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This review first describes the basic working principles of scintillating fibres together with theit most common readout
techaiques. It concentrates on plastic fibres, since they are berter suited for application in High Energy Physics. The
following " section reviews fibre trackers and lead /scintillating calorimeters. Both detector devices are compared with
competing techniques based on other media. The review continues with dose rates at the 1.HC collider and discusses the
radiation damage on scintillating fibres. The conclusion covers the progress achieved with the fibre technique and presents

an outlook on future developments.

1. lntmdacL-e:

Particle detection with scintillating organic or inorganic
solids and liquids has been refined during the last decade
by the fibre technique, where scintillating cores with diam-
etérs ranging from several micrometres up to a few mil-
limetres aze surrounded by a cladding layer (<5 um) of
lower refractive index. This stucture is called **step-in-
dex’” fibse in centrast o the ““gradient-index fibre'", (not
used for scintillating fibres), whetc the refractive index
decreases smoothly from the fibre axis 10 its surface. The
step-index fibre traps by total reflections on its cote—clad-
ding interface a small fraction of the scintillation light.
induced by ionization losses, and guides it via total reflec-
tions to the fibre end. There, it is detected by the photo-
cathode of. a pholomulhphcr or of an image intensifier.
Scintillating fibres should not be confused with clear opti-
cal fibres, which are not doped with scintillator and are
principally iused to transport optical communications over
long distances.

_The detection of ionizing radlalmn with scintiliating
matenial has been quite generally practiced i in the past, first

in nuclea: physics and subsequently in particle physics. -

‘Eady mcmph for improved granularity were reponed
during the late fifties. in which unclad plastic filamenis
were. used. {1-4). These. first fibre approaches became

ohsol_c!e. since bubble- and spark chambers were the most

frequently appiied lechniques for particle tracking at that

time. In’ particular. bubble. chamber techniques offered bet-
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ter track quality and spatial resolution. Chambers filled
with liquid hydrogen provided ideal proton targets with
long radiation- and intcraction lengths. Scintillating fibre
techniques became interesting again in the carly eighties,
with the. advent of particle coiliders and the necessity to
detect rare particles in the presence of high backgrouad
rates. Short light decay times of scintillators allowed high
data acquisition rates and the mechanical properties of
fibres permitted them to follow the required geometries of
47 detectors. In addition, considerable advances in the
technologies associated with the fibre technique have been
achieved since the late futies. e.g.. multi-anode photomul-
tipliers, image mlensafms. and: CCD cameras of high
performance.

Since the carly ctg!mes. two main kinds of scmtilhlmg
fibres have been used in parallel: glass fibres and plastic
ones. ln 1981, Borensiein et al. [S) reported on the proper-
ties of plastic fibres, with light decay times of a few
nanoseconds, folkowed by Allemand et al. [6] and Blumen-
feld ct al. {7] in 1984. Pouter [8) initiated in 1981 the
application of glass fibres. In 1983, terbiumoxide doped
glass fibres with 25 pm diameter were assembled by
Ruchti et al. [9) 70 2 4 mm thick target plate. which was
viewed by a threc-stage image inteasifier. Three years

~later. Bross {10]) applied multi-glass -fibres doped “with
_ ceriumoxide. ‘They were of square cross sections (25

edges) and formed a square bundic of 0.5 mm edges: Their
light decay time was about 120 ns, 2 definite advtnge
compared to the 10 ms of the terbium doped ones.
Scintillating fibres are produced nowadays either from
glasses, or from plastic polymers. e.g. polystyrene (PS) for

. -the core {(Tahle 1) and polymelr.ylmeﬂncryhk (PMMA)'
-',for the claddmg lnslcad of solid rrbtts. aks glass capnllu- :
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Gamma conversion leegth jom] 4.5
Nuclear imteraction lkeagth fcm]  M.6
Mauhiple scattering angle [mrad] 0.73 (1 GeV/c: | mm PS}
(dE/d x)min [MeV/cm] 20

tes, which serve as cladding, can be filled with scintillating

liquids of higher refractive index [11-13] As compared
with glass fibres {14] (Table 2). plastic ones and scintilla:-
‘ing liquids in capillarics. which have similar propettics,
havé better photon yield. longer light attenuation [15],
shorter scintillation decay times [16.17] and longer nuclear
interaction and radiation kengths, all of which make them
more suitable for detector applications.

Therefore. this articie is mainly concemed with plastic
fibres and it starts with basic principles. including working
‘conditions of scintillating fibres. the scintillation process

-and photoelectron counting. Then. it continues with a

section on the detection of fibre scintillations, which treats
photocathodes. position-sensitive photomultipliers. visible

-light photon counters. phosphor screens, spatial resolution
of optoclectronic chains, proximity focussed image intensi-

fiers. microchannel plates. charged - coupled devices and

imaging with silicon pixel arrays (ISPA).

The main apphcahons of scintillating -fibres in High
Energy Physics ‘are in particle tracking with fibre diame-
ters well below | mm. mdmalomnetrywnhdmnelers
of | mm and above. Therefore, the last chapter on scintil-

lating fibres in High Energy Physics is' structured in the

Table 1 ?T-ble 2
hopemesofpolystywne : ,Propubcsd(‘e-dtwd Gsi* scmnlhmgglnsslul
Average stomic pumber 3.5 Demsity [gem™*] . . 264
. Demsityigem™') .. 103 . Tn-smoneupem['(‘l Y 5.
. Proton /acutroa fatio : 117 Lmnrumndexpummweﬂ "75x%107"°
ll:hiu; point I'C;'I ' 240 X'y
0105
, I\Vm"K"l _ Oﬂdm‘ :
mwem . 7xlo~‘5 Refractive md:x 1.59
coeft. (K- Maximum emission [nm] N 395
Tensile modulus (£)[MPa] 3200 Photon yicld [tkeV) '] IR
Dielectnic constant 25 Decay time (1 /¢) [ns] 70 (fast compoaent
30% mtensny)
Omcal properties _ Numerical aperturc 0 5 ("d-dd-q = l 51,
Refractive index 1.5 (590 am) . L .
o 1.58 (480 am) Radiation properties
Og:cal dispersion [ps m ') 0.04 (400 to 500 nm) Radiation kngth,[m] 948
Light decay (1 /¢) [ps} 2 1o 3 (depending on dopant! Gamma conversion length [cm] 126
Light velocity in PS[mos™'] 021 Nuck.m interaction kagth [cm] 374
Numerical aperturc 0.53 (n cladding = 1.49) Multipic scattering angle [rarad] 152
069 (n cladding = 1 42) (1GeV/c: 1 mm GSD
Photos yield (with dopant) ~ 10 (depending on dopant) (dE /dx) min. ionizing 46
[(kev)‘ ] ] [MCV’/CM]
Absorption peak [nm] 265 * Levv Hill Laboratories, Cheshunt, Waltham, England.
Fleoresorace yicld (pure) 0.03 following way: particle tracking (the UA2 fibte tracker, the
Radistioa propertics Chorus fibre tracker. the proposed fine grain cenltral tracker)
. Racliation leagth fom) 24 and calorimetry with scintillating fibres.

The chapter on High Energy Physics applmnonsends
with a parigraph on dose rates and radiation’ damage for
fibre detectors at LAC. It quotes dose rates for fibre

- trackers with dificrent distances of fibre shells from the

collider axis and discusses the main parameters, which
couid influence the radiation damage of plastic fibres.
Finally, the cenclusions review the progress achieved with
the scintillating fibre technique within the last few years
and present an outlook on future developments.

2. Basic prisciples

21 “orkmg conditions of scintillating fibres

The PS core is clad with PMMA of lower refractive
index (a4 < n.) and the fibre traps a fraction  of the .
scintillating light conlamed withn its total rtﬂecuon cones
(Fig. 1). The cladding also protects the fibre core against
deterioration of its surface, whlch othcrwzse would result
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in bad tmal rcﬂecnon conditions. For meridional light
‘rays! the trappmg fraction amounts to

I-l—(n:/n,). (1)

where -, refers 10 the PS core and n, to the acnylic |

cladding.

The untrapped light fraction n./n, is absorbed by an
_extra mural absorber (EMA).if the fibre is coated with a
black laver. Even if the.EMA is not present. the untrapped
light fraction escapes at an angle, which prevents it from
being retrapped in a neighbouring fibre and disbppears
after some $0 mm of fibre length without causing notice-

able cross-talk.
" The trapped hight fraction is gmded via ¥ subsequent

' towa} réflections (critical angle a. sin a =n./a;) 10 the.
fibre end: o
. N=cot al/d. (2)

A“‘lth‘ Lrthc fi b_n; length and o its diameter. /'ﬂ'xe_numerical

'Skew light ravs arisc mostly at the fim of the fibre core and
sptral abﬂg the cnru-clsddmg intertace. Addiag them to mernid-.

ional rays would dumge Eg.thw s
much more total rcﬂcdmm than mMmal ones and are diffused

. out of the core after shon tmc!!mg paths compared W mcndmnal N

‘ta\s

=1-ta, sa ¥ They syffer
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Table 3. : : o ’
- Properties of ﬁbre dopams dr&suivcd in pohstymm. wiucne and’ cyclohcxanc ) L ‘ e
Cmnpmmf ‘Maxima “Molar ‘Decay  Fluor: Stokes - Supoted by
- T i yicld shitt '
Abs. Emiss " ma&s " tigmwe yicld .
. Twomprmcm ‘ R
ptcrphcnyl » , 275 M0 23 095 193 0.86  NE-110 5, NE 102A ¢, .
. T _ BC300 9, BC412 ', SCSNRIT ©
PBD LS W w0 REXS 1.} (L83 .69 Saclay. Gif sur Yv e Frana
T : SCSN38 ©
wavelkength shifter: .
- POPOP - B0 4 364 LS 093 044 NEH2AC, BCHG®
BBOT * 3 428 430 L 073 043 SCSNRIT *
- TPBD " TS A4S 358 1. o 084 NE-110 ¢, BC4E ¢
 BDB T3S0 1S 413 055  SCSN3R ¢
Oh:.mpt)nen( .
3HF MM 530 238 8.0 04 127 Kuraray . Bicron *
PMP 420 o 415 26 30 .88 11§ Kuraray ©
PMP450 305 335 bt 36 0.74 L2 Kuraray *
PBBO 330 395 7 2.4 0.79 0.62 Saclay. Gif sur Yvette, France
R39* ~ 33 180 246 ~70 ~ LI7 Geosphera, Moscow, Russia
RS * ~330 90 304 ~70 ~ 122 Geosphera, Moscow, Russia
- Toluene.
* Cyclohexane.

aperidre NA of the fibre is ag.iih defined by the respective
refractive indices (see Fig. 1)

NA=(nl--n})" “=sino. 3)

The fibre diameter defines the spatial resolution and,
for tracking detectors. we are interested in keeping it
small. A decrease in fibre diameter is counterbalanced by
the increasing number N of reflections (Eq. (2)). Since .
imperfections at the fibres” core—cladding interfaces, cause.
small reductions from unity for the total reflection coeffi-
cient g, the increased number of reflections induces light
losses {1/, = q*) and we obitain as an approximation [15],
the reflection length 1, (m). which indicates the distance

I. where the injected light intensity £/ =¢ ' ‘% i5 re-
duced 10 1 /e due 1o these reflection losses :
1 1.3 a, '4)
R 1-gNA (

Therefore, with small fibre diameters & [m). the reflection
losses, which have been measured for Kuraray fibres [15)
contribute noticeably ‘together with the absorption length
Ay (1,1 =1/¢) and the scattering length ty (I, /1=
1 /€} to the wnal fibre attenuation length A: '

A + 1

= 1)f R S

(5)

v‘-The zhsorpncm Iength AL {ml is mainly caused by the
= dccad;c molar cxuncuon coetﬁncn! E“‘ {],/m mol ]of l‘n:.
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Fig. 2. Light attenuation measurcd at CERN by the RD-7 collabo-
ration.

fibre dopant within the dopant’s emission band (Fig. 3),
and is defined as the value of the light pathlength D [m] at
which the light vield Y(D) drops te 1 /¢ of its initiz] value
at zero D

y(o)=jmr;ﬂ 10°%Pdr (6)

with Ii™ the emission intensity normalized to unity and C
the scintillator concentration {mole /1] [t is therefore im-
portant to use scintillaiors where the absorption and emis-
sion maxima are well scpanted, i.e. with large Stokes’
shifts.

- The scattering length .1 [m] quantifies Ravleigh scal-
tering on small density fluctuations in the PS core. Fig. 2
shows the attenuation lengths mainly caused by light scat-
tering for light injected parallel ' the axis of an undoped
PS fibre. They contribute aoticeably to the total light
attenuation below 400 nm and drop to 0.03 m at 348 nm,
the p-terphenyl emission maximum (Table 3). This be-
haviour explains the opacity of polystyrene although its
absorption band peaks at 265 nm (Table 1). far from the
p-terphenyl emission.

2.2 The scintillation process

"The energy lost by an ionizing particle first excites the
clectronic (rotational and vibrational) levels of PS (Fig.
3a). Since the PS fluorescence yield is rather poor (Table
1). it must bé enhanced hy. adding an aromatic scintilfator.
The mlcnnolcaxhx energy lrznsfcr bet\ueen the rcspec-

* A historical divckxpmcm of theorics on the excitation of
<lectronic states and the intermolecular energy transfer can be

tound in the books of LB, Beriman: Handbook of Fluorescence

spectra of aromatic molecules (Academic' Press. New York: Loa-
don. 1971) and. Emergy Trmfct. Parameters of Ammanc Com-
pouods same publisher (1971) :
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Fig. 3. Absorption and emission hands of the PS fibre core (2). the
p-terphenyl scintillator (b). The wavelength shifier POPOP (c)
matches with its absorption: band the ‘p-terpheny) emission. The
PMP 320 scintiltator (d) spans doc to its large Stokes™ shift
directly the wavclkengths berween the PS emission and the traps-
parent PS region without needing a wavelength shific.

tive quantum levels requires that the PS emission band
overlaps the scintillator absorption band. If the added
scintiflator emits in the opaque region of PS (sce Fig. 2).

e pderphcnyl (Fig. 3b), a wavelength shifter (an i)is

necded to shift is light ‘emission into the -transparent
region of PS (two-component system), where Rayleigh
scafiering becomes unimpbnanl and the PS attenuation
length reaches about 2.4 m (Fig. 2).

A sufficienly high scintillator concentration (above
0.015 molar fraction) provides’ mainly nooradiative and
therefore local energy transfér (Forster transitions) [18]
between the PS and the scintillator. This comparatively
high concentration can be added with PMP (1-phenyl-3-/
mesityl-2-pyrazoline) [19], since due to its large Stokes™
shift (Table 3) it emits in the transparent PS region-(one-
component systém) and the long wavelength tail of its
absorption band (Fig. 3d) causes only small self-absorption
within 'its cmission band. This is not the case with a
two-component system, since absorption and emission of
POPOP and other wavelength shifiers (Table 3) overlap
within a large: wavclength region (Fig. 3c). This overlap

- must be compensated by a much lower POPOP concentra-
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Fig. 4. Distortions of the shot-wavelength flank of a 10.025M PMP 420 solution in toluene caused by different absorption paths of the same
solstion compared with a 0.0025M P()POP solution. The POPOP concentration had 10 he ten times kower, because of uts suong

scif-absorption in the overlap region.

tion and its molecules are therefore 100 distant to enable
nonradiative Forster transitions. This is obvious in Fig. 4
which shows the self-absorption of POPOP and PMP-420
solutions in toluene caused by different absorption lengths.
_The respective absorption bands were excited with light
from a dovble-monochromator and the emission was anal-
ysed by a single-monochromator {20]. In spite of a POPOP
concentration (0.0025 molar fraction) ten times smaller
than that for PMP-420 (0.025 molar fraciion). the POPOP
self-absorption _is still much more pronounced due to its
. Therefore, with a two-component system. normal radia-
tive exchange of light emission and reabsorption takes
place’ between the two dopants - which - requires optical
absorption Icngths longer than 150 pm. Consequeritly the
light emitted from the first dopant can escape from fibres
of small diameters, excite the wavelength shifter in neigh-
bour fibres and cause unwanted cross-tatk. This is particu-
larly truc for bundles of PS. fibres. since it is ot possible
to produce them with extra mural absorbers. Cross-talk can
be avoided by doping the PS matrix with only one scintil-

‘fatot (one-component system) having a large Stokes shift.

and. therefore: small overlap between its absorption ‘and
emission hands. ¢.g. PMP or 3HF (3-hydroxyflavone) [21]
Al appropriate concentrations. they produce local Fotsier
transitions between the relevant PS and their proper energy
levels. 3HF has practically zero' overlap but viclds oaly
about m emission as compared with PMP {Table 3).

This is demonstrated in Fig. 5. Two fibre bundles of 1

rom diameter mnummg 30 um diameter individual fi bres

!nve been excﬂed wnh a Nd-YAG !aset al 3&5 nm wave-

length. The emitted light. guided through 150 mm bundic
length. was photographed with 2 CCD- camera [22] The
lefi-hand photograph shows the result obtained from the
fibres duped with p-terphenyl and the POPOP wavelength
shifte.. It indicates cross-talk over six fibre lavers. In
cuorast, the right-band photograph displays the picture
laken with the PMP doped fibre bundic, where light is
emitted and guided only from the first fibre layer exposed
10 the laser beam. Since no light is lost via cruss-talk. the
light yield from this layer is much higher than on the
left-hand photograph.

23 Pholocl«rrm mwm'ng with scinnllating fibres .

Photuciectron counting characterizes quality and perfot
mance of scintillating fibres in an objective way in contrast
to the often quoted atienuation lengths. Attenuation lengths
are composed of differeat attenuation terms (Eq. (5)) and
their aftenuation plots deviate therefore from straight lines
in logarithmic representations. Therefore. they depend on
the fibre lengths between which they are quoted. 'Umil
recently, most photockﬂron counting pmoedurcs ere
hased on photomultipliers, where the Quantacon * resolved
up 1o three photociectron peaks {23]. Since 1992 an_ elec:
trostatically focused hyvbrid photomultiplier tube (HPMT) *

SRS, Burke Huxmn Tuhes. lAnczsltr PA USA
B\r Deift Elckronische Producten lDEP) NL- Y30 AB Ro—
dclL The \cﬂlcrlanda :
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pllolocalhode(F:g. 6). With 13 kV polential difference, it.

rtwlsman:vmg:of?S‘f‘ielectmholcpursper

photodcarmandcxmdsbymorethmtwomd«sof.

magnitude the electron multiplication at the firsi dynode of
.2 photomuttiplicr. This is reflected in the statistical fluctua-

-tions and increases the number of- rcsolvcd phaoeledrou '

peaks to aboul 15 [24]. -

Pboioelectron ynelds were nmxed [25] on, fused ﬁbn i

- bundics [26] comammg 1600 fibres of 60 um dmnctcr'
‘within squared crass sections of 2.5 mmcdges (Fig 7.
. Each individual fibre (th 8) shares lsdwbledaddmg
.. [23.25}, 'which. consisis of standard polymethyl-methacry-
~ late-of 1.49 refractive index and fluorinated polymethacry-
Iae of 1. 4" refractive mdex. mth its nem ne:;hbuws :

* Kuraray Co. L. Tdk_vo. Jw
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) Typlc::l mﬁsurcd phoﬁoekclron spcctra are dtsplayed'.
-in Fig. ‘)fordlffmmsmuveposnmm.myslmwdm!e_:.
Gaussian peaksonlopofaconlmunm. caused by backscal-

tering of photoclectrons from the HPMT diode. The num-
ber b of backscattered electrons follows a Poisson distribu-
((n)a )
bt
with P(b)hemglhtpmbabnhly of havmg b backscancred
photoclectrons. The measured- backscattered fraction o

agrees with Ref. [’7] and compktcly explains [24] the
spectral shapes in Fig. 9.

P(b):

HndcnsmesmcasmedWMaOummmnforlmm K

'-mnoﬁnmﬁmdlﬁemuswﬂmsml&edmhbkd

The Bicron fitwe (99-U2) showed the outstandingly small

hﬁnm-nhdmmofmly33mbemen
wnposmonudZm .

- R ) R

Four fibre bundics were more. mty measured with

: lthPMl‘[ZS]and!hescresulsm listed in Table S. The .
.~ improvement ia hndns:tnesnsmamlyduetotheﬂm
. mated polymethicrylaie cladding. which increases, with iis

1.42 refractive index. the trapping fraction by 1.75 times.

" Additional nnpmvementls&nelothebamphmoebcuu
" collection efficiency of the HPMTasmm-saredtoﬂmo!

Ihe first Ouantacon dynode

:s.1>euaai.moa'mmsei_mm-uo'.sj |
31 Pholocadwdes

Pho(owhodesunhemanufacmredﬁomavmtyof

.oompounds and cach type has its characteristic spectral
‘response: S11 (8b-Cs), bialkati {(Sb-K~-Cs or Sb—Rb-Cs),
S20 (Na-K-Sh—Cs) trialkali, S1 (Ag—0-Cs) and others.

ﬁg_a.M“ﬁwﬁc“(ﬁgﬂuﬁd”hﬁaﬂm“lm“umd“a
mmumuhmuﬁm-ﬂamm , _ .
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Fig. 9. Photoelectron distributions at differem B-source distances
measured with HPMT. and 60 pm diam fibres.

Table 4

Companson of hit densities per mm for different monofibres
measured with owr equipment. M. Opitectron atuminised monofi-
bre. = | mm; N, Bicron 99~ l(l1 =1 mm; O, Bicron BCF10,

2% 2 mm”; P. Kuraray SCSF81, 7= | mm

Pns. [mm] M N (4] | 4
0 688 7R 327 388
© 607 451 08 IR
100 s 416 2R b
200 397 3AR2 23 23
300 344 RRT 202 209
00 303 R} 178 188
. Sm 286 307 1.p3 1™
- 800 . 218 259 1.9 .31
1000 158 h Y 107 1.23
1200 1.70 240 094 AN
1400 143 1.94 .77 .98
. 1600 1.27 LT 0.67 2.8
1800 1.18 1.6 0.58 k3
“1.00 148 05 .69

. H Leun/NutI Insor. and&lelh. in lex Res. A 364 (1995) 422-448
- Tablc
- Hit densities lptnoekmrons mm” ‘) for four bundles o(sux

.-dlmenuons sqmnamsscﬁmw"h.jmedgcsmumng
* 1600 individual fibres of 60 jsm’ diameter

Posmon Bundle Bundle Bundic Bundlc Avcngt

(mm} No.1 No.2 No.3 - No4 -
S0 1094 IN38 1067 ID3B  10S9
s . 841 &3 827 840 836
100 7.03 BAL 706 | 1IR 711
200 5.56 ST (XX 605 §.7%
. 300 171 AR 471 509 3183
300 411 412 K T 117
00 ki 1) 327 i 3 326
K00 258 2.69 268 YA 267
1000 214 2R 209 pX) a9
1200 .77 1.77 1.81 1.88 1.81
. 1400 147 148 - 153 1.57 151
1600 1.25 1.24 1.28 1.32 1.27
1800 1.08 1.9 110 115 1.1
2000 1.01 19?098 1.04 0.99

QE(A) = R(A).24/A.
where R(A)is in mAW ™!

Their spectral response s measured as radiant sensitivity
R(A) (photocathode current emitted per watt of incident
radiation at wavelength A) or as quantum efficiency. GE(A)

(8

. the wavelength A in nm. and
1.24 is the conversion factor from wavelength to photon
energy. For example, a quantum efficiency of 0.25 at 400
nm wavelength is equivalent to a radiant sensitivity of &) 6

‘mA/W.

Photocathodes are evaporated as this films on the
inside of the tube’s light input window. To preserve the
spatial resolution of the attached scintillating fibres, this
window is made from a stack of fused clad glass fibres
(D5 10 A pm). The light iransmission of optical fibre-
windows depends on their numerical aperture - (NAg,. S
NA s~ ). packing fraction (refated to the fibre diameter)’
and the absorption characterist'Ss of the fibre cores.

3.2 Position sensitice phoiomultipliers (FSPM}

The photon image of scintillating fres hitting the
photocathode is conserved through the electron muhiplica-
tion at the dynode stages and is reproduced in the multian-
ode plane. umslnspatnlmolunonmmnnlyduto
the spread of secondary . clectrons at the dynodes. This
drawback 1s counterbalanced by high gain and by fast
responsc {3 few ns). The anode plane consists either of
crossed wires (up 10 16 X 16) or amays of up to 256
anodes wnlh about 3 mm. puch Aligred with a solcnoidal
field, cross-tatk between anode wires or pucls is reduced

' and the spatial Muuon improved but the gain.of one .
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Advisory Council (TEPAC). Demy time: 10% of initial intensity .

Propertics of ph)sﬂlor sae:nsnoumed n :magc lmnmﬁ:ts The numcnal order I‘ollows the nomenclanm of tlle EIA Tuhe Engneﬂ-g_

-Decay time . leched to-

No. Phosphor - Max emiss.

.. . composition {om] fns).

P16  ° Ca-Mg-silicae (Ce} = 380 12000 - me.szo

[ <7 B Z8S, Ag Ni 460 1so . multialkali, $20

P46 . Y—aluminate (Ce) - . 530 . 160 . - CCD. GaAs, photodiodes
P47 - ‘Y-silicate (Ce)- 1 400 85 Bialkali, $20

P48 -blend of P46 and P47 '

 400/530

125 © multialkali -

million at zero magretic flux deasity drops to some ten
thousands at 1 T. Several types of PSPMs arc offered by
principally two manufacturers °.

3.3. Visible light photon counters (VLPC)

VLPCs are silicon solid-state photomultipliers [28] with
optimized response in the visible light region. A visible
photon is either absorbed i the undoped blocking layer or
in the doped gain region. From the blocking layer the
electron is coflected at the 10p contact and the hole drifts
into the gain region, where it produces free electrons by
impact ionization with neutral donor (As) impurities. The
-impurity concentration is high enough to form an energy
band seperated from the silicon conduction band by 0.05
¢V ionization energy. The photon absorbed in the gain
region produces almost the same clectron avalanche as the
hote from the blocking layer if the electric field is approxi-
mately 1 kV cm ™', The avalawche is limited to some 10°
electrons because of electron-bole recombinations. '

With antireflective coating the VLPC quantum effi-
ciency reaches about 85% at 550 nm. In order to reduce
miolerably high thermal noise. the VLPCs need to be
cryogenically cooled to an optimum operaling temperature
T of 6.5 K. Below this temperature (A7 = — 0.1 K) the
avahndiegmnnsmdtmdandabove(.\T- +0.1 K), the
signal-to-noise ratio worsens rapidly. Fig. 10 shows three
photoelectron spectra taken of a Sr-90 B-source positioned
at different distances. They should be compared with those
shown in Fig. ‘9. which were taken with an HPMT tube
‘and clearly show better signal-to-noise ratios. VLPCs can
be attached to individual fibres only, which limits the
tracker’s graaularity. In contrast. deteciors converting scin-
tillations into clectrons via photocathodes are not limited
in fibre sizes since the photolayers with less than 3 pm
granularity match fibres down to 10 wm diameter.-

* Hamamatsu Photonics K.K.. Toyooka-village. Japan and

- Philips Photonics. with offices in USA. UK, France, Germany, o

3.4 Phosphor screens

Phosphors are highly purified inorganic crystalline ma-
terials to which small amounts of dopants have been
added. Thuy convert electron energy into radiant energy.
Their crysials are sized between 0.2 and 20 p.m and are

% AVERAGE PH : 4.12 1
DIS from VLPC : 617.10cm |
200 h
]
100 ]
]
G 2
: — - T vy
AVERAGE PH : 591
. e DIS from VLAC : 50140 cm
7¢]
E 300
3
c *®
00
D P W DRy L .
% _
B e e

E
AVERAGE PH : 925 9
DJS from VLPC : 311.40cm ]

Fig. 10. Pulse height specua[29]o&zmedn1hc’indica§d8 -SOUrce:

positions. They include 3 m of Clear fibres tha guided the light

: ﬁmmmummmmumgmcmmc&-mma
bouscdlchLl’Cué.SK. : .
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pfnb— or vapour deposited on - glass substrates at the - -

output optical fibre windows of image intensifiers. .For
coaversions of fibre images in an optoelectronic cham
they must be fast, of high- spatial resolution and their llght
emission must be matched with the subsequent pholocath-

ode or CCD sensitivity Some typical phosphors used for o

image mlensaﬁers are hslcd in Table 6.
3 3. The spanal resolunm o/ oploeleclromc dmms

" In this comcxl we should clea.rly dlstmg\ush between
spatial precision, which means the accuracy to locate a hit
within the detector’s frame. and spatial resolution. This
latter term is defined as the classical resolving power in
optics: two neighboured objects are resolved if the princi-
pal maxima of their diffraction patterns (Airy discs) are
just separated. This is mathematically defined with the
modulation transfer function (MTF), which for circular
“apertures and far field has the. form:.

MTE = 2/ arc cos(w/2) ~ w{1 - 0/4) *|. (9

with w = ( fA)/(np), where f [line pairs/mm) means the
spatial frequency, p [mm] the diameter of the aperture, A
[mm] the wavelength and / [mm] the distance between
aperture and image plane. The MTF varies between unity
{complete separation of the Alry discs) and zero (complete
overlap: 0 s w < 2.

For a sciatillating fibre bundle directly attached 10 a
delccung pho(ocathodc the M'IF becom-s

MTF = (2J,(df)/=df)", (10)

with -J, being the Bessel function of the first kind and d
{mm] the fibre diameter.

1S mm

hg 1. Proxumlv focussed image intensifier: (3) optics fitwe

window with photocathade: (b).phosph.w screen with oplics fibre

. ode ! Si o
_ Cathode “c"_g" Sercen  Caothede

V//171111401 1714
J/171011111717/74)

ATRLLLITTRRNY

Flg 12. lmage intensifier multichannel plate (MCP) conﬁgum-
tions.

"In an optoelectronic chain, consisting of scintiilating
fibres, fibre optics windows, image intensifiers. scintilla-
tion screens, etc., the total MTF,, is given by the product
of the individual components MTF;:

'MTF,, = [ MTF,. (11)

Accordingly, the number f,, of linc pairs per mm of an
optoelectronic chain is composed of the individual spatial
frequencies f;, and their rec1procal values add quadrat:-
cally

=X _ (12).

In most cases. the spatial frequencies of image intensi-

fiers, fibrc optics windows. and other oplical components
“are quoted as the limiting resolciion for MTF = (.03.

_3.6. Proximity-focussed image intensifiers

These devices achieve distortion-free image conver-

sions between photocathode and phosphor screen which

are in close proximity (between 3 and S mm) to each other
(Fig. 11). Their gain of about 50 W /W is due to their high
potential difference of 25 kV.

Their limiting resolution is about 40 line pairs/mm.
Proximity focussed intensifiers immediately follow the
fibre end faces. Depending on the desired amplification
one might use a chain of up to three intensifiers followed
in many arrangements by MCPs and CCDs.

3.7. Microchannel plate image Wéus'ﬁen (MCP)

_These tubes yield large photoelectron multiplications,
which are achieved with microchannel plates, located in-
side the tube between photocathode and phosphor screen
(Fig. 12). A microchannel plate is a 0.5 to 1 mm thick
disc, which contains closely packed 6 1o IS pm thin

"hollow tubes, across which a potential difference of several
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hundred Vis applled The elcctrons, emmed from the
‘opposite cathode, ‘are. accelerated by a 200V potential
difference and entér the MCP. where clectron multiplica-

tion is produced via successive interactions with the walls

of the hollow tubes. Electrons ledving the MCP are finally
accelerated to the phosphor 'screen by a polenml differ-
ence of approximately 10 kV.

. . A drawback of MCPs is the packing fraction of thc
hollow ‘tubes, which worsens the spatial resolution and
reduces the original hit density of scintillating fibres. In
addition, moderate magnetic flux densities (2 0.5 T), pre-
-vent the electrons from hitting the tube walls and therefore
stop clectron multiplication.

3.8. Charged coupled devices (CCD)}

CCDs convert optical 'imagcs (in most cases from '

phosphor screens of image intensifiers), into electronic
signals. This is achieved by an amay of photoclements
(silicon pixels) of some tens of pum edge dimensions
arranged in a two-dimensional matrix of about 1 ¢cm® arca
(image - zone). Each pixel stores the photocharges in a
MOS capacitor (space charge zone) and transfers them
sequentially as an analog shifi register to a memory zone.
which is masked from incident light. The charges are
finally accumulated in the readout register, and a diode
converts the electric charges into voltzge signals: These
operations are driven by a clock in the MHz frequency
‘range and the entire readout process for « CCD array takes
a few ms. In most cases, each pixel is protected against
ovet-illumination (antiblooming), by a diode, which is
separated from the photoelement by a potential barrier.
The excess charges are drained off as a2 weak current.

‘A thinned CCD matrix yields electronic signals if
bombarded with electrons at its rear face (EB-CCD). The
electrons hit the pixels on their rear side. which is thinned
to allow their penctration into the space charge zone. In
this ‘way. photoelectrons emitted from photocathodes can

/7Su
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Fig. 13. Image intensifier with silicon pixel arrays (proximity
focussed ISPA tubc).

be directly detected by the CCD matrix without the inter-
mediate stage of a phosphor screen. Drawbacks are their
readout times of several ms and their noise sources, which
necessitate additional light amplification with an image
intensifier 10 achieve satisfactory signal /noise ratios.

3.9. Imaging with silicon pixel arrays (ISPA)

A new development for photon counting and imaging
of low intensity light patterns, in panticula: from scintiliat-
ing fibres, is the use of hybrid photomultiplier tubes
(HPMT) or imaging silicon pixel arrays (ISPA) directly
bombarded with electrons emitted from light detecting

64 columns x 75 um
= 4.8 mm

/L Control
\ signols .

Hybrld pixe! defeclor
(RD19 Collaboration)

Chip aclive surface ) 16 lines
= 0.384 em? reodout
in
16 x 64 = 1024 pixels

paraliel

Fig. 14. Silicon pixel réadoul: organisation in a'iinc-parnllel mode for an ISPA wbe.
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photocalhodes m pnnc:ple of HPMI's has bccn known v
since the sixties [30-37] and has been further developed in.

‘recent years: [24,38]. Photon counting with HPMTs has
already been realized [25] and is described carlier in this

" Replacing the silicon: diode by an avalanche photodiode

(APD) results in a hybrid avalaniche photodicde (HAPD)
with intrinsic APD gain. Unfortunately, as reported: by

several a..thors (3941}, APDs fail abruptly when operated

in the presence of pamcles. even well below their maxl
mum gain.

Ongoing developmems [42—44] are currently emphasiz-
ing - the replacement of phosphor screen:: of customary
image intensifiers by silicon pixel anodes, mounted inside
a phototube (Fig. 13) and digitally read out in a line-paral-

lel mode (Fig. 14). This solution improves the electron

‘multiplication, shortens the readout time, and allows nne
ISPA stage to achicve better spatial resolution (see Eq.
(12)). than with the normally adopted bulky cptoelectronic
chain of several image intensifiers. Sratial -esolution of
photoelectrons is conserved by either proximity arrange-
ment of photocathode and pixel matrix (replacing the
phosphor screen in Fig. 11), or by electrostatic or magnetic
focussing. In the latter case, the tube axis is aligned
paraliel to a solenoidal magnetic field of flux density B
(T), and the electrons, emitted from the photocataode with
transverse momentum mu (eV/c, Lambertian angular dis-
tribution), fotlow a helix of diameter ¢ {pm] = 2m: /8=
17.5 jum for 1 T and 2.6 eV kinetic energy. This version is
particularly suitable for so-called delay tubes [42], where
electrons that travel slowly to-and-fro ( ~ 1 m/ps) achieve
delays of about 1 ps before a selected image can be gated
by the first-level trigger of a detector for further data
processing via the silicon vixel anode.

First experiments with an ISPA tube have beon por-
formed recently by tracking cosmic muons [45] and 120
GeV/c negative pions {46] through 60 wm diameter scin-
tillating fibres. The .applied ISPA tube 7 encloses with s
vacuum. ‘scaled cylinder' of. 45 mm length and 35 mm
diameter, a'photocathode viewed at 30 mm distance by a 8
mm X 4.8 mm silivon chip containing 1024 pixels of 75
pm X 500 um edges. Each silicon pixel is bonded with
Pb-Sn salder bumps to its proper clectronic front-end
channel. The electronics consist of preamplifier. compara-
tor with adjustable threshold, delay line, coincidence logic
and ‘memory clement {47.48] ®. The pixel response is
binary and the 64 columns of 16 pixels are read out at § to
10 MHz frequency resulting in 6 to 12 us readout time.
The hump—bondmg of the individual pixel elcclromcs mini-

" Assembled and sanufactured by BV Delft Electronische Pro-
ducten (DEP). NL-9300 AB Roden, The Netherlands. The chip
‘was wire bonded at U.C.L Microélectronique. F-91946 Les Ulis,
Francc. = . L . L

‘mizes the noise and thc:r hne-pamllcl mldout reduces the

wire connections through theé tube’s envelope to 34 instead
of more than thousand. The trackmg results are reported in
Section 4.1.5.

4. Scimtillating fibres in high energy physics -
4.1 Par-n'cle tracking

4.1.1. Basic considerations

Particle tracking, in particular at high luminosity collid-
ers, requires fast response. good spatial precision, high
two-track resolution and fine granularity for pood momen-
tum resolution and small occupancy {(the fraction of tracker
cells occupicd by particle hits). This fraction O is propor-
tional to the collider luminosity L. the cross section o of
colliding particles. the number # per interaction of mini-
mum bias particles per unit of rapidity n and the time ¢,
between two bunch crossings. '

Apan from these collider parameters. we have also to
take into account those of the tracker clements: their radial
distance r from the collider axis. the rapidity range 7.,
covered. and their transverse cell dimensions s (¢.g. fibre
diameter):

mﬂl.(

0= (Lcr',,) (13)
In spite of lively development activities. direct applications
of scintiliating fibres as tracking devices in high energy
physics experiments are still rare.

Apart from redocing the occupancy, fine granular
provides via high spatial resolution also excellent momen
tum resolution of the traced particles. The spatial res °
tion is composed of the spot size of individual hits and of
the root-mean-square track residuals (spatial precision).
The spot size is defined either by the pixel size of an ISPA-
tube (binary readout) or by the barycentres. of several
pixels {analog CCD readout), or by drift clusters (gas filled
detectors). The track residuals measure the displacements
of spots (hits) from a fitted track.

The combined effect of spot size and track resnduals
defines the spatial resolution for a statistically meaningful
sample in a Gaussian distribution, if the errors are calcu-
fated in a correct way. Its full width at half maximum

* The CERN-ECP Microelectronics group designed the chip
and supervised its manufacturing at differént ‘places: Canberra
Semivonductor NV, B-2430 Olken. Belgium (silicon pixel array )
GEC-Marconi Materials Technology Lid, Caswell Towchester NN
128 EQ, United Kingdom (bump bondmg)' Smart Silicon Syw.-m
SA. CH- 1011 IJusanne Svulzerlud (ek-momcs) .
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(FWHM) indicates the two-track résbluhon -F'or, the mo-
menmm rmlunnn we finally obtain [49]

ap '(G,)"' o psin 8 _
pl ¥ L’ 038 -m.;u..

o {,,.{0016sin8Y\? ' -
¥ "'(W U0
- . mul umng o

mth o [m] meaning the spahal precision, B [T] the
magnetic flux density, L [m] the track length, N the
number of hits along the track, G a number which varies
between 256 for optimum hit spacing (e.g. fibre sheils) and
720 for continuous hit distribution (e.g. gas filled cham-
bers) along L [50]. @ the polar anglc of the track and f the
-material layer in units of radiation lengths.

4.1.2. Sources of noise in particle tracking
Noise, disturbing the clear appearance of particle tracks

in readout patterns, can originate from different parts of

the fibre setup and its optoelectronic readout:

— from the fibres themselves, which can produce cross-talk
and 5-rays gencrated by the traced particle;

— from photoelectron backscattering at the anodes of im-
age intensifiers;

— from the electronic noisc in the analog CCD readout,
which is not present in the binary readout of ISPA
.tubes. . .

Cross-talk between fibres is caused by two different

processes, one aiready described, is the transmission of
scintillator light (e.g. p-terphenyl. Table 3) across a small

2100 mm

diameter fibre (radiative transitions) and its absorption in 3
nelghbounng one by the wavclength shifter (e.g. POPOP,
Table 3). This can beavo:dedbydopmglhc fibre with a
one~component scintiltator (e.g." 3HF, PMP; Table 3)
which emits its light locally (~ 3 am; Forster transitions).

Thesecondsmmcotcmss—laltongmmesfmmlhchg

fraction of untrapped scintillation  light (approximatcly

90%). Althougblhlsframondncsno;maachﬂnm
reilection ungie in vider o be relapped, it can’ reack the
photocathode via scatiering or diffusion if produced close

to it. With fibre trackers (Fig. 25) this noise ‘can be
‘neglected (fibre length >'2 m), but it disturbs track recon-

structions in short fibre targets [51]. This cross-talk can be
strongly reduced with exira mural absorbers (EMA) sur-
rounding each fibre with a light absorbing or reflecting
layer. For plastic fibre bundles such an EMA protection for
cach individual fibre is not feasible. 1t can be partly
replaced by an EMA at the bundie edges.

Photoelectrons are partly isotropically backscattered
from the anodes of image intensifiers into the hemisphere
towards the photocathode. Intensity coefficients for
backscattering can be found for selected matecials in Ref.
{27) In many cases, the backscaticre:d photoelectron car-
ries away a considerable fraction of its initial energy, and
its primary impact is therefore lost as a track signal. Since
the accelerating electric field of the image wteasifier turns
the backscattered clectron back towards the anode, it reap-
peéars as a noise hit. Without magnetic focussing the
maximum displacement of tiis woisc hit from its initial
irack position is twice the distance between cathode and
anode. Therefore, most of th2 image frame is affected by
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| Fig. 1. Vertical cut of the UA2 scintillating fibre dcsector.
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this noise. This effeci applies mamly o phusph\r SCrech
anodes. With digital readout from silicon pixels (ISPA

tubes [45.46]) this- noise is supplcsscd by appropriate

threshold settings.

Typical, CCD noise sources are: a) pbolonu noise,
which equals VN (N being the number of electrons in 2
pixel), b) reset noise. which appears. dunng charging the
readout diode to its reference polentlal c) dark sngmls.
which are generated by’ lhemul excitation of elecirons into
the siticon conduction band. They double for every 10° of
lcmpetaurc nsc :

4.1.3. The UA2 fibre irucker

The first large size fibre tracking detector was studied.
developed and built for the upgrade -of the UA2 detector
[52.53] in coltaboration between CERN and Saclay. The
cvlindrical fibre arrangement contained 6L OO0 plastic fi-
bres (polystyrene clad with pol\nnsl acetate and doped
with two coriponents, PBD and POPOP, Table 3). T
avoid crosc-talk, 4 thin aluminium layer was sputtered
around each fibre For stereo views. the fibres were grouped
Into triplets. with one laver each running parallel o the
detector axis and two layers placed at angles of + 16° with
-respect to this axis. Details of the fibre tracker are shown
‘in Fig. 15. The cighteen actual tracking layers were fol-
towed by a tapered lead converter (1.5 rad. lengths) and
six preshower fibre layers. In front of the tracking lavers a
Jet Veriex Detector, Silicon Hodoscope und Transition

Radiation Detectors were placed. These devices introduced. .

additional material in front of the fibrc tracker and in-
creased the probability of particle lmencnom and gamma
conversions.

The fibre ends were bunched and coupled to 16 opto-
electronic readout chains (Fig. 16) placed at each detector

end Ea(h chain consisted of twn el;d;wys:!atlcallv focused
image intensifiers and a ptoxumty focusscd onc oomammg

3 microchannel plate (MCP). The images were transported

sub~rquently via tibre oriics windows, photocathodes and

. phosphor sizens of the chain to CCDs, which provided
finally the electronic signals for funher data processing.

© Alignment and intrinsic’ accurzay  of thc 1 mm fibies
provided 0.4 mm track residuals. The two track resolution

.was aboul three:litre- diameters. According 1o the matcrial

favers from other detectors in front of the fbres. there
were rocghly as many secondaries and .conversions as:
primary tracks. Together with combanatosic overlaps this
led to a serious ghost track problem.

4.1.4. The Chore: fibre tracker

A more recent application of fibre tracking is found in
the Chorus experiment [53] which is designed to search for
v, — v, neutrinc oscillations in the CERM neutrino heam.
The t-decays will be detected in a 230 litre emulsion
stack. To Jocate neutrino interactions in the  emulsion
targets. they are followed by flat rectangular fibre sheets,
from which the tracks of secondaries are backpointed 1o
find the neutnino interaction coordinates in the emalsions.

There are more than 1 miilion fibres of 0.5 mm diame-
ter installed having a total length of 2530 km. One of the
optoclectronic readou’ chains is show : in Fig. 17. I
consists of four irnage intensifiers including an image
demagnitication of 100: 11, an MCP ant a CCD of 550
224 pixels.

115 The proposed fire grain cevaral tracker .

A different geometry [49,55.56] for particle tracking
with scintifiating fibres is found in the Fune Grain Central
Tracker that uses three cvlindrival fibre sheils (Fig. 18) of

fibres

my . Ha.

i

2T em

Fig. 16 Anopwckmmnu. rudom vhatn of the UA. ﬁhn tracker. A phnllh.llhl\d«.b (& phmpbw .mvdcs '! image um:mﬁ:rs
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Fig. 17. A chain of four image intensificrs ending with 2 CCD electronic feadout for the Chorus scimilhﬁhg fibre tracker.
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different radii with a common axis coinciding with-that of .
the collide:. There, the fibres will be aranged in four
layers for each shell. Two layers (Fig. 18) with fi bres
paraliel to the shell (collider)-axis indicate the (7,. qp)-coor
dnuu.'ﬂxlwootherhyers uandz.sandwnchedbc-
tween the two o-layers, with oblique fibre directions,-
mamanyeofafewdeg:uswnbrespemlothe
penallel oges, provide via their corresponding slcreo view
the z-coordinate of a particle track.

For all tracking arrangements, small dmneu:r fibres are
indispensable. Since fibres with diameters below 200 um
-become difficult for individual handling and precise align-
ment, fused fibre bundles (Fig. 7) were developed, which
are strands of square cross section with edge. dimensions
between | mm and a few mm and contain many hundreds
of individual fibres with hexagoral shapc and trarsverse
dimensions corresponding to the requirements of the tracker
design.

A major advantage of this f‘ ine grain tracking arrange-
ment is that it produces several hits per fibre Jayer, accord-
ing to the Pmssoman ptobab:hty of r hits within the path

length ¢
()" _

[ 2 *
n!

(15)

where A is the number of photons produced per mm fibre
thickness in- r—¢ projection.

Typical ISPA tracks are displayed in Fig. 19a. They
were obtained with 2 120 GeV /¢ negative pion beam {461
which traversed four fibre bundies (10 mm) glued iogether
into a ribbon. Each buadic is of square cross section with
25 mm cdges (Fig. 7) and contains 1600 coherently
aligned hexagonal shaped scintillating fibres of 60 um

Table 7
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Fig. 19. () Typical track pattein from a 120 GeV /¢ pegative
pion beam traversing 2 10 mm ribbon, with 60 pm diamcter of
scintillating fibres. The active frame size of the silicon chip is 4
mm X 7 mm {aloag the beam). The pixel size is 75 pm X500 pm
along the beam. (b) Track pattern obtaised with a stereoscopic
bundic arrangemment. The bundles » and ¢ rua with an angic
+ a =7 mrad oblique tv the bundles ¢, 28d .. The beam
passcs straight through all four bundics and the ribboa end-face
confromts the photocathode. There, its microvectors indicate the
track distance from the photocathode: d ={(u + ¢)/21ga. Note
that the bundles ¢, lengths (500 um) do not exactly coincide
with the bundie edges. The stereo angle is about ten times smaller
than in Refs. [49.57) ir. order to match the bundles v znd ¢ with
the active chip frame.

Compamm of relevant parameters between different tracking detectors. X,, means radiation length and H the maitcrial laver required to

achieve one hit or cluster

Parameters Si strips MSGCs Fibres
Number of hits [(0.1.X,) '] _ 15-%)? ~i-15"* 70-200 *
Cell busy time [as] - <15 ‘-~ 50 <15
tatrinsic spatial precision (o) {jm) s-14¢ 40 20-40 ¢
Two track resolution [jum) 100 300 ¢ 50-100 !
Occupancy (10™ am ™87 lummosmr){ %] < i 2-3 <1
Number of readout channels [m ™" H ™ ] 210t §x 104" 32x 10
Hetlpmduﬂx)n[\km: 3 Y : 2000 50¢ 32

' (0.3 mm derector + 0.3 mm clectronic laver) per hit: hngher number without clectronics

"F Angclini ct al., CERN-PPE 91122

© 1.7 (5) hit(s}.per mm at 2 m (0.3 m): bundks\um mitrored end face.

Slhcolsumswnh‘()orﬁ(lumpﬂd\ divided by V12,

¢ MSGC with 200 um pitch. taking the centroid: F. Angeliri ¢t al.. Nucl Phys. Blpmc Suppl)A.‘\!U‘)H‘ﬁd )

! Measurcments [26.43 with 60 wm diameter fibres.
s Siln:on strip of S0 m pitch and 10 cm length
anp g&s counter of 200 pm pitch asd 10 cm !cngm

' Each paul channel of an ISPA wbe oovers 00375 mm® (Fig. 14) ﬂm ends:cuon 'nm con:sponds 10 a subtended dclector surface of:
0.0375 mm’ X’Sm(ﬁbtelcngth)-o.lmm(lhnhycrl=%lx10' _ .

‘Amumnglmeerchuml
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hg 20. (2) Residuals from 10° beam tracks (circles) and their Gaussian fit. The values for the slandard deviations o and full wndlhs at half
"maximum (FWHM) are dic 1o the hinary readout, which does not indicate the number of hits within one pixel An analog readowt would
_reduce the. domirant coatribution of the 75 um pixel width and umprove o and I-WHM {b) Measured um-d-gnmv precision 5. M is
.related 1o the residuals o of (a) via the sumber of hit pixels N: = a/\/_ The asymmetsic shape lsmmlyd-elothcdmmﬁmgnm
. of_hit pixcls a1 the right-hand part. (c)Mcweddlrecmnmmmo( 10* aa:umu!mdnmb.'ntv md:czlcthemncvwnkwhdnh:
mdanﬁnﬂmms&“[‘?}mkm&mlkmnphncorshell . :
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Fig. 21. (a) A typical microtrack triplet from a particle passing
through a tracker shell. The track segments in the » and ¢ lavers
are shifted by A ¢ ip increasing and decreasing 2zimuth angke .
The shift 3¢ comespomds 16 the :-coordinate of the track (Fig.
18). (b) The resuhing track scgment aftcr sl'nhmg the w an
microtracks by + A¢.

transverse dlmensmm (Fig. 8). fused logclhcr by repeated
drawmg procedures. The magnetic focussed * ISPA tube
was operated at 20 kV acceleration voltage across the 30
mm photocathode-anode gap. With 0.05 T magnetic flux
density parallel 1o the electric field, the photoelectrons
made one full helical turn until they hit after 30 mm
distance the anode chip exactly opposite 1o their emission
point. The oblong pixel dimensisns (500 pm) were ap-
proximately aligned with the pion héam. whereas the 75
pm edges atlow for spatial resoiulion perpendicular to the
tracks. -

.Fig. -19b shows tracks from another fibre ribbon. where
the two:bundles w and ¢ (with fibres oriented oblique to
the pion dbeam by the angle o) are sandwiched between
the bundles ¢, and . running paraliel to the beam. The
symmelric sieteo. displacements « and - with respect 1o
¢y and ¢ ‘provide the stereo view of the track and

indicate the track -distance d from the ISPA tube: d = (u.

+ v }/2tan a. All tracks show the expected mmmcﬂon

“ISPA tubhc protorypes with clectrostatic of proximity fo-
:ummg are-also tnvmztd drpmdmg o the applications cvisid:
tered.

l')

th. X via |hc nrumbxe ol hupuds N g = n

The centre ol‘ gr.n n\ precrwn s refated 10 the rcsuml LS

- aireadv assumed in Ref. [491. rather thzm smﬂe hits (sill-:'

con microstrips, Table 7) or cluslels (mvcms!np gas dnm?_

" bers. Table 7).

The mnsvcrﬁc ﬁll d:smbuuon of 10° tmdm is pMed

in Fig. 20a. The Gaussian with a background level of

'~ 1% shows a residual stasdard deviation o of 42 um,
which corresponds to'a two-track resolution (FWHM) of .
24X 0 =100 pm. These values are mostly duc to the

binary readout of the 75 pm wide pixels, which does not

indicaté the number of hllﬁ within onc pinel. An analog
readout would reduce the ‘dominamt contribution of the
pixel width and result in smaller residuals. This can be
improved by producing anode chips with smaller pixel
widths. The measured values for the centre-of-gravity pre-
cisions £ (Fig. ﬂb)andforlhcmckdmmom(ﬁg. )
(which comrespond 10 the precisions of the generated mi-
crovectors) are 15 pm and 8 sarad respectively '

The syvmmetric microtracks of » and ¢ lavers can be
paired (Fig. 21) with respect.to the ¢-microtracks to form
triplets, which finally indicate a real track. This advantage
can be uscd for a new track recognition algorithm [57),
which traces a particle from the outer laver to the inner
one, following the ¢ and the u. + sublayers. Comparison

“of Monte Carlo gencrated collider evenmts with recon-

- tructed ones [57] shows for only two fibre shells a recon-
struction efficiency close to 100% with less than 1% ghost
contribution. The average error on the reconstructed total
momentum per evel amounts o 6%.

4.1.6. Comparison of fibres with other trackiny i.edia

In the domain of particle tracking. scintillaiing fibres
compete with other tracking media. mainly gas counters
(in panicular: microstnp gas chambers. MSGC {S8—60))
and semiconductors (in particular: silicon sirips and pixels
[S5-56]). Some parameters of the thize detector media.
with respect to their application as tracking elements in the

_ central detector region, are listed in Table 7. These vahues

ate best estimates of the presemt state of detector perfor-
mance. For valuable comparisons. the numbers given are
normalized in the following way:

The number of hits is shown in units of 0.1 radiation
length X,. Heat production and the number of readout’
channels are indicated 1 units of subtended surface area
[m] and hit thickness H. which means the layer of
detector matenal rcquircd 1o achieve one readout signal
(hit) from the energy 'oss of a minimum ionizing particle.
‘Si-detectors: 0.3 mm. MSGC: 2 mm. sclnl fibres: 0.3
mm). : '
Spatial precision means the accuracy in locating 2 hit
within the detector frame. The number listed for scintillat-
ing fibres tepresents the mandard deviation (o) of a
Gaussian-shaped hit distribution [26.43). For sihicon. most

© -experimenters take either the sigma of the centroid (aualog ,
‘readout) or dmde the shortest dimension of a detector

clement by ¥ 2 (hinary rcadout) For gas filled chambers.
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lhespmlplensmmxhsﬁomlhemmymthwhwh
the centroids of ‘drift clusters car be located. In addition,

forMSGCsthctclsamelaumbetweenpmc:smmd'
detection efficiency. Thcsmsmpcfﬁcnencyof%% for-
Mhrnxkskueaseslobetween%and 15% for .

30° angular deviation depending o the threshold [61] This
~worsens precision and two-track resolution acoordingly.

For scintillating fibres, . the two-track resolution is de-
fhedlietbedmnlrewlwngpowernoptmfm
separiting two neighbouring objects (particle tracks), and
the listed number refers therefore 10 the full width 21 half
maximum (FWHM = 2360 ) of the Gaussian mentioned
above {26.43] The two-track resnfutions reported in most
cases. for silicon ( = 100 um) and for perpendicular tracks
in microstrip gas chambers (~ 300 um) do not relate in
the same way o their claimed precisions.

An importai:t difference hetween fibres and the other
media is in the readout. Every element (strip) of MSGCs
and of silicoa detectors (pixel or strip) needs a complete
clectronic readout chain. Fibres are read out at the end
sections of their shell arrangements in parallel by optoclec-
‘tronic tubes (ISPAs). Coasequently. their number of chan-
nels is considerably reduced. This reflects also on the heat
production. which represents a particular problem for
semiconductors. It is caused by the leakage current of each
detector clement and dy ils clectronics. A cautious estimate
for semiconductors leads to about 1| mW per element.

4.2. Calorimerry with scintillating fibres

4.2 1. Basic comsiderations

A calorimeter measures the energy of incident elevtro-
magnetically or strongly interacting particies. lis energy
resolution amounts to

dE (& ] _
G + ' {16)
where a is the energy dependent term. The constant term
b describes the response of the calorimeter to clectromag-
netic (¢) and to hadronic (h) interactions. Equal response
(e/h = 1) means a completely compensating calonmeler.
Normally. hadronic interactions terminaic in nuclear
breakups. where ‘the nuclear bmdmg energies { ~ XV of
incident encrgyl will not comtribute 10 the visible and
measured energy: This can be compensated by emplovmg
uranium as radiator maierial where the fission processes
increase the neviron compoaent and make up for these
losses [62] In another approach plastic sciniitiators are
emp'oyed 4s active sampling maicerial. because their hydro-
gen yoms respond hetter to the low energy neutron com-
poncnt of the hadronic cascade (63 and therefore enhance
the Tadronic respomse.
" .\ the same lime the calonmcter respon‘c 10 eleciro—

inagn:bc showers {mainly gammas from neutral pons
whi-h mkcabout K ofthemc»demenerg))canbc'

udmdbynamoprmﬁwnmofhlghzm(eg.

-._"lead)whnchmt)slowmergypmtxfm&ymch
.the plastic sampling sciotilfator [64] - These requirements

fmampcmnngcakxmelerpomlloledascaergy
ahsotbelandloplmnc scmulluouassamplmgm

422 Tklead/xtmﬂmxgﬁbcrmlm :
These considerations and the requiremsent of fine grain

j_cwﬂmkadmturanymﬂubad/sawlhmg

fibre (spaghetti) calorimeter. It is composed of 1 mm
diameter scintillating fibres pointing at the colliders intes-
action region, which are interspersed in a lead matrix at
1:4 (plastic to lead) volume ratio. This geometry provides

. hermeticity and the different timing response for electro-

magnetic and hadronic interactions allows the electromag-
netic and the hadronic calorimefers 10 vombine into one
detector of about 2 m absorption. thickness. This develop-
meat has been iitiated by Durmeister et ai. {65] with a
lead-scintillating fibre sandwich geometry and was pur-
sued by the LAA project [66).

The electromagnetic energy resolution measured’ wnh a
prototype of 41 modules [67] amounts 10:
dE 13.4%

?:—E(_GET'+U'I7%' (173)

and the hadronic energy resolution, measured with a 155
module prototype of longitudinally unsepnenled nonpm-
jective 1owers [68]. is given by:

dE 8%

— = + 2.5%. (17)
E E(GeV)

These modules are now used as a calorimeter in the
WA-R9 experiment behind the Omega-fixed target spcc-
trometer at CERN.

The position resolution for incident electrons is {69}

50 mm

VE(GeV)

o, =

For single hadrons this resolution amounts to [70):

o=314 .mm/\/E(GcV). : (1&5)

Several fibre calorimeters are already in use or are
planned at different particle physics expcnmems One. of

the carliest applications was with the electromagnetic
calorimeter of the JETSET éxperiment {71] at the CERN

* Low Energy’ Antiproton Ring (LEAR). It is assembied of
. imdividual towers which point to the interaction regwon and
* form a hermetically sealed structure {72). The design depth

is 12.5 radiation lengths (0.2 m). A matrix of .1 mm

" polystytenc scintitlating fibres is embedded in a lead-anti-

mony atloy via an epoxy.. -which envelops the cladding of
tach. filwe. The resulting volume ratio fibre : lead : cpoxy

© amounts to-50:35: 15. This layout is not intended to yield
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e/h compensalm but is optimized for ch:ctromagnenc

encrgy resolution: d£/E = 006/»/_

 The Chorus cxperiment [54)] uses a Iong;iudmally seg-
mented fidre calonimiter with scmullalmg fibres numning

transverse (o the neutrino beam. Mdbwsfalhemscr-
tion of limited streamer tubes 10 tiack penctrating muons.
k consists of three sections: the first one of high granular-

ity measures the clectromagnetic compoaent, and the two -
others with lower granularity the hadronic one. The vol- -
umennonsfourpumdlwdloonepanofphsncﬁbres. :

A ““spagheiti”’ type calorimeter is being built for the

KLOE experiment [73] at the ¢-factory DAPHNE in Fras-

cati, laly, In the 3.75 m long barrel region of 4 m outer
diameter, the scintillating fibres run parallel to the: cotlider
beam. = -twoendcap&ﬂnﬁbm«hmqmareonhogo-
nal 10 the beam. The construction uses a glueing technique
and the resulting fibre :lead:epoxy cClume ratio is
48:42:10. '

At the DESY clectron—proton cullider HERA the Hi
experiment_plans to build a fibre calorimeter to extend
their large hiquid ‘argon calorimeter in the backward p-
scatiering region [74]. The electromagnetic section would
contain 0.5 mm diameter scintillating fibres embedded in

lead at 2 volume ratio of 2 (Pb): 1. The hadronic pant is
planned for 1 mm diameter fibres with 4Pb):1 volume

rano and will be onc interaction length decp

4.2 3 Canpanson with odler calorimeter lednuque S
There are several competing methods for calorimetnic
encrgy measurements. Closely related to scintillating fibres
are scmtilt..ing plates. interleaved with heavy matenal
absorbers. A new development {75] is the calorimeter with
scintillating tilcs oriented radially to the collider axis. Each
tile is coupled to a clear or wavelength-shifting read-out
fibre. Simplicity of mechanical construction is purchased
at the expense of coarse. ganulamv and dlfﬁcull tning of
ccmplcu ‘compensation.
. A completcly different class of dclcdots is dt ined by
liquid argon calorimeters containing absorber plates and
clectrodes for charge collection. The clectron drift veloci-
ties of ~ 5 mm/ps produce long occupation times of 300
to 500 ns wichin the argon gaps between the plates. This
drawback must be compensated by bipolar ‘pulse-shaping,
which decreases the signal/noise ratio. An interesting
amangement s the accondion geometry {76]. which pro-
\ndes very dm cable connections from the charge collect

ing electmdet 1o the preamplificns. They yield rise- imes of .

~30ns The electromagnetic energy resolution achieved
with an accordion’ calorimeter is similar 10 that of the
qpag,hem alonmem with a tiny ad\-‘amage of the accor-
dmn

4.3.-Dose '.mle_s ,and rqdianon damage for fibre detectors at
LHC o - :

© - Minimum biased even:: pmduced as hackground from -

Ppp collisions scale with Juminosity. multiplicity and parti-

- cle cross section. They.are. by far the rain source for the
" radiation dose ‘around the crossing poiats of 2 hadron’
. collider. The dose rate in Gy (Gy =1 J Kg~ ')perycar
: (yr")canbeexpwssed in‘the following way:

dE

. v I
D.,(r)[Gy ye. '] cons—;n-——l.a_,ll(ur ), sin o

dx
(l")-

with (dE/dx) (sin 6! meanmg the slwpmg power
(LHC: 2 GeV cm’ kg ') for minimum ionizing pasticles
emitted at the polar angle @ (cos 8 =tanh %, where 7 is
the rapidity). L the luminosity [10% cm ™7 s7") of the
collider. @, lcm’] the inelastic cross section for pp
collisions (LHC: 85 mb). H the number of partickés per
collision and per unit of rapidity (LHC: 6). r [cm] the
distance from the collider axis and H sin 8/=r® is the
aumber of particles per unit sarface of a cylindrical detec-
tor. The term const {1.6 X 107" J GeV ™} yr™'] conains
the conversion from GeV into J (1.6 X 107'") and from
seconds to year (107) if we assume a vearly operation of
107 s, which corresponds to about 115 days.

This relation changes if a solenoidal field with flux
density B is applied in the tracking regioa {44}

Dy(r) = n(r){“<n >f f(x)dx+ff(x)dx}
(29)

where {n.) =sinh n,./u sinh n [49]) is the average
number of particle curls in the rapidity range 0 < n < q,..
Ax)=x e " is the transverse mumentum distribution of
minimum bias particles taken from Monte Carlo daia. and
x=2p/(py=03 Br/(p). The average transverse
momantum p, of minimum bias panicles depends on the

10*
£
Q
i

10°}
i
i
3 :
-
3
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<

!

1 2 4 5 3 2

Fig. 22 Anual dosc 41 the wnner detecior cavaty, wathint + 3

‘rapedity” for 1he indicaked decadic |ummmmcs AL 4T, the parti-
ccles curd with ~ 1 m max. radius. Thc umit grn (G)icqua!s 1
S B kg or Ird. -0 . i .
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aihd:rscenm-ofmen:rgyﬁ' nndmbeappmxx-""'

mated by: (p,) ~044 + 007 bog £,,. -
mndsmm‘ngdnmeiasbﬂweenmanddls-

tasce 7= p,/0.15SB from the collider axis do not con:

tribwic 10 the radistion dose, therefore the first integral of
Eq. (20) spams bétween x, and x_, where ¢ means the

oater radins of the free barrel, wﬂamma'
solenoid as boundary. Tksecoadmegralcovasthe.'

whmdunthosepanxbswhnd:mstoppcdcud-
ing by this boundary. -

.'l‘hcmualdmemw-foru-lCateshownvemme-

distance from the collider axis in Fig. 22. A solenvidal
fiedd of 4 T changes the dose rates for LHC as indicated in
Fig. 22 [44] For the tracker scemario shown in Fig. 18, this
means maximum annual dose rates at 0.75 m distance of
0.45 kGy (45 krad), which is certainly tolerable for the
scintillating fibres during several years of operation.
and from neutrons results in complex deteriorations of
scintillating fibres: # causes optical colouratwon (colour
-centres) of the basic matrix (core), which decreases its
light transmission; it also can yield chemical degradation
of the added scintillators, which reduces their light emis-
sion:; it can worsea the quality of cladding layers, which
increases the reflection losses at their core—cladding inter-
face: together with the infiltration of gases. it may produce
radicals, which change the. chcmml structure and affect
the fibre perﬁxnnm

The extent of damage in scmullalmg !Erts is mﬂu-
enced by many paramcters: dose rate {77]. recovery [78,791
ambient temperature [80] colouration of basic matnix
{81.82). chemical structure and molar fractions of added
dopants [83.84.44), nature of surrounding gases [85.86}
etc. Therefore. it is difficult. to disentangle the different
contributions to radiation damage of scintillating fibres. An

[
<
4
4
4

Addiional resciusion tarm (%)
» " >
".-.0-'
——
-
-

EGev)
F:g 23. Monte Carlo results oa the additional constant term in the
ckciroma@cnc encrgy resolution for the measured radiation hard-
mdSHF(S(llppnlﬁ!m:swnh ndmnnnharddaddlq(bhck
dots) and for SCSFB1 Y9 fibres with standard cladding (white
dots), asahmamoimemnd:ndectrmcnﬁgy(Spaghﬂn
calonm[&i]) i :

Numberofl‘hotoeiecumpﬂmm :
i /)

o

5
N
E

‘g 24 lmpmvcmems on hit densities (phol.oelemoes/—) for

fibse burdies, containing 60 pm ‘tbres, duriag the last years. The
main progress is due to higher trapping fractions from fluorinated
cladding, better collection efficiencies of photoelectroas from the
HPMT photocathodes and mmproved manufacturing procedures.

exhaustive treatise of these effects would require a sepa-

Tale review.

It is already  certain that high dosc rates o which
scintillators are exposed for tests, cause more damage than
low ones. The dose rate of LHC at 10 ¢m™* s°!
luminosity would average only 3.9 Gy/day (Fig. 22) at
0.75 m distance of the inner fibre sheli (Fig. 18). Even for
long term imdiationlests.lhcappliedmeisabom 100
times higher. in order to achieve doses of several tens of
kGy within a reasonable time (months).

As far as dopants are concemed. it hasbeendearly
demonstrated [83,84] that ‘3-hydroxyflavone (3HF) [21]
doped fibres show smaller permanent radiation damage
than those doped with other aromatic compounds.: Fortu-
nately, this dopant shows'a Iarge Stokes’ shift.and can be-
applied as-a one-component system (Table 3) which emits
around 530 nm. On the other hand. its fluoréscence yield is
only 0.4 (Table 3),-which makes it less suitable for particle
tracking but is still more than adcquate for ca!om'nemc
applications. '

With LHC, neutron fluxes in alonmelcrs rcach levels
well above 10’ neutrons pcr cm®: and year [87] at an
integrated luminosity of 10*' cm~* and 60 mb inelastic
p-p cross sections. -Although the lead/fibre calorimetet
yields the lowest neutron productior (Table 5 in Ref. {87]),
the- radiation load: on. the fibres is important. Also the
radiation level caused by gammas from neutral pion decay

is considerable. Damage 1o the calonmctet s scintillating

fibres from these processes- would change the ¢/h ratio
and therefore worsén iis energy resolution via the constant

- term 5 {Eq. (16)). Aiso, all changes in uniformity of the

fibres™ light transmission. which could occur because of

-lomlmdmm&hmage.wouldnwessnmﬁupcn:mh
; brations of the calorimeter. Therefore. the RD-25 coltabo-
ration smdncd anfully the. mnsm of dxffeveas fibre
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types with full length modules at a high intensity 0.5 GeV -
ckectron beam (CERN-LIL) [88]. Fig. 23 shows the'added
constant term (Eq. (16)) as'a function of incident electron
energy after an exposure al LIL. which would comxpond- .

0 4 v LHC operation at 2.5 rapidity. The figure shows

clearly the advantage of 3HF doped f lm-s clad with

fhotmxed polymeﬂncrylalc

8. Cenclusions

" During the past few years the performance of scintillat- '

ing fibres has improved: considerably. Developments were

mainly based on polystyrene cores and include the intro-

duction of one component dopants (Table 3: PMP [19.20].
3HF [21], etc.) which prevent cross-talk for small diameter
‘fibres (22] For fibres with diameters below 100 pm fused
bundies were developed [15] with high packing fractions
[26] and excellemt coherency for precise alignment in
tracking arrangements. The fraction of trapped light has
‘been improved by a factor of 1.75 [23] with fluorinated
polymethacrylate cladding. In addition. general improve-

ments on fibre production. which mainly reduced the light

aticouation in the polystyrene cores and the reflection
losses -at the core—cladding interfaces, enhanced finally the
nimber of phdoélec'rons/mm (hit densitics). These im-
provements on fibre performance are itlustrated . Fig. 24
which shows the considerable differences in hit densities
of 60) um fibres contained in fused bundlcs between 1990
and 1993.
~ Recently, new readout techniques have been developed
in two different ways. which both avoid the bulky opto-
electronic chains of classical image intensifiers. where the
scimillating light is lransponed via phosphor screens to
-CCD readout. One, is the new development of visible light
photon counters (VLPC), which are -silicon solid stawe
phulomuluphm {28} They need to be cryogeaically cooled
t0 6.5 K and are coupled to the scintillating fibres via clear
oncs. They reach 0.85 quantum efficiency al S50 am [25).
The second technique follows the development of hy-
brid photomultiplier tubes (HPMT. Fig. -6) [X%)-37.24.25].

which cmploy photocathodes 10, allow light deiéction from

scintillating fibres for photoncounting. The high potential
difference { > 10 ke V) between photocathode and sidicon
anode enhances considerably the colicetion efficiency of
electrons emitted from the photocathode. as: compared 1o
the Quantacon  with 30 1o S0 V at the first dynode,
Newest developments [45.46] place a silicon pixel readout

vpposite and in proximity to the photocathode (ISPA tube.

Fig. 13} to maintain thé fibre granularity also for the
fekctrumc readout. ISPA tubes’ rc:pl.v.e in a cheaper and
space saving way lhc classical optoelecironic chuins with
better spatial resolution and higher signal /noise ratios.
“Until now, particle trucking with scintillating fibres has

been mainly hampered by coarse fibre granularities and by

* the bulky optoc!ecnbnk readout chains. Fibre occupancy

resolution of particle momeata. and recomstruction’ ¢ffi-.
ciency of collider évents [57] can be improved ‘with thin
shefl arrangements of fine grain bundles aligned for stereo-
scopic views (Fig. 18). These shells are distributed. over
the: free barrel dmme!er ‘bordered by the inner surface of
the. calorimeter or ‘the solenoid of the detector. This ar-
rangement results in large track lengths L (in Fig. 18:

L =1.25 m). which lmpmvc considcrably the . meastre-

ment of track curvature (L° dependence in Eq. (14)), and
increase the. backpointing accuracies to the collision ver-
tices of hadron colliders. Each fibre bundle produces sev-
cral hits (Eq. (15)) and therefore micro tracks of a few mm
(Fig. 19), rathier than single hits or clusters as with silicon’
layers or MSGC modules. Sitce all bundles are read out at
the cylindric end-sections rather than at the shell surfaces.
the number of readout channels is much lower than with

. competing silicon strips or pixels and MSGCs (Tabie 7).

Therefore, extra cooling loops, representing additional pas-
sive material to remove electronic heat are not needed for
the fibre tracker.

In calorimetry. the volume fraction of scintitlaling fi-
bres. disinbuted as sampling material in 2 lead absorber,
can he precisely tuned to achieve full electron-hadron
compensation. This improves the energy resolution of the
calorimeter since the. constant lerm in Eq. (16) bccomcs
small. Another advantage: is the fast signal response ( ~

_ns) due 10 the short decay time of the emitted fibre llghl

(Table 3). These response times are achieved without
signal shaping. which would further shorten them by a
significant factor. Electron/pion discrimination can be
achieved with Jongitudinal shower sampling, cffective
shower time and /or lateral shower sampiing. In combina-
tion. these selection criteria vield rejection of 107 within
about 100} ns.
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Glossary

Absorption bund: Wavelength region, where incident
light is absorbed due to excitations of the electronic and
the vibrational energy levels of chemical compounds.

Cladding: Thin (2 10 § um) matenial layer (mostly.
PMMA) surrounding the fibre core: Iis fefractive index is
smalies than that of the fibre core, to enable otal Ilghl

_reflections at the core-cladding interface.

Cross-talk: ngh( produccd via particle wmsatmn in
one fibre is uanst_mucd into neighbouring fibres due 10
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m‘lmnve exdmngc bétween” scintillator and wavelenglh.',:': 5

shifier (two component systems, Table 3). The absorption -
tngthof!h:emmedsumﬂlumlwexowdstheﬁbre :

diameter and excites the wavelength shifier in a oeighbour-
“ing fibre. This phenomenon can be avoided cither by a one

eonmamldopun(eg.PMPMTchB)orbysur-'

rounding each fibre with an EMA coating.
‘Extra mural absorber (EMA): ngblabsorbmgotre-

'ﬁecung coatings which surround €ach fibre to suppress

‘cmss-lallbetweennelg!lbounngﬁbtm ‘For fused plastic
fibre bundles it is not possible to coat cach individual fibre
with EMA (as it is with glass fibre bundles). Thercfore, it

is imperative to dope them witk one component, scintilla- -

tors (Table 3) at concentrations, which' allow for local
Forster traasitions to avoid cross-alk.

Extinction coefficient (decedic molar) e{A): Transfor-
mation of recorded light intensities (/) after transmission
of incident light (£,) through absorbing media:

e(A) = —0.4343 In(1/1,)/Cd [1 mole™! cm™'],

with C the molar concentration of the absorber and d the
absorption thickness.

Fibre bundle: Small diameter fibres fused coherently
togrther during the drawing process. The bundles are of
square or hexagonal outer cross sections with edge lengths
greater than 1 mm. They contain several hundreds of
individual fibres. Their cross sections arc hexagonal due 10

the energy minimum required for this configuration. They .

are separated from each other by thin cladding layers.
Fibre optics window: Clad glass fibres of 5 to 20 pm
diameter are fused together -to serve as vacuum tight
windows (thickness > 5 mm) for photocathodes and phos-
phor screens. They are indispensable, if spatial resolution
of fibres must be conserved. To avoid light losses, their
numerical aperture (NA) must be greater than that of
scintillating fibres. -
! Forster transitions: Radiationless encrgy transitions be-
tween ‘donor molecules (e.g. polysicyrene) and acceptor
(scintillator). molecules (in contrast to radiative energy
wans’zr).’ They require small distances (0.5 w0 3 om)
between donors and acceptors, which tequires molar scin-.
tillator concentrations (above 0.02 molar fraction), at
which, on the average. one scintillator molecule is inside a
sphere with a radius corresponding . 1o these distances.
.Forster nansitions provide local light emission (in contrast
to radiative ones) and therefore avoid cross-talk between
fibres of small diameters (Fig. 5). Since they require high

scintillator concentrations they can be_achieved only with -

one-cumponent dopants. which have no (e.g. 3HF) or only
smail (¢.g. PMP) overlaps between their absorption and
emission hands (laspe Stokes” shift). Forster [18] calculated
critical ‘disz aces between donor and acoep(or molecules. if
there is sufficiént overhp between the' emission band of
‘mcdomrandlheahsorpuonbandoflbempm An
extensive list of computed critical distances ‘and molar
concentrations can be found in Ref. {89}

Hybnd phmmlnpller tube (HPMT): Elecums, emit-

‘ted from a light detecting photocathode, are accelerated by
. a potential difference (2 10 kV) towards a silicon diode.
'thlowupacmnoesoflhedwdc the preamplifier input,
-mdtheconnecmgubhs.nispossiblewrcso!veenergy
‘peaks cotresponding up to 15 photocliectrons.

~ Magnetic flux density B: lsmem:mdm'l‘(l'!'=le
m ). Theoldmm:sGaus[Gl:lG 10°*T.htis

:connectcd to the magnetic ﬁeld strength H [A m™'] via

B=p p, H, with i, [V s A™! m™!] the permeability of
free space and p [dimensiontess] the permeability of the
material present in the magnetic field. The Lorentz force F
between a panticle of charge. ¢ and velocity «'in a
magnetic field amounts to: F = ¢ (r X B). From this, the
curling radius r of a charged particle with mass m in a
solenoidal field is deduced: r = me /(gB) with r 1 B.

Microstrip gas chambers (MSGC): Anode strips of 5 to
10 pm width and 50 um wide parallel field strips are
deposited via UV lithography or plasma etching on sub-
strates of high ohmic resistance. They form detector cle-
ments of about 200 pm pitch and 2 mm gas depth
(cathode distance) for the development ‘of electron
avalanches.

Polymethylmethacrylate (PMMA):

A
cuJ u-

}\,c..

Cladding matenal of plastic step-fibres with 1.49 (590 nm)
refractive index. The refractive index is reduced to 1.42, if
fluorinated polymeth~crvlate is used as ciadding material. .
This increases the trapping fraction by a factor 1.75.

CF F

3
|

N

B
. Polystviene (PS):
1 H lll
S
A

Q9 .

forms the basic swructure of a fibre’core. s low fluores-
cence yield (0.03) must be enhanced by a scintifator.
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Radiation dose Absorbed ionization cnergy [J] per

mass unit {kg] quoted in Gy; 1 Gy=117 kg" This unit is
equivalent to the ola unit rad; I rad = 10~° Gy.

Scintillators: Aromatic compounds added to the styrene

monomer (~ 0.02 molar fraction) of the fibre core for
combined polymerisation. Scintillators enhance the poor
fluorescence yield (0.03) of PS and provide Forster transi-
tions. The following two scintillators emit in the opaque
wavelength region of polystyrene. Thercfore, 2 wavelength
shifter is meeded (two component system, Table 3) to
obtain an emission- band in the transparent region of
polystyrene (> 400 nm).

PBD: 2-phenyl-5—(4-biphenyiyl)-1.3,4-oxadiazole

N—N

The following six scintillators emit in the transparent
wavelength region of PS {one component system, Table 3).
and do not need a wavelength shifter:

3HF: 3 hydroxyflavone

PMP 450: -1-p-anisyl-3-mesityl->-pyrazoline _

PBBO: 5 ¢1 naphthyl)-2 biphenyl-oxazole

R39. R45: Coraposition and structure unknown.

Silicon strips and pixels: ate operated as diodes with
reverse bias voltage. Electrons and holes, induced by
ionizing panticles, drift in a bias field of ~ 300 V mm ™"
across a depletion layer of typically 0.3 mm thickness.
Dctector clements are geometrically arranged as single or
double sided strips with 25 to 100 pm pitch. Their lengths
of several cm are limited by increasing capacitance. For
two-dimensional readout, they are arranged as square or

" rectangutar pixels with edges longer than 50 pm. All strips

or pixels are wire- or bump-bonded, if not monolithically
integrated to their individual fronm-end clectronics,

Spatial frequency: means the number of line pairs per
mm. The spatial frequency at which the MTF equals 0.03
rep:esents the limiting resolution of an optoelectronic ele-

" mem. This number is often quoted by manufacturers of

imige intensifiers, fibre optics windows, etc.

Stokes’ shifi: Difference between the wavelengths of
the absorption ( A, ) and emission (A ) maxima: AJ' — A;'
lem ™ 'Jor he (AL — A ") [eV].

War elength shifters: They form together with a scintil-
lator (mostly p-terphenyl. which emits in the opaque wave-
length region of polystyrene). a two-cumponent system
(Table 3). Their absorption bands overlap the sciitillator's
emission and their emission bands are in the transparent
polystyrene region above 40 nm. Since their emission
ovcrlaps significantly their absorption band (small Stokes’
shift, Fig. 3c), they can be added to the styrene-monomer
only in small molar fractions ( < 0.002). This results in
radiative (nonlocal) energy transfer between scintillator
and wavelength shifter and therefore produces cross-talk
between fibres of small diameter (Fig. 5).

POPOP: p-bis {2-(5-pheny] oxazolyl)] benzene

N

i

BBOT: 2.5-bis [S-tert-butyenzoxazolyl (2)] thiophene,
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TPBD: 1,1.4,4-Tetrapkenylbutadine

5
©)

C=CH-CR=x
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