
MASTER 
i'.OCT - Jl II- ! :X 

LBL-13486 

[ C I Lawrence Berkeley Laboratory 
K B I UNIVERSITY OF CALIFORNIA 

Presented at the IEEE Nuclear Science Synposi uri. 
San Francisco, CA, October 21-23, 1981. and in be 
published in IEEE Transactions on Nuclear Science 
NS-29(1 ) , 1982 

MONTE .CARLO CALCULATIONS OF THE OPTICAL 
COUPLING BETWEEN BI SMITH GKRMANATI CliVS'lAI 
AND PHOTOMULTIPLIEJ! TLBES 

Stephen E. Dcrenzo and John K. \: 

October 1981 

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48 

OISTHIBU1I0H Of [HIS fJfXUMMT IS UHUMITiO 



MONTE CARLO CALCULATIONS OF THE OPTICAL COUPLING BETWEEN 
BISMUTH GERMANATE CRYSTALS AND PHOTOMULTIPLIER TUBES 

Stephen E. Dereozo and John K. R i l e s 

Donner Laboratory and Lawrence Berkeley Laboratory 
University of California 

Berkeley CA 94720 

L!1L—1340C 

DF;r:2 0 0 4 8 4 5 

Sunmary 

The high densi ty and atonic number of bismuth ger
minate (Bl 4 Ge30i2 or BCO) sake It a very useful de tec 
tor for positron emission tomography. Modern tomograph 
designs use large numbers of small , c losely-packed 
crys ta l s for high s p a t i a l reso lut ion and high 
s e n s i t i v i t y . However, the low l i gh t output, the high 
re fract ive index (n«2.15) , and Che need for accurate 
timing make i t Important Co optimize the transfer of 
l i g h t to the photomu.ltlplier tube (FKT). We describe 
the r e s u l t s of a Monte Carlo computer program developed 
co study che e f f e c t of crys ta l shape, re f l ec tor type, 
and che refract ive index of the PMT window on coupling 
e f f i c i e n c y . The program simulates to ta l Internal, 
external , *nd Presnel r e f l ec t i on as wel l as incernsl 
absorption and scat ter ing by bubbles. We show that when 
internal trapping in c lear , polished BGO c r y s t a l s i s 
reduced by (a) s u i t a b l e c r y s t a l shaping, (b) a PMT win
dow with a high re fract ive index, or (c ) nan-ab3orbing 
vacuum bubbles, I t i s poss ible to transfer more than 
601 of the s e l n t l l l a t l c n l i g h t to the PMT. This trans
fer la great ly reduced by Internal absorption. 

1. Introduction 

The high density and atomic number of BGO make It 
a very useful detector for appl icat ions such as p o s i 
tron emission tomography. 1 However, the low l i g h t out
put and the s c i n t i l l a t i o n decay time of 300 nsec make 
the timing accuracy very dependent upon the opt i ca l 
coupling e f f i c i ency between the crys ta l and the PMT. 
The low l ight output i s partly a resu l t of the high 
re fract ive index of BGO (n-2 .15) that causes trapping 
of l ight within che c r y s t a l . However, the ease of han
dling BCO (which Is aot affected by a ir or moisture) 
f a c i l i t a t e s the use of a wide var ie ty of crys ta l 
shapes, surface treatments (pol i shed, rough), and 
external r e f l e c tor s (BaS04, MgO, T102, e t c . ) 

Our object ive Is che design of a system with inul-
t l p l e rings of small c losely-packed crys ta l s coupled 
individual ly to PMTs. Therefore, most of che examples 
presenced here are for rectangular BGO c r y s t a l s with a 
6.5 mm x 20 mm face p a r t i a l l y coupled to a 14 mm diame
ter PMT to permit stacking in a two dimensional array. 

Previous work has shown the Importance of the 
shape of the s c i n t i l l a t o r and l ightpipe for s i n g l e 
detectors of cy l indr ica l symmetry.2,3,4,5 However, th i s 
work concentrates on the e f f i c i e n t coupling of small 
closely-packed arrays of rectangular BGO crys ta l s to 
closely-packed cy l indr ica l PMTs, with spec ia l a t tent ion 
to specia l c r y s t a l shapes and the e f f e c t s of Internal 
absorption and bubbles. Lightpipes were not considered 
in this work. 

2. Computer Code 

Figure 1 shows che flow chart for the Monte Carlo 
computer program, which runs on a Dig i ta l Equipment 
Corp. PDP-lJ/34 computer under RSX-L1M. For che cases 
presented here, computation time varied from 0.2 Co 20 
sec per photon, depending on parameters. 

Rei 
W-
He. 

Program input is either read from a disc file or 
entered Interactively from the keyboard. The locations 
of the scintillation flashes are generated tn two 
modes: (a) exponentially throughout the crystal to sim
ulate broad beam exposure to 511 keV photons, and (b) 
on a grid of positions to determine the uniformity of 
light collection. The Initial photon direction is ran
domly isotropic in both cases. 

Each scintillate photon is tracked as it re
flects from the surfar of che crystal and scatters on 
bubbles until it is ei or absorbed, collected by the 
PHI, or considered tr^vped. Internal absorption and 
bubble scattering occur whenever a corresponding random 
interaction length la aer than the next surface 
along the path. The bubbl scattering angle is computed 
f rom formulas for reflect ion from the surface of the 
bubble or refraction through Che bubble, depending on a 
randomly derived impact radius. 

At a polished crystal rface, Che angle of inci
dence determines whether e photon is internally 
reflected. If not, a random -umber determines whether 
the photon undergoes Fresnel -eflection at that angle 
or exits che crystal. Depenc on the surface, exited 
photons are either collected the PMT or reach the 
external reflector. In the -ter case, the program 
compares a new random number with Che reflectivity 
value to determine whether the photon is absorbed or 
redirected toward Che crystal and refracted at che 
Interface. The program assumes Chat there 1B a thin 
layer of air between the polished surface and the 
external reflector and that the angle of reflection Is 
uniformly isotropic and independent of incident angle-

At a rough crystal surface, the photon may either 
be absorbed or reflected isotropically back into che 
crystal. 

At a metaiized crystal surface, the photon may 
either be absorbed or reflected specularly back into 
Che crystal. 

A photon la considered crapped if It has made 500 
surface contactd without absorption or collection. For 
a polished, clear, rectangular crystal a photon is con
sidered trapped whenever internal reflections have 
occurred on all surfaces. Note thac the portion of the 
crystal In optical contact with the PMT is considered a 
separate surface. 

To check the program and Co gain a perspective on 
how photons are absorbed and collected for crystals of 
various shapes, an option was provided chat displays 
the cryscal outline and Che path of each photon in a 
video graphics monitor. 

3. Results 

The progran was ueed to simulate the six crys ta l 
shapes sho^n in Fig 2A-2F. The quant i t i e s tabulated by 
the program are defined in Table t. 

nmental D u e C o l imited space, we report only on the amount 
act No. °f l ight c o l l e c t e d , which for BGO la the m a j c factor 
tea of ^ n 8°°d timing reso lut ion . The pos i t iona l uniformity of 

l i gh t c o l l e c t i o n , which influences pulse height resolu-
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Specify prograa Input 
( I ) Crystal f i t * and •hapo 
( 2 ) Nusber of photona 
( 3 ) Surfaces polished rough, or netallzed 
( 4 ) Reflectivity of w t«l or aternal ra flectors 
<5> Absorption and bubble Interaction le ngths 
( 6 ) phototube window ndex of refraction 
( M Starting location (randoa or grid) 
(9) Video display or tandsrd node 

Baaed on crystal shape, act up table* for Internal and freanel 
reflection by surfaces and scattering by bubbles 

53J —^ !f trapped, tabula If -.ot trappedV-

I Hew photon, generate randoa direction I 

JZ^ Coapute path to next surface- determine probabtlltlei 
for bubble Interaction and absorption 

If absorption If n o absorption 
In crystal. ii crystal 

v tabulate loss ' < If no bubble If bubble Interact ion, \ 
Interact Ian compute iev .insjle >r 

L< 
If at PMT If at another 
Interface surface 

If photon enter* If total Internal V 

PUT tabulate or Frestiel calculate 
v collection reflect on . „ , ! . „ 

< If .ib*orb«d. ^ ref leccert \ 

< : 

/ ' If eiclts crystal. If total or Presnel \ / If rnu ] 

• /^ calculate refracted calculate reflection \—•—^ "-alcMl 
I X ray angle angle yf \ randon 

If absorbed 
external raflectoi 
tabulate loss 

If reflected, 
calculate now 
randoa angle, 

fract Into cryacal 

f l e c t i o n ^ r u l e y ^ 

X 8 L . a i l Q - 4 Z 9 3 

ure 1. Flow chart of MontP Carlo computer program used in this 

tion, la of leas Lmportance for oositron emission 
tomography. Topics such as pulse height resolution, and 
time of flight variations within the crystal will be 
treated In another report. 

TABLE 1. Glossary of terms used In Tables 2 

P, D, or M surface types 
P: Polished and coated with white powder 
D: Rough and coated with white powder 
M: Polished and evaporated with aluminum 

^ x t 
PMT n 

Alnt 
^ext 
Lfj: 
Lall 
N C: 

•11 ; 

Reflectivity of external reflector 
Index of refraction of PMT window 
Mean path length for Internal absorption 
Mean path length for scattering on vacuum bubblea 
Percent collected by PMT 
Percent trapped by Internal reflection 
Percent absorbed internally 
Percent absorbed by external reflector 
Average path length for collected photons 
Average path length for all photons 
Average number nf surface contacts for collected 
photons 
Average number of surface contacts for all photons 

Table 2 shows t hac when a cleat, uolished BGO cube 
is coupled to -i i"'T with standard Index jf refract ion 
(n- 1.52), 4fl" of" the ll^ht is trapped by total inter
nal reflection, 21" is absorbed on the external 
reflector, and only 29" is collected by the PMT (line 
1). When the same crvstal is coupled Co a PMT with 
n-2.0, only l&Z Is trapped and 7X is absorbed exter
nally, while 1~!1 is collected, a 2.7-fold increase 
(line 2). 

We have measured several very clear BGO crystals 
with a spectrophotometer and find (after correcting for 
Fresnel reflection) that an attenuation length of 200mm 
Is typical at ^80 nro, the eml ssion wavelength of BCO. 
Thia narrow beam ae as u cement includes both absorption 
and scattering bv bubbles. In these tablet;, we have 
chosen both the absorptlon length and the bubble inter
act ion length tn be J00 mm. The combined effect is con-
sistent with our measurements. 

Table 2 (lines 3 and 4) shows that absorption and 
bubbles eliminate Lrapping but result In a large per
centage of Internallv absorbed photons. By randomizing 
the photon dl rectlon, scattering on bubbles aids col
lection while absorption reduces collection. The net 
effect depends on the situation. Table 2 (lines !>-8) 
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shows that a d i f fuse r e f l e c t i v i t y a l s o e l imina tes t r a p 
ping and t h i s can compensate for increased losses at 
the r e f l ec t i ng su r f aces . Table 2 ( l i n e s 9-12) shows 
tha t evaporated aluminum r e s u l t s in a low c o l l e c t i o n , 
in agreement with our measurements. 

Table 3 shows that only 10-20Z of the co l l ec t ed 
l i g h t i s l o s t by reducing the s i ze of the c r y s t a l frctft 
a 30mm cube to 30am x 20mm x 6.5mm. 

Table 4 shows that when t h i s narrow c r y s t a l i s 
half coupled to the PMT the c o l l e c t i o n i s decreased 
(compare with Table 3) . For c l e a r BGO with pol ished 
surfaces ( l i n e s 1-2) the loss i s l e ss than when absorp
t i o n is present ( l i n e s 3 -4 ) . We have measured a 40X 
l o s s in PMT pulse height when a diffuse r e f l e c t o r Is 
Inser ted between the c r y s t a l and the PMT to cover one 
half of the face. 

Table 5 shows the e f fec t of s loping the faces (Fig 
2C). For c l e a r , polished BGO the Improvement la qu i t e 
s u b s t a n t i a l (compare l ine ] with 3 or 5 or 7, e t c . ) , 
but the effect Is reduced for BOO with absorpt ion (com
pare l ine 2 with 4, 6, 8, e t c . ) . Nonetheless , I t 
appears pass ib le to increase the c o l l e c t i o n from 27X 
( l i n e 2) to over 401 ( e . g . l i ne 4 ) , which i s a useful 
g a i n . Unfortunately, the best gains are achieved using 
r a the r extreme shapes. 

Table 6 shows rhat for a moderately shaped p o l 
ished c r y s t a l , the c o l l e c t i o n Is not a s t rong funct ion 
of the ex te rna l r e f l e c t i v i t y (compare Lines 3 and 5 ) . 
For a diffuse r e f l e c t o r , however, good c o l l e c t i o n Is 
only achieved when the ex t e rna l r e f l e c t i v i t y I s high 
(compare Lines 8-10) . 

Table 7 showB that for polished c r y s t a l s I n t e r n a l 
absorpt ion has a very strong ef fec t on the amount 
c o l l e c t e d . An absorpt ion length or 100 mm r e s u l t s In 
only 16Z c o l l e c t i o n ( l i n e I) while an absorpt ion Length 
of 1000 mm re su l t s In 45Z c o l l e c t i o n ( l i n e 4 ) . 

Table 8 shows chat a s e r r a t ed end Improves Che 
l i g h t output of pol ished c r y s t a l s (compare with Table 
4, l ine 3) . but not much more than a simple slope does 
(see Table 5, l ine 4 ) . The sane is t rue for the pyrami
dal end (Fig 2E, TabLe 9) and the parabol ic end (Fie 
2F, Table 10). K 

4. Conclusions 

Our main conclusions are r lzed belaw: 

(1) In a c l e a r , po l i shed , r ec t angu la r BGO c r y s t a l about 
half of the l i gh t Is i n t e r n a l l y trapped (Table 2, l i ne 
1 ) . There are three ways to enable some of th i s crapped 
l i g h t to be c o l l e c t e d : (a ) use a FMT window with high 
index of ' •efract ion, (b) modify the shape of the c r y s 
t a l , and (c) d i spe r se non-absorbing vacuum bubbles u n i 
formly wi th in the c r y s t a l . 

(2) Su i tab le shaping of the c r y s t a l i s the e a s i e s t way 
to reduce In t e rna l t rapping and for c l ea r c r y s t a l s can 
r e s u l t in a c o l l e c t i o n of over 602 of the s c i n t i l l a t i o n 
l i g h t (Table 5, l i ne 9 ) . 

(3) Even when In te rna l t rapping Is low, a la.'ge pe r 
centage may be los t to In t e rna l abso rp t ion . In the 
cases examined, a photon absorp t ion length as Large as 
10 times the s i z e of the c r y s t a l reduced the c o l l e c t i o n 
by a fac tor of cwo (Table 7, compare Lines 3 and 6 ) . 

(4) For c l e a r c r y s t a l s p a r t i a l coupling to the PMT does 
not r e su l t In a se r ious loss In the co l l ec t ed l i g h t . 
The Loss i s g rea te r for c r y s t a l s with i n t e r n a l 
abso rp t ion . (Compare Tables 3 and 4 ) . 

(5) The use of evaporated metal as a r e f l e c t o r r e s u l t s 
In poorer c o l l e c t i o n than polished or d i f fuse s u r f a c e s . 
In the cases s t ud i ed , the c o l l e c t i o n with polished s u r 
faces was l e s s s e n s i t i v e Co the ex te rna l r e f l e c t i v i t y 
than diffuse surfaces (Table 6, compare l ines 1-5 with 
6 -10) . Thus Che r e l a t i v e mer i t of pol ished and d i f fuse 
surfaces depends on the r e f l e c t i v i t y ot the ex te rna l 
r e f l e c t o r . 

(6) The various shapes shown In FlgB 2D-2E do not pe r 
form b e t t e r than the shape in Fig 2C (compare Tables 8, 
9,10 with Table 5 ) . 
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TABLE 2. Col lect ion and Lose for a Fully Coupled BGO Cube (Fig 2A) 
(a-aOan, 10,000 photons each) 

LLam S W M T n 
L l n c '"bub C T A l n t -w Lc u«n "c " a l l 

No . >:) Can) (ma) (X) (X) (X) CX) (ma) (ma) 

1 P 98 1 . 5 2 CD CO 29 48 0 23 40 CO 2 . 5 CO 

2 P 9 8 2 . 0 0 CO CO 77 16 0 7 156 CD 7 . 9 CO 
3 P 98 1 . 5 2 400 4 0 0 36 0 62 3 132 248 7 . 0 1 2 . 6 
4 P 98 2 . 0 0 400 400 66 0 32 2 95 123 5 . 1 6 . 5 

5 D 9 8 1 .52 a> CO 85 0 0 15 151 149 9 . 1 9 . 0 
6 D 9 8 2 . 0 0 CO CO 89 0 0 U 106 103 6 . 4 6 . 3 
7 D 98 1 .52 400 4 0 0 60 0 29 i l 117 114 7 . 1 7 . 1 
8 D 9 8 2 . 0 0 400 400 70 0 21 9 91 86 5 . 6 5 . 4 

9 M 90 1 .52 CO CO 25 0 0 75 38 165 2 . 3 8 . 7 
10 M 90 2 . 0 0 CO CO 52 0 0 48 45 104 2 . 8 5 . 5 
11 M 9 0 1 . 5 2 4 0 0 •>oo 26 0 27 47 59 108 3 . 3 5 . 8 
12 M 90 2 . 0 0 400 400 48 0 18 34 57 74 3 . 3 4 . 1 

TABLE 3. Col lect ion and Loss for a Fully Coupled Marrow Electanguiar 3C0 Crystal (Fig 2B) 
(a-30am, b-20 rca, c -6 .5 mm, [0,000 photons each) 

U n a S R e x t POT n 4nc L b u b C T •Hoc • w k L a l l »C " a l l 
No . (X) (mm) (mm) CX) CX) CI) CX) (mm) (mm) 

1 P 98 1 .52 JO CO 30 47 0 23 42 CO 4 . 5 a j 
2 P 9 8 2 . 0 0 CO CO 70 16 0 14 110 CO 1 2 . 4 CO 
3 P 98 1 .52 400 400 34 0 59 6 l ' . ' i 238 1 4 . 6 2 8 . 7 
4 P 98 2 . 0 0 400 400 65 0 30 6 n 121 1 1 . 4 1 5 . 7 

5 D 9 8 1 . 5 2 CO CO 70 0 0 30 133 128 1 6 . 3 1 6 . 1 
6 D 98 2 . 0 0 CO co 74 0 0 26 112 1J8 1 3 . 8 1 3 . 6 
7 D 98 1 .52 4 0 0 400 51 0 25 24 107 99 1 3 . 0 1 2 . 7 
8 D 9 8 2 . 0 0 400 400 57 0 22 2 ! 97 90 1 1 . 8 1 1 . 5 

9 M 90 1 .52 CO CO 22 0 0 72 36 69 3 . 8 8 . 5 
10 « 90 2 . 0 0 CO CO 39 0 0 61 41 51 4 . 8 & . • . 

11 M 90 1 .52 400 400 20 0 15 65 40 58 4 . 1 7 . 2 
12 M 90 2 . 0 0 400 400 37 0 11 52 44 44 5 .1 5 . 7 

TABLE 4. Col lect ion and Loss for a Half Ooupled Narrow Rectangular BGO Crystal 
(a-30 (BB, b-20 am, c"6-5 on, d«0mn, e»0mm, 10,000 photons each) 

Fig :c) 

. i n s S ^ x t PMT n 
L l n t L b u b C T A l n t V x t k L a l l "c " a l l 

S o . CX) (ma) (mm) CX) (t) (X) (X) (mm) (mm) 

1 P 98 1 .52 CO CO 28 49 0 23 141 CO 1 4 . 1 CD 
2 P 98 2 . 0 0 CO CO 66 17 0 17 224 CO 2 5 . 4 CO 
3 P 98 1 . 5 2 400 400 26 0 67 7 173 27-1 1 9 . 6 3 2 . 3 
4 P 9 8 2 . 0 0 400 4 0 0 51 0 43 6 146 170 1 7 . 1 2 0 . 9 

5 D 98 1 .52 CO CO 53 0 0 47 199 192 2 4 . 6 2 4 . 2 
6 D 9 8 2 . 0 0 CO CO 59 0 0 41 172 164 2 1 . 4 2 0 . 7 
7 D 98 1 .52 400 400 34 0 34 32 143 130 1 7 . 7 1 6 . 8 
8 0 9B 2 . 0 0 400 400 40 0 30 30 12S 119 1 5 . 8 1 5 . 3 

9 .1 90 1.52 CO CO 15 0 0 35 61 ' i 5 .7 6 . 9 
10 .1 90 2 . 0 0 CO CO 25 u 0 75 60 64 6 . 3 7 . 7 
11 M 90 1 .52 4 0 0 400 12 0 16 72 56 63 5 . 4 7 . 6 
12 H 90 2 . 0 0 400 400 21 0 14 65 59 56 6 . 3 6 . 9 
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Col lect ion and LOBS for a Half Coupled Narrow BGO Cryital with Sloped Facta (Fig 2C> 
(a-30 n , b-20 m , c-6 .5 u . Roxt" 9 8 5 : » PMT n-l-52, S-P, 10,000 photon* each) 

*ioe d e uint Lbub C T *lnt *ext 1-C Lall NC 
No. («•> («•> (nn) CZ> (Z> (Z) (Z) (nn) (ran) 

1 0.0 0.0 CD CD 29 49 0 22 143 m 14.2 
2 0.0 0.0 400 400 27 0 66 7 170 275 19.3 
3 0.0 10.0 OD OD 61 22 0 17 423 co 50.5 
4 0.0 10.0 400 400 35 0 59 6 180 240 21.4 
5 0.0 20.0 CO a> 57 28 0 15 195 00 23.8 
6 fl.O 20.0 400 400 42 0 52 6 156 209 20.2 

7 10.0 0.0 OD 03 55 28 0 17 375 CD 39.8 
8 10.0 0.0 400 400 30 0 63 6 196 254 22.1 
9 10.0 10.0 03 CD 64 20 0 16 411 CO 51.0 
10 10.0 10.0 400 400 36 0 58 7 177 233 21.4 
11 10.0 20.0 a> 03 58 27 0 15 159 o 20.1 
12 10.0 20.0 400 400 44 0 50 7 147 194 19.7 

13 20.0 0.0 CD 00 57 25 0 18 435 00 51.3 
14 20.0 0.0 400 400 31 0 61 7 197 249 23.2 
15 20.0 10.0 as a> 65 20 0 15 330 00 42.7 
16 20.0 10.0 400 400 39 0 54 7 173 216 21.9 
17 20.0 20.0 a) GO 65 22 0 14 227 00 32.7 
18 20.0 20.0 400 400 47 0 47 6 138 187 19.2 

"al l 

27.0 

TABLE 6. Collection and Loas for a 
Half Coupled, Narrow, Sloped BGO Crystal 

with Various External Reflectivities (Fig 2C) 
(a-30 ma, b-20 ana, c-6.5 an, d-0 nm, e-10 am, 

L l n t " L b u b - 4 0 a " » . FMT„-1.52, S-P, 10,000 photona) 

Line 
No. fir <zc) <zT) km *m & to "c Nal1 

0 
50 
90 
98 

100 

20 
25 
32 
34 
36 

6 D 0 2 
7 D 50 4 
8 D 90 17 
? D 98 38 

10 D 100 56 

35 
40 
51 
60 
64 

14 
30 
44 

45 
35 
18 
7 
0 

97 
93 
7C 
31 

145 141 19.0 18.7 
152 162 19.3 21.0 
165 202 
195 244 

19.8 25.1 
23.0 30.4 

198 259 23.3 32.3 

14 6 1.0 1.0 
23 13 2.2 1.9 
63 53 7.6 7.2 

130 121 16.9 16.3 
178 173 23.7 23.5 

TABLE 8. Col lect ion and Loaa for a Half Coupled, 
Narrow, BGO Cryatal with serrated End (Fig 2D) 

(a-30ram, b-20mn, C-6.5OB», d-Omm, R^^t- 98Z, S- P, 
R. X C -98Z, L l n t - L b u b - 4 0 0 « m , PMT n-1.52. 

10,000 phocona each) 

Lina 
Ho. 

1 
2 
3 
4 
5 

h C T A ^ t A^xt LC L a l l NC N a l l 

(ma) (X) ( I ) (Z) (X) (ma) (ma) 

5.00 34 
2.50 35 
1.67 
1.25 

34 
34 

5 1.00 35 

60 
59 
59 
59 
58 

24l 22.1 
237 

201 
191 
186 
190 
180 232 20.4 

237 20.9 
235 21.2 

21.3 28.5 
28.6 
28.3 
28.1 

TABLE 9. Collection and Loea for a Half Coupled, 
Narrow BGO Crystal with Pyramidal End (Fig 2E) 

(a-30 na, b-20 am, c-6.5 an, d-0 an, 
Hext-981, PMT„-1.52, S-P, 

-I-fc„h-*00 Lint" Lbub 10,000 photona each) 

Line 
No. 

f h C T Atnt AJJC L C L a l l 

(mm) (mm) (Z) (Z) (Z) (Z) (am) (mn) 
»C Sail 

170 275 19.3 32.8 

TABLE 7. Collection and Lose for a Half Coupled, 
Narrow, Sloped, BG0 Cryatal with Varioua 

Internal Absorption Lengths (Fig 2C) 
(a-30oua, b-20an, c-6.5mn, d-Omn, e-lOmn, 

R „ C - 9 8 Z , PMTn-1.52, S-P, 10,000 photona each) 

Line L l n t Lbuo C T A l n t A,,,. L c L a l l 

No. (mn) (on) (Z) (Z) (Z) (Z) (mn) (an) 

100 
200 
400 

1000 
2000 

16 
24 
34 
46 
52 

31 
70 
58 
42 
35 

69 
110 

8 152 229 

Nr 

7.9 
12.4 
17.1 

242 426 27.8 

11.4 
19.2 
31.4 
59.4 

323 686 38.0 98.4 

2 3.3 2 35 
3 6.7 2 36 
4 10.0 2 36 

5 3.3 4 37 
6 6.7 4 37 
7 10.0 4 36 

8 3.3 6 38 
9 6.7 6 38 

10 10.0 6 38 

0 59 6 192 236 22.1 26.8 
0 59 5 194 231 22.1 26.3 
0 58 6 193 231 22.2 26.3 

0 57 6 190 227 21.4 25.9 
0 58 5 190 227 21.5 25.9 
0 58 6 192 234 21.6 26.8 

a 57 5 184 223 20.6 25.6 
0 57 5 194 227 21.6 26.1 
0 58 5 190 228 21.1 26.2 

TABLE 10. Col lect ion and Loaa for a Half Coupled, 
Narrow, BGO Cryatal with a Parabolic End (Fig 2F) 

(a-30nn, b-20mn, c-6.5mn, R^^-gaZ, PKT n-1.52, 
Lint-L^ij^OOnai, S-P, 10,000 photons each) 

Line d h C T A ^ 
No (ma) (on) (Z) (Z) (Z) 

*ext Lc L a l l N- N a l l 

(Z) (mo) (mn) 

1 0-0 2 32 0 61 
2 10.0 2 36 0 57 
J 0.0 4 33 0 60 

-5-

7 197 241 21.7 28.9 
6 196 230 22.2 28.0 
6 193 238 20.9 28.2 


