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ABSTRACT

The development of new high luminosity hadron colliders (SSC and LHC)
has posed a number of new challenges to traditional detector technologies.
In addition to the expected problems of cost, project management, fast tim-
ing, energy resolution, occupancy levels, etc., some detectors {particularly
calorimeters) face new problems due to the unusually high radiation levels
expected in the forward regions of the beam-beam intersections. Although
not alone in this category, scintillators face this last problem as probably
the determining factor for their use in the high radiation areas, especially
in the calorimetric detectors.

This article is a review of ongoing developmental work to make scintil-
lators a viable and important element of the next generation of high energy
physics detector systems. Although the key problem is that of radiation
tolerance, attention has to be paid to such questions as fast timing capabil-
ity, energy resolution, light output, and photodetector speciral sensitivity
and quantum efficiency in order to produce a realistic solution.

It is the intent of the authors to show that although the final solutions
may not exist at present, the achievements of the past few years show that
the solution is probably realizable with proper effort and attention within
the time scale envisioned for the construction of the new colliders.

Contribution to Instrumentation in High Energy Physics, edited by
Fabio Sauli, and to be published by World Scientific Publishing Co.
Pte. Litd. in 1992.
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Part I: Crystal Scintillators

I.1. Introduction

With the increasing energies and interaction rates of the upgraded detectors either
planned or under construction for the presently operational accelerators, and the detectors
intended for experiments at the future machines such as SSC, LHC, UNK, K-factories and
RHIC (in p-p experiments), there is an ever increasing demand for fast and radiation hard
dense scintillators or Cherenkov radiators for high resolution electromagnetic calorimeters.
The expected interaction rate will be around 108/sec at the SSC and up 10 2.5 x 109/sec at
the high luminosity version of the LHC. The differences in calculated radiation dose rates
of two orders of magnitude exist between RHIC and SSC, with LHC at the top of the list -
2. But even in the RHIC case, even if a small fraction of the beam is accidentally dumped
or scattered into a detector, the damage can be serious. Figure 1.1.1 shows the comparison
of the calculated fluxes of secondary particles and integrated radiation doses per year for the
SSC (L = 1 x 1033 cm-2s-1) and the high luminosity version of the LHC (L = 4 x 1034 cm-
25-1) 3, The intensity scale factor between these two machines is 27 1.
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Figure 1.1.1: The expected charged particle flux as a function of the radial distance from the interaction point
for the SSC and the LHC with the corresponding integrated radiation doses/year due to ionization energy
deposit 3. The energy deposit will locally increase in calorimeters due to the showering process.

Heavy scintillating materials make possible the construction of hermetic detectors
without local defects. The main advantage of fully active crystal scintillator electromagnetic
calorimeters is their excellent energy resolution, making them the best tools for electron and
gamma detection, This was found to be necessary for efficient electron identification at the
SSC 4. The most stringent limit on resolution is set by the requirement to study the 2g
decay mode of a light Higgs 5. In several recent review articles 3- 6. 7. 8 the analysis of
possible solutions was performed. First, it was concluded that no candidates for high
resolution calorimetry were available presently for the most forward regions due to



radiation damage and insufficient time resolution. The only possible solution to this
problem (i.e. placing detectors far away from the interaction region in order to keep a safe
radial distance), is impractical due to the sizes and costs involved. Therefore the main effort
is focused on finding a solution for the central barrel calorimeter with short forward
additions, Lorenz 3 has recently summarized the prospects and limitations for the use of
electromagnetic crystal calorimeters in the SSC and LHC experiments. As expected, the
result of the analysis was that such calorimeters can only be built in the cenwal region and
with a large radius of the central cavity to accomodate track density in space and time, and
the total radiation load.

Under a critical review there seem to exist at present only a few proven and many
potential candidates for crystal scintillator-based detectors for future high rate applications.
Several short review papers discussing the new developments in solid scintillator research
were recently published 9. 10. 11 and the reader is referred to these sources for more details
than covered in this review. A systematic survey of fluorescence of over 400 inorganic
compounds is in progress with a pulsed X-ray beam technique 12.

Table I lists the selected group of scintillating crystal materials. The included
collection of data found during literature research in preparation for the present review is
not complete, but it is meant to testify to the ongoing vigorous research on new potential
candidates for fast, dense and radiation hard scintillators. In cases when discrepancies were
encountered between different information sources, such as different values quoted for
scintillation yield, emission wavelength, etc., the extreme limits and/or ail the options are
listed. It is interesting to note that the presently best known scintillation material, CsI(T1)
did not make the list because of its rather poor radiation resistance (but improving, see
section L.5) and a long decay time. Even before the high rate high energy physics
experiments were planned, in some nuclear physics applications the long luminescence of
CsI(T]) was seen as a major drawback, limiting its use to relatively low counting rate
applications. For comparison, BGO, LXe, and scintillating glasses (see section L.7) are
included in the table. BGO which is used on a large scale in the L3 detector at CERN, is
only marginally acceptable due to its slow response and relatively poor radiation resistance
(see section 1.7).

Also many other listed crystals fulfill some but not all of the requirements for use at the
high intensity SSC and LHC environments; requirements such as:

- fast speed and short decay constants (no tails)

- high light yield

- good energy resolution (yield+uniformity+stability)

- good radiation resistance (survival)

- short radiation length and Moliere radius (compactness)
- mechanical, chemical and thermal stability of operation.

The criteria for the selection of a crystal material include not only the obvious
demands for high light output (> 500 photoelectrons/MeV) and short radiation length but
also short pulse duration (decay time of under 10 ns) and radiation resistance (better than 1
Mrad and 1012 n/cm?) to cope with instantaneous rates and integral radiation doses,



respectively. Many crystal scintillators have several scintillation components which are
usually divided into "fast" and "slow" ones. The basic mode of operation is to use the fast
component and to try to desensitize readout to the slow components. A classical example of
this technique is barium fluoride, where much effort went into designing photocathodes
insensitive to the slow (~600 ns) decay component (see section L.2). The effects of
radiation damage in crystal and glass scintillators are primarily due to damage to
transmission properties of materials, while damage to intrinsic scintillation yield has not
been observed in some cases even up to the doses of 1 GRad (10 MGray).

To illustrate the serious problems encountered one might take a look at cerium.
Cerium is an excellent rare-earth scintillator and can be incorporated into a wide range of
matrices, but the speed of its emission is only marginally acceptable. The scintillation
emission is due to the characteristic fast allowed 5d-4f dipole transition in Ce3+ in the
region of 300 to 500 nm, depending on the host matrix. Only lattices in which Ce3+ ions fit
and the formation of Ce4+ quenching centra is minimized are suitable for this class of
scintillators 9. Especially interesting are high density matrices. Examples of cerium
scintillators are: cerium-doped gadolinium silicate (Gd2SiOs), yttrium aluminate (Y AlO3),
rhenium aluminate (ReAlQ3), barium fluoride (BaFs), and cerium fluoride (CeF3).

It seems that at the time of writing this review there is one material which satisfies
most of the above listed and discussed criteria: barium fluoride. Recently it was preselected
as a possible solution for the GEM SSC detector. The planned detector will have a total of
about 16,000 crystals. In section 1.2 we will discuss properties and applications of this
very important crystal scintillator. But even barium fluoride will not survive the radiation
doses expected in the very forward regions of the SSC and LHC. A fast detector with
liquid scintillator capillaries replacing scintillating fibers is a possible candidate for that
region. Other possible candidates except BaF2 are: CeF3, cerium doped gadolinium
orthosilicate (Gd28i0s:Ce), pure Csl, and lead fluoride (PbF;), a Cherenkov radiator
material, listed in the order of their overall judged applicability.

Depending on the count rate and magnetic field expected in a particular region of a
detector, different readout methods are applicable to crystal scintillators. In general, these
can be silicon photodiodes, vacuum photodiodes, phototriodes and phototetrodes, and
finally higher gain devices such as new type mesh photomultipliers to be used in magnetic
fields and at high rates. It was shown, for instance, that the Hamamatsu photomultiplier
type 2490 with 16 transmission dynode stages works even at a magnetic field of 1.5 Tesla,
and ar tilting angles up to 500 still can provide a gain of more than 103 13, New hybrid
photomultipliers with a silicon, PIN or APD active "amplifying” element are under
development 14-18, Efforts are also under way to minimize the effect of Cherenkov light
produced in the photomultiplier as a result of the passage of particles through the PMT
window by working on a special design of a thin glass photocathode support 19. An
example of a large readout system is the CLEO CsI(T1) electromagnetic calorimeter where
crystals are read by silicon photodiodes. This system is too slow for most of the future
applications (shaping time of several microseconds), but new versions are being prepared
with pure Csl in mind and shaping time in the range of 100 ns (see section L.5).



"(3%51 3a5) suoHIHp MO|S O1 Kitantsuasur ot Inp ,Jq4 W smipel a1arqop uondde |,
‘panjioads simIagIo SSAUN ‘07@ AIW/PAILR suoloyd ¥
1auedwoo 158) 10) 4

I °1qeL

LI0 pIBY UONBIPEI pUE JSEJ J0J SAIBPIPUE) JO IST]

D Mops ON (wu gre<) Joyeipul
T £1 66°9 | Aonuarayy | {401~ Aoquardy) | aoyuaray)|  gRJ4TqAvH
3
LT 8Ll €9 Ly 'QEECIE $Zs ZUN
(00L61-000L1)
¥6°1 oN 434 €9°T)S5C-5E° 6] (LB ovZ]| 8401 ‘or-0£]  06€-05€ SE-L1] 9DEOIVA
a9z (@tow §¢)
(wupg 1 BDo0T~) | '0€T ‘¥81 Ob| PNRIALT
oce)| (xom) Lz | (®ioworn)
0Ll 6's<| (%) 581 {00TZ088)| 'S0€'06Z ‘g D]
wuQQz 373
0Ll oN 6'S 00) s~ ‘91T 'Ll £9 PNEIT
0'T gy Wor-oL1)]  00T-€9 [HEA R
T¢ TL'L 91 ¢ {00SE008Y | 061-O¥1 51 SO
vig' 1) "D mopE ON @0t  sompwm
z8°1 oN L LA AL A A4 £€6°0 LL'L] AoAuaIaYD ) ye0l< (8'1-¢ 1) | Aoxuasey) | aoyuasay) 7494
AL 1gaH] 35-190s| 21908 I 1008
09°t oN Sty 6°E] SEFTIF|6PE9EE Sx0l {001} ‘( £) [1]%) 06-05 | %D wids
juavadwos| g0l 05t
gF°y A¥3IA QT 19°9]  ~ops oN] mopg {00ST) ‘L5 ] '(SEE-SSTI] v ¥-8T 41D
61 oN F 2 661 1L'9 009} 8+01< 0z] osv-Stt 09-0€ D050
(00s91)
-~ 18] AogBus{ o9¢| 9g $'E-CE 98° L ES YISy 0001 ] ¥s01<| (oorczi) ‘ovl oze-sog| o9t'0i ~} (und)ypsd
: : 9«01
(&)} Anyfus ‘1 19 X €< (N33 0g 49D
tanodwod {000¥}] SLEO¥E _
3070+ 291} fpyBus 9T £9°¢1 L1-591 91°9] ™o15 oNE 9401% Loon)'o-t.] ‘01€-00E] 00T ‘§-¢ £42D
(1se3)9°Q- 667 (x3 %) {005T-0081)
(mols)p - +95°1] ApuBus| <o) -v6z] re66E 90'T] 68°¥-88°b 009~ | L+01<f (00r-06I)'s-€] 0OLT ‘561 60 > vl
wu(sl
8¢t VIN] 68'¢ £< L's-9°¢ LL'T 90°¢ sv]l  wPiy (re0IX L-¥) oLl ST ¢ X1
¢S1- 61T oN| 7'6] €T-T2 LT 1t eUL] 05 7'00E] Lie01] (00T8) 'el-T1 08¢} "0015w) o 00A
# AW/ 10d)
(A2prod)
(u3) {(Ped) § 001 = (LI*N ‘%
(O'%)] IO (wy| N (a) ) | 1| wdrivviey| 0@ (vu)
20 XN D 01d00s | A0 |  INi|  sniavd] miongT]  (gwor®) [dwoy mois|  NOLL THEIA | NOISSTNA | -dro)y 15wy
vy HAad]  -O¥DAH | XPap| “ONN| Fﬁ:o: AV ALSNZI Avoad | viavid IHOILISYd Isvd]l  Avoad | TVIELVH
m.—Oum:_HEOm —Sm\



quisun [T
1% inq ‘ou st's 0052 OrE-061 9 Zivg
6g] oL (00s8?) £2 ‘vy £109D
6] irm-ss (00052) € 21 zovg
{%10w
. 0 3D
Tt [ 95y (0o0¥1) 0S¢$ $9}t ‘TIOSTVEA
3 [ 19§ Le01~ 0l 123 £ TP
I rL SL ozy op~ D087
va-) T GRS
67 (0008 1) | "ot "0sT £ IRIRR)
0'¢ (Zdvd-)] 061-0¥%1 > E4PON
Clo03 @2ava-) Hols D= )]
£8°C {T.129~) I~ €209y
HoORD)
ou A (Mo08 @zavg~) QST | SO0TPE'L 1gs)
i O6E D
ou by 005 < (02) (1144 () LoD gD
Wug6E D Gioos @
ou o' 005< I g~-006) | OLZ ‘OFT 28" 10%D
FrEDET TR a8¢
3k 9'g|] mopr oy (ta0g-+) | gz cor g1 494
- Cio08 DLavd-) SHATH
X3 @ava-J]_ 061-0¥1 61] owrdid
£ 6F (eva~ - 006§~ ] ¥EL €0 61 cqegr]
OFr-SE¥| (%A} c>
glg £1'T yZ's ANMZpE) ] ‘zsz'szzl A 1> £ g
0LC 951 60°9 481 Gre-) | 00s-00¥ 25| ¥AT1
{A>W/04d)
(A2p12d)
(u) {red) | 001 = (LDIPN "%
(/%) Lt 1G] (wy/| Nl (um) “(su) uar | Gurmvevio | ey e ()
o X174 XHONE | (D OI40OS | A2 ] LMIf  sniava]  wtonert|  (gwor8) |dwop mois]  NowWL CI'ENA | NOISSINA | dwo) 15w
LV/V WEHY] COXH [ Xvap | “IONN| ETION avd ] ALSNIQ Avoaa | viavy JHOM1SVd Isvd] Avoad | ‘vnHELYVIN

SI101B[[NUIDS [eISAIO pIeY UONBIPRI PUR ISB] 10] SOIEpIpUEd JO ISI]
‘0D - T 2Iqe




A special class of crystal scintillator detectors are active preshower detectors. The
crystal converter such as BaF; can be read out for instance by a multistep chamber
photodetector with a solid CsI or CsI/TMAE photocathode (see subsection 1.2.2). Good
shower position resolution may give the measurement of the photon angles necessary to
guarantee good Higgs mass resolution.

We will procede now with the detailed reviews of the five selected crystal materials:
barium fluoride, cerium fluoride, cerium doped gadolinium orthosilicate, pure cesium
iodide, and lead fluoride (Cherenkov radiator). This will be followed by a brief discussion
of some other materials, such as CsF, LaF3:Nd3+, KMgF3, BGO, and other.

1.2. Barium Fluoride (BaF3)

At present two fluoride crystals are considered as the main potential candidates for a
fast and radiation hard electromagnetic calorimeter: barium fluoride (BaF3) for $SC and
cerium fluoride (CeF3) for LHC. Generally fluoride crystals have high chemical stability
and compact crystal lattice and are good candidates for the formation of compact and
radiation hard scintillating crystals.

1.2.1. Properties of Barium Fluoride

Barium fluoride seems to be at this moment (end of '91) "the material of choice",
considering speed of operation and radiation resistance. Much experience in producing
good quality crystals was gained in the past due to the construction of three large-size
crystal systems for nuclear physics applications 20-22, Recently barium fluoride was
selected as one of the leading options for the SSC - GEM electromagnetic calorimeter 23-25,
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Figure 1.2.1: Scintillation emission spectra of BaF at different temperatures, measured under 35 keV X-ray
irradia);ison (left), and scintillation intensity of the 315 nm emission peak as a function of temperature
(right)<6,
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anzlxlre 1.2.2: Temperature dependence of the fast and slow emissions of barium fluoride 28 (left) and 30
(right).

Its fast subnanosecond decay component makes barium fluoride operable at high rates,
and it was shown to be one of the most radiation hard scintillators, despite the fact that the
effects of radiation damage on the performance of long modules were still not evaluated to
satisfaction. Another big advantage of barium fluoride is that the intensity of the fast
component is independent of temperature, while the intensity of the slow component
decreases with increasing temperature 26-30 a5 shown in figures 1.2.1 and 1.2.2. This
property of BaF; was actuaily exploited in order to yield a better gamma-ray energy
resolution by cooling a BaF; crystal to 243 °K 31,

For applications in the precision crystal calorimetry, however, barium fluoride has at
least two drawbacks: (1) a rather long radiation length and large Moliere radius, and (2) a
small ratio of hadronic absorption length to radiation length making e/hadron separation
difficult. Other disadvantages of BaF3 include its mechanical fragility (it cleaves easily),
and difficulty in detecting the short UV light component. It is also rather expensive. This is
further compounded by a slight hygroscopic nature of BaF, which was found to affect the
light yield 32-34_ After repolishing, the crystals regain their transmission and light yield.
Taking all this into consideration, a vigorous research was initiated, especiaily in Europe,
to identify a possible replacement for BaF, such as CeF3 or other new materials 8. But as
of today, barium fluoride is a unique high density (4.88 g/cm3) scintillator with
subnanosecond timing properties (110-160 ps FWHM) 35-39 with three emission spectra
with peaks at 195 and 220 (fast component) and 310 nm (slow component) 28,40, 41 The
fast components have fast decay time constants measured to be 0.6-0.79 ns 35 and 0.85-
0.88ns 4043 (figure 1.2.3) and the slow component was measured in the range of 100-
1000 ns.

The fast emission in BaF3 was explained to be due to a so-called "radiative core-valence
transition” or "cross-over transition” following the direct electron-hole recombination 40,
4346, The same phenomenon aiso occurs in CsF. A different mechanism of self-trapped



hole centers was proposed for the slow component. Figure 1.2.4 11 shows a model used to
describe fast scintillation components in barium fluoride. A core electron transition to the
conduction band is immediately followed by an associated valence electron transition to the
core hole.
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Figure 1.2.3: Decay of the 195 nm and 220 nm scintillation light components of BaF, 4!.
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Figure 1.2.4: The band structure of BaF; and the scintillation mechanisms 11,

Different values of slow decay constants were obtained in different studies. In the
original paper describing the discovery of the fast component 33 two components with 430
ns and 620 ns decay times were found for excitation with 137Cs gamma-rays. In a different
study with electron excitation the 310 nm component was measured to have two lifetimes
of 600 ns (main component) and 100 ns 40, In yet another study two slow decay



components were identified with decay times of 730£60 ns (80%) and 24030 ns (20%)
47, The weighted average is 630 ns which is in good agreement with previous results. In a
recent high statistics measurement two slow components of BaF, emission were identified
with 340 ns and 920 ns decay constants 30 (figure 1.2.5).
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Figure 1.2.5: Single-photon measurement of the scintillation decay of BaF; showing the fast and two slow
components of 340 ns and 920 ns 30,

Table II lists intensities of the fast emission component and of the total light intensity
obtained in different studies with bialkali PMTs, a solar-blind Cs-Te PMT and a TMAE gas
photodetector. The measured photoelectron signal depends on many factors, such as the
way crystal surface is treated, the wrapping material, the type of PMT photocathode, and
how a crystal is coupled to a PMT. Also, the fast/slow photon ratio depends on particle
type and is about 0.2-0.3 for gamma-rays and electrons. For alpha particle excitation the
fast component is scarcely observed 40.

The importance of surface treatment, particularly polishing, on the amount of fast
scintillation detected was reported in several studies 32. 33,48, 55-57_ Other studies stressed
the importance of reflector around crystals 33. 38, 56, 58, 59, The best results were obtained
with the teflon film. Teflon film, however, becomes semitransparent in contact with leaking
coupling grease from the junction of the crystal and the PMT window. Silicon rubber
gaskets were reportedly used to seal in the leakage 38. Also, standard teflon is known to be
radiation soft when irradiated in air, and further studies are needed to confirm its
applicability to the high total dose environment. A new radiation-hard teflon wrapping
made of interlocking meshes of silicone rubber and PTFE was proposed 25. Also, optical
coupling is sensitive to pressure 60. Using TFE teflon UV reflector and a 50%/50%
mixture of RTV and Viscasil silicon oil produced best results in a PET detector 61, RTV



silicone rubber such as type KE103 was recently shown to be radiation resistant uptoa
dose of 107 Rad throughout the 200-600 nm transmission region and, therefore, can be
used in gluing BaFs 62, It was shown that the reflectivity of CaF, powder was not much
inferior to that of a teflon tape in a canned BaF; crystal 56,

Table I

Photoelectron yield of BaF7 for gamma-rays/electrons.
Fast Totat Reference Comments
(Pe/MeV)  (pe/MeV)
385 1850 35 4cmx 2.4 cm dia,
157 1370 48 lcemx I ecmx 4.5 cm
158 1124 49 2.5cm x 2.5 cm dia.
145 : 50 6 mm x 22 mm dia.
403 2518 51 2cm x 3 cm dia.
380 1430 52 05cmx4cmdia.
445 2672 23 av, for 3 small cryst.
55-65¢ 675-825¢ 53 2emx2cmx Scm
BO-200% 400-900# 33 2.5cm x 2.5 cm dia.
60-80* 115-140* 23,33 2.5¢m x 2.5 cm dia,
50-60* 23 25 cm long crystals
19.28 54 5cm x 5 cm dia.
26.7% 53 2cmx2emxScm

+ Measured with no optical contact compound.

# Measured with a Dow Coming 200 fluid and for different wrappings.

* Measured with a Hamamatsu R3197 Cs-Te solar-blind PMT and an air gap.
$ Measured with a TMAE gas photocathode

It was found that for a homogeneous response from long crystals, compensating
surface treatment of the crystals might be required 63. A combination of partial wrapping
with teflon tape with an air gap coupling to a PMT with a Cs-Te solar-blind photocathode
was found to secure uniform (within 1-2%) response of 25 c¢m long crystals tested for use
in electromagnetic calorimeters 60.64, In the same study it was also shown that ray-tracing
Monte Carlo simulations can well reproduce the observed behaviour. Uncorrected for pulse
height variation, a time resolution of about 160 ps (rms) was obtained for minimum
ionizing muons in the same study (energy deposit of about 20 MeV). However, it has to be
demonstrated that the optical conditions will not change with time. Using simple aluminum
wrapping a uniformity of ~2% was obtained in a 25 ¢m long crystal 23 24 (figure 1.2.6).

12.2. Photodetectors

Quartz window photomultipliers must be used to detect the fast component of BaFp
light. One should comment that it is not only the quantum efficiency of the PMT used that
is important, but also the collection efficiency of the fast photoelectrons originated from UV
photons. Strong differences of up to a factor 3 were found in the collection efficiency of
fast photoelectrons for two types of photomultipliers 36, These effects are also well known
in Cherenkov counters. A Monte Carlo study of the timing resolution of BaF; counters
predicts that transit time spread of the photomultiplier plays a very important role,



especially for crystal lengths below 4 cm 65. Also, care must be taken when coupling a
crystal 1o a PMT by choosing an appropriate coupling grease ransmitting well below 200
nm and the layer must be made as thin as possible in order to minimize absorption of the
fast component 37, 52, It was found that a 12.5 micron layer of a selected grease had good
transmittance 29,
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Figure 1.2.6: The longitudinal light collection Figure 1.2.7;: Quantum efficiency of a new K.Cs-Te
response of BaFz crystals measured with a photocathode as compared 10 a Cs-Te photocathode

ggllizmted 137Cs source for aluminum wrapping 23, 24,
24,
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Figure 1.2.8: Scintiilation light pulses and ratios of fast to slow components from pure barium fluoride
crystal observed using PMTs with bialkali, Cs-Te, K-Cs-Te and Rb-Te photocathodes 25,

It is an obvious idea to limit the response of a photomultiplier, or photodetector in
general, to a fast component of barium fluoride light by a proper choice of a solar blind
photocathode. Already in one of the first papers following the discovery of the fast



component in BaF it was suggested to use photomultipliers with a Cs-Te photocathode39.
Several types of solar blind photocathodes were tried, such as Cs-Te 29. 36, Rb-Te and K-
Cs-Te, with the best result obtained for the latter photocathode 25- 33, Figure 1.2.7 shows
quantum efficiency curves for Cs-Te and K-Cs-Te photocathodes. Examples of scintillation
light pulses from barium fluoride crystals observed with four PMTs with different
photocathodes are shown in figure 1.2.8 25. The Cs-Te photocathode improves the
fast/slow ratio by a factor of 6 (from a ratio of 1:6 to about 1:1), and a further improvement
by a factor of 2 is obtained by using a K-Cs-Te or Rb-Te photocathode.

Another method is to couple barium fluoride to an ultraviolet sensitive gas chamber 6.
Figure 1.2.9 shows an overlay of the fast BaF; emission spectrum with a quantum
efficiency curve of tetrakis(dimethylamine)ethylene (TMAE) vapors 41. 33, The average
quantum efficiency of TMAE for the fast component was measured as 7.6 % + 0.7% 33,
Many different small-size detectors were built with TMAE gas vapor used as a
photocathode. However, characteristic to this solution is a lack of necessary operational
stability of gas detectors additionally compounded by the severe ageing of TMAE. TMAE
is unstable in air, corrosive and poisonous and therefore requires complicated purification
and handling. Another solution for a gas photocathode is a more stable tricthylamine
(TEA), but its overlap with BaFy emission is poor. In recent studies 67 more stable
photocathodes made of ethy! ferrocene and decamethylferrocene were shown to be
matching well the fast component of BaF; scintillation light. However, the quantum
efficiency of the produced photocathodes was too low for most applications (about 0.3%).

High quantum efficiency of 35% @190 nm was obtained for a CslI photocathode
coupled to a gas chamber filled with methane 8. The obtained detector is relatively efficient
and fast. Potentially the most severe problem in these devices is the stability of the
photocathode 69, especially under ion bombardment which gradually destroys it 70-72,
Also, ageing of the detector due to radiation induced chemical reactions can potentially
seriously limit its application at high rates. To exploit the fast timing property of BaF;,
parallel-plate multistep structures are optimal. These however are unstable, prone to
breakdown and to photon feedback at the photocathode 73,

<14

i:. - g : B
: i 15
ot § : 1‘§3§

3

Figure 1.2.9: Left: Emission of barium fluoride and quantum efficiency of TMAE vapors 41. Right: Fast
emission of barium fluoride (dotted line), overlayed with quantum efficiency of TMAE vapors (full line) and
the product of the two (broken line) 53,



The best selective photocathode known at present is the reflective photocathode of Csl
with adsorbed layer of TMAE 68.75 (figure 1.2.10). A comparison of the photoelectron
yield for an infinite TMAE gas layer and a CsI-TMAE photocathode is also shown 74.

Again, a serious question is a stability and ageing of such a photocathode in actual
experimental conditions, including effects of gas impurities and ion production 72. 75,
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Figure 1.2.10: Left: Quantum yieid versus photon wavelength of the 500 nm thick CsI photocathode with
solid, liquid, or adsorbed film layers of TMAE. For each curve the photocathode temperature is given in °K
and TMAE partial pressure in Torr (in brackets); the solid line is for the TMAE gas, and the dashed line is
for pure Csl 68, Right: Comparison of the photoelectron yield for a TMAE gas photocathode (solid line, an
infinite absorption thickness is assumed 41) and for a surface CsI-TMAE photocathode (dashed line) 74,

A possible application for the gas-filled photodetectors in connection with barium
fluoride is in the preshower counters where superior position resolution can be obtained 76,
Figure 1.2.11 shows a design of the proposed preshower detector with a pad photocathode
array coupled to a parallel plate avalanche chamber (PPAC) electron amplifier 76.
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Figure 1.2.11: Design of the BaF; preshower counter 76.




Several waveshifters, such as p-therphenyl (PT) and p-p' diphenyistilbene (DPS) were
tried in an effort to avoid the necessity of using quartz window photornultipliers by
converting BaF light to a longer, typically blue, spectral region 77-79, The time resolution
was degraded by a factor of 2 77, 78 associated with slowing down of the rise time caused
by the radiative energy transfer from the BaF; 10 a waveshifter. Decay time constant of the
fast component increased from 0.6 ns to 2.5 ns with p-terphenyl 78. In one of the studies
with a newly rediscovered waveshifter material DPS 80 an improvement in energy
resolution was obtained as compared to direct light detection 79, This was explained by the
layer of shifter working as an additional diffuser of light .

The disadvantage of the waveshifting technique is that both fast and slow components
are mixed together and no separation on the basis of their different emission spectra is
possible. In one study 81 a prototype barium fluoride calorimeter was tested with silicon
photodiode readout. Waveshifter plates were used to collect and guide BaF5 light to the
photodiodes. However, due to the spectral response of the waveshifter used (BBQ), both
fast and slow components were converted and the time response was slow, characteristic of
the slow component of BaF; emission. No efficient waveshifter selectively sensitive only
to the fast component was developed until now. New UV-sensitive silicon photodiodes
optimized at 220 nm (Q.E. >50%) enable direct readout of the fast component, they cannot
however discriminate against the slow component. A solution to this problem might be to
use narrow band interference filters with transmission peaking in the 190-210 nm region.
Such a filter could be in principle incorporated in the photodiode entrance quartz window.

123. Doped Barium Fluoride

A disadvantage of barium fluoride is that the fast scintillation component is in the short
UV region and expensive PMTs with quartz windows must be used. Also handling of
crystals and selection of materials in optical contact with crystals is more delicate at these
short wavelengths. It would be very advantageous if a shift to longer wavelengths were
achieved without seriously compromising speed and radiation resistance of pure crystals.
Doping of BaF2 crystals was done not only to shift emission to longer wavelengths to
enable the use of glass window photomultipliers, but also in order to suppress the slow
emission component. In order to shift light emission to longer wavelengths, BaF; was
doped with a few tenths of a mole% of Ce3+, typically 0.2-0.5 mol%. Studies were
performed in a wide range of concentrations from 0.002 mol% to 30 mol% 30, 82-87,
Doping leads to a change in both transmission properties and emission properties of the
material (figure 1.2.12 86), Slow and fast scintillation components of pure BaF; crystal
disappear completely. New emissions due to 5d-4f transitions in Ce3+ ions appear above
300 nm. New time components are rather long and equal to 35 (97) ns and 210 (469) ns at
0.2 (0.5) mol% doping level. Figure 1.2.13 shows the decay time spectrum of a 30 mm x
30 mm x 4.5 mm BaF; crystal doped with 0.5 mol% Ce3+ 86,
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Figure 1.2.12: X-ray induced emission spectra (left) and transmission curves of Ce doped 1" dia. x 1" BaF,
crystals. Spectrum 1: 0.2 mol% Ce; 2: 0.3 mol%; 3: 0.5 mol%; 4: 0.8 mol%: 5: 1.0 mol% 86. The dashed
emission curve shows the emission spectrum of a pure BaF; 1" dia. x 1" crysial,
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Figure 1.2.13: Decay time spectram of a BaF; crystal doped with 0.5 moi% cerium 36, The decay time
spectrum was fitted with two slow components: t; = 75 + 4 ns and t; = 340 £ 40 ns.

The ratio of the relative intensities of the shorter to longer components is changing by
almost a factor of 9 in the above range of doping levels, from 0.33 at 0.2 moi% to 2.8 at
1.0 mol%. This implies that even at 0.2 moi% the decay time is dominated by a decay
component with a 210 ns decay constant. There is also a very siow emission with a decay
time of about 0.2 ms. This component achieves maximum for Ce3+ concentrations of about
0.2 mol% and disappears for Ce3+ concentrations larger than 1 mol%. The photoelectron
yields of doped crystals have values between those reported for BGO crystals and pure
BaF; crystals and show a maximum for Ce3+ concentration near 0.2 mol% 87 (figure
1214 ). '

Light intensity of cerium doped barium fluoride is a slowly changing function of
temperature depending on doping level 87, For a 4.4 mol% cerium concentration the
intensity drops only by 50% between room temperature and 200 °C 30,83,



Summarizing, cerium-doped BaF3 is not a suitable material for very high intensity
applications.
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Figure 1.2.14: Photoelectron yields/MeV of gamma energy and the relative X-ray induced light yield of pure
and Ce3+ doped BaF 87. 4: total photoelectron yield/MeV, V: photoelectron vield created within 4 yis after
absorption of a gamma-ray, *: X-ray induced light yield, in arbitrary units. The concentration was plotted
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An interesting technique devised to suppress the slow component of barium fluoride is
by doping it with lanthanum, La3+ 47, 84,88, 89, Figure 1.2.15 shows changes to emission
spectrum 88 and intensity of the fast and the slow components with increasing lanthanum
concentration 89,
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Figure 1.2.15: Left: X-ray excited luminescence spectra at room emperature of La-doped BaFj 88, Curve 1:
pure BaF, curve 2: 0.9 mol% La3+, curve 3: 2.37 mol%, curve 4: 4.2 mol%, curve 5: 13.3 mol% La3+,
Right: intensity of the fast and slow scintillation components of La-doped BaFj excited with X-rays as a
function of the La3+ concentration, normalized at zero concentration 59,



The effect of La doping on the fast scintillation components is much smaller than that on the
slow component. A suppression factor of 6 was obtained for the slow component by
doping BaF; crystal with 1% lanthanum, accompanied by only a 10% reduction in the fast
component intensity 89, The average decay time of the slow component decreases with
increasing La3+ concentration (figure 1.2.16). As an example, the decay time spectrum of a
crystal doped with 2.37 mol% La3+ is shown 88, The suppression effect was attributed to
the presence of interstitial F ions causing quenching of the slow luminescence by
dissociation of self-trapped excitons. The inclusion of an additional quenching mechanism
is consistent with the observed weaker temperature dependence for the lanthanum-doped
samples 84, This implies that heating is less effective in suppressing the slow component in
the doped material. The radiation hardness of the small lanthanum-doped BaF; samples was
found not to be affected significantly up to at least IMRad 8.
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Figure 1.2.16: Left: average decay time of the slow component of BaFy:La3+ as a function of the La3+
concentration 89, Right: decay time spectrum for the luminescence of BaFs doped with 2.37 mol%
La3+ 88,

However, this method is only partially succesful, and studies to find an appropriate dopant
to obtain more significant improvement in the fast/slow ratio were proposed %0, Doping
with trace amounts of transition or post-transition metal ions was proposed.

The suppression of the slow component might be achieved by a combination of doping
with lanthanum and the use of a solar blind photocathode. A combination of Cs-Te
photocathode and La-doping was shown to decrease the ratio fast/slow to 5:1 33, Figure
[.2.17 shows emission spectra of pure and lanthanum-doped BaF; and quantum
efficiencies of a regular bialkali and a Cs-Te photocathodes.

Attempts to exploit the fast barium fluoride component went beyond using pure or
doped crystals. A PMMA plastic scintillator doped with barium fluoride powder (70-86%
by weight) was developed and its properties studied 9194, Its operation is based again on
the principle of waveshifting of the barium fluoride emission by dopants/dyes, but this time
dissolved in the mixture of barium fluoride and plastic. The emission spectrum is
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Figure 1.2.17: BaF; scintillation spectra and PMT
quantum efficiencies 33,

conveniently peaked at 410 nm, however the decay constant is a mixture of the fast and
slow BaF2 components which cannot be separated anymore on the basis of their different
emission wavelengths after conversion.The new material has been shown to have a
capability of particle identification based on pulse shape discrimination (fast component vs.
total, see also subsection 1.2.5).

Neutron elastic scattering on hydrogen contained in the plastic was exploited as an
additional mechanism for neutron detection 93.94. An excellent pulse shape discrimination
between neutrons and gamma-rays has been obtained. The disadvantages, however,
include high sensitivity to gamma-rays and poor energy resolution.

1.2.4. Radiation Resistance

The first general comment that can be made regarding the radiation resistance of barium
fluoride and of many other scintiltators is that the intrinsic scintillation process (light yield)
does not appear to be affected even after subjection to multi-megarad radiation doses. This
conclusion has been reached on the basis of experimental results. The main difference
between scintillators is at the level of damage to transmission, due to the formation of color
centers, as well as surface damage,

It was already known for some time that UV windows made of BaF» were extremely
radiation hard when irradiated with 1-2 MeV electrons 93, Subsequent studies performed
with good quality (high purity) small samples 24, 33. 30, 55, 76, 96-98 have confirmed that
BaF3 is one of the most radiation resistant solid scintillator materials. No change in
scintillation yield was seen in a small crystal irradiated to a dose of 13 MRad with 800
GeV/c protons 30, Figure 1.2.18 shows examples of the two apparently highest radiation
doses delivered to BaF samples. A 5 cm sample irradiated to 170 Mrads has shown a 50%
loss in transmission due to acquired blue discoloration 76, No effect on scintillation was
observed at a lower dose of 50 Mrad.



BaFy {OKEN)

00 [T T v D SRR BN A B A S y AL B A A S B B S o S e S can aan e |
(R ] T o]
w = T N e T | ee——r e -
8 E -'r Gs'm / ‘\J: g - ‘{-T:_:-lu------—..---—' 2 i
g s ] o mmmma b -
5 ; Electron 088 110’ Groys {i )
©0F  imoddtion 15 o[ el . -
r by ‘s.._o
3 I i~
= 20 :'- _;: n - -
0 :. M | I PP T BTErer .; '] I AR I A N Y O B TS SE A I O E |
200 300 400 3¢ 600 T00 m 0 » o 1]
WAVELENGTH (am) Wavelength (na)

Figure 1.2.18 Transmission of two crystals before and after irradiations and during recovery. A 1 mm thick
sample at the left 96 was irradiated 10 88 Mrad with 2 MeV electrons. A transmission of a 5 cm sample at
right 76: before irradiation: 1; after 50 Mrad: 2; after 170 Mrad: 3; after three weeks recovery: 4.

On the other hand, not surprisingly, the crystals of a lesser quality were observed to be
much more susceptible to radiation damage 24, 33, 34, 96,99, 100, The common underlying
source of post-irradiation effects might be the presence of impurities or defects inside the
crystal. It was suggested that radiation damage in BaF; is not caused by intrinsic color
centers in the bulk material, but rather by externally introduced impurities 24. 34. The
observed saturation of radiation damage in the case of gamma-rays and neutrons supports
this suggestion 101, but is not the only possible explanation. Figure 1.2.19 57 shows
almost no change in transmission up to a gamma dose of 104 Rad, and a saturation in
radiation-induced absorption at a dose of 106 Rad. Small BaF; samples were irradiated up
to a dose of ~620 MRad, and no change of the intensity in the fast component was
detected. The samples were irradiated in sealed glass containers to avoid the effects of
moisture. A very efficient and almost complete recovery of both transmission and
scintillation output was stimulated by exposure to UV light from a mercury lamp. This
result indicates that no permanent damage was produced in these crystals by irradiation.
After a dose of 50 MRad the absorption length is still relatively long (~25 cm).

Defects and observed increased damage in the surface region due to surface treatment
and/or water/oxygen absorption are also being investigated as possible contributing factors.
The key issue is if large size crystals with low enough levels of impurities can be produced.
Research both on chemical and other methods of material impurity analysis is currently
underway, as well as investigations of the possible mechanisms responsible for color
center formation 25 33, 101, For example, the absorption dip around 285 nm in
transmittance of some 25 cm long crystals is atiributed to cesium contamination. Another
impurity identified to cause color center formation in BaF is lead, manifesting itself in an
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Figure 1.2.19: The dependence of the attenuation length on the 50Co gamma dose in the irradiated 3 x 3 x
1.5 cm3 BaF7) samples 57.

absorption band at 205 nm and an extra emission band at 257 nm 7 63, 89, 96, 102, 1; is
assumed that harmful impurities will be identified and removed from the raw material. Lead

“contamination, however, sometimes originates from the fact that lead fluoride is added
during the crystal growth process to avoid the incorporation of oxygen and OH- ions in the
fluoride lattice 63. The presence of oxygen and OH- was shown to have a very serious
effect on the light transmission in barium fluoride. A replacement for the lead fluoride
additive was found recently 10t,

Even in "pure” crystals, however, color centers are produced due to the formation of
so-called F-centers and M-centers on negative-ion vacancies 103, Absorption bands at 611
nm and 720 nm obtained in that study in gamma-irradiated samples were linked to F-
centers and M-centers, respectively. Partial thermal bleaching of color centers at
temperatures of up to 220 °C was observed.

Almost complete recovery in transmission was observed after gamma and electron
doses of 50-100 MRad 76:97, Substantial and quick, though not complete, recovery of
transmission and scintillation light yield of the thin BaFy samples irradiated to 11 MRad
with 60Co gamma-rays was obtained by sunlight exposure 98, This indicates that at least
some part of damage is annealable with UV-light. Saturation of light yield and
transmittance damage after doses of 1MRad (104 Grey) was also observed in that study.
Damaged transmission after subjection to gamma-ray doses of up to 20 MRad and neutron
fluences of up to 1014 n/cm? was found to recover fully after the irradiated crystals were
annealed for 3 hours at a temperature of 500 ©C, and after the outer surface was
subsequently repolished to remove a layer oxidated in the annealing process (figure
1.2.20) 24. This observation agrees with a proposed explanation that the stable impurities in
the crystal itself are responsible for the color center formation. Some natural recovery was
also seen at room temperature, but it was very slow. It is important to mention here that
according to a new study 57 the annealing of BaF; crystals with moisture surface layer at
temperatures above 350 °C results in the irreversible pyrohydrolysis process. The formed



chemical groups OH- and Oz produce wide absorption bands and substantially reduce the
transmission of crystals. Strong absorption in the 190-250 nm region was induced in
samples deliberately produced with a high oxygen content 104, This is believed to be
caused by Oy~ ions or ion pairs. Under irradiation the dissolved oxygen atoms or molecules
will be transformed into oxygen ions, thus producing the absorption in the 190-250 nm
region. The moisture from air leads to the appearance of a several micron thick surface
layer. This is the reason why the transmittance of crystals kept in air deteriorates with time.
Removal of moisture may be achieved by annealing @ ~300°C.
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Figure £.2.20: Transmittances before and after irradiation showing recovery from neutron damage (a) and a
typical sawration effect and recovery in the case of gamma damage (b) 24.

It should be commented here, that the detected light output changes that cannot be
explained by simple internal transmission losses do not necessarily mean that there is a
decrease in the intrinsic scintillation yield. Changes in surface reflectivity, amplification of
absorption losses due to multiple photon reflections in the crystal and, finally, absorption at
the exit surface can contribute to the net effect of decrease in the light output. Determination
of the possible impact of these phenomena is presently being studied through simulation
programs 34. 101, The above interpretation claiming that there is no damage to intrinsic
scintillation yield is supported by the results of measurements of induced scintillation
emissions in two 1" diameter x 1" long samples during irradiation. No change of emission
intensity was observed up to 105Rad 34. This confirms the result of the original
measurement showing no damage to scintillation yield at a charged particle dose of 1.3 x
107 Rad 50 and the new resuits reported 57.

In recent high dose-rate (3.4-3.8 x 10¢ Rad/hr) gamma irradiation tests of 1 inch
diameter and 1 inch long samples to about 5 Mrad, a strong post-irradiation afterglow
phosphorescence was observed 34. The emission, however, peaked at around 330 nm,
well above the region where the solar blind photocathodes such as Cs-Te are sensitive.
Also, the intensity of induced phosphorescence died away quickly with three time decay
components in the range of 2-220 s. The longest component was of highest intensity.
Some crystals showed signs of phosphorescence months after irradiation, proving that
much longer phosphorescence components were also present. Exposure to roomlight or
sunlight, or an increase in the crystal's temperature accelerates the deexcitation by



increasing (activating) the intensity of its emission. A two days long exposure to sunlight
completely eliminated phosphorescence emissions. It seems that in the real experimental
conditions of considerably lower dose-rates the phosphorescence effect will not be
expected to cause problems.

The phosphorescence showed signs of saturation at the same dose of 104 Rads for
which saturation in transmission and light output was observed. A large, up to 30-40%,
decrease in light output was seen in some samples at this dose. (A similar 30% light output
change vs. 10-15% transmission change was measured 98, but saturation was obtained at a
much higher total dose of 106 Rad.) This suggests that there is a link between the three
observed radiation induced effects.

Recently the GEM SSC coilaboration performed first radiation resistance studies with

several 25 cm long crystals of different origins 34. 101, 104, [ arge changes of a factor of 2-
4 in ransmission accompanied by a very substantial loss in light output were exhibited in
the tested crystals already after a low gamma radiation dose of 104 Rad. A very different
pattern of absorption bands was observed in each sample, convincingly illustrating the
effect of different production "histories”. Contamination with oxygen or OH- ions during
crystal growth, traces of rare earth and cerium impurities, or defects related to residual
stress in the crystal were suggested in different studies as possible sources of observed
radiation effects 34. Transmission spectra measured on small samples cut from a 30 cm
long crystal irradiated to 1.6 MRad have shown that the amount of damage increased from
the bottom end, grown first, to the top end, grown last 104. The crystal was grown by the
Bridgman-Stockbarger method, and the top part of the ingot was found to have a higher
percentage of impurities due to zone refining (which happens in this growth technique).
An improvement should therefore be possible through the selection of a higher purity raw
material and through a reworking of the growth technique. A more systematic study of the
effects of particular impurities on radiation resistance as well as a full analysis of the
irradiated samples for impurities and defects is needed before conclusions as to the practical
applicability of long BaF; crystals in high dose environments can be reached.

1.2.5. Applications in Nuclear Physics

There are several applications of BaF; in nuclear physics. The compound is suitable for
fast coincidence measurements, such as those of the many particles, neutrons and gammas
produced from interactions on nuclei 105, Barium fluoride can be used to identify energetic
heavy and light ions, since its time response shows strong correlation of slow and fast
integrated pulse components with the particle type 22 40, 58, 77, 99, 106-108, Good
separation based on the ratio of the fast component to the total light yield and good energy
resolution were obtained among the particle species. Figure 1.2.21 shows a scatter plot of
the fast component vs. the total light output for photons and charged particles, as well as a
corresponding projection of the particle separation components in the TAPS detector 22.
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Figure 1.2.21: Scatter plot of the fast scintillation component vs. the totat light output (left). Projection of
the separated particle lines after linearization (right) 22.

Time and energy response of BaF; to intermediate energy ions have been studied.
Timing properties as good as for plastic scintillators were obtained 99, The response to
neutrons below 22 MeV was measured and a conclusion was reached that partial
discrimination between neutrons and gaminas was not possible in the energy range studied,
but that it might be possible at higher neutron energies 110, It was also concluded that BaFs»
scintillators of a relatively large size are a favorable alternative to BGO for the detection of
high-energy gamma-rays 111, The superior timing properties of BaF5 scintillators were
found to be particularly suitable for in-beam gamma-ray spectroscopy 112. Combined time-
of-flight measurement and pulse shape analysis enabled separation of hard gamma photons
with energies up to 130 MeV from charged particles and neutrons 106, At these high photon
energies detection and summing of the shower leakage in a ring of six hexagonal
neighbouring modules significantly improved the energy resolution as compared to the
resolution of a single module for photons of up to 50 MeV 113, Good agreements with
Monte-Carlo simulations of gamma response were obtained 106, 113, 114 The response
function of a BaF; detector for electrons of energies 50-150 MeV was found to be in
excellent agreement with computer simulations 115,

Three large size detectors have been built with BaF; crystals: the Strasbourg crystal
castle 20, the Karlsruhe 4x detector 2! and the TAPS Darmstadt detector 2. 116, The
Strasbourg detector was the first large volume BaF, detector built with 74 hexagonal
crystals arranged in several plane structures meant to achieve a high efficiency of gamma-
ray detection. The Karlsruhe 47 detector, consisting of 42 hexagonal 15 cm long crystals,
was found to have a nearly 100% efficiency for gamma-rays of up to 10 MeV. It was built
for precise measurements of neutron capture cross sections in the neutron energy range of 3
to 200 keV. The overall achieved time resolution was 500 ps and the peak efficiency was



90% at 1 MeV. Time and energy resolutions superior to BGO were obtained. In these large
crystals the energy self-calibration was provided by the alpha-lines from radium impurities
in the crystal. .

The TAPS (Two/Three Arm Photon Spectrometer), a system consisting of 384
hexagonal, 59 mm flat-to-flat size, 25 cm long crystals arranged in the form of 6 arrays of
64 crystals each, has been designed to detect high energy photons and neutral mesons such
as ° and n in relativistic heavy ion collisions or in the experiments at the tagged photon
facility. An excellent time resolution of 110 ps FWHM of the BaF2 module in the test with
43.5 MeV electrons was obtained. By adding total energies (fast and siow components)
deposited in the six neighbouring detectors to the response of the central crystal, the energy
resolution has improved from 20.2% to 12.9% FWHM at this electron energy. The same
procedure applied to 186 MeV tagged photons lead to a drastic improvement of the energy
resolution from 16% FWHM down to 7% FWHM 22. Already in the preliminary studies it
was confirmed that other advantages of the TAPS detector include excellent response to
charged particles, high quality of photon/particle discrimination by pulse shape technique
(up to the highest tested energies of about 400 MeV; see figure 1.2.21), and high efficiency
in detecting neutrons. Other operational BaF; detectors are the ~28 cm diameter inner BaF)
ball of the NORDBALL detector 117 consisting of 60 concentric BaF; elements and used in
nuclear structure studies, and the HECTOR detector at the Niels Bohr Institute consisting
of scvlelrgl large 14.5 cm x 17.5 cm BaF; crystals used to detect gamma-rays of up to 100
MeV 115,

1.2.6. Possible Future Applications in High Energy Physics

The most important project to include BaF, scintillators is the proposed BaF3
electromagnetic calorimeter for the SSC GEM detector 23-25, About 16,000 50 cm long
crystals in a central barrel detector and two endcaps obtained by glueing pairs of 25 cm
long crystals would have to be produced. The calorimeter has following design features:
radiation resistance up to at least 10 MRad (105 Grey), energy resolution of 2%/VE &
0.5%, w/e suppression ratio of 10~4, and a fast shaped bipolar signal output with a residual
tail of less than 104 after 35 ns. To achieve this set of parameters a serious R&D effort is
underway. Some important factors influencing this development include the need for an
adequate production technology that would permit the growth of large, good quality
crystals with low levels of impurities (to secure necessary optical quality and radiation
resistance, as was discussed in subsection 1.2.4.), as well as the optimization of the
readout of the fast component .

An important issue in large detectors is the impiementation of a practical method of
maintaining the calibration of the whole crystal matrix to secure a good energy resolution of
the detector. A precise novel calibration technique with a pulsed photon source based on a
radio-frequency quadrupole proton accelerator was proposed in the case of the planned
BaF3 detector by the SSC GEM collaboration 119, With a proper normalization an absolute
(relative) calibration precision of 0.7% (0.4%) is expected.

Another issue related to the use of this superfast material is the need for adequately fast
electronics which would be able to exploit its speed of operation 24. 25, An improvement of
the parameters of a constant fraction or leading edge timing discriminator with fast GaAs




comparators was demonstrated 120. The main advantage of these new circuits is a
substantially reduced walk of 20 psec for a dynamic range of 100:1.

12.7. Other Applications

The potential of BaF; for positron emission tomography (PET) was acknowledged
immediately after the discovery of its fast component 36, 37, 48, 121, 122 ang BaF,
tomographs were built 61, 123-126 since they could provide time-of-flight (TOF)
information in addition to projection measurements. This lead to an improved signal-to-
noise ratio. A special version of 2 PET camera based on a BaF; scintillator coupled to 2
low-pressure MWPC filled with TMAE gas photocathode was developed 47, 53, 127-133,
The capabilities of this detector include over 40% quantum efficiency of detection of
annihilation gammas for a 50 mm thick BaF; crystal, 5.6 mm FWHM spatial resolution,
and a 2.4 ns time resolution 127, A version of this detector to operate at atmospheric
pressure and with a Csl photocathode is under development 134, BaF, was also recently
considered for well logging applications, but it was found that the intensity of its fast
component is too weak 30, 135,

I.3. Cerium Fluoride

Cerium Fluoride (CeF3) with its two originally reported 136, 137 fast scintillation
components of 2-5 nsec (310 nm) and 30 nsec (340 nm) (figure 1.3.1), no slow
component, and light output equal to one-half of that from pure Csl (and 4-5% of that of
Nal(T1) ) is intensively studied for LHC 68, Besides the applications in high energy and
nuclear physics, CeF3 is also proposed for positron emission tomography.
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Figure 1.3.1: Scintillation decay curve with a quarz  Figure 1.3.2: Emission spectrum and transmission
PMT at room temperature of CeF3. Scintillation as a function of wavelength at room temperature
was excited with gamma-rays from 22Na 137, Emission excited with 254 nm UV light 137

CeF3 is 25% more dense (6.16 g/cm3) than BaF with the advantage of about 20% shorter
radiation length (1.68 cm) and about 25% smaller Moliere radius (2.63 cm). Also its



emission is more conveniently placed at a longer wavelength that the fast component of
BaF;,

Like in many other cases, the positions of the fluorescence bands obtained in
different studies 8 136-143 vary due to the differences in the quality of samples (such as
levels of impurities) to the methods of excitation of emission used in a particular study and
also due to the differences in the thicknesses of samples. Since the transmission is lower at
a shorter wavelength (figure 1.3.2 137), the excitation light and the emission spectra are
more suppressed at shorter wavelengths in thicker samples than in thinner ones. In one
study two luminescence bands one at 290 and one at 390 nm were seen 140, The 290 nm
emission had a shorter attenuation length. Fast luminescence of the 290 nm band was
explained as corresponding to the radiative transition 5d-4f in Ce3+. It can be excited with
UV light centered at about 270 nm 8. It is expected that luminescence of the same type
should also occur in CeCl3, CeBr3 and Cels.

The lifetime for the 290 nm band was found to be 411 ns 140, in agreement with the
carlier observations 136 137, In a different study 14! no fast component was detected.
Three emission components were seen at 284, 300 and 360 nm in powder samples excited
with 22.7 keV pulsed X-rays 142, The 284 and 300 nm components (which were absorbed
significantly in the tested crystal sample) were found to decay with a 9.5 ns decay constant.
The 340 nm component had a decay time of 27 ns. In a recent paper 143 three components
were detected with 2.1ns, 17.3 ns and 32.6 ns decay constants. The first ultra fast
component was explained in that study by a rapid non-radiative quenching of the Ce
emission. According to the authors the elimination of this quenching, if possible, should
improve CeF3 light output by a factor of 2. Additionally, reduction of self-absorption and
decrease in decay time to 20 ns at room temperature is expected by elimination of secondary
luminescence centers competing with unperturbed Ce emission. To achieve these goals
further improvement in technology is needed.

CeF3 has the advantage of its light yield being stable and temperature independent
(figures 1.3.3 and 1.3.4 137), No temperature dependence was observed in the region of
77-300 °K 140, A very different temperature dependence of decay times and emission
spectra was obtained in another study 143. The emission was shifted to a longer wavelength
at low temperatures in that experiment, while in the original study 137 the intensity of the
short wavelength band associated with the ultra fast component increased for lower
temperatures (figure 1.3.3). In the former case it was speculated that the differences were
due to the respective qualities (types and levels of impurities) of the samples used in these
two studies. Figure L3.5 143 shows emission spectra measured at room temperature for the
three different decay components identified in that experiment.

Cerium fluoride samples doped with rare earth dopants (deodymium, erbium and
praseodymium) have shown a substantial loss in light output. A faster light component
with a several ns decay constant has appeared in samples doped with Er and Dy 141,

Radiation induced absorption at a 1-2% level was observed in a 2 mm thick sample
after 60Co gamma doses of 10 kRad 136, In a recent radiation damage test of a 7 mm thick
CeFj crystal carried out with 60Co gamma-rays 144 no sizable degradation of the
transmission spectrum has been observed up to the dose of 106 Rad (figure 1.3.6). There




was no significant effect of irradiation on the emission characteristics even after a dose of
108 Rads.
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Figure 1.3.5: Emission spectra of CeF3 excited with 270 nm UV laser pulses (solid line) and under Ru/Rh
beta/gamma source excitation for the three identified decay componeats (+: 2.1 ns, 0: 17.3 ns, and A: 32.6
ns). Broken line is a polynomial fit to the 2.1 ns component 143,

The radiation damaged transmission recovered with an exponential time constant of about
40 days. No effects of accelerated recovery due to exposure to sunlight were observed.
These results place CeF3 just next to BaF; in radiation resistance. Preliminary irradiation of
a 8 cm long crystal to 100 KRad showed positional variation of color center formation due
to changing gradient of impurity concentration in the melt 8. In some parts of the crystal the
damage was very severe, but at one end the damage level was acceptable. Characterisation



of color centers is in progress and improvements are expected soon. Gamma-ray
irradiations of small 7 mm thick crystal samples of pure CeF3 and CeF3:Ca with doses of
up to 108 Rad have shown that the doped crystals have less transmission damage than pure
samples 146,

WAVELENGTH (nm)

WWELENGTH (nm)

1
T T T A
I CQF]
o i . ]
. Excitation Emission d
L Dnane 350 wn) (dgys 105 ren) 4
g o.s soF; ;hidt B % 0 - Bedore [rradistion )
g mm - g : 16% rad (¥co-Y) 1
0.4 B = 3 9
e
- S s -
J 5 z |
oz q = 1
o L L [} ‘-j
00 2] o] X &0

Figure 1.3.6: Transmission (left) and emission (right) of CeF3 before (solid lines) and after (dowtad

transmission curves and solid emission points) 60Co irradiation to the indicated gamma doses 144, 145
{in Rad) .

As a final comment one might say that the decay time constant of cerium emission
of 20-35 ns is almost too long for the SSC or LHC applications. An ADC gate about 100-
200 ns wide must be used to integrate the signal 144, This situation is actually more difficult
than in the case of barium fluoride, where the difference of nearly three orders of
magnitude in the decay constant as well as a distinct difference in emission wavelength
makes a selective detection of its ultra fast component practically possible.

L4. Cerium doped gadolinium orthosilicate

Gadolinium orthosilicate activated with Ce3+, Gd3SiOs5:Ce or GSO(Ce), is a fast,
dense (6.7 g/cmd) and efficient scintillator with high light yield equal to 20% of Nal(T1),
and therefore higher than BGO. Its emission excited with 661 keV gamma-rays and UV
light is centered at 440 nm and is shown in figure 1.4.1 147, GSO(Ce) is an attractive
candidate for calorimetry 143. 148-150_ 1t is considered for possible applications at future
supercolliders 8.

GSO(Ce) scintillator was first reported in 1983 152, GSO(Ce) was employed in
PET systems already for several years, but until recently was not available in crystal sizes
sufficiently large for applications in high energy physics experiments. It has an extremely
high thermal neutron absorption cross section due to Gd, implying that it should be a
sensitive detector of thermal neutrons. Unfortunately this could also mean that GSO(Ce)
may be too sensitive to neutron fields in accelerators whenever a substantial amount of



neutron thermalizing hydrogen-rich material is present. Its applicability as a gamma-ray
detector for nuclear well logging applications was evaluated and found promising 133,
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Figure 1.4.1: Emission spectra of GSO(Ce) with Figure 1.4.2: Decay curves for GSO(Ce) with
a Ce concentration of 0.1 mol% (a) and 0.95 mol% various Ce concentrations excited by 137Cs

(b) when excited with 662 keV gamma-rays @ 295 °K,  gamma-rays 151,
andl:f’iﬂl 0.95 mol% when excited by UV photons
(c) 147,

Fast rise times of 3 ns and fast decay constants down to 30-60 ns were observed 15!
(figure 1.4.2), depending on the Ce concentration and temperature, together with slow
decay times up to 2 us 147, 153, Figure 1.4.3 shows scintillation decay of a2 cm x 2 cm x 2
cm GSO crystal doped with 0.5 mol% cerium 153, 154, A fit was made to the experimental
spectrum with the sum of two exponential terms with decay constants (and fractions of total
scintillation light) of 57 ns (85-90%) and 600 ns (10-15%). The time constants of both
decay components are strongly dependent on the concentration of the cerium dopant (Table
III). The light output is greatest for the 0.5 mol% doping level and decreases for both
higher and lower concentrations !51. About 10-15% of the total scintillation output is
contained in the slow component. Due to the slow component, ADC integration gates with
widths of up to 500 ns had to be used to collect light.

It is interesting to note that with 5 mol% of cerium activator, the slow component's
decay time decreases to 70 ns. Both light output and decay times decrease monotonically
with increasing temperature (figure 1.4.5) 153, Over the temperature range of 20-170 °C the
light loss is comparable to the loss for Nal(T?1) and is equal to about 40% @ 150 °C. The



experimental results of the decay time measurements are well explained by the
recombination fuminescence following recombination between CeZ+ (formed by thermal
electron capture on Ce3+) and seif-trapped holes (i.e. Vi-centers) produced by ionizing
particles 147, The fast rise of about 3 ns corresponds to the lifetime of Ce3+.
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a function of temperature 153,
Table T
GSO decay constants vs. cerium concentration.
Ce conc. Primary Secondary
(mol%) decay (ns) decay (ns)
0.1 190 1200
0.5 : 56 600
0.95 40 418
1.5 32 307
2.0 27 215
50 19 70

In a recent radiation damage test with 60Co gamma-rays !30 of several small
GSO(Ce) samples doped with 0.5%, 1.5%, 2% and 2.5% cerium, the crystals showed an
excellent radiation resistance comparable to or even better than BaF2. No sizable
degradation in transmission and scintillation was detected up to 108-109 Rad in all the
crystals tested. In figure 1.4.6 transmission and emission spectra for GSO samples doped
with 0.5 mol% before and after irradiation are shown 150, Only a small change in the
excitation and emission was measured. Recovery of radiation damage was also observed.
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Figure 1.4.6: Excitation-emission and transmission spectra of GSO(Ce) samples doped with 0.5 mol% of
Ce measured beflosug and after 0Co gamma irradiations to 108-109 Rad. Transmission measured across a
1 ¢ thickness 190,

Disadvantages of GSO are (1) its high melting point (1900 °C) and (2) the high segregation
factor of cerium in this matrix resulting in a low pulling rate of 1-2 mm/hour 8.

In many cerium-doped crystal scintillators there are means to alter the matrix with Li
or Ni resulting in a reduction of scintillation lifetime. But, quite possibly, this might have
an adverse impact on radiaton resistance of the new material,

1.5, Pure Csl

15.1. Properties

Pure Csl, whose emission was already observed in the 1960s, re-emerged recently
as an attractive candidate with superior mechanical properties to those of BaF; and easier
to detect scintillation light in the longer wavelength region 155, It has a dominant emission
band occuring between 305-320 nm 156 (figure 1.5.1) of scintillation light with fast 10, 23
and 36 ns decay constants originaily reported 155,

Csl is only slightly hygroscopic, with a surface weakly sensitive to exposure to
humidity. It is however highly shock resistant, thermally stable, and easy to process. Csl is
not susceptible to cleavage or cracking under mechanical or thermal stress. In the more
recent studies two components of about 6-7 ns and 29-30 ns 157, and 2.1 ns (35%) and
21.7 ns (65%) according to a different study 158, were identified. A slower 1 us
component associated with lattice defects and centered at 450 nm was also seen 158 (figure
1.5.2). The fast/total ratio depends on the purity of material and the highest attainable value
is about 0.8 157. In a new study 159 decay time measurements were made on pure CsI
scintillators prepared by different methods. The main conclusion of that study was that the
presence or absence of the slow component was strongly correlated with the production



method via different purity of samples (figure 1.5.2). The differences in measured decay
times in various studies may be understood in this way.
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Figure 1.5.1: Emission spectrum of undoped CsI at 23 OC and at liquid nitrogen temperatures 157,

-fg' : DECAY SPECTRA Csi-Z () Csl-K {x) Ma 22
% 10'1' 1000 = ) 50 p/ch
g
/]
101
] 662 keV gamma rays
s 109 \ M W e s .
tise [ 153 ps/ch | 0.5 850.0 1700.0
Figura L.5.2: Left: decay spectrum of undoped Csl excited with gamma-rays 198; Right: Decay time spectra
for Na22 excitation of two different Csl samples produced by the zone mclnng technique (Z) and by the ‘
Kyropouios method (K) 159,

The best results were obtained for crystals prepared by the cold press technique where
practically no slow component was present. Also, a zone melting technique gave good
results. In the same study a fast (about 1 ns) component of nearly the same fractional
intensity of nearly 25% for gammas (electrons) as reported previously 158 has been
confirmed. It was reported that 70-80% of the total light output is in the fast component
within a 100 ns gate to ADC. Thus the slow component in Csl is considerably less intense

S



than the fast one, and will cause less pileup at high rates. The scintillation mechanism of the
fast band at 315 nm is explained in terms of the radiative decay of self-trapped excitons
138,160 The slow 450 nm component is attributed to the presence of vacancies and other
defects 158, 160, Chemically pure crystals with as little defects as possible are therefore
required. The intensity of the slow component, the shape of the emission spectrum and
ransmission properties were shown to be at least partly related to the level of impurities,
such as T1, in the crystal 156,

A potentially serious drawback of pure Csl is the steep dependence of its light yield
on temperature, requiring precise temperature monitoring in large detector systems (figure
1.5.3) 157, Decay constants of the fast (7 ns and 29 ns) components of CsI scintillation
light increase with decreasing temperature. At -190 °C they are 180 ns and 320 ns,
respectively. This is accompanied by an increase in the total light output by a factor of 6.
Also, a shift in emission spectrum to longer wavelength occurs at lower temperatures 157,
162, Figure 1.5.1 shows a shift in the peak emission from 310 nm at room temperature to
340 nm at liquid nitrogen temperature 157 .
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Figure 1.5.3: Variation in the light intensity of the fast light output (left) and in the decay constants (right)
of the two fast components in undoped Csl as a function of temperature 157,

Csl can be grown like CsI(T1) into very large ingots. Large detectors such as the
7800 crystals CLEO II 163, 164 and Crystal Barrel were built with CsI(TI). A high-
resolution, large-acceptance spectrometer for neutral mesons was constructed at LAMPF
with two pure Csl calorimeters, each made with 60 large 4" x 4" x 13.5" long crystals 165,
The same developed techniques can be used to produce pure CsI. New improved
purification and production processes developed for CsI(T1) resulting in considerably better
uniformity of scintillation efficiency 166 help with pure CsI production. Large 30 cm long
good quality crystals became recently available 167, 168, Fast light yield of 250-300 pe's
per MeV was measured in these crystals with a 100 ns effective ADC gate (figure 1.5.4).
Total light output was measured with a I s gate.
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measured with a quartz window photomultiplier 168,

By using optical filters, waveshifters or selective photocathodes to suppress the
slow component (as in the case of BaF) it is possible to improve the speed of operation of
this scintillator. An improvement was seen in the fast to total ratio in poor quality samples
when using a broad band filter centered around 320 nm 157, Plastic waveshifters used in
the same study also allowed the possibility of employing regular window PMT's instead of
quartz window PMT's necessary to detect directly the fast CsI component. Also, large
crystal arrays can be read with a limited number of photomultipliers. In a preliminary study
with a piece of Bicron 408 scintillator used as a waveshifter, the number of photoelectrons
obtained per MeV of deposited energy was ~25% of the number detected directly with a
quartz window PMT 157, The result of a beam test with 3 GeV electrons indicated that at
least at higher energies it was possible to obtain a resolution comparable to the direct
readout. The authors pointed out the interesting possibility of reading out many crystals
with a single wavelength shifter bar and with a PMT on each end. The waveshifter is
primarily excited by the fast component and any slow emission coming at longer
wavelength should be suppressed, since the PMT does not view any direct light emanating
from the crystal. Since there was very little difference in the percentage of the fast
component in the total light signal with the waveshifter as opposed to the direct readout, the
conclusion was reached that part of the slow emission in CsI occurs also at a shorter
wavelength, in the region close to the fast component. In a special embodiment of the
waveshifter idea, scintillating fibers may be used to transport the shifted light over long
distances 157,

15.2. Radiation Resistance of CsI

The first studies indicated that Csl is susceptible to radiation damage at rather low
doses 169, Doses of only 100 Rad were found to decrease substantially the transparency of
crystals resulting in a serious decrease in detected light. New results obtained by Woody et



al, 157, 167, however, show that it can be made radiation resistant to at least a fraction of 2
megarad of a 0Co gamma dose. Figure 1.5.5 shows the radiation induced absorption
during irradiation and recovery for one of the best among the tested samples. The samples
were irradiated at a dose rate of 3.4 x 104 Rad/hr in a dry nitrogen atmosphere to prevent
any surface deterioration due to moisture during the exposure.
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Figure 1.5.5: Transmission vs. wavelength for the undoped Quartz & Silice 1" dia. x 1" long CsI sample:
(2) 103 Rad, (3) 104 Rad, (4) 6 x 104 Rad, (5) 2.6 x 105 Rad, (6) 9.0 x 105, (7)4.2 x 106 Rad, (8) 7
hours after 4.2 x 106, (10) after 54 hours, (11) after 20 days, (19) after 26 days plus 63.5 minute exposure
to UV light 167,

Decrease in the light output of the same Quartz & Silice 1" dia. and 1" long sample with a
gamma dose is shown in figure 1.5.6. A ~35% loss of light output is seen. This loss
exceeds what would be expected from loss in transmission only (which is very small in this
sample; see figure 1.5.5). Other 1" dia. x 1* long tested samples have shown worse
performances, and large sample to sample variations in transmission and light output
damage were measured.

Scintillation emission spectra measured during gamma irradiation have shown some
increase in the spectral region of the slow component, while little change occured in the
region of the fast emission (figure 1.5.7). Within experimental errors the intensity of the
fast component did not change up to the highest doses used. Hence, the observed changes
in light output cannot be accounted for by the combined measured effect of the losses in
transmission and in light yield. One of the investigated possibilities is the potental role
played by radiation effects near or at the surface, which could change light collection
efficiency. A slow recovery with time was seen in all irradiated samples. Exposure to UV
light from a mercury lamp did not induce acceleration of recovery. All five samples of a
2.54 ¢cm diameter and 2.54 cm long used in the study have shown a prominent absorption
band at 800 nm and several bands in the 250-500 nm region. No recovery was observed in
the latter region for this sample, while a substantial recovery was shown for the 800 nm



band. Also, no recovery under UV exposure was detected. Large sample to sample
variation in relative intensity of induced absorption bands and recovery behaviour was
observed, indicating the role of different amounts of impurities.
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Figure 1.5.6: Relative light output for the same Figure 1.5.7: Scintiilation emission spectrum of
Quartz & Silice sample as in figure 1.5.5asa  undoped Csl measured during irradiation for various
function of dose for the fast and slow scintillation  doses, as indicated. The curves are not corrected

components: (1) before irradiation, (2) 103 Rad, for the spectral response of the spectrophotometer
(3) 104 Rad, (4) 6 x 104 Rad, (5) 2.6 x 105 Rad,  and do not give the exact shape of the spectrum 167.
(6)9.0x 105, (7) 4.2 x 106 Rad

(adapted from Woody et al. 167),

A change in light output varied from 10 to 40, considerably more than would be expected
from the decrease in transmission. This implies that there is an additional loss due to a
reduction in the scintillation yield in the crystal. Further studies are necessary to solve this
problem. It would be particularly interesting to correlate any observed radiation damage
with impurity concentration as indicated by the light output and fast/total ratio.

Tests with long samples have begun. A 3.5¢m x 3.5cm x 30 cm long sample was
recently irradiated in a dry nitrogen atmosphere 167, There was a substantial change in the
apparent absorption at doses greater than 10 kRad (100 Grey) with some indication that
there was a position dependence of the light output, possibly due to different concentrations
of impurities. Much improvement in quality control is needed before the same radiation
resistance seen in the best smalil samples, such as the Quartz & Silice sample (figures 1.5.5
and I.5.6), will be attained in long samples.



A phosphorescence emission was observed in the Csl crystals immediately after

irradiation 167, Several decay constants in the range of many seconds were identified, and
some residual emission was detected in samples even several days later.
Another study of radioluminescence and radiation damage in single crystals and in
polycrystal CsI thin infrared windows was performed with 100 kRad 14 ms wide reactor
pulses with 5 kRad neutron and 95 kRad gamma components 170, After radiation doses of
more than 2 MRad the radioluminescent intensity in the visible range decreased to about 60-
70% of the pre-irradiation value and then recovered completely after bakeout at 150 °C.
Apparently the quenching centers that were at the origin of the decrease of the emission
have been annealed. Heat treatment of one non-irradiated pure CsI crystal at a higher
temperature of 550 °C led to cloudy appearance, lowered intensity of the fast component,
and longer wavelength emission bands extending from 350 nm to 550 nm 156,

Interestingly, new samples of CsI doped with thallium were also found to be
radiation hard 167 171, This indicates that impurities in the meltstock rather than thallium
were then responsibie for the observed radiation damage of CsI(TY), already with doses of
under a kilorad 169, 172174, Actually, thallium is expected to "protect” material against
radiation damage by "scavenging free carriers before they can find a more damaging
site" 175, Impurities such as Rb, K, Na and Ba were found in a sample damaged by a 60Co
gamma dose of less than a 1 kRad, in contrast to other 1 ¢cm3 samples which have
displayed good radiation resistance up to the doses of over 50 kRad !71. An interesting
effect was observed when comparing radiation resistance of two samples cut from the same
boule. The sample cut from the first grown part of the ingot (bottom) was much more
radiation hard than the sample from the top, pointing to the accumulation of impurities in
the top part of the ingot grown by the vertical Bridgeman method. A chemical analysis has
confirmed a higher concentration of impurities (Fe, Rb and Ba) in the top sample. No
difference in radiation resistance was obtained by varying Tl content from 0.01% to 0.6%,
proving that impurities and not thallium are responsible for radiation damage in CsI(TI)
crystals.

In a study of undoped (pure) CsI crystals a correlation was shown to exist between
the light yield in the fast component and the vertical position in the ingot (grown by the
Stockbarger process) from which the sample was taken 176. A continuous decrease of the
fast component and increase in the concentration of impurities with height were found.

One can point out to a similar experience with different samples of BaFs where
contradictory radiation damage results were encountered until the role of relevant impurities
and defects became more clear (the studies are continuing) and production of crystals of
improved quality was made possible. This problem is presently further compounded by the
fact that radiation damage tests are often done with small, better-than-average quality
samples, and the predictions to the large actual-size samples are risky, and usually lead to
an underestimation of the expected damage.

In general one would expect pure CsI crystals to be radiation hard. If proven, Csl
would be a natural candidate for a B-Factory electromagnetic calorimeter 177, Also, being
faster than the thallium doped CsI(T1), it should be a better solution than the latter choice
proposed for a tau-charm factory electromagnetic calorimeter 178, It was also selected as an



option for a calorimeter detector at RHIC 179, 180, Another considered option in that case is
PbF».

1.5.3. CsI-CsBr mixtures

In an attempt to increase light output of pure CsI (0.05-0.08 of Nal(Tl) ) mixed
crystals of CsI-CsBr were developed. The light output was increased to 0.18 of that of
NaI(T1) 181, Three fast components of 11, 23 and 36 nsec were measured. Crystal
emission was found to be in the region of 280-340 nm. In the preliminary tests, good
quality middle-sized CsI-CsBr samples had no detectable slow component 182, On the
other hand problems were detected with light attenuation length and mechanical properties
of the crystals. In a another recent study 183, an extra slow (decay time 8-10 us)
scintillation component centered at 450 nm was detected. In addition, an absorption band
centered at 300 nm appeared and the intensity of the fast component decreased due to a
quenching process. The conclusion of that study was that in spite of the fact that Br-doped
Csl emited more light, there seemed to be no advantage in using this material since the extra
components are very slow 9.

1.6. Lead Fluoride

The non-scintillating Cherenkov material lead fluoride (PbF5), which was first
studied for applications in calorimetry already in the late 60's 134 was rediscovered by
Anderson in 1989 185, Lead fluoride does not scintillate because its Pb2+ ion luminescence
is quenched at room temperature 186, Several new experiment proposals (for example for
RHIC 179) consider the use of the PbF; electromagnetic calorimeter. PbF; has a high
density of 7.77 g/fcm3, a radiation length of 0.93 cm and a Moliere radius of 2.22 cm. It
was noted 187 that for a PbF; Cherenkov radiator the "apparent” Moliere radius is about
20% smaller (1.8 cm) than the physical shower radius. This occurs since the electrons in
the outer regions of the shower are slow and produce almost no contribution to the
Cherenkov light. These properties enable the building of a calorimeter even more compact
than BGO. Lead fluoride is transparent down to about 265 nm, much better than lead glass
(see figure 1.6.1), has a high refractive index of 1.86, and a low critical energy of about 9
eV. As aresult of this a signal of 1300 pe's per GeV was measured 188 which was higher
than for standard lead glass materials. An even higher number (1800 pe's/GeV) was
recently reported in a TRIUMF test 189,

Lead fluoride is also the fastest of the available radiation resistant materials. It only
produces instant Cherenkov light. A signal from a 14 X, long and 4.3 cm flat-to-flat
hexagonal cross section crystal has a 3 ns rise time and a fall time of 11 ns. PbF; is stable
in air and is unaffected by moisture. It has a low meiting point of 822 °C and the material in
its raw form is abundant 188,
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Figure 1.6.1: Transmission as a function of wavelength of a small good quality sample and 2 13.3 cm long
KEK crystal (upper spectra, adapted from ref. 188), and of the new 17.5 cm sample tested 190 (lower

spectrum). The curves shown have not been corrected for the ~17% loss due to reflections from the two end
surfaces,

Doped with some fast scintillators such as TbF3 the ratio of the Cherenkov to the
scintillation signal can be used to correct the visible hadron energy on an event by event
basis 187, There are plans to dope this crystal with other cations and to produce more
complex structures such as CsPbF3 and Pba(Zn,Th)Fg, which could be expected to show
some scintillation 8. Breaking the local symmetry (believed to be the reason for the
luminescence to be hidden) of the Pb2+ ion in the fluoride lattice is expected to produce a
scintillating material 8. Other heavy crystals such as CdF; (p = 6.33 g/cm3), BaYbFg (p =
6.99 g/cm3) and YbF;3 (p = 8.17 g/cm3) are studied as scintillator hosts 8. 146 It was



shown that BaYbyFg is radiation hard to 107 Rads and is suitable for the Cherenkov
radiator 146,

The first measurements have shown that PbF3 is substantially more radiation
resistant than lead glass. On the other hand it turned out to be much more susceptible to
radiation than the fast crystal scintillators such as BaFj, CsI or CeF3. Figure 1.6.2 188
shows the transmission of 1 ¢cm cube good quality PbF; samples before and after
irradiations with the reactor neutrons and gamma-rays. It was discovered that exposure to
UV light (365 nm) led to the complete recovery from damage of a sample irradiated to 4 x
105 Rad.
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Figure 1.6.2: Transmission as a function of wavelength for several PbF; samples before and after irradiation
(upper figure) and after a 10 min UV exposure (lower figure): (A) before irtadiation, (B) after 3x105 Rad of
neutrons and 1x105 Rad of gamma-rays, and (C) after 3x10% Rad of a neutron dose and 1x10% Rad of a
gamma dose 188, The absorption feamre at 580 nm is the measurement artifact.



Some residual permanent damage at the shortest wavelength remained in the sample
irradiated to 4 x 108 Rad. In another measurement it was reported that a rather poor quality
!} cm thick sample, made from 98% purity raw material, showed effects of radiation
damage after a °°Co gamma dose of 10* Rad 145, The research on this question continues.
In figure 1.6.3 the result of an irradiation test to 1.4 MRad with one of the new crystals of
improved quality is shown 190, The radiation resistance has significantly improved as
compared to older samples. Except for the study of impurities responsible for the damage,
it would be interesting to find an additive that would make PbF, more radiation-hard, much
like different oxide dopants were found to supress the production of color centers in lead
glass 191,192, It was suggested that in order to improve radiation properties of PbF;, some
metal fluorides of Li, Na, K, etc. may be used as additives 146,
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Figure 1.6.3: Transmission spectra before and after a 1.4 MRad gamma irradiation of a 1" dia. x 1" long
PbF, sample 190,

The first batch of 20 radiation length long PbF; crystals were recently produced and
are undergoing tests 190 but the feasibility of production of large quantities of good quality
crystals has yet to be demonstrated.

L.7. Brief discussion of some other materials

The search for new scintillating materials accelerates 9-12. 186, 193, Blagse 186 hag
critically reviewed some of the efforts. For example, he has pointed out that lead carbonate
(PbCO3) and many other studied heavy lead-based materials, such as PbFs, PbCly, PbBr,
and PbWOy4 were found to have their luminescence quenched at room temperature, and
therefore were not good candidates for scintillators. According to Blasse new and
potentially interesting scintillating materials include ZnGaz0y, and several bismuth,
gadolinium, barium and lead compounds. The main conclusion of his report is that the
present level of understanding of the properties of luminescent materials can be used in
order to search for new scintillators in a much more efficient way. At the present time there
exists no fundamental approach in the search for new scintillating materials which would



take into account the achievements of today’s luminescence science %0. In his paper 90,
after formulating five basic requirements defining good scintillator material, Lempicki
proposed a class of excitation experiments intended to shed light on the basic mechanisms
of scintillation in order to select material candidates.

In recent reviews 6. 8.9. 11, 194 three groups of potentially promising fast
scintillating crystals were listed: binary mixtures of cross-luminescence exhibiting fast
scintllators such as CsCl, CsBr, CsF, RbCl, RbF and KF; binary compounds with rare
earths such as LaF3(Nd3+), YF3(Pr3+); and three component heavier materials such as
KMgF3, KCaF3, KLuF4, BaY;Fg, LiYF4, ErYF4, TmYF4, and HoYF,, where adding a
third heavier component has no effect on optical properties. Luminescence components of
CsF, CsCl, CsBr and RbF have been studied 43. Except for CsBr, which was found to
have very low light output at room temperature (but at the same time is the fastest known
scintillator with a decay time of 0.07 ns), all other tested scintillators were comparable in
light yield to pure CsI. KF, KMgF3 and KCaF3 have fast luminescence components in the
VUV/UYV region of 140-200 nm and therefore can be detected with the photocathodes
developed for BaF, 195. Luminescence of KMgF3 and several other ionic crystals such as
KYF4:Rb, K2YFs, and KILuF4 was also recently reviewed 10. 11, Fast UV emission with a
decay constant of about 1.5 ns and more intense than in BaFj was obtained for the first two
crystals. This fast scintillation is of the same radiative core valence transition (cross-over
transition) type as in BaF3. The problem with most of the crystals studied up to now is that
they are not high density scintillators, and only BaLiF3 is a fast (< 1 ns) and slightly
heavier (5.2 g/cm3) crystal than BaF2. LiBaF3 (or BaLiF3), has a UV photon yield @230-
250 nm comparable with that of BaF;, while it only has a fast (< 1 ns) component 46, 196,
Its density is 4.9 (5.2, resp.) g/cm3, and its radiation length is 2.3 cm. LiBaF;3 can be
coupled to a UV sensitive gaseous photodetector with a TMAE vapor or CsI solid
photocathode. The presence of lithium in this crystal may be interesting from the point of
view of neutron detection. Tested samples in one of the studies 196 contaminated with Pb
showed a strong absorption band in the region of 185-205 nm. A strong BaLiF3 emission
centered @435-440 nm was reported 8. There are plans to increase its density by preparing
a solution with up to 20% of PbLiF3 .

Also, several other materials related to BaF; (such as BaCl,, BaBry, and Baly) are being
investigated. Baly, for instance, has a fast component of 6 ns at 190-340 nm 43 and BaCly
has a dominating fast component of 1.2 ns 12 (see below).

The family of heavy tetrafluorides (Zn, Zr, Hf, Th) Fj is also under investigation 8.
An interesting case is that of LiYbF4. The tested samples of this fast and dense (6.09
g/cm3) crystal demonstrated an actual increase in transmission after a gamma dose of 100
KRad 8. A newly studied Cdls heavy (5.67 g/cm3) scintillator has a fast 3 ns emission
centered at 540 nm and a light yield approximately 10 times that of the fast 3 ns component
of CeF3 146,

Another recently discovered cerium-doped scintillator is lutetium oxyorthosilicate
(Luz(1.xy Ce2x(Si04)0 or LSO) 198, It is a bright (scintillation intensity equal to 75% of that
of Nal(T1)) and dense (7.4 g/cm3) scintillator with a fast (~40 ns) decay constant. Its peak
emission is conveniently located at 420 nm and its radiation length is 1.14 ¢cm,



A heavy material tested for a Cherenkov radiator is BaYb;Fg, It has a density of
6.99 g/cm3. and was shown to have good radiation resistance up to 107 Rad 146, BaYb;Fg
and other heavy crystals such as CdF; (6.33 g/cm?) and YbF3 (8.17 g/cm?3) are studied as
possible scintillator hosts 8.

Lead carbonate (PbCO3), a heavy (6.6 g/cm3) scintillator was recently studied 207,
Its scintillation light output is temperature dependent and has many decay components from
3.9 ns up to 1.4 us at room temperature. Following the rediscovery of lead carbonate, a
report appeared on a naturally occuring lead sulfate (PbSQy) in the form of anglesite 19, In
a new study of lead sulfate samples it was measured that its emission, peaking at 335 nm,
has two fast decay components of about 1.8 ns (5%), 19 ns (36%) but also long
components with decay times of 95 ns (36%) and 425 ns (23%) 200, The slow component
is the dominant one (about 60% of the total light output). Lead sulfate has a density of 6.4
g/cm3. and is not affected by air or moisture. It is, however, difficult to grow because it
decomposes when heated. As a result of this good quality synthetic crystals are still not -
available at this time.

Yet another interesting development is the study of a new crystal scintillator with an
unusually long wavelength of emission. CdS has an intense red emission between 600 and
800 nm 197, In a preliminary study about 104 photoelectrons per MeV were detected when
the scintillator was coupled to a silicon photodiode !97. The material is hard and non-
hygroscopic and has a density of 4.8 g/cm3. It could be expected to be radiation hard due to
a long wavelength emission bypassing the usual absorption region caused by color centers.
However, a serious disadvantage of this scintillator is its extremely long decay time
(amounting to about 4 ps),

YAIO;

A promising new material is cerium doped yttrium aluminate (YAIO3(Ce) or
YAP(Ce) ) 8. 146,201,202 It has a high relative light yield of about 2.5 times that of BGO
or 30-40% that of Nal(T1), a density of 5.35 g/cm3, is not hygroscopic, and was measured
to have fast emission with a 15-30 ns decay constant as obtained in different studies.
Figure 1.7.1 shows absorption and luminescence of 2 1| mm thick YAIO3 crystal doped
with 0.1% by weight of cerium 201 The measured luminescence band at 347 nm is
attributed to a 5d - 4f transition in Ce3+. The scintillation decay spectrum for 137Cs gamma-
ray excitation is shown for the same samples, with a single 27 ns exponential component.
Single-exponentiality of the decay demonstrates the absence of quenching centers in the
tested samples. In addition to the fast component of 31 ns (98%), a second slow
component of 246 ns (2%) was also seen 202, The dependence of the light output
normalized to Nal(T1) and the decay constant on cerium doping level is presented in figure
[.7.2. Decay time depends only weakly on cerium amounts above the 0.2% point (by
weight ).

Yttrium aluminate was also reported in a recent preliminary study to be very
radiation hard 146, In figure 1.7.3 the transmission spectra of a 4 mm thick YAIO3 sample
doped with 0.6 mol% cerium measured before and after a 60Co gamma dose of 108Rad are
shown. To increase crystal density a program was started to substitute yttrium with
ytterbium or other isoelectronic cations 8.
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Figure 1.7.1: Absorption (1) and luminescence (2) (left spectra) and scintillation decay curve (right
spectrum, excited with gamma-rays) of YAIO3:Ce. Measured @300 0K 201,
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Figure 1.7.2: Dependence of scintillation light output Figure 1.7.3: Transmission of a 4 mm thick
(1) and luminescence decay time (2) in YAIO3:Ce YAIQO3:Ce (0.6 mol%) sample before (1) and
on Ce activator doping level C, in % by weight, after (2) irradiation to a gamma dose of 108
@ 3000K 20t, Rad 146,

LaF3

Scintillation properties of a Nd3+ doped LaF; VUV scintillator were studied
recently 89, 203-205, LaF3 has a high density of 5.94 g/cm3, is radiation hard and non-
hygroscopic. The optical transmission extends down to a cut-off VUV wavelength at 125
nm. The emissions at 173 nm, 216 nm, and 245 nm (figure 1.7.4) are caused by the 5d-4f
transitions in Nd3+ .The 173 nm emission line has a 6.3 ns decay constant (figure

1.7.5 203, see also correction 204) and is well matched to gas photocathodes such as TMAE
or TEA 89,203,204
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Figure 1.7.4: Scintillation emission spectra of LaF3:Nd3+ (3 mol%) when excited with < 35 keV X-rays.
(Upper spectrum from refs. 89 203, see also correction 204; lower spectrum from ref. 205), Two intensity
scales, different by a factor 25, were used in the lower spectrum in the region between 350nm and 500 nm.

The intensity of this band, originating from the fast allowed 5d - 4f dipole transition (of the
same type as observed in the cerium-doped scintillators such as yttrium aluminate),
increases with the rise (up to 12 mol%) of the Nd concentration. Presently available
samples have contaminats such as Ce, Gd, and Pr, contributing to the emission spectrum
and to absorption at wavelengths below 200 nm. At longer wavelengths there are also
strong emission lines for 357 nm, 382 nm, 414 nm, and 448 nm from much slower {(decay
times of the order of milliseconds) 4f -4f transitions in Nd3+ (figure 1.7.). As in the case of
BaF3, a selectively sensitive photodetector must be used to exploit the fast component only.
An example is a PMT or a gas electron muitiplier with a CsI photocathode. The samples
used in a preliminary test with a TMAE gas photocathode have all shown a very low yield,
at least a factor 10 lower than for BaF; 53. It is possible that this poor performance was due
to impurities in the samples. It was also reported that it is technically more difficult to grow
LaF3 crystals than BaFj crystals 33.
A similar crystal, LiYF4:Nd3+, has comparable light output to LaF3:Nd3+ with the

184 nm emission line corresponding to the 173 nm line in LaF3:Nd3+ 10,

| Attempts with cerium-doped lanthanum fluoride have not resulted in a better, more
efficient or appreciably faster scintillator than pure CeF3 206,
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Figure 1.7.5: Decay of the light pulse from LaF3:Nd3+ (3 mol%) 203, The peak on the left is the prompt
coincidence peak, not from LaF3:Nd.

KMgF3

KMgF3 is a relatively light (3.1 g/cm3) and efficient scintillator emitting fast
scintillation centered at 170 nm 195 with a decay constant of under 1.5 ns. The intensity of
its cross-luminescence light is aimost twice that of BaFy. Figure 1.7.6 shows an overlay of
KMgF3 emission and quantum efficiencies of TEA and TMAE vapours 208-210 angd the
transmission of a 3.1 mm thick KMgF3 crystal 10.

A solid CsI photocathode is also well matched with this emission (see section
1.2.2). The tested crystals had detectable europium contamination. The report of a
preliminary study in which a KMgF3 crystal was coupled to a wire chamber 211 and a
parallel-plate avalanche chamber (PPAC) with a TEA gaseous photocathode 212
demonstrated a sensitivity of only 4.5 and 9 photoelectrons per MeV of deposited energy in
a crystal, respectively. In a comparative measurement with BaFs coupled to a TMAE gas
photocathode in a PPAC the result was 30 photoelectrons for KMgF3 versus 10
photoelectrons for BaFj 212, A new KLuF4 scintillator 208 exhibited 2 fast cross
luminescence @ 165 nm much like KMgF3, and was also coupled to a gas photodetector
10, 11,208, 213, KILuF; is however less efficient than KMgF3, and is apparently difficult to
produce in large quantities 194,

Cesium Fluoride

CsF is a unique fast inorganic crystal of a scintillation efficiency similar to that of
pure CsI 156, only much faster. It has high stopping power and it is one of the few known
scintillators in Table I without the slow decay constant in the region of many tens to
hundreds of ns. The fast component has a decay constant of 3 ns 43 to 5 ns, as obtained in
different studies. CsF has a light output of only about 5% of that of NaI(T1) and is used in
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Figure 1.7.6: Upper spectrum shows UV transmission of a 3.1 mm thick KMgF3 sample not corrected for
Fresnel reflections (adapted from ref. 10). In the lower emission the spectrum of KMgF3 (1) and the
quantum efficiencies of TEA (2) and TMAE (3) vapors are shown (adapted from refs, 209, 210),

nuclear physics or PET 214 applications when count rates are very high and timing
resolution is important. With its fast emission CsF was hoped to be a good substitute for
BaF3. It is however not only extremely hygroscopic (requiring hermetic packaging), but
also, unfortunately, the few radiation damage tests performed gave only dismaying results,
with a substantial damage seen already after a dose of 10 kRad 55. It is however possible
that this poor performance was totally due to impurities in the presently available samples
and that this could be improved. In the high radiation dose applications CsF crystals would
have to be encapsulated in containers with radiation-hard (quartz) windows.

BGO

BGO is the slowest of the various materials discussed here with its 300 ns decay
constant. Until recently it was known to be sensitive to radiation, at least partly due to
impurities which were present in the standard production-quality material. Bismuth
germanate’s main advantage is that it is a very dense scintillator (7.13 g/cm3), Because of
this it is used in PET cameras 213-218 and in particle physics. There is much experience in
the production of large quantities of BGO crystals. About 11,500 monocrystals have been
grown for the L3 experiment at CERN 219, Even before, in 1985 the 360-crystal CUSB-II
BGO calorimeter at Cornell became operational, marking the first use of BGO in an
electromagnetic calorimeter 220. 221, For high rate/high dose applications, however, BGO



is rather slow and its radiation resistance record is average. Several studies were done of
the correlation between radiation damage of BGO and trace impurities in the crystal 222,
223, Trace concentrations of Cr, Mn, Fe and Pb were found in samples showing substantial
radiation damage, while other impurities had less effect. In a recent systematic study of
long L3 crystals 224, a model was proposed to expiain experimental results. The role of
impurities, mainly iron, was shown in the formation of color centers, predominantly in the
blue transmission region. Very serious damage was observed after gamma and electron
doses of only 500-1000 Rad. Radiation damage saturated after a dose of about 104 Rad.
Neither the fluorescence spectrum nor the efficiency of luminescent centers was modified
225, The BGO samples in some studies spontaneously recovered already at room
temperature. The accellerated suppression of color centers was obtained by a thermal
bleaching treatment (@250 °C, for instance) 172.223-225, or by an optical treatment in the
visible range. Irradiation with a UV Xe lamp (320 nm) causes transmission damage similar
to the electron or gamma-ray induced radiation damage. Large crystal-to-crystal variations
were observed indicating different levels of color center producing impurities.

An attempt was made to develop crystals with better recovery properties by doping
BGO with europium 224, 226-228, The doped crystals had a much reduced initial damage
and recovered faster. Europium allowed de-excitation of trapping centers. The radiation
resistance was found to increase with europium doping. Part of the effect could be due to
the fact that the fluorescence spectrum in doped samples is pushed to the longer wavelength
around 600 nm (red). Only a negligible difference 227. 228 between doped and undoped
crystals was observed in the total light yield, and in one case no differences were reported
at all 224, Unfortunately the europium doped crystals exhibited a very long (1.5 ms 228 .
3 ms 224) afterglow emission due to the dopant’s states. This observation thus questions
the use of doped crystals for applications; even at medium counting rates.

In a very recent paper 229, a production of highly radiation resistant sampies grown
with a new version of the Bridgman technique was reported. The optical transmission of a
2.5c¢m x 2.5 cm x 1 cm sample at a peak emission of 480 nm degraded by no more than
10% when irradiated with ®UCo gamma-rays to a dose of 1.03 x 108 Rad at a high dose
rate of 720 kRad per hour (figure 1.7.7). No correction for surface reflection was applied.
The transmission decreased slightly and the crystals turned grayish already after 2 dose of
12 kRad (after 1 minute of irradiation!), but no further change took place up to the total
dose of 103 MRad. No transmission recovery after irradiation was observed at room
temperature. The annealing at 400 ©C for two hours had led to a complete recovery of
crystal transmittance. The samples did not exhibited the photochromic effect (yellowish
discoloration) typically seen in regular BGO samples after being exposed to UV light or
daylight. Figure 1.7.7 also includes a comparison of the transmission losses observed in
the small samples produced in that study 229 with the 1 cm x 1 cm x 2 ¢m samples
produced for the L3 experiment at CERN 227, The authors speculate that this dramatic
improvement in radiation resistance is due to crystal regularization and lower concentration
of noa-stoichiometric defects in the crystals produced by the new technique. This
observation may be applicable to many other crystal scintillators. It was also found that the
new BGO samples grown for that study have increased radiation resistance to 107 Rads 146
(figure 1.7.8). The authors have pointed out that the radiation limit they recorded for the
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Figure 1.7.7: Upper: the ransmission curves of the 2.5 cm x 2.5 ¢cm x 1 cm BGO crystal sampies before (a)

and after (b) gamma irradiation to a dose of 103 MRad; Lower: the comparison of ransmission losses for
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Figure 1.7.8: Transmission spectra of the 5 mm thick BGO sample before (1) and after 50Co gamma doses
of 107 Rad (2) and 108 Rad (3) 146,

BGO samples was not final. Rather the technologically achieved level of radiation
resistance in their work was due to limitations related to purity/price considerations. The
BGO and other samples grown in that study had an impurity level of about 10-3.

In summary, it appears that the radiation resistance of BGO could be improved and
highly radiation resistant large crystals may be available. The main drawback, however, is



that an extremely long decay constant remains, preventing the compound’s use in high rate
applications.

Two new efficient scintillators with significantly fast emission were found during a
recent survey of over 400 different crystals 12: BaClp and CeCl; (figure 1.7.9). Neither of
them, however, is a high density scintillator (p = 3.90 g/cm3). Two more heavy
scintillators, Cul (p = 5.62 g/cm3) and YbyO3 (p = 9.17 g/cm3), were tested in the same
study and exhibited very fast scintillation with a major decay component < 0.5 ns. Their
light output, however, was rather low (equal to 7% and 1.3% that of BGO, respectively).
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Figure 1.7.9: Decay curves for two efficient scintillators, BaCly and CeCls 12, when excited with 0.5 ns
pulses of 20 keV X-rays. Luminescence intensity is also giver, as compared to BGO.

Scintillating Glasses .

Even the fastest known scintillating glasses (doped with cerium oxide) are still
relatively quite slow 230. GS1 glass, for instance, has a decay time constant of the order of
55 ns 231, Even worse, new measurements indicate the presence of a slow component
extending up to 1 ms 232, The light yield of cerium doped glasses increases with cetium
content up to about 6%, but the attenuation of scintillation light also increases 233, New
scintillating glasses with improved light yield and homogeneity are constantly under
development 234, A new scintillating glass, KRS-6 7, is currently under investigation. The
radiation resistance of scintillating glasses is still not very good, despite the fact that they
are much more radiation hard than lead glasses, and that their transmission properties are
only moderately altered after a proton dose of 105 Rad 235, Cerium doping greatly
improves radiation resistance of glasses in general, and lead glasses in particular 236, A
typical doping level is 1-2 weight % of CeO7. Irradiations with gamma-rays and reactor
neutrons have shown that some of the optical windows made with cerium doped glasses
can survive doses as high as 108 Rads and above 237, The suppression of the radiation-
induced discoloration is due to the Ce4+ ion, a powerful electron acceptor. Ce#+ serves to
remove the radiation-created free electrons trapped in the glass, preventing the formation of



color centers. Radiation damage due to color centers can be annealed not only by heating,
but also by the use of violet-blue light sources 238,

It was suggested 6. 3. 239 that heavy fluoride glasses can have characteristics similar

to the crystalline fluorides. They are excellent hosts for rare earth and cerium doping may
result in scintillating glasses superior to oxide glasses. Some glasses contain BaFs as the
major constituent and are expected to show the same type of fast luminescence transition.
They have increased radiation resistance as compared to other glasses. Additionally,
fluoride glasses are excellent media for fiber fabrication. Fluoride fibers have low
transmission losses in the wavelength region above 2 us Scintillator research can profit
from the available body of data on fluoride glasses. A sublimation technique, for instance,
was developed to reduce impurities such as iron and copper in the fluoride fiber material
240, This method may be applicable in the scintillating fluoride glass production.
The main anticipated difficulty is the selection of a proper host glass. The need is for a
glass that would have a strong UV transparency to allow for transmission of short
wavelength scintillation light. First cerium doped samples of heavy fluoride glasses were
recently prepared in Europe, and a program of research is underway 8. These materials are
potentially quite interesting because of cost considerations for large detectors.

L8. Summary

In short summary BaF; and CeF3 as scintillators and PbF; as a Cherenkov radiator
seem to be at the present time the most promising radiation resistant and fast materials for
high intensity applications. The lack of a slow component, a conveniently located emission
spectrum, and 2 higher density make CeF3; a more promising candidate, but production
feasibility of large good quality crystals has still to be demonstrated. Also, for some
applications even a 25 ns decay constant can be considered "slow”. Possible mass
production of large (25-50 cm) good quality crystals of barium fluoride is actively
investigated and, provided that a solution will soon be found, this crystal scintillator seems
to be the most serious available choice for high rate applications in the future large
detectors.

One can expect that the present vigorous research on high density, fast and radiation
hard crystal scintillators will continue. It is quite possible that many new and improved
practical materials will appear quite soon, and it would not be surprising if some of the
scintillators listed in Table I will prove to be better choices. In a recent review Van Eijk 11
concluded that in the coming years the emphasis of scintillator research will be on the two
groups of materials exhibiting either cross luminescence (fast scintillators) or materials with
the 5d-4f transition luminescence (high light yield in the visible range). In general,
developments in the technology of crystal production will lead to a marked improvement in
the quality of crystals grown, dramatically reducing the level of impurities and defects. This
in turn will permit the creation of efficient and fast crystal scintillators which will be able to
survive the multi-MRad radiation doses to be encountered in the future high energy physics
and nuclear physics experiments.
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Part II: Plastic and Liquid Organic Scintillators

I1.1 OQutline

We begin with a fairly detailed outline of the scintillation mechanism in organic
(plastic and liquid) scintillators. An understanding of the fundamental phenomena
will allow one to design an appropriate scintillator suitable for the high rate, high
radiation areas of the hadron colliders. Questions concerning fast timing capability,
light output, energy resolution, etc., are answered with modern scintillators. The
principle problem remains that of sufficient radiation tolerance. Hence, most of the
article will concentrate on the problem of a creating a radiation-resistant scintillator
that also meets the other requirements. As will be seen, the achievement of radiation
tolerance can result in the loss in one or more other capabilities. We begin the
discussion of the radiation problem by reviewing what radiation levels will most
likely exist at the colliders. From there the discussion will proceed to the effects
of radiation upon scintillators with particular reference to the optical changes in
the base material. This section will also include discussion of the key parameters
affecting the level of damage detected. A section detailing the experimental results
will follow which explores various attempts at improving the radiation tolerance of
scintillators while minimizing any degradation to other useful characteristics. From
there, we apply the present knowledge to planned detectors. A specific discussion
of liquid scintillator research is followed by an outline of present research activities
which are underway exploring some of the more detector-specific issues. A final
concluding section closes the article.

I1.2 The Scintillation Phenomenon

Scintillation is an exercise in applied photochemistry. It is useful to review the
photochemical properties of the benzene molecule, as it forms the basis for all
scintillation phenomena in organic plastics and liquids. Benzene contains six carbon
and six hydrogen atoms. The carbon atoms have a ground state configuration of
15°24%2p?, but for binding, the configuration is 152252p°, so that there are four
valence electrons. Three of the valence electrons are hybridized into the trigonal
{sp®} configuration (figure 1), The electron wave functions are at angles of 120° to
each other in a plane, giving the the benzene ring its planar hexagonal structure.
These three electrons form ¢ bonds. meaning that one has an electron pair
(one from each adjoining carbon atom) shared in the area centered on a line jolning
the carbon atoms. The fourth valence electron (in a p-orbital) is a 7 electron. so
that the bonding of the carbon atoms occurs by having the p-orbitals overlap in a



(b)

FIGURE 1: (a) Representation of the angular electronic wave function for
the 2s and 2p states. (b) The Lybridized sp2 wavefunctions. Adapted from
reference [17].



parallel fashion. A pair of electrons occupies the space both below and above the
line joining the two carbon atoms. The double bonds of the benzene molecule are
composed of one ¢ and one  bond. There are therefore only three double bonds
within the benzene ring. It is known that each € — C bond is equivalent, so the
benzene molecule is considered to have a resonance hybrid structure whereby these
three double bonds are shared equally among the six atoms. This is demonstrated
in figure 2, along with the usual representation of a benzene ring drawn with a circle
inside to reflect the 7 electron cloud resonance.

The 7 electrons form the basis for the scintillation mechanism. The 7 electron
cloud is quantized into a series of singlet (S;;) and triplet (T3;) levels where { =
0,1,2,... denotes the electron energy level and j = 0,1, 2, ... denotes the vibrational
sub-level. Figure 3 displays a representation of these energy levels. The fundamental
luminescent properties arise from excitation of the molecule from the ground
states into the excited singlet and triplet states. Through non-radiative processes,
there is de-excitation to the §; levels followed by a fast radiative transition to the
ground Sq states. This is known as fluorescence, and operates on a time scale of
nanoseconds. It is also possible for an excited S, state to pass to an excited triplet T}
state followed by a slow (= 10™* s) radiative decay to the ground state. Due to the
difference in relative energy levels, this decay is at a longer wavelength than the fast
fluorescent component. This phenomenon is known as phosphorescence. Finally it
is also possible for a triplet T} state to pass to an excited singlet 5, state followed by
a fast radiative transition to the ground state. This is known as delayed fluorescence
since it has the same spectral characteristics as the dominant fluorescent component.
However since the transition probability for the triplet-singlet exchange is small, the
time scale for the radiative transition is dominated by the initial spin flip process
(= 107° 5). In liquid scintillators, it is probably the chief component of the tail in the
scintillation decay time. It is also probably a major factor for plastic scintillators as
well. but the fact of having a solid matrix complicates the extrication of all processes
that contribute to the tail of the scintillation decay curve.

Given the presented information. one would deduce that the measured absorp-
tion would appear as in figure 4(a}, when in fact they look more like figure 4(c). The
sharp line spectrum of figure 4(a) corresponds to molecules at a very low pressure
vapor phase. In a condensed phase, the fundamental energy levels can be split into
many unresolved vibrational, rotational, and collisional substates (figures 4(b) and
{c)). In addition, the absorption and emission spectra are split into different wave-
length regimes by changes in interatomic spacing after excitation of the electronic
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states. This is demonstrated in figure 3(c) for a diatomic molecule. Flectronic
transitions take place on a time scale that precludes any significant change in inter-
atomic spacing during these transitions (the Frank-Condon principle). However, in
the excited state, the equilibrium interatomic spacing is larger than in the ground
state. Hence, the final radiative de-excitation transition goes to a substate above
the ground state (followed by non-radiative transitions to the ground state). The
net result is a separation between the absorption and emission spectra, a shift from
shorter to longer wavelengths. This shift is expressed quantitatively as the Stokes
shift or Stokes loss (figure 3{c)).

Practical organic scintillators are formed from using a solvent doped with a
high concentration of primary fiuor and a much lower concentration of a secondary
fluor. The solvent acts as the initial energy dump. Not surprisingly, the most
efficient solvents all have a benzene molecule incorporated within their structure
(see appendix II.A). If we consider the action of a charged particle (say, a 1 MeV
electron) passing through the scintillator, the primary excitation processes can be
said to be (a) excitation of the  singlet states, (b) ionization of the 7 electrons, (<)
excitation of other electron groups (such as the o electrons), and (d) ionization of
other electrons. The first process is mainly responsible for the fast fluorescent com-
ponent. The second process followed by jon recombination seems to be responsible
for any triplet states (as well as some singlet states) produced and probably leads
to some if not all of the slow component in the scintillation process. Any excitation
via the third process is dissipated thermally. The fourth mode of excitation seems
to be the fundamental cause of radiation damage to the material.

Although the solvent is an inherent scintillation material, it has low quantum
yields in terms of the energy output in the fast fluorescent component. For example,
toluene is considered a highly efficient material for a solvent, but only yields 9% of
the input energy in useful emission. Furthermore, the resultant emission spectrum
(peaking at about 320 nm) is well below the region where the most common and
cheapest photomultipliers detect light with the highest efficiency. One needs to
transfer the useful excitation energy to some molecule that will efficiently transfer
it into easily detectable light. A first step to this goal is taken by dissolving an
appropriate amount of a fluorescent material that (a) is sufficiently soluble in the
solvent, {b) has 2 high quantum yield (close to 1.0), and {(c) has an absorption
spectrum which overlaps as well as possible with the emission spectrum of the
solvent. This last requirement brings us to the matter of energy transfer among the

meolecules.
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Energy transfer from the solvent to the solute is achieved by several means: ( i)
radiative transfer from the solvent to the solute, (ii) a non-radiative dipole-dipole
exchange known as Forster transfer, (iii) non-radiative transfer from excited solvent
to neighbouring ground state solvent molecules (and thence to the solute by either
(1) or (ii}), and (iv) collisional exchange of energy via diffusion of excited solvent
molecules. The last is only operational in liquids. Process (iii) is necessary for
increasing the probability for transfers to the solute via (i) and (ii). In plastics, the
excited sites are segmers, the fundamental repeated part of the polymeric chain. The
energy is transferred via electron exchange, a process whose transition probability
decreases exponentially with distance between the segmers. Process (i) must be
proportional to the overlap between the absorption spectrum of the solute and
the emission of the solvent. It turns out that process (ii) is also proportional to
this spectral overlap despite the fact that the process is non-radiative. Unlike
the electron exchange process, the transition probability decreases as R~° (which
follows from the fact of it being a dipole-dipole interaction), where R is the distance
between the excited donor molecule and the ground state acceptor molecule. At low
concentrations of the solute, & 10~* M, energy transfer from the solvent to the solute
will be radiative. As the concentration of the solute is increased, the probability
for non-radiative Forster transfer will increase until it is the dominant mode (~
10~% M). Hence light output is maximized in the scintillator by maximizing the
concentration of the solute (within the solubility limit of the solute). Equivalently,
one can also use a lower concentration of a fluor with an unusually high molar
extinction coefficient e. This quantity is a measure of the peak amplitude of the
absorption spectrum.

In practice, one has to add a secondary fluor that will absorb the emission of
the primary fluor and shift the output to a sufficiently longer wavelength. Figure
5 is an example of how one matches fluor absorption and emission spectra in order
to produce a green-emitting scintillator. The common primaries, such as PTP and
BPBD.* can only emit at a peak wavelength of about 360 nm which would result in
a macroscopic attenuation length of a few centimeters. This is due to the combined
effect of (a) absorption by the solvent, and (b) self-absorption by the primary fluor
of its own emission. Although the tail of the absorption spectrum is several orders of
magnitude smaller than at the peak, this residual is sufficient to absorb the emission
over a macroscopic scale and hence creates a boundary condition on the required

* Appendix II.A is a glossary containing the common abbreviations for fluors
and solvents plus their full name and a schematic of the molecule.
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concentrations of the fluors. In the case of the primary, the low quantum yield
of the solvent requires that the primary fluor be present at a high concentration
in order to facilitate efficient energy transfer via the non-radiative dipole-dipole
interaction. Unfortunately, the shift to the longer wavelength is not sufficient to
avoid severe absorption by the solvent and the primary solute. By adding a small
concentration of an appropriate secondary fluor, the primary emission is radiatively
transferred to the secondary, and the final emission (the peak being in the region
. of 400-440 nm), avoids absorption in the system. The small concentration limits
the self-absorption by the secondary to an acceptable level while maximizing light
output. Bulk attenuation lengths of 3 to 4 meters are possible although the actual
measured attenuation length can be highly dependent upon the shape and size of
the scintillator as well as the nature of the boundary conditions for the sample such
as the surface quality of a plastic sample, or the use of reflective surfaces.

Liquid scintillators are produced in a straightforward method by dissolving the
fluors in the solvent. However, care must be taken in maintaining high purity stan-
dards for all the ingredients. For example, water vapor will create a murky solution
if allowed to dissolve in the scintillator. Most importantly, dissolved oxygen will
quench the scintillation process. That is, the normal radiative fluorescent transition
will be quenched by having the excited molecule transfer energy by non-radiative
means to the oxygen. Although the careful use of quenchers is used to decrease
the decay time of selected scintillation formulations, in general, the presence of a
quenching molecule will severely decrease the light output (typically 30% in liquids)
and should be assiduously avoided. Hence liquid scintillators are stored in inert,
dry nitrogen atmospheres.

Plastic scintillators are produced by a much more elaborate procedure. Simple
melting of the plastic followed by doping with the desired fluors does not produce
an efficient scintillator. Although there are variations on the technique, the basic
method goes as follows [1]:

The basic liquid monomer, styrene, has a polymerization inhibitor (tert-butyl-
catechol) removed by column filtration. The styrene is purified by vacuum distilla-
tion using a rotary evaporator. Storage of the product is possible (in a freezer) for
up to two months. The desired fluors are dissolved into the liquid styrene with the
solution placed in silylated glass containers.

Silylation is a process whereby the glass container is cleaned and then coated
to allow for easier removal of the finished plastic sample. Concentrated nitric and
sulfuric acid is used to thoroughly clean the glass followed by rinsing with distilled



water and drying in air. The container is then immersed for several hours in a
30% solution of dichlorodimethylsilane/chloroform, and then rinsed in turn with
chloroform. methanol. and distilled water followed by a final drying.

The doped styrene solution undergoes three freeze-thaw-pump cycles (using
liquid nitrogen) to remove dissolved gases before having the polymerization process
begun in a heated silicone bath. The heat bath has the following temperature
profile: (i) 2h @90°C, (ii) 24 h @ 110°C, (iii) 48 h @ 125°C, (iv) 12 h @ 140°C, (v)
ramp down at 10°C/h to 90° C. At 125°C, the containers are backfilled with nitrogen
gas to prevent boiling. The stage at 140°C is used to minimize the residual amount
of monomer. After the heating cycle is completed, the samples are temperature
quenched in liquid nitrogen to prevent the formation of vacuum bubbles (which
occur if the cooling is allowed to take place slowly to room temperature), and to
facilitate the easy removal of the finished scintillator. The finished forms can be
machine cut and polished to the desired specification.

This is more or less the method used to make cast sheets as well as cylindri-
cal preforms used in fiber production. In the former, polymerization takes place
between flat sheets of glass in order to maintain good surface quality. Diamond
mill sawing can be used to cut the sheets while maintaining high surface quality at
the cut surface. For fibers, the finished cylindrical preform is placed snugly inside
a tube of acrylic which will become the cladding for the fiber. A combination of
heat and pressure is used to bond the surfaces together, and the heated preforin
1s then drawn into the finished fiber. Fiber diameters can be as large as 3 or 4
mm but 0.5 to 1.0 mm is more typical. Special techniques can be used to produce
extremely thin fibers of 30 um diameter. ( Essentially, the initial fibers are gathered
together into a “fiber preform” and then redrawn into the much smaller diameter
fiber.) Needless to say, there are many “tricks-of-the-trade” used in the production
of a scintillating fiber. Although good fibers can be produced as of the time of this
writing, many subtleties are under active investigation.

I1.3 Radiation Damage to Organic Scintillators

I1.3.1 Expected Radiation Levels

Traditionally, the question of radiation-induced damage to organic scintillators has
been a moot point as the detectors only had to endure dosages well below the
threshold of damage (= 10° Gy) observed in tests of small samples (2]. However,
experiments utilizing very high particle fluxes [3] and the planned construction of
the SSC and LHC hadron colliders have brought to the forefront the question of



whether organic scintillators will be suitable for tke new hostile environment that
will exist at these facilities [4-7]. This section is an updated review [8,9] of this
subject with an emphasis on those studies most pertinent to the present problem.

We begin with a brief overview of the radiation problem ernected for the pro-
posed SDC detector at the SSC [10". Most of this discussion is based upon a recent
article by Groom {11} which ineludis an important correction to an error in & pre-

vious publication on the subject [4i

In terms of the direct dose fror: a flux of charged particles from the intersction
region (for a design luminosity of 19°% cm™2s71), one finds that the delivered dose
to an absorber whose thickness is much thinner than one nuclear interaction length
(e.g., a plastic scintiilating fiber ribbon with 1 mm diameter fibers) scales as the
inverse square of the radial distance (in a cylindrical geometry) from the beambine.
At one meter from the beamline, the expected dose is 40 Gy/yr. {Low momentum
tracks that repeatedly transverse the material-— “Joopers”—may increase the dose
by another factor of two.) Central tracking detector designs that utilize plastic
scintillating fiber cover a radial region from about 0.6 meters to 1.6 meters [10).
Therefore, we are dealing with yearly doses of about 15 (outer radius) to 110 Gy
(inner radius) per year at the lower luminosity option. Using the conversion factor
of 1 Gy = 100 rads, we have 1.5 krad to 11 krad. Since the higher luminosity option
of 10°* ¢cm~2s~! is considered a priority item, the total ten year dosage at that level
would be 0.15 to 1.1 Mrad. This latter number will impose a serious problem for

standard scintillators.

Calorimeters, especially electromagnetic calorimeters, face a much more serious
environment. Figure 6 displays an estimate of the expected doses at the electromag-
netic shower maximum for the scintillator in a Pb/scintillator calorimeter design.
The numbers correspond to the yearly dose at the low luminosity option (10°%) and
in parentheses, the ten year accumulated dose at the high luminosity option {10%4).
The dose increases rapidly in the forward regions to catastrophic levels. Most of
the research on increasing radiation resistance of scintillators has been concentrated
on the development of plastic capahle of withstanding these forward doses. Liquid
scintillator is being considered for use in the extreme forward regions since it may
be possible to develop a circulation system to replenish damaged scintillator, or to
develop a modular design for removal of damaged sections.

Some question has been raised as to how the level of damage varies as a func-
tion of the type of irradiation particle. Specifically, this reduces to the question
of whether the scintillator suffers only damage from ionization in the material, or
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FIGURE 6: Estimates of the ionizing dose at electromagnetic shower
maximum in the SDC detector at SSC design luminosity for one year,
and in parentheses, at ten times the design luminosity for ten years.
These doses are for the scintiilator. Adapted from reference {11].



are there additional effects such as the well-known ones suffered by solid state de-
vices when irradiated with high energy neutrons. The current wisdom (11] seems
to indicate that neutrons will have no special effect and with the expected fluences
(< 18" em~?yr™'), may be safely ignored. Some data comparing gamma and neu-
tron irradiations does exist {12] in which “gamma-only” irradiations are compared
to “60% v+ 40% n” equivalent irradiations. It suggests that neutron and gamma
irradiations are equivalent, although it makes use of luence-to-dose conversion fac-
tors that some investigators [11] have doubts regarding their validity. In any case,
this area is still actively under investigation [13], and so it may be that damage
results will have to be quoted in terms of (a2) damage achieved by a given dose of
gammas and/or charged particles, and (b) damage achieved by a given fluence of
neutrons with a given energy spectrum.

I1.3.2 Plastic Scintillators

Figure 7 illustrates the essential effect of ionizing radiation upon a plastic scintil-
lator: (1) the increase in attenuation of the signal, and (2) the loss in intrinsic
scintillation output. The first seems to be due mostly to the creation of color cen-
ters in the base plastic, but additional color centers can be created through the
destruction of some fluorescent molecules as well as any additional dopants used in
the manufacture of the scintillator. Although one would think that the loss in in-
trinsic scintillation would be due to destruction of fluorescent molecules, the current
research indicates that most of this effect is actually due to the creation of color
centers in the plastic that compete with the scintillation mechanism {14]. More
about this will be said later.

Before discussing radiation damage phenomenology in detail, we will review
the scintillation mechanism, as some salient features of scintillation are critical for
understanding the sources of the optical effects and for composing a strategy for
alleviating the effects of radiation damage. In that regard, this discussion will only
include the relevant aspects {or more accurately, those that seem most relevant at
present) to the problem of alleviating the effects of radiation. The interested reader
can revel in the wonders of the classic tome by Birks [15] which provides myriad
details of the scintillation phenomenon. Qther useful discussions may also be found
in Pla-Dalmau [1], Brooks [16], White {17], Davis {18], Flournoy [19], Bowen [20],
and Bross [21]. |

The modern scintillators use either polystyrene (PS) or the related polyvinyl-
toluene (PVT) as the base material. A crucial aspect of these substances is that they
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are (albeit very weak) fluorescent emitters in their own right, with their absorption
bands in the deep UV (240-280 nm), and an emission spectrum in the region of
290-370 nm (peaking at 320-330 nm} [22]. By using a suitable fluorescent dopant,
that is, one with (a) high solubility in the plastic, (b) high quantum yield and
{c) an absorption band that overlaps the emission spectrum of the plastic, one
can effectively shift the final output to a longer wavelength (typically peaking at
350-370 nm). Typical fluors are PTP and BPBD. At low concentrations (10~*
moles/liter), the mode of energy transfer between the base plastic and the fluor
is radiative. However, at higher concentrations (102 moles/liter), the energy is
transferred via a non-radiative, resonant dipole-dipole interaction known as Férster
transfer [23]. The ultimate light output is limited by (1) solubility limits of the fluor
in the plastic, and (2) the self-absorption of the fluor’s own light due to the overlap
of the absorption and emission spectra of the dopant. (It is important to take note
of this non-radiative transfer mode as the relevant consequence of irradiation of a
plastic scintillator is the creation of absorptive color centers which interfere with
radiative transfer.) Unfortunately, the final emission is not sufficiently blue-shifted
from the UV. First, the plastic has enough absorptive power at these wavelengths to
produce a scintillator with a small attenuation length. Secondly, the most common
photomultipliers have a spectral response peaking in the region of 400-450 nm.
Finally, at these concentrations, self-absorption by the fluor will severely limit the
attenuation length. To deal with these limitations, a secondary dopant is added,
this one with an absorptive band matching the emission of the primary. Examples
are POPOP, bis-MSB and TPB. The final emission peaks in the region of 420-450
nm, which brings it into the range of peak response of the phototubes and lessens
the effect of absorption by the plastic base. The concentration of the secondary
is deliberately kept small to minimize self-absorption effects. Hence the dominant
mode of energy transfer is necessarily radiative. This has important consequences
in terms of the effect of irradiation on the scintillator.

For acrylic-based scintillators, this model has to be modified slightly as the
acrylic material does not fluoresce. Instead, a large concentration (several percent
by weight) of naphthalene is used to act as the initial energy “dump” whereupon
the naphthalene transfers the energy to the primary fluor, and so on.
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fluors. A key question is whether the final post-anneal damage is equivalent to the effects
of a very low dose rate irradiation (see figures 15 & 16). Adapted from reference [14).



I1.3.3 Damage Mechanisms

If one ignores any effect of irradiation upon the fiuorescent molecules themselves,
then one can examine the changes in light output solely as an effect due to the
increased absorption induced in the base plastic. As figure 8 suows, the primary
effect of radiation upon a sample of polystyrene is to 1dd additional absortion ce nters
in the UV and blue region, thereby « reating an abscrption “edge” which moves into
the blue and yellow monotonically as a function of increasing dose (although strictly
speaking, there is also some absorption in the green and red, but at a much snaller
- level}. Since the mode of transfer etween the basc plastic and the primary fluor
is non-radiative, this absorptive edge has no effect vpon the initial energy transfer.
However, as the edge moves into the longer UV, it interferes with the radiative
transfer between the primary and secondary. (An alternate view of this is expressed
in terms of the transfer length [24] needed to transfer 1 — e~! = 63% of the initial
energy from the donor (the primary) to the acceptor (the secondary) molecule.
For the typical concentrations used, the non-radiative mode has a transfer length
ranging from 10-20 pm while the radiative mode is an order of magnitude larger.)
Hence, barring any damage to the fluors and other additives, the loss in light output
can be solely explained in terms of absorptive changes in the base plastic leading
to severe interference with the generation of the scintillation light. In terms of the
phenomena shown in figure 7, the strong increase in absorption in the UV leads to
the drop in intrinsic light output while the much smaller but nonetheless significant
increase of absorption in the blue and green results in the observed attenuation
changes.

This idea was originally proposed from the results of experiments with the
irradiation of liquid scintillators {25, and has been verified recently for typical
plastic scintillators [14]. A qualitative verification of this model was seen in a shudy
(26,63} in which the concentrations of the primary and secondary fluors were varied
in order to ascertain the effect of fluor concentration upon the radiation resistance
of the scintillators. Indeed, variations in the concentration of the primary fluor
were found to have the most effect while the concentration of the secondary had
no significant role. It is important to note that this does not mean that fluors
cannot be damaged, nor that damaged fluors cannot contribute to formation of
color centers. However, the commonly used ones do seem to bear up better than
initially expected [27]. There are also cases of interesting new fluors that have turned
out to be highly susceptible to irradiation, in particular when they are dissolved in

a polystyrene base. These will be discussed later.



A critical result of this model is the proposed method of alleviating the prob-
lem. ldeally, one should use a highly soluble, highly efficient, radiation-resistant
fluor whose absorption band spans the emission band of the plastic and whose
emission is as red as possible (i.e., a large Stokes shift fluor}, in effect creating what
one researcher has termed an intrinsic scintillator (1,21]. At an appropriate con-
centration, the mode of transfer will be dominantly non-radiative, hence immune
to the most severe optical changes occurring in the plastic. Finally the output
will be shifted to sufficiently long wavelengths to avoid the secondary absorption
effects. This ideal has to be modified by several observations: (1) as figure 9 shows,
polystyrene has an absorption curve which falls until about 600 nm, hence the
emission should preferably be in the range of 500 to 600 nm, (2) fast and efficient
photodetectors with suitable quantum efficiency at those wavelengths are still only
a research curiosity (although the research is very active!) [29-32], (3) longer wave-
length fluors tend to get slower [19,22], and hence lose a critical feature for high
energy physics applications (although the new “G” series of fluors from Bicron seem
to be a breakthrough in being fast (2-4 ns decay times), efficient, green-emitting
(> 470 nimn) waveshifters [33]).

The chemical mechanism for the damage to the polymer base is not completely
understood although the general categories of reactions are known [1,20]. The most
likely cause of the color centers is probably due to the presence of the tertiary ben-
zylic hydrogen atom in polystyrene (and PVT) [34]. Figure 10 displays the reaction
chain. This type of hydrogen atom, because of its placement in the molecule, is
particularly susceptible to reactions with radicals formed from the irradiation of
the polymer. This leads to the formation of polyenyl free radical chains whose ab-
sorption bands are a function of their length (forn = 1, Asb = 260 nm, while at
n =5, A%, = 400 nm). The recovery phenomenon seen after a high dose rate irra-
diation would be the slow (due to the large viscosity of polystyrene) recombination
of these polyenyl radicals into short chains of polyenes within the main polymer
backbone. The polyenes have their absorption bands at substantially shorter wave-
lengths (e.g., for n = 1: A%%?. =185 nm, for n = 5: A2%*_ = 340 nm). The polyenes
would presumably be the source for the residual damage levels recorded after the
initial annealing is completed. As likely as this model is (because it is based upon
well-established chemistry), detailed and careful experimental studies will still be
necessary to verify or refute it.

The most important parameters relating to radiation damage seem to be {a)
dose, (b) dose rate, (¢) atmosphere (i.e., presence of oxygen) before, during, and
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after irradiation, (d) fluorescent donants, (e) other additives (particularly an‘ioxi-
dants) used in scintillator production, (f) temperature (including localized heating
due to high rate irradiation), (g) size and shape of sample, and (h) type of plastic
base material. It should be noted, as will be evident in the discussion to follow, that
these parameters cannot necessarily be dealt with irdependently of one anothe: (for

example, dose rate and atmosphere .

The more visible effects of dose seem to become noticeable only after at least
10? Gy [2,35-38] for samples with small dimensions (several cm?®). In such small
samples, there usually seems to be a threshold effect, in that below some -evel,
no damage is seen. In terms of the above model, this seems understandable. As
the accumulated dose increases, the absorptive edge moves steadily towards the
more visible wavelengths. As this edge overlaps with the region where the primary
waveshifts radiatively to the secondary, the plastic will absorb the light intended
for the secondary. Hence one wouid expect a threshold where the light output
would be expected to start rapidly dropping. In realistically large samples, one can
hypothesize that on a logarithmic dose scale, light output would slowly decrease
at low dosages. Above, say 10° Gy, would follow a region of rapidly decreasing
light output. Whether there is saturation at high doses (> 1 MGy) is still an open
question (although there is some evidence for this [39]).

Dose rate as a parameter has become of critical concern. There has been a
variety of evidence to indicate that experiments must be sensitive to this parameter
in order to correctly evaluate the validity of their results for actual experimental
situations where a given dose may be spread out over a year or longer. Figure 8
illustrates the effect of using an unrealistic high dose rate. In this case, samples
of polystyrene are irradiated by a *°Co gamma source at a high rate to levels of
10-300 kGy. Figure 8(a) shows the transmission spectra immediately after these
irradiations. However, the samples are seen to anneal over a period of time (several
days to weeks), especially in air (figure 8(b)). Indeed this “bleaching” {40] of the
sample can be seen as the yellow discoloration disappears from the surface towards
the interior (figure 11). This process has been studied in some detail (40,41]. It is
most rapid in the presence of oxygen, and the rate of bleaching is consistent with
the diffusion of oxygen into the plaslic. In addition, the rate of the annealing edge
slows down as a function of dose and seems to reach a minimum rate above some
dose {x~ 80 kGy).

An annealing effect has also been verified to occur even in vacuum although
at a much slower rate than at room temperature. An increase of the ambjent
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FIGURE 11: A pictorial representation of post-irradiation
annealing in polystyrene cubes after a high dose rate
irradiation. In air, oxygen diffusion drives the bleaching
process at a rapid rate while in an oxygen-free atmosphere
(e.g., argon), color center relaxation takes place slowly
throughout the volume of the material. In air, the time
scale from (i) to (iii) can be a matter of days while in argon
the relevant time scale can be several months.
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temperature (30 —80°C) can increase this rate greatly [36,41] (figure 12). Unlike the
foregoing case, the annealing takes place uniformly throughout the plastic. There
is also a residual level of damage remaining after the completion of annealing. This

residual level is larger as a function of the delivered dose.

The question that arises is whether this level of damage is the same as would
occur if the same dose was delivered at a “realistic” rate (say over a period of at
least a year). Very low dose rate experiments (< 10 Gy/hr) are now in progress
and the full results are expected in the fall of 1991 and into 1992 [7,38,42]. As
of this writing, some preliminary but nonetheless important results are available.
These will be discussed later. First, we will review the indications given by previous

studies.

One of the most relevant studies was performed by a sub-group of the ZEUS
collaboration [40,43,44) upon polystyrene-based scintillators and acrylic-based wave-
length shifters (WLS). In the case of the polystyrene-based scintillators, it was found
that for a range of 30 Gy/hr to 10* Gy/hr, the level of damage was the same for a
given dose (25 kGy) if complete annealing was allowed to take place (figure 13(a)).
More importantly, online annealing was seen to take place (in air) since at the lower
dose rates, less damage was observed immediately after irradiation than if the same
dose was delivered at a much higher rate (figure 13(b)). In fact, the experimenters
were able to find a dose rate (45 Gy/hr) for their thickness of scintillators (2.6
mm) for which they determined that the annealing formed an equilibrium with the
permanent color center formation. On the other hand, they also reported [44] that
for SCSN-38 [45] polystyrene-based scintillator, the loss in intrinsic light loss was
twice as large for those samples irradiated in dry air as for those irradiated in an
oxygen-free argon atmosphere. This seems to be indicative of a possible deleterious
- effect of oxygen during irradiation.

For acrylic, however, the effects are quantitatively different. A study [46] of
acrylic-based scintillator used in a uranium/scintillator sampling calorimeter found
that high rate tests underestimated the level of damage seen at a much smaller
dose rate (in this case, due to the radioactive decay of the uranium absorber). In ‘
addition, this damage was greatly enhanced in the presence of oxygen. Figure 14
illustrates this result. The previously mentioned ZEUS group also noted that the
annealing was much slower with the acrylic-based wavelength shifters. The high
level of damage seen in these was attributed to the smaller diffusion coefficient for
oxygen in acrylic (10 times lower than in polystyrene) and to the much higher levels
of color center formation (a factor of 60) per unit dose compared to the polystyrene
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scintillators {44},

In some of the initial studies on damage to plastic scintillator [2,36], a signifi-
cant difference was found in the relative pulse height spectra obtained from small
samples of scintillators depending upon whether an alpha (surface excitation) or a
gamma (volume excitation) source was used. Specifically, the alpha particle induced
spectrum seemed to have a much smaller relative amplitude. It was conjectured (2]
that this was an indication of extra damage induced at the surface of the sample by
the action of diffusing oxygen during irradiation. There are now some indications
that this was indeed the case {47]. In irradiating 1 in3 samples of polystyrene at
300 Gy/hr to 160 kGy, additional absorption was observed in a smail layer (= 2
mm thick) at the surface of the sample after annealing in air was allowed. The size
of this layer is consistent with the extent of oxygen diffusion during the irradiation
(in air). More importantly, this observation is indicative of a dose rate dependence
for the irradiation of polystyrene (in an oxygen bearing atmosphere). The first im-
plication is that polystyrene-based scintillators will exhibit additional permanent
damage induced by the diffusing oxygen. The annealing by the oxygen is seen after
the irradiation is completed. An important question arises: if the scintillator is kept
out of contact with atmospheric oxygen (which is likely to some extent in some of
the applications), will the radiation-induced color centers have time to relax under
the more gentle conditions of an actual experiment as opposed to the high rate test
conditions in which a relatively large concentration of color centers is created during
the irradiation? Some early results from a ongoing low dose rate experiment {< 10
Gy/hr) seem to provide a (positive) answer to this question. We proceed to a brief
discussion of this experiment.

I1.3.4 Recent Low Dose Rate Results

As has been already mentioned, some results of a low dose rate (5.5 Gy/hr to 5 kGy)
irradiation of a wide variety of scintillating fibers are now available. The study is
a continuance of an earlier attempt at low dose rate irradiations [42]. All fibers
are 1.5 meters in length and 1 mm in diameter. The irradiation is accomplished
by a line source of depleted **Co. Figure 15 displays some typical data from the
irradiation. The first 30 cm of fiber is shielded by a lead annulus in order that a
measure of intrinsic light loss can be made at the point where the fiber becomes
unshielded. The lead is thick enough to provide a factor of 200 less dose in the
shielded region. The fibers are split into two groups: one irradiated in a flowing dry
air atmosphere, and the other in flowing argon. Moreover, each of these two groups



"$29QY BUTIR[1IUTOS PINVI[IS JO UONRIPLL (SU/AD) (] >) 1R I5OP MO © woy eep eordKy, <1 FANDIL

061 GCl 001 SL 0¢ Y4 0

100

it kDY 07 I0gE

ot T (as0p $831 00T X)

SO O

- (wd 0g-0) vonod papjawys -

merrteenns, .....w.....ﬂ...
L) L]

. .....-:..:.r.::w..:.ﬂ i .w.:..h.....h.....w.....-:‘ R
L) L] | L L] L LJ

(KDY 07 2 S 01 01-4D9)
uonerpen 1qu jo ajdwexyg

(v mdino Da LAd



is split into another two groups: one irradiated at 5.5 Gy/hr to 5 kGy, and the
other at 7 Gy/hr to 20 kGy. There are 3 samples of each fiber in each of the four
sets {12 samples of each fiber type in total) in order to obtain a measure of fiber
to fiber variation. A first report on the transmission changes in the fibers has been
reported elsewhere [141]. The preliminary results are clear: those fibers irradiated
slowly (in order to allow complete oxygen diffusion into the material} in air suffer
significantly more transmission damage than those irradiated in the oxygen-free
(argon) atmosphere. Figure 16 is a display of the change in transmission character
of two types of fiber: a blue-emitting (BCF-10) and green-emitting (3HF-doped)
fiber after the 5 kGy irradiation. The importance of this result is twofold, First,
since high rate irradiations do not allow sufficient time for diffusion of oxygen into
the material, the post-anneal results from such irradiations should be equivalent to
a low rate irradiation in an inert atmosphere. (Part of this low rate experiment
will include such a comparison.) Hence, in realistic (i.e., low dose rate) situations
where oxygen will be present, high rate irradiations will underestimate the amount
of damage to be expected. Secondly, it may be worthwhile to circulate an inert
gas (e.g., nitrogen) around a scintillation detector to minimize the level of radiation
damage. Further studies of data include (a) measuring the intrinsic loss in light
output, (b) comparing and contrasting the effect of a fluorinated acrylic cladding
versus the standard PMMA cladding, (c) using optical filters, and (d) repeating the
study for the 20 kGy sample set. The optical filters serve three purposes: {1) since
only a bialkali photomultiplier tube is being utilized, the optical filters allow one to
simulate (to some degree) the response of green and red-enhanced photodetectors,
(2) the extent of damage as a function of wavelength can be ascertained, and ( 3)
since some detectors, particularly fiber tracking systems, will use several meters of
light pipe fiber for readout, the filters can simulate the effect of natural filtration of
the scintillation light by these readout fibers.

I1.3.5 Promising New Fluors

An “ideal” fluor should have the following characteristics: (1) high radiation toler-
ance, {2} high solubility, (3} large Stokes shift (> 10,000 cm™!), (4) high quantum
yield, (5) good Férster overlap with the base plastic, (6) low self-absorption, (7)
large extinction coefficient, and (8) fast decay time (< 5 ns). (It is assumed that
all such properties are valid when the dopant is dissolved in the typical scintilla-
tor bases.) The first large Stokes shift fluors to be tested were PMP {48-52], HBT
(21], and 3HF [1,36,53,54]. Standard scintillators use a two-fluor system to emit in a
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FIGURE 16: Some samples of data from a low dose rate irradiation of selected

scintillating fibers (1 mm ¢) in air and argon. The figures refer t0'(a) a blue and
(b) a green-emitting fiber.



wavelength region of 420-410 nm. PMP is a large Stokes shift fluor that, in one step,
emits at a peak wavelength of 425 nm. It was developed as a replacement for the
standard two-fluor system for very thin optical fibers (< 50 pm diameter) in which
the typical transfer length (> 100 m) of primary emission to secondary absorption
would result in a large loss in scintiilation efficiency. The use of a large Stokes shift
fluor at a high concentration resul's in a sufficiently small transfer length (= 10
#m) from base to fluor [24]. It has all the ideal prcperties except that of radiation
resistance (7,27,55,56]. Some varian:s on this molec.ile have been synthesized which
seem to have a better radiation tolerance [7] but seem to lack in some other qualities
in comparison to the original PMF molecule such as self-absorption and quaatum
yield {57].

3HF was originally used as a method of producing a long attenuation length
scintillator [58] with a peak emissicn at 530 nm. However the properties which al-
lowed this also implied that a more radiation tolerant scintillator could be produced.
These original [36,53,54| studies tested trial scintillators made of both PS/3HF and
PS/PTP/3HF in a small sample size for their radiation tolerance. Better light
output was found with the PTP/3HF combination, and so this is the presently
used formulation in commercially available versions of the scintillator. This fluor
has some drawbacks: (a) poor quantum yield (31%+5%) [1], (b) a poor overlap
with the polystyrene emission band [58] (it is now used as secondary with PTP as
a primary in order to obtain maximum light output), (¢) 2 somewhat long (but
not unacceptable) decay time (8 ns), and (d) is chemically labile [59]. In fact, it
was at first rejected for use in a later study [21] because of processing problewms in
the production of the scintillator leading to discoloration of the samples. Another
fluor with similar properties (but without the processing problems), HBT, was sub-
stituted. Unfortunately, it was found to have unacceptable levels of sensitivity to
radiation [1]. In contrast 3HF is quite tolerant to being irradiated. Furthermore,
the problems with 3HF can be overcome by (a) careful purification of the fluor, and
(b) changing the temperature cycle for the scintillator polymerization process [1}.
So despite some drawbacks to 3HF, it is still the chief component in any radiation-

tolerant scintillators currently produced.

3HF has also been used to de:nonstrate how one could deal with the losses
in intrinsic scintillation output [60-63}. This is accomplished by increasing the
concentration of the fluor in the material. Figure 17 displays the result of irradiating
several fibers doped with varying amounts of 3HF (and a fixed concentration of the
primary PTP). For this irradiation. a portion of the fiber was shielded by a lead
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sheet during the irradiation by a 3 MeV electron beam. The size of the step in
light output between the shielded and unshielded portions indicates the relative
amount of light loss—the larger the step size, the larger the loss (43). Figure 17
shows that as the concentration of 3HF is increased, the intrinsic light yield is
less damaged. The concentration effect may be useful for minimizing the effects of
damage in electromagnetic calorimeters where loss in intrinsic output is the greatest
concern [63-66]. (It is interesting to note that this concentration effect was originally
reported over 35 years ago [39] in a study of the effects of radiation upon the light
output of various polystyrene-based scintillators.)

The cause of this effect is likely due to a peculiarity in the way the absorption
spectrum of 3JHF overlaps the emission spectra of polystyrene and PTP. In one
study of the effect of fluor concentration upon radiation resistance, only the con-
centration of the primary had any significant effect upon post-irradiation recovery
(26]. In terms of the “hidden absorption” model [14] described above, this seems
comprehensible. However, 3HF has a rather unique feature: while its absorption
band does overlap the emission band of the common primary fluor PTP [22,58], it
also overlaps the emission band of polystyrene. Hence, as the concentration of 3HF
is increased, there is a growing probability of non-radiative energy transfer taking
place between the plastic base and the fluor (and perhaps even with the primary).
In a standard scintillator, the secondary (at the typical concentrations) can only
interact radiatively with the primary fluor. By allowing for an alternate route of
energy transfer, it is possible for the PS/PTP/3HF scintillator to have increased
resistance to intrinsic light losses. (Finally, since the concentration of the fuor is
affecting the rate of the energy transfer process, it is possible that the decay time
of the scintillator may be significantly improved. An experimental test could prove

worthwhile. )

It should be pointed out that there are a variety of efforts in progress to make ac-
ceptable substitutes for 3HF {1,27,34,67-69] (in terms of decay time, quantum yield,
Stokes shift, Férster overlap with polystyrene, and radiation resistance). Bicron
Corporation has produced two green-emitting scintillators based on large Stokes
shift technology that are brighter and faster than PTP/3HF. Unfortunately, as
with PMP, these fluors are radiation-soft. However, they may have a useful applhi-
cation as fast, bright waveshifter fluors for sampling calorimeters that do not face

radiation problems [84].
One can formulate scintillators for two idealized cases:

(1) An intrinsic scintillator {1,21) doped with a single large Stokes shift fluor emit-



ting above 500 nm combining the positive aspects of PMP (solubility, low
self-absorption, speed, quantum yield) and those of 3HF (emission above 500
nm. radiation resistance).

(2) A two-step scintillator doped with two fluors, at least one of which must have a
large Stokes shift: (i) a large Stokes shift primary emitting at 420-450 nm, and
(ii) a secondary waveshifter with an emission preferably above 500 nm. This
system may be useful for calorimeter systems that utilize active scintillator
elements read out by waveshifter fibers. More about this will be said later.

IT.3.6 Radiation Tolerant Bases

Another approach to improving radiation tolerance would be to find or synthesize
a more radiation-tolerant plastic base. A study done some years ago [70] indi-
cated that of the related materials polystyrene (PS), polyvinyltoluene (PVT), and
polyvinylxylene (PVX), the order of radiation resistivity goes as PVX > PVT >
PS. PVT is a well-known material for bulk scintillators, but it cannot be readily
used in fiber form (which is of high interest at present). Although it may be the
most radiation resistant, PVX seems to have some serious shortcomings, among
them being the difficulty of polymerization and toxicity of the raw material. An
initially hopeful candidate was polymethylphenylsiloxane [20,71-76]. This material
has excellent optical qualities, one of them being radiation resistance. However,
the solubilities of the standard fluors are extremely poor in it. This has resulted in
the synthesis of a variety of oligophenylene fluors [20,34,68,71-73] which could be
dissolved in sufficient quantities in this material. A result of this research is that
some of these fluors may now form the basis of highly resistant polystyrene-based
scintillators [67]. Efforts were also made to modify the structure of the siloxane
material in order to improve its mechanical qualities as it tends to form elastomers
[77.78]. Unfortunately, this seems to have resulted in serious degradation in the
optical quality of the material. (Incomplete polymerization resulted in the forma-
tion of crystalline Rayleigh scattering centers giving the material inherently poor
attenuation properties.}

Bicron has also produced an improved base material (RH-1) (not related to
the aforementioned polysiloxane) which has undergone some promising preliminary
tests of its radiation hardness when used as a base for blue-emitting scintillator
[61,62]. It may be that a combination of this material (or a suitable improvement
over it) doped with the new large Stokes shift luors may produce the most radiation
resistant plastic scintillator.



Additives are undergoing active study for two reasons: (1) their possible role
in increasing the absorptive damage, and (2) the possibility of using them as active
radical “eaters” that would prevent the formation of color centers. A group at
Sandia National Laboratories [27] is actively researching this topic at present.

It may turn out that temperature will be a critical parameter both in under-
standing and alleviating radiation damage. It may also explain some accounts of
significant amounts of radiation damage in scintillators that were thought to have a
higher tolerance [37,38]. It has already been pointed out how temperature may have
affected the quality of 3HF-doped polystyrene [1]. Johnson [79] has reported that
standard plastic scintillators, pre-heated before irradiation, consistently suffered
greater levels of residual (post-anneal) damage as compared to “room tempera-
ture” (25°C) scintillators. Coincident with this is a continuing study of radiation
damage in polystyrene (41], which has shown that the rate of recovery of the plastic
after irradiation can be highly accelerated in a vacuum to a point where the rate
of recovery is not much lower than in air (figure 12). There is also an indication
that the presence of oxygen during irradiation at an elevated temperature (50°C)
can increase the levels of damage seen as compared to those observed with the same
atmosphere but at normal room temperature [36]. Taken together with the low dose
rate results, this could indicate that for maximum radiation protection, one should
(a) minimize exposure to oxygen during irradiation (which could be the default with
scintillator imbedded in some structure such as lead), and (b} maintain a slightly
elevated temperature so as to allow for annealing in anaerobic conditions.

I1.4 Applying this Knowledge to Scintillator-based Detectors

IT.4.1 Plastic Scintillators

The use of scintillator in the form of optical fibers is of great interest for some
detectors proposed for the SSC and LHC as well as at current facilities [3,28,48,80-
110]. Even in cases where bulk scintillator is proposed, optical waveshifting and
light guide fiber is proposed as the method of transporting the output to the pho-
todetectors [111]. Figure 18 displays the structure of such a fiber. They are of
the “step-index” variety with a core made of doped polystyrene (refractive index
n=1.60) clad with acrylic (n=1.49). The typical diameters are 0.5-1.5 mm and
are either circular or square in cross section. The question arises as to whether
the radiation softness of the acrylic will degrade the performance of the fiber even
though the polystyrene-based scintillator core is sufficiently radiation hard. To ap-
preciate this point better, it is best to discuss some aspects of measuring the optical
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characteristics of these scintillating fibers.

Figure 19 shows the light output (dc current from a bialkali phototube) detected
as a source (continuous X-ray tube) is moved along the fiber. It has been found (101]
that most of the light detected within the first 50 cm was due to light propagating
down the cladding. This light was sharply attenuated as a function of distance.
However, it added a large component to the detected signal near the readout end of
the fiber. In addition, the authors claimed that this light was significantly affected
by repeated handling of the fiber. Hence it was impossible to obtain consistently
repeatable results. It became evident that this component should be filtered out
from the detected signal. This filtering of the cladding light is necessary for another
reason. If the cladding grows optically more opaque than the core for a given dose,
then the cladding light will be optically attenuated to a greater degree than the
core light and hence the output signal will vary to a much greater degree than
if the cladding light had been eliminated in the first place {12]. The absorption
of the cladding light can be accomplished by coating the fiber with an extra-mural
absorber (EMA) for a short distance near the readout end of the fiber. Even with the
removal of this component, an additional component can be seen. At this point, it is
important to note the effect of the photodetector. After the cladding light has been
eliminated, the photodetector’s response as a function of wavelength determines
the shape of the attenuation curve. With a blue-sensitive bialkali tube, this extra
component seems due to the shorter wavelengths that are attenuated fairly rapidly
within the fiber (see figure 20). By use of a filter (or equivalently a red-enhanced
photodetector such as the Burle 8852 or Hamamatsu R1333), the effect of these
shorter wavelengths can be removed and a significantly higher attenuation length
measured {61,112,113]. Equivalently, the use of a sufficiently long piece of clear
(undoped) fiber can be used to filter out both the cladding light and the shorter
wavelengths [30].

A key component in the attenuation behavior of the fiber is the quality of the
fiber-cladding interface, that is, the effective reflection coefficient must differ from
1.0 by only a small fraction (< 107%) [18,115]. With respect to radiation studies,
although the cladding plays no active role in the transmission of light (and in fact
this cladding light should be eliminated as an extraneous noise element), there is the
question of whether the interface is maintained as well after irradiation, especially
a low dose rate one. At the time of this writing, a low rate test {< 10 Gy/hr)
is in progress with both acrylic and fluorinated acrylic clad fibers to determine if
the cladding has some effect {42,142]. The preliminary data indicates that there
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is no advantage to the alternate cladding. In addition, two atmospheres (air and
argon) are being used to see {a) if oxygen is necessary for online annealing or will
the color centers anneal on their own, and (b) can oxygen cause problems with the
cladding and polystyrene core as noted above [41,47). As noted previously, it seems
clear that the presence of oxygen during irradiation at such a low dose rate leads to
increased transmission damage over fibers irradiated in an essentially oxygen-free
atmosphere.

For proposed tracking detectors utilizing scintillating fibers, both the amount
of intrinsic scintillation output and attenuation length could be crucial to their
performance since trackers will depend upon maximal detection of photons at the
readout end of the detector. The large size of such a detector (several meters in
length) will make the detection efficiency semsitive to any attenuation changes and
loss in intrinsic light output. Fortunately, their position in the barrel region of the
detector will allow them to escape the highest dose levels.

On the other hand, the electromagnetic calorimeters, particularly in the for-
ward regions, will suffer the highest dose levels (> 10 kGy annually) due to the
copious production of #° — vy decays which shower in the calorimeter. For efec-
tromagnetic showers, most of the deposited energy is concentrated within a rel-
atively short longitudinal range within the calorimeter. Monte Carlo studjes [64]
have indicated that the loss in scintillation output will have the most effect upon
the measured energy resolution. Attenuation changes will have little influence upon
the measurement. In contrast, attenuation changes will be critical for hadronic
calorimetry since the showers are spread over a much larger volume. In fact, maxi-
mal attenuation lengths are needed for such calorimeters to achieve their expected
energy resolution. Hence changes in attenuation can drastically alter their perfor-
mance. Another aspect comes from the fact that the source of the irradiation will
likely have a different energy spectrum than the source of the interesting physics.
Hence a true test of the performance should be based on testing the capability of the
detector to “resolve” the physics of, say > 10 GeV particles after being irradiated
with a 1 GeV beam [64].

Another proposed calorimeter uses small scintillation tiles read out by green
waveshifter fibers {111]. The smallness of the tiles prevents the effects of attenuation
from having too large an effect upon performance, while at the same time, the use
of a green dye in the readout fiber minimizes attenuation. This system is currently
undergoing development for the Solenoidal Detector Collaboration (10].

With regard to this approach, some recent results [67] on new scintillation



dyes may provide a useful guide. Very encouraging results were obtained with
scintillators utilizing the modified oligophenylenes (synthesized originally for the
aforementioned polysiloxane research) as the primary, and standard waveshifters
such as BBQ and K27 as the secondary. It is conceivable to think of the scintillator
plates doped with 04154 or 0408 e.nitting (very efficiently) fluorescent light in the
blue region. This could be absorbed and re-emitted at 470 or 500 nm (peak) by
either of the two waveshifter fluors. It is importanut to note that the scintillators
formed from using only the sexiphenyl primaries are not only as bright as stan-
dard blue scintillators, but are also the most radiation-resistant plastic scintiiiators
recorded in the literature (for small size samples). Table 1 lists the results of high
rate irradiations from the study [67]. The primary limitation on the use of these
oligophenylenes is the present high cost of synthesis of these fluors. N onetheless,
the exceptionable performance of these sexiphenyl scintillators warrants immedi-
ate further investigation of their properties when used in larger scintillator sheeis
and fibers. (These oligophenylenes are also unique in having exceptionally high
extinction coefficients, and so smaller concentrations are required to maximize the

probability of non-radiative Farster transfer.)

I1.4.2 Liquid Scintillators

Although liquids have traditionally had some problems associated with them (han-
dling, toxicity, leakage), they have the potential of offering maximal radiation toler-
ance {(over plastics) for extremely high radiation areas such as the forward regions
(7 > 3) of SSC and LHC detectors. In principle, one could conceive of circulating
the fluid so as to replace the damaged material in the worst case scenario. There
has not been as large an effort devoted to liquids, but the initial results indicate
that serious consideration should be given to using liquids as the sampling medium
in forward calorimeters {25,116-118]. In addition, liquids are being tested for high
resolution tracking applications [56,119-123,136,139,140].

Unlike plastics, no annealing phenomenon is seen with liquids [25]. This may
indicate that annealable color centers cannot form in a liquid state. Hence it is pos-
sible that liquids may very well display dose rate independence which will facilitate
easier testing.

Some inital tests of 3HF in a liquid base {25] showed little or no change after a
50 kGy irradiation (in a small sample). More recently, 1-phenylnaphthalene (1PN)
has been tested as a more radiation-resistant base for a synthesized luor MOPOM
(to replace PMP) [56,122]. Even after 100 kGy, the light output dropped by only a
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few percent. This bodes well for the idea of a highly resistive liquid scintillator.

Currently, tests are underway [116,117] to test liquid scintillator calorimeter
modules. These consist of hexagonal lead tubes with a central hole that allows
for the insertion of glass capillary (1 mm ¢) tubes that are filled with the liquid.
Some initial tests of the effect of the “cladding” (in this case, glass) have indicated
that browning of the glass does not affect the output of the scintillator. However
there are concerns as to whether the glass interface can be made smooth enough
(paralleling the concern in plastic fibers). Traditionally, teflon is used as the low
index of refraction cladding material. Concerns about its mechanical stability under
irradiation have prompted tests of replacement material such as HALAR [124] and
VITON [118]. Other related fluoropolymers that should be investigated include
PEEK [125] and KYNAR [126]. Developmental work is also taking place with a
liquid version of the tile/fiber type of calorimeter [127] (where the scintillator tiles
are replaced with liquid cells).

‘There is also work on using 20 um glass capillaries filled with liquid scintillator
being performed at CERN [121], in this case with PMP in 1-methylnaphthalene
(IMN) or isopropyl-biphenyl (IPB), although there are plans to test the fluor
MOPOM later {128]. An important accomplishment of this group (CHARM II)
“has been to produce very thin capillary glass capillary tubes {129] with an excellent
inner surface. For thin tubes, the propagating light must suffer a large number of
reflections, hence the quality of the inner surface is critical to the performance of
this detector. Experimental studies with 49 xm, 180 gm, and 900 pm diameter cap-
illaries filled with 3HF-doped IBP indicated that attenuation lengths above 1 meter
were possible for this scintillator (although it should be noted that a small concen-
tration of dye was used in this study to minimize self-absorption by the fluor}). In a
related study [139], attenuation lengths with realistic concentrations of fluors indi-
cated attenuation lengths of 30-4@ cm for capillaries. However, the point is made:
attenuation in thin capillaries is limited by the bulk attenuation character of the
scintillator, and not by the absorptive properties of the capillary itself. In recent
beam tests [136], a Liquid scintillator tracker with 20 ym diameter capillaries gave
equivalent position resolution (15 pm) to plastic fibers of 30 um diameter, while
reducing crosstalk via the inclusion of EMA among the capillaries. (For plastic
fibers, no EMA has been found which does not diffuse into the material.)

Some data on radiation resistance seems indicative of good radiation tolerance

for tracking applications [140]. Glass capillaries of 100 pm diameter were filled with
a scintillator IMN + R6 {peak emission at 480 nm). After 130 kCy, the attenuation



length was reduced by 40%, and after 300 kGy, by over 60%. Comparing this with
some data on 1 mm diameter plastic scintillating fibers [131], a blue-emitting fiber
(RH-1) suffers a change of 75% in attenuation after 100 kGy, while a green-emitting
fiber (SCSF-YT} suffers a similar drop after only 30 kGy. A 3HF-doped fiber lost
about 12% in attenuation after 30 kGy.

At the present time, the technique of using liquid scintillator seems highly
promising and worthy of further development.

I1.5 State of the Art

The most up-to-date information on the radiation resistance of scintillating fibers is
found in data by the SPACAL [12,130], CEBAF [61,62], and FSU [131] groups. The
latter two are continuing on from general studies of radiation damage in organic
scintillators to more systematic tests of plastic scintillating fibers. Among these
are (1) the effects of very low dose rates and the presence/absence of atmospheric
oxygen (see figures 15 and 16), (2) the effect of different adhesives 1 9 (and a search
for a suitable one that won’t degrade the performance of the fiber), (3) defining
a relationship between high and low dose rate tests,} (4) testing new scintillator
formulations, and (5) checking for variations within and between batches of a single
formulation. The FSU group is also participating in studies of radiation-hard liquid
scintillators {117] and in radiation tests for the SDC tile/fiber calorimeter project
[10,111}. Both the CEBAF and FSU groups have also collaborated with the Univer-
sity of Illinois at Urbana-Champaign (UIUQ) group (responsible for the JETSET
electromagnetic calorimeter {105]) in performing some very preliminary radiation
tolerance evaluations of a Pb/PSF (lead/ plastic scintillating fiber) calorimeter (63].
This same UIUC group has performed some tests with the lead-eutectic design of

i A. Para, E. Skup, and G. Yasuda of Fermilab are carrying out an extensive
survey of the effects of a wide selection of adhesives upon plastic scintillating fibers

before and after irradiation.
9 A group from Japan has recently published a report [137] on the transmission

changes to various optical glues after doses of up to 10% Gy. Among the results, we
note that the standard optical cement NE581 [138] shows no degradation above 400
nm after a 10° Gy exposure from an intense **Co source for a sample thickness of

10 um.
1 A group lead by N. Giokaris at Fermilab is also engaged in current tests com-

paring scintillators irradiated at high (12 kGy/hr) and low (1 Gy/hr) dose rates to
identical doses. ‘



Boston University [83,132]. (These lead-eutectic modules are a modification of an
earlier design by a European group {95,96].) The most important result of these
studies was the need for further careful evaluations of the fibers when used in a

specific calorimeter design.

[t should be noted that only now are truly systematic studies taking place
which will delineate the appropriate characteristics needed for good detector perfor-
mance. The previous studies have been needed to provide the conceptual basis upon
which specific tests of specific parameters can take place. (Presumably some of that
conceptual basis has been presented in this report.) For example, the previously
mentioned calorimeter tests first uncovered the possibility of temperature severely
affecting the radiation tolerance of the scintillator. This occured because there had
been evidence that the usual glue used in the construction of the calorimeter (BC600
[33]} was found to adversely affect the performance of the scintillator {presumably
because the glue “attacked” the cladding during irradiation). In this case, the glue
was replaced by a radiation-hard and chemically inert polymethylsiloxane. However
the latter required some moderate heating to cure it. The performance of the “pre-
heated” Pb/PSF sandwich seemed extremely poor after irradiation as compared to
irradiations of the fiber alone (RH-1 [33]).

The SPACAL group [12,130] has also verified that a glue (Araldite F) used in
an earlier SPACAL prototype (as well as in the OMEGA and NA38 fiber calorime-
ters [3]), would also severely degrade the performance of the fiber under irradiation
(SCSF-38 [45]). The SPACAL study has the unique feature of predicting the per-
formance of the fiber when used in a calorimeter by utilizing 2 non-uniform dose
profile that approximates the one created by electromagnetic showers in a calorime-
ter of the SPACAL design (that no longer uses any glue of any sort}. Based on the
experimental studies of the fibers and upon a2 Monte Carlo study of the SPACAL
calorimeter, it is concluded that SCSF-81 [45] and a PS/PTP/3HF formulation
should provide acceptable performance up to a 70 kGy dose absorbed in the peak
of the dose profile. These fibers had the best combination of least intrinsic light loss
and least change in attenuation. (Specifically, SCSF-81 had the least light output
loss and the PTP/3HF formulation had the minimum change to attenuation. No
attempt was made to utilize the aforementioned concentration effect [60-63] to min-
imize the light loss in the PTP/3HF formulation.) In terms of the consequence of
the obtained resuits for a Pb/PSF calorimeter, the SPACAL group concludes that
for 4 years of 107%* em~2s~! luminosity at the LHC, Pb/PSF calorimetry is feasible
for a pseudorapidity n < 2.7 at a distance of 4 meters from the pp interaction vertex



[130]. The group plans further irradiation tests, particularly Pb/PSF calorimeter
modules with electron beams of the appropriate energles.

I1.6 Concluding Remarks

The present series of systematic investigations, if continued, should allow s to
solidify our understanding of the efiects of radiation upon scintillator performance
to the point that for a given radiziion environment (i.e., dose rate, atmosphere,
temperature, etc.) and detector configuration, it may be possible to estimate (or
even compute) the optimal combination of plastic base, fluors and fluor concentra-
tions. Within the next few years we will probably have a variety of bases, with
different strengths and weaknesses, and a palette of fluors to choose from. Most
importantly we should have the quantitative understanding necessary to select the
combinations most suitable to the physics goal.
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Appendix ILA
Glossary of common solvents and fluors
{A) Solvents
Plastics:

[1] PS polystyrene

[2] PVT polyvinyltoluene
{3] PMMA  polymethylmethacrylate
(4] PVX polyvinylxylene

i
- %
A

n



Liquid:
{5] Toluene

CH,

(6] IMN 1-methyl-naphthalene

CH,

e

{71 IPN 1-phenyl-naphthalene

[8] pseudocumene

c

5

<4
S~
<4
"
H,y
H



(B) Primary Fluors
(1] PTP para-terphenyl

O-O0C

[2] BPBD 2-(4-biphenyly)-5-(4-ters-butylphenyl)-1,3,4-oxadiazole

CH,

~—O~<r0-O

H

{3] PPO 2,5-diphenyloxazole

[4] PBD 2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole

O~rO0-0
(C) Secondary Fluors

{11 POPOP  p-bis[2-(5-phenyloxazolyl)]benzene

-0

[2] bis-MSB p-bis(o-methylstyryl)benzene

3 H G
g S W o



[3]) TPB 1,1,4,4-tetraphenylbutadiene

P

C=CH-CH=C

5 O

(4] BBQ TH-benzimidazo[2,1-a]benz[delisoquinoline-7-one

(51 Y7, K27 proprietary fluors

{D) Large Stoke Shift Fluors {>10,000 cm-!)
{1] 3HF 3-hydroxyflavone

[21 HBT 2-(2-hydroxyphenyl)-benzothiazole

Cu 5\

(3] BPD 2,2'-bipyridyl-3,3"diol




[4] PMP 1-phenyl-3-mesityl-2-pyrazoline

CH,

Hy |
{5] MOPOM
CH, H3
o c
CH3 CH,
\ >F©‘\< /
CHy cH,
(E) Oligophenylenes

[1] DAT 4,4"-di-t-amyl-terphenyl

‘I3“a CHs
H G euCH z-TH-CH 7—CH,
3

CH,

[2] 0408 QOligo 408

Pr=CHLCH.CH

{31 0415 Oligo 415

o~ O—OrO @.@ Oroons

MeOEt MeOEt MeOQE! MeQEt
MeOEt = 2-methoxyethyl = CH LH OCH ,
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