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Requirements of the experiments

Parameter DVCS DVCS WACS DES n° SIDIS a°
(E12-13-010) (pol. 3He) (PR12-12-009) (E12 -13- 010) (E12 -13- 007)

Min. dist. From. Tgt. (m) ~3.0-6.0 ~3.0-4.0 3.0-5.0
Coordinate res. (mm) 3-4 3-4 3-4 2-3 2-3
Photon angl. Res. (mrad) 1-2 1-2 1-2 0.5-0.75 0.5-0.75
Energy res. (%) (5-6)NE ~6/NE ~5NE (2-3)NE (2-3)NE
Sweeping magnet (Tm) 0.3 0.3 0.6 0.3 0.3
Second arm HMS HMS HMS HMS HMS
Photon angle (degrees) 6.0-23.0 6.0-25.0 22-60 10-25 6.0-23.0
Photon energies (GeV) 2.7-7.6 3-7 1.1-34 3.1-5.7 0.5-5.7
Acceptance (msr) ~10 ~10 ~10 ~25 ~25
Beam current (LA) 5-10 ~60 ~40, +6%Cu 1-2 1-2
Targets 10cm LH2 30cm 3He 15cm LH2 10cm LH2 10cm LH2
Luminosity (cm-2s1) Sii=e ~1037 ~1039 ~3x10%7 ~3x10%7
Rates/Timing ~1-2MHz/<100ns ~100ns ~100ns ~1-2MHz/<100ns  ~1-2MHz/<100ns
Beam Time (hours) ~1200 ~500 ~1000 900 600
Expected total rad. Dose (Krad) ~200 <20 <20 ~40-50 ~40-50

= Energy resolution =>» high light yield, best achievable crystals

= Coordinate resolution =» fine granularity, small Moller radius, best 2x2 cm? or 3x3 cm?
= Angular resolution =» combine fine granularity with distance from the target

= Good Timing =» Fast signal with short tail to minimize pile-up at high rates

= Radiation hardness =» Modest damage for integrated doses ~20-30 krad



Characteristics required for the crystals

« Small Moliere radius and fine granularity for good position resolution

» High density for compactness of the detector

» Good optical transmission for light collection uniformity in long crystals
» Sufficient light yield for good energy resolution

 Short decay time for high rate capability

» Good resistance to radiation

» Possibility to remove the radiation damage easily in situ

* Relatively low cost



General properties of heavy crystals for calorimetry

Parameter Lead Tungsten Lead Fluoride Bismuth Luterium-Yttrium
(PbWO4) (PbF2) Germanate (LSO/LYSO)
(BGO)
Density (g/cm?) 8.28 7.66-7.77 7.13 7.2-7.4
Rad. length (cm) 0.89 0.93-0.95 1.10-1.12 1.16
Refractive index 2.20 1.82 2.15 1.82
Emission peak (nm) 420 ~310, ~280 480 420
Moliere radius (cm) 2.19 2.22 2.15 2.07
Radiation type Scint. (~13% C) Pure Cer. Scint. (~1.6% C) Scintillation
Timing property 5 (73%); 14 (23%); Fast, <30 300 40-50
T (ns, %) 110 (4%)
Effective Z 73 77 83 65
Hydroscopicity No No No No
Interact. Length (cm) ~20.7 ~21 ~22.7 ~20.9
Rad, hardness (krad) ~20-50 ~50 ~1,000 >1,000
Light yield LY (photon/MeV) ~140-200 ~2-6 ~5,000-10,000 ~5,000-30,000
d(LY)/dT (%/°C) -2.0-25 No -0.9 -0.2
Critical energy (MeV) ~9.6 8.6-9.0 7.0 9.6

BGO, PbWO4, PbF2 and LSO/LYSO are among the good candidates
But BGO is too slow and LSO/LYSO are very expensive.
Our choice would be to use PbwWO4 or PbF2, or their combination

4



Energy & coordinate resolutions PbWO,and PbF,
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PbWO, and PbF, calorimeter with fine granularity of crystals (2%2¢m? — 3%X3cm?)
can provide energy resolution better than 3% and coordinate resolution ~2-3 mm
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Light yield {a.u.)

Temperature dependence of PbWO,

Light yield , Decay time
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Temperature dependence of the light yield Temperature dependence of the decay time
and temperature coefficient of the PbWO, of the emission of the A=430 nm from PbWOQO,

= The light yield increases at low temperature, but with increasing the
luminescence decay time and decreasing radiation resistance of the PoWOQO, .

= For the PbWOQO, crystals need Temperature controlled frame.
= The light yield and decay time of PbF, nearly independent on temperature.
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Radiation type/Timing properties of PoWO, & PbF,

The emission of PbWO, crystal Typical signal from Hall A PbF, crystal
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= Light emission mechanism of PbWOQO, crystal includes Scintillation and Cherenkov (~10-20%o).
= For the PbF,; crystal the emission mechanism is pure Cherenkov.
= Both type of crystals are fast, but emission of PbWQO, includes three components:

71 ~5ns (73%), has values 0.6, 1.8, 2.3 11.9 ns;

T, ~14 ns (23%) has 3.44, 5.16, 20.54, 60.6 ns;

13 >110 ns (~4% of the total intensity).



PbWQO, properties

Property Value
Density (g/cm?) 8.3
Radiation length (cm) 0.89
Moliere radius (cm) ==L
Interaction length (cm) 20.7
Refractive index (420 nm) 2.20
Hvgroscopicity No
Luminescence (nm), ~425,
slow and fast components ~360

Decay time (ns)

slow and fast components ?8
Light vield (%6 of INal) ~0.30,
slow and fast components 0.077
dLY /dT (2/C) at room temp. -2.5

Good: dense, fast, not hydroscopic
Bad: temperature dependent LY

Intensity (a.u.)

200 400 200
Wavelength (nm)

The excitation (red), emission (blue) and
the transmittance (green) spectra of PbWQO,

Emission spectrum is in the transparent
region, thus no self-absorption.
Detectors of extended size can be built.



Property

Density (g/cm?)

Radiation length (cm)
Moliere radius (cm)
Interaction length (cm)
Refractive index (420 nm)
Hyvgroscopicity

Luminescence (nm),
slow and fast components

Decay time (ns)
slow and fast components

Light vield (26 of Nal)
slow and fast components

dLY /dT (26/C) at room temp.

Good: dense, fast, not hygroscopic,
no temp. dependence.

Bad: low Light Yield

2.22

~21.0

1.82

~310,
~280

<30

~0.05

-0.2

PbF, properties

Cherenkov Radiation (a.u.)

(From R. Zhu, ILC workshop, CERN, 2010)
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Dose rate (rad/h)

Radiation conditions in Hall C

The damage to crystals is a limiting factor for beam current !

Radiation dose at 4 m distance (1 uA current on 10cm LH2 target)
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(Based on P. Degtiarenko’s simulations.)

= The radiation background is strongly
angular (and energy) dependent.

= The magnet will sweep off most of the
charged background below 300 MeV.

= Remaining low energy photon flux is
capable to damage crystals (darkening,
mostly in the first few cm).

45
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= The detector will be operated in open
geometry, prone to radiation damage.

= Curing of the crystals may be
periodically needed in the course of the
long running experiments.
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Radiation damage of heavy crystals

(From R.Y. Zhu et al., CMS TN/95-157)
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Effect of 1-10 Mrad accumulated dose on crystal transmission.

= Modest damage for nearly all crystals occurs at doses above ~10-20 krad.
= For integrated doses of 1-2 Mrad the radiation damage is significant.
= Radiation damage of the PbWO, and PbF, at doses below ~1 Mrad similar.
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Photon & Proton induced damage in PbWO,
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(From M. Huhtinenet al., ETHZ-1PP-PR-2004-03, Swiss Institute for Particle Physics)

= Degradation of the crystals optical properties depends on radiation dose rate,
accumulated dose, and type of the background radiation particles.

= A clear differences in the Transmission damage induced by protons relative to the v.

= |[n proton-irradiated crystals, the band-edge shifts towards longer wavelengths region,
while band-edge remains stable in the y-irradiated crystals.
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Proton induced radiation damage of PbWO, & PbF, crystals
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Transmission spectra of PoWO, and PbF, crystals before and after irradiation with 24 GeV
protons (integral fluence 3x10%3 p/cm?). (From M. Korjik, CMS UW-FNAL-8.11.2011).

= Proton induces Radiation cause shift of the spectrum cutoff of PbWO, & PbF,
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Normalized LO of PbWO, as a function of time under irradiation

y-ray induced radiation damage in PbWQO, crystals

CMS crystal irradiated at dose rates 15, 100, 500 and
1,000 rad/h. ( R.Y. Zhu, Proc. SPIE 7070 7079W-12).
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= The photon induced damage at given dose rate saturates after a few hours of exposure.

= The degradation of the light output shows a clear dose rate dependence.

= Degradation of the crystals under radiation may vary from sample to sample.

= |ts depends on composition of the crystals and conditions of their preparation.
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Progress in PbWO, optical quality and radiation hardness
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in 1995 and 1997, compared to the maximum achievable

= The problem of old crystals was wide absorption near 370 & 420 nm which was
resolved by using high purity materials, improving the crystal growing technology.

= The doping of a crystal with La, Lu, Gd, Nb and Y with a concentration of some
tens of atomic ppm increases the radiation hardness.

= The latest crystals developed by BTCP and SIC for CMS and PANDA experiments
have more light yield, better transmittance and increased radiation hardness.

= Trying to increase higher light yield always slows down the emission time !
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Spontaneous recovery of the crystals radiation damage

After irradiation, a spontaneous recovery of the transmittance and light yield at
room temperature has been observed for PbWO, and PbF,, and other crystals.

(R.-Y. Zhu, J. Phys.Conf. Ser. 404, 2012, p.012025)

FANDA PWO B-1757
Recovery after 30 rad'h irradiated in equilibrium
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Recovery of the PbWO, emission weighted longitudinal transmittance

= Crystals will spontaneously recovered their transmission but it will take very long time.
= Recovery of the PbWO, transmittance irradiated at 30 rad/h in equilibrium will take ~20 days.
= PbF, crystals irradiated with a dose of ~10 krad a recovery of 10-15% was reached after 4 days
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Thermal recovery radiation damage of PbWO,

Radiation damage of PbWO, crystals by protons (integral fluence 3x10'3 p/cm?).
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= Full recovery of p-induced damage can by annealing at 200 °C.

= Thermal annealing very effective but it can not be performed in situ and will

require full disassembling of the calorimeter.

= More practical and effective way of PbWQO, in-situ curing is_optical bleaching.
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Transmission

Simulated UV-recovery radiation damage of PbF,
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Transmission of PbF2:
PbFz (A) — before irradiation;
(B) — after 4x10° rad;
0.8 (C) - after 4%106 rad:

(B and (C’) are the same
as (B) and (C) but cured
with 10 min of UV light. (D.

0.8 F. Anderson, FERMILAB-Conf-
90/46, 1990)
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PbF2 calorimeter in Hall A experiment
(A. Comsonne, Workshop Calor-2008)

(black) — after 19.5 h UV (2"9)
(red)  —11.6 kGy (2M)

(green) — After 19 h UV (1Y)
17.5 kGy (1Y)
(blue) — 2 h after 17.5 kGy

600 700 800 900 1000

wavelength (nm)

m PbF, degradates by 5-10% (at A > 350 nm) below 5-10 krad integrated doses.
m Damage of PbF, crystal can reach 20-30% at doses ~30-50 krad.

m For integrated doses of 1-2 Mrad the radiation damage is significant

m The damage of PbF, crystal can be easily removed by UV optical bleaching.
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% transmission

Approaches to remove degradation of NPS calorimeter

Effective way of PobWOQ, in-situ curing is_optical bleaching.

Two approaches we are considering:

A). Standard curing at light A~300-700 nm 1o (R.W. Novotny, J. Phys.: Conf. Ser. 404 (2012) 012063).

0.9

* Requires PMTs off and hall access, removing 0.8 P Svr——— . Spontaneous
front panel & installing the curing system = 07 i
= —
« Curing strongly depends on the light wavelength, =~ 06 _ [In(l’ T )]/d
thus fast curing can be done with blue light § 0.5 B b/ "a
=
« 2 shifts needed (recovery time ~10-15 hours) ¥

 Curing needed once per 2-3 weeks (~50 krad
dose accumulation at rates <100 -150 rad/h)

0.1

| Transmission of 21cm PDWD4 crystal | 0.0 C . i ey
! T T ,-- ‘q 0 50 100 150 200

. ,_}8 ba illumination time / min
70 [t = Recovery of 3 krad radiation induced absorption coefficient
60 r Ak at 420 nm in a PbWO, by illumination with different lights.
50 bt
40 - (1)- before radiation,
2 (2)- after a dose of 834 krad,
30 [y (3)- after 5 h of bleaching at 700 nm,
20 (4)- after 12 h at 700 nm,

VN SRS SNSUNUIAS SOOI (5)- after 5 h at 600 nm (5),
(C. L. Woody, IEEE[T.N. S. 43, 1996, p.15_85)—ﬂ (6)- after 10 h at 600 nm,

— . (7)- after 7 h at 640 nm,
A '. 7 '
o0 200 600 00 800 (8)- after 2 h of annealing (200 °C).

wavelength (nm)
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Simulated recovery of the PbWO, with IR light

B) Recovery with visible and IR light
=\Works very well for low doses (~3 krad)
=Can be operated remotely, no hall access (V. Dormenev et al., NIM A623, 2010, p1082)
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= . Blue light (464 nm)
g

£ ol Green light (525 nm)
E' i Red light (639 nm)
H = i

E Infrared light (860 nm
2 40

0 200 400 600 500 1001 1200

time of illumination / min.
IR stimulated recovery of 3 krad radiation induced normalized LO of PbWO crystal .

= |R curing can be performed continuously, even with PMTs on
= Need light intensity ~10% photon/s per block, (can be supplied by LEDS)

= Method still in development stage and more studies needed
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Possible options for the calorimeter

64x74 cm? 5775 cm? 57x78 cm? 57x78 cm?
EEEEEEEEEEE| 15 5
[T T TTTITIT] 1 o o oo
31x36=1116 28x%28=784 EE 19x32=608 ! H 19x32=608 H
[TT T T T TTITTT [ e ) ] D [
T T 513 1 5 S T
All block are PbWO, 784 PbWO, + 189 PbF, 608 PbWQO, + 208 PbF, 608 PbWO, + 208 PbF,
PbWOQO, blocks dimensions: 2.05%2.05 cm? _
(Figures from S. Zhamkochyan)

PbF, blocks dimensions: 3.0x3.0 cm?

Final geometry of the calorimeter will be selected based
on availability of the blocks and results of MC studies.
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Manufactures of PboWO, and PbF, crystals

ship

Marke-Tech International, PbWO codoped 2,495 ~18 weeks
www.mkt-intl.com with Laand Y at 3 1,560
colleen@mbktintl.com level of <400 ppm 5 or more 1,245
Shanghai Institute of Ceramics, PbWO doped 10-12 ~1,500 24 months
Chinese Academy of Science ~1,000 ~1,200
(SICCAYS); fang.jun@siccas.com
Kinheng Int. Hold. Co. PbWO doped 1 or more ~2,950

(Shanghai, China);
ivan@kinheng-crystal.com

Crytur (Czech Republic) PbWO doped 10-12 ~3,300
houzvika@crytur.cz >100 ~3,000

Furukawa (Japan) and Beijing Glass Research Institute (BGRI, China) also are producers of heavy crystals.
But no any contact and information about price and quality of the crystals.

How about annealing and reuse crystals from CMS or ATLAS ?
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Quiality requirements of PbWO4 blocks

Parameter Proposed Acceptable
requwements

Tolerance in dimensions (um) +100
Light yield (pe/MeV) 5-6 3-4 >8
Transmission (%) 50-60 ~40 >55
At A~420nm
Uniformity in optical ~10 ~15-20 <10
properties between crystals
(%)
Radiation hardness 5 ~10 <6

LY loss (%) for 1.5 Krad
at dose rate 15rad/h

Uniformity rad. Degradation ~20 <30 ~10
between crystals at the same
dose (%)

Uniformity light yield temp. - -

dependence slope (%) ~5-10
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Simulated recovery of the PbWO, with UV light

A fast and effective way of PbWOQ, in-situ curing is_optical bleaching.

Transmission of 21cm wa04 crystal

| \

th O ~d
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% transmission
.P..
O

wavelength (nm)

Transmission of 21cm PbWO,
(1)- before radiation,

(2)- after a dose of 834 krad,

(3)- after 5 h of bleaching at 700 nm,
(4)- after 12 h at 700 nm,

(5)- after 5 h at 600 nm (5),

(6)- after 10 h at 600 nm,

(7)- after 7 h at 640 nm,

(8)- after 2 h of thermal annealing (200° C).
(C. L. Woody et al., IEEE Trans. N. S. 43, 1996, p.1585).
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Two approaches are considered:
A)_Standard curing at 500-700 nm wavelengths

* Requires hall access, removing front panel & installing
the curing system

* 2 shifts needed (recovery time ~10-15 hours)

* Once per 2-3 weeks (50 krad dose accumulation at rates

<100 -150 rad/h
with Sweep Magnet ON)
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Counts

Selection BTCP (Russia) Crystals for CMS

LTO at 420 nm Distribution for All Batches (14620 cx)

Comparison Keal Lomgitudinal Transmission vs. Emission spectrom
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(From Jean Fay presentation, COLOR-2004 workshop) 26




Selection of SIC (China) Crystals for CMS
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(From F. Cavalarri presentation, CMS Collaboration)
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Radiation induced absorption Ak (m™")

Progress in PbWQO, development (1)

The doping of a crystal with La, Lu, Gd, Nb and Y with a concentration
of some tens of atomic ppm increases the radiation hardness

a (b)
12 @ 1.2 +380 nm é 0.6 | T
1 & TMO nm c \ ‘
S o £ 05 —pe [
1M\ §00 2 N/ \—|i |
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- g 0 X;m:
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T MQQ@@»
i 1
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Spectra of induced absorption of PboWO crystals measured at room temperature:
(a) - undoped crystal in 20 and 10° min after radiation;

(b) - regular mass produced doped crystal at different times.

(From A. N. Annenkov et al., Phys. Stat. Sol. 191 (2002) 277).

Trying to increase higher light yield always slows down the emission time !
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Light Output (p.e./MeV)

20

Progress in PbWQO, development (II)

The latest crystals developed by BTCP and SIC for CMS and
PANDA experiments have more light yield and better transmittance.

' | . I . | N ' | s ' | ' ]
o[ ® ovssigpwa ]
y =046 0C=0777.
SRR S S S PR S
O CMSBTCPPWO | LA
2| O _PANDAPWO 1757, | | |
A F‘?A.NDAEPWD B:—'I 782 1
ol |
2 n 25y loC =918 |
) S S R O A A I I
15 20 25 30 35 40 45 50 55

Initial L.T. @ 360 nm (%)

Correlation between the initial LO and initial

LT for the PbWO, . (R.-Y. Zhu, J. of Phys.:
Conf. Ser. 404 (2012) 012025).
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a7 Recovery after 30 rad/h irradiated in equilibrium
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Recovery of the PbWO, EWLT as
irradiated at 30 rad/h. (R.-Y. Zhu, J. of
Phys.: Conf. Ser. 404 (2012) 012025).
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Progress in PbF, development

The PbF, crystals developed by SICCAS have better transmittance and homogeneity.

100 |

5“ | .":
Typical Optovac crystal
100 —

Transmittance 1_| %]

50 |

100 [

50
Typical SICCAS crystal

%00 250 300 350 400 450 500
Wavelength [nm)|
Homogeneity of PbF, crystals. The initial
transmittance perpendicular to the longitudinal
axis at six position is shown for crystals from
three different manufacturers. (From P.
Achenbach et al., NIM A416, 1998, p.357)
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A comparison of the longitudinal
transmittance for PbF, crystals
from three different manufacturers.
(From P. Achenbach et al., NIM
A416, 1998, p.357)
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Choice of PMT for PbWO,
Hamamatsu R4125 PMT (used in PrimEx), may be a good choice.

100
Parameter Value
diameter 18.6 mm (3/4") ©
____'5..-!';}"--_""1‘:».\ o
No. of stages 10 :;_ . o |/ I/ "“‘»\Q;& ®f celpialcali]
Photocathode Bialkali, Green Ext. % — ® 3}\"{
o o )
pe s i —Jd lisol AN
Sensitivity range 300 —-650 nm m ] csl M "\
5 LASTIC  yaP | -. g
QE max at ~400nm 27 % zZ el A 100 >
5 f T, 2
f' "
Supply voltage 1500 V | \“j e E
M =
Gain 8.7 x10° 0 % L‘-‘\ ! _L 0 o
0 100 200 300 400 500 800 70O o
Dark Current 10 nA WAVELENGTH ()
Rise Time 2.5ns Sensitivity range of R4125 matches
- range of emission of PbWQO,
Transit Time 16 ns
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Choice of PMT for PbF,
Hamamatsu R7700 PMT (used in Hall A).

Parameter Value s ===
Effective area 22 mmx*22mm N ] T A
= [l 1\ SENSITIVITY |
No. of stages 8 g . i N\
2 -
=— I 1'. i
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@ EFFICIENCY {1
e, \ \
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Z_ =
a3 5
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] |
80 o4 1\'
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]
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i0 200 300 400 &S00 G600 7OO BO0D S0O0
Dark Current ~2.0 nA
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Rise Time 1.2 ns o
Sensitivity range of R7700 matches
Transit Time <lns range of emission of PbF,

32



Decay time for the emission of PbWQO,

100000 = T T T T i T |
71~5 s (73%) » 1,= 0505 (97%)
1,~14 ns (23%) T 111 | 0
13 >110 ns (4%) . 1,=304ns  ( 3%)
& 100 - | - -
£ 20 ppm La
5 1004 | |
=
&
104 r)'
l 1 1 I ] | I 1
0 100 200 300 400 00 600 700 800 900
1%0 260 2{']:0 i 300 .
t, ns time / ns
The emission of PbWOQO, includes three New PbWOQO, crystals for PANDA
components: includes two emission components:
T, ~5ns (73%), has values 0.6, 1.8, 2.3 11.9 ns; T1~6.5 ns (97%);
T, ~14 ns (23%) has 3.44, 5.16, 20.54, 60.6 ns; T, ~30.4 ns (3% of the total intensity).
T3 >110 ns (~4% of the total intensity). (R. W. Novotny, IEEE, NSS, 2003)

(A. N. Belsky et al., Chem. Phys. Lett. 243 (1995) 552)
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PbF, calorimeter in Hall A DVCS experiment
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Visual inspection of PbF, blocks after Hall A first DVCS experiment. The darkness
of some blocks on the target side (very evident for block 39) most likely is created
by low energy electrons and photons. (From S. Gregoire report, August 16, 2007).
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Gain Monitoring System

Light Source and High Level Quantronix
Distribution System - Nd:YLF (527DQ-S Q-switched)

- Ti:Sapphire (custom made)
Laser | ———————_
s\quarlz tibers to
1 GHz digitization | optical fiber level-2 fanouts
switch

(MATACQ) (150m)
/ Q\_
Level-2 (
Fanout
[[ PN photodiode
‘ ‘Crystals
e ken e
Level! PN photodiode

The CMS laser monitoring system. 1 GHz sampled laser beam, 2 level
distribution systems, PN photodiodes as reference monitors (F. Ferri, J. of
Phys.: Conf. Ser. 404 (2012) 012041, CALOR2012).
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The PMT gain variation with rate

Hamamatsu PMTs R4125 used in PrimEx HYCAL.
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Variation of the Hamamatsu R4125 gain of PbWOQ, crystals with the rate
(Tested by PRIMEX collaboration in electron beam test).
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(From R. Y. Zhu presentation, ILC workshop, Caltech, 8 jan, 2002)

37

300



