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Abstract

Scintillation detectors constitute an important branch of radiation detec-
tion instrumentation. The discovery of the inorganic scintillating compound
thallium-activated sodium iodide (NaI:Tl) in 1948 was key to the production
of the first practical gamma-ray spectrometer. Since that time, numerous in-
organic scintillators have been discovered and studied. Many of the more
successful inorganic scintillators are described, including discussion of their
properties and performance, in this article.
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1. INTRODUCTION

Gamma-ray detectors have been under progressive development from the initial identification
of X-rays by Wilhelm Röntgen in 1895. The detector that was used to discover X-rays was a
plate coated with a scintillation material, barium platino-cyanide [BaPt(CN)4]. The introduction
of the first commercial photomultiplier tube (PMT) in 1941, the RCA 931A, provided a means
to effectively measure small emissions of light from scintillators. The first demonstrations of
scintillator/PMT systems were conducted with organic scintillators attached to PMTs (1). Because
organic scintillators are composed of low-Z materials, they are relatively inefficient as gamma-
ray detectors and are not considered in this review. The discovery of thallium-activated sodium
iodide (NaI:Tl) by Robert Hofstadter in 1948 led to the first efficient PMT/scintillator gamma-ray
spectrometer. Described in this short review are many inorganic scintillator materials that either
are commercially available or have reasonable potential as gamma-ray spectrometers.

2. THE SCINTILLATION PROCESS

The scintillation process is described elsewhere as consisting of five distinctive stages (2), namely

1. radiation absorption and subsequent excitation of electron-hole pairs,
2. relaxation of primary electron-hole pairs,
3. thermalization of the charge carriers,
4. energy transfer to luminescent centers, and
5. photon emission from the luminescent centers.

Usually, processes 1–3 are grouped as electron-hole production, and processes 4 and 5 are
grouped as photon emission. An ionizing particle excites multiple electron-hole pairs by various
ionizing processes, including photoionization, elastic and inelastic scattering, Coulombic scat-
tering, fission, and neutron transmutation. The initial ionizing event also produces a cascade of
delta rays, which excite more electron-hole pairs. The process by which the holes relax is either
from radiative transitions, in which an outer shell electron falls into the empty state by releasing
a photon (a characteristic X-ray), or by a nonradiative transition (i.e., Auger electron emission).
These subsequent emissions can be reabsorbed by outer shell electrons of nearby atoms, thereby
producing more electron-hole pairs.

Meanwhile, the liberated energetic electrons travel through the crystal lattice and lose en-
ergy through Coulombic interactions and, thus, liberate more electron-hole pairs. The process
continues until the resultant electrons and holes no longer have sufficient energy to produce
more ionization. Overall, electrons and holes drop to their respective band edges, electrons at the
conduction band edge and holes at the valence band edge, within approximately 10−15–10−13 s.
Excited electrons still bound to their respective holes through Coulombic forces are also formed
at this stage. This condition causes the electron-hole pair to have slightly lower energy than a free
electron-hole pair. Thus, the pair exists at an energy below the band gap energy Eg and diffuses
together as an electrical neutral quasi-particle termed an exciton.

Inorganic scintillators depend primarily on the crystalline energy band structure of the material
for the scintillation mechanism. Figure 1 shows an energy band diagram for a typical inorganic
scintillator. If a radiation particle interacts in the scintillation material, it can excite numerous
electrons from the valence and lower-bound bands up into the conduction bands (see Figure 1a).
These electrons rapidly lose energy and fall to the conduction band edge EC. As they deexcite
and drop back into the valence band, they can lose energy through light emissions. If the radiated
energy is equivalent to Eg, the radiated photons can be reabsorbed, and the scintillator is essentially
opaque to its own emissions.
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Figure 1
Two basic methods by which an inorganic scintillator produces light: (a) the intrinsic case and (b) the
extrinsic case. The colored arrows represent photon emissions of different wavelengths from the intrinsic
(left) and extrinsic (right) cases. The activated extrinsic case generally has longer wavelength (lower energy)
emissions than the intrinsic case. Abbreviations: EC, conduction band edge; Eg, band gap energy; Et0,
activator ground state; Et1a, activator excited state; Et1b, activator excited state; EV, valence band edge.

An impurity added to the crystal can introduce allowed states in the band gap (depicted in
Figure 1b), termed an activated scintillator. The excitation process remains similar to that of
the intrinsic case. However, a significant fraction of electrons can fall into the activator excited
state. Transitions to the activator ground state release sub-band-gap photon energies and avoid
reabsorption. There are exceptions in which intrinsic scintillators work well without activators;
examples are bismuth germanate (Bi4Ge3O12 or BGO) and barium fluoride (BaF2).

The light emission spectrum is dependent on the activator choice and is usually spread over a
continuum of energies. The coordinate configuration diagram of Figure 2 can be used to explain
the emission spectrum. An electron can be excited to point B by excitation from point A, can
be captured from the conduction band, or can experience exciton capture. The transition causes
thermal motion and vibrational states to appear, represented as horizontal lines in Figure 2. Both
the spatial occupancy and the electron wave function change with this transition to the excited
state, and the spatial position of lowest energy changes from A to Qe0. The electron rapidly loses
energy and moves to location C and can drop to location E, releasing a photon. The electron
thermally loses energy and returns to location A.
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Figure 2
Configuration coordinate diagram depicting Stokes shift luminescence and a form of nonradiative deexcitation. The ordinate is energy
E, and the abscissa is the average distance Q between the luminescent center and surrounding ions. Definitions: e, excited state; E0,
energy difference between lowest excited state and lowest ground state; E1, excitation energy from ground state to excited state; E2,
energy difference between upper and lower excited vibrational states; g, ground state; hνin, absorbed photon energy; hνout, emitted
photon energy; �ω, vibrational state energy; S, number of vibrational states; S�ω, total energy of vibrational states; �, interatomic
displacement of excited electron; λmax1, most probable absorption wavelength; λmax2, most probable emission wavelength.

The excitation energy (A → B) is larger than the emission energy (C → E). This change
causes the resultant absorption spectrum of a luminescent center to be different from the emission
spectrum because the absorption spectrum is centered about shorter wavelengths than is the
centroid of the emission wavelengths. This shift in wavelength is known as the Stokes shift:

�λ = λmaxE − λmaxA. 1.

If the Stokes shift is adequately large, photon emissions have too little energy to be reabsorbed by
the scintillation crystal or other luminescent centers.

At a given temperature T , the emission probability can be modeled as a Gaussian distribution
(3)

W (�ω) = 1√
2πσ

exp
[−[(1 + S)�ω − E0)]2

2σ 2

]
, 2.

where S is the number of vibration states for the transition C → E → A, �ω is the phonon energy,
E0 is the energy difference between the excited state minimum and the ground state minimum,
and � is the reduced Planck constant. If the vibrational mode angular frequencies are identical for
the excited and ground states, then the variance as a function of temperature is

[σ (T)]2 ≈ 2SgkT�ω, 3.

which defines the spectral broadening of the emission spectrum, w = 2.355σe, where k is
Boltzmann’s constant. From Equation 3, it is observed that the variance of the emission spec-
trum increases with Sg, ω, and the absolute temperature T .

The potential energy curves depicted in Figure 2 often intersect or come close along the Q
direction, represented as points D and D ′. With thermal agitation, the electron can move directly
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Figure 3
The emission spectra from several popular inorganic scintillators. Also shown is an overlaying sensitivity
comparison to the normalized responses of two common photomultiplier tubes (PMTs) (K-bialkali and
S-11). Abbreviations: BGO, Bi4Ge3O12; LSO, Lu2SiO5. Scintillation spectral response data from
References 4–6. PMT response data from Reference 7.

to the ground state without releasing a photon. The excess energy is lost to phonon emission and
does not contribute to the fluorescent light yield (thermal quenching).

Delayed emissions can occur if electrons fall into metastable states with forbidden ground
transitions. Thermal energy from the ambient environment may reexcite the electrons to allowed
transitions, but the return to allowed transitions is usually delayed beyond several decay times for
fluorescent photons. These delayed photon emissions are termed phosphorescence or afterglow.
These afterglow light emissions can be detected, but the time delay decouples their correlation
with the original radiation absorption event.

3. THE SCINTILLATION DETECTOR

For the best results, the scintillation spectra and light sensor response should be matched. The
most common device used to detect the relatively low light emissions from a scintillator is a PMT.
Figure 3 shows numerous emission spectra from common scintillators, along with two comparison
responses of two common PMTs.

A typical scintillation spectrometer consists of a hermetically sealed scintillator in a light-
reflecting canister. An optical compound between the scintillator and light collector reduces
reflective losses. The light collector is used to provide a linear voltage output as an indication
of the radiation energy spectrum deposited in the scintillator. Commercial detectors are typ-
ically sold as a single complete unit (depicted in Figure 4), although individual parts can be
acquired separately. The device is connected to a readout system, typically a multichannel ana-
lyzer that is used to collect and organize voltage pulses into a histogram as a function of pulse
magnitude.
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Figure 4
The basic construction of a scintillation detector. A scintillation photon that strikes the photocathode creates
a photoelectron. The photoelectron is accelerated and guided to the first dynode by an electric field, where it
strikes the dynode and ejects more electrons. These electrons are accelerated to the next dynode and excite
more electrons. The process continues through the dynode chain until the cascade of electrons is collected at
the anode, whose output current is used to produce a voltage pulse.

3.1. The Photomultiplier Tube

The PMT includes (a) a transparent envelope, usually glass; (b) a photocathode; (c) a series of
dynodes; and (d ) an anode. The basic PMT, depicted in Figure 4, has a photocathode that
is located to absorb light emissions from the scintillator. Photons that strike the photocath-
ode excite electrons that can diffuse to the vacuum surface of the PMT; some of the electrons
that diffuse to the vacuum interface retain sufficient energy to escape into the vacuum tube.
Photocathodes are generally fabricated from alkaline metals, which are most sensitive to light
with wavelengths in the 350–450-nm range. Under some circumstances, PMTs can be used
by scintillators emitting light outside this range, although their effectiveness may be severely
compromised.

A steering voltage guides the free electrons to an adjacent electrode termed a dynode. The
kinetic energy liberates more electrons from the dynode, and these newly liberated electrons are
then guided by the electric field to the next dynode and so on. The total charge released in the
PMT is

Q = qN̄ p̄Ḡ = qN 0

M∏
i=1

ḡi , 4.

where N̄ is the average scintillation light yield at a particular energy, p̄ is the conversion or transfer
efficiency of these photons into photoelectrons at the photocathode, Ḡ is the overall average total
PMT gain, q is the charge of an electron, N0 is the initial number of photoelectrons released
at the photocathode, ḡi is the average number of electrons released per dynode (the gain), and
M is the total number of dynodes. It is this electrical signal, converted to a voltage pulse, that
is measured. A PMT with 10 dynodes, each having ḡi = 4, can produce 109 electrons from the
initial release of only 1,000 electrons (N0) at the photocathode. Hence, the PMT transforms a
small amount of light into a large electrical signal. PMTs are stable and electronically quiet (low
noise). Modern varieties have exceptional photocathode and dynode efficiencies, often referred to
as quantum efficiencies, with gains that can exceed 30 per surface.
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3.2. The Silicon Photomultiplier

The silicon photomultiplier (SiPM) has become available and in some cases is replacing the
traditional PMT. For any pn junction operated with a reverse bias voltage, there is a voltage at
which the junction freely conducts current, a condition termed avalanche breakdown. After the
avalanche is triggered, the self-sustained current continues to flow unless quenched. Quenching
can be accomplished with a load resistor in series with the pn junction diode. As current increases,
the voltage increases across the resistor, causing the voltage to decrease across the diode. When
the voltage on the diode drops below a critical value, the avalanching stops. Avalanche photodiodes
(APDs) designed and operated in this mode are often said to operate in so-called Geiger mode
(8). SiPMs use this breakdown condition with thousands of tiny APDs arranged into a compact
array on the order of 6 mm × 6 mm total size (or less).

A scintillator may be fastened to the SiPM face, and light from radiation interactions within
the scintillator triggers the APDs. Each APD provides information that is ultimately limited to
recognizing the excitation of an electron-hole pair within the sensitive region. Each APD pixel
produces an avalanche of relatively the same magnitude per event. Hence, the total photon count
can be determined by dividing the total measured charge by the avalanche gain. When all currents
(or charges) from each APD are added together, a SiPM can provide >109 free electrons per
event.

A particular advantage of SiPMs is the high quantum efficiency of Si for photons with wave-
lengths between 350 nm and 950 nm. The photon detection efficiency of a SiPM can be much
higher than that of a common PMT. However, many commercial SiPM units are designed with
peak sensitivity near 420 nm, similar to conventional bialkali PMTs. SiPMs are compact and
rugged—perhaps some of their most useful features. They need only modest power, usually re-
quiring no more than a few tens of volts for operation. SiPMs are also insensitive to magnetic
fields, thereby making them an attractive choice for applications in areas where high magnetic
fields may arise.

3.3. Energy Resolution

The energy resolution of a radiation spectrometer is defined as the full width of the spectroscopic
energy peak (usually �E) at half the maximum intensity (FWHM). The energy resolution from
scintillators is traditionally reported in terms of percent of the most probable energy (the mode)
in the pulse height spectrum,

R% = 100
(

FWHM
Emax

)
. 5.

The minimum value of the FWHM can be modeled, to a first approximation, with Poisson
statistics; i.e.,

FWHM = 2
√

2 ln(2)var(E), 6.

where var(E) is the variance of the full energy peak in the pulse height spectrum. Figure 5 depicts
a FWHM in an example gamma-ray pulse height spectrum taken with a NaI:Tl detector. If the
scintillator is coupled to a PMT light detector, the light collected is converted to an electron
signal. Hence, the variance in the number of electrons collected by the PMT is a measure of the
variance of the pulse height spectrum, or

√
var(E)/Emax ≈ √

var(Q)/Qmax. The fractional variance
in electrons collected by the PMT can be expressed as

v(Q) = var(Q)
Q̄2

=
[

var(N )
N̄ 2

− 1
N̄

] [
1 + var(p)

p̄2

]
+ var(p)

p̄2
+ Ḡ2 + var(G)

Ḡ2N̄ p̄
, 7.
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Figure 5
Pulse height spectrum of 22Na taken with a 2 × 2 inch NaI:Tl detector. Abbreviation: FWHM, full width at
half-maximum.

where var(N) is the variance in the number of scintillation photons, var(p) is the transfer variance,
and var(G) is the variance in the PMT gain (see References 9 and 10). For an ideal scintillator
based on Poisson statistics, var(N ) = N̄ and var(p) = 0. Consequently, Equation 7 reduces to

v(Q) ≈ 1 + var(G)/Ḡ2

N̄ p̄
, 8.

where the product N̄ p̄ represents the number of photoelectrons produced. Values for var(G)/Ḡ2

are usually between 0.1 and 0.2 (11). The ideal best energy resolution of a scintillation detector
becomes

FWHM ≈ 2
√

2 ln(2)

√
1 + 0.1

N̄ p̄
= 2.355

√
1 + 0.1

N̄ p̄
. 9.

This ideal energy resolution is plotted as a solid line in Figure 6 and is compared to measured
values of many common inorganic scintillators. Almost all scintillators shown in Figure 6 fall
short of the predicted ideal energy resolution. Factors that broaden energy resolution include
nonproportional light yield, poor light reflection in the encapsulate, crystal transparency and
imperfections, and index-of-refraction mismatch.

3.4. Light Yield

The absolute light yield is the total number of fluorescent photons released per unit absorbed
energy, typically reported as photons per megaelectron volt. The absolute light yield is usually
reported for a specific energy, although a multitude of gamma-ray energies may be used for
calibration (see Reference 14). For statistical reasons, a high absolute light yield is desirable for
good gamma-ray energy resolution. Absolute light yields of several common inorganic scintillators
are listed in Table 1. The relative light yield is the number of photons emitted per unit energy
at different energies, usually normalized at a specific energy. Recent works normalize the relative
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Photoelectron yield at 662 keV
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Figure 6
Measured energy resolution for several inorganic scintillating materials. Also shown is the theoretical
limiting energy resolution. Abbreviations: BGO, Bi4Ge3O12; FWHM, full width at half-maximum; GSO,
Gd2SiO5; LSO, Lu2SiO5. Adapted from Reference 11 with permission.

light yield at 450 keV (15–17). The relative light yield is a measure of the fluorescent linearity to
absorbed energy. Ideally, the relative light yield should be constant across all energies; however,
several physical factors cause deviation (18).

Although the cause of nonlinear light yield is not fully understood, progress has been made
in recent years with predictive modeling (17, 19, 20). An important factor affecting nonpropor-
tionality is the ionization density produced by an interacting charged particle (electron). From
the Bethe-Bloche expression for electron energy loss in matter, the ionization density increases
as the electron velocity (or energy) decreases. For most scintillators, there is a notable decrease in
relative light yield in the low-energy region (as shown in Figures 7 and 8), which indicates that
light yield for these scintillators decreases as ionization density increases. However, for several
alkali-metal/halogen scintillators, there is a notable decrease in light yield also in the high-energy
region (see Figure 7), an indication that the relative light yield is decreasing for low ionization
densities. This ionization density is dependent upon the initial excitation energy of the ejected
electron produced by Compton scattering, pair production, or the photoelectric effect. Further-
more, the deexcitation processes, radiative or nonradiative, are also dependent on the incident
particle energy. Numerous models are proposed to predict or explain the relative light yield of
inorganic scintillators (20).

The minimalist model seeks to explain nonproportionality as losses from collisions between
excitons, where one exciton pair becomes an electron-hole pair that deexcites by nonradiative
transitions while the other exciton is preserved. The probability of this event increases with the
square of the charge carrier density and becomes dominant at low energies. At higher energies,
the electron and hole densities are lower and spatially separated. Electrons and holes within the
Onsager radius RO can form mobile excitons.1 On the basis of the nonlinear behavior described

1The Onsager radius is the physical distance between an electron and a hole, where the electrostatic energy equals the thermal
energy, i.e., q 2/(εRO) = kT , where ε is the dielectric constant and q is the unit electronic charge. At R < RO, the electron
(or hole) cannot escape from the Coulombic force field (19).
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Table 1 Common inorganic scintillator materials and properties

Scintillator
Density
(g/cm3) Z

Refractive
index

(at λmax)
λmax

(nm)
Decay time

(ns)
Light yield

(photons/MeV)

Bialkali PMT
response WRT

NaI:Tl

CsI (fast) 4.51 55, 53 1.95 315 16 2,000 0.04–0.06
CsI (slow) 4.51 55, 53 1.95 450 1,000 ∼200 ND
CsI:Na 4.51 55, 53 1.84 420 460, 630,

1,800
41,000–49,000 0.85

CsI:Tl 4.51 55, 53 1.79 550 600, 3,500 54,000–61,000 0.45
LiI:Eu 4.08 3, 53 1.96 475 1,400 15,000 0.35
NaI:Tl 3.67 11, 53 1.82 415 230 43,000 1.00

BaF2 (fast) 4.88 56, 9 1.54 220 0.6–0.8 1,800 0.03
BaF2 (slow) 4.88 56, 9 1.5 310 630 10,000 0.16
CaF2:Eu 3.18 20, 9 1.44 435 900 24,000 0.50
CaI2 3.96 20, 53 1.8 410 550 86,000 ND
CaI2:Eu 3.96 20, 53 1.8 470 790 86,000 ND
CaWO4 6.1 20, 74, 8 1.94 425 8,000 ∼20,000 ND
SrI2:Eu 4.55 38, 53 1.85 435 1,200 115,000 ND

CdWO4 7.90 48, 74, 8 2.30 470 14,000 ∼1,350 0.3–0.5
YAlO3:Ce 5.35 39, 13, 8 1.95 370 27 18,000 0.45
Y3Al5O12:Ce 4.55 39, 13, 8 1.82 550 88, 302 17,000 0.50
Y2SiO5:Ce 4.45 39, 14, 8 1.8 420 56 24,000 ND
ZnS:Ag 4.09 30, 16 2.36 450 110 50,000 1.3

Bi4Ge3O12 7.13 83, 32, 8 2.15 480 300 8,200 0.13

CeBr3 5.2 58, 35 2.09 371 17 68,000 ND
Gd2SiO5 6.71 64, 14, 8 1.85 440 56, 400 9,000 0.20
LaCl3:Ce 3.86 57, 17 2.05 350 28 49,000 0.70–0.90
LaBr3:Ce 5.29 57, 35 2.05 380 16 63,000 1.65
LuAlO3:Ce 8.34 71, 13, 8 1.94 365 16.5, 74 11,400 ND
Lu3Al5O12:Pr 6.71 71, 13, 8 1.84 310 20–22 ∼18,000 ND
Lu2SiO5:Ce 7.4 71, 14, 8 1.82 420 47 25,000 0.75
Lu1.8Y0.2SiO5:Ce 7.1 71, 39, 14, 8 1.82 420 41 32,000 0.75

Cs2LiYCl6 3.31 55, 3, 39, 17 1.81 305 6, 600 6,535, 22,420 ND
Cs2LiYCl6:Ce 3.31 55, 3, 39, 17 1.81 372, 400 600, 6,000 9,565, 18,400 ND
Cs2LiLaBr6:Ce 4.2 55, 3, 57, 35 1.85 420 180, 1,100 43,000 1.15

Li glass:Ce 2.5 NA 1.55 395 (n) 18, 57 ∼4,650 ∼0.12
(α) 16, 49
(β) 20, 58

Tb glass 3.0–3.52 NA 1.5–1.62 550 3–5 ms 13,000–50,000 ND

Abbreviations: NA, not applicable; ND, no data; PMT, photomultiplier tube; WRT, with respect to. Data from References 6, 13, 21–35, and 138.

by Birks (9), the light yield thus becomes

L =
1 − ηeh exp

[
− dE/dx

(dE/dx)RO

]

1 + kB
dE
dx

, 10.

where ηeh is the fraction of electrons and holes that do not form excitons; (dE/dx) is the ionization
density; (dE/dx)RO is the linear energy loss, where the average electron-hole spacing is RO; and
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Figure 7
Relative light yield for several inorganic scintillating materials, normalized at 440 keV. Abbreviations: BGO,
Bi4Ge3O12; LSO, Lu2SiO5:Ce; YAP, YAlO3:Ce. Data are from Reference 15 and are reproduced with
permission.

kB is the quenching parameter described by Birks (9). Payne et al. (17) successfully apply Equation
10 to model numerous scintillator materials. Not based on first principles, the minimalist model
is nonpredictive and more akin to an empirical data curve fitting.

The kinetic model includes known phenomena, including trap-assisted radiative emission
charge carrier reduction from recombination, that affect scintillation yield but that are disregarded
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Figure 8
Relative light yield for several inorganic scintillating materials, normalized at 450 keV. Abbreviation: LuAG,
Lu3Al5O12:Pr. Data are from References 16 and 17 and are reproduced with permission.
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Figure 9
Measured relative light yield at low electron energy for several common scintillators compared to the
predicted results from a diffusion model. The responses are shown as functions of diffusion coefficients. The
term (1 − QF) is the fraction of carriers that survive at least 10 ps after the charge cloud is formed. CdTe and
HPGe are semiconductors, and the measured metric is the charge carrier collection efficiency.
Abbreviations: BGO, Bi4Ge3O12; Deff , diffusion coefficient; HPGe, high-purity Ge; LSO, Lu2SiO5:Ce;
LuAG, Lu3Al5O12:Ce, LuAP, LuAlO3:Ce; QF, quenched fraction; YAG, Y3Al5O12:Ce; YAP, YAlO3:Ce;
YSO, Y2SiO5:Ce. Adapted from Reference 36 with permission.

in the minimalist model. Through either rigorous mathematical rate equations or Monte-Carlo
techniques, these kinetic models attempt to track changes in the electron-hole-exciton cloud as a
function of time. Although such models are complicated, the stated advantage is insight into the
scintillation mechanism (20).

The diffusion model includes the effect of electron and hole mobility and ambipolar diffusion
of excitons, and it can be used to modify the kinetic model. The model has at least three major
implications (20). First, if one charge carrier type diffuses much faster than the other, then the
charge carriers become physically separated, and recombination significantly decreases. Second,
for materials with similar electron and hole diffusion coefficients, both carriers diffuse with similar
spatial distributions, thereby producing a high light yield by efficient recombination. Third, charge
carriers and excitons with high mobilities rapidly separate, diminishing the carrier density and re-
ducing quenching losses. Consequently, scintillation materials with high charge carrier mobilities
are expected to have proportional light output, while the opposite is the case for materials with low
charge carrier mobilities. The diffusion model has been successfully used to predict luminosity
from several common scintillators (36). Figure 9 shows a comparison of empirical measurements
of proportionality with the diffusion model predictions.

A scintillator is said to have a linear response if the light yield scales as

〈N〉 = k1 E + b , 11.

where 〈N〉 is the mean number of information carriers, E is the absorbed radiation energy, k1

is a proportionality constant, and b is a constant. For scintillators, 〈N 〉 is the average number of
photons produced per event at energy E. In such a case, the scaling of a scintillator is predictable,
but the average energy needed to produce a photon is a function of energy and is not constant.
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If the constant b is zero, the scintillator is said to have a proportional response, in which case
w = E/〈N〉 is constant. Regardless of the value of b , the differential change in information
carriers per differential change in energy is constant, or d〈N〉/dE is constant for both linear and
proportional responses.

Nonlinear (or nonproportional) light yield response as a function of energy complicates energy
calibration (18). Ideally, the relative light yield should be constant, or at least proportional, for all
energies. Consequently, spectral features do not appear in channels predicted with a linear formula.
Predictive modeling can be used to develop a reasonably accurate scaled response. Large deviations
in relative light yield as a function of energy adversely affect the resolution by increasing statistical
spread in the photon yield (37). Two factors identified by Valentine et al. (37) that contribute to
energy resolution broadening are (a) multiple interaction events resulting in one or more energetic
primary electrons prior to photoelectric absorption and (b) the resulting electron cascade sequence
that follows photoelectric absorption that produces Auger electrons and X-ray emissions.

3.5. Decay Time and Pulse Formation

Suppose that a radiation particle interacts in a material and excites N ∗ electron-hole pairs. Of
these N ∗ electrons, an average fraction of electrons fall into luminescent centers, represented by
N = f N ∗, where the probability λr of falling into a luminescent center is related to the rise time
by λr = 1/τr. The luminescent center population Nc(t) immediately after a radiation interaction
is

Nc(t) = N
τd

τr − τd

(
e−t/τr − e−t/τd

)
, 12.

where τd is the decay time of the luminescent center. The light emission rate, in photons per unit
time, is expressed as a function of the decay time,

L(t) = Nc(t)
τd

= N
τr − τd

(
e−t/τr − e−t/τd

)
. 13.

If the population rise time is extremely short (less than or equal to a few nanoseconds), which it
usually is, then Equation 13 reduces to

L(t) 
 N
τd

(
e−t/τd

)
. 14.

The solution of Equation 13 is derived with the assumption that a single decay time can adequately
represent the light emission rate of a scintillation material. The decay times listed in Table 1
are average values obtained from experiment. Many luminescent states may play a part in the
emission sequence. These decay times for separate energy levels are often similar enough that an
average decay time adequately defines the light emission behavior. However, many scintillators
have multiple decay times that are notably different. Some scintillators also have different emission
wavelengths. In Table 1, CsI:Na, CsI:Tl, and BaF2 are examples of scintillators with multiple decay
times. In fact, there is a significant difference in the decay times and the maximum wavelengths
λmax for BaF2 emissions.

3.6. Thermal Properties

From Figure 2 and the explanation offered in Section 2, scintillation light yield at high tem-
peratures (>100◦C) generally results in a reduction in light yield. One cause of the reduction
is the increased numbers of excited electrons lost from direct transfer from the excited state to
the ground state (38). Another source of a decrease in the maximum light yield is the increase
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Figure 10
The light output, normalized at the maximum for τ = 1 µs, as a function of temperature for several common
inorganic scintillators. The light output data for NaI:Tl, Bi4Ge3O12 (BGO), and LaCl3 are normalized for
data measured with a 1-µs shaping time, and comparison data are provided at longer shaping times. Data are
from References 4 and 6.

in σe(T) with increasing temperature, shown in Equation 3. This increase in σe(T) spreads the
light emission over more wavelengths and reduces the light yield at λmax. Consequently, photon
reabsorption with defects increases along with losses from increased wavelength mismatch with
the light sensor.

There is a notable decrease in light yield for many scintillators at low temperatures, particularly
below room temperature; this decrease is believed to be a consequence of lengthening the primary
decay constant. If the time constant of a light sensor is not lengthened to match the relative
increase in τ , then an increased number of luminescent photons is not recorded. As Figure 10
shows, the light output of many common scintillators appears to decrease with lower temperature;
however, changing the integration time of the light-sensing system works to include previously
lost photons, thereby increasing the relative light yield. Examples of such scintillators include
BGO, NaI:Tl, and LaCl3:Ce. Scintillators with relatively flat thermal response over a broad range
of energies include LaBr3:Ce and BaF2 (220-nm emission).

3.7. Fracture Resistance

Fracture resistance is a measure of a scintillation crystal’s ability to withstand shock. Many of
the alkali-metal halide and lanthanide halide scintillators are soft and extremely fragile and crack
under modest exposure to shock. For instance, both NaI and CsI are listed as 2 on the Moh
hardness scale,2 an indicator of resistance to fracture and plastic deformation. NaI is fragile and
cracks easily, while CsI is pliable and can withstand more shock. Packaging improvements, which
have internal shock resistant buffer regions, have allowed many of these delicate crystals to be

2This hardness scale, still used today, was initially developed in 1812 by Friedrich Moh, who compared materials to ten
commonly available minerals used as standards. The scale ranges from 1 to 10, with talc rated as 1 and diamond as 10. This
scale is neither linear nor logarithmic but is ordinal and somewhat arbitrary in designation.
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used in rough environments such as oil well logging. Oxide-based scintillators tend to be more
resilient to shock than are alkali halides and offer a solution for measurements conducted in rough
environments. Some oxide-based scintillators, such as Y3Al5O12 (YAG) (8.5) and YAlO3 (YAP)
(8.6), have high Moh hardness values.

3.8. Moisture Resistance

Many of the alkali-metal halide and lanthanide halide scintillators are chemically unstable in
a humid environment and require handling in special dry rooms during the cutting and pack-
aging process. Furthermore, these hygroscopic crystals must be hermetically sealed in airtight
containers to prevent decomposition. Otherwise they may absorb water moisture, which causes
them to change color and/or decompose. The alkali-metal halides NaI:Tl and LiI:Tl are very
hygroscopic and are ruined if exposed to humidity. The same is true for the lanthanide halides
LaBr3:Ce, LaCl3:Ce, and CeBr3. CsI:Na is also hygroscopic; however, pure CsI and CsI:Tl are only
slightly hygroscopic. Oxide-based scintillators, along with the alkali-earth halides, are generally not
hygroscopic.

3.9. Optical Clarity and Index of Refraction

Scintillators should be transparent to luminescent photons; otherwise they are reabsorbed and
undetectable. The optical attenuation coefficient is defined as the distance that a packet of photons
reaches with an absorption loss of 1−e−1 (63.21%). A large Stokes shift assists in optical clarity. The
index of refraction is the ratio of light speed in vacuum to light speed in the medium (n = c/v).
This ratio changes with light wavelength; hence the important value is the index of refraction
at the most probable emission wavelength λmax. This index of refraction n should be close to
that of the light-sensing instrument for good coupling and light transmission. For typical glass
windows, n ≤ 1.5 is best. For a scintillation crystal placed directly upon the light sensor surface,
there is an air gap (n = 1) between the two surfaces. A thin layer of optical coupling compound,
usually with 1.4 ≤ n ≤ 1.5, is applied between the surfaces to eliminate the air gap. For severely
mismatched indices of refraction, the coupling compound refractive index should be the geometric
mean of the two materials.

3.10. Radiation Absorption Efficiency

The radiation absorption efficiency is a strong function of the atomic number and material den-
sity. For gamma-ray detection, the three most important radiation interactions are photoelectric
absorption, Compton scattering, and pair production. For these three interactions, high Z values
produce more efficient results than do low Z values. Some materials may have one moderately
high-Z element and other low-Z elements. Yet the concentration of high-Z elements largely
determines the absorption coefficient.

The exponential attenuation of uncollided gamma rays entering a scintillating crystal is given
by

I (x) = Ioe−μt (E)x , 15.

where Io is the initial gamma-ray intensity intersecting the material surface and x is the distance
into the crystal material. The total interaction coefficient is given by

μt(E) =
∑

μi (E) ≈ μpe + μcs + μpp, 16.
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Figure 11
Gamma-ray linear attenuation coefficients for some common alkali-halide and elpasolite scintillators relative
to NaI. Abbreviation: CLYC, Cs2LiYCl6. Data are from Reference 39.

where the subscripts pe, cs, and pp refer to photoelectric, Compton scattering, and pair production,
respectively. Other gamma-ray interactions are possible but are less important to general gamma-
ray detection. In the detector community, the ratio I (x)/Io is termed the interaction efficiency and
is the probability that a photon interacts in some manner in the material while traveling a distance
x in it. The interaction coefficients for numerous popular inorganic scintillators are graphed in
Figures 11, 12, and 13. In Figures 11–13, the interaction coefficients are separated into the
contributions from photoelectric, Compton scattering, and pair production.
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Figure 12
Gamma-ray linear attenuation coefficients for some common scintillators relative to NaI. Data are from
Reference 39.
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Figure 13
Gamma-ray linear attenuation coefficients for some common scintillators relative to NaI. Data are from
Reference 39. Abbreviations: BGO, Bi4Ge3O12; GSO, Gd2SiO5; LSO, Lu2SiO5.

The interaction efficiency describes the probability of an interaction, and not the amount of
energy absorbed. While photoelectric interactions result in complete photon energy absorption,
Compton scattering physically cannot. Usually, multiple Compton scatters and eventual photo-
electric absorption must occur for full energy absorption of photons above where μpe ≈ μcs.
Pair production results in the eventual emission of two 511-keV photons, which may escape the
detector. Hence, the absorption efficiency describes the probability of a photon interaction, and
not the probability that gamma rays are fully absorbed.

4. SCINTILLATOR MATERIALS FOR GAMMA-RAY SPECTROSCOPY

After more than 120 years of exploration for different scintillators, several hundreds have been
identified. For example, tables of scintillators numbering in the hundreds, still incomplete, can be
found in the literature (40, 41). It is beyond the scope of the present text to be all inclusive of this
extensive list of scintillators, and the author limits the following descriptions to those scintillators
that have either proven applications or historical significance or that show potential as scintillators
for new applications. For the sake of brevity, information already outlined in Table 1 is not
repeated in the following sections. However, some discussion on the special properties of some
interesting and common scintillators follows.

4.1. Alkali-Metal Halides

The alkali-metal halides are scintillators consisting of one element from Group 1 (or group I) and
another element from Group 17 (or group VII) in the periodic chart of elements. Scintillators of
this type were some of the first bright inorganic scintillators to be discovered, including NaI:Tl.

4.1.1. Sodium iodide (NaI, NaI:Tl). The most widely used inorganic scintillator is NaI:Tl. The
notation :Tl indicates that the NaI crystal has been doped with the activator Tl. It is one of the
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brightest scintillators available, has acceptably good light yield proportionality, and can be grown
in large sections. NaI:Tl was first reported by Hofstadter (42), who initially prepared a powder
sample of material with thallium added to the mixture that produced scintillation light when
exposed to alpha particles. The sample was found to be hygroscopic, turning yellow within a few
hours when exposed to room air. He then produced tiny NaI:Tl crystals (approximately 1–2 mm
in size) in an evacuated ampoule. These crystals proved to be brighter than other scintillating
materials known at the time.

The emission spectrum from NaI:Tl matches well to the spectra of common K-bialkali and
S-11 commercial PMTs. NaI:Tl shows nonproportional light yield in the low-energy region,
below 200 keV, which consequently compromises spectroscopic performance. Regardless, NaI:Tl
performs adequately well as a general-use gamma-ray spectrometer. The relatively long decay
time generally precludes it from being a candidate for fast timing measurements.

NaI:Tl has a slow 150-ms phosphorescent component, contributing approximately 9% of the
photoelectron yield (43). The emission rate is relatively low but usually does not interfere with
low activity measurements, mainly because the low emission rate of phosphorescence produces
low-pulse-height events easily rejected by a discriminator. This phosphorescent yield becomes
important for high gamma-ray interaction rates, during which it can become a steady source of
background noise termed afterglow.

NaI:Tl is available in many different sizes, ranging from cylinders that are only 0.5 inches in
diameter to sheets almost a meter in diameter. The most preferred radiation detector geometry
remains the 3 × 3 inch right circular cylinder. It is the most characterized NaI:Tl detector size
with extensive efficiency data in the literature. Furthermore, it is the standard by which all other
inorganic scintillators are measured.

NaI:Tl is widely used to measure X-rays and gamma rays because of its high efficiency for
electromagnetic radiation, mainly due to the high interaction efficiency of iodine. NaI:Tl detectors
do not require cooling during operation and can be used in a great variety of applications. The bare
NaI:Tl crystal is hygroscopic and fragile. However, when NaI:Tl crystals are properly packaged
in ruggedized containers, field applications are possible, and NaI:Tl detectors can operate over a
long time period in warm and humid environments, resist a reasonable level of mechanical shock,
and are resistant to radiation damage.

Pure NaI also produces scintillation light without the assistance of activator dopants. At room
temperature, the light yield of pure NaI is low, having less than 2% energy conversion efficiency
with a most probable emission wavelength of λmax around 310 nm (44, 45). Measurements by
Moszyński et al. (46) at room temperature show a release of 1,000 photoelectrons/MeV for a
bialkali-type PMT (47). The decay constant is substantially smaller for pure NaI than for NaI:Tl,
being less than 20 ns at room temperature. At cryogenic temperatures, the light yield increases
tremendously up to 25% energy conversion efficiency, a yield of between 44,000 and 63,000
photons per megaelectron volt with a maximum light emission at approximately 77 K (45, 48).
This trend of increased light yield with reduced temperature is observed for the entire family of
pure alkali-metal/iodine scintillators (49).

Problems with operating scintillators coupled to PMTs at low temperature (45) include inef-
ficient cooling of the PMT, property changes in coupling compounds at cryogenic temperatures,
and scintillator self-absorption losses. At least one of these problems is addressed by coupling pure
NaI to a photodiode instead of attaching the crystal to a PMT (47, 48).

4.1.2. Cesium iodide (CsI, CsI:Tl, CsI:Na). CsI:Tl is slightly hygroscopic and is much more
resilient than NaI:Tl. CsI:Tl can be machined (to some extent), and it has significantly fewer
problems with shock and fracturing. Thin sheets of CsI:Tl are slightly malleable and can be
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formed over curved surfaces. With constituent elements Cs (Z = 55) and I (Z = 53), the gamma-
ray attenuation coefficient is higher than that of NaI:Tl (see Figure 11), and the gamma-ray
intrinsic detection efficiency per unit volume is higher than that of NaI:Tl.

Although CsI:Tl has a considerably higher light yield relative to most inorganic scintillators,
the large mismatch of the luminescent spectrum with the response functions of common PMTs
compromises the spectroscopic performance. Long shaping times can improve performance by
collecting more of the scintillation photons, but at the expense of more electronic noise. The
maximum emission wavelength matches well to the response function of Si photodiodes (SiPDs),
and reasonable spectroscopic performance is realized with SiPDs or SiPMs. The maximum light
output of CsI:Tl is observed at approximately 50◦C and reduces with lower or higher temperatures
(Figure 10), where ±50◦C from the optimum causes a reduction of >15%. Light loss to gamma
radiation damage can become significant at doses approaching 10 gray, with a measured light
reduction of 15% (6). Pure CsI and CsI:Tl recover from radiation damage at room temperature,
but at a rate of less than 0.5% per day. Thermal annealing of CsI or CsI:Tl does not assist with
recovery and appears to make matters worse if conducted at temperatures exceeding 300◦C.

Thick layers (2 mm) of CsI:Tl grown by physical vapor deposition form narrow, vertical,
crystalline columns (50, 51) that perform as miniature optical fibers. The CsI:Tl thin film can be
patterned through optical lithography methods to place the scintillator on select locations (50).
When coupled to a SiPD or SiPM, the structure can be used to image a collimated beam of X-rays.

A variant of CsI has Na as the activation dopant but is much more hygroscopic than CsI:Tl.
The luminescent spectrum from CsI:Na is a better match to common K-bialkali and S-11 PMTs
(Figure 3), approximately 85% of that observed with NaI:Tl (6). However, the longer decay
times and the lower-resolution performance offer little advantage over NaI:Tl. The maximum
light output of CsI:Na is observed at approximately 80◦C. Temperature deviation of ±50◦C from
the optimum causes a light yield reduction of >20%.

Undoped CsI also produces scintillation light, with λmax at 315 nm (6). Amsler et al. (52) report
the existence of three decay constants all significantly shorter than activated CsI, namely 28±2 ns,
6 ± 1 ns, and a third fast component reported to be 2 ns. The light yield of pure CsI increases
significantly at low temperature, with light yield of 50,000 ± 5,000 photons per megaelectron volt
at 77 K (52) and energy resolution of 8.3% FWHM for 511-keV photons. Only a single decay
constant was observed at low temperatures, which increased significantly up to approximately
1 µs at 85 K.

4.1.3. Lithium iodide (LiI:Eu). Lithium iodide (LiI) can be used for gamma-ray and neutron
detection. LiI is hygroscopic and requires that all handling be performed in a dry environment.
LiI activated with Eu (LiI:Eu) remains the most studied and used of the LiI variants. With a mass
density of 4.08 g/cm3, LiI:Eu has nearly the same gamma-ray interaction efficiency as does NaI:Tl.
Two decay constants are observed: one at 185 ns yielding 88% of the photons and a slower decay
time at 1.089 µs yielding the remaining 12% of photons (53). The longer maximum wavelength
of LiI:Eu causes mismatch with standard PMTs. The Li constituent of LiF:Eu enables thermal-
neutron detection through the 6Li(n,3H)4He reaction. If the Li is replaced with enriched 6Li, the
thermal-neutron absorption macroscopic cross section can be increased to 17.27 cm−1, and the
absorption length reduces to 0.58 mm.

4.1.4. Some other alkali-metal halide scintillators. Potassium iodide (KI) was investigated by
Hofstadter (42) before NaI and led to the investigation of NaI:Tl powders as a scintillator. KI:Tl
has a light yield of approximately 9,700 photons/MeV (14) and two main decay branches at 240 ns
and 2.5 µs (54). There is evidence of different decay constants of 210 ns and 1.76 µs when KI:Tl
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is irradiated with alpha particles instead of gamma rays. The emission spectrum has a reported
maximum between 400 nm and 425 nm (55, 59, 60). KI has a density of 3.12 g/cm3, which is lower
than that of NaI, and an index of refraction of 1.68. Natural potassium has a radioactive isotope,
40K, that produces an intrinsic radiation background with K-based scintillators.

Cesium fluoride (CsF) is a fast inorganic scintillator initially studied by Van Sciver & Hofstadter
(56). It has a mass density of 4.12 g/cm−3 and is hygroscopic. CsF scintillates without the assistance
of an activator dopant, with λmax = 390 nm (57). The absolute photon yield is approximately 1,950
photons/MeV at room temperature (57, 58). CsF has an index of refraction of 1.48, below that
of common glass. The measured decay time is 5 ± 1 ns, making CsF one of the fastest inorganic
scintillators available.

Cesium bromide (CsBr) is a heavy element alkali-metal halide with a density of 4.44 g/cm3 and
refractive index of 1.7. It is also hygroscopic, like many alkali-metal halides. CsBr activated with Tl
has two main decay times that differ with the type of radiation particle (54, 61). Notably, alpha par-
ticles (5.3 MeV) were observed to produce shorter decay times at 2.3 ± 0.15 µs and 14.5 ± 1.34 µs
relative to electrons (from 662-keV gamma rays) at 2.57 ± 0.13 µs and 24.23 ± 1.5 µs (61). Pure
CsBr also scintillates, reportedly only 20 photons/MeV (58). The decay constant of pure CsBr is
unusually short for an alkali-metal halide at 0.07 ns, with λmax = 250 nm.

4.2. Alkali-Earth Halides

For each molecule, the alkali-earth halide scintillators generally have at least one atom from Group
2 (group II) and two atoms from Group 17 (group VII) in the periodic chart of elements. Many of
these scintillators are exceptionally bright, and a few are described in the following subsections.

4.2.1. Barium fluoride (BaF2). Barium fluoride (BaF2) is relatively soft, with a ranking of 3 on
the Moh hardness scale, and it has two intrinsic luminescent emissions. Although not as bright as
the longer wavelength emission, BaF2 is mainly important for its fast decay time at the 220-nm
emission (62). The absorption of light in common soda-lime glass is too high to allow transmission
for luminescent wavelengths. Instead, a PMT with a fused quartz window is preferred if the 220-
nm wavelength is to be used. The predicted and measured radiation hardness of BaF2 is relatively
high (62–66), with exposures up to 1.3 × 107 rad having minimal loss of only 1% cm−1 light
transmission. BaF2 crystals have shown good resistance to gamma-ray irradiation up to 106 rad.
Another study showed that Pb contaminants in BaF2 significantly reduced radiation hardness (67).

An interesting physical aspect to the light emissions from BaF2 is that the 310-nm emission
is greatly affected by temperature changes while the 220-nm emission is not (68). The 310-nm
emission spectrum increases, by three times, its room temperature output when reduced to 175 K
and practically disappears at temperatures above 358 K. The 220-nm emission is unaffected by
these temperature changes.

4.2.2. Calcium fluoride (CaF2:Eu). Europium-activated calcium fluoride is a commercially
available scintillator that is not hygroscopic and is practically insoluble in water. It has a ranking
of 4 on the Moh hardness scale. Because it is not hygroscopic and relatively robust, it can be used
under rough circumstances otherwise inappropriate for delicate crystals. The atomic numbers of
the elemental constituents are 20 and 9, both relatively low for gamma-ray detection. CaF2:Eu
can be used as a beta particle detector because backscattering is reduced by the low-Z constituents
(69). The refractive index at λmax is 1.47 and has minimal internal reflection when coupled to glass
windows.
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4.2.3. Calcium iodide (CaI2). Calcium iodide is a strongly hygroscopic scintillator initially
studied by Van Sciver, Hofstadter, and colleagues (23, 24, 70, 71). Europium-activated CaI2

yielded excellent results, with up to 200% light yield relative to NaI:Tl crystals. Recent work on
CaI2 indicates that the theoretically achievable light yield for CaI2:Eu is 114,000 photons/MeV,
with a measured value of 110,000 photons/MeV (26). CaI2 has a rhombohedral crystalline lattice
formed in a layered structure with weak bonds between the basal planes. Unfortunately, the crystal
is prone to cracking and plastic deformation during both crystal growth and detector fabrication,
and such defects are most likely the reason why CaI2 has not been extensively explored. Methods
to improve crystal growth and material quality have been implemented (72), although scintillation
performance was lower than earlier results reported by Hofstadter (23, 24).

4.2.4. Strontium iodide (SrI2:Eu). Strontium iodide activated with Eu, initially studied by
Hofstadter (73), is a hygroscopic scintillator and has recently regained attention as a potential high-
resolution scintillator. The high density of SrI2 combined with the relatively high Z constituent
atoms [38/53] makes SrI2 an efficient gamma-ray absorber (see Figure 11). SrI2:Eu has a relatively
long decay time, which makes it less attractive than NaI:Tl and LaBr3:Ce for high-count-rate
applications. The relative light yield is good with a nominally proportional response down to
15 keV (see Figure 8), which increases at low temperature (80 K) and decreases significantly at
temperatures above 300 K (74). Spectral broadening of the emission and an increase in decay
constant τ were observed as temperature was increased from 100 K to 600 K (74). This increase in
τ with temperature is hypothesized to be from photon self-absorption. Pure SrI2 also scintillates,
but these scintillations appear to be defect related because defect-free crystals do not demonstrate
this property (75).

4.3. Lanthanide Halides

The family of lanthanide halide scintillators, consisting of one lanthanide element and three of an
element from Group 17, are some of the brightest scintillators discovered thus far.

4.3.1. Cerium bromide (CeBr3). Although cerium bromide (CeBr3) was synthesized as early as
1899 (76), only recently was it recognized as a bright scintillator (29). Luminescence from CeBr3

arises from an excited state of the Ce3+ and does not require an activator dopant. A moderately
heavy element scintillator, CeBr3 has good gamma-ray absorption efficiency (see Figure 12).
CeBr3 has a hexagonal crystal structure and is hygroscopic and fragile, easily cleaving along the slip
planes (77). Methods have been implemented to reduce the fragility of CeBr3 and other lanthanide
halides, using aliovalent doping to inhibit cracking (78). Tests with gamma-ray irradiation indicate
that CeBr3 can withstand doses exceeding 100 kGy with only a minor decrease in energy resolution
(31). CeBr3 has a relatively linear light yield, allowing for good energy resolution. For example,
3.2% FWHM energy resolution was reported for 662-keV gamma rays (79).

4.3.2. Lanthanum chloride (LaCl3:Ce). Introduced in 2001 (80), Ce-activated lanthanum chlo-
ride (LaCl3:Ce) is a bright and fast scintillator with a relatively linear light yield (Figure 8). The
gamma-ray detection efficiency is similar to that of NaI:Tl. The material is very hygroscopic and
brittle and has a hexagonal crystal structure that cleaves easily along the {100} planes. The most
probable emission wavelength is not well matched to the response function of common PMTs.
The absolute light yield is higher than that of NaI:Tl, but because of the spectral mismatch, its
signal response is less than that of NaI:Tl. Commonly reported energy resolution is near 4.0%
FWHM at 662 keV for various crystal sizes. The light yield from LaCl3:Ce decreases with decreas-
ing temperature; however, if the integration time constant is increased, the light output response
is fairly constant over a wide temperature range (Figure 10).
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4.3.3. Lanthanum bromide (LaBr3:Ce). Ce-activated lanthanum bromide (LaBr3) was intro-
duced in 2002 (81). Due to its relatively high Z elements and mass density, it has good gamma-ray
absorption efficiency (see Figure 12). The material is very hygroscopic and brittle and has a hexag-
onal crystal structure that cleaves easily along the {100} planes. The PMT output is between 130%
and 165% relative to NaI:Tl. The emission spectra match well enough with the response function
of common PMTs to produce high energy resolution with reported values below 2.9% FWHM
at 662 keV for various crystal sizes. The excellent energy resolution is a combined effect of the
absolute light yield and the good relative light yield proportionality. LaBr3 is also a relatively fast
scintillator (see Table 1).

4.4. Transition Metal Scintillators

There are many scintillators that are minerals composed of at least one or more transition metal
elements. These scintillators include perovskites and garnets, a few of which are described in the
following subsections.

4.4.1. Yttrium aluminum perovskite (YAlO3:Ce or YAP:Ce). Yttrium aluminum oxide
(YAlO3 or YAP) is a perovskite3 scintillator. Perhaps the most interesting property of YAP:Ce is
its unusually good linearity in the low-energy range, leading to energy resolution approaching the
theoretical maximum. For example, a FWHM of 4.4% was reported for 137Cs 662-keV gamma
rays (12, 47). Other advantages of YAP:Ce include a fast decay time, relatively high mechanical
strength, and chemical and thermal stability (28). Disadvantages include low-Z constituent ele-
ments, a high index of refraction, and a relatively low value of λmax. The low value of λmax causes
inefficient coupling with common PMTs.

4.4.2. Lutetium aluminum perovskite (LuAlO3:Ce or LuAP:Ce). Lutetium aluminum oxide
(LuAlO3 or LuAP), also a rare-earth perovskite, has many similar properties as YAP. The most
important differences are the higher density of 8.34 g/cm3 and higher-Z constituents of LuAP,
yielding one of the highest gamma-ray attenuation coefficients for scintillators. It is also a fast-
decay scintillator. Both the light yield and λmax are relatively low, and n is high. Consequently,
these disadvantages yield lower energy resolution of LuAP:Ce relative to YAP:Ce (82). Although
the light yield of LuAP:Ce is only 26.5% of that of NaI:Tl, the energy resolution of LuAP:Ce is
comparable to that of NaI:Tl, primarily due to the good light yield proportionality (82).

4.4.3. Yttrium aluminum garnet (Y3Al5O12:Ce or YAG:Ce). Ce-activated yttrium aluminum
garnet4 (Y3Al5O12:Ce or YAG:Ce) is a nonhygroscopic, relatively fast, inorganic scintillator that
has found use with scanning electron microscope (SEM) systems (83, 84). It rates 8.5 on the Moh
hardness scale and has relatively high resistance to radiation damage, making it suitable for use
under the expected high electron bombardment in a SEM. The emission wavelength is high,
and extended red PMTs are recommended. SiPDs are also good alternatives. The absolute light
yield is higher when measured with a SiPD than with a PMT (85). Depending on the doping
concentration and type of radiation, YAG:Ce has multiple decay times (86) and can be used to
identify radiation types through pulse shape discrimination (85).

4.4.4. Lutetium aluminum garnet (Lu3Al5O12 or LuAG). The higher-Z component of
lutetium makes lutetium aluminum garnet (Lu3Al5O12 or LuAG) an interesting material for

3Discovered in the Ural Mountains in 1839 by Gustav Rose, this mineral is named after the Russian mineralogist Lev Perovski.
4The word garnet is derived from the Middle English word gernet, which means dark red.
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gamma-ray detection. A comprehensive review by Nikl et al. (32) provides general information on
its development. LuAG is a nonhygroscopic cubic crystal of 8.5 on the Moh hardness scale. LuAg
yields good performance with Ce (87) and Pr (88) activator dopants, with light yield up to 22,000
photons/MeV for commercial material (89). Furthermore, LuAg is a relatively fast scintillator.
The light yield proportionality is quite excellent for energies above 100 keV (16) and assists with
the good energy resolution observed, with the best resolution reported as 4.2% at 662 keV for
commercial LuAG:Pr.

4.4.5. Zinc sulfide (ZnS:Ag). Discovered in 1866 by Théodore Sidot, zinc sulfide (ZnS) is a ma-
ture, nonhygroscopic scintillator. It is relatively bright for heavy charged particles but inefficient
as a gamma-ray detector, a feature used as a natural discrimination tool for particle detection. Its
dual crystallinity leads to polymorphism, and consequently ZnS is usually acquired as polycrys-
talline powder or as thin optical crystals. ZnS is also a wide-band-gap semiconductor material,
with its hexagonal and cubic forms having band gaps of 3.91 eV and 3.54 eV, respectively. Ag-
doped ZnS (ZnS:Ag) in the form of polycrystalline powder is opaque to its own light emissions
for mass thicknesses greater than 25 mg/cm2 (or 61 µm). Hence, most detectors utilizing ZnS:Ag
are limited to thin films.

4.5. Post–Transition Metal Scintillators

There are a few scintillators composed of elements following the transition elements, mainly from
Groups 13 through 16. Of these, only one relatively important scintillator, bismuth germanate
(Bi4Ge3O12 or BGO), is discussed in the present work.

4.5.1. Bismuth germanate (Bi4Ge3O12 or BGO). BGO is a relatively rugged, fracture-resistant,
nonhygroscopic material, and it is rated as 5 on the Moh hardness scale. BGO has one high-
Z constituent, along with relatively high density of 7.13 g/cm3, making it a good gamma-ray
absorber (see Figure 13), and it has found practical use in the medical imaging industry (90).
Ishii & Kobayashi (62) report that it is a relatively radiation hard material capable of withstanding
gamma-ray doses between 104 and 105 rad before showing significant light absorbance. The
combination of high refractive index and low light yield produces lower energy resolution for
BGO than for NaI:Tl, approximately 15% FWHM for 662-keV gamma rays (91). BGO also has a
fast-decay component, not listed in Table 1, of 60 ns with lower photon yield (700 photons/MeV).
BGO scintillates without an activator, the luminescence caused by intrinsic 3p1 → 1s0 transitions
of the Bi3+ ions in the crystals (92). BGO light yield is strongly dependent upon temperature
and shows high thermal quenching above room temperature. Provided that an adequately long
electronic shaping time is applied, the absolute light yield of BGO at 77 K can be double its room
temperature yield (see Figure 10).

4.6. Rare-Earth Oxyorthosilicates

There are numerous promising scintillators composed of rare-earth minerals, silicon, and oxygen,
named the rare-earth oxyorthosilicates. Some of these interesting scintillators are now being used
for special applications in radiation detection.

4.6.1. Gadolinium oxyorthosilicate (Gd2SiO5:Ce or GSO:Ce). Ce-doped gadolinium oxy-
orthosilicate (Gd2SiO5 or GSO) has one high-Z constituent and relatively high density and is
thus a good absorber of gamma rays. GSO is monoclinic and is not hygroscopic. It has two decay
components when doped with the activator Ce. Energy resolution of less than 7.0% FWHM at
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662 keV has been reported (93, 94), with further improvement accomplished with highly purified
materials (94) and codoped materials (95). GSO is also a thermally stable scintillator and has been
used for oil well logging (96). Due to GSO’s good gamma-ray detection efficiency and superior
energy resolution relative to BGO, GSO has been used as a replacement in medical imaging
instruments (97). Studies show that GSO is nonproportional over a wide energy range (98) but
has better proportionality than either lutetium oxyorthosilicate (Lu2SiO5 or LSO) or yttrium
oxyorthosilicate (Y2SiO5 or YSO). GSO has a natural radioactive background component from
152Gd, which has a natural abundance of 0.2% and emits 2.14-MeV alpha particles. With the large
thermal-neutron reaction cross section of natural gadolinium (49,000 barns, where a barn is an
interaction cross-section unit equal to 10−24 cm2), GSO has been studied as a possible neutron
detector by way of prompt neutron reactions in Gd (99), relying upon the detection of conversion
electrons and gamma-ray emissions from neutron absorptions. GSO is sensitive to background
radiations that can be falsely interpreted as neutron-induced events.

4.6.2. Lutetium oxyorthosilicate (Lu2SiO5:Ce or LSO). Discovered and developed by
Melcher in 1990 (see References 100–103), Ce-activated LSO was originally developed for oil
well logging but is precluded from this application because performance severely degrades at the
elevated temperatures. The crystal is robust and nonhygroscopic and is rated as 5.8 on the Moh
hardness scale. Both the absolute light yield and mass density are higher than those of BGO (103),
and with its high-Z-number constituent Lu, it has excellent gamma-ray absorption efficiency (see
Figure 13). The energy resolution of LSO:Ce is also lower than that of NaI:Tl, but at 10.3%
FWHM at 662 keV, the energy resolution of LSO is much better than that of BGO. Further-
more, LSO is radiation hard, with a reported radiation limit of greater than 106 rad. It also has
relatively proportional light yield for gamma-ray energies above 200 keV but not below 100 keV.
A significant problem with LSO:Ce is that it is naturally radioactive from 176Lu (2.59% isotopic
abundance), which emits beta particles and gamma rays. This problem is further exacerbated by
unintentional doping with other radioactive impurities from the crystal growth source materials.
LSO:Ce also has long phosphorescence, which has been measured to last several seconds (104).
Nassalski et al. (105) generally conclude that the long phosphorescence precludes LSO:Ce from
applications in CT systems. However, for specific applications such as PET measurements, which
use coincidence counting, this natural background is of less concern. Due to these beneficial
properties of LSO, it is now replacing BGO in modern PET scan imaging systems.

4.6.3. Yttrium oxyorthosilicate (Y2SiO5:Ce or YSO:Ce). Ce-activated YSO (YSO:Ce) is a
nonhygroscopic rare-earth oxyorthosilicate. YSO is disadvantaged as a gamma-ray spectrome-
ter due to its relatively low Z constituents and moderate mass density. YSO:Ce has good light
yield proportionality above 100 keV (106). Commercial YSO:Ce usually has an absolute light
yield around 10,000 photons/MeV (93), although a higher light yield of approximately 24,000
photons/MeV has been reported for optimized crystals (98, 106). Codoping with Ce/Ca has a
reportedly small effect, with a resulting absolute light yield of 21,200 photons/MeV. The usual
reported energy resolution is 9–9.4% FWHM for 662-keV gamma rays, although energy resolu-
tion as low as 7.4% FWHM has been reported (107).

4.6.4. Lutetium yttrium oxyorthosilicate (Lu1.8Y0.2SiO2:Ce or LYSO:Ce). Ce-activated
lutetium yttrium oxyorthosilicate (Lu1.8Y0.2SiO2:Ce or LYSO:Ce) was developed to include the
advantages of LSO and YSO (108–110). LYSO:Ce is commercially available, with similar prop-
erties as LSO:Ce (111, 112). LYSO:Ce has similar radiation hardness as LSO, but it produces
increased afterglow phosphorescence with radiation damage. LYSO:Ce is robust and nonhygro-
scopic with a Moh hardness of 5.8. Energy resolution is similar to LSO, near 10% FWHM for
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662 keV (110). Because of the natural abundance of 176Lu, LYSO:Ce has an intrinsic radioactive
background. Cooke et al. (108) report a lower temperature dependence on light yield than ob-
served with LSO. Advantages of LYSO over LSO include lower production costs, fewer defects,
and easier incorporation of the Ce activator into the crystal lattice (108).

4.7. Elpasolites

The general formula for an elpasolite5 is K2NaAlF6. Many recently developed Ce-activated elpa-
solites have light yield similar to that of NaI:Tl. A unique property of several elpasolite scintillators
with Li substituted for Na is that they have dual use as gamma-ray and neutron detectors.

4.7.1. Cesium lithium yttrium chloride (Cs2LiYCl6:Ce or CLYC:Ce). Ce-doped cesium
lithium yttrium chloride (Cs2LiYCl6:Ce or CLYC:Ce) is an elpasolite dual-use inorganic scin-
tillator that can detect both gamma rays and neutrons. CLYC:Ce is hygroscopic and must be
encapsulated. The luminescent emissions for CLYC:Ce are centered at 372 nm and 400 nm,
while undoped CLYC has a single emission centered at 305 nm (33). Despite the low light yield
and long decay constants of CLYC:Ce, good energy resolution has been reported: 4.2% FWHM
for 662-keV gamma rays (113). The Li constituent of CLYC:Ce allows for neutron detection.
For natural Li as a constituent, the macroscopic cross section for the 6Li(n,3H)4He reaction is
0.248 cm−1, yielding an absorption length of 4 cm. If enriched 6Li is used, the thermal-neutron
macroscopic absorption cross section increases to 3.27 cm−1, and the absorption length is reduced
to 3 mm. There is also a core valence emission, with a decay constant of 2 ns with a yield of
660 photons/MeV (no Ce doping) to 0 photons/MeV (3% Ce doping) (114). This core valence
emission appears under gamma-ray irradiation, but not under alpha particle irradiation. Detec-
tion of this emission can be used to distinguish between gamma-ray and neutron-induced heavy
charged particle emissions. Because of competing absorptions from 35Cl, CLYC is limited to
∼80% thermal-neutron detection efficiency.

4.7.2. Cesium lithium lanthanum bromide (Cs2LiLaBr6:Ce or CLLB:Ce). Ce-doped cesium
lithium lanthanum bromide (Cs2LiLaBr6:Ce or CLLB:Ce) has dual use as a gamma-ray and
neutron detector. CLLB:Ce has multiple decay constants reportedly at 180 ns and 1,100 ns (6),
and there is no reported core valence emission for CLLB. The luminescent emissions for CLLB:Ce
are centered at 390 nm and 420 nm (115, 116). With Ce doping, the luminescent yield is between
43,000 photons/MeV and 60,000 photons/MeV (6, 115, 117). This high light output, along with
the fact that the luminescent yield is more proportional than that found with CLYC:Ce, indicates
that CLLB:Ce is a promising new scintillator. Energy resolution of ∼3.0% FWHM for 662-
keV gamma rays has been reported (115, 117). The Li constituent of CLLB:Ce enables neutron
detection. The substitution of Br for Cl reduces neutron losses, while the substitution of La for Y
slightly increases neutron losses. With enriched 6Li, the thermal-neutron macroscopic absorption
cross section is 2.67 cm−1, with an absorption length of 3.75 mm. Commercial CLLB scintillation
detectors have recently become available (6).

4.7.3. Other notable elpasolites. Other promising bright elpasolite scintillators include
Cs2NaLaI6:Ce, Cs2LiLaCl6:Ce, Cs2NaLaBr6:Ce, and Cs2LiLaI6:Ce. These scintillators are

5The etymology of this term comes from the location where these minerals were discovered: El Paso County, Colorado,
USA.
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relatively proportional, provide good light yield, and have short decay constants (∼50 ns) (118).
Kerisit et al. (119) report that elpasolites substituting Br for Cl should theoretically have higher
light yields, and they quote theoretical light yields above 100,000 photons/MeV for Cs2LiLaBr6:Ce
and Cs2LiYBr6:Ce. Gundiah et al. (120) report a light yield of approximately 46,000 photons/MeV
for Cs2NaLaBr6:Ce, with an energy resolution of 3.9% FWHM at 662 keV. Two emission maxima
were observed at 387 nm and 415 nm, both adequately matched to a bialkali PMT. A recent intro-
duction to the elpasolite family that shows great promise is Cs2LiLa(Br6−xClx):Ce or CLLBC:Ce,
which has good gamma-ray energy resolution (∼3% FWHM at 662 keV) and retains the neutron
detection characteristic of CLYC:Ce (116).

Rb2LiYBr6:Ce, and many others, shows bright light output for neutron absorption (121).
Rb2LiYBr6:Ce produces between 59,000 ± 5,400 and 83,000 ± 8,300 photons per neutron capture,
depending on the Ce3+ concentration. The light yield for gamma rays ranges between 16,500 ±
1,600 and 23,000 ± 2,300 photons/MeV, respectively, for Ce3+ with concentrations in the 0.1–
0.5% range. It has at least three main decay components, reported as 71 ns (31%), 400 ns (53%), and
1,400 ns (16%). Energy resolution for 662-keV gamma rays as low as 4.6% FWHM was reported
(122). The difference in light output between gamma-ray and neutron interactions, along with
good energy resolution, allows for pulse height discrimination between neutron and gamma-ray
events.6

4.8. Ceramic and Glass Scintillators

Initially developed by GE Corporation (123, 124), ceramic casting is an alternative scintillator
production method to single-crystal growth. Advantages include high radiation hardness, low
production costs, hardness, machinability, nonhygroscopy, and environmental robustness, and
ceramic and glass scintillators can be manufactured in large sizes usually difficult to produce as
single crystals. Greskovich & Duclos (125) describe the criteria for starting materials and the gen-
eral production process. Cubic crystal structure has been identified as a condition for successful
production of high-light-yield ceramic scintillators (124). Noncubic crystals have increased re-
fraction at grain boundaries that increase light self-absorption, which in turn decreases light yield.

Among the earliest materials investigated were BaFCl:Eu, LaOBr:Tb, CsI:Tl, CaWO4, and
CdWO4 (123). Bixbyite ceramic scintillator structures7 were investigated by DiBianca et al. (124)
and include Gd2O3, Y2O3, La2O3, and Lu2O3. Neither Gd2O3 nor La2O3 is cubic in form, but
both are made cubic by incorporating approximately 50 mol% of Y2O3 into the ceramic. Both
Y2O3 and Lu2O3 are cubic structured. Lu2O3:Eu has been developed for X-ray imaging (126) and
has reported properties of 9.4 g/cm3 mass density, a λmax of 610 nm, a light yield of approximately
60% of that of CsI:Tl, and a long decay time constant τ of 1.3 ms. The production of (Y,Gd)2O3:Eu
ceramic scintillators led to their incorporation into CT scanners (127). The reported properties
of (Y,Gd)2O3:Eu are a λmax of 611 nm, a decay constant τ of 960 µs, and an optical attenuation
coefficient of 1 cm−1.

Other ceramics under investigation include garnets, perovskites, bixbyites, and pyrochlores8

(128). Two interesting ceramic scintillators recently developed are Gd1.5Y1.5Ga2Al3O12 (GYGAG)

6The Q-value for the 6Li(n,3H)4He reaction is 4.7 MeV, giving an upper light yield of approximately 17,300 photons/MeV,
similar to that for gamma-ray events. However, gamma rays with energies approaching 4.78 MeV are not likely to be fully
absorbed, so discrimination is still possible.
7These structures were named after Maynard Bixby, who discovered the ore in 1897.
8The etymology comes from the Greek πυ̃ρ (pyr = fire) and χλωρ óς (chloros = green) because pyrochlores often turn
green with a common flame blowpipe analysis.
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and Gd0.3Lu1.6Eu0.1O3 (GLO) (129, 130). GYGAG:Ce is a robust transparent ceramic with mass
density of 5.8 g/cm3 and an absolute light yield of approximately 50,000 photons/MeV and has at
least two decay times of 250 ns and 1.7 µs. The slower component is thought to be a consequence of
the energy transfer process in the scintillator (131). Energy resolution of 4.5% FWHM at 662 keV
has been reported for a GYGAG:Ce/PMT arrangement. Resolution improved when coupled to a
SiPD with 3–3.5% FWHM at 662 keV (130). Eu-activated gadolinium lutetium europium oxide
(GLO:Eu) is used for megaelectron volt–photon radiography. The material has a high mass density
of 9.1 g/cm3 and an absolute light yield of approximately 55,000 photons/MeV (130).

Ce-activated glass scintillators were originally developed by Corning Glass Company (see Ref-
erence 132), with Ce-activated high-silica glass performing the best. Voitovetskii and colleagues
(133, 134) reported different compositions of Li2O·Si2O:Ce glass as neutron-detecting scintilla-
tors. Ginther (135) determined that a bright variation of a Li glass scintillator was a mixture of
26% MgO, 13% LiO0.5, 10% AlO1.5, 50% SiO2, and 1% CeO1.5, which yielded a light yield of
14% of that of NaI:Tl (nominally 5,000–6,000 photons/MeV). The study by Ginther & Schulman
(132) revealed that contaminants in the glass, especially Ca and Ba contaminants, can adversely
affect brightness.

Glass scintillators can be machined or formed into various shapes not commonly achieved with
crystalline solids. Furthermore, glass scintillators are relatively robust and shock resistant and
have relatively constant light yield over a wide range of temperatures. Glass scintillators are used
for a variety of applications, including neutron detection, oil well logging, and charged-particle
detection in extreme environments. Modern commercial Ce-activated Li glass scintillators can
be acquired with different Li activator concentrations and enrichments such as natural Li, 96%-
enriched 6Li, and fully depleted 6Li. Glass scintillators with 6Li can be used for combined neutron
and gamma-ray detection, whereas glass scintillators depleted of 6Li can be used in mixed radiation
fields when neutron-induced counts are undesirable. The decay times generally range between 20
and 105 ns and depend on the Li concentration and the type of radiation particles interacting in the
scintillator. These scintillators have higher light yields from electrons than from alpha particles,
with an α/β ratio of ∼0.23. The light yield of these glass scintillators is reported to be between
8.7% and 13% of that of NaI:Tl.

Boron-based scintillating glasses have been investigated but show lower light yields than do Li
glasses (136). Glasses with Tb activators have higher light yields than do Ce-activated glasses, up
to 50,000 photons/MeV (35), and are reportedly 2–3 times more radiation hard than Ce-activated
glasses. However, the former have long wavelength emissions and long decay times. Eu doping
slightly improves light yield relative to Ce doping (137), approximately 110% of that of common
GS20 Li glass scintillators. The most probable wavelength of emission is near 450 nm, with a
relatively long decay time of 1,230 ns (137).

5. SUMMARY

Scintillators were first used, accidentally, in the discovery of X-rays in 1895. After the discovery of
natural radiation the following year, radiation detection methods that used scintillators, including
devices such as the spinthariscope, were developed. But most of these detection methods were
relatively inconvenient. The commercial introduction of the PMT in 1941, followed by the dis-
covery of NaI:Tl in 1948, changed scintillators into practical radiation spectrometers. After the
discovery of NaI:Tl, there was tremendous research activity aimed at discovering additional bright
radiation scintillators, and hundreds of scintillators have been documented (see Reference 41 for
an example). Yet NaI:Tl remained the best scintillation spectrometer for many decades. How-
ever, new and exciting scintillators with properties that in many ways outperform the traditional
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standard NaI:Tl have been discovered and developed relatively recently, proving that this research
field is far from closed or saturated. With the introduction of the lanthanide halide, elpasolite,
and new ceramic scintillators within the last 20 years, the selection of high-performance scintilla-
tion spectrometers has been broadened significantly. Furthermore, there are several commercially
available scintillators that are used for special applications such as fast timing, medical imaging,
and neutron detection and for measurements in harsh environments. Consequently, scintillation
detectors and spectrometers remain an important tool for radiation detection and measurement.
Given the recent advancements realized with many new and promising scintillators, the potential
for continued discovery and improvement of scintillation materials seems justifiably bright.
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of LaBr3:Ce3+ crystals: fast, efficient, and high-energy-resolution scintillators. Nucl. Instrum. Meth. A
486:254–58
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