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The current status of research and development in the field of nuclear-radiation spectrometry
with detectors based on inorganic scintillators is surveyed. The results of investigation

of the characteristics and applications of such scintillating monocrystals as cesium iodide,
bismuthorthogermanate, and barium fluoride, which are widely used in experiments,

are systematized. The progress in developing new types of scintillators is described. Special
attention is paid to the precision calorimetry of high-energy electromagnetic radiation

based on the use of inorganic scintillators.

1. INTRODUCTION

The early period of the development of scintillation
detectors based on inorganic monocrystals is discussed
most completely in the well known monograph of Birks.'
These crystals have mainly been used for low-energy
gamma spectrometry. The faster organic scintillation
counters have dominated in high-energy physics.” In the
early 1960s inorganic scintillators were also squeezed out
of low-energy spectrometry by the more precise semicon-
ductor detectors. Inorganic scintillators reappeared in the
1970s, when it became acutely necessary to have spectro-
metric detectors of large size and multichannel spectromet-
ric setups with 47 geometry. Here at first NaI(Tl) mono-
crystals dominated.® However, in later years CsI(TIl)
monocrystals came to be used more and more, especially in
conjunction with solid-state photodetectors. The use of
such monocrystals as bismuthorthogermanate (BGO) and
barium fluoride (BaF,) gave different results. At present,
work continues on improving the characteristics of detec-
tors based on these crystals and modifications of them.
New promising scintillating materials have appeared.

The range of applicability of detectors based on inor-
ganic scintillators is very broad, both in science and in
applied research. The multitude of problems and special
conditions in various physics experiments definitely affect
the design of the detectors used. Standard detectors man-
ufactured by industry can often be used for applied re-
search (see, for example, Ref. 4).

In this review we attempt to systematize and generalize
the publications on detectors based on inorganic scintilla-
tors and their use in modern experimental physics. Below,
we give the notation and description of the scintillator
characteristics most frequently encountered in the text.

@ 7 is the conversion efficiency of luminescence or sim-
ply the scintillation efficiency. This is the fraction of energy
which is realized as scintillations.

@ The technical light output (or simply the light out-
put or yield) is related to the number of photoelectrons
produced in a photodevice under the action of a scintilla-
tion. The light yield is often expressed as a percentage of
the light yield of NaI(TI).

o 7 is the scintillator luminescence time, defined in
terms of the exponential e~"",
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® A is the optical length of light attenuation. The light
intensity decreases by a factor of e over this distance.

® A,.. is the wavelength corresponding to the maxi-
mum of the scintillator emission spectrum.

@ d is the scintillator density.

e E, is the electron critical energy at which the losses
to bremsstrahlung and ionization are identical.

® X, is the radiation length characterizing the effi-
ciency with which a given material absorbs electromag-
netic radiation: photons, electrons, and positrons.

e The average energy of an electron beam at energies
E> E_ decreases by a factor of e upon passage of the beam
through a layer of matter of thickness X,. The interaction
of electromagnetic radiation with matter produces a cas-
cade (shower) of photons, electrons, and positrons, which
develops until the electron and positron energy reaches E,.
The shower depth is measured in units of X|,.

® R, is the Moliére radius characterizing the shower
size in the transverse direction,

® Ry =X,(Z+1.2)/37.34 (Ref. 5). A cylinder of ra-
dius 3R,, contains 99% of the shower energy.

® A, is the nuclear interaction length. It is the scale for
the spatial development of the hadron shower arising as a
result of the strong interaction of high-energy particles
(energy greater than 10 GeV) with the scintillator mate-
rial. It can be defined as the mean free path for protons
between inelastic interactions.® For pions this path is about
1.5 times larger.

e The ratio Xo/A; for an electromagnetic detector
should be minimized in order to decrease the hadronic
background.

e At low energies the efficiency with which ¥ quanta
are recorded by the scintillator is often characterized by
the coefficient describing the absorption of ¥ quanta of
known energy by a layer of matter of a given thickness, for
example, 1 cm.

® The energy resolution of a spectrometer at high en-
ergies is usually characterized by the rms deviation o,
while at low energies it is characterized by the full width at
half-max (FWHM) and sometimes by the width at one
tenth of the maximum (FWTM).
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FIG. 1. Emission spectra of NalI(Tl), CsI(Tl), and CsI(Na) and spectral
sensitivity of several types of photomultipliers.

2. SODIUM IODIDE

Monocrystalline sodium iodide doped with thallium
Nal(T1) is a classical scintillator for detecting y radiation.
Discovered by R. Hofstadter more than forty years ago, to
this day it remains widely used. This scintillator is distin-
guished by its high light output: (it takes about 25 eV to
produce a single photon in it. Here the luminescence spec-
trum (see Fig. 1), which has a maximum at A~415 nm,
closely matches the spectral sensitivity of standard photo-
cathodes. The monocrystal is highly transmissive for the
light of its intrinsic radiation (Ap=2 m) and relatively
simple to prepare. Its scintillation efficiency is 7=0.13, and
the luminescence time is 7=230 nsec. However, 0.5-5% of
the light emission occurs in long-time components (more
than 3-6 msec). A great defect of this crystal is its high
hygroscopicity. Reliable shielding from moisture is neces-
sary. Crystals are hermetically packed in containers. A
roughened, diffusive reflector (usually MgO) is deposited
on the side surface (usually cylindrical) and one of the
ends. This significantly improves the light collection. The
index of refraction of the crystal is n=1.85. The light falls
onto a photosensitive surface through glass having lower
index of refraction (n,=1.49) than the crystal. When the
contact between the crystal and the glass is dry, there is a
layer of air with index of refraction equal to unity. How-
ever, usually optical contact is created by means of an
immersion layer of lubricant with index of refraction near
ng. Since n/ny> 1, the light is partially reflected from the
glass. The diffusive reflector directs a significant fraction of
this light back to the photocathode. In small crystals the
light-collection coefficient can reach 70%. Here, if E=1
MeV, the number of photons falling on the light-sensitive
surface will be N=wnE/E,,=3"10* (E;=3 eV is the
average photon energy).

For a small crystal the energy resolution is mainly
determined by the photoelectron statistics. It is standard to
measure the energy resolution for the 662-keV y line from
a 1%Cs radioactive source. The best resolution obtained for
a crystal of diameter D=25 mm and height H=D was
5.6% (Ref. 7). The resolution is usually 6.5-7.5% for
crystals of size up to D=H=8 cm and 7.5-10% for larger
sizes.
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FIG. 2. Energy resolution of a detector using a NaI(T1) crystal of diam-
eter 125 mm and height 100 mm as a function of the y energy.

In particular, the behavior of the resolution for
D=125 mm and H=100 mm has been studied as a func-
tion of the y energy. As the energy is increased to 2.5 MeV
the resolution improved along with the photoelectron sta-
tistics, nearly following the calculated dependence (Fig.
2). However, the resolution became worse at higher ener-
gies. The reason for this is fluctuations of the energy leak-
ages arising from the fact that the crystal size was too
small: Increasing the size to D=24 cm and H=25 cm
made it possible to improve the energy resolution to 2.2%
for E=22 MeV (Ref. 8). Here to eliminate events with
energy leakage, the crystal was surrounded by an antico-
incidence counter. A giant monocrystal with D=77 cm
and H=51 cm scanned by 12 photomultipliers (D=8 cm)
in a beam of electrons with E=15 GeV displayed a reso-
lution FWHM =1.2% (Ref. 3). These sizes corresponded
to D=18R;, and H=19.7X,. We note that extension of
the detector length to ~20X or more is usually a standard
requirement in constructing an electromagnetic calorime-
ter. The transverse dimension is related more to the geom-
etry of the experiment.

For high efficiency of recording ¥ quanta in the case of
multiple production it becomes necessary to use a multi-
detector setup. 47 geometry has been obtained by using
Nal(T1) crystals in the spin spectrometer (Ref. 9) and the
Crystal Ball detector (Ref. 10).

Under room conditions the light yield of NaI(Tl) is a
maximum; the temperature coefficient is 0.22-0.5%/ °C
and depends on the sample. Below 0 °C and above 60 °C
the light yield falls considerably. A decrease of the temper-
ature is accompanied by a worsening of the intrinsic reso-
lution of the monocrystal as a result of the appearance of
inhomogeneities in the light yield. It has been noted* that
this is to a large degree manifested with increasing concen-
tration of the dopant, i.e., at low temperatures a lower
thallium concentration is preferable. The luminescence
time of the scintillator also depends on the temperature. It
decreases with increasing temperature, first steeply down
to 150 nsec near 60 °C, and then more smoothly down to
100 nsec (Ref. 4).

The luminescence time also depends on the ionization
density, which has been used to separate protons, a parti-
cles, and ¥ quanta at energies below 10 MeV (Refs. 11 and
12).
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At room temperature a Nal monocrystal which is not
doped with thallium has too low a light yield. However, if
it is cooled to liquid-nitrogen temperatures, it displays a
strong growth in the light yield, which is almost twice that
of the light yield of NaI(Tl) at 20 °C (Ref. 13). Lumines-
cence occurs with a time constant of 60 nsec at a wave-
length of A,,,=303 nm.

3. CESIUM IODIDE
Monocrystals doped with thallium and sodium

The need for hermetic packing of NalI(Tl) crystals
leads to a corresponding constraint on their simultaneous
use as gamma-ray detectors and as detectors of low-energy
charged particles. In this respect CsI(T1) is preferable, be-
cause it is not hygroscopic. However, for long-term use the
monocrystal must be isolated in a dry ambient medium,
and small flows do not lead to its breakdown, as in the case
of Nal(Tl). The plastic nature of cesium iodide makes it
easy to work mechanically, in contrast to sodium iodide,
which tends to decompose or crack under mechanical or
thermal stresses. The use of cesium iodide makes it possible
to construct detectors in a wide variety of shapes and sizes.

The radiation length of CsI(Tl) is X;=1.85 cm, i.e.,
smaller than that of NaI(Tl). The index of refraction is
n=1.80.

The emission spectrum of CsI(T1) has a maximum at
A=550 nm (Fig. 1) and is not well matched to the char-
acteristic of the standard S-11 photocathode. With this
photocathode the amplitude of the signal from CsI(TI) is
usually 45% of the amplitude of the signal obtained from
Nal(Tl). A photocathode of the S-20 type is more suitable
for CsI(T1). For higher sensitivity of the photocathode in
the green region and signal-formation time constant of or-
der 5 usec its amplitude is increased to 85% (Ref. 14). The
need for such a long signal is dictated by the large lumi-
nescence time of the crystal (~1 usec), which, of course,
is a drawback of this scintillator. The scintillation effi-
ciency of CsI(TI1) is even somewhat higher than that of
NalI(Tl). According to Ref. 15, for energy losses of 1 MeV
in Nal(Tl), 40x10° photons are produced, while for
CsI(T1) the number is 45X 10°.

The crystal doped with sodium rather than thallium is
better matched to the S-11 spectral characteristic (see Fig.
1). Here also the luminescence time is decreased to 630
nsec. The amplitude of a pulse from CsI(Na) is 85% of
that of a pulse from NaI(Tl) (Ref. 13). Moreover, accord-
ing to Ref. 16, the former is just as good as the latter in its
scintillation efficiency, but CsI(Na) is much less hygro-
scopic than Nal(Tl). A deficiency of CsI(Na) and
CsI(T1), as for NaI(Tl), is the rather large afterglow: up
to 5% in 3-6 msec, which significantly restricts the count-
ing rate.

The technology for preparing cesium iodide, especially
CsI(T1), is not very complex. CsI(T1) is relatively cheap,
even in the large sizes needed in the construction of elec-
tromagnetic calorimeters.'’

Recently, there is wider and wider use of silicon pho-
todiodes as photodetectors, as they are small and insensi-
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FIG. 3. Emission spectra of CsI(T1), NalI(Tl), and BGO, and spectral
sensitivities of silicon PIN photodiodes and a photomultiplier with an
S-11 photocathode. "

tive to the magnetic field of scintillation detectors.'® A
CsI(T1) crystal with the correct spectral characteristic is
particularly well matched to such a photodetector (Fig.
3).!% At the emission peak of the crystal the quantum pho-
todiode yield is about 65%. Using photodiode information
readout, 32X 10° photoelectrons per MeV have been
obtained.'® Replacement of a photomultiplier by a photo-
diode significantly decreases the temperature dependence
of the detector (Fig. 4).'° The photoelectron yield acquires
a flat maximum at 3040 °C and coefficient 0.3%/ °C at
20 °C. Measurements have been carried out using S-1790
photodiodes from the Hamamatsu company. These diodes
and four CsI(Tl) crystals were used to construct a test
calorimeter in a beam of electrons of energy 1-20 GeV
(Ref. 20). An individual crystal was 10 cm long and 10.5
cm in diameter. The light yields of the four crystals mea-
sured at the photodiodes varied within a 10% range. Two
crystals were joined end to end by an optical lubricant to
form a section. Eight photodiodes were attached by optical
lubricant to one face and connected in parallel. The crys-
tals were wrapped in several layers of white teflon tape, and
then in aluminum foil and black paper. The two sections
were placed right next to each other with the photodiodes
at opposite ends. The signals from the photodiodes were
amplified by two amplifiers with a shaping time of 3 usec.
For a particles of energy 5.5 MeV the signal amplitude was
70% compared with the signal from particles with mini-
mum ionization at the same energy release. The density of
the ionization from these particles and the a particles dif-
fered by more than a factor of 150. This feature, the high
ratio a/f3, should ensure the required linearity of the light
yield at the maximum energies, when a large number of
slow particles is formed at the end of a shower. The mea-
surements displayed linearity of the light yield in the entire
range quoted above.

The resolution of this calorimeter, whose length was
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FIG. 4. Temperature dependence of the relative light output
measured by a photodiode (Hamamatsu S-1790, A) and a pho-
tomultiplier (S-11, @). Both curves are normalized to 100%
(Ref. 15).
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22X,, was 0=1.6% at the end of the energy range. It also
includes the beam spread, which is 1%. Good separation of
electrons (e) and hadrons (4) was obtained. The ratio e/A
in the range =20 about the electron peak was 1.14 X 10° at
4 GeV and 3.8 10’ at 10 GeV.

Eight thousand crystals 30 cm long and 5X5 cm in
cross section with four photodiodes on each were used to
construct the CLEO-2 calorimeter installed at the Cornell
electron storage ring.!” The results from a test calorimeter
made of nine such modules, the central one of which was
bombarded by a positron beam, are presented in the same
study. An amplitude analysis of the total signal was per-
formed. The noise of the photodiodes and preamplifiers
was FWHM =3 MeV, and its effect was significant only for
E <100 MeV. In the range 0.1-2 GeV the main contribu-
tion to the resolution came from transverse leakages, and
at higher energies it came from leakage from the rear face.
The contribution of noise, transverse, and longitudinal
leakage at E=0.1-5 GeV is illustrated in Fig. 5. We see
that at the end of the range the resolution is 0/E=1.5%.

In a different electromagnetic calorimeter, designed for
experiments at the low-energy antiproton ring (LEAR) at
CERN, the number of photodiodes is greatly decreased,
owing to the use of spectrum-shifting light guides.2! The
light guide is a Plexiglass plate 3 mm thick bordering (but
without optical contact) the light-collecting face of a
CsI(Tl) crystal (similar to that shown in Fig. 18 for a
different type of scintillator). Material which actively ab-
sorbs light arriving from the scintillator and reemits it at
longer wavelengths is introduced into the Plexiglass (see
Fig. 6). The reemitted light is distributed isotropically.
Owing to total internal reflection on the walls of the plate,
a significant fraction of it falls on the photodiode attached
to the narrow face of the plate. In this way light is con-
centrated on a light-sensitive surface which is many times
smaller than the area of the light-collecting face. Crystals
in the form of truncated pyramids of length 30 cm were
used. The calorimeter is composed of 1380 such modules
forming a kind of “barrel” with solid angle close to 4.

CsI(T1) crystals combined with photodiodes are also
used in astrophysics. They have been used to construct a
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calorimeter to measure the energy and direction of high-
energy (0.1-100 GeV) cosmic ¥ rays.?

It has been shown that cesium iodide is distinguished
by an extremely low level of intrinsic radioactivity. In ad-
dition, the compactness of a detector using a photodiode
makes it easy to shield it from the surrounding medium.
These features have been used in designing a device for
seeking 23 decay from '“Mo (Ref. 23). Molybdenum film
was placed between crystals of diameter 7.5 cm and thick-
ness 5 cm, to each of which were attached five S3204-03
photodiodes. This photodiode is made of high-resistance
silicon, which made it possible to increase the thickness of
its p—n junction, and as a result lower the capacitance to 43
pF/cm, instead of the 100 pF/cm of the types mentioned
earlier. The area of the new photodiode is 1.8 X 1.8 cm, and
the leakage current is 6 nA. The photodiode capacitance
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FIG. 5. Contribution to the energy resolution in blocks of CsI(T1) due to
the three dominant sources: rear leakage from the 30 cm-long crystals,
transverse leakage from the nine square crystals 5 cm on a side, and
electronics noise, assumed to be 3 MeV (Ref. 19).
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FIG. 6. Optical matching of a CsI(TIl) scintillator with a wavelength
shifter. The dashed line is the spectral emission of CsI(Tl) (schematic).
The solid line is the measured transmission of the wavelength shifter. The
dotted line is the measured spectral emission of the wavelength shifter.?!

and leakage current determine the noise, which in this de-
tector was 150 keV (FWHM). This resolution is quite
acceptable for an experiment. In the case of 23 decay two
electrons with a total energy of 3 MeV would be produced.
As a result of passage through the molybdenum layer, this
line is smeared to a width close to 150 keV. It is important
that the crystal, which is not hygroscopic, practically has
no dead layer for electrons. Another property of the detec-
tor which is very important for extended measurements is
the weak dependence of the signal amplitude on the tem-
perature and stability of the time readings.

Features of a scintillation of Csl(Tl) and their use

The light emission of CsI(Tl) has a finite rise rate
which depends both on the thallium concentration and on
the ionization density. This is illustrated in Fig. 7, in which
we give the data for 8 and « particles as a function of the
concentration by weight of C (Ref. 24).

The ionization density also affects the luminescence
time of CsI(T1). A scintillation pulse can be fitted by two
exponentials, one with a relatively small time constant
77=0.4-0.7 usec, and the other with a long one 7,=7 usec

1 J

(] 1
0 100 200 300 _2400
C™%

FIG. 7. Rise time of a scintillation in CsI(T1) as a function of the TI
concentration for § and a particles.?*
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(Refs. 25-28). In Refs. 29 and 30 the value 7,=4 usec is
quoted. This component is independent of the type of par-
ticle, while the fast part of the pulse does depend on the
type.

In Ref. 29 for a particles of energy 95 MeV the pulse
was fitted well with 7,=0.8 usec. For a particles of energy
5 MeV two components with 7;,=0.7 usec and 7,=0.24
psec were introduced.’® Their intensity ratio was
I,/1,=0.77. The pulses for « particles, which have large
ionization density, are considerably shorter than for
weakly ionizing y rays, for which the luminescence time
was 0.9 usec.

Therefore, both the pulse rise time and the pulse du-
ration and height in a CsI(T1)-based detector depend on
the type of recorded particle. This makes it possible to
separate particles by pulse-shape discrimination (Refs.
31-33 and 27). In particular, this possibility was foreseen
in PEGAS, a multimodule spectrometer with 47 geometry
for ¥ quanta and charged particles.*

Rather good resolution of p, d, ¢, and a according to
the pulse duration was observed for E=40-70 MeV at a
counting rate of N= 10° sec™! (Ref. 27). However, for
N=1.4X10* sec™! the resolution was no longer satisfac-
tory. For these particles, and also for a and He’ at this
counting rate the separation was accomplished by using
the (AE-E) technique. Here AE was measured by a silicon
detector of thickness 400 um, and most of the particle
energy was measured by a CsI(TIl) crystal with a photo-
diode.

It should be noted that the best energy resolution was
obtained in a (AE-E) system completely made up of semi-
conductor detectors. However, the insufficient thickness of
such detectors imposes a corresponding constraint on the
particle energy. Stacks of these detectors can be used, but
for large (47) multidetector systems this is expensive. In
addition, thick semiconductors are sensitive to radiation
damage.

For these reasons, whenever the energy resolution is
not the most important factor, CsI(Tl) is successfully used
as the residual-energy detectors. This is particularly true of
experiments involving heavy ions at intermediate energies
(10-100 MeV/nucleon). It is important that CsI(TI1) is
not hygroscopic, so that the “dead” layer between it and
the AE detector can be small.

Sufficiently high resolution is obtained for charged par-
ticles by using CsI(T1). For example, Ref. 27 quotes the
value FWHM =1% for protons of energy 54.7 MeV. The
dependence of the light yield on the proton energy is found
to be practically linear, as shown in Fig. 8 (Ref. 35) along
with data for other light particles up to Z=8. The light
yield for particles up to Z=40 is given in Ref. 36. A com-
bination of a thin silicon AE detector and a thick (E-AE)
detector based on CsI(Tl) made it possible to reliably sep-
arate particles in charge and mass (Refs. 27, 30, and 35—
37).

We note that in the last of the cited studies a significant
dependence on the mass number 4 was observed in addi-
tion to the expected dependence of the light yield on Z and
E. A simple parametrization was given which allows the
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ions, compared with the crystal characteristic for protons and «
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light yield L for different Z, E, and A4 to be determined by
using the well known Birks formula:'

dL/dX=(dE/dx)/(1+[kB(dE/dX)]),

where kB is the Birks constant.

For energies above several MeV a good approximation
is dE/dx=cAZ*/E. Integration and use of the experimen-
tal data lead to the following expression for the light out-
put:

L=ay+a,{E—a,AZ* In[ (E+a,AZ?)/a,AZ*]},

where a;,=28.0, with the standard error corresponding to
0.7 MeV, a;=8.145+0.036, and @,=0.321+0.003.

Fast monocrystals

The introduction of thallium into crystals of cesium
iodide raises the light output by an order of magnitude, but
at the same time makes the crystal slow. Pure CsI lumi-
nesces after several nonoseconds in the ultraviolet region
for Ap.x=310-320 nm (Refs. 2446 and 38-40). Slow
components of duration 0.1 usec and 1 usec with lumines-
cence spectrum at A =360-600 nm are also observed (Fig.
9).% It is thought that these components arise from spoil-

ing of the crystal lattice structure and can be practically
absent in crystals of high quality. The dependence of the
crystal characteristics on how the crystal is prepared is
discussed in Ref. 40. Crystals grown in the standard man-
ner have components with 7=3 usec with intensity 26% of
7, for electrons, where 7, pertains to Nal(T1). This com-
ponent is practically not observed in crystals prepared by
zonal melting, and is completely absent when the cold-
pressing technique is used. In the first case the lumines-
cence by intensity (relative to 7,) is 1.2% with 7;=1.8
nsec and 3.8% with 7,=12.9 nsec, and in the second case
the numbers are 1.6% with 7,=1.0 nsec and 2.4% with
7,=9.6 nsec.

Pure Csl is slightly hygroscopic. Crystals can be pre-
pared in the same sizes as ones doped with thallium.

Crystals of the type CsI-CsBr, which have a light yield
of 0.187, and luminescence time of 11 nsec in the range
280-340 nm, are interesting.41 Results have been obtained
for a crystal of cross-sectional area 2.5X2.2 cm.

4. BISMUTHORTHOGERMANATE

Basic characteristics

The chemical formula of this scintillator,“'43 usually

called BGO, is Bi;Ge;0,,. The centers of luminescence in
the monocrystal are the bismuth ions, and they do not need
dopants. The main advantage of BGO is its small radiation
length X,=1.13 cm. A given volume of BGO crystal al-
lows a much larger y detection efficiency than the same
volume of the crystals discussed above.

The luminescence spectrum of the crystal is shown in
Fig. 3. It lies somewhat farther to the right (4,,,=480
nm) than the sensitivity spectrum of the S-11 photocath-
ode. The index of refraction of the crystal n=2.13 is con-
siderably larger than that of the glass of the photomulti-
plier. Both of these factors tend to lower the number of
photoelectrons.

A technical difficulty is the formation of air bubbles
inside the crystal volume when it is prepared. Scattering
with consequent light loss occurs on these bubbles. Com-
pared with NaI(Tl), the number of photoelectrons from
BGO can range from 8% to 16%, depending on the quality

photoelectron yield ( arb. mnits )
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FIG. 9. Emission spectrum of an undoped CslI crystal of length
25 cm irradiated by 30-keV x rays and optical transmission of
the crystal.’
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for several ions. The solid lines are the light output for BGO, and
the dashed ones are for CsI(T1) (Ref. 36).
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of the crystal and its dimensions. A value of even 20% has
been quoted.*

The luminescence time of BGO at room temperature is
30 nseg, i.e., slightly worse than that of NaI(T1). However,
in contrast to the latter, the afterglow in the millisecond
region is very small for BGO: 0.005%. Therefore, on the
whole BGO is faster than Nal(Tl1). The duration of a scin-
tillation of BGO depends strongly on the temperature. At
0 °C it is 400 nsec, and at 40 °C it is 7=200 nsec. The light
output also depends strongly on the temperature. The tem-
perature coefficient is 1.55%/ °C under room conditions.*’

The considerably smaller resulting light yield of BGO
in comparison with NalI(Tl) is accompanied by a corre-
sponding worsening of the energy resolution. Among the
better results are a resolution of 9.3% for y radiation from
37C fora crystal (Harshaw brand) of cross section 25 X 25
mm, obtained from doubly recrystallized raw material.*®
Since the transmission of their intrinsic radiation is poor
for BGO crystals, their resolution is observed to depend
significantly on their size. For example, whereas for a crys-

10%

tal of cross section 25 X 25 mm the resolution is 10.5%, for
one of cross section 25X 100 mm prepared from the same
raw material it is 13.39% (Ref. 47).

Advantages of BGO are its good mechanical properties
under processing and its nonhygroscopicity. Owing to its
high y detection efficiency, BGO can be used to make com-
pact devices widely used in tomography and as an active
shield from background.

Like CsI(T1), BGO in conjunction with a thin silicon
detector can be used to separate particles in charge and
mass in a wide range of energies.3® Here the dependences of
the light yield on the type of particle and on the particle
speed BB for the two crystals are close to each other (Fig.
10).

The high density of BGO allows the creation of com-
pact spectrometric detectors for the absorption of both
electromagnetic radiation and charged particles (see, for
example, the BGO ball in Ref. 48). In particular, protons
of energy up to 450 MeV are absorbed over a length of 24
cm. Crystals of this length with a trapezoidal form have

FIG. 11. Experimental and Monte Carlo spectra for protons of
energy 144.5 MeV (Ref. 49).
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TABLE I. Ratio of the low-energy tail and the main part of the proton spectrum near the peak at

various energies.

E, MeV 30 50 70 90 | 100 | 110 | 130

150 160 170

Fraction, % 1 3 5 8 10 12 16

20 22 27

been used to make a 47 calorimeter designed to study pho-
tonuclear reactions for photon energies up to 2 GeV (Ref.
49).

However, the spectrum from protons and other
charged particles turns out not to be as narrow as that
from electromagnetic radiation. It is extended in the direc-
tion of smaller losses, owing to nuclear interactions. A
typical spectrum is shown in Fig. 11. The contribution of
the low-energy tail grows with increasing proton energy, as
illustrated in Table 1.

Spectrometry of hard electromagnetic radiation

At energies EX20 MeV the photoelectron statistics
already become unimportant for the resolution. It is im-
portant that the volume of the BGO crystal can be chosen
to be an order of magnitude smaller than for a NaI(Tl)
crystal, which accordingly lowers the sensitivity to the sur-
rounding background of y quanta and neutrons. This
means that the former crystal is better than the latter in the
spectrometry of ¥ quanta of relatively high energies when
there is a large background from low-energy ¥ quanta and
neutrons. Relative measurements have been made for crys-
tals of both types with cross section 38 X 38 mm (Ref. 50).
At the energies 666, 1332, and 2754 keV the count from
BGO is higher by factors of 3.3, 4.5, and 5.6, respectively.
The efficiency of Nal(Tl) falls off more sharply with in-
creasing energy than does that of BGO. Even for the same
volume BGO is less sensitive to neutrons than is Nal(TI1)
(Ref. 51). Relative to the sensitivity of NaI(Tl) to neu-
trons with energies £>5.0, 3.5, and 0.5 MeV, the sensitiv-
ity of BGO was 1.2, 1.0, and 0.2 (Refs. 42 and 52). A
sensitivity of less than 0.1 is predicted for E, <0.5 MeV.

In certain experiments a lower detector sensitivity to a
low-energy background of ¥ quanta and neutrons can be
more important than a higher energy resolution. This is
why, for example, in Ref. 53 BGO was preferred over
Nal(T1). For crystals of cross sections 2.54X2.54 cm and
7.62X7.62 cm the resolution FWHM at 6.14 MeV was
4.5% and 5.6%, respectively.

A BGO spectrometer for 10-100 MeV photons with
low sensitivity to room (y and n) background is described
in Ref. 54.

For E=10-300 MeV at the TRIUMF accelerator a
spectrometer was designed on the basis of BGO crystals of
length 21 cm in the form of rectangular bars of thickness 4
cm and truncated pyramids with faces of area 2 X2 cm and
3X3 cm (Ref. 55). An XP-2230 photomultiplier is at-
tached to the latter. The two faces and two opposite sides
are polished, and a reflector is laid on the other two, which
are unpolished. A popular reflector like MgO did not give
the best results. The best were obtained using a three-layer
combination: yellow tape, white paper, and black tape.
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Here the nonuniformity of the module along its length,
except for 2 cm near the face, was 1%, and the resolution
from ¥ rays of energy 662 keV was AE/E=15%.

A negative factor for light collection at the photocath-
ode is the fact that the index of refraction of the BGO
crystal is significantly larger than that of glass. However, if
the crystal is cone-shaped, its longitudinal nonuniformity is
decreased enough that the contribution of the latter (oy;)
to the total energy resolution (o) becomes small. For
example, 04;=0.2% was obtained for 0,,=0.94% for
E=1 GeV in the 47 spectrometer designed for studying
photonuclear reactions up to ~2 GeV at Frascati.’® The
nearly 47 geometry of the spectrometer is produced by 480
sections with eight different pyramidal shapes.

A calorimeter of 12 crystals of dimensions 3 X320
cm with photodiode information readout has been tested in
a beam of electrons and pions with energy up to 10 GeV
(Ref. 57). The energy resolution for E>1 GeV was o/E
=1%; it was determined mainly by fluctuations of the
shower leakages and also by the photodiode noise. The
electron-hadron separation inside an energy window of
+20 about the electron peak was better than 1:500 in the
entire energy range 0.5-10 GeV. It could be improved by a
factor of two by simply truncating the data.

The high density and very short radiation length of
BGO, together with the near absence of dead layers be-
tween crystals, made it possible to design a very compact
electromagnetic spectrometer for experiments at the Cor-
nell electron storage ring.’® The calorimeter was inserted
inside an array of Nal(Tl) crystals constructed earlier,
which performed the function of a leakage detector. The
energy resolution was 1% at 5 GeV and 2% at 100 MeV.

A BGO spectrometer surrounded by Nal(T1)-based
counters is also described in Ref. 59. The spectrometer is
designed to measure photon energies in the range 200—1500
MeYV at the Frascati accelerator for a counting rate of up to
10* per second. NaI(TI) crystals connected in anticoinci-
dence form a background shield.

A detector on a large scale is the electromagnetic cal-
orimeter of the L3 setup at the LEP accelerator at CERN,
composed of 11 488 BGO crystals (Refs. 60 and 45). An
individual crystal has a length of 24 cm (21.4X;)) and the
shape of a truncated pyramid with faces of area 2X2 cm
and 3X3 cm. The crystal is covered with NE560-type
paint. Light is collected by two silicone diodes. The crys-
tals are arranged along radii running from the point where
the colliding beams intersect. They form a “barrel” encom-
passing a nearly 4= solid angle. The energy resolution for
electrons at =100 MeV was 0=>5% and better than 1%
for E>2 GeV.

Spectrometry using such a large number of channels
requires the continuous calibration of these channels. A
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FIG. 12. Energy resolution of a detector with a BGO crystal for y rays
from '37Cs as a function of the value of the trimmer attached to the end
of the coaxial cable; the anode pulse is cut off at 100 nsec (Ref. 62).

small radio-frequency quadrupole accelerator which emits
y quanta of energy 1.85 MeV was developed for this.®!

A BGO crystal, like a NaI(Tl) crystal, has a rather
long luminescence time, which leads to a corresponding
limitation in experiments with a high counting rate. The
coincidence problem which arises here can be overcome to
some degree by clipping the pulse from the photomulti-
plier. It has been shown® that pulses from a BGO detector
can be clipped very cleanly by using the signal-reflection
technique, without significantly worsening the energy res-
olution. Studies have been carried out with a crystal of
length 24 cm having the shape of a truncated pyramid. A
photomultiplier (R-329, Hamamatsu) was optically con-
nected to the face of cross section 6.5X 5.5 cm. The oppo-
site face had cross section 1.2 X 1.9 cm. The signal shaping
was performed by connecting a segment of 50-() cable to
the photomultiplier anode. A compatible resistance of 50
was always connected on the anode side, and a variable
resistor (trimmer) was connected to the opposite end. The
energy resolution from '*’Cs without pulse clipping was
15.7%. The clipping of the photomultiplier pulses for Az
=100 nsec led to a 15-20% decrease of the amplitude and
a resolution of 19.3% for a trimmer of 15-30 Q. This
turned out to be the optimal choice (Fig. 12). The resolu-
tion worsened with decreasing Af, and almost did not
change with increasing Az. The explanation of this behav-
ior is related to the effect of electronics noise. This effect
should decrease with increasing signal amplitude. In fact,
for E,=15.1 MeV a resolution of 8% was obtained, both
with the pulse clipped to 200 nsec and without clipping.
These measurements were carried out with the BGO spec-
trometer described in Ref. 54. It is interesting to note that
the same measurements with an equivalent Nal(Tl) crys-
tal led to worsening of the resolution by 3-6% with pulse
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clipping. The authors relate the better behavior of BGO to
the pure exponential falloff of its light pulse.

5. BARIUM FLUORIDE
Basic characteristics

Many physics experiments require the simultaneous
measurement of both the y (or electron) energy and the
time at which the particle arrives at the detector. Plastic
scintillators are usually used for precision time measure-
ments, as they have a short luminescence time. However,
their radiation length (~42 cm) is large, and the use of
lead in a detector, in layers sandwiched between scintilla-
tor layers as a converter, makes it impossible to obtain
good energy resolution. The discovery in the BaF, crystal,
which has X;=2.05 cm, of a fast component (0.6 and 0.76
nsec) raised scintillation y spectrometry to a new level.®
The luminescence spectrum of BaF, (Ref. 65) is shown in
Fig. 15 (Ref. 66). Most of the light belongs to the compo-
nent with A,,, =320 nm, which has 7=620 nsec. Fast lu-
minescence occurs in the region of wavelengths ~200 nm.
A photomultiplier with quartz glass is required to record
ultraviolet light. The indices of refraction of BaF, and the
glass must be close. According to Ref. 63, at 320 nm, BaF,
has n=1.495; for A=200 nm, n=1.63, and for quartz
n=1.53 (Ref. 67).

The data on the light output of the crystal given in
Refs. 14, 68, 69, and 127 are very contradictory. They give
8-20% of the light output of NaI(Tl). Not only the qual-
ity of the crystal, but also the technical difficulties arising
in estimating the light output for various spectral ranges of
the luminescence can affect the measurement results. The
light output of BaF, relative to NaI(Tl) can be taken to be
5% for the fast component and 16% for the slow one. The
crystal is weakly hygroscopic. Recent working of its sur-
face increased the light output by 30% (Ref. 70). Hermeti-
zation of the crystal is needed to stabilize the light output.
In the pioneering study of Ref. 64 the walls of the crystal
were polished and covered (except for the light-collecting
face) with Al,O; white powder. MgO was also used as a
covering, but the most popular is a several-layer-thick
winding of teflon tape (up to ~0.3 mm; Ref. 71). The
teflon ensures a reflection coefficient of »=0.95 in the
ultraviolet.5’

The optical contact between the crystal and the pho-
tocathode must be made with oil or lubricant with suitable
index of refraction and transmission coefficient. In Table II
(Ref. 72) we list the results of studies of several optical
media.

As was shown in Ref. 73, in a thin layer of silicone
lubricant such as Rhodorsil R-47, 100000¢ ST the light
absorption at =220 nm is less than 19%. According to the
data of Refs. 71 and 74, water-free glycerin can success-
fully be used for optical coupling.

The main advantage of BaF, is the fact that the same
time resolution can be obtained by using this relatively
heavy crystal as can be obtained by using a plastic scintil-
lator. For example, for a small crystal of cross section 2 X 1
cm a resolution of FWHM =280 psec was obtained for y
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TABLE II. Measured number of photoelectrons when various oils and lubricants are used for BaF,.

_ _ Fast component, | Total light, Fast component/

Qil/lubricant photoelectrons/ MeV |photoelectrons/ MeV | (oral light
DS 200 260 1580 16,5
Rhodorsil SI 300 235 1470 16,0
Rhodorsil 47 V 260 1575 16,5
Viscasil 260 1580 16,5
RTV 615 A+B 210 1495 14,0
V 788 123 1210 10,2
V 789 123 1200 10.3

rays of a radioactive %Co source (Ref. 64). Here for co-
incidence selection a second counter was used with an NE-
111 plastic scintillator. The resolution due to fluctuations
in the two counters was 112 psec. This quantity is v2 times
greater than that given above for BaF,, i.e., the contribu-
tions to the resolution from the first and second counters
were the same.

For a crystal of cross section 9X9 cm and a plastic
scintillator a time resolution of 375 psec (FWHM) was
obtained for a ®Co source at a threshold of 300 keV (Ref.
75).

For two large crystals of cross section 10X 12 cm and
13.6X7.5 cm the resolution for a %°Co source at a thresh-
old of 300 keV was 590 psec (Ref. 73). The main reason
for the worsening of the resolution with increasing crystal
size is the time spread in the light travel from its point of
origin to the photocathode. An additional worsening can
arise from light loss in the bulk and at the walls of the
crystal, and this increases with decreasing wavelength. At
a distance of 12 cm from the scintillation point to the lower
face of the crystal the light absorption was 9% for A =250~
290 nm and 12% for A=220 nm.

The energy resolution for E, =662 keV of small (up to
4 cm) crystals connected to XP-2020 is 7-8% (Ref. 71),
and for large crystals it is 10-12% (Ref. 76). As E, in-
creases the energy resolution of BaF, becomes comparable
to that of NalI(T1), but BaF, gives a better time resolution.
This is demonstrated by Table III (Ref. 77), in which we
give the data for 47 spectrometers based on NalI(Tl) and

TABLE III. Characteristics of 47 spectrometers.

BaF, crystals. Crystals of volume ~1 1 have the rather
complicated shapes of pentagonal and hexagonal prisms,
which ensures a good detector geometry.

We note that the data on the energy resolution for
E=4.4 MeV cannot be directly related to the type of de-
tector material. Among the best values for E, =662 keV is
the resolution of 9.3% obtained for a BaF, crystal of cross
section 10X 12 cm (Ref. 78). The resolution of this crystal
was improved to 7.9% by cooling it to 243 K. The reason
is that the light yield due to the slow component is in-
creased sharply as the temperature is lowered. The temper-
ature coefficient is 2.4%/ °C (Ref. 79), which makes tem-
perature stabilization necessary. It is remarkable that the
fast component is practically independent of
temperature.’® By heating the crystal the slow component
can be greatly weakened. This is used to increase the de-
tector speed of response.?! ™

Only the fast component of the light emission of BaF,
can be used if a proportional counter with gas sensitive to
the ultraviolet is used instead of a photomultiplier.®®

Another method of raising the speed of response is that
of doping the crystal with cerium*®8¢ or lanthanum.®¥
The optimal molar concentration of Ce is 4.4%. The in-
troduction of Ce decreases the light yield by half, raises the
luminescence time to 50 nsec, and shifts the luminescence
spectrum to the right, to the region with a maximum at
A=360 nm. The light yield of BaF,(Ce) and its lumines-
cence time are practically independent of the temperature

Name Spin spectrometer| Crystal-bali 47 Spectrometer,
(Ref. 9) (10] Karlsruhe (Ref. 77

Material Nal(Th Nal(T1) BuF2
Energy 662 keV 8.5 7.8 9,6
resolution, % 1,3 MeV 6.3 5.5 7.1

4,4 McV 4.4 4,0

6.1 MeV 4,0 3.6
Time ' FWHM 2,2 2,8 0,4
resolution, nsec  pypy 47 5.1 0.8
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FIG. 13. Emission spectra of pure and lanthanum-doped BaF,; quantum
efficiency for the CsTe photocathode.®

in a wide range: —50-100 °C, which is important, in par-
ticular, for geophysical applications.

The slow component can be strongly suppressed by the
introduction into the crystal of an admixture of La (1%)
(Ref. 65), as is shown in Fig. 13 (Ref. 66). The fast com-
ponent is decreased by a factor of two, and the relation
between it and the slow component is improved by a factor
of 8 if the light is recorded by a photomultiplier with a
quartz window. In Fig. 13 we also see the good agreement
between the luminescence spectrum of the fast component
and the spectral sensitivity of the Cs—Te photocathode,
which is “blind” to sunlight.””®® Such a photodetector
makes it possible to suppress the slow component even
more effectively.

Here it is not pointless to note that even though the
photomultiplier is blind to sunlight, it is better to work
with it in darkness, to avoid a large rise in the noise level.

A large decrease (by an order of magnitude) is ob-
tained when using the new K-Cs-Te photocathode, the
long-wavelength limit of whose sensitivity spectrum is
shifted to the left by ~30 nm in relation to the Cs-Te one
(Ref. 89). In that study it is claimed that the contribution
from the slow component can be decreased after 35 nsec to
alevel 10™* by using the K—Cs—Te photocathode and a fast
shaper. There are plans to develop a technology for pre-
paring BaF, crystals of length 50 cm.

However, crystals with impurities are still made in
small sizes. In any case, for electromagnetic calorimetry it
is “pure” BaF, crystals without doping which are still be-
ing used. And for such a crystal a photomultiplier blind to
sunlight allows the number of photoelectrons from the
slow component to be lowered nearly to the number of
photoelectrons from the fast component.®’

In preparing and using a long crystal it is very impor-
tant that it be uniform. In an electromagnetic calorimeter,
for example, nonuniformities lead, as a result of a shower
fluctuation in the longitudinal direction, to an increase of
the constant term in the resolution, which at high energies
can become the dominant factor.” The luminescence of
BaF, in the ultraviolet imposes the corresponding difficul-
ties on obtaining uniformity along the length of the crystal.
A very important problem is the organization of the light
collection in a crystal. The maximum light output is ob-
tained if the light-collecting face is in optical contact with
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FIG. 14. Pulse amplitude as a function of the distance between the muon
telescope and the photocathode of the photomultiplier for the case where
the sides of the crystal are wrapped with teflon.®’

the photocathode, while the opposite face and the sides are
wrapped with teflon tape. However, this is not the best way
to obtain uniformity of the crystal. The light-collection
efficiency is at the very least dependent on the longitudinal
coordinate if optical immersion between the photocathode
and the crystal is not used. This, of course, is obtained at
the cost of significantly decreasing the pulse height (by a
factor of 1.5-2). In Fig. 14 we give the results of studies
using a crystal of dimensions 3.6 X 3.6 X25 cm in a muon
beam.®” A muon telescope consisting of two plastic trigger
counters is moved along the crystal length. The calculated
curves given in Fig. 14 are in good agreement with the
results of measurements for the following parameter val-
ues: 115 cm for the true absorption length, 7.5% for the
optical coupling between teflon and BaF,, and a teflon
reflectivity of 95%. The partial optical coupling between

SIDES PARTIALY WRAPPED 1N TEFLOW,
FAR [NO WRAPPLD N TCFLON,
102 AIR CAP AT PUT
— DATA
- = MONIC CARLO

ll,lll'

PULSE HEIGHT

M P BT PUUIN P
0 5 10 15 20 25

X(cm)

FIG. 15. Pulse amplitude as a function of the distance between the muon
telescope and the photocathode of the photomultiplier for the case where
the sides of the crystal and its far end are wrapped with teflon and the
photomultiplier is connected with an air gap. The sides are partially
wrapped.67
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grams, respectively).®®

the teflon and the BaF, which is present is sensitive to
pressure, which must be remembered when working with
the detector. An even larger uniformity of the light collec-
tion was obtained with a partially unwrapped crystal: 2.2
cm at the photomultiplier end and 0.7 cm at the far end
(Fig. 15). The nonuniformity from point to point did not
exceed 1.5%.

The time resolution of the crystal for minimally ioniz-
ing muons was 160 psec.

Spectrometry of hard electromagnetic radiation

As already noted, the lower light yield of the BaF,
crystal compared with NaI(T1) at higher ¥, electron, and
positron energies is not decisive for the energy resolution.

The characteristics of a detector composed of seven
crystals, one at the center and six surrounding it, have been
studied in a beam of photons of energy 3-50 MeV (Ref.
90). The crystals were six-sided with an inner diameter of
5.2 cm and length of 20 cm, i.e., ~10X,. Each of them was
wrapped with teflon tape (the total thickness was 0.2 mm),
aluminum foil (0.2 mm), and black tape (0.5 mm), and
was connected with an EMI 19954 QB photomultiplier
with a quartz window. Silicon paste (Baysilone 1000000,
Bayer, FRG) was used. The crystals were placed right next
to each other. The dead layer created by the wrapping was
noticeable only at the beginning of the energy range, and at
the end only ~0.1 MeV was absorbed. The beam diameter
was 3 cm, and the Moliére radius for BaF, is 4.35 cm.
From 80 to 85% of the initial energy was absorbed in the
central crystal. The measured spectra (Fig. 16) differ no-
ticeably from the normal distribution, being more elon-
gated toward lower energy releases. The largest deviation
was observed at E=15-25 MeV. Here, in addition to the
usual electromagnetic interactions, a contribution of sev-
eral percent can come from the (y,n) reaction (mainly on
Ba) occurring via excitation of the giant dipole resonance.

In Fig. 17 we show the energy dependence of the en-
ergy resolution, corrected for the energy spread of the pri-
mary photon beam. At the maximum energies o=10%.
The fact that the resolution does not improve with increas-
ing energy at the end of the energy range indicates that the
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FIG. 17. Ratio of the standard deviation to the initial photon energy as a
function of the photon energy for various BaF, detectors. The dashed line
shows the effect of the spread of the photon beam.*

detector length, equal to 10X, is too short. For compari-
son, in Fig. 17 we also give the results of measurements for
detectors of length 14.6X,, (Ref. 91) and 19.5X, (Ref. 92);
to obtain a length of 19.5X|, the calorimeter was composed
of five crystals (Fig. 18): the first of cross section 10X 10
cm, and the other four of cross section 13.5X 7.5 cm. Only
these four crystals were used for the length 14.6X,,. Each
crystal was attached to a three-millimeter disk of Plexiglas
with an admixture of BBQ wavelength shifter (150 mg/1).
An S-2575 Hamamatsu photodiode of dimensions 30X 3.4
mm was attached to a section of the face. In addition to
this small surface, the crystal and the disk were covered
with teflon tape and then with aluminum tape. The small
gap between the crystal and the shifter ensures that there is
no optical contact between them. The FFC shifter plate
was optimized for high light concentration on a small
light-collecting area. This light concentration and the shift
to longer wavelengths, where the quantum yield of the
photodiode is high, made it possible to obtain twice the
number of photoelectrons with it than with a photomulti-
plier.

The limit of the light transmission by Plexiglass is
~270 nm. However, the loss of the fast component of the
light in this case is insignificant, because the amplification
system following the photodiode has a time constant of 2
jusec.

The energy resolution over the calorimeter length
19.5X, increases up to E~5 GeV. Beyond this the resolu-
tion does not change and o remains at the level of 1%.
Roughly 0.4% comes from fluctuations in the energy leak-
age outside the detector for E=40 GeV, as shown by a
Monte Carlo calculation.

For E=5 GeV the separation of pions and electrons
was 1:500.

In Ref. 93 a detector length of 11.2X, was obtained by
optically connecting two crystals of cross section 12.7
X 11.45 cm by means of silicon oil. The two crystals were
wrapped with teflon tape, aluminum foil, and black tape.
Three R-2256 Hamamatsu photodiodes with quartz win-
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dows of diameter 5.08 cm were attached to one face of the
cylinder, using the silicone resin compound RTV. For pho-
ton energies in the range 75-200 MeV the resolution was
close to that shown in Fig. 14 for a detector of length
14.6X,: within 10%. The shape of the spectra clearly dif-
fers significantly from a Gaussian.

From the above considerations it follows that crystals
of length ~ 10X, are quite suitable for ¥ spectrometry for
E<100 MeV. Such scintillators have been used, in partic-
ular, to construct the LNS Crystal Ball multidetector spec-
trometer for studying pion production, which lies below
the free nucleon-nucleon threshold.’* The neutral pion de-
cays into two photons, which are recorded in coincidence.

The Crystal Ball spectrometer is made as a 4 setup in
order to detect both hard photons and charged particles. It
can be used to record events in which all the secondary
particles are observed by measuring their energy and emis-
sion angle. This favorably distinguishes this type of detec-
tor from detectors based on lead glass, which record only y
quanta from their Cerenkov radiation. The energy resolu-
tion of a éerenkoy detector is considerably worse, although
the absence of Cerenkov radiation ensures strong back-
ground suppression.

A 47 system made of 180 BaF, crystals, also designed
to record y rays and light charged particles, is described in
Ref. 95.

Dependence of the shape of a scintillation on the
type of radiation

The ionization density affects both the ratio of the in-
tensities of the luminescence of the fast and slow compo-

nents in BaF,, and also the duration of the latter compo-
nent. In measurements with 5-6 MeV a particles the fast
component was practically not observed.”® The slow com-
ponent itself consists of two components: the main one
with luminescence time 7, = 600 nsec and an additional one
with 7,<100 nsec, the duration and intensity of which de-
pend on the type of radiation, as can be seen in Table IV
(Ref. 96).

It is possible to discriminate ¥ quanta (electrons) from
other particles according to the shape of the
scintillation.””*®

Particles with different ionization density are discrim-
inated by using the difference between their light outputs of
the fast component E, . Great progress in particle dis-
crimination was achieved by using the procedure on which
the “constant-fraction” time technique is based to analyze
the signal.”® Here a bipolar pulse, the point of intersection
of which is independent of the energy absorbed in the crys-
tal, is formed. The first part of the momentum is propor-
tional to Eg,, . In Fig. 19 we show the two-dimensional Eg,,
versus E, (the total energy) spectrum measured in the
reaction Li+ 2C for bombarding-ion energy 36 MeV, us-
ing a BaF, crystal of volume 350 cm’. Proton and deuteron
events are discriminated beginning at 6 MeV. This has not
been observed in obtaining Ef,, from monopolar pulses.

Good discrimination of p, d, ¢, and a in that study was
obtained by the (AE-E) technique, using a 50 um-thick
silicon AE detector. The introduction of the AE detector
naturally gives rise to some threshold, which imposes a
corresponding constraint on the use of this technique.

Particle discrimination can be improved significantly

TABLE IV. Luminescence time and intensity of the slow component of BaF, for various

particles.
- i Luminescence time (nsec)
Lyipe OF particle ; Intensity ratio 7°/1
1' f|
Electrons 600+ 60 1002 0,06+0,02
a-particies 550+50 50x10 0,11£0,02
Fission fragments 580+30 9+2 0,08+0,02
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FIG. 19. Two-dimensional E,, — E,, spectrum (Ref. 99).

by using the time-of-flight technique in conjunction with
data on Eg, and E,, . The results of such measurements in
the detection of 8-130 MeV photons by a crystal of cross
section 10X 14 cm are given in Ref. 100, and those for a
beam of “°Ar ions and a crystal of length 10 cm and diam-
eter 31.5 mm are given in Ref. 101.

The spectrum of secondary particles emitted at an an-
gle of 10° in the 40Ar+427Al reaction at 58 MeV/nucleon
was measured in a recent study. The time of flight (z—¢;)
was measured on a base of 1.2 m. The time resolution was
600 psec from %°Co, and the energy resolution was ~11%
("¥7Cs). The two-dimensional [Eg,,E] and [(1—125),E ]
spectra could be used separately to discriminate particles
only for Z=1 and Z=2. The function
I=E;/[E,,(t—1t,)*]* was used for particle identification.
The parameter @ =1/2 was determined empirically.

This function is shown in Fig. 20 as a function of the
total energy. Good particle discrimination up to Z=3 and
A=17 is seen. The use of the time-of-flight technique in a
particular experiment is restricted by the need to have a
definite base for the particle path and an accurate starting
signal.

The search for ways to lower the detector cost

The photomultipliers with quartz windows used to
record ultraviolet light from BaF, monocrystals are expen-
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FIG. 20. Identification function I (see the text) as a function of the full
component. b
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sive. To understand how cheaper ordinary photomultipli-
ers can be used, a number of shifters which reemit light at
longer wavelengths have been studied. A layer of
p-terphenyl of thickness ~1 mg/cm? was deposited on a
crystal of cross section 5X5 cm. An energy resolution of
13.7% for '¥'Cs and a time resolution of 300 psec for
(y—17) coincidences from %Co (1.17 and 1.33 MeV) were
obtained (Ref. 97). Without the shifter these resolutions
were 12.6% and 165 psec, respectively. When the layer
thickness was increased to 2 mg/cm? the energy resolution
was even observed to improve by 1-1.5%, but the time
resolution went down by a factor of two compared with the
case without the shifter.!%? Nearly the same improvement
of the energy resolution and worsening of the time resolu-
tion was obtained when wusing a shifter of
p—p’-diphenylstilbene.'”® The use of this shifter on a long
crystal of dimensions 3.2 X 3.2 X 15.0 cm was accompanied
by a change of the energy resolution from 7.5% to 10%
and of the time resolution from 0.3 nsec to 0.5 nsec (Ref.
104).

The fast time characteristic of the detector was nearly
preserved when use was made of liquid scintillators based
on toluene of the type ZhS-67 or ZhS-70, which emit light
with a maximum at A =380-390 nm, with a luminescence
time 7=0.6-0.7 nsec (Ref. 105).

The index of refraction of the organic scintillators used
as shifters is close to the index of refraction of BaF,. This
made it possible to obtain from these materials sufficiently
optically uniform solid'%!%” and liquid'® mixtures.

The same light yield as for BaF, was obtained with a
mixture of 70-86% BaF, powder and methylmetacrylic
resin with the addition of 0.02% BDB, which emits light
with maximum at A=410 nm. A heavy plastic scintillator
with good mechanical properties was obtained, but the en-
ergy resolution of this plastic was worse by a factor of two
than that of the monocrystal. For E <110 MeV good sep-
aration of a, p, and y was obtained by using the two-
dimensional (E,y,Eg,) spectra. Two organic scintillators
turned out to be suitable for the liquid mixture (a gel). The
first is toluene + methanol + PPO+POPOP, which has in-
dex of refraction n=1.487 for A=254 nm; the index of
refraction of BaF), at this wavelength is #=1.5122. The gel
has a light yield 1.5 times higher than BaF,, and its cost is
an order of magnitude less. The other variant uses decalin
+PPO+POPOP. The radiation length of the gel is 2.8 cm.
The signal is short—several nanoseconds—but has a long
tail. The optical length of light absorption is still small, 30
cm, and the resolution is not yet satisfactory.

6. RADIATION STABILITY OF DETECTOR MATERIALS

Nal(TI) can be used in a y flux of density up to 10°
photons/(sec - cm®) without significantly changing the
characteristics. Loss of light of the scintillation occurs as
the flux increases. For fluxes above 10"/sec the changes in
the characteristics become irreversible.'” This mainly oc-
curs owing to loss of transmission of the intrinsic radiation.
At a dose of 110 rad/h from *'Am and at room temper-
ature the signal amplitude fell by about 40% during about
an hour, and then did not change. It has been shown''®
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that for crystals with lower dopant concentration the light
yield is decreased less, and so the resolution does not be-
come as bad. Increase of the working temperature by 40—
50° above normal significantly (by a factor of 2 to 3) de-
creased the worsening of the intrinsic resolution of
detectors subjected to y radiation.

It is now well known that annealing allows Nal(TI)
crystals damaged by radiation to be restored to a large
degree.

The data given in Ref. 111 indicate a smaller radiation
damage to a Nal(T1) test crystal of cross section 2.5 X 152
mm. A 400-rad dose from *°Co caused the signal amplitude
to fall by ~18%. For a CsI(TI) crystal the same dose
caused the signal amplitude to fall by a factor of two, In
Refs. 111-113 a significant decrease of the amplitude was
seen for even a 100-rad dose. An increase of the afterglow
was also observed.''? It turned out that the light output
depends strongly on the crystal dimensions. In a small
cubic crystal with linear dimension 2.5 cm the light output
does not decrease up to doses of 800 rad from %°Co (Ref.
19). More damage was seen in crystals grown from purer
materials, which may explain the discrepancy in the results
obtained by different authors. Larger crystals of dimen-
sions 55X 30 cm were exposed to a 100-rad dose for 20
minutes, twice during 20 days. Some of these crystals were
distinguished by the fact that they phosphoresced for sev-
eral hours after exposure to daylight. In such crystals the
light output was decreased by ~15-35% and did not
change with time. In crystals without phosphorescence the
decrease in the first exposure was about 10% and some-
what smaller in the second. Then the process of restoration

of the light output occurred. In two of the three crystals

the light output reached its original value after 70 days.
This process can be accelerated by annealing. The mea-
surements did not reveal any difference between cases
where the total radiation dose of 100 rad was received over
20 minutes or over 72 hours.

The problem of afterglow of a sample prepared from
particularly pure CsI(Tl) did not arise after irradiation.!!*
During irradiation of a crystal the impurities form color
centers, which considerably decrease the scintillation light.
It has been found that the absorption increases with de-
creasing wavelength of the light and mainly appears for
A <600 nm. Incidentally, this fact makes photodetectors
with spectral sensitivity strongly shifted to the right, i.e.,
solid-state photoanodes, better than photomultipliers.

Since the main consequence of irradiating a crystal is
some loss of its transmission, the signal amplitude will
depend on the crystal dimensions. The results of measure-
ments for a CsI(TI) crystal of length 10 cm are given in
Ref. 114. For a dose of 1.58 10° rad the amplitude de-
creased by 28%. It was to a large degree restored after
several hours of exposure to daylight.

“Pure” Csl has a radiation strength an order of mag-
nitude larger than CsI(T1) (Ref. 104).

Fairly extensive radiation damage to phosphorescent
crystals has also been observed for BGO (Ref. 115). In this
crystal the radiation stability depends strongly on the crys-
tal dimensions. For example, for linear dimensions of up to
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30 mm a dose of 3.6 X 10° rad from *°Co led to only a slight
darkening of the crystal, which half disappeared several
days after the irradiation stopped and completely disap-
peared after a much longer period.!'® The change in the
scintillation efficiency of the crystal was much smaller than
the change of its optical transmission: The crystal was also
bombarded with a 10°-rad dose of 12-GeV protons and fast
neutrons. It was found that these types of radiation affect
BGO an order of magnitude more strongly than low-
energy y rays.

After bombardment with an 8 X 10’-rad dose of y rays,
a crystal of cross section 25 X 25 mm lost 32% of its optical
transmission; 85% of this transmission was restored after
24 hours.'"’

A decrease of the light yield by 10-20% was observed
in long crystals (10-24 cm) starting at doses of hundreds
of rads.!'"!8 The weakening of the light was large at
A=400-600 nm. Spontaneous restoration of the crystal
transmission occurred, but only after many days.

The change of the light yield of a crystal induced by
radiation varies from sample to sample. It depends on the
impurities in the sample. Study of the correlation between
the radiation defects in BGO and impurities in the crystal
showed that three groups can be distinguished according to
the strength of the effect.''® Each of these groups occupies
its own radiation-induced absorption band. Their energy
levels lie above the valence band by (2.3%+0.1), (3.0
+0.1), and (3.8=%=0.1) eV. Cr, Mn, Fe, and Pb form the
first level, Al, Ca, Cu, and Si form the second, and Co, Ga,
Mg, and Ni form the third. The elements of the first group,
which are closest to the valence band, lead to the largest
radiation damage. The elements of the second zone are
located relatively far both from the valence band and from
the conduction band, and their effect is negligible. The
third group has an intermediate effect. The special role of
iron as an impurity is shown in Ref. 120, in which several
crystals were studied for increasing doses from *’Co. Op-
tical absorption mainly appeared in the blue region and
was a consequence of the formation of color centers. The
absorption grew linearly as the dose increased to several
rad, and then, beginning at 10* rad, it entered a plateau
(Fig. 21). It was suggested that the saturation reflects the
fact that all the defects are occupied by captured charges.
Color centers from yellow to brown shades were formed
after irradiation with a 1-krad dose. Already at room tem-
perature the thermal energy was sufficient for the sponta-
neous restoration of BGO crystals. A restoration of 60—
70% was observed after 100 hours. However, there were
some crystals which at room temperature were almost not
restored at all. The restoration process accelerates as the
temperature is raised.!'® Two hours were sufficient to re-
store a crystal at 160 °C.

The introduction of Eu into a BGO crystal signifi-
cantly improves its radiation characteristic.!?! Crystals of
dimensions 25X 25X 50 mm were irradiated with a dose of
1-10 krad, which worsened the transmission and the res-
olution. However, for BGO(Eu) the subsequent restora-
tion of the crystal characteristics was much faster. The
fluorescence spectrum in this crystal is shifted to the right.
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FIG. 21. Total absorption in the range 400-600 nm as a function of the
total dose for (@) ultraviolet light (a 320-nm xenon lamp) and (X ) a
cobalt source.'?’

A defect of BGO(Eu) is the presence of a 3 msec-long
afterglow with an amplitude of several percent.'?

After BGO was irradiated by 1.5-GeV protons for a
total dose of 1.1x10® cm™2 over two days, the energy
resolution worsened by only 70%, but the background
from the crystal itself increased considerably.'?? This was
mainly attributable to the increased radioactivity of bis-
muth. Under extended work in this beam equality between
the production and decay of the crystal’s own radioactivity
was established over the course of one week. This back-
ground is not a big problem if the measured energies are
large, as in the case where BGO is used for electromagnetic
calorimeters.

Studies of the radiation hardness of BaF, have been
carried out for crystals of small dimensions. Crystals 4 and
6 mm thick were bombarded by an 800-GeV/c proton
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beam (Ref. 123). The scintillation yield did not decrease
up to a dose of 1.3X 10" rad, and only a small decrease of
the transmission was observed.

After an 810’ rad-dose of B and y radiation, the
transmission of a crystal of cross section 2.5X 2.5 cm de-
creased by 4% at 250 nm and was restored after a day.'"’

A shortening of the optical attenuation length of light
in crystals of dimensions 20X 10X 1 mm by 14% after a
10’-rad dose of y rays was reported in Ref. 66. The defects
were comparable to those observed for BGO. It is assumed
that the presence of impurities is an important factor in
radiation damage.

The effect of radiation from a particles of energy 5.6
MeV and protons of energy 1.5 MeV has been studied for
a 1.5X1.5% 1 cm crystal.”® A 20% decrease of the pulse
amplitude was observed for doses of 2% 10'* and 7x 10™
particles/cm?, respectively.

The losses of optical transmission of a 12 mm-thick
crystal after irradiation with a dose of 1.15% 107 rad from
%Co were mainly for A <170 nm, and at A=220 nm they
were 10% (Ref. 124). Practically no restoration was ob-
served.

The content of uncontrollable impurities in a crystal
which is irradiated mainly affects the decrease of its trans-
mission in the short-wavelength region. The content of
such impurities can vary significantly from sample to sam-
ple. However, it is not only a loss of transmission which
leads to a decrease of the signal amplitude. According to
the data of Ref. 124, the decrease of the transmission at
A=250 nm after irradiation with a dose of ~ 10° rad was
10-15%, while the light yield decreased by 30%. The de-
pendence of the light yield on the integrated dose of y rays
from %Co is shown in Fig. 22 (Ref. 125). The rapid falloff
for doses of up to 10° rad is seen, and then up to 10 rad the
change is very smooth. No dependence on the rate at
which the dose was obtained was discovered. For the max-
imum dose the energy resolution worsened from 12.8% to
16%. It was almost completely restored after 10 hours of
exposure to sunlight.

Scintillators are usually connected to photodetectors
by a thin (up to ~ 10 um thick) layer of optical glue. The

] FIG. 22. Light output as a function of the integrated dose of y rays for

BaF, (Ref. 125).
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radiation damage of a series of adhesives exposed to ¥
radiation from ®°Co has been studied.'?® Layers of glue
were placed between two quartz plates, the transmission of
which began to change only for a dose of ~ 10° rad. The
optical transmission in the wavelength range 200-600 nm
was measured by a spectrophotometer. Naturally, the ef-
fect of radiation defects increased with decreasing A. The
suitability of each glue for a certain range of A was deter-
mined according to two criteria: 1) For A;, the transmis-
sion must be greater than 50%; 2) the allowed dose is
taken to be that for which the loss of transmission is less
than 10%. The results of the measurements based on these
two criteria are shown in Fig. 23.

In conclusion, we should note that at doses of ~ 10
rad a problem must also arise with the photodetectors,
particularly solid-state ones.

7. FAST HEAVY SCINTILLATORS
Cerium fluoride

Cerium fluoride CeF; has two luminescence compo-
nents: 7,=5 nsec and 7,=30 nsec with total intensity
roughly the same as that of the fast component of BaF,
(Refs. 127-129). In Ref. 5 the light output was 46% of
that of BGO and 7,=20 nsec.

The time and energy resolution of CeF; must be worse
than those of BaF,, but the flux which can be handled is
many times larger. Its radiation length is X;=1.7 cm, i.e.,
smaller than that of BaF, (2.1 cm). The crystal is nonhy-
groscopic, and its index of refraction is n=1.68 An impor-
tant advantage of CeF; is the possibility of working with
cheaper photomultipliers not containing quartz. The peak
emission for the fast component is at A =300 nm, and that
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FIG. 23. Radiation strength of optical glues. Each line with the cumulative
lose gives the wavelength range in which the glue satisfies two criteria (see
the text) for it to be used successfully in calorimeters.'?

for the slow component is at A =340 nm. Moreover, in Ref.
130 the emission peak occurs at 375 nm. The authors of
that study investigated the radiation strength of a CeF,
crystal of dimensions 7X7X35 mm. A dose of 10’ rad
induced a degradation of less than 5% per unit radiation
length. The properties of the crystal were restored with a
time constant of 40 days. When the dose was increased to
10® rad, the degradation rose to 19%. It seems that CeF,
has greater radiation stability than BaF,.

Gadolinium orthosilicate

The pure Gd,SiO5 (GSO for short) monocrystal itself
is a scintillator. However, its light yield is small and in-
creases to 20% of the light yield of NaI(Tl) when a
0.5-5% admixture of cerium is added to it (Refs. 131-
133). Here the luminescence time of GSO:Ce varies from
60 to 30 nsec. But for a large concentration of Ce the
crystal acquires a brownish shade. Two luminescence com-
ponents were seen in Ref. 133: the main one, 7,=56 nsec,
and another, 7,=600 nsec, at the 10-15% level. The emis-
sion peak of the crystal is located at A =440 nm, i.e., in the
region of the maximum sensitivity of ordinary photomul-
tipliers. The crystal is nonhygroscopic, and its index of
refraction is n=1.85. The radiation length X;,=1.38 cm is
smaller than that of CeF;. Whereas for CeF; the attainable
length at present does not exceed 3X,, in Ref. 134 mea-
surements for a GSO:Ce crystal of length 14.2X, and di-
ameter 4.9 cm are described. This crystal in a 1-GeV elec-
tron beam had a resolution of 7% (FWHM). The e/
separation for particles analyzed according to their mo-
mentum was 1:1000 for an energy cutoff of +2¢ at the
electron peak.
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TABLE V. Pulse-height ratio (PHR), resolution for E, =662 (FWHM), pulse rise time T (10-90%),
number of unit charges produced in a 1-MeV loss (e-h pairs/MeV), and energy consumed in the
production of a unit charge in the photodiode in irradiation by y rays (E,/(e-h) pair).

T§p€ of |Height With photomultiplier With photodiode E, /(e~h)
scintillator |, mm| PHR [FWHM, %| 7 (10— | PHR | FWHM, e-h pair
90 % )uSeC % pair/ Mev

Nal(T) | 20 100 7,07 0,5 100 | 16,8 | 12300 81,0
Csi(Na) | 7 122 7,37 4 169 | 22,5 | 20900 41,9
CsI(T1) 78 5,66 4 291 | 7,64 | 35900 27,8
GSO:Ce | 10 28 1,82 0,1 47 | 29.3 5860 170,8
Cdwo, | 20 21 7,97 20 53 | 31,8 6580 152,0
BGO 10 17,5 9,05 0.8 41 | 408 5070 197.4
Ban 20 13 11,37 3

GSO:Ce surpasses all other scintillators in radiation
stability. It can operate up to doses of at least 10® rad.
However, GSO:Ce is an expensive crystal. It costs twice as
much as CeF; and BGO.

8. COMPARISON OF SCINTILLATOR
CHARACTERISTICS

The amplitude characteristics of a number of scintilla-
tors measured using the same Hamamatsu R-1306 photo-
multiplier and a silicone diode are given in Table V (Ref.
16). The area of the crystals matched the photodiode area
(1 cmz, Hamamatsu S-190-02), and their height H is given
in the table. The small dimensions of the crystals ensured
the most favorable conditions for the light yield and crystal
resolution.

Measurements were carried out with the photomulti-
plier in photodiode mode in order to determine the abso-
lute number of photoelectrons. Here the network and the
first and second dynodes were joined together and con-
nected to a charge-sensitive preamplifier. The scintillation
efficiency of NaI(T1), CsI(T1), and CsI(Na) crystals was
11.9, 12.3, and 12.7%, respectively.

The maximum amplitude of the signal from the pho-
tomultiplier was obtained for CsI(Na) and NaI(T1). How-

8

ever, the resolution of these crystals was better than that of
CsI(T1).

For E,<100 keV the best resolution was that of
CsI(Na), which was the same as that of CsI(Tl) and
Nal(TI1), as is illustrated in Fig. 24.

It can be assumed that the resolution of these crystals
for E,,> 100 keV was affected by the individual features of
the specific detectors. In fact, for example, for NaI(T1) the
resolution at 662 keV given in Ref. 7 is considerably better.
A resolution of 5.6% was obtained for a crystal of larger
size (cross section 25X 25 mm). In most cases better res-
olution with photomultipliers is still obtained by using
Nal(T1).

The advantages of the CsI(Tl) crystal are certain
when the photodetector is a solid-state photodiode. The
resolution in this case for various types of crystal is shown
in Fig. 25 (Ref. 16). A resolution of FWHM=5.6% for
662-keV y rays was obtained for CsI(T1) connected to a
photodiode. '

In Fig. 26 we show the values of the energy resolution
at different energies obtained in using a CsI(Tl) crystal
with an avalanche photodiode (APD) and silicon and
Hgl, photodiodes of area 1” X 1”, and also a NaI(TI) crys-
tal with a photomultiplier.'”® The figure shows the im-
provement of the resolution for E<1 MeV as a result of the

- ]rllll T LIEBRRELRRLL 1 LILLLRRLAL] 1 1 l:
2 [~ :
é i ] FIG. 24. Energy resolution, as a function of the photon energy,
2 T . obtained in a Hamamatsu R1306 photomultiplier with a double-
g alkali photocathode with the following crystals: (1) 10X 10X 7 mm
L = — CsI(Na); (2) 10X10%X20 mm NaI(Tl); (3) 10X10X7 mm
§§ o p CsI(T1); (4) 10X10X10 mm GsO:Ce; (5) 10X10X20 mm
g [ ] CaF,(Eu); (6) 10X10X10 mm CdWO,; (7) 10X10X 10 mm
& [ R BGO; (8) 10X10X20 mm BaF,; (9) 10X10X20 mm Csl
z - (“pure”); (10) 10X 10X20 mm Nal (“pure”); (11) 10X 10X 6
g i i mm Ne905 Li-glass scintillator (Ref. 16).
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FIG. 25. Energy resolution as a function of the photon energy, obtained
using a silicon photodiode (Hamamatsu S-1790-02) with the following
crystals: (1) 10X 10X 7 mm CsI(T1); (2) 10X 10X 7 mm CsI(Na); (3)
10X 1020 mm NaI(T1); (4) 10X 10X 10 mm GsO:Ce; (5) 10X 1020
mm CdWO,; (6) 10X 10X 10 mm BGO (Ref. 16).

introduction of amplification (APD) into the silicon pho-
todetector. However, better results at low energies are still
obtained by using other photodetectors: an Hgl, photodi-
ode and a photomultiplier. With an APD at E=662 keV
the resolution was 6.9%. The resolution for this energy
was improved to 4.4% by using an APD ,of diameter 1 cm
cooled to 260 K, which is a record result.

Beginning with energies of several MeV and higher,
the resolution still to a large extent depends on the crystal
size, owing to energy leakages to the outside. Such a char-
acteristic as the radiation length X, becomes important.
The smaller X, is, the more compact the detector. BGO
has the minimum Xj,. The value of X, is shown in Table VI
together with other characteristics of various scintillators.
Crystals of length ~20X, and above are required for elec-
tromagnetic calorimeters for £> 100 GeV. At present this
requirement is satisfied by NaI(Tl), CsI(Tl), Csl, and
BGO.

Another requirement, that of high radiation stability of
the crystal, is becoming more and more important. BGO is
better in this characteristic than cesium and sodium iodide,
but BaF, is best. The presence of a fast component in the

S0
=== 1°x1° Hgl2 RESOLUTION
~=-@-= 1"x1° PN DIODE RESOLUTION
40 ==dr:=  1°DIAMETER APD RESOLUTION

PMT/Nal RESOLUTION

RESOLUTION (%)

ENERGY (kev) '°°°
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light emission of BaF, makes it possible to obtain the same
time resolution as with a plastic scintillator, although ow-
ing to the slow component the speed of response of a de-
tector with such a crystal is small. BaF, has been widely
used up to moderately high energies.

Undoped Csl is almost as fast as plastic scintillators,
but its radiation stability is better than that of both BaF,
and BGO. The faster crystal CeFj is not as good as BaF, in
its radiation stability. The highest radiation stability is that
of the fast crystal GSO:Ce. This crystal is the most expen-
sive.

The separation of electrons and hadrons must improve
as the ratio Xo/A; decreases. It is a minimum for BGO,
compared with which this ratio for CsI is almost the same,
while for BaF, it is 40% higher.

The linearity of the light output of a crystal as a func-
tion of the energy of the recorded radiation is limited by
losses to luminescence at high ionization density. The
smallest deviation from linearity should be expected for the
largest a/f ratio. It is a maximum for cesium iodide (see
Table VII). The results of its measurement for CsI(T1)
depend, as was shown in Ref. 23, on the time constant of
the signal shaping. The a/f3 ratio decreases as this constant
increases to a value of 10 usec, at which it is =0.56, i.e.,
about the same as for CsI(Na). The characteristics of
BGO for strongly ionizing particles are close to those of
CsI(T1) (Fig. 10) (Ref. 36). The a/p ratio is considerably
smaller for BaF,.

The dependence of the light yield on the ionization
density can, in particular, be a source of nonlinearity in
electromagnetic calorimeters at superhigh energies, when a
large number of slow particles is formed.

In y spectroscopy for E, <10 MeV neutrons are usu-
ally the main background radiation. Here an important
characteristic is the cross section for thermal-neutron cap-
ture, which is given in Table VII for the basic scintillation
detectors. It is a minimum for BaF,. However, the neutron
detection mechanism in detectors is not limited to only
radiative capture of neutrons slowed to thermal energies.'*
This is particularly clearly seen with a detector based on
lead glass, for which the capture cross section is only
0.3%x107%* cm® The measurements of Ref. 137 showed

FIG. 26. Comparison of the resolution as a function of energy for
several different types of scintillation detector.'™
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TABLE VI. Properties of a number of scintillating monocrystals.

Crystals Nal(Th | Csl(1) | BGO BaF, Csl CeF, | GSO:Ce
Characteristics [15]) [15] 115} 1134) [134] 1134) “34I
Density, g/cm?® 37 | 451 | 713 4.9 4,53 6,16 | 67
Radiation length
X,, cm 2,59 | 1,86 1,12 2,1 1,86 1,7 1,38
Luminescent time,
nsec:
fast 0,6 10 30 30—60
slow 230 | 900 300 620 10°
Peak emission, nm:
fast 220 308 3715 440
slow 415 550 480 310 400
Index of refraction* 1,85 1.8 2,15 1,56 1.8 1,68 1,85
Relative light output:
fast 5 4 4—5 20
slow 100 45 | 10—20 16 4
Hygroscopicity yes |slightly| no no small no no
Radiation stability 10°
(Ref. 134), rad 10° | (14 | 10°7¢ | 10*7 | 10 {10t | 10f
Nuclear interaction
length, cm 41,3 | 36,4 23 21,4 171
Xo/A, 0.063 | 0,051 | 0,049 | 0,069
Moli¢re radius, cm 4.3 3.8 2,7 4,35 190}

Attainable length Xo

2 10—1 20 3 13
Price (Ref. 134), S ol R
$/cm? 1—2 10—12 | 7-8 1—2 10 | 20—25

*According to Ref. 67, for BaF, at A =220 nm, n = 1.63.

that for this detector the neutron detection efficiency is
close to that of scintillators. The contribution of the back-
ground radiation decreases with decreasing detector vol-
ume, which is usually specified by using the y detection
efficiency. For a given y efficiency BGO has linear dimen-
sions nearly half those of other crystals, so that the contri-
bution of the neutron background can be decreased accord-
ingly.

9. FURTHER IMPROVEMENT OF INDIVIDUAL TYPES
OF SCINTILLATOR

BGO crystals prepared using the new version of the
Bridgman technology have proved to be significantly more
stable to radiation than crystals grown by other

TABLE VII. Additional characteristics of scintillating materials.

methods.'*® The optical transmission of a crystal of dimen-
sions 2.5X2.5X1 cm after irradiation with a 130-Mrad
dose was degraded by no more than 10%. Annealing of the
crystals at 400 °C in air for two hours restored the original
transmission. The crystals remain colorless after exposure
to ultraviolet light or daylight. Meanwhile, crystals pre-
pared by other methods yellow.

As mentioned above, the BGO crystal became consid-
erably more stable to radiation when it was doped with Eu
(Ref. 121). However, then afterglow appeared (after 3
msec). The properties of BGO doped with Ce, Pr, Tb, and
Yb were studied in Ref. 139. The results were best when
the latter was used. The absorption and emission spectra of
BGO(YD) are shown in Fig. 27. Their clear separation

Crystals Nal(T) | Csl(Th | Csl(Na) | BGO | BaF,
Characteristics .
al/f 165] 0.5 0.8 0,58 0.34
0,7 [20]
o 0,56 [23)
ross section for thermal neutron
o ~ N 7.1 1,2
radiative capture( 10~ 2* cm?) by a mole- | °7 o
cule of the scintillator material. >
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FIG. 27. Absorption (1) and emission (2) spectra of BGO(Yb) (Ref.
139).

makes it possible to obtain BGO(Yb) crystals greater than
20 cm in size of practically the same transmission as
“pure” BGO. The introduction of Yb into the crystal leads
to a significant curtailing of its light emission (Fig. 28).
There is a luminescence component with 7= 16 nsec which
gives a 16% contribution for a 1% concentration of Yb
(by weight). The value of the contribution of the fast com-
ponent is correlated with the dopant concentration, but at
large concentration afterglow appears.

The BGO(YDb) crystal is distinguished by its high sta-
bility to radiation. The authors of Ref. 140 quote the same
value of allowed dose for it as for GSO:Ce, but BGO(Yb)
is considerably cheaper.

The slow component of the luminescence of BaF,
greatly restrains the use of this crystal when the radiation
flux is high, although the radiation stability of this crystal
is relatively high.

It is expected that this difficulty will be overcome by
using new photodetectors whose spectral sensitivity lies in
the ultraviolet region, not including the luminescence spec-
trum of the slow component. The technology of preparing
BaF, crystals for the purpose of increasing their length to
20X, is being perfected.

There has been considerable progress in growing CeF,
crystals of large size; their high radiation stability and op-
erating speed make them attractive for electromagnetic cal-
orimetry at modern colliders.’

It should be noted that the radiation stability of the
CeF; crystal was raised by another order of magnitude by
the introduction of BaF, (0.67%) into it (Ref. 141).
Whereas a dose of 1.2 10" rad led to an 11% decrease of
the transmission of “pure” CeF; at 1 =340 nm (the emis-
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FIG. 28. Scintillation kinetics of BGO(Yb) (lower curve) and “pure”
BGO (upper curve) (Ref. 139).
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FIG. 29. Absorption (1) and emission (2) spectra of YAIO; crystals.
The crystal thickness is 1 mm, and the temperature is 300 K (Ref. 143).

sion peak), no such decrease was observed for CeF;:BaF,.
It was small after a dose of 10® rad. Tests were performed
on samples of diameter 1 cm and thickness 5 mm.
CeF;:BaF, has a light output of 82.3% relative to “pure”
CeF; and a luminescence time of 7=28.3 nsec.

10. THE SEARCH FOR PROMISING NEW
SCINTILLATION DETECTORS

Yttrium-aluminum oxides

Y,Al;0,, crystals (garnet) and YAIO; (perovskite,
YAP) are well known in laser technology. By doping them

‘with cesium (0.1-1.0% by weight) they can be made into

scintillators. Y,Al;0;,:Ce has a light yield of the order of
4% of that of Nal(Tl), =70 nsec, and A.,,=550 nm
(Ref. 142). The light yield of YAIO;:Ce for a concentra-
tion of CeO, of 0.2% by weight is 40%, T=28 nsec,
n=1.93, and A_,,=347 nm (see Fig. 29) (Ref. 143; the
value A,,, =390 nm is quoted in Ref. 5). The luminescence
time can be decreased by another factor of two by addi-
tional doping with Yb ions (1% by weight), but here the
light yield falls to 6%. Monocrystals of high optical quality
of dimensions 8X 10X 1.5 cm have been obtained for
which the resolution at the a line of 2*Ra of energy 7687
keV is 2.5% (FWHM).

The crystals are nonhygroscopic, chemically stable,
and possess good mechanical properties. This makes it pos-
sible to prepare samples of the small thickness (50-100
um) needed for low-background a spectrometers.

A distinctive feature of YAP is the preservation of the
linear dependence of the light output on energy at large
ionization density. In the a-particle energy range 5.8-8.4
MeV the linearity was preserved within 2% (Ref. 144).

The light output also depends weakly on the cerium
concentration. As the CeO, concentration is varied from
0.1% to 1% the light output increases by 30%. The weak
dependence of the light output on the ionization density
and dopant concentration is a valuable quality of crystals,
particularly in multidetector systems. The temperature co-
efficient of YAP is 0.39%/K.

Large numbers of tiny (3X3X0.1 mm) YAP crystals
have been used to calibrate calorimeter photomultipliers
from a particles (Ref. 144). The radiation resistance of
YAP is very high, ~10® rad (Ref. 145).
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TABLE VIII. Characteristics of heavy scintillators.

Type of d, 1, , T 1, T, 1, L 1,

scintillator | g/ emil % nm .,l 2 o o
° nsec % nsec %. nsec %

BGO 7,13 100 480 300 100

Csz 6,6 13,3 420 48 29 24 28 78 43

2 (PbCOJ)—

Pb(OH.) 6.7 8,0 415 5.6 24 25 48 155 28

2

l'lfF‘ 7.1 3.7 350 29 100

PbWO. 8,2 3,6 490 2,5 25 11 29 98 46

PbCl2 S.9 28 500 29 41 20 32 179 27

szO3 9,2 0,6 350 1 100

Although the radiation length of YAP is not small
(X,=2.8 cm), owing to the relatively low effective Z the
Moliére radius determining the transverse dimensions of
the electron shower is fairly small (R,=2.8; Ref. 5). In
that study it was suggested that it may be possible to raise
the crystal density (d=5.36 g/cm?) by replacing the yt-
trium by ytterbium.

Fast, heavy scintillating materials

The properties of a series of such scintillators are given
in Table VIII (Ref. 146). Most of them have three com-
ponents of light emission, the contribution of which to the
total light output 7 is given in percent. The value of 7 itself
is given in relative units based on BGO, which is the heavi-
est of the scintillating crystals widely used at present.

The pure form of PbCO; unmixed with lead hydroxide
has 7=9% of the light output of BGO, but is an order of
magnitude faster.*” The very heavy Yb,0; crystal is faster
than plastic scintillators, but its light output is tiny. The
crystals given in the table had small dimensions. PbCl,
crystals are the least difficult to prepare, but they are also
the lightest.

A series of heavy tetrafluorides such as Zn, Zr, Hf, and
ThF,, which can operate in large radiation fluxes, is at-
tractive for electromagnetic calorimetry.’ The lumines-
cence time of, in particular, ThF, (X,=1.18 cm) is less
than 25 nsec, and its emission peaks are located at A =315,
330, and 450 nm. LiYbF (X,=1.5 cm) has the same lu-
minescence time, and its emission lies in the visible range
(Amax=450 nm).

The crystal Cdl, is interesting.'*® Its light output is
10% of the value for Nal(T1), and its luminescence time is
3 nsec. The crystal density is 5.67 g/cm?, and its radiation
stability is ~ 107 rad.

Lutetium oxyorthosilicate Lu,(SiO4)0:Ce doped with
cerium is similar to GSO:Ce in content.'*® Its characteris-
tics are d=7.4 g/cmz, Xo=1.14 cm, n=1.82, 7=40 nsec,
A=420 nm, it is nonhygroscopic, and it has a large light
output 75% compared with NaI(Tl). We see that the
characteristics are very attractive. The sizes, as for all the
other crystals described here, are still small.
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The energy resolution at the 662-keV line measured
using a LuSO:Ce crystal of dimensions 5X 5X25 mm was
12.4%. Intrinsic background of natural radioactivity at a
rate of 200 counts per second was observed below 307 keV.

Paired sodium and bismuth tungstate

The Chokhral’skii technique has been used to grow
crystals of the type NaBi(WQO,), of length 22 cm from a
WO;-B,0;-Na,0 mixture.'*® The former (NBW) has
density 7.5 g/cm3, X,=1.01 cm, and Ry,=2 cm.

Pure NBW does not scintillate and is interesting as a
Cerenkov emitter with high density and large index of re-
fraction n=1.92. A special advantage of it is its high radi-
ation stability. The optical transmission of the crystal after
irradiation with a 12-Mrad dose of y rays from %Co at
A=500 nm falls by 30%. However, a 10-minute exposure
of the crystal to ultraviolet light was sufficient to restore its
original transmission. The crystal was prepared from rela-
tively inexpensive raw material, and its melting tempera-
ture is relatively low (900 °C).

The hypothetical price of NBW is 2-3 US dollars per 1
cm®. NBW has been doped with a dopant which, according
to Ref. 140, scintillates at A.,,,=510 nm with 7=3 nsec.
The light yield of this scintillator is more than 1% of the
value for Nal(Tl). The radiation stability remained the
same as for the Cerenkov emitter.

11. OTHER INORGANIC SCINTILLATING
MONOCRYSTALS

In Figs. 24 and 25, where we give the values of the
resolutions for various crystals, below the curves for BGO
lie the curves for scintillating crystals of cadmium tung-
state (CWO for short).!’*!3! The efficiency of CWO in
recording ¥ quanta is almost the same as that of BGO, and
its light yield is as much as 0.47, [9,=1 for NaI(TI)].
However, it is much better than BGO in rate of response,
having luminescence times 7;=5 usec and 7,=20 usec. As
for BGO, the peak emission occurs at A =480 nm and the
afterglow is small. The unique property of CWO is the
nearly complete independence of the light yield of temper-
ature in the range 50-70 °C, where the temperature coeffi-
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TABLE IX. (Ref. 163). Properties of GS1 scintillating glass.

Content by weight, %

Sio, 55
MgO 24
AIZOJ 11
Li,0 6
C|203 4
Density, g/cm’ 2,64
Average index of refraction 1,586
Radiation length, cm 9,717
Nuclear interaction length, cm 37.4

dE/ dx for particles with minimum ionization, MeV/cm | 4.6

Number of photons/ keV 1,5+0.5
Luminescence time of the fast component,* nsec 5s
Wavelength for maximum emission, nn: 395
Attenuation length, cm 20

*According 1o Ref. 167, the fast component makes up only 35% of the total light and its luminescence time is

74 nsec.

cient is only 0.01%/°C. Stability to the effects of climatic
and mechanical factors is very important for using the
crystal in geophysical and logging applications.

The radiation strength of CWO is close to that of
BGO. The technology of obtaining high-transmission crys-
tals of CWO is not yet well developed, which means that
the dimensions are extremely limited ( ~25 mm).

Other scintillating tungstates of the alkali-earth metals
Ca, Zn, Mo, and Co also come in small sizes and have long
luminescence times. Of these, CaWQ, stands out as having
the maximum light yield (0.57,). Its luminescence com-
ponents lie in the range 0.5-20 usec. The maximum of the
light-emission spectrum is located at 430 nm, which well
matches the spectral sensitivity of a photodiode based on
Hgl,. A resolution of 12.5% on a 662-keV line has been
obtained by using this photodiode with a 10X 10 mm
crystal.!>?

ZnWO, has fairly high radiation stability; the param-
eters of a 1.5X 1.5X 1.5 mm crystal practically did not
change after irradiation with a 5X10° rad dose from
%Co (Ref. 153). This crystal luminesces with intensity
0.26m at A=490 nm (Ref. 154). There are three lumines-
cence components: 7;,=0.1 usec (I,=5%), 7,=3.3 usec
(I,=76%), and 13=20 usec (I3=19%).

The main area of application of tungstates is in com-
puterized tomography.

In electron detection the problem arises of their reflec-
tion upon entering denser matter. This reflection is smaller,
the lower the value of Z of the scintillator. The scintillating
crystal CaF,(Eu) is a good material in this regard. Its light
yield reaches 0.57,, the peak emission occurs at A=415
nm, 7=0.95 usec, and the afterglow is small.'* The energy
resolution, as can be seen from Fig. 24, is moderate, the
same as that of GSO:Ce. Most of the applications are for
the detection of S and low-energy ¥ and x rays.

Another fluoride, CsF, is a very fast scintillator with
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peak emission at A =390 nm. It has a luminescence time of
2.5 nsec (Ref. 69), n=(0.03-0.06)71,, and p=0.17, ac-
cording to the data of Ref. 155. A time resolution of 150
psec in the coincidence of y rays from ®*Co has been ob-
tained for this crystal.'>® However, the use of the crystal is
very limited, owing to its high hygroscopicity.

Another fast fluoride is the crystal LaF;(Nd**),
which has 7=6 nsec (Ref. 157). Its peak emission occurs
at A=173 nm and exceeds the fast component of BaF,
(Ref. 158). The crystal can be used in conjunction with a
photosensitive proportional chamber.

The LiI(Eu) monocrystal is well known as an efficient
neutron detector. Thermal neutrons interacting with ®Li
produce a particles with fixed energy 4.78 MeV and *H.
Natural lithium contains 7.5% SLi, but lithium with en-
richment by this isotope to 96% is also produced. The light
yield of the crystal is 0.357m,, and the luminescence is 0.6
usec for y rays and 1.4 usec for neutrons. The energy
resolution for the a peak is usually 4-5%. A drawback of
this crystal is its hygroscopicity.

The ZnSe(Te) and CdSe(Te) are known for the fact
that they scintillate in the largest wavelength range, which
is required for good matching to silicon photodiodes.!*®
For example, for ZnSe(Te) A=640 nm, n=0.157,, and
7=10 psec. A drawback of these crystals is their small
transmission to their intrinsic radiation, which imposes a
limit on their size. Their diode matching and small after-
glow allow them to be used in tomography and dosimetry.

A remarkable property of the ZnSe(Te) crystal is the
linearity of the light yield at large ionization density. For
this crystal the a/B ratio is unity, and for a crystal of
dimensions 10X 7 X5 mm the resolution for a particles of
241Am was 13% (Ref. 160).
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12. SCINTILLATING GLASSES

Elements such as terbium, cerium, and praseodymium
scintillate. Glass activated with oxides of these elements
becomes a scintillator.

Tb,0; emits light at A,,,=550 nm, and its absorption
and emission spectra are fairly well separated.'®! The lu-

P y 1%
minescence time is ~3 msec. Tb,O; has been used in wire
X-ray detectors.'®?

Ce,0, is faster. Its properties are listed in Table IX
(Ref. 163). The distinctive feature of this scintillator is its
high radiation stability. Even after irradiation by a dose of
10® rad the original characteristics can be completely re-
stored by annealing at 400 °C (Ref. 164). Scintillating glass
activated by Ce,0; has become interesting in connection
with the development of wire detectors for high-energy
physics (Refs. 161, 165, and 166). However, significant
afterglow has been observed in this glass after it is irradi-
ated with a large dose. Glass activated with Pr’* is even
faster.!®® The components of the light emitted from them
have a luminescence time of from 30 nsec to several mi-
croseconds. However, the light yield of glass containing
Pr’* is lower by a factor of two than that of glass contain-
ing Ce,0;. Scintillating glasses activated with terbium and
then further addition of lithium for efficient neutron detec-
tion are studied in Ref. 169. In a wire detector made from
such glass the light attenuation length was greater than 20
cm.

For electromagnetic calorimetry it is interesting to use
fluoride glasses with radiation strength higher than that of
other glasses.’ Fluoride glasses activated with Ce*t ions
scintillate with 7=16 nsec at A,,,=320 nm (for the type
HFG 320, d=5.75 g/cm3) and with 7=20 nsec at
Amax=320 nm (for the type AFG 450, d=5.75 g/cm®).
An attractive feature of glasses is their low cost.
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