( 1 - &%)

10.15

0.1

1/T)+(3T/at) (%/h)

0.05~—

0.92L

Time (hours)

Short Term (two
weeks) Recovery

ECAL monitoring
takes 30 minutes
to cover entire
calorimeter in situ.

The maximum
recovery speed
and time constant
are measures of
the monitor-ability
of the crystal.
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Summary of Short Term Recovery

D AT (%) Fo (%) v (%/h) 7 (h)

B2467 0.4 50.0 0.09 52.6 11
B2466* 5.8 60.3 0.16 22.8 al samples ISHOEL e
B2456 6.4 54.7 0.07 475 1000

P7903 6.5 47.7 0.10 32.6 Air temperature fluctuation 22 -

P7654 8.4 35.7 0.09 37.1 | of scintillation LAB s | f i { f
P7566 6.0 56.7 0.09 37.5 7% S O F
P7557 6.5 50.8 0.06 5.9 gool- : SO L
P7467 7.0 52.9 0.07 59.9 - RT at Caltech 5 vﬁﬁ \!m ’%,a gﬁ \
B2464 293 52.2 0.83 25.9 [ 8 Y
B2458  19.8 57.1 0.40 35.0 * S
B2457 18.9 52.4 0.41 30.1  gool Time (Hour)
B2455  22.7 35.6 0.36 26.5 [ i

B2436  51.0 38.4 0.96 415 X/ ndf 1449 / 7
B2434  30.1 53.8 0.75 31.0 [ P1 606.1
B2433 17.6 57.9 0.95 29.5 400 P2 18.15
B2432  38.1 19.1 0.95 31.9 [ P3 0.1943
B2409  29.0 40.7 0.38 43.8 P4 112.4
B2408  30.2 46.4 0.51 39.2 [ P5 21.11
B2407 26.5 47.6 0.49 34.4 o0l P6 0.1957
B2406  33.0 33.2 0.54 31.1 [

B2382 429 48.7 0.85 42.8 [ / ~
B2381  33.3 47.1 0.71 33.1 [ \ ‘_ﬁg Xv
B2376  35.5 43.9 0.79 30.5 0L A N . . ‘
B2375  33.9 12.8 0.69 31.7 17 18 19 20 21 22
* Recovery from 35,000 rad/h, all others from 9 krad/t Temperatu re ( C)
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Long Term Recovery under 18°C

1750 Temperature fluctuation of
. PWO crystal in cooler o0 [
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~ | | P | -
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- x*/ndf 1119 / 1 -
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keeps temperature
250 |- at 18°C to 0.1°C
‘ precision.
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Radiation Induced Color Center Density
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Radiation Induced Color Centers
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Type Ill Sample: RICC

Wavelength (nm)
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| e under low and high
O';MW o dose dates: Poor Fit.

| A =007 E, =230 5, =0.19
[~ A,=001 E_,=307 6,=0.16

| 00 - 26 C;:2.30 eV (540 nm)
with width of 0.19 eV

©
~

o .

- 400 rad/h

[ A =013 E_, = 2.30 g,
[ A, =045 E_, = 3.0#f5 L0

- 2DOF=12 4

Absorption coefficient (m™)

C,: 3.07 eV (400 nm)
| with width of 0.16 and
0.76 eV

0_ I I .-1"‘|. I I | |~ Sr= I I I
1.5 2 2.5 3 3.5 4

Photon energy (eV)

02}

March 25, 2003 CMS ECAL Week, Ren-yuan Zhu 19



Summary of RICC

Sample By /oy Af AS Af A Ey [0 A§ A AS Ag
ID  (eV/eV) (m™') (™) (w™') (m™) (eV/eV) (m™') (mw™') (m™') (m™)
B2467 2.3/0.35 0.01 0.04 0.13 0.16 3.07/042 0.16 0.24 0.39 0.47
B2466 2.3/0.35 0.01 0.04 0.09 0.09 3.07/042 0.11 0.17 0.23 0.24
T I B2456 2.3/0.35 0.01 0.06 0.11 0.12  3.07/042 0.12 0.20 0.27 0.30
YPE€ I  proos 23/035 002 — 005 013 307/042 010 — 018 0.0
P7654 2.3/0.35 0.05 — 0.09 0.17  3.07/042 0.18 — 0.27 0.41
P7566 2.3/0.35  0.03 — 0.07 0.14 3.07/042 0.05 — 0.14 0.26
P7557 2.3/0.35  0.03 — 0.08 0.15 3.07/042 0.08 — 0.18 0.30
P7467 2.3/0.35  0.01 — 0.05 0.12  3.07/042 0.09 — 0.18 0.31
B2464 2.3/0.19  0.01 0.03 0.12 0.26  3.07/0.70 0.21 0.46 0.98 1.76
B2458 2.3/0.19  0.01 0.01 0.07 0.15  3.07/0.70 0.11 0.29 0.62 1.12
B2457 2.3/0.19  0.01 0.02 0.08 0.16  3.07/0.70  0.10 0.27 0.62 1.06
B2455 2.3/0.19  0.01 0.07 0.13 0.21  3.07/0.70 0.25 0.51 0.71 0.98
B2436 2.3/0.19 0.01 0.09 0.18 0.55 3.07/0.70 0.37 0.87 1.31 3.46
B2434 2.3/0.19 0.01 0.04 0.11 0.27  3.07/0.70 0.13 0.35 0.71 1.56
Type ” B2433 2.3/0.19  0.02 0.08 0.15 0.22  3.07/0.70 0.10 0.35 0.56 0.83
B2432 2.3/0.19 0.04 0.14 0.30 0.55  3.07/0.70  0.18 0.52 1.13 2.13
B2409 2.3/0.19  0.02 — 0.19 0.43  3.07/0.70 0.13 — 0.72 1.64
B2408 2.3/0.19  0.02 — 0.25 0.44  3.07/0.70 0.19 — 0.99 1.73
B2407 2.3/0.19  0.02 — 0.22 0.38  3.07/0.70 0.15 — 0.84 1.47
B2406 2.3/0.19  0.02 — 0.17 0.36  3.07/0.70 0.16 — 0.94 1.91
B2382 2.3/0.19  0.03 — 0.21 0.66 3.07/0.70 0.36 — 0.96 2.66
B2381 2.3/0.19 0.04 — 0.22 0.50  3.07/0.70  0.20 — 0.87 1.94
B2376 2.3/0.19 0.01 — 0.11 0.35 3.07/0.70 0.22 — 0.71 2.09
B2375 2.3/0.19  0.02 — 0.10 0.36  3.07/0.70  0.18 — 0.57 1.98
a.b.¢ and 4 represent 15, 100, 400 and 9,000 rad/h respectively.
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Previous Samples: Type Il RICC

Wavelength (nm)

800700 600 500 400
0.4 300 rad/h ' '~ SIC-S392 03
03 e E 0.2
—0.2 sl il o
50.1 f : #* b 50-1
D 94| 500radh E D
S P ] &o03
£ 03 " 1 o
= 1 o
Q 0> 3 o 0.2
2 @)
c 0.1 1 &8
9 oH e T Ce =
S 04| 1000 radh S 03
"yl a
Q03 =
e . << 0.2
0.2 E
0.1 4 o % 1 o
D = I“__I_-"' - ‘."-.___ ad o e .
15 2 2.5 3 3.5 * 1

Photon Energy (eV)

o

o

o

Wavelength wm)
800700 600 500 400

100 rad/h .+, BTCP-2133

et BT

5 > 25 3 3.5
Photon Energy (eV)

C,:2.30eV (540 nm)/0.19eV C,: 3.07 eV (400 nm) /0.76 eV
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Emission Weighted RIAC ()

Wavelength (nm) Sample Dose Rate (rad/h)
0.4 220 700 600 200 400 ID 15 100 400 9000
BTCP-2467 B2467 0.12 0.20 035 0.42
031 X001 . —230 0 -0 RIAC=0.12 B2466 0.09 0.14 022 0.22
A,=0.16 E_, =307 c,=0.42 B2456 0.09 0.18 0.25 0.28
0.2 4 /pOF=02 . P7903 0.09 — 0.18 0.29
P7654 0.15 — 024 0.37
01 P7566 0.06 — 0.14 0.26
0 , P7557 0.07 — 0.17 0.29
400 rad/h P7467 0.07 — 0.16 0.28

B2464 0.20 0.42 089 1.61
B2458 0.11 0.26 0.56 1.02
B2457 0.10 0.25 057 0.97
B2455 0.23 047 065 0.90
B2436 0.34 0.79 1.19 3.15
B2434 0.12 032 065 1.43
B2433 0.10 033 052 0.77
B2432 0.17 048 1.05 1.96

- A =013 E =230 o, =0.35
~ A,=0.39 E_,=3.07 c,=0.42
- ¥?/DOF =0.8

o
~
I

o
N
T | T

F T
- 9000 rad/h

Emission Weighted RIAC (m™)

0.6} A =016 E,=2300,=035 B2409 0.12 — 069 1.53
[ A,=047 E,=307 0,=0.42 B2408 0.18 — 092 160
04| X/DOF-05 B2407 0.14 — 078 1.36
! B2406 0.16 — 086 179
02 B2382 0.31 — 087 242
S B2381 0.18 — 080 1.77
0% 35 , B2376 019 — 064 1.88
B2375 0.16 — 051 L78

Photon energy (eV)
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Emission Weighted RIAC (lII)

24 Crystals in Two Types

3.5 8r
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e |
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Q 81
= o LT | g @ 400 rad/h
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8 i L
c 15 2| _,—l_
'.g 0E ! | ! . | . |_| !
Q. 0 05 1 15
o 1| 8F
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.. . 1
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107 BTCP-2467 | x*/ndf 2086 / 63
. BTCP-2467 15000 - Constant 9076.
" with T corrections (18°C) 12500 | Mean 114.0
P Sigma 22.14
S 8| 9 - o Q 10000 |-
D fv L.Y.= 7.9 p.e./MeV (18°C)
= | 7500 Gate = 200 ns, H.V. = 2100 V
s )
o | 5000 |-
a6 2500 |
-g- : P 0 Ll L L ! |2\ LT —— —_—
S 4t ) Constant 7486.
4 - 0 10000 Mean 122.4
-g) g £000 Sigma 23.51
5 > L.Y.= 9.8 p.e./MeV (18°C)
20 — 6000 Gate =200 ns, H.V. = 2100 V
! Gate (ns): 50 100 200 1000 2000 C i
Q@ 4000
L.O. 63 76 79 79 79 S
i 1] 2000
0 ' —— —— — T T s
0 1000 2000 3000 4000 100 120 140 160 180 200 220
Time (ns) Channel Number
All samples have fast, but low, light output
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Light Output Degradation

Type | sample
1.1
- BTCP-P7903

=] L.O.=5.7 p.e./MeV (200 ns, 18.0°C)
O Dose rate 15 rad/h
45' 1.05
O
IS
2
= *
O
O]
N
E *
g 095
®)
Z

0.97 — — '

0 20 40 60

Time (hours)

80

Normalized Light Output

1.1

—

o
©

it
o

0.7

- BTCP-2408

+

L.O.= 6.6 p.e./MeV (200 ns, 18.0°C)

Dose rate 15 rad/h

20 40 60 80 100

Time (hours)

Type Il sample
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A Comparison with Previous Samples

[BTcP2133 T ] 15/30% loss under 15/500 rad/h
i . ) ) "_ 1'1 LEELEE L LI Y N PR | L LEFEL NN DR R
S b BTCP-2162 .
O Gate(ns): 50 100 200 1000 2000 - L.0= 9.3 p.e./MeV (200 ns, 20.0°C)
= Oradh « B0 87 87 89 90 |
™™ 0 e L : .E 1 : ]
o) BTCP-2162 o |
Q.10 P o o of 3
- O oo ¢ .
= 1= | % ¢y
= Gate (ns): 80, 100 200 1000 2000 o2 H
= o BB 96 987 98 08 = +
o 0 H— 5 & u - 0.8 ¢ . 3
= 10 | BTCP-5658 0 - 1‘
i 5 4 N A )
o
- = ; Q 0.7 + + + _
~ f“ JhE X B
Gate (ns): 50 100 200 1000 2000 o
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Damage Speed and Time Constant
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Summary of Light Output (1)

Sample L.O.(1/MeV) Fraction(%) At* 15 rad/h
ID p.e. photon 51“—;;’ % (hours) L.O.(%) v%™(%/h) 74 (h)
B2467 7.9 53.8 79.7  96.2 120 76.4 -6.9 3.3 .
B2466 6.9 47.6 80.9 97.1 96 83.5 -7.3 2.3 Type K 5_20%
B2456 6.3 434  T7T8 93.6 240 87.8 -4.8 2.3
P7903 5.8 40.0 86.2 98.3 48 95.6 -0.25 15.9 |OSS @15 rad/h
P7654 4.8 33.1 813  93.9 72 95.4 -0.22 18.4
P7566 5.0 34.5 88.0 98.0 96 97.4 -0.09 20.7
P7557 4.8 33.1 89.6 97.9 120 94.0 -0.35 17.3
P7467 5.7 39.3 85.9 98.2 144 88.8 -0.70 15.7
B2464 7.6 52.4 81.8 974 48 73.0 -6.6 3.9
B2458 7.0 48.3 81.1 95.6 288 78.9 -3.7 5.7
B2457 6.4 44.1 81.2 95.3 264 87.9 -3.9 2.6
B2455 5.7 39.3 79.7 953 216 85.5 -7.2 1.94
B2436 6.3 43.4 79.7  95.3 864 79.2 -3.6 5.5 .
B2434 6.2 42.8 80.9 96.8 840 89.1 -1.4 7.0 Type Il 10
B2433 6.0 41.4 8L.7 96.7 816 91.5 -1.3 6.1 25% |OSS
B2432 5.8 40.0 83.1 96.6 792 84.9 -1.9 7.6
B2409 5.5  37.9 887 982 1152 89.1 -0.88 14 @15 rad/h
B2408 6.6 45.5 836 97.0 1128 80.8 -1.8 10.3
B2407 6.1 42.1 83.1 96.9 1104 87.5 -1.2 10.4
B2406 6.6 45.5 829 97.1 1080 79.5 -3.3 5.8
B2382 6.5 44.8 84.8 93.9 1416 68.8 -3.5 8.7
B2381 7.2 49.7 868 934 1392 . -1.8 11.9
B2376 7.4 51.0 80.0 94.7 1368 80.7 -1.6 11.6
B2375 6.1 42.1 734 922 1344 80.6 -2.1 8.9
B2465 5.4 37.2 849 96.2 72 94.9 — —

* time interval between annealing and initial measurement.
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LO Summary for Previous Samples

Sample LO (1/MeV) Fraction (%) LO (%) at R (rad/h)

ID p.e. Y 50ns/lus 100ns/lus 15 100 500 1000
SIC-S301 9.4 63.5 92.0 96.6 96.6 87.3 79.5 74.3
SIC-S347 9.9 66.9 91.3 97.8 95.1 88.6 82.1 78.0
SIC-S392 8.4 56.8 92.0 97.3 98.2 91.3 83.6 80.2
SIC-S412 8.3 56.1 94.6 98.6 98.2 91.2 85.9 85.3
SIC-S643 8.9 60.1 88.8 98.9 88.3 79.8
SIC-S762 10.6 71.6 85.6 94.2 91.5 84.2 814
SIC-606 10.4 70.3 88.3 98.4 91.7 79.3
SIC-678 10.4 70.3 85.2 93.5 94.2 76.0 59.6
SIC-679 10.8 73.0 85.0 94.7 93.5 73.5 57.3
BGRI-824 11.4 77.0 83.5 95.5 89.0 78.7 69.9
BGRI-826 11.2 75.7 84.4 96.7 86.0 74.7 62.2
BTCP-2133 8.2 55.4 89.9 97.8 89.2 78.6 72.3 70.5
BTCP-2162 9.3 62.8 89.8 97.9 86.1 76.8 70.3 68.2
BTCP-5615 7.2 48.6 86.6 98.5 82.9
BTCP-5618 7.2 48.6 86.8 98.5 77.4
BTCP-5658 8.8 59.5 83.9 97.7 76.1 63.6
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Summary

s 25 PWO crystals can be divided to three
different types with different level of radiation
damage and radiation induced color centers.

= While type Il crystals are similar to previous
samples, type | crystals are different and are
more radiation hard: Good for the endcaps.

= Type lll crystals have problem for monitoring
with 440 nm light, so should be rejected.

= All samples recover after irradiation at 18°C, but
with at least two time constants.

= All samples have fast, but low, light output.

s NoO correlations between radiation hardness and
initial longitudinal transmittance was observed.
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LO loss versus Waiting Time

L.O. loss after 15 rad/h irradiation (%)
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No Correlation
was observed
between the LO
loss and the
time between
the ending of
the thermal
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Initial 1st
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