Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title

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

Permalink

https://escholarship.org/uc/item/4zrim3sh

Author
Derenzo, S.E.

Publication Date
1981-10-01

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/4zr1m3sh
https://escholarship.org
http://www.cdlib.org/

MASTER >

SONE - R LD -]

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Presented at the 1EEEL Nuclear Scionce Symposium,
San Francisco, CA, October 21-23, 1981, and 1o be
published in IBEE Transactions on Nuclear Science,
NS-29(13, 1982

MONTE CARLO CALCULATIONS OF THE OPTICAL
COUPLING BETWEEN BISMUTH GRRNANATE CRYSTAL
AND PHOTOMULTIPLIER TURES

Stephen E. Derenrso and John k. Riie:n

October 1981

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

DISTRIBUTION OF THIS DOCUMENT 1S UNLIMITED



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

Stephen E. Derenzo and John K. Riles

LBL--13480

Donner Laboratory and Lawreuce Berkeley Laboratory

Univeraity of California

DERZ Q04p4s

Berkeley CA 94720

Summar,

The high density and atomic oumber of bismuth ger-
manatea (Bi,Ge30y7 or BGO) make it & very useful detec-
tor for positron emission tomography. Modern tomograph

designs use large noumbers of small, closely-packed
crystals for high sepatial vresolution and  thigh
sensiti{vity. However, the low light outpuc, the high

refractive index (ne2.15), and the need for accurate
timing make it important to optimize the tranafer of
light to the photomultiplier tuba (PMT). We describe
the results of a Monte Carlo computer program developed
to study the effect of crystal shape, reflector type,
and the refractive index of the PMI window on coupling
efficiency. The program simulates total internal,
external, ~nd Presnel reflection as well as internsl
abaorption and scattering by bubbles. We show that when
internal trapping in clear, polished BGO cryatals is
teduced by (a) suitable crystal shaping, (b) a PMT win~
dow with a high refractive index, or (c) non-absorbing
vacuumm bubbles, it is possible to transfer more than
60X of the scintillaticn light to the PMT. This trans-—
fer ia greatly reduced by internal absorption.

1. Introduction

The high density and atomic number of BGO mzke it
a very useful detector for applications such as posi-
tron emission tomgruphy.l Bowever, the low light out=
put and the scintillation decay time of 300 nsec make
the timing accuracy very dependent upon the optical
coupling efficiency between the crystal and the PMT.
The low light output is partly a result of the high
refractive iandex of BGO (n=2.15) that causes trapping
of light within the crystal. However, the ease of han-
dling BGO (which 1is anot affected by air or moisture)
facilitates the use of a wide variety of crystal
shapea, aurface treatments (polished, vrough), aund
external reflectors (BaS0,, Mgd, TiDj, etc.)

Qur objective is the deaign of a system with mul-
tiple rings of small closely-packed crystals coupled
individually to PMTs. Therefore, most of the examples
presented here are for rectangular BGO crystals with a
6,5 mm x 20 me face partially coupled to a 14 mm diame~
ter PMT to permit stacking in a two dimensionsl array.

Previous work has shown the importance of the
shape of the scintillator and lig}h:pisp for single
detectors of cylindrical symetry. However, this
work concentrates on the efficient coupling of small
closely-packed arrays of rectangular BGO crystals to
closely~packed cylindrical PMTs, with apecial attention
to special crystal shapes and the effects of internal
abaorption and bubbles. Lightpipes were not considered
in this work.

2. Computer Code

Figure | showe the flow chart for rhe Monte Carlo
computer program, which runs on a Digital Equipment
Corp. PDP~1}/34 computer under RSX~lIM. For the cases
presented here, computation time varied from 0.2 to 20
sec per photon, depending on parameters.
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Program input ia either read from a disc file or
entered interactively from the keyboard. The locations
of the scintillation flashes are generated in two
modes: (a) exponentially throughout the crystal to sim-
ulate broad beam exposure to 51! keV phoctons, and (b)
on a grid of poaitiona to determine the uniformity of
light callection. The initial photon direction is ran-
donly isotropic in bath cases.

Each scintillati photon 1is tracked as it re-
flects from the surfac of the cryatal and scactars on
bubblas until it is e1 er absorbed, collacted by the
PMI, or ccasidered tra,jed. Internal absorption and
bubble scattering occur whensver a corresponding random
interaction length 1is ser thac the next surface
along the path. The bubbl scattering angle is computed
from formulas for reflection from the surface of the
bubble or refraction through the bubble, depending on a
randomly derived impact radius.

the angle of inci-

At a polished crystal rface,
dence determines whethar e photon {3 (nternally
reflected. If not, a randor .umber determines whether

the photon undergoes Fresnel
or exits the crystal. Depena
photons are either collected the PMT or reach the
exteroal reflector. In the .ter case, the program
compares 3 new random number woith the reflectivity
value to determine whether the photon 1is absorbed or
redirected toward the crystal and refracted at the
interface. The prograam assumes that there {s a thin
layer of air between the polished surface and the
external reflector and that rthe angle of reflection is
uniformly isotropic and independent of incident angle.

-eflection at that angle
on the surface, exited

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

At a ometalized crystal aurface, the photon may
either be absorbed or reflected apecularly back into
the crystal.

A photon I8 considered trapped 1f it has made 500
surface contactJs without absorption or collection. Por
a palished, clear, rectangular crystal a photon is con=-
sidered trapped whenever internal rzflections have
occurred on all surfaces. Note that the partion of the
crystal in optical contact with the PMT is considered a
separate surface.

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

3. Reaults

The prograw was ueed to simulate the six cryscal
shapes shown in Fig 2A~2F. The quantities tabulated by
the program are defined in Table !.

Due to limited space, we report only on the amount
of light collected, which for BGO is the major factor
in good timing resolution. The positional uniformity of
light collection, which {nfluauces pulse height resclu-
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Spacify program input:
(1) Crystal siee and shape
(2) Humber of photana

(3) Surfaces paliehs:
(4) Raflectivity of
(5)
(8)
n
(8

rough, or metalized

sl or external reflectors
Absorption sad bubble Lnteraction lengths
Phototube window index of refractfon
Starting locarions (random or grid}

Video display or standsrd mode

[]

Bazed pn crystsl shape, set up tables for intecnal and Fresnel
reflection by surfaces and scattering by bubbles ‘

——— 11

i

If trapped, tabulate ot tr-wedj

Fm photan, generste candom directton |

i

[ Compute path to next surface- determine probabilictes
4 far bubble {ntecactlon and absorption

]

1f absorption
1 in crystal,
tabulate losa

If no absorption
fa crystal

If at another
surface

1f total internal ™\

If at PMT
{nterface

/  If n0 bubble

{gteractian

TF bubble interaction,
compute new angle

/ 1f phaton enters
PMT tabulate

callection

or fresnel, calculate
reflection angle /

[f pallahed

or perallzed

T rough

1F reflected

/1t absocbed,

tabulate loss

i

If exits cryscal,
| calculare refracted
ray angle

If total ar Fresnei
calenlate reflection
angle

(f savaltzed

calculate
reflection angle /

16 rough,
calcalate
randon angle

If reflected,
calculate nav

If absorbed

J

by external raflector,
tabulace loss

randow angie,
tefract into ceyscal

Figure 1.

tion, 18 of less Importance for opositron erission
tomography. Topics such as pulse height resolution, and
time of flight varfations within the crystal will be
treated Ln another report.

TABLE !. Glossary of terms used Ln Tables 2-10

S: 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 alumlnum

Reflectivicy of external reflector

Index of refraction of PMT window

Mean path length for internal absorption

Lyyp: Mean path length for scattering on vacuum bubbles
C: Percent collected by PMT

T: Percent trapped by internal reflection

Ayne: Percent absorbed internally

Agyr: Percent absarbed by excernal reflector

Lg: Average path length for collected photons

Ly11: Average path length for all photons

Ne: Average number of surface countacts for collected
photons
Average

Rexe *

PMT,, :
Line:

Na11t number of surface contacta for all photons

Xx8L8HO-4293

Flow chart of Monte Carlo computer program used in this work

Table 2 shows that when a cleat, polished BGD cube
ts coupled te 4 M7 with standard tindex of refraction
{n= 1.52), 4RX of the ilght {is trapped by total inter-
nal reflection, 3% {s absorbed on the external

reflector, and only 297 {s collected by the PMT (line
1). When the same crvstal 1s coupled to a PMT with
n=2.0, only 16X s trapped and 7% is absorbed exter—
nally, while 77 collected, a 2.7-fold increase
(line 2).

is

We have measured several very clear BGO crystals
with a spectrophotometer and find (after correcting for
Fresnel reflection) that an attenuation length of 20Cmm
is typical ac 480 na, the emission wavelength of BGO.
This narrow besm deasurement includes both abscrption
and scattering bv bubbles. In thege tableg, we have
chosen both the absorption length and the bubble incer~
action length to be 100 am. The combined effect (s con-
slstent with our measurements.

Table 2 (lines 3 and 4) shows that absorprion and
bubbles eliminate Lrapping but result In a large per—
cenctage of {nternally absorbed photons. By randomizing
the photon direction, acacctering on bubbles aids col-
lection while absorption reduces collection. The net
effect depends on the situation. Table 2 (llnes 5~8)
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shows that a diffuse reflectivity alsc eliminates trap-
ping and this can compensate for increased losses at
the reflecting surfaces. Table 2 (lines 9-12) showe
that evaporated aluminua results in a low collection,
in agreement with our measurements.

Table 3 shows that only 10-20% of the collected
light 1is lost by reducing the size of the crystal from
a J0mm cube to 30wa x 20mm x 6.5m;.

Table 4 shows that when this narrow crystal is
half coupled to the PMT the collection is decreased
(compare with Table 3). For clear BGO with polished
surfaces (lines 1-Z) the loss is less than when absorp-
tion is present (lines 3-4). We have measured a 40
loss in PMT pulse height when a !{ffuse reflector is
inserted between the crystal and che PMT to cover one
half of the face.

Table 5 ahowa the effect of sloping the faces (Fig
2C). Por clear, polished BGO the improvement is quite
substantial {compare 1line | with 3 or 5 or 7, etec.),
but the effect i8 reduced for BGO with abgorption (com=-
pare line 2 with 4, 6, 8, eatc.). Nonetheless, it
appears poesible to increass the collection from 27X
(line 2) to over 40% (e.g. line 4), which 18 a useful
gain. Unfortunately, the best gaina are achieved using
rather extreme shapes.

Table 6 shows that for a moderately shaped pol-
ighed crystal, the collection is not g strong functfon
of the external reflectivity (compare lines 3 and 5).
For a diffuse reflector, however, goad collection 1ia
only achieved when the external reflectivity is tigh
(compare lines 8-1Q).

Table 7 shows that for polished cryatala {nternal
abasorption haa a very gtrong effect on the amount
collected. An absorption length of 100 mm results ia
only 16Z collection (line 1) while an absorption length
of 1000 mm reaults in 45 collectfon (line 4).

Table 8 shows that a gecrrated end improves the
light output of polished crystals (compare with Table
4, line 3). but not much more than a simple slope does
ssfe Ti:jhl(eFS' Line 4). The same {s true for the pyrami-
al en ig 2E, Table 9) and the parabolic wund
2F, Table 10). nd (Fis

4. Conclusions
Qur main conclusions are symmarized below:

{1) In a clear, polished, rectangular BGO crystal about
half of the light is internally trapped (Table 2, 1ine
1). There are three ways to enable some of this crapped
light to be collected: (a) use a PMT window with high
index or refraction, (b) modify the shape of the crys-
tal, and (c) disperse non-absorbing vacuum bubbles uni-
formly within the crystal.

(2) Suitable shaping of the crystal (s the easiest way
to reduce internal trapping and for clear cryetals can
result in a collection of over 60% of the scintillation
light (Table 5, line 9).

(3) Even when internal trapping 1is low, a lasge per-
centage may be lost to {internal abasorption. Ian the
cases examined, a photon absorption length as large as
10 times the size of the erystal reduced the collection
by a factor of two (Table 7, compare lines 3 and 6).

(4) Fnr clear crystals partial coupling to the PMT does

not result in a serious loss in the collected light.
The loss 1s greater for crystals with Llncernal
absorprion. (Compare Tables ) and 4).

(S) The use of evaporated metal as a reflector results
in poorer collection than polfahed or diffuse gsurfaces.
In the cases studled, the collection with polished sur~
faces waa less sensitive to the external reflectivity
than diffuse surfaces (Table 6, compare lines 1-5 with
6~10). Thus the relative merit of polished and diffuse
surfaces depends on the reflectivity of the external
reflector.

(6) The various ghapes shown in Figs 2D-2F do not per-
form better than the shape {n Flg 2C (compare Tables 8,
9,10 with Table 5).
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TABLE 2. Collection and Loss for a Pully Coupled BGO Cube (Fig 2A)
(a=30mm, 10,000 photons each)
Line s Reyr  PMT;  Lige  Lbwb ¢ T Atne Aexr L La1y Ne ¥a11
No. 3] (am) (nm) () (¢3] (%) [(¢4] (mm) (ma)
L |4 98 1.52 @ ® 29 48 0 23 40 ® 2.5 @
2 3 98 2.00 @ @ 77 16 Q 7 156 ® 7.9 @
3 P 98 1.52 400 400 36 1] 62 Jj 132 248 7.0 12.6
4 P 98 2.00 400 400 66 0 32 2 95 123 5.1 5.5
5 D 98 1.52 @ @ 85 0 0 15 151 149 9.1 9.0
6 D 98 2.00 @ ® 89 0 0 11 106 103 6.4 6.3
7 D 98 1.52 400 400 60 0 29 il [L7 114 T.l 7.1
8 D 98 2.00 400 400 70 0 21 9 91 86 5.6 5.4
9 M 30 1.52 @® @ 25 0 4] 75 38 165 2.3 8.7
10 M 90 2.00 @ @ 52 0 0 48 45 104 2.8 5.3
11 M 90 1.52 40D “00 26 0 27 47 59 108 3.3 5.8
12 M 90 2.00 400 400 48 0 18 34 57 74 3.3 4.l
TABLE 3. Collection and Loss for a Fully Coupled Narrow Rectangular BGO Crystal (Fig 2B)
(a=30am, b=20 am, c=6.5 mm, (0,000 photouns each)
Line s negt T, Linc Lbub < T Mar  Aexr Le La1l Yo Na11
No. €3] (o) (mm) () (%) Xy ) (mm) (am)
1 P 38 1.52 w @® 30 47 o} 23 42 @ 4.5 k4
2 ? 98 2.00 @ @ 70 16 0 4 110 @© 12.4 @
k) P 98 1.52 400 400 34 4] 59 6 174 238 14.6 28.7
4 P 98 2.00 400 400 65 2 30 6 51 12 114 15.7
] D 98 1.52 @ @ 70 0 0 30 133 128 16.3 16.1
6 D 98 2.00 @ © 74 Q Q 26 12 138 13.8 13.6
7 D 98 1.52 400 400 51 Q P} 4 107 99 13.0 L7
8 D 98 2.00 400 400 57 0 22 21 97 30 11.8 .S
9 b 90 1.52 @ @ 22 Q n 72 36 69 3.8 8.5
10 M 30 2.00 @ @© 39 Q 0 61 al 51 4.8 6.3
9% M 90 1.52 400 400 20 9 15 65 40 58 4ol T.2
12 M 30 2.00 400 400 37 0 1l 52 44 2 5.1 5.7

TABLE 4. Collection and Loss for a Half Coupled
(a=30 om, b=20 mm, c=6.5 mm, d=Omm,

Line S Rayt PMT, Liag Loub
Yo. ) (mm) (mm)
1 P 38 1.52 @® @©
2 P 98 2.00 ® @©
3 P 98 1.52 400 400
4 P 98 2.00 400 400
5 s} 98 1.52 @ @
5 D 98 2.00 @ @©
7 D 98 1.52 400 400
3 D 98 2.00 400 400
9 b 90 1.52 @ ®
10 Lt 90 2.00 ® @
11 M 90 1.52 400 400
12 M 90 2.00 400 400

c
(€3]

Narrow Rectangular BGO Crystal (Fig 2C)

e=0mm, 10,000 photons each)

T AMne  Aexe e Lagl ¢ ¥a11

(V) [€3) z) (mm) (mm)

49 Q 23 (T3 @ la.t @
17 0 L 224 @ 25.4 @
0 67 ? 173 279 19.6 32.3
0 43 6 labé 170 17.1 20.9
Q o] 47 199 192 24.6 2442
0 0 41 172 164 I1.4 20.7
0 4 2 La3 130 17.7 16.8
Q 30 10 128 119 15.8 15.3
Q 0 35 61 T4 5.7 5.9
g 0 75 60 b4 6.3 7.7
0 1A 72 56 63 5.4 7.6
0 14 65 39 56 6.3 6.9



TABLE 5. Collection and Loss for a Half Coupled Narrow BGO Crystal with Sloped Faces (Fig 2C)
(a=30 mm, bw20 mm, cw6.5 am, Rext=98%, PMTy=1.52, S=P, 10,000 photons each)

Line d L) Line Lbub c T
Mo. (om) (om) (mm) (om) (¢4 )
1 0.0 0.0 @® @ 29 49
2 0.0 0.0 400 400 27 0
3 4.0 10.0 @ ® 61 22
4 0.0 10.0 400 400 35 0
5 0.0 20.0 @ @ 57 28
6 0.0 20.0 400 400 42 0
7 10.0 0.0 @ -] 55 23
8 10.0 0.0 400 400 30 0
9 10.0 10.0 @ @« 64 20
10 10.0 10.0 400 400 36 0
11 10.0 20.0 @© @ 58 27
12 10.0 20.0 400 400 44 0
13 20.0 ae.0 @ -] 57 25
14 20.0 0.0 400 400 31 0
15 20.0 10.0 -] @ 65 20
16 20.0 10.0 400 400 39 0
17 20.0 20.0 @ @ 65 2
18 10.0 20.0 400 400 47 0
TABLE 6. Collection and Loss for a
Half Coupled, Narrow, Sloped 8GO Cryatal
with Various Bxternal Reflectivities (Fig 2C)
(=30 om, =20 om, c=6.5 om, d=0 am, e=l0 om,
Ling=lipyph=400mm, PMTy=l.52, S=P, 10,000 phatons)
ldne S C T A L, N N,
No. B @ o WO e @
1 P 0 20 0 35 45 145 14l 19.0 18.7
2 P S0 25 o 40 35 152 162 19.1 21.Q
3 B 90 32 0 51 18 1A5 202 19.8 25.1
4 P 98 34 0 60 7 195 244 23.0 30.4
5 P 100 36 0 64 0 198 259 23.3 132.3
5 D Q Z 0 L 97 14 6 1.0 1.0
7 D 50 4 0 4 93 23 13 2.2 1.9
8 D 90 17 0 14 7C 63 53 7.6 7.2
@ D 98 38 0 30 31 130 121 16.9 16.3
i0 D 10n 56 Q 44 0 178 173 23.7 23.5
TABLE 7. Collection and Loss for a Half Coupled,
Narrow, Sloped, BGO Crystal with Various
Intarnal Absorption Lengths (Fig 2C)

{(a=30am, b=20mm, c=6.5um, deOmm, e=i0wm,
Rage=98%, PMT =1.52, S=P, 10,000 photons each)
iine Line Lbup € T Aqnt Aexe Lc Lall  N¢  Nal2

No. (mm) (mm) (Z) (1) (2} () (mm) (mm)

1 100 o 16 0 81 3 69 81 7.9 ll.4
2 200 « 24 0 70 6 110 L4l 12.4 19.2
3 400 ® 34 0 58 8 152 229 17.i 3l.s
4 1000 o 46 0 42 11 242 426 27.8 359.4
5 2000 S2 0 a5 14 23 686 38.0 98.4
6 @ @ 62 22 i} 16 425 o 50.6 @

Mot Aexe  L¢

[¢3) [¢3) (am)
4] 22 143
66 7 170
0 17 423
59 6 180
0 15 195
52 6 156
0 17 375
63 6 196
0 16 411
58 7 177
0 15 159
50 7 147
0 18 435
6l 7 197
Q 15 330
54 ? 173
0 14 227
47 6 138

La1]
(mm)

®
275
@
240
@©
209

®
254
@
233
«
194
®
249
@
216

m
187

Nc

14.2
19.3
50.5
2.4
23.8
20.2

39.8
22.1
51.0
2l.4
20.1
19.7

51.3
23.2
42.7
21.9
32.7
19.2

Nall

TABLE 8. Collection and Loss for a Half Caupled,

Narrow, BGO Cryetal with Serrated End (Fig 2D)

(a=30mm, b=20umm, c~6.5um, d=Omm, Rey r= 98%, S= P,
Rexc=98%, Lige=lpyp=400mm, PMTq=1.52,
10,000 photons each)

Une o h o C T Apr Aext Lc lall N Manl
No. (mm) (2) (T) (2) (2) (om) (ma)
1 1 5.00 34 0 60 6 201 241 22.1 28.6
2 2 2.50 35 0 59 6 191 237 21.3 28.5
3 3 1.67 3% 0 59 6 186 237 20.9 28.6
4 4 1.25 34 0 59 6 190 235 21.2 28.3
5 5 L.00 35 0 58 6 180 232 20.4 28.1
TABLE 9. Collection and Loss for a Half Couplead,

Line

No

Narrow BGO Crystal with Pyramidal Ead (Fig 2E)

(a=30 on, b=20 am, ¢=6.5 um,
Raxt=98%, PMIy=1.52, S=P,
Lint'Lbub"‘uo am, 10,000 photona each)

t h ¢ T
. (mm) (mm) (T) (%)
0.0 0 27
3.3 2 3% 0
6.7 2 36 0
10,0 2 36 0
3.3 4 37 0
6.7 4 37 0
10.0 4 3 0O
3.3 6 38 0
6.7 6 38 0
10.0 6 38 0

A
(

nt
3
66

59
59
58

57
58
58

57
57
58

d=Q m,

Aexr Llc Lall
(2) (am) (mm)
7 170 275
6 192 236
5 194 231
6 193 231
6 190 227
5 190 227
6 192 234
5 184 223
5 194 227
5 190 228

He

19.3

22.1
22.1
22.2

21.4
21.5

21.6 -

20-6
21.6
21.1

25.6
26.1
26.2

Lin
No

1
2
3

-5=

TABLE 10. Collection and Laas for a

Half Cou'plad.

Narrow, BGO Crystal with a Parabolic End (Fig 2F)

(a=30um, b=20ma, c=6.5md, Rege=98%, PMIg=l.52,

Lint=Llpyp=400mm, S=P, 10,000 photons each)

Ane Aaxe

Y d h Cc T
(mm) (mm) (X) (X)
0-0 2 32 0
10.0 2 36 0
0.0 4 33 0

€3]

61
57
60

%y

7

6
6

Le

am)

197
196
193

La1y
(mm)

241
230
238

g

1.7
22.2
20.9

Na11

28.9
28.0
28.2





