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Abstract 

This report presents results oD. optical bleaching for 25 cm long BaF2 

crystals to be med in comtructing the GEM BaF2 calorimeter at the SSC. A 
practical acenario or iJnrlementing optical blevbing in ntu and th8 require­
ments on the light sources used to bleach the entire GEM BaF2 calorimeter 
are presented. 

1 Introduction 

Barium iluoride (BaFi) crystals are being considered by the GEM Collaboration, 

to be used in constructing a precision electromagnetic calorimeter at the SSC [1]. 
The key i11Ue of using this crystal at the SSC is its radiation resistance [2]. An 
Expert Panel was assigned by the SSC laboratory to review the radiation damage 
problem of BaF2• The Panel met in December 1991 and again in January 1992 

following a site visit to the Shanghai Institute of Ceramics (SIC) and Beijing Glass 

Research Institute (BGRI) by selected Panel members and the GEM Spokesmen. 

The principal conclusion of the Panel's February 1992 report is "there is no 

1Worlt oupporied in part by U.S. Department of Energy Contract No.DE-AC03-81-ER40050. 



apparent fundamental reason why BaF2 can not be made radiation hard" 
[3]. 

The conclusion from the BaF2 Panel is based upon existing data obtained by that 
time. Some highlights are summarized below: 

• The BaF 2 radiation damage caused by photons shows clear saturation. Both 
transmittance a:nd light output measured after irradiation do not degrade 
further after initial dosage of a few tens kRad to 100 kRad, depending on 
the quality Qt the BaF 2 crystals; (Figures 12 and 14 of [2]) 

• There is no permanent damage caused by either photons or neutrons. All 
damage recovers in full after.·an annealing at 500°C for three hours; (Figures 

12 a:nd 17 of [2]) 

• There is very slow spontaneous annealing of the transmittance at 220 nm 
of BaF 2 under room temperature measured up to 68 days after 1 MRad 
irradiation; (Figures 15 and 16. of [2]) 

• The radiation da.mage of BaF2 has· no dose rate dependence; (Figure 17 of 
[2]) 

• There is evidence that the damage of BaF 2 is caused by formation of color 
centers, which cause self-absorption of the scintillation light as it is trans­
mitted through the crystal. There is no apparent damage to the scintillation 

mechanism itself, 10 that the intrinsic scintillation light ~eld by the crystal 
is not affected (Section 5.4 of [2]). 

• Large size (20-25 cm long) BaF2 crystals produced by SIC in December 1991 
have considerably better radiation resistance than the crystals from previous 
batches. The transmittance of two 20 cm long crystals is ..... 503 at 220 nm 
after 1 MRad irradiation which corresponds to a light attenuation length 
(LAL) [5] of around 34 cm. (Figures 18 and 19 of [2]) 

The radiation resistance specification, proposed by the BaF 2 Collaboration, is 

the light attenuation length of longer than 95 cm for 25 cm long crystals after 1 
MRad irradiation [2]. This specification is based upon a study of the influence of 
the light attenuation length on the crystal's light response uniformity, and thus 
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on the energy resolution [2]. It was also assumed that a stable high precision 
crystal calorimeter could be built by using pre-irradiated crystal& of this quality. 
The stability is due to the saturation of the radiation damage, and the very slow 
spontaneous recovery rate o£ the transmittance at the wavelength of BaF2's fast 
scintillation component (220 nm), at room temperature. 

After six months, the Panel had its final meeting in early August, 1992. The 
R&D progress up to the meeting date was evaluated. The progress in quality of 
production BaF2 crystal&, however, did not match the specllication of the BaF2 
Collaboration. T4e main conclusions of Panel's August meeting are [4]: 

• With the knowledge presentl~ available, preirradiation is not a viable solution 
to the radiation damage problem of BaF2; 

• The only solution is to 118C annealing of the crystal by exposure to light in 
situ. Such a method could make a calorimeter satiafying GEM's speciiications 

using present production crystals. 

Following Panel's recommendation,· an extensive R&D was carried out at Cal- · 

tech. Thia report presents result of optic&l blevbing for 25 cm long. BaF2 crystals 
produced by SIC. A practical scenario of implementing optical bleaching in aitu 
and the requirementa on the light sources used to bleach the entire GEM BaF 2 

calorimeter are presented. 

2 Experiment 

2.1 Samples 

Several 25 cm long BaF 2 crystals produced by SIC were tested. One crystal SIC302 
was produced at the end of 1991 with a light attenuation length of 34 cm after 1 
MR.ad irradiation. The other sample SIC402 is the latest crystal produced by SIC 
which has a light attenuation length of 41 cm after 1 Mrad irradiation. Table 1 lists 
the dimension, transmittance (T) at 200 nm and corresponding light attenuation 
length (A) for these two crystals, where the subscript 0 and lM refer to before and 
after 1 Mrad 80Co 7-ray irradiation. The progress in crystal's quality is dearly 
shown in the increase ofT1M and ~lM· 
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Note, the sample SIC402 was inadia.ted to 1 MRa.d by using a 80Co source at SIC, 
a.nd was consequently bleached to a saturation by using a high pressure mercury 

lamp whose inadia.nce spectrum covers 270 to 440 nm (6]. Before the :first ina­

diation, the transmittance of SIC402 was measured at SIC to be 86% (6). It is 
clear that the optical bleaching did not remove all color centers produced by the 

irradiation. 

Table 1: Properties of Two SIC Samples 

Sample Oimension (cm) To(%) .\o (cm) TLV (%) .\1..11 (cm) 

SIC302 32 x 25 x 42 87.2 780 43.3 34 

SIC402 3.62 x 25 x 4.62 . 78.0 174 48.6 41 

2.2 Experimental Setup 

The light from a monochromator (BAUS9H & LOMB, Grating 1200 Grove/mm) 
was shot throngh the large end of the tapered 25 cm long BaF 2 crystal. To in­

vestigate the optical bleaching speed no re:O.ector was placed at any surface of the 
crystal. The experimental setup was kept in dark. The monochromator was set to 
have a bandwidth around 10 nm with a rectangular light spot with a dimension of 

0.8" {height) X 1 n {width). 

Light with different wavelengths was used in the experiment. The crystal was 

illuminated with the light, and the transmittance of the c:rYstal was measured 

frequently until a saturated value was reached. The same procedure was repeated 

for red light (700 nm), green light (500 nm), blue light ( 400 nm) and UV light (300 
nm). 

2.3 Calibration of the Light Intensity 

The calibration of the light intensity was carried out by using a Ha.mama.tau Si­
diode with known qua.ntum efficiency. Apertures with different diameter (5, 7.5 
and 10 mm) were used to verify the uniformity of the light intensity from the 
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monochromator. It was found that the photo-current is proportional to the area 

of the aperture to within 53 for the cases of 5 and 7.5 mm. This indicates that 
the light intensity in this area has a good uniformity. 

Table 2 lists the intensity of the light (mW/cm.2), and the corresponding photon 
ilux (photon/ cm.2 /s ), at the position where the light entering the crystal, for wave­

lengths of300, 400, 500 and 700 nm. For convenience, the photon energy (eV), the 

integrated energy density of the light per hour ( J / cm.2 /hour) and the integrated 

photon density per hour are also listed. 

Table 2: Light Intensity of Monochromator 

Wavelength (nm) 300 400 500 700 

Photon Energy (eV) 4.1 3.1 2.5 1.8 

I (mW/cm.2) 0.21 0.85 1.5 1.0 

F (1011 photons/cm.2 /s) 0.32 1.7 3.8 3.5 

P (J/cm.2/hour) 0.76 3.1 5.4 3.6 

N (1018 photons/cm2/hour) . 1.2 6.1 13.7 12.6 

3 The Wavelength Dependence 

Sample SIC302 was first illuminated with a red light (700 nm). After 30 hours 
of illumination, the light attenuation length saturated at 100 cm. The blf!aching 

light then was changed to 500 nm - the light attenuation length changed very 
little in 5 hours. It was further changed to 400 nm. After another 10 hours, the 
light attenuation length saturates again at 180 cm. The light finally changed to 

.. -·~O nm, the light attenuation length was saturated after around 10 h~. __ · ____ . 

Table 3 lists the measured transmittance (T) at 220 nm, corresponding light atten­

uation length (A), color center density (l/A) and color center density normalized 

to after 1 MR.ad irradiation (A111/A). Figure 1 shows the transmittance spectra 
measured. The transmittance at 220 nm (T), its corresponding light attenuation 

length (A) and color center density (1/A) are plotted as a function of time in 
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Figure 2. 

This result indicates that there is a wavelength threshold of bleaching light below 

which a different type of color center in SIC crystal can be efrectively bleached. 

This threshold is between 400 to 500 nm. In the next study, we will determine the 

threshold, and we can use the bleaching light source with wave length of just a 

little shorter than this threshold, but longer than 400 nm. By doing so, the effect 

to our solar blind phototube will be reduced to a minimum. 

By using the calibration in Table 2, this data also show that 108 J/cm2 of 700 nm 

light plus 31 J/cm" of400 nm light arerequired to bleach the crystal to 180 cm. The 

time needed to bleach the crystal to the mid point, defined as 0.5/(saturated 

LAL), is 4.5 hours for 700 nm and 1 hour for 400 nm. The corresponding energy 

density needed is 16 J / cm2 and 3.1 J / cm2 respectively for light of 700 and 400 nm. 
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Ta.ble 3: Blea.ch SIC302 with Different Wa.vclcngths 

Time (hours) T(%) A (cm) l/A (l/m) AiM/A 
Before lrra.dia.tion 

87.2 779 0.13 
1 MRa.d lrra.dia.tion by 80Co 7-ray 

43.5 34.5 2.9 1.00 

• U ndcr 700 nm Red Light . o. 43.5 34.5 2.9 1.00 

2. 47.6 39.3 2.5 0.88 

4.5 54.6 50.1 2.0 0.69 

14.5 63.6 72.2 1.4 0.45 
24. 67.1 85.3 1.2 0.40 

30. 70. 99.6 1.0 0.35 

35. 69.5 97.1 1.0 0.35 
Under 500 nm Green Light 

35.5 71. 105,6 0.95 0.33 

37. 71.2 106.9 0.94 0.32 

39.5 71.3 107.5 0.93 0.32 

43. 71.3 107.5 0.93 0.32 

Under 400 nm Blue Light 

43.5 72.4 115.0 0.87 0.30 

44.5 76.2 150.3 0.67 0.23 

54.5 78.9 190. 0.53 0.18 

64. 78.5 183. 0.55 0.19 

65. 78.3 180. 0.56 0.19 
Under 300 nm UV Light 

66. 79.1 194. 0.52 0.18 
67. 78.7 186 0.54 0.19 

75. 79.5 202 0.50 0.17 

89.5 80.4 221 0.45 0.16 
95. 81.l 240 0.42 0.15 
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4 Bleach BaF2 Crystals with 400 nm Light 

As shown in Section 3, the 400 nm is a good wavelength which can be used in an 
effective optical bleaching for BaF 2 crystals. In order to determine the exact light 
energy density required to bleach color centers caused by 1 MRad irradiation, we 
re-irradiated SIC302 to 1 MRad after the test described in Section 3, and tested 

bleaching by using 400 nm light again. 

Table 4 lists the measured transmittance (T) at 220 nm, corresponding light atten-
• 

uation length (A),' color center density (1/A) and color center density normalized 
to after 1 MB.ad irradiation (A111/A). Figure 3 shows the transmittance spectra 
measured. The transmittance at 220 nm (T), its corresponding light attenuation 
length (A) and color center density (1/A) are plotted as a function of time in 
Figure 4. 

Table 4: Bleach SIC302 with 400 nm Light 

Time (hours) T(%) .A (cm) l/A (1/m) A1J1/A 

0. 43.3 34. 2.9 1.00 

0.5 58.7 59 1.7 0.50 

1.0 64.6 76 1.3 0.46 

1.5 67.9 89 1.1 0.39 

2.5 71.8 111 0.90 0.31 

4.5 74.6 133 0.75 0.26 

12.0 78.5 182 0.55 0.19 

13.0 78.0 175 0.57 0.20 

A test with the latest 25 cm long BaF2 crystal SIC402, which was delivered in . 
August 1992, produced a simi1ar result, as shown in Table 5, Figure 5 and Figure 6. 
In summary, both SIC302 and SIC402 have been bleached to a saturated light 
attenuation length of 180 cm in around 10 hours. This indicates an energy density 
of 31 J/cm2 for 400 nm light, or photon density of 6.1 x 1011 photons/cm.2 , is 
enough to bleach current 25 cm long crystals from saturated damage to 180 cm. 
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Less than 1.5 hour is needed to bleach current production. crystals to the mid point 

defined in section 3, which corresponds to 4.5 J/cm.2 or 9 xl011 photon.s/cm.2 • 

Table 5: Bleach SIC402 with 400 nm Light 

Time (hours) T(%) A (cm) l/A (1/m) A1J1/A 

0. 48.6 41 2.5 1.00 

1.0 61.6 66 1.5 0.61 

1.5 • 66.8 85 1.2 0.48 
~ 

3.5 72.4 115 0.87 0.35 

6.5 76.9 159 0.63 0.26 

8.5 77.7 170 0.59 0.24 

9.5 77.8 173 0.58 0.23 

18.5 78.4 181 0.55 0.22 

5 Color Center Density: Annihilation and Cre­
ation 

It is important to understand the dyn&mic process of the annihilation and creation 

of optie&!ly bleachable color centers. 

5.1 Color Center Annihilation 

From the data presented in Section 4, it is straight forward to mathematie&!ly 
formulate the proceu of color center annihilation. The annihilation. speed is pro­

. portional to the existing bleachable color center density (D) and the light intensity 
used: 

tlD = -a.IDtlt (1) 

where 11 is a constant in a unit of cm.2 /mW fhour, I is the light intensity in a unit 
of mW/ cm2, and t is the time in a unit of hour. Equation 1 can be solved with a 
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solution of 
D =Doe-Al• (2) 

By using Table 5, we determined a= 0.85 cm.2/mW /hour. 

5.2 Color Center Creation 

Table 6 lists the transmittance (T) at 220 nm, corresponding light attenuation 

length (..\), total color center density (1/..\) and optical bleachable color center 
• 

density (D) for sample SIC402. These data were obtained by reirradiate SIC402 
after 1 MR.ad irradiation followed by a complete optical bleaching. 

Table 6: Transmittance and LAL of SIC402 after Irradiation 

Dosage ORad 1 kRad 100 kRad lMRad 

Transmittance(%) 78.4 63.8 49.2. 48.6 

,\(cm) 181 73 42 41 

1/..\ (1/m) 0.55 .1.4 2.4 2.5 

D (1/m) 0 0.85 1.85 1.95 

The creation speed of optically bleachable color center density (D) is proportional 

to the existing trap density (D.u -D) and to the radition dose rate, where D.u is 

the total densityof traps related to the optically bleachable color centers in the 

crystal (1.95/m for current production BaF2 crystals from SIC). 

dD = (D.u - D) bRdt (3) 

where b is a constant in a unit of 1/kRad, R is the radiation dose rate in a unit 
of kB.adfhour, and t is the time in a unit of hour. Equation 3 can also be solved 
with a solution of 

D = D.u (1 - e-r.11t) 

By using Table 6, we determined b = 0.57 /kB.ad. 
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5.3 Color Center Dynamics 

In general, annibj]ation and creation may exist at the same time. We have 

dD = -a!Ddt + (D.u - D) bRdt 

The solution of Equation 5 is 

D = bRD.i1 [1 - e-(aIHRl•] 
al+bR 

(5) 

(6) 

For each values o{'I and R, an equilibrium between annibj]ation and creation will 
be established at an optical bleachable color center density of 

D = bRD.i1 
aI+bR 

6 A Realistic Scenario of Optical Bleaching 

6.1 The Scenario 

(7) 

It should be noticed that the bleaching using 400 nm does not provide a complete 
recovery for BaF2 crystals, ie the light attenuation length (~) will not recover 

to the status of before irradiation, or after a thermal annealing (8). A realistic 

scenario of in ritu bleaching by using 400 nm light thus includes: 

• Pre-irradiation; 

• Pre-bleaching; and 

• in .situ bleaching. 

Note, the pre-irradiation discussed here is different to what discussed extensively 

by the BaF2 Expert Panel (3, 4]. The purpose of this pre-irradiation. is to activate 
those deep color centers which can not be bleached by using 400 nm light. The 
detailed dosage needed for pre-irradiation should be investigated in near future. 

The pre-blescbing can be carried out with a powerful blue lamp for naked crystals. 

This is to provide a starting light attenuation length of around 180 cm for current 
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production BaF 2 crystals. The optical coating and light response mllformity mea­

surement should be carried out after pre-bleaching. The crystal after this initial 

treatment will have a maximum light attenuation length around 180 cm and will 
not request a dark room for handling. 

Recent Monte Carlo study by K. Shmakov [9] shows that the requirement on in 
.Htu bleaching should keep the light attenuation length between 110 to 180 cm. 

By doing so, the light response uniformity and thus the high energy resolution of 

BaF2 crystal calorimeter will not be compromised. 

6.2 Energy Density Required for in sitv. Bleaching 

There are two possible approaches. for in .Htu optical bleaching: 

• bleaching when needed; and 

• bleaching during run. 

We discuss in details the energy density ~equired for these two approaches in the 
rest of this section. 

6.2.1 Bleaching when Needed 

By using Equation 2, we can calculate the energy density of 400 nm light needed 

to bleach a BaF 2 crystal from li to l2: 

" 
(8) 

- 1.12 In l/l1 - 0.55 
l/l2 - 0.55 

Assuming l 1 = 110 cm and l 2 = 160 cm, we have Ill.t = 6.3 J/cm.2 , where l:J..t = 
t 2 - ti. Equation 9 can be used to calculate power needed for any working interval 

of the light attenuation length. 

Since the sum of equivalent Bllrface area of all crystals of GEM BaF2 calorimeter 
is around 200,000 cm2 (calculated at the middle of the crystal), 1.2 MJ is needed 
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to bleach all crystals from 110 cm to 160 cm. This means that a light source with 

an effective power of 600 W would do the job in 30 minutes through 16,000 fibers 
to each crystal. 

Note, this energy density needed will be reduced by a factor of around 3 if the 
crystals were wrapped with reliector to allow multiple bounsings inside the crystal. 

By using Equation 4, we can calculate the value of the time interval (t.t) in which 
the light attenuation length degradats from A1 to A2: 

• t.t _!_In Da11 - Di (9) -• bR Da11- D2 

- 1.8 ln 2.5 - 1/ A1 

R 2.5- l/A2 

Assuming A1 = 160 cm and A2 = 110 cm, we have t.t = 0.30/R hours. The 
Equation 10 thus can be used to calculate the time interval in which the BaF2 

crystal will stay in the working interval of the light attenuation length between A1 

and A2, provided a radiation dose map is known. 

In the worst case of I'll = 2.5 at the SSC, the dose rate is around 0.4 kRad/hour at 
standard luminosity. This indicates in ritu bleaching needs to be carried out less 
than one hour at 'I = 2.5 and every 15 and 7.5 hours at 'I = 0 and 1. A&&uming a 
physics run has a beam time of 8 hours at the SSC, this approach seems applicable 

for the BaF2 barrel constructed with current production crystals at the standard 
SSC luminosity, but has limitation for end caps and high luminosity, i.e. 1034 cm-2 

s-1 • BaF 2 crystals with better quality, i.e. low total trap density Da11 and b are 
needed, if this approach is to be used in aitu. 

Note, if a powerful laser with short pulse is used, this approach may be adequate 
for current production BaF 2 crystals, even at high luminosity. Some eximer lasers, 

e.g. 351 nm laser with xenon fluoride gas should be investigated. 

6.2.2 Bleaching during Run 

An altemative approach is to implement the bleaching light constantly on crystals 
during run. Because of the solar blindness, the proposed readout device for BaF2 

crystals would not see the bleaching light at 400 nm. In this approach, crystals 
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are assumes to work at a particular light attenuation length, i.e. at a working 
point (A..}, which is the equilibrium point described in Equation 7. 

By using Equation 7, we can calculate the intensity of 400 nm light needed to 
compensate the radiation dose in situ, so that a stable light attenuation length 

(A.,) can be maintained. 

• 
• 

bR (Da11 - D.,) 
I - a.Dw 

2.5-1/A.. 
- 0.67R 1/A,.- 0.55 

(10} 

Assuming the applied light intensity is a factor of k of the value defined by Equa­
tion 11, the real light attenuation length ca.n be calculated by using Equation 7. 

D = Dan 
1 + '/c(D.n/D., -1) 

(11) 

For current production Ba.F2 crystals a.nd the defined working light attenuation 
length of 150 cm, we ha.ve the real light attenuation length of 

. 1.95 
1/>._i = 1 +15.3'/c +0.55 (12) 

The real working light attenuation length can be calculated as 169 cm for k = 
3 a.nd 111 cm for k = 0.3. It is thus clear that the deviation of the intensity 
of the bleaching light does not compromise the high resolution of Ba.F2 crystal 

calorimwter. 

Assuming a working point of A = 150 cm, the required light intensity is 10.5 

R mW/cm.2, where R is the dose rate in unit of kRadjhour. The required light 

intensity thus is proportional to the dose rate a.nd is also related to light attenuation 
length of working point. Table 7 lists the dose rate a.nd the required light intensity 
a.a a function of rapidity for GEM Ba.F 2 calorimeter. 

In this approach, the maitimum total power required for barrel is around 52 W, 
while the two endcaps need 100 W. An effective light source of 150 W thus will be 
enough to maintain 150 cm light attenuation length for entire Ba.F2 calorimeter. 

As discussed in Section 6.2.1, this intensity ca.n be reduced by a factor of around 
3, if the multi-bounsing between rell.ectors were taking into account. 
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Table 7: Light Intensity Needed to M&inta.in B&F2 at l = 150 cm 

1111 0 1 2.5 

Dose Rate (kR&d/hour) 0.02 0.04 0.4 

I (mW/cm2
) 0.21 0.42 4.2 

6.3 Implementation of Optical Bleaching through Fibers 

The bleaching lig:&t ca.n be introduced to the crystal through &n optical fiber. 
An 800 W average power ca.n be transmitted through a 1 mm fiber [7). This 
corresponds to 12.5 W for a 125 µm fiber, which greatly exceeds the power needed 
in either approaches discussed in this section. From Table 7, we ·conclude that &n 

125 µm fiber can accommodate the power needed at 'I = 2.5, if the "bkaching 
during run" approach is chosen. This is true even at high luminosity of lll34 cm-2 

,-1. 

A detailed design on tr&n&fering 400 nm light to B&F 2 crystals through optical : 
:lirbers h&& been sta.rted, and the :lirst indication is no obvious technical difficulty 
in implementing the optical fiber. · 

7 Conclusion 

We have studied optical bleaching of current production quality B&F2 crystals by 
using a monochromator with well calibrated light intensity. The study shows a 
B&F2 calorimeter can be built with current production crystals from China. With 
&n effective 150 W light source, the entire BaF 2 calorimeter can be set to work at 
150 cm light attenuation length. The key issue of radiation damage problem of 
BaF 2 crystals thus is solved. 

The ma.in conclusions of this study are: 

• Light of 400 nm wavelength was found to be more effective than the 500 nm 
light in optical bleaching of B&F 2 crystals; 

• By using 400 nm light, the saturated light attenuation length is found to be 
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around 180 cm for two current production BaF 2 crystals; 

• A maximum of efi'ective 150 W of optical power at 400 nm is needed to 
bleach all BaF2 crystals in GEM calorimeter during run at the standard SSC 

luminosity, and to keep the light attenuation length of all BaF2 crystals at 

around 150 cm; 

• The deviation ca.used by a factor of three deviation of the intensity of the 
bleaching light does not compromise the energy resolution of the Ba.F 2 calorime-

ter; 

' • By using 400 nm light, 6.3 J/cm2 is needed to bleach the crystal from ~ 

= 110 cm to 160 cm. To completely bleach the whole GEM BaF2 crystal 
calorimeter, the total energy.needed is 1.2 MJ, which can be accommodated 

by an efi'ective 700 W light source in 30 minutes; 

• Taking into account ofmulti-bounsinga of the bleaching light inside the crys­
tals, all powers and energies reported in this report are expected to be reduced 
by a factor of around 3; 

• Further improvement of crystal quii.lity, i.e. reducing D.u would certainly 

help to reduce the requirement on the power of the light source. 
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Figure 1: Transmittance of SIC302 are plotted as a function of wavelength under 
optical bleaching with different wavelengths. 
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Figure 2: Transmittance (a), light attenuation length (b) and color center density 
( c) of SIC302 are plotted as a function of time under optical annealing with different 
wavelength. 
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Figure 3: Transmittance of SIC302 are plotted as a function of wavelength under 
optical bleaching with 400 nm light. 
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Figure 4: Transmittance (a}, light attenuation length (b) and color center density 
(c) of SIC302 are plotted as a function of time under optical annealing with 400 
nm light. 
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Figure 5: Transmittance o{ SIC402 are plotted as a !unction o{ wavelength under 
optical bleaching with 400 nm light. 
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Figure 6: Transmittance (a), light attenuation length (b) and color center density 
(c) of 510402 are plotted as a function of time under optical annealing with 400 
nm light. 
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