
p h y s i c s d e p a r t m e n t <u»+ UKD.BEP.86.RB02
umvcf6ity of note d v February 1986

CONF-860168—6

DE87 000596

Scintillating Fiber Tracking Techniques*

R. Ruchti
University of Notre Dame, Notre Dame, IN 46556

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

*Submitted to the Proceedings of the Workshop on Observable Standard
Model Physics at the SSC: Monte Carlo Simulation and Detection
Capabilities, UCLA, Los Angeles, California, January 15-24, 1986.

JMSTER
notrc 4amt, Indiana 46556.
work supported m part by th« national sclanca foundation DISTRIBUTION OF THIS DOCUMENT £



S C I N T I L L A T I N G F I B E R T R A C K I N G T E C H N I Q U E S

R. R u c h t i
U n i v e r s i t y of N o t r e D a m e , N o t r e D a n e , In 4 6 5 5 6

I. I N T R O D U C T I O N

S c i n t i l l a t i n g fiber d e t e c t o r s r e p r e s e n t a p a r t i c u l a r l y
e l e g a n t s o l u t i o n to SSC t r a c k i n g p r o b l e m s . C a p a b l e of b e i n g
d r a w n into w a v e g u i d e s of very small c r o s s s e c t i o n and long
a x i a l l e n g t h , these d e t e c t o r s hold p r o m i s e for p r o v i d i n g
h i g h r e s o l u t i o n t r a c k i n g i n f o r m a t i o n in large v o l u m e
d e t e c t o r s as w e l l as m i c r o v e r t e x d e v i c e s .

The r e s u r g e n c e of e n t h u s i a s m for s c i n t i l l a t i o n i m a g i n g ,
a f t e r two d e c a d e s of m a l a i s e , has b e e n k i n d l e d by the
s u c c e s s f u l d e v e l o p m e n t of new s c i n t i l l a t i o n g l a s s e s 1 * * and
p l a s t i c s 1 ! ' >4 w h i c h can be clad and d r a w n into f u n c t i o n a l
w a v e g u i d e s , as wel l as d e v e l o p m e n t s in image i n t e n s i f i c a t i o n
and e l e c t r o n i c i m a g i n g s y s t e m s . ' T r a c k s and i n t e r a c t i o n s
h a v e b e e n r e c o r d e d s u c c e s s f u l l y and w i t h g o o d e f f i c i e n c y in
2 5 u n g l a s s f i b e r s 1 , ' of s 2cm l e n g t h , in lmm p l a s t i c
f i b e r s ' , ' of >lm l e n g t h , and in n u l t i f i b e r b u n d l e s of
l O O u n f i b e r s * of s 3 0 c m l e n g t h , m a k i n g t h e s e d e t e c t o r s
p o t e n t i a l c o m p e t i t o r s w i t h s i l i c o n m i c r o s t r i p s , C C D s a n d
d r i f t c h a m b e r s .

H o w e v e r , to r e a l i z e a u s e f u l d e t e c t o r b a s e d u p o n
s c i n t i l l a t i n g f i b e r m a t e r i a l s w i l l n e c e s s i t a t e f u r t h e r R and
D . It is the p u r p o s e of th i s p a p e r to i n d i c a t e the c u r r e n t
s t a t u s of the fie l d and to s u g g e s t a v e n u e s for f u r t h e r w o r k .

II. SCINTILLATION FIBER DETECTORS

T h e f u n d a m e n t a l s t r u c t u r e of a s c i n t i l l a t i o n t r a c k i n g
d e v i c e is the f i b e r - o p t i c w a v e g u i d e . T h e r e are m a n y
p o s s i b l e f o r m s for such a g u i d e : c i r c u l a r c r o s s s e c t i o n ,
s q u a r e c r o s s s e c t i o n , h e x a g o n a l c r o s s s e c t i o n , to n a m e but a
few. W a v e g u i d e s are al s o d i s t i n g u i s h e d by t h e i r r e f r a c t i v e
index p r o f i l e , two e x a m p l e s of w h i c h are i n d i c a t e d in F i g . 1
for t g u i d e of c i r c u l a r c r o s s s e c t i o n . F or a p a r t i c l e
d e t e c t o r , the gui d e w o u l d c o n s i s t of a s c i v t i l l a t i n g c o r e
m a t e r i a l of index B ^ a n o n - s c i n t i l 1 a t i n g c l a d d i n g of
index n 2 < n : i and an o p t i o n a l c o a t i n g c a l l e d e x t r a m u r a l
a b s o r b e r w h i c h r e s i d e s on the e x t e r n a l s u r f a c e of the
c l a d d i n g . To d a t e , all s c i n t i l l a t i n g f i b e r s m a n u f a c t u r e d
for p a r t i c l e p h y s i c s h a v e b e e n of the " s t e p - i n d e x " t y p e ,
w h i c h h a s a s m o o t h but a b r u p t t r a n s i t i o n b e t w e e n c o r e and
c l a d d i n g i n d i c e s . T y p i c a l index d i f f e r e n c e s are
An = nx - n, i O . 1 . For such v a l u e s of An, t y p i c a l l y
£ 1 0 % of the s c i n t i l l a t i o n light p r o d u c e d w i t h i n a g i v e n
f i b e r is t r a p p e d by i n t e r n a l r e f l e c t i o n w i t h i n that f i b e r .



Core Material: Candidate core materials may be derived
from glass, plastic, or liquid scinti11 ators. Table I
presents a list of several recently developed materials,
including values of quantum efficiency (Qli) and attenuation
length ( A) for fibers of a specified diameter. To date
plastic scinti11 ators have provided the highest QE and
largest values of A (for fibers of diameter - l a a ) , whereas
glass and liquid scinti1 lators have provided the highest
resolution waveguides (fibers with diameters ~2 5|im).
Values of refractive indices for core and cladding measured
at Na(D) are indicated in the table. These indices are in
fact somewhat higher at the wavelengths of principal
emission (which are in the blue), but because the cladding
index is also higher at shorter wavelength. An is not
changed appreciably.

Cladding material: Cladding material is an additional,
indispensible element of a fiber-optic waveguide, and it
must be carefully selected to match the core material for
several reasons. First, the wave which is propagating in a
guide propagates in both the core ±£<1 the cladding — hence
the cladding must be transparent to the scintillation light.

to contain the
that most of the
useful rule of
four wavelengths
to the core in

Second, the cladding must be thick enough
evanescent wave, yet sufficiently thin
volume of the fiber is active material. A
thumb is that the cladcing should be about
thick. Third, the cladding must be matched
terms of thermodynamic properties, so that a high quality
interface between core and cladding results during the fiber
drawing process. This last requirement could be avoided
through the use of soft, silicone cladding materials which
have a very low refractive index (n x=1.3S}, but the
fragility of such coatings makes them unattractive if any
handling of the fiber guide is required.

EMA (( CLAD n2( (CORE n,

n
n.

Fig. 1 Schematic of fiber optic waveguides:
"step-index"; right, "graded index".

left,



E x t r a - m u r a l A b s o r b e r : T h e u s e o f e x t r a m u r a l a b s o r b e r s
( E M A ) h a s b e e n f o u n d t o b e e s s e n t i a l t o r e m o v e t h e b u l k o f
t h e s c i n t i l l a t i o n l i g h t w h i c h i s p r o d u c e d but. n o t t r a p p e d i n
t h e f i b e r o f o r i g i n , a n d w h i c h w o u l d o t h e r w i s e p r o p a g a t e
f r e e l y t h r o u g h o u t t h e v o l u m e o f t h e d e t e c t o r . T h i s c a n b e
a c c o m p l i s h e d b y s e v e r a l f o r m s o f E M A : " s u p e r - f a c i a l " i n
w h i c h o p a q u e m a t e r i a l o r a n a l u m i n u m r e f e c t i v e l a y e r r e s i d e s
o n t h e o u t e r s u r f a c e s o f t h e c l a d d i n g a s i n d i c a t e d i n
F i g . 1 , b y " i n t e r s t i t i a l " p l a c e m e n t o f o p a q u e , a b s o r b i n g
f i b e r s w i t h i n t h e f i b e r l a t t i c e , o r b y d a r k w a x o r b l a c k
e p o x y f u s i o n s i f m u l t i f i b e r b u n d l e s a r e e m p l o y e d .

T.il

rujM-rt i e s of Sc ii11ji J i /it in); Fi ln*rs

Material

Polystyrene3

Polystyrene

Polystyrene
(PHD + .022

3-HF)

ScintilIat ion

Efficiency

10 Photons/keV

10

12

nj(core)

1.58

1.59

1.58

n f-!ad)

1.50

1.46

1.50

Attenuation

Length

120 cm

120

90

Diameter

1 nun

1

1

Class CS1/SC2OJ 3-4 1.56 j .49 <20 1
- 4 0.025

Liquids'5

1-Methylnapthalene
+BIS/NSB 10 1.62 1.49 > 2.5 0.050

1-Phenylnap d i a l o n e
+DPH
+D!'A 10 1.67 1.49 > 2 . 5 0.050

a) R. fiinns, Washington University, St. Louis
b) K. Bourdinaud, SACLAY
c ) A . B r o s s , K e r m i l a h nnJ R. E i n n s
d ) R. R u c l i t i , N o t r e DJ.TIC, nnd A. i t r o s s anil -I. K i r U > \ . CKKN
f ) D. P o t t e r , C a r n e g i e :iell<>:i U n i v e r s i t y



A t t e n u a t i o n L e n g t h : T h e a t t e n u a t i o n l e n g t h s of the
m a t e r i a l s p r e s e n t e d in T a b l e I a r e in the m e t e r r a n g e for
p l a s t i c f i b e r s of lmm d i a m e t e r , and in t h e 4-5 cm r a n g e for
g l a s s f i b e r s of ~25(im d i a m e t e r . T h e s e v a l u e s a r e t h o u g h t
to be d o m i n a t e d by l o c a l i r r e g u l a r i t i e s in r e f r a c t i v e i n d e x
a n d in the q u a l i t y of the i n t e r f a c e b e t w e e n c o r e and
c l a d d i n g m a t e r i a l s . A d d i t i o n a l l y , for g l a s s e s t h e r e is a
s i g n i f i c a n t p r o b l e m a s s o c i a t e d w i t h s e l f - a b s o r p t i o n in the
m a t e r i a l due to the p r e s e n c e of an u n d e s i r a b l e v a l e n c e s t a t e
of C e r i u m ( 4 + ) a n d w i t h d e v i t r i f i c a t i o n or c r y s t a l l i z a t i o n
o f the m a t e r i a l on a m i c r o s c o p i c s c a l e . *,*,* B o t h
of t h e s e e f f e c t s l e a d to s u b s t a n t i a l r e d u c t i o n in l i g h t
p r o p a g a t i o n .

R a d i a t i o n R e s i s t a n c e : A n o t e w o r t h y p r o p e r t y of C e r i u m
g l a s s and p o l y s t y r e n e p l a s t i c s c i n t i l l a t o r s is t h e i r
r a d i a t i o n r e s i s t a n c e . C e r i u m g l a s s s a m p l e s of 4 m e t h i c k n e s s
c a n t o l e r a t e d o s a g e s in e x c e s s of 1 0 ' r a d s w i t h 2 0 % l i g h t
t r a n s m i s s i o n l o s s at p e a k f l u o r e s c e n c e ( 3 9 5 n m ) . * « * In
f a c t . C e r i u m is a c o m m o n a d d i t i v e to m a n y g l a s s e s to e n h a n c e
r a d i a t i o n r e s i s t a n c e . P o l y s t y r e n e s c i n t i l l a t i o n f i b e r s o f
the S a c l a y t y p e , a f t e r an e x p o s u r e of 3 x 1 0 * r a d s , a r e
f o u n d to h a v e a f a c t o r of 2 r e d u c t i o n in a t t e n u a t i o n
l e n g t h . 1 T h i s is s i g n i f i c a n t l y b e t t e r t h a n c u r r e n t
e x p e r i e n c e w i t h a c r y l i c s c i n t i 1 l a t o r s .

F i b e r P r o f i l e : F i n a l l y o n e c a n q u e s t i o n t h e u t i l i t y of
the " s t e p - i n d e x " f i b e r g u i d e , w h e n m o r e e f f i c i e n t w a v e g u i d e s
h a v e b e e n d e v e l o p e d by the c o m m u n i c a t i o n s i n d u s t r y w i t h
a t t e n u a t i o n l e n g t h s of m a n y k i l o m e t e r s . T h e a n s w e r is
s i m p l y that the p h y s i c a l s i t u a t i o n is v a s t l y d i f f e r e n t in
t h e t w o c a s e s . In t h e c o m m u n i c a t i o n p r o b l e m , t h e r e is
e s s e n t i a l l y an i n f i n i t e a m o u n t of i n p u t p o w e r - e . g . a n
i n f r a r e d l a s e r l i g h t s o u r c e - w i t h t h e l i g h t i n j e c t e d
d i r e c t l y i n t o a " g r a d e d - i n d e x " f i b e r w h i c h p r o p a g a t e s . at
m o s t , o n e or t w o m o d e s . In t h e h i g h e n e r g y p h y s i c s p r o b l e m ,
the s o u r c e of i n p u t p o w e r is a m i n i m u m i o n i z i n g p a r t i c l e
p a s s i n g t h r o u g h the f i b e r m e d i u m . B e c a u s e the l e v e l of
p r o d u c e d s c i n t i l l a t i o n l i g h t is e x t r e m e l y low (by l a s e r
s t a n d a r d s ) a n d i s o t r o p i c a 1 l y e m i t t e d w i t h i n the
s c i n t i l l a t i o n m e d i u m , a m u c h g r e a t e r b a n d w i d t h is e s s e n t i a l
- h e n c e the use of the " s t e p - i n d e x " d e v i c e . N e v e r t h e l e s s ,
o n e w o u l d h o p e t h a t m o r e c l e v e r f o r m s of w a v e g u i d e c o u l d be
d e v e l o p e d t h r o u g h f u r t h e r R a n d D, w h i c h w i l l p r o v i d e
s i m u l t a n e o u s l y g o o d l i g h t t r a p p i n g a n d v e r y l o n g a t t e n u a t i o n
l e n g t h .



I I I . T R A C K I N G

A m o n g t h e r e c e n t t r i u m p h s o f s c i n t i l l a t i o n i m a g i n g h a s
b e e n t h e s u c c e s s f u l r e c o r d i n g o f t r a c k s a n d i n t e r a c t i o n s i n
C e r i u m g l a s s f i b e r - o p t i c p l a t e s a n d i n p l a s t i c f i b e r
d e t e c t o r s . F i g s . 2 - 5 s h o w e x a m p l e s o f e v e n t s r e c o r d e d b y
s e v e r a l g r o u p s 1 . 1 . 4 , ' a n d T a b l e I I i n d i c a t e s
t h e r e l a t i v e p e r f o r m a n c e o f g l a s s a n d p l a s t i c m a t e r i a l s .
A l l t h e g r o u p s u t i l i z e m u l t i - s t a g e iasage i n t e n s i f i e r s
c a p a b l e o f s i n g l e p h o t o n c o u n t i n g , a n d f i l m o r C C D / C I D
e l e c t r o n i c c a m e r a s f o r d a t a r e c o r d i n g . E v e n t c l a r i t y a n d
s p a t i a l r e s o l u t i o n i s e x c e l l e n t , p a r t i c u l a r l y f o r g l a s s
f i b e r s . R e s i d u a l d i s t r i b u t i o n s f o r t r a c k i n g i n
g l a s s e s 1 . ' a r e s h o w n i n F i g . 6 .

2mm
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Fig. 2 Tracks and interactions of 50 GeV/c pions
recorded in GS1 glass using the Fermilab
NH beam: left, 40 urn fibers with EMA;
right, 25 Urn fibers with EMA. (Ref. J)
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Fig. 3 Tracks and interaction recorded in a GSI target
with EHA at CERN/p.s test bean (Ref. 6).
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Fig. 4 CCD images of hadron tracks recorded in Saclay
type polystyrene fibers of 1 mm diameter, (ref 3)

(a) Display of CCD rows and columns for a hadron
track.

(b) Cumulative distribution of the charge per
CCD row for - 100 hadrons.
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Fig. 5 Stopping Fe fragment in a bundle of polystyrene?
multifibcrs of 100 lim diameter, (ref. 4)
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C o n c u r i •.mi o f r i d . - i I V i t ' um. i i x i-

Property

Information density

Optical Attenuation Length

Decay time

Radiation Hardness

C l a s s

0 Hits/mm

(in 25 lim fifxTs)

IZ/nrn

< 20 on (bulk)
4-5 cm (25 lin fibers)
50 ns

10' rad Co'0

1 inch length

I'l.lsl ic

12 IIits/mm
(in I ram fibi-rs)

0.25i/imn

120 cm
(in 1 mm fibers)

a few ns

10* rad Co'c

reduces Att. Len.
by factor of 2

~~~~i *———-—;— '—~ . . • - - - . i

Fig. 6 Track residual distributions for GSi

scintillating glass targets: left, 25 ura

fibers (Ref. 1); right, 29 Un fibers (Ref. 6).



IV. CURRENT DEVELOPMENTS AND COMMENTS ON FURTHER R AND D

Plastic Fibers: A current effort in plastic
scintillitor development is directed toward large Stokes
shift materials - those with minimal self- absorption. This
feature is important for two reasons: first, the fiber
diameter might be reduced (hopefully) to dinensions
comparable to those of glass fibers ~25|izn; second, the
attenuation length in the material night be extended to
several meters. Several candidate materials have been
identified, one of which is 3-Hydrosyflavone (3-HF). A.
Bross and W.R. Binns are pursuing this. J> 4

Additionally, efforts are underway by the Saclay group to
produce p l a s i c multifibers containing constituent fibers of
small cross section with good light transmission properties
using conventional materials.'

Glass Fibers: New efforts on Cerium glass scintillator
development are directed toward the elimination of Cerium
(4+) from the glass to provide significant improvement in
light transmission (J. Kirkby et al«) and in variation of
the host glass composition from silicate to germanate and
aluminate glasses (R. Ruchti, A. Rogers et a l » ) . These
groups are attempting to produce significant improvements in
attenuation length for Cerium(3+) based glasses. Further
efforts are directed toward other scintillation materials
including Bismuth and Praesodymium in glass hosts (R.
Ruchti, A. Rogers et a l l ) .

Liquid Capillaries: An effort is underway to develop
efficient. high-index liquid scintil1 a tors for use in glass
capillary arrays. Such devices are useful for active
targets, and if a long attenuation length can be
demonstrated, they might also be useful for collider
detectors (D. P o t t e r 1 ) .

General R and D: Once the optimization of the basic
scinti1 lators takes place, suitable cladding materials have
to be identified, and industrial expertise enlisted to
produce high-quality fiber-optic guides. Additionally,
extensive development of image intensifiers (including
efficient phot ocathodes tnd fast phosphor screens) and fast
readout CCD cameras should be undertaken in conjunction with
industry.
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