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ABSTRACT 

 

Cs2ZnCl4 [dicesium zinc tetrachloride] and Cs3ZnCl5 [tricesium zinc pentachloride] are 

relatively new scintillator materials that appear to be promising for use in fast-timing 

radiation detection applications owing to their 1 to 2 nanosecond decay times. 

Moreover, they offer several advantages over the state-of-the-art ultrafast inorganic 

scintillator BaF2 [barium fluoride]. To fully realize the potential of these novel materials, 

growth of crystals having improved optical quality must be demonstrated. The 

mechanism responsible for the ultrafast decay times, core valence luminescence (CVL), 

in cesium zinc chloride crystals can also be observed in other compounds containing 

CsCl [cesium chloride]; however, the list of possible materials exhibiting this type of 

luminescence has not yet been exhausted. 

 

In this dissertation, Cs2ZnCl4 and Cs3ZnCl5 are first investigated with special attention 

paid to optimizing synthesis methods and crystal growth parameters to enable growth 

of large crack-free crystals. We have found that higher light yields than reported in 

literature can be achieved as a result of superior optical transparency. Additionally, 

Cs2ZnCl4 is successfully grown up to 38 mm in diameter without significant cracking. 

 

Next, we report the discovery of two new scintillators, Cs2MgCl4 [dicesium magnesium 

tetrachloride] and Cs3MgCl5 [tricesium magnesium pentachloride], that belong to the 

same structural families as the Zn-containing compounds. The scintillation mechanism is 

confirmed to be CVL, and similar benefits regarding light yield, emission wavelengths, 

and single-component decay times are observed as with Cs2ZnCl4 and Cs3ZnCl5. 

 

Effects of doping or mixing between Mg2+ and Zn2+ in these systems are explored as a 

strategy for improving performance. It is found that light yields of CsMgCl3 [cesium 
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magnesium trichloride], Cs2MgCl4, and Cs3MgCl5 can be significantly enhanced when 

doped with Zn2+, directly impacting their timing performance. More importantly, these 

findings open up possibilities for a new class of bright CVL materials to be discovered 

moving forward. Possible mechanisms for this impurity-enhanced CVL are discussed. 
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1.1 Radiation Detection 

 

Scintillation-based radiation detectors play a critical role in ensuring safety against 

nuclear threats around the world and are an integral component of medical imaging 

systems used for early diagnosis of various illnesses or diseases. Intense research efforts 

focused on developing higher-performing scintillator materials have led to numerous 

advances in detection capabilities over the past two decades. The benefits of these 

advancements have included dose reduction for patients in medical diagnostics, 

increased throughput in cargo screening, and improved accuracy in identification of 

radioisotopes that could be used to build radiological weapons. Technological 

innovations in these areas have relied on discovery and development of new and 

existing scintillators and will continue to do so moving forward. 

 

There are a variety of detector types, and the needs of an application will typically 

dictate which is most suitable. The two broadest categories are scintillator-based and 

semiconductor-based detectors. Although semiconductors can provide unmatched 

spectroscopic performance (ex. – HPGe, CZT, CsPbBr3), scintillators are generally a more 

practical choice when energy resolution is not a key requirement due to their much 

lower fabrication costs. For this reason, this dissertation focuses on scintillator-based 

detectors. 

 

1.1.1 Detector System Components 

Scintillation detectors are comprised of a scintillator material, photodetector, and 

readout electronics. The scintillator can come in several forms including inorganic single 

crystals, polycrystalline ceramics, organic crystals, plastics, liquids, and gases. The higher 

densities and atomic numbers of inorganic solids (crystals and ceramics) are favorable 

for many applications in that they can provide higher detection efficiency [1, 2]. 
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The light produced by a scintillator must somehow be captured and converted into an 

electrical signal to extract useful information about the incident radiation quanta 

(energy, particle type, location, etc.). This is typically accomplished with photosensors 

like photomultiplier tubes (PMTs) and silicon photomultipliers (SiPMs). PMTs are 

vacuum tubes that consist of a photocathode (commonly an alkali metal) that converts 

the optical photon from the scintillator into a photoelectron. The photocathode is 

followed by a series of dynodes, which can be arranged in different configurations that 

each provide unique benefits. At each dynode, the number of photoelectrons becomes 

multiplied (hence the name photomultiplier) via secondary electron emission, finally 

reaching multiplication on the order of 106 to 107 at the last dynode, at which point a 

useable electrical signal can be output at the PMT anode [1]. 

 

The ability of a PMT to efficiently convert optical photons into photoelectrons depends 

on a few factors. Primarily, this is determined by the choice of window material and 

photocathode material. Since the PMT is under vacuum, the scintillation light must first 

pass through a window that is ideally transparent to all wavelengths of light to be 

detected. The two common window materials are silica glass (quartz) and borosilicate 

glass. Quartz is more transparent down to wavelengths <300 nm, whereas the 

transparency of borosilicate starts to drop off in this region. This is apparent from Figure 

1, which shows the spectral transmittance of different window materials. Likewise, 

photocathodes are not uniformly efficient across all wavelengths of light when it comes 

to converting optical photons into photoelectrons. The spectral sensitivity, or spectral 

response, is quantified by a parameter known as quantum efficiency (QE), which is 

defined as 

 

𝑄𝐸 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
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Figure 1. Spectral transmittance of different PMT window materials [2]. 
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Modern super bialkali PMTs are capable of reaching QE’s upwards of 35% or more at the 

peak sensitivity, but this quickly rolls off below ~200-300 nm and above ~500 nm [1]. 

The spectral response curves for several different types of PMT photocathodes is 

illustrated in Figure 2. 

 

Because of these characteristics, scintillators emitting in the violet to blue region (380-

500 nm) of the visible spectrum have historically been preferred. This is apparent from 

Figure 2, in which most of the displayed scintillators (LaBr3:Ce, NaI:Tl, LSO:Ce, BGO) have 

peak emission in this range. However, recent advancements have seen photosensors 

with improved sensitivity in the ultraviolet (UV) and near infrared (IR) regions, opening 

the possibilities for new types of scintillator materials to be utilized. 

 

1.1.2 Principles of Inorganic Scintillators  

 

Radiation Interactions in Matter 

 

Before discussing the different processes and physical mechanisms that can occur in 

scintillators, it is necessary to first consider how the incident radiation may interact 

within the detector medium. For gamma radiation, there are three primary interactions  

of interest which are (i) photoelectric absorption (ii) Compton scattering and (iii) pair 

production [1]. During photoelectric absorption, the incident gamma ray photon is 

completely absorbed by an atom, transferring all its initial energy and leading to the 

emission of a photoelectron from a tightly bound shell (typically K shell). A small amount 

of energy is required to remove the bound electron from the atom, therefore, the 

resulting photoelectron energy is equal to the difference between initial photon energy 

and the binding energy of the photoelectron.  
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Figure 2. Spectral response curves for typical PMTs compared with emission spectra of several common 
scintillators [2]. 
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Subsequently, the inner shell vacancy is filled and produces a characteristic X-ray that 

may then be reabsorbed or can escape the detector entirely. In the former case, all of 

the original photon energy is deposited in the detector medium. This is the dominant 

interaction for low energy gamma rays (up to several hundred keV). 

 

During Compton scattering, the incident photon transfers only a portion of its initial 

energy to an electron referred to as a recoil electron. This process occurs through 

interactions with loosely bound electrons as opposed to the whole atoms, as is the case 

for photoelectric absorption. The energy transferred depends on the scattering angle θ 

and can vary from zero up to a large fraction of the initial photon energy in the case of a 

head on collision [1]. Pair production is the dominant interaction at high energies 

(several MeV) and is possible when the gamma ray energy exceeds twice the rest mass 

of an electron, 1.02 MeV. During this process, the incident gamma ray is replaced by an 

electron-positron pair that share the excess kinetic energy. Subsequently, the positron 

will annihilate, generating two annihilation photons. 

 

The probability of all these interactions is dependent on the gamma ray energy and the 

Z of the absorber material. This is illustrated in Figure 3. The significance of these 

interactions becomes important in the context of the detector response and 

spectroscopic capabilities. Specifically, for gamma spectroscopy it is usually necessary to 

distinguish the full energy photopeak to obtain relevant information about the energy 

or identity of a source. These interactions are also important from a detection efficiency 

perspective, with the higher stopping power of dense and high Zeff materials allowing for 

more compact detector designs. 
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Figure 3. Dependence of interaction probabilities on gamma ray energy and Z of the absorber material for 
the three main types of interactions [1]. 
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Scintillation Mechanisms 

 

The scintillation process can be broken down into three stages: (i) 

absorption/conversion (ii) energy carrier migration and (iii) relaxation/emission [2-4]. 

This entire process is illustrated schematically in Figure 4. During the first stage, the 

absorbed ionizing radiation interacts via photoelectric absorption and Compton 

scattering (or pair production at high energies) creating electron-hole pairs. Relaxation 

of these primary electrons and holes occurs with the creation of secondary electrons, 

holes, and other electronic excitations. The secondary electrons and holes then 

thermalize to the bottom of the conduction band and top of the valence band, at which 

point they may remain as free charge carriers or form impurity-bound excitons. The 

second stage involves transfer of electrons, holes, or bound excitons to recombination 

centers. These carriers can migrate through the crystal and may become trapped at 

electronic defects (associated with impurities and lattice defects) with energy levels 

within the bandgap, delaying the next stage of the scintillation process. In the final 

stage, electrons and holes (or alternatively excitons) are sequentially captured at the 

luminescence center where they recombine radiatively leading to emission of visible 

light. Energy losses due to non-radiative processes also occur throughout the 

scintillation processes, which reduce the overall luminosity.  

 

A variety of scintillation mechanisms exist for inorganic materials. These generally fall 

under two categories – intrinsic or extrinsic. In each case, the differences mainly involve 

the third stage of the scintillation processes (relaxation/emission). Intrinsic processes 

include (i) excitonic (ii) core to valence and (iii) self-activated luminescence.  
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Figure 4. Band structure diagram illustrating the different stages of scintillation in inorganic materials [3]. 
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The most common intrinsic mechanism is that of self-trapped excitons (STEs). During the 

second stage of the scintillation process (carrier migration), an unstable hole from the 

valence band may be bound between two anions forming a molecular complex of the 

type 𝑋2
− (also known as a Vk center) [5, 6]. The Vk center is mobile and can migrate 

throughout the crystal until it is captured by an activator ion (such as Ce3+) or 

alternatively may first trap an electron or hole from the conduction or valence bands to 

form a self-trapped hole (STH) or STE, respectively. The STE can then relax radiatively or 

transfer its energy to the activator ion. Typical decay times of STE emission are on the 

order of microseconds [5, 6].  

 

Core-valence luminescence (CVL) is another intrinsic mechanism and is observed in 

some wide bandgap halide crystals due to radiative transitions between the valence 

band and core levels. This mechanism is of interest mainly for the characteristic ultrafast 

decay times (~1 ns) that can be achieved. Several examples of crystals with CVL include 

BaF2, CsF, and CsCaCl3 [7-12]. This mechanism will be discussed in more detail in the 

next chapter. 

 

Scintillation properties can often be enhanced by introduction of intentional impurities 

or dopants, referred to as activators, giving rise to extrinsic scintillation. Common 

activators include rare-earth ions with efficient 5d to 4f electronic transitions such as 

Ce3+, Pr3+, and Eu2+. Another common type of activator are the ns2 ions like Tl+. Examples 

of widely used scintillators activated with these ions include NaI:Tl, CsI:Tl, LaBr3:Ce, 

CLYC:Ce, SrI2:Eu, LSO:Ce, and GGAG:Ce. It is not uncommon for several different 

mechanisms to be observed in the same crystal, with each contributing a different 

fraction to the overall scintillation yield and kinetics. For instance, CLYC:Ce exhibits STE 

emission, Ce3+ 5d to 4f emission, and CVL. As a result, its scintillation decay profile is 
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comprised of three components with time constants of 1 ns (CVL), 50 ns (Ce3+), and 

1000-6000 ns (STE) [13-15]. 

 

One benefit of activated scintillators (in particular rare-earth doped) is the efficiency at 

which the luminescent ion can capture electrons and holes and their high quantum 

efficiencies for radiative transitions. This in turn allows much higher light yields to be 

achieved than in undoped or intrinsic scintillators (on the order of 60,000 to 80,000 

ph/MeV for some Ce3+ or Eu2+-doped crystals). The drawbacks are that the scintillation 

kinetics are then dictated by the lifetime of the luminescent species, which can limit 

their practical use depending on the application. The lifetimes tend to be on the order of 

10’s of ns for Ce3+-activated scintillators and 100’s to 1000’s of ns for Eu2+-doped 

scintillators; however, due to competing processes – such as trapping by defects or 

energy transfer from STH and excitons – the emission of scintillation photons is often 

delayed and the resulting decay times are longer than the lifetime of the activator ion 

excited state. Another drawback of doped scintillators is that often there is a 

nonuniform distribution of the dopant throughout the bulk of material, especially in the 

case of directionally grown crystalline scintillators [16-22]. 

 

Self-activated materials are sometimes classified as a third separate category, being 

somewhere in between extrinsic and intrinsic. Examples of self-activated scintillators 

include Bi4Ge3O12 (BGO), CeBr3,  Cs4EuBr6, and CaWO4 [5, 23]. In these cases, the 

luminescent ion or species is a main constituent of the compound rather than a 

dopant/impurity, which is why this type is often considered to be distinct from extrinsic 

luminescence. However, the emission processes for a Ce3+-doped vs Ce3+-based crystal, 

for example, arise from the same 5d to 4f electronic transitions of the Ce3+ ions. 
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1.2 Applications of Fast Scintillators 

 

Inorganic scintillator materials possess many attractive properties for detection of 

gamma rays and X-rays. These properties can include high light yield, good energy 

resolution, high detection efficiency (high density and large effective atomic number, 

Zeff), and fast decay time. Recent trends have shifted toward an increased need for 

faster timing capabilities for time of flight (TOF) measurements (e.g. TOF positron 

emission tomography (PET) and TOF computed tomography (CT) [24-26]), SiPM-based 

photon counting computed tomography (PCCT) [27], hard X-ray imaging [24, 28], and 

other high count rate applications including nuclear material accounting and high 

energy physics (HEP) experiments [24, 29]. In particular, lately there has also been an 

emphasis on pushing the limits of timing resolution (the proposed “10 ps challenge” 

[25]). This is primarily being driven by the medical imaging community, however, 

improved timing resolution is also important for TOF measurements in HEP [5, 30] and 

for positron annihilation lifetime measurements [31, 32]. 

 

One of the main factors limiting detector time resolution is the photon time density of 

the scintillation pulse, or the ratio of light yield to decay kinetics of the emitted light. 

The best coincidence time resolution (CTR) can be obtained with a combination of high 

light yield (LY) and short decay (𝜏𝑑) and rise (𝜏𝑟) times as described by the relationship: 

 

𝐶𝑇𝑅 ∝ √𝜏𝑟𝜏𝑑/𝐿𝑌 

 

Scintillators having decay times on the order of ~1 ns or less may be the key to pushing 

these limits. However, of the available technology, only a few inorganic scintillators can 

achieve such ultrafast decay times; the appeal of (or even necessity for) inorganic over 

plastic scintillators lies in their spectroscopic capabilities and higher detection efficiency. 
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Efforts toward discovery and development of new ultrafast inorganic scintillators are 

therefore necessary to keep pace with the demands of next generation radiation 

detection systems. 

 

1.3 Avenues for Ultrafast Emission 

 

Several different processes for achieving ultrafast emission (~1 ns decay time or less) 

with inorganic materials – Cherenkov, hot intra-band luminescence, and core-valence 

luminescence – are currently being explored as strategies for achieving ultrafast 

emission [24, 33, 34]. Sub-ns decay times resulting from quantum confinement effects 

are also possible in nanocrystals and nanocomposites [35-37]. For example, a prompt 

component of 0.79 ns (17% abundance) and effective decay time of about 1.9 ns is 

observed for lead halide perovskite CsPbBr3 nanocrystals embedded in a polystyrene 

matrix, which has been measured to have time resolution twice as good as LYSO (used 

in commercial TOF-PET scanners) at low energies of 10 keV [36]. Lead halide perovskites 

used in bulk crystalline form have also shown promising timing characteristics. Sub-100 

ps CTR was recently demonstrated with a two-dimensional hybrid organic-inorganic 

halide perovskite scintillator, Li-doped PEA2PbBr4 (CTR of 84 ps FWHM) [38]. 

Semiconductor scintillators, such as ZnO:Ga [39, 40], are another class of material being 

considered for fast timing applications due to their ultrafast decay times. 

 

Besides exploiting fast emission processes in inorganic materials, an alternative strategy 

for designing fast timing detectors currently receiving a great deal of attention is the 

concept of heterostructures or metascintillators [41-43]. Since a high detection 

efficiency is required for applications such as TOF-PET, plastic scintillators alone are not 

a suitable choice (due to low Zeff and density) despite having ultrafast timing properties 

(about 700 ps decay times for EJ-232Q and BC-422Q). By alternating between layers of a 
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dense scintillator, like BGO, and a fast plastic scintillator, the desired properties from 

each can be harnessed to achieve better timing resolution without sacrificing detection 

efficiency. CTR as good as 55 ps full width at half maximum (FWHM) has been measured 

with LYSO + BC-422 [43]. However, this technology is still in the very early stages of 

development. 

 

Of the various potential avenues for achieving faster timing performance, core-valence 

luminescence (CVL) is of particular interest due to overall well-balanced set of 

properties that can be obtained – sub-ns decay time, moderate density (3 to 6 g/cm3), 

good chemical stability, and relatively bright emission, for example. Unlike Cherenkov 

emission and hot intra-band luminescence, which produce very few photons per gamma 

interaction (~17 photons per 511 keV gamma for BGO [27]), CVL scintillators typically 

have light yields in the range of 1,000 to 2,000 ph/MeV (at 662 keV), making them more 

practical for use in a wide range of applications. Likewise, the ability for these materials 

to be used in bulk form without significant effects from self-absorption provides an 

advantage over semiconductors. The generally higher density and Zeff of fully inorganic 

CVL scintillators compared to halide perovskite nanocomposites and hybrid organic-

inorganic crystals provides an advantage over these materials. The compositional space 

in which CVL materials exist has not yet been exhausted, and continued efforts devoted 

to searching for and developing CVL materials are necessary in order to find suitable 

alternatives to existing ultrafast inorganic scintillators such as BaF2. 

 

1.4 Crystal Growth 

 

Most commercially produced inorganic scintillator crystals are grown from the melt 

using either the Czochralski or vertical Bridgman techniques. The Czochralski method is 

commonly used to grow oxides and semiconductors (e.g. silicon) and is the preferred 
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method for growing materials with high melting points (>1800 °C). Its widespread use 

for growth of halides has not yet been adopted due to the high cost of operation and 

greater challenges regarding the growth atmosphere, the latter relating to the 

hygroscopic nature of halide materials. The Bridgman method is low cost and is suitable 

for growth of halide materials, which tend to have relatively low melting points (<900 

°C). Additionally, crystals can be grown in sealed ampoules to avoid reaction with 

moisture and oxygen. The Bridgman technique relies on the use of a thermal gradient to 

directionally solidify the crystal from the melt. This can be accomplished by either 

translating the growth vessel through a fixed gradient or by keeping the growth vessel 

stationary and moving the temperature gradient through the furnace. This is illustrated 

schematically in Figure 5. In either case, a vertically oriented tube furnace is set up to 

have a “hot” zone (set higher than the melting point) and a “cold” zone (set lower than 

the melting point). In the simplest configuration, a single heating element can be used, 

and the ampoule will be translated from inside the furnace (the “hot zone”) to outside 

the furnace (the “cold zone”). More commonly, at least two independently controlled 

zones or heating elements are employed to allow for better control over the gradient. 

The number of zones in some cases reaches up to 24 or more, which is useful for growth 

using the moving gradient approach (referred to as an electro-dynamic gradient (EDG) 

furnace). 

 

One of the most critical features of the growing crystal is the shape and stability of the 

solid-liquid interface [44-47]. The ideal solid-liquid interface will be slightly convex 

relative to the solid. This shape promotes the segregation of unwanted impurities and 

growth of polycrystalline grains toward the ampoule wall rather than toward the center 

of the crystal. The opposite case, where the interface is concave relative to the solid, is 

more likely to lead to inclusions or even coring in severe cases and is undesirable.  
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Figure 5. Schematic diagram of the Bridgman growth method showing a sealed ampoule and simplified 
furnace arrangement. 
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Several factors affect interface stability, which include (i) the thermal gradient (ii) the 

translation or pulling rate (iii) the diameter of the crystal and (iv) compositional 

uniformity of the melt, specifically at the boundary layer directly above the interface. 

The first three are the easiest to control. As such, these parameters were carefully 

selected for the crystals grown in this dissertation. Regarding the thermal gradient, it 

has been shown that it can be sharpened by designing the furnace to have an adiabatic 

zone or insulating thermal baffle separating the hot and cold zones [47-49]. Strategies 

such as the accelerated crucible rotation technique (ACRT) [50-52] and the rotating 

submerged heater method [53, 54] have also been explored to improve the interface 

shape.  

 

The main obstacle that often prevents complete development of novel scintillator 

crystals from the research stage into commercial production arises from growth 

challenges that make fabricating large-size single crystals (1 inch to 3 inches in diameter) 

both difficult and expensive. Cracking is one of the main problems encountered when 

scaling up growth to larger sizes. The mechanism by which single crystal halide 

scintillators crack depends on the specific material. For example, cracking in LaBr3:Ce is 

attributed to anisotropic thermal expansion in different crystallographic directions and 

cleavage along the (1 0 0) plane [55, 56]. For other materials, adhesion to the quartz 

growth ampoule induces stress in the crystal as it contracts during cooling and is unable 

to separate freely from the ampoule wall. Macroscopic defects, such as inclusions and 

precipitates, can also introduce problems during growth and processing (cutting, 

polishing, etc.), as well as from an optical standpoint (scattering and absorption of light 

produced by the scintillator, which leads to an overall degradation in performance). The 

effect these defects have on growth and processing is that they create points of internal 

stress in the crystal that can also lead to cracking. In some instances, these secondary-

phase defects are a consequence of the compound or system itself. For example, excess 
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CsCl has been observed in Cs2LiYCl6 as a result of incongruent melting [57], and CsCl 

inclusions have been observed in Cs2HfCl6 [58] (in both cases CsCl is a primary 

constituent of the compound). In other cases, these inclusions can be secondary phases 

that form from impurities in the raw material. 

 

Many halides tend to react strongly with air and moisture and although several 

measures are put in place to avoid exposure to atmosphere, oxygen impurities are often 

still present in the material. Several papers in literature have assessed the importance of 

removal of water, oxygen, oxyhalides, and gases from the raw materials prior to growth 

[59-62]. Typically, this involves drying the raw material under vacuum at an elevated 

temperature. The temperature at which different hydrates or other undesirable species 

decompose varies, but common ranges for drying halides can be upwards of 200-350 °C 

[62-69], depending on the melting point. 

 

Additional problems can arise due to the volatility of precursor materials, which can 

result in loss of stoichiometry or creation of halogen vacancies. A study by Swider et al. 

showed the dissociation of chlorine during heating of CsCl raw material, as evidenced by 

RGA measurements [60]. This initially occurs near 350 °C, and later as the temperature 

approaches the melting point of CsCl around 645 °C. The presence of Argon gas in the 

raw material was also observed to be released upon melting. 

  



 

20 

 

Chapter Two  

Core Valence Luminescence (CVL)  

 

Several sections of this chapter were originally published in the following articles: 

 

• Daniel Rutstrom, Luis Stand, Cordell Delzer, Maciej Kapusta, Jaroslaw Glodo, 

Edgar van Loef, Kanai Shah, Merry Koschan, Charles L. Melcher, Mariya 

Zhuravleva, “Improved light yield and growth of large-volume ultrafast single 

crystal scintillators Cs2ZnCl4 and Cs3ZnCl5” Optical Materials, Volume 133, 2022. 

• Daniel Rutstrom, Luis Stand, Dylan Windsor, Haixuan Xu, Maciej Kapusta, Charles 

L. Melcher, Mariya Zhuravleva, “New Ultrafast Scintillators with Core Valence 

Luminescence: Cs2MgCl4 and Cs3MgCl5” Journal of Materials Chemistry C, 2024, 

submitted for review. 

• Zhehui Wang, Christophe Dujardin, Matthew S. Freeman, Amanda E. Gehring, 

James F. Hunter, Paul Lecoq, Wei Liu, Charles L. Melcher, C. L. Morris, Martin 

Nikl, Ghanshyam Pilania, Reeju Pokharel, Daniel G. Robertson, Daniel J. 

Rutstrom, Sky K. Sjue, Anton S. Tremsin, S. A. Watson, Brenden W. Wiggins, 

Nicola M. Winch, Mariya Zhuravleva, "Needs, trends, and advances in 

scintillators for radiographic imaging and tomography," IEEE Transactions on 

Nuclear Science, Volume 70, 2023. 

 

The excerpts taken from these articles were all written by Daniel Rutstrom – who was 

either first author or a coauthor of the original article – with the help of his coauthors. 

The author would like to acknowledge and thank those who contributed to the 

reviewing and editing of the original works. 
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The mechanism of core valence luminescence (CVL), also called cross luminescence (CL) 

or Auger-free luminescence (AFL), is one of the more promising avenues towards 

ultrafast emission. Whereas the typical scintillation mechanism involves electronic 

transitions that occur within the bandgap of the scintillator material, either as a result of 

electrons and holes recombining at impurity-type luminescence centers or through 

intrinsic defects, CVL occurs when an electron in the valence band recombines with a 

hole generated in the upper core band [15]. The radiative recombination of core holes 

with valence electrons happens on a time scale much shorter than that of the typical 

scintillation process, with characteristic decay times of CVL being on the order of about 

1 ns. 

 

CVL can be observed in wide bandgap halide crystals if the following condition is 

satisfied: 

𝐸𝑣𝑐 <  𝐸𝑔 

 

where Evc is the energy difference between the top of the valence band and top of the 

outmost core level and Eg is the bandgap energy [7]. This is necessary to avoid non-

radiative Auger decay of core holes. The above condition (Evc < Eg) is met in many 

fluorides and chlorides containing K+, Cs+, Rb+, and/or Ba2+ due to the shallow depth of 

the cation core levels (binding energies from 12 to 19 eV for the outermost np6 shell 

electrons) and the wide bandgaps of fluoride and chloride-based crystals (~7-10 eV) [7, 

70]. The most notable example of CVL is with BaF2 – one of the few commercially 

available inorganic scintillators with a sub-nanosecond decay time. 
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A schematic illustration of CVL is shown in Figure 6 for a hypothetical CsCl-based 

compound. When X-rays or gamma rays interacting with the crystal are of sufficient 

energy, an outermost core electron will be ejected to the conduction band leaving 

behind a core hole. The hole then relaxes to the top of the core level (mainly composed 

of the alkali metal p orbital) where it can recombine radiatively with an electron from 

the valence band (mainly composed of the halogen anion p orbital). The result is 

emission of photons with energies corresponding to p to p transitions (indicated by 

arrows ‘1’ and ‘2’ in Figure 6), which typically lie in the VUV to UV range of wavelengths. 

Considering the emitted light must fall within the range of energies from the top and 

bottom of the valence band to the top of the outermost core band, the emission 

spectrum is effectively a reflection of the density of states in the valence band. The 

number of bands in the emission spectrum is dependent on the coordination number 

(CN) of the alkali metal cation, with additional bands appearing when increasing from 

CN = 6 (1 band) to CN = 8 (2 bands) to CN = 12 (complex structure) [7, 71]. 

 

2.1 Barium Fluoride (BaF2) 

2.1.1 Discovery in the 1980’s 

Although BaF2 was initially discovered as a scintillator in 1971 [72], it wasn’t until the 

discovery of its ultrafast decay component in 1982 [73, 74] that it started to draw 

substantial interest. Shortly after, it was found that this type of ultrafast luminescence 

could be observed in other halides, which included CsF. These two materials quickly 

became serious contenders in the early days of TOF-PET [8]. In this popular medical 

imaging technique, the difference in arrival times of two 511 keV annihilation photons 

must be precisely measured in a pair of detectors to determine the position of a 

radioactive tracer inside a patient.  

  



 

23 

 

 

Figure 6. Schematic illustration of the core valence luminescence mechanism for hypothetical CsCl-
containing crystals.  
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The timing resolution of the system is limited by the decay time of the scintillator; 

therefore, fast scintillators are essential to achieve the desired performance (timing 

resolution on the order of ten to several hundred picoseconds). First generation TOF-

PET scanners developed in the 1980’s and 1990’s were constructed with BaF2 and CsF 

crystals [9, 10], which were promising due to being the only ultrafast inorganic 

scintillators at the time (~0.6 ns and 2.5 ns to 5 ns decay times, respectively) [10-12]. 

Unfortunately, the drawbacks of these two materials outweighed their benefits, so 

widespread use was not implemented. Instead, Bi4Ge3O12 (BGO) and Ce-doped Lu2SiO5 

(LSO) were selected for use in PET because of their better overall properties, especially 

stopping power, despite having decay times at least an order of magnitude slower than 

those of BaF2 and CsF. 

 

2.1.2 Current Usage   

Although it was not implemented in TOF-PET, BaF2 is still currently the preferred choice 

when it comes to ultrafast inorganic scintillators. BaF2 crystals have been proposed for 

one of the two imager concepts for the MaRIE hard X-ray (>20 keV) imaging system, 

which requires a temporal response less than 2 ns to avoid pileup effects due to the GHz 

frame rates used [1, 4, 6, 7]. Another application making use of BaF2 is the Detector for 

Advanced Neutron Capture Experiments (DANCE) located at Los Alamos National Lab 

(LANL) [75], which consists of 162 elements of BaF2 crystals designed to enable neutron 

cross-section measurements. BaF2 is also being considered for use in various 

electromagnetic calorimeters for HEP experiments, including the Mu2e-II calorimeter 

upgrade [76, 77]. Positron annihilation lifetime spectroscopy is another area making use 

of the timing properties of BaF2 crystals [31, 32]. It is clear from these examples that 

BaF2 has found widespread use being the only commercially manufactured scintillator of 

its type. However, several of its drawbacks present an opportunity to explore alternative 

materials to occupy a similar space. 
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2.1.3 Limitations 

One of the main disadvantages of BaF2 is that in addition to its fast decay component 

there is a slower 630 ns decay component originating from self-trapped exciton (STE) 

emission that accounts for 85% of the total light yield [7, 74, 78, 79]. This slow 

component is undesirable and can cause pulse pileup when count rates are high. 

Additionally, the wavelengths of the radioluminescence emission spectrum associated 

with the fast component extend below the deep UV and are slightly outside the range of 

wavelengths where common photodetectors have the highest sensitivity (300 nm to 500 

nm), as discussed in Chapter 1.1.1 Detector System Components. These shortcomings 

provide motivation to search for alternative ultrafast scintillators that may provide 

advantages over BaF2.  

 

Besides BaF2, there are a number of other halide crystals that are known to have CVL. 

However, none have offered sufficient benefits to replace or even compete with BaF2. A 

review of some novel CVL materials will be presented next, and the most promising 

candidates for further development will be identified. 

 

2.2 Potassium (K), Rubidium (Rb), and Cesium (Cs) Based CVL Crystals 

 

The outermost core levels of K+ (3p) and Rb+ (4p) in halide crystals are positioned deeper 

than that of Cs+ (5p) with respect to the valence band minimum (K 3p at 19 eV, Rb 4p at 

16 eV, and Cs 5p at 14 eV relative to vacuum level [7, 70]). A critical requirement for 

observation of CVL (and to avoid non-radiative Auger decay of core holes) is that the 

energy difference between the top of the valence band and top of the outermost core 

level must be less than the bandgap energy (or Evc < Eg). It is clear then that this 

condition is less likely to be met with K-containing and Rb-containing crystals than it is 

for Cs-containing crystals with similar bandgaps. As a result, there are few pure KCl-
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based and RbCl-based compounds known to have CVL. On the other hand, several 

fluoride compounds have been shown to have CVL. These include KF, RbF, RbCaF3, 

RbMgF3, KMgF3, KCaF3, KYF4, KLuF4, and K2YF5 [5, 80]. The downside of these compounds 

is that their emission wavelengths tend to lie below 200 nm. 

 

In addition to BaF2, early investigations into CVL in the 1980’s and 1990’s focused largely 

on CsCl and perovskite CsMCl3-type (M = Mg, Ca, Sr) compounds [8, 81-84]. Part of the 

appeal of the ternary compounds over CsCl was their higher light yields, which has been 

attributed to the larger CN of Cs in the perovskite structure (CN = 12) [81, 85]. One other 

advantage of CsCl-based CVL crystals that was established during this time was the 

longer wavelength emissions of these compounds compared to those based on Rb+ and 

K+.   

 

2.3 Impurity-induced CVL 

 

It is possible to observe CVL in an otherwise CVL-free crystal by doping with CVL-active 

cations (Ba2+, Cs+, Rb+, and K+). This is known as impurity-induced CVL and has been 

demonstrated in several Cs- and Rb-doped materials including Rb1-xCsxCl [86], K1-xCsxCl, 

Rb1-xCsxBr, Rb1-xCsxCaCl3 [87], and K1-xCsxCaCl3 [87]. In these cases, the condition Evc < Eg 

is not satisfied in the undoped host compound. With doping, the impurity core level may 

be positioned such that the energy Evc is lowered and the criteria for CVL is met. This can 

be seen in Figure 7, where the energy gap Eg2 in the CVL-free crystal is too large relative 

to the bandgap (Figure 7a) and the dopant introduces a core level with smaller energy 

gap E’g2 (Figure 7b). 
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Figure 7. Band structure schematic of a hypothetical wide bandgap ionic crystal with (a) intrinsic CVL and 
(b) impurity-induced CVL. The conduction band is denoted as (I), valence band as (II), and outermost core 

band as (III). [87] 
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In all these cases, the host compound does not exhibit CVL (in other words is “CVL-

free”). Seldom explored has been the strategy of doping an existing CVL material either 

with CVL-active ions or other ions having shallow outermost core levels. The obvious 

exception to this is BaF2, in which a variety of dopants have been investigated [40, 88-

93]; however, successful attempts have only led to partial suppression of the STE 

emission rather than enhancement of the CVL emission. Instead, it is interesting to 

consider whether the CVL yield of some crystals can be increased through doping, in 

particular using non-optically active species as optically active ones would lead to 

undesired lengthening of the decay time (i.e. excluding Tl+, Eu2+, Ce3+, etc.). The concept 

of mixed scintillator crystals is another strategy that has proven successful in enhancing 

light yield, however, this effect has not been demonstrated for CVL materials [94, 95]. 

Rather, existing examples mostly involve rare-earth doped scintillators or other 

mechanisms involving emission from states within the host bandgap. Of the mixed CVL 

crystals that have been investigated, none have resulted in superior light yield (under 

gamma-ray excitation) compared to the pure end-member compounds [86, 96-98]. 

 

Voloshinovskii has suggested that a significant increase in light yield may be expected in 

CVL crystals with overlapping core levels due to efficient transfer of the core excitation 

energy between bands [99, 100]. Similarly, the concept of “transport core bands” has 

been discussed by Rodnyi in [5]. Figure 8 illustrates that overlapping between Cs5p-

Rb4p or Rb4p-Ba5p, for example, is possible. In this case, the lower lying band (deemed 

the transport band) can deliver additional holes to the upper CVL-active core band. This 

in turn is expected to lead to a larger share of core holes participating in CVL transitions, 

and therefore an increase in light yield. Additionally, they highlight the potential for d 

shell ions (such as Ga3+, In3+, Tl3+, Zn2+, and Cd2+) to act as transport bands even though 

they are not “CVL-active” (Figure 8). Despite these expectations, investigation of 

impurity-associated CVL with d ions is non-existent in the literature. 
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Figure 8. Simplified scheme of energy bands of fluorides illustrating that overlapping core bands can 
promote transport of additional holes to the upper CVL-active core band [5]. 
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Based on Figure 8, there are several combinations of host and dopant ions that could 

allow overlapping of core bands. Since CsCl-based crystals tend to have longer 

wavelength emission (i.e. better spectral match with photosensor) [70, 97], this 

compositional space will be the focus of the current work. Doping and mixing with Rb+ 

has already been studied extensively, so it is instead interesting to consider the d ions 

with shallow core levels, Cd2+ or Zn2+. As will be shown in later chapters, several CVL 

crystals from the CsCl-MgCl2 system have shown promising properties. The similar ionic 

radii of Zn2+ (0.6 Å for CN = 4) and Mg2+ (0.57 Å for CN = 4) makes this an ideal system 

for mixing from a crystal growth perspective and provided motivation for pursuing Zn2+ 

as an impurity ion (presented in Chapter 7).  

 

The CVL impurity ion concentrations reported in literature have varied widely. Dopant-

level quantities ranging from approximately 0.1 mol% to 10 mol% are often investigated 

[87, 97, 101, 102]; however, concentrations exceeding 20 mol% have also been explored 

in several mixed systems [86, 97, 103]. In the case of KF:Rb, Jansons et al. mention that 

impurity CVL bands from F2p to Rb4p radiative transitions appear in the luminescence 

spectra with as little as 0.1 mol% Rb+. Regarding the upper range of concentrations (i.e. 

mixed or heavily doped crystals), it is less clear at what point the benefits of impurity-

associated CVL might diminish. This likely depends on the system being investigated, 

therefore, optimization of the impurity concentration is necessary if, for instance, the 

goal is to optimize the scintillation performance. 

 

In addition to cation impurities, CVL in anion-substituted halides has also been explored, 

although to a much lesser extent. One notable example is work by Itoh et al. for the 

CsF1-xClx system (for x ≤ 0.03) [104]. Given that CVL transitions occur from states within 

the valence band, which originate from the halogen p states, significant modifications to 

the CVL properties may be expected for mixed halide crystals. Looking beyond CVL 
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materials, the strategy of mixed halides has proven to be effective at improving 

scintillation performance in several different systems owing to the ability to tune the 

electronic structure or suppress phase transitions [94, 105-110].  

 

2.4 Recently Discovered Materials 

 

Novel CVL scintillators that have been discovered in the last decade include Rb2ZnCl4 

[111, 112], Cs2BaCl4 [113], Cs3ZnCl5 [114], and BaGeF6 [115]. In addition to these novel 

materials, there has been renewed interest in the more traditional CsMCl3-type CVL 

scintillators CsSrCl3, CsMgCl3, and CsCaCl3 due to the advancements made to 

photodetector technology and signal processing methods since they originally drew 

interest in the 1990’s [97]. The most promising of these seems to be CsCaCl3 due to its 

high light yield of 1,371 ph/MeV and fast decay time of 2.47 ns. The CTR has recently 

been reported to be 148 ps FWHM for a 2 × 2 × 3 mm3 CsCaCl3 pixel measured with a 

VUV SiPM (Hamamatsu, S13370–3075CN), which is superior to that of BaF2 (CTR of 164 

ps FWHM) measured with the same setup [97]. However, one potential drawback of 

CsCaCl3 is its slight hygroscopicity. 

 

Cs2BaCl4 is one of the fastest and brightest (1.68 ns decay time and 1,369 ph/MeV light 

yield) materials recently studied in [97]. In a separate study, an even shorter decay 

constant of 1.2 ns and higher light yield of 1,700 ph/MeV (for the fast component) are 

reported [113]. Unfortunately, the instability of this compound at room temperature 

may hinder its usage, as Cs2BaCl4 reportedly decomposes upon cooling [97, 116]. This 

means growth from the melt will present substantial challenges. 
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From the various CsCl-based compounds known to show CVL, Cs2ZnCl4 and Cs3ZnCl5 may 

be the most promising for further study. Several relevant properties are summarized in 

Table 1. CVL of Cs2ZnCl4 was first reported by Ohnishi et al. [117], and more recently, 

scintillation properties have been reported by Yahaba et al. [118] and Takahashi et al. 

[114] for both Cs2ZnCl4 and Cs3ZnCl5. The two compounds are reportedly non-

deliquescent, have decay times from 1 ns to 2 ns that account for nearly 100% of the 

light emitted, and have longer emission wavelengths than BaF2 that are better suited for 

use with standard photodetectors [114, 117-119]. The relatively low melting points of 

Cs2ZnCl4 (601 °C) and Cs3ZnCl5 (560 °C) [120] compared to that of BaF2 (Tm = 1368 °C) are 

also favorable for low cost crystal growth methods such as the Bridgman technique. 

However, the ability to produce large-size crystals with high optical quality was not 

demonstrated in these studies. 
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Table 1. Summary of physical and scintillation properties of promising new CVL scintillators compared 
with those of commercially available BaF2. 

Composition LY 

(ph/MeV) 

Decay 

constant 

(ns) 

CVL emission 

wavelengths 

(nm) 

Hygroscopic Density 

(g/cm3) 

Zeff Ref. 

Cs2ZnCl4 1,280 1.6 260, 310, 

410 

no 3.35 45.3 [114, 

119] 

Cs3ZnCl5 a 440 1.1 240, 290, 

390 

no 3.44 46.6 [114] 

Cs2BaCl4 a 1,700 1.2 260, 290 slightly 3.76 49 [97, 

113] 

CsCaCl3 1,371 2.47 260, 290 slightly 2.95 42 [97] 

CsMgCl3 1,113 2.36 260, 290 slightly 3.10 43 [97] 

BaF2 1,400 0.6 – 0.8 195, 220 no 4.88 53 [121, 

122] 

a Discovered in the last three years. 
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Chapter Three  

Goals and Objectives 

 

One of the main goals of this work is to assess the potential of Cs2ZnCl4 and Cs3ZnCl5 as 

alternatives to existing scintillators, such as BaF2, being considered for use in fast timing 

radiation detection applications. Scintillation properties, and more specifically core 

valence luminescence, have already been reported for these two compounds. These 

materials are promising due to their ultrafast decay times but may have been 

overlooked because of the low light yields reported in literature. This dissertation 

expands upon existing work by showing that larger-size crystals with improved optical 

quality can be grown. The first objective is to improve the light yields of Cs2ZnCl4 and 

Cs3ZnCl5, which will not only make them more practical to use but also lead to better 

timing performance (i.e. lower CTR). The next objective is to demonstrate the potential 

for commercial-scale production by successfully growing a crack-free 38 mm diameter 

crystal. 

 

Additionally, this work aims to explore the possibility of core valence luminescence in 

Cs2MgCl4 and Cs3MgCl5, both of which are not currently known to scintillate. There are 

two primary reasons for investigating these two compounds. The first is to determine if 

either has superior decay time and light yield or are more favorable for scale-up 

compared to the Zn-containing analogues. The second reason is to provide more 

examples of A2BX4 and A3BX5-type CVL scintillators to help establish relationships 

between composition, structure, and scintillation properties so that new materials can 

be designed or engineered more efficiently in the future. 

 

Finally, the strategies of doping and mixing to enhance decay time and/or light yield of 

various CVL crystals will be investigated. Compositions such as Cs2Mg1-xZnxCl4, Cs3Mg1-
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xZnCl5, and CsMg1-xZnxCl3 will be explored (where 0.05 ≤ x ≤ 0.95). Here, doping will refer 

to concentrations around 5 mol% (x = 0.05) or less, and mixing will refer to 

concentrations above 5 mol%. Doped or mixed CVL crystals reported in literature are 

almost exclusively limited to starting with a compound that does not exhibit CVL and 

then inducing this type of luminescence by introducing a CVL-active ion, known as 

“impurity-induced” CVL. What is proposed in this dissertation is a new type of “impurity-

enhanced” CVL – where the host matrix is a compound that already shows CVL. 

Unraveling a new pathway for improving the performance of these ultrafast scintillators 

could deepen our understanding of the CVL mechanism and have a profound impact on 

the future direction of scintillator research.  

 

The novel materials presented in this dissertation were not investigated with one 

specific application in mind. Rather, the point of this work is to introduce scintillator 

materials with properties that are either currently unavailable or seriously lacking in the 

commercial space and demonstrate that they can offer advantages over materials 

occupying a similar role. The intended outcomes are either (i) these materials can find 

use in one or several of the discussed applications (ii) their unique set of properties 

allow for new detector concepts to be realized or (iii) they allow us to add to the existing 

body of knowledge in the field of scintillator research. 

 

This work supports the NNSA mission to prevent nuclear weapon proliferation by aiming 

to develop advanced technology that may enhance our abilities to detect, identify, and 

locate sources of X-ray and gamma ray radiation, which is a critical aspect of 

international safeguards efforts. This also supports the NNSA mission to maintain the US 

stockpile, which relies in part on high-speed X-ray imaging systems to assess the 

condition of aging weapons without requiring explosive testing. 
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Chapter Four  

Experimental Methods 

 

4.1 Crystal Growth 

 

Table 2 lists the compositions investigated in this work. Starting raw materials for crystal 

growth were purchased from commercial vendors in the form of binary halide salts – 

CsCl, ZnCl2, and MgCl2 – with purities ≥99.99% (≥ 4N). These were obtained either in 

bead or powder form. The ternary compounds were formed following the general steps 

below: 

 

(1) weighing out stoichiometric amounts of each component and loading into 

quartz growth ampoules (7, 12, 22, or 38 mm in diameter) inside a nitrogen-filled 

glovebox 

(2) drying the material under dynamic vacuum at a pressure <10-6 torr and 

temperature of 100 °C to remove any residual moisture 

(3) sealing the ampoules with a torch while still under vacuum (Figure 9) and 

(4) melt synthesizing at a temperature above the melting points of CsCl, MgCl2, 

and ZnCl2 (645 °C, 714 °C, and 290 °C, respectively) for 12 hours followed by 

cooling to room temperature over several hours 

 

Melt synthesis was carried out with at least two heating and cooling cycles, inverting the 

ampoule in between steps to allow for better mixing. This process produces a 

polycrystalline material that must then be grown into single crystal form. A schematic 

illustration of this process is depicted in Figure 10. The growth ampoules were all 

equipped with a capillary region at the tip to serve as a self-seeding “grain selector”. 

Table 3 lists melting points of the constituent compounds.   
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Table 2. Investigated compositions and some relevant information for synthesis. 

Composition Raw materials Ampoule sizes, 

diameter (mm) 

Base compound 

melting point (°C) 

Cs2ZnCl4 CsCl, ZnCl2 7, 22, 38 601 [120] 

Cs3ZnCl5 CsCl, ZnCl2 7, 22 560 [120] 

CsMgCl3 CsCl, MgCl2 7, 12 610 [123] 

Cs2MgCl4 CsCl, MgCl2 7, 12 545 [123] 

Cs3MgCl5 CsCl, MgCl2 7, 12 525 [123] 

CsMgCl3:Zn 5% CsCl, MgCl2, ZnCl2 7, 12 610 [123] 

Cs2Mg1-xZnxCl4 CsCl, MgCl2, ZnCl2 7, 12 545-601 

Cs3Mg1-xZnxCl5 CsCl, MgCl2, ZnCl2 7, 12 525-560 

 

 

 

 

 

Figure 9. Photograph of PhD student Daniel Rutstrom sealing a quartz growth ampoule with an oxy-
hydrogen torch. 
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Figure 10. Illustration of sample preparation carried out prior to crystal growth. 

 

 

 

 

Table 3. Melting points of the binary halides used as starting raw materials. 

Compound Melting point (°C) 

CsCl 645 

MgCl2 714 

ZnCl2 290 (Tb = 732) 
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Due to the low melting point of ZnCl2 relative to that of CsCl and MgCl2, drying 

temperatures had to be kept low (100 °C) to avoid volatilization. Any deviations from 

this procedure are outlined in more detail in the relevant chapters (in particular 5.2 

Experiments to Optimize Growth of 22 mm Diameter Crystals and 5.3 Growth of 38 mm 

Diameter Cs2ZnCl4). 

 

All crystals were grown by the vertical Bridgman technique in 2-zone or 3-zone furnaces. 

The furnaces were equipped with a donut-shaped alumina baffle separating the hot and 

cold zones to enhance the thermal gradients. Additional gaps between the baffle and 

bore of the furnace were filled in with quartz wool to maintain separation between 

zones. A quartz rod was fused to each growth ampoule using a torch, with the opposite 

end of the rod being shaped into a ‘hook’ to allow it to be suspended from the 

translation arm. Translation through the furnace was accomplished with an Arduino-

controlled stepper motor, and the rates at which the ampoules were lowered ranged 

from 0.25 mm/h to 1.0 mm/h depending on size. A photograph and schematic of this 

setup is shown in Figure 11. Translation was stopped once the growing crystal had 

passed entirely below the thermal baffle, and the furnace was then cooled slowly to 

room temperature at rates of 3 °C/h to 7 °C/h, again depending on the size (slower for 

larger diameter crystals). To achieve a more uniform temperature across the grown 

crystal during cooling thereby reducing thermal stress, a “top down” approach was 

used. This consisted of first cooling only the hot zone to match the cold zone 

temperature. Subsequently, both zones were cooled together to room temperature at 

the same rate. 
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Figure 11. (left) Photograph of a typical growth furnace used in this work and (right) a schematic diagram 
of the insulation configuration inside the furnace. 
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Phase diagrams for both the CsCl-ZnCl2 system (Figure 12) and CsCl-MgCl2 system 

(Figure 13) have previously been published. All of the compounds explored in this 

dissertation are reported to melt congruently and do not have any reported solid-solid 

phase transitions. Both of these points are important considerations when growing any 

crystal from the melt. While it is not impossible to grow incongruently melting 

compounds [57, 124, 125], it is a more complicated process and usually requires 

growing from a non-stoichiometric starting composition [126]. This limits the overall 

crystal yield, and finding the optimal amount of excess (or deficiency) of the different 

components can involve lengthy trial and error. Regarding growth of compounds with 

structural transitions that occur upon cooling to room temperature, this can be 

detrimental to both the optical clarity as well as mechanical integrity of the crystal as 

the stress induced by such phase transitions will often lead to cracking or twinning 

[127].  

 

4.2 X-ray Diffraction (XRD) 

 

Powder X-ray diffraction (XRD) was performed at the Institute for Advanced Materials 

and Manufacturing (IAMM). Data was collected at room temperature from 15° to 70° 2-

theta with a step size of 0.0066° 2-theta using a PANalytical Empyrean diffractometer 

with the Bragg-Brentano geometry and theta-theta goniometer. It was equipped with a 

Cu Kα X-ray source (1.5406 Å wavelength) operated at 45 kV and 40 mA. The incident 

beam passed through a 0.04 rad Soller slit followed by a 1/4° programmable divergence 

slit, 10 mm mask, and 1/2° anti-scatter slit. Diffracted beam optics consisted of a 0.04 

rad large Soller slit, Ni-beta filter, and a PIXcel3D-Medipix 3 with a 1/4° programmable 

anti-scatter slit. The sample holder was rotated at a rate of 4 seconds per revolution 

throughout the measurements. Each scan duration was approximately 40 minutes. 
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Figure 12. CsCl-ZnCl2 binary phase diagram from [120]. 
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Figure 13. CsCl-MgCl2 binary phase diagram from [128]. 
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Powdered samples were loaded onto zero-background silicon holders while inside a 

nitrogen-filled glovebox and encapsulated with a Kapton film to prevent exposure to air 

during the measurements. The exception was Cs2ZnCl4 and Cs3ZnCl5, which were 

measured in air due to their non-hygroscopicity.  

 

High temperature powder XRD measurements were carried out to determine the 

coefficients of thermal expansion (CTE) for Cs2ZnCl4. As a precaution to minimize contact 

time with air and moisture, the powder was ground inside a glovebox with a mortar and 

pestle and transferred to the diffractometer in an airtight enclosure. The powder was 

then quickly loaded onto an alumina sample holder while in air (total duration around 

30-60 seconds) before being inserted into the high temperature stage (Anton Paar HTK 

1200N high temperature sample stage). Measurements were performed in a nitrogen 

atmosphere. A heating rate of 5 °C/min was used and the sample was allowed several 

minutes to reach thermal equilibrium between scans at each temperature. The stage 

height was adjusted during heating to account for the expansion of the alumina sample 

mount.  

 

Phase analysis and determination of lattice parameters was performed with the General 

Structure Analysis System (GSASII), an open-source software package for Rietveld 

refinement [129]. The following parameters were refined: background, histogram scale 

factor, sample displacement, lattice parameter, microstrain, and preferred orientation. 

Instrumental broadening was corrected for using results from a previously measured 

LaB6 standard. 
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4.3 Differential Scanning Calorimetry (DSC) 

 

Differential Scanning Calorimetry (DSC) was measured with a Setaram Labsys Evo with 

the samples sealed under vacuum in quartz crucibles. The mass of each sample was in 

the range of 40 to 50 mg. Heating and cooling rates were 5 K/min. 

 

4.4 Dynamic Vapor Sorption (DVS) 

 

Hygroscopicity of the grown crystals was evaluated using the technique of Dynamic 

Vapor Sorption (DVS) with a Surface Measurement Systems Intrinsic Plus instrument. 

Samples were obtained in the form of single crystal chunks approximately 40 mg in 

mass. Samples were prepared inside a glovebox and transferred to the instrument in an 

airtight container. 

 

4.5 Scanning Electron Microscopy (SEM) 

 

Defects in Cs2ZnCl4 crystals were analyzed at the IAMM Microscopy Center using a Zeiss 

Evo Scanning Electron Microscope (SEM) equipped with a Bruker xFlash 6130 Energy 

Dispersive X-ray Spectrometer (EDS). The electron beam was operated at 15 kV and 1 

nA. Variable pressure mode was used to mitigate charging effects due to the samples 

being wide bandgap insulators. The samples were polished and then cleaned thoroughly 

with isopropanol prior to SEM and EDS measurements. There was no observable 

degradation or reaction due to contact with the isopropanol. 
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4.6 Sample Cutting and Polishing 

 

Samples used for characterization of scintillation and optical properties were cut from 

the grown boules into more appropriate sizes (typically around 5 × 5 × 5 mm3 or Ø7 mm 

× 3 mm). Cutting was done using a diamond wire saw (MTI Corporation), pictured in 

Figure 14. The boules were mounted to a sample holder using non-hardening 

positioning putty (Electron Microscopy Sciences), as this was found to reduce the 

amount of thermally induced cracking compared to mounting wax that requires heat to 

soften. Mineral oil was applied throughout the cutting process as a lubricant and 

coolant. Cut samples were then ground and polished with mineral oil and SiC paper in 

successive steps using 400, 600, 800, and 1200 grits to improve the light collection 

efficiency for scintillation measurements. 

 

4.7 Radioluminescence 

 

Radioluminescence was measured under excitation by a Cu target X-ray tube operated 

at 35 kV and 0.1 mA. Emission spectra were collected from 200 nm to 600 nm with a 

150 mm focal length Acton SpectraPro 2150i monochromator. To eliminate second 

order peaks in the range of 400-600 nm, spectra were also collected with a 320 nm 

longpass optical filter placed between the crystal and monochromator. The full spectra 

were then reconstructed from the data acquired with and without an optical filter. The 

emission spectra were not corrected for instrumental distortions, such as the 

monochromator throughput or detector sensitivity; however, the spectral response is 

relatively uniform across the measured wavelengths and is not expected to significantly 

affect any major features of the emission spectra of these samples. 
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Figure 14. Wire saw used for cutting of halide single crystals. 
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4.8 Scintillation Decay Time 

 

Scintillation decay time was measured under excitation by a 662 keV 137Cs source using 

the time-correlated single photon counting technique described by Bollinger and 

Thomas [130]. The emitted light was detected using two Photonis XP2020Q 

photomultiplier tubes (PMTs) – one acting as the “start” and one as the “stop” –  that 

were oriented at 90°, with the sample and source placed in between. An aperture was 

placed in front of the stop PMT and adjusted such that the count rate was <5% of the 

start count rate. The anode signal from the start PMT was fed to a Model 776 Phillips 

Scientific amplifier followed by an Ortec 935 quad constant-fraction discriminator (CFD) 

whose output served as the start signal to an Ortec 567 time-to-amplitude converter 

(TAC). The anode signal of the stop PMT was fed to an Ortec FTA 820 fast amplifier, 

Ortec 935 quad CFD, and then an Ortec 425A delay whose output served as the stop 

signal to the same TAC module. The output of the TAC was then connected to a Tukan 

8K multi-channel analyzer (MCA), and data was acquired in the Tukan software.  

 

An additional modification to the setup was tested in which the dynode signal of the 

stop PMT was used to gate the TAC output using a narrow energy window around the 

single photoelectron spectrum. The dynode signal was fed to a Canberra 2005 

preamplifier, Ortec 572A amplifier, Ortec 550A single-channel analyzer (SCA), and an 

Ortec 416A gate & delay generator. The outputs of the TAC and 416A were then 

connected to the MCA, and the gating function of the software was applied. The results 

did not differ significantly from the 5% count rate method. 

 

Repeatability of decay time measurements was tested by measuring the same crystal 10 

times. In between measurements, adjustments were made to (i) the sample 

position/orientation (ii) its distance from each PMT and/or (iii) the ratio of "start" to 
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"stop" counts by adjusting the aperture diameter. The stop counts were maintained 

below 5% of the start counts at all times. Data was acquired until at least 1,000 counts 

were collected at the maximum intensity. For a 5 × 5 × 5 mm3 Cs2ZnCl4 sample, the 

average of fitted decay constants was 1.69 ns with a standard deviation of 0.05 ns. 

 

Decay constants were determined by a convolution procedure using the DecayFit 

analysis software (FluorTools, www.fluortools.com). The instrument response function 

(IRF) was measured using a 22Na source while the PMTs were oriented at 180°. 

Cherenkov emission generated in the PMT windows was used to trigger the start and 

stop signals. Each PMT was covered with a black cloth to avoid detection of light from 

the opposite PMT. The total acquisition time for measurement of the IRF was ~3.8 days, 

which resulted in ~1,000 counts at the maximum intensity.  To verify the validity of 

these methods, two different BaF2 crystals were measured and fitted. One was a 10 × 10 

× 10 mm3 crystal from Proteus Inc., and the other was a 4 × 4 × 20 mm3 crystal from 

United Crystals. The fitted decay constants for the CVL component were 0.71 ± 0.05  ns 

and 0.62 ± 0.05 ns, respectively. 

 

4.9 Scintillation Light Yield 

 

Pulse height spectra were collected using a 5 µCi 137Cs source with a Hamamatsu R2059 

PMT (see Table 4 for details) operated at 1.5 kV using a signal processing chain 

consisting of a Canberra 2005 preamplifier, an Ortec 672 amplifier set to shaping times 

of 0.5 µs to 10 µs, and a Tukan 8K MCA. The typical gain setting was 25X. Measurements 

were performed with the crystals covered or wrapped in sheets of reflective Teflon and 

coupled directly to the PMT with a thin layer of mineral oil. This is shown schematically 

in Figure 15. Absolute light yield was calculated as number of photons per MeV using  

  

http://www.fluortools.com/
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Table 4. List of PMT models used for the described measurements, along with some relevant characteristics. 

PMT Manufacturer Measurement  Wavelength 

range (nm) 

Max 

response 

(nm) 

QE at 

peak 

(%) 

Photo-

cathode 

Dynode 

structure 

Window 

material 

Anode 

pulse 

rise 

time 

(ns) 

R955 Hamamatsu Radio-

luminescence 

160 to 900 400 29 (at 

220 

nm) 

multialkali circular 

cage 

quartz/silica 2.2 

XP2020Q Photonis decay time 150 to 650 420 25 bialkali linear 

focused 

quartz/silica 1.5 

R2059 Hamamatsu light yield 160 to 650 420 26 bialkali linear 

focused 

quartz/silica 1.3 

R6231-

100 

Hamamatsu energy 

resolution 

300 to 650 400 35 super 

bialkali 

linear 

focused 

Borosilicate 

glass 

8.5 
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Figure 15. Schematic diagram of the pulse processing chain used for light yield measurements. 
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the method of Bertolaccini et al. [131], which compares the centroid of the 662 keV full 

energy photopeak to that of the single photoelectron (SPE) and accounts for the 

quantum efficiency (QE) of the PMT across the emission wavelengths of the scintillator. 

The SPE was measured with the maximum amplifier gain setting of 1500X (or 60X higher 

than the gain for sample measurements). An example spectrum is shown in Figure 16.  

 

4.10 Coincidence Time Resolution (CTR) 

 

Coincidence time resolution (CTR) was measured with 3 × 3 × 5 mm3 crystals (referred to 

hereon as “test” crystals) that were wrapped in Teflon and coupled to a Broadcom 

AFBR-S4N44C014M silicon photomultiplier (SiPM) with Viscasil optical grease. The SiPM 

bias voltage was set to 44.5 V. All test crystals were measured against a reference 

detector consisting of a 6 × 6 × 6 mm3 LSO:Ce crystal and Hamamatsu H6610 PMT 

assembly, and the reference detector timing contribution of 135 ps FWHM was 

deconvolved from the measured results to obtain the CTR of the samples. During the 

measurements, a 68Ge source placed between the test crystal and reference detector 

emits two 511 keV gamma rays in opposite directions that are detected in coincidence. 

Timing and energy signals from each detector were readout separately, and only events 

corresponding to the 511 keV photopeak in both the test crystal and reference detector 

were considered in the analysis. The experimental setup was similar to “Timing Setup A” 

described in [132], but with the SiPM replacing the “test detector” PMT. A simplified 

schematic is shown in Figure 17. 

 

Timing pickoff was performed using a custom-built leading edge (LE) discriminator with 

an externally electronically controlled threshold, and the samples were measured as the 

LE threshold was varied from 3 mV to 57 mV in increments of 6 mV. This increment was 
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Figure 16. Example single photoelectron (SPE) spectrum measured with a shaping time of 0.5 µs used to 
calculate absolute light yield. 
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Figure 17. Simple schematic of the setup for coincidence time resolution (CTR) measurements. 

 

  



 

55 

 

based on the value for a single photoelectron that was determined to be 8 mV prior to 

performing the measurements.  

 

In Chapter 5.1.4 CTR, two slightly different setups are used for measurements with 

Cs2ZnCl4 crystals of varying sizes. The general principle of the measurement is the same 

in each case. More detailed descriptions of those setups are provided in the relevant 

section (Chapter 5.1.4 CTR). 

 

4.11 Optical Transmittance and Absorbance 

 

Transmittance and absorbance were measured using a Varian Cary 5000 UV-Vis-NIR 

spectrophotometer. Measurements were performed with a ~3 mm thick slab of Cs2ZnCl4 

that had been polished with 600, 800, and 1200 grit SiC paper and mineral oil. Prior to 

inserting the sample into the measurement compartment, a 100% and 0% transmission 

scan were each collected and used to apply a baseline correction.  

 

4.12 Density Functional Theory (DFT) 

 

Density functional theory (DFT) simulations were performed within the Vienna ab initio 

simulations package (VASP) to relax the structure and calculate the density of states 

(DOS) [133, 134]. The generalized gradient approximation (GGA) functional PBEsol  was 

used for all relaxations, while the DOS calculations were carried out using the Heyd-

Scuseria-Ernzerhoff (HSE) screened hybrid functional with a Hartree – Fock range-

separation parameter of 20% (HSE06) [135, 136]. A single unit cell, containing 4 formula 

units, was used for both the Cs2MgCl4 and Cs3MgCl5 compounds with a Monhorst-Pack k 

point grid of 6 × 6 × 6 during relaxation and 4 × 4 × 4 during DOS calculations with hybrid 

functionals to reduce computational load while maintaining sufficient accuracy. The 
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energy cutoff is 600 eV. Planar-augmented wave (PAW) basis [137] composed 

pseudopotentials are used for each species with the following valence electron 

configurations: Cs 3p3d4s (9 e-), Mg 2s (10 e-), and Cl 3s3p (7 e-). Each relaxation and 

self-consistent field calculation was converged to Hellmann-Feynman forces of <0.01 

eV/Å and to a total energy difference of <10-6 eV. The lattice constants found from 

published data in [138] and in [139] were used for the DOS calculations of Cs2MgCl4 and 

Cs3MgCl5. DFT calculations were done in collaboration with Dr. Haixuan Xu and Dylan 

Windsor at the University of Tennessee.  
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Chapter Five  

Cesium Zinc Chloride 

 

Many of the results of this chapter were originally published in a peer-reviewed journal 

by Daniel Rutstrom et al. Minor changes have been made to improve the flow within the 

context of this dissertation. The full citation for the published manuscript is as follows: 

Daniel Rutstrom, Luis Stand, Cordell Delzer, Maciej Kapusta, Jaroslaw Glodo, Edgar van 

Loef, Kanai Shah, Merry Koschan, Charles L. Melcher, Mariya Zhuravleva, “Improved 

light yield and growth of large-volume ultrafast single crystal scintillators Cs2ZnCl4 and 

Cs3ZnCl5” Optical Materials, Volume 133, 2022. The author would like to thank the 

coauthors for their contributions to this work. 

 

As was discussed in Chapter 2.4 Recently Discovered Materials, we have identified 

Cs2ZnCl4 and Cs3ZnCl5 as two of the most promising candidate CVL materials for further 

investigation. The focus of the current work is to fabricate larger-size single crystals with 

superior optical quality than what has previously been shown and to evaluate their 

scintillation properties and timing resolution. The improved crystal quality is expected to 

lead to higher light yields and therefore better performance. We also report various 

structural and physical properties of these compounds. First, Ø7 and Ø22 mm crystals of 

both Cs2ZnCl4 and Cs3ZnCl5 are evaluated. Next, the potential for scaling up growth of 

Cs2ZnCl4 to sizes relevant to commercial production is assessed through growth of 

several crystals from Ø22 mm to Ø38 mm. 
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5.1 Improved Performance and Growth of Large-volume Crystals 

 

5.1.1 Structural and Physical Properties 

Growth of Ø7 mm Cs2ZnCl4 and Cs3ZnCl5 yielded highly transparent colorless crystals. 

Some minor cracking was observed, but the crystals were otherwise free of visible 

defects. Polished slabs cut from the grown boules are shown in Figure 18. The 

orthorhombic (space group Pnma) and tetragonal (space group I4/mcm) crystal 

structures reported for Cs2ZnCl4 [140] and Cs3ZnCl5 [141], respectively, were confirmed 

by powder XRD. Both crystals were phase pure and are shown in Figure 19a and Figure 

19b, which display the measured patterns compared with simulated patterns from ICDD 

reference code 04-010-5876 for Cs2ZnCl4 and 04-014-7879 for Cs3ZnCl5. The reported 

lattice parameters of Cs2ZnCl4 are a =  9.7577(15) Å, b = 12.9704(16) Å, and c = 

7.4004(10) Å. The lattice parameters of Cs3ZnCl5 are a = b = 9.2421(18) Å and c = 

14.4928(15) Å. Structural models generated with Vesta [142] are shown in Figure 19c. 

Both structures consist of isolated [ZnCl4]2- tetrahedra and contain two separate Cs sites. 

The coordination numbers (CN) for the Cs1 and Cs2 sites in Cs2ZnCl4 are CN = 8 and CN = 

9, respectively. The Cs1 and Cs2 sites in Cs3ZnCl5 have CN = 8 and CN = 10, respectively. 

The calculated densities of Cs2ZnCl4 and Cs3ZnCl5 are 3.35 g/cm3 and 3.44 g/cm3, 

respectively. 

 

Air stability and non-deliquescence of Cs2ZnCl4 and Cs3ZnCl5 are mentioned in literature 

[114, 118, 143], however, analysis of the hygroscopicity under a controlled environment 

is not presented. The results of DVS measurements (Figure 20a) show a near-zero 

percent (<0.05%) change in mass over a 5-hour period at 40% relative humidity for 

Cs2ZnCl4 and Cs3ZnCl5, which by most standards can be considered non-hygroscopic.  
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Figure 18. Cs2ZnCl4 and Cs3ZnCl5 single crystals (7 mm diameter). The crystals pictured are 3 mm thick 
slabs cut from the grown boules. 

 

 

 

 

 

Figure 19. (a-b) Measured powder XRD patterns compared with simulated patterns for Cs2ZnCl4 (ICDD ref. 
code 04-010-5876) and Cs3ZnCl5 (ICDD ref. code 04-014-7879). (c) Structural models of Cs2ZnCl4 and 

Cs3ZnCl5 generated using Vesta [142]. 
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Figure 20. (a) DVS water sorption curves at 40% relative humidity compared with NaI. (b) DSC curves 
showing the melting and solidification behavior of Cs2ZnCl4 and Cs3ZnCl5. The endothermic direction is 

down. 
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This stability in the presence of moisture and air makes Cs2ZnCl4 and Cs3ZnCl5 

advantageous over many other halide scintillators, which must be hermetically sealed 

(packaged) before incorporating into a detector system. Melting points were 

determined from DSC (Figure 20b) and were measured to be 597 °C for Cs2ZnCl4 and 556 

°C for Cs3ZnCl5. These values are consistent with the reported melting points of 601 °C 

and 560 °C, respectively [120]. Both compounds were observed to melt congruently as 

can be seen from the single endothermic and exothermic peaks for each in Figure 20b. 

The relatively low melting points of Cs2ZnCl4 and Cs3ZnCl5 compared to that of BaF2 (Tm = 

1368 °C) could be considered advantageous from a manufacturing standpoint (lower 

energy costs, for example). 

5.1.2 Scintillation Properties – Small Crystals 

Figure 21 shows radioluminescence emission spectra of Cs2ZnCl4 and Cs3ZnCl5, along 

with a BaF2 crystal obtained from Proteus, Inc. Cs2ZnCl4 has a dominant peak centered at 

285 nm with an additional band located at 379 nm. Similar values of 295 nm (4.2 eV) 

and 375 nm (3.3 eV) are reported in Ref. [119] for an excitation energy of 21.4 eV, with 

both bands being attributed to CVL. Ohnishi et al. [119] and Takahashi et al. [114] report 

a third emission band for Cs2ZnCl4 located at ~260 nm, however, this was not observed 

in our measurements. The maximum intensity peak observed for Cs3ZnCl5 is centered at 

289 nm, with additional bands appearing at 240 nm and 404 nm. Similar values of 240 

nm, 290 nm, and 410 nm are reported in Ref. [114] and were also attributed to CVL.  

 

It is well known and apparent from the emission spectrum of BaF2 in Figure 21 (inset) 

that the slow component (emission centered at 310 nm) related to self-trapped exciton 

(STE) emission dominates, with a much smaller fraction of the light originating from the 

fast CVL process (emission centered at ~220 nm). An additional CVL band is expected at 

195 nm but could not be detected with our setup.  
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Figure 21. Radioluminescence emission spectra of Cs2ZnCl4 and Cs3ZnCl5 measured at room temperature. 
The inset shows a spectrum measured with a reference BaF2 crystal – the red shaded area depicting the 

emission related to the fast component. The band expected at 195 nm for BaF2 was not able to be 
detected with the setup used for these measurements. 
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In contrast to BaF2, the CVL emissions of Cs2ZnCl4 and Cs3ZnCl5 have maxima at longer 

wavelengths and extend further into the range where common photodetectors have the 

highest spectral sensitivity. For example, the QE of the R2059 PMT used to measure 

light yield of these crystals is ~19% at 200 nm, ~25% at 300 nm, and ~27% at 350 nm.  

 

Figure 22 shows the measured scintillation decay time profiles in comparison with a 

reference BaF2 crystal (10×10×10 mm3) from Proteus, Inc. The decay times were 

determined by fitting a convolution of the instrumental response with a model function, 

which was a single-exponential for Cs2ZnCl4 and Cs3ZnCl5 and double-exponential for 

BaF2. The fast component of the BaF2 crystal derived from the fit was 0.71 ns, within the 

range of well-established values (0.6-0.8 ns) for this material. The decay times of 

Cs2ZnCl4 and Cs3ZnCl5 obtained from the fits shown in Figure 23a and Figure 23b were 

1.66 ns and 0.82 ns, respectively. These values are similar to the primary decay 

constants reported in Ref. [114]. Secondary decay components were reported for both 

compounds in Ref. [114] as well and were explained as possibly originating from STE 

emission. The decay constants were 𝜏2 = 15 ns (12%) for Cs2ZnCl4 and 𝜏2 = 13 ns (8%) for 

Cs3ZnCl5 [114]. Unlike Ref. [114], there were no secondary components observed in our 

measurements of Cs2ZnCl4 and Cs3ZnCl5, even when performed over a longer time 

window or for long acquisition times. Typically, lifetimes of STEs are on the order of 

several hundred nanoseconds to several microseconds [6]. According to Weber [144], 

STE lifetimes can be on the order of tens of nanoseconds for singlet state decay, 

however, this process is primarily observed in materials with cubic crystal structures, 

such as CsI.  
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Figure 22. Scintillation decay profiles of Cs2ZnCl4 and Cs3ZnCl5 compared with a reference BaF2 crystal. The 
feature between 25 ns and 35 ns for Cs2ZnCl4 and Cs3ZnCl5 is an instrumental artifact. 

 

 

 

 

Figure 23. Fitted scintillation decay profiles for Ø7 mm × 3 mm slabs of (a) Cs2ZnCl4 and (b) Cs3ZnCl5. Large 
circles are the measured sample data and small dots are the measured instrumental response (IRF). Solid 
lines represent a convolution of the IRF with the function I(t) displayed on each plot. The feature between 

25 ns and 35 ns in the measured data is an instrumental artifact. 
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One other possible origin for the reported slow components of Cs2ZnCl4 and Cs3ZnCl5 

might be related to impurity or defect mediated emission, which could also explain the 

presence of a peak around 500 nm in the emission spectra shown in Ref. [114] that is 

not observed in our measurements. Presently, the exact nature of the secondary decay 

components is unclear; in any case, it is apparent that at least ~90% of the emission 

from Cs2ZnCl4 and Cs3ZnCl5 can be attributed to the fast decay component, providing a 

significant advantage over BaF2, for which the slower 630 ns STE decay dominates and 

accounts for 85% of the emission. 

 

Figure 24 shows pulse height spectra of Ø7 mm × 3 mm thick Cs2ZnCl4 and Cs3ZnCl5 

crystals measured with a 137Cs source. The amplifier shaping time was varied from 0.5 µs 

to 10 µs with little effect on the photopeak position. This provides further confirmation 

of the absence of long components typical of STE lifetimes (several hundred 

nanoseconds) in the scintillation time profiles of both crystals. Light yields of Cs2ZnCl4 

and Cs3ZnCl5 were measured to be 1980 ± 100 ph/MeV and 1460 ± 70 ph/MeV, 

respectively. This is a 55% and 232% improvement over the 1280 ph/MeV and 440 

ph/MeV light yields that were previously reported [114]. These are also superior to the 

light yield of the fast component of BaF2, which is 1400 ph/MeV [145]. Table 5 

summarizes relevant properties of Cs2ZnCl4 and Cs3ZnCl5  crystals from the present work 

compared with BaF2. 

 

The light yields of several other small-size crystals of Cs2ZnCl4 and Cs3ZnCl5 were 

measured using pieces obtained from the Ø22 mm crystals (discussed in Section 5.1.3) 

that had dimensions of 5×5×5 mm3. The light yield ranged from 1960-1990 ph/MeV for 

Cs2ZnCl4 and from 1390-1530 ph/MeV for Cs3ZnCl5. The values listed in Table 5 that 

were measured with Ø7 mm × 3 mm crystals are representative of most samples. 
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Figure 24. Pulse height spectra of Ø7 mm × 3 mm slabs of Cs2ZnCl4 and Cs3ZnCl5 measured with a 662 keV 
137Cs source for amplifier shaping times of 0.5 µs and 10 µs. Arrows indicate the position of the full energy 

photopeaks. 
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Table 5. Physical and scintillation properties of Cs2ZnCl4 and Cs3ZnCl5 compared with BaF2. The light yield 
and decay time values of Cs2ZnCl4 and Cs3ZnCl5 were measured with Ø7 mm × 3 mm crystals. Values for 

BaF2 are taken from [2] unless noted otherwise. 

 Cs2ZnCl4 Cs3ZnCl5 BaF2 

Light yield (ph/MeV)    

Fast 1980 ± 100 1460 ± 70 1400 [145] 

Slow - - 9500 [145] 

Decay time (ns)    

Fast 1.66 0.82 0.6 – 0.8 

Slow - - 630 

CVL emission 

wavelengths (nm) 
285, 379 240, 289, 404 195, 220 

Zeff 45.3 46.6 53 

Density (g/cm3) 3.35 (calc.) 3.44 (calc.) 4.88 

Radiation length, X0 (cm) 3.17 2.99 2.1 [146] 

Melting point (°C) 597 556 1368 

Hygroscopic no no no 
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5.1.3 22 mm Diameter Crystals 

Photographs of the Ø22 mm crystals are shown in Figure 25. Note that these are ~50X 

to ~250X larger in volume than Cs2ZnCl4 and Cs3ZnCl5 crystals shown in previous 

publications, which typically appear to be several mm across at most [114, 143, 147, 

148]. Some minor cracks developed while cutting and polishing the Cs2ZnCl4 crystal 

(Figure 25a), however, the optical uniformity and lack of cracking before processing is 

encouraging for future scale up efforts. Two mostly crack-free Ø22 mm × 15 mm tall 

cylinders (Figure 25b) were able to be cut from the Cs2ZnCl4 boule for characterization 

of scintillation properties. Cracking was slightly worse for the Cs3ZnCl5 crystal, as can be 

seen from Figure 25c. Fortunately, these cracks were mainly limited to the outer edge of 

the crystal. A cylinder, Ø22 mm × 16 mm tall (Figure 25d), with minimal cracking was cut 

from the middle section of the boule for characterization of scintillation properties. 

 

Scintillation decay time and light yield of the Ø22 mm Cs2ZnCl4 and Cs3ZnCl5 crystals 

were measured to evaluate the size dependent performance. Decay profiles and pulse 

height spectra of the Ø22 mm crystals are shown in Figure 26. Decay times showed little 

to no change with crystal volume. Cs3ZnCl5 had a decay time of ~0.8-0.9 ns for both the 

Ø7 mm × 3 mm crystal (Figure 23) and Ø22 mm × 16 mm crystal (Figure 26a). The decay 

time of Cs2ZnCl4 was also similar for the small and larger-size crystals – 1.73 ns for a size 

of Ø22 mm × 15 mm (Figure 26a) compared to 1.66 ns for a size of Ø7 mm × 3 mm 

(Figure 23). 

 

Light yield decreased slightly for both compounds when increasing the crystal volume, 

however, both still have well-defined 662 keV photopeaks, as seen in Figure 26b. 

Cs3ZnCl5 decreased to 1050 ± 50 ph/MeV for the larger-size crystal – a 28% decrease 

from the 1460 ± 70 ph/MeV light yield of the small crystals. Cs2ZnCl4 decreased to 1450 

± 70 ph/MeV for the larger-size crystal – a 27% decrease from the 1980 ± 100  ph/MeV  
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Figure 25. Photographs of backlit as-grown 22 mm diameter (a) Cs2ZnCl4 and (c) Cs3ZnCl5 single crystals. 
Polished cylinders of (b) Cs2ZnCl4 and (d) Cs3ZnCl5 cut from the boules. 

 

 

 

 

Figure 26. (a) Scintillation decay profiles and (b) pulse height spectra of Ø22 mm cylinders of Cs2ZnCl4 and 
Cs3ZnCl5 measured under excitation by a 662 keV 137Cs source. In (a), large circles are the measured 

sample data and small dots are the measured instrument instrumental response (IRF). Solid lines in (a) 
represent a convolution of the IRF with the corresponding functions I(t) displayed on the plot. 
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light yield of the small crystals – and was the same for both 15 mm tall cylinders shown 

in Figure 25b. 

 

The deterioration of light yield in the large crystals is likely due to losses associated with 

light collection inefficiencies and other non-radiative processes, such as absorption of 

light by non-luminescent ions and defects in the crystal. This would also explain why the 

decay time does not lengthen with increasing volume since the light is completely lost 

rather than re-emitted. With further improvements to crystal quality, the volume 

dependence of light yield is expected to be less significant. Despite the minor 

imperfections, these large-volume Cs2ZnCl4 and Cs3ZnCl5 crystals still outperform any 

previously reported crystals in terms of light yield [114]. 

 

5.1.4 CTR 

 

Timing Setup A – PMTs 

Cs2ZnCl4 was selected for timing measurements due to its higher light yield compared to 

Cs3ZnCl5. The CTR was measured using crystals cut from a Ø22 mm Cs2ZnCl4 boule. Two 

sizes were compared – a small set with dimensions 3 × 3 × 5 mm3 (samples S1 and S2) 

and a larger set with dimensions 7 × 7 × 10 mm3 (samples L1 and L2). The 3×5 mm2 and 

7×10 mm2 faces of the crystals were optically coupled to the PMT of a Hamamatsu 

H6610 assembly by means of Viscasil 600. Samples were wrapped in several layers of 

Teflon tape to improve the light collection. All measurements were done against a 

reference detector consisting of a 6 × 6 × 6 mm3 LSO:Ce crystal read out by a second 

H6610 assembly. Both assemblies contained an R5320 PMT with a transit time spread of 

160 ps full width at half max (FWHM) and a cathode blue index of 10.2 µA/lmB. The 

R5320 PMT has a silica glass entrance window, and its spectral response extends below 

300 nm. 
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The anode signal of the PMT from the tested assembly (containing the Cs2ZnCl4 crystal) 

was fed to a custom-built leading edge (LE) discriminator with an externally 

electronically controlled threshold. The anode signal of PMT from the reference 

assembly (containing the LSO:Ce crystal) was fed to a LE discriminator Model 708 

Phillips Scientific optimized for best timing performance. The reference detector timing 

contribution of 110 ps FWHM was deconvolved from the measured results, and 

coincidence timing for two assumed identical detectors is reported. The discriminator’s 

outputs of the tested and reference detectors served as start and stop signals to a 

Canberra Model 2145 TAC module. The outputs of the TAC and spectroscopy amplifiers 

were then digitized by a CAEN DT5742. In all the analysis, the narrow energy window of 

450 keV to 650 keV around 511 keV was used. The system was calibrated by means of 

linear regression fit to the mean value of 9 timing peaks shifted by 0.5 ns to cover the 

whole digitizer range. 

 

Figure 27 shows the results of timing measurements with ‘Setup A’. The CTR of samples 

S1 and S2 is equal to 152 ± 1 ps and 148 ± 1 ps FWHM, while the CTR of samples L1 and 

L2 is equal to 175 ± 1 ps, 175 ± 1 ps FWHM, respectively. To understand timing 

differences for the two sizes, the light output was measured and found to be 8% lower 

for large samples in comparison to the small ones. That difference alone cannot fully 

explain the time resolution, thus the scintillation photons time jitter in the crystals 

needs to be additionally considered. The S1 and S2 timing resolution is comparable to 

the 147 ± 1 ps FWHM measured for 6 × 6 × 6 mm3 LSO:Ce. It is well known that timing 

resolution is directly proportional to the square root of the ratio of the scintillator’s 

decay time to its light output. Based on this, a better timing resolution by ~23% would 

be expected for Cs2ZnCl4 (1980 ph/MeV light yield and 1.66 ns decay time) than for 

LSO:Ce (~30,000 ph/MeV light yield and 42 ns decay time [149-151]). Due to the spectral 

sensitivity of the PMT and different emission wavelengths of the two scintillators, the  
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Figure 27. CTR measurements of 3×3×5 mm3 (S1 and S2) and 7×7×10 mm3 (L1 and L2) Cs2ZnCl4 crystals 
compared to reference LSO:Ce. The inset photograph shows the polished L1 and L2 crystals that were cut 

from a Ø22 mm Cs2ZnCl4 boule. 
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timing resolution became similar. Overall, the ultrafast decay time of Cs2ZnCl4 and 

moderate light yield allows its use in applications where very high-count rate and good 

timing are required and the long decay time of LSO:Ce would be problematic. 

 

Timing Setup B – SiPMs 

To evaluate how the timing resolution may vary depending on the setup, a separate set 

of measurements were performed independently using different photodetectors and 

electronics. An additional difference to the setup was that two identical Ø7 mm × 3 mm 

thick Cs2ZnCl4 crystals were measured in coincidence, as opposed to being measured 

against a reference material. Excitation was from a 2 μCi 511 keV 22Na source, and each 

crystal was coupled to an AFBR-S4N44C013 silicon photomultiplier (SiPM) in a single-

sided readout configuration. This SiPM shows excellent timing characteristics as well as 

being well-matched to the emission of the scintillator. The SiPMs were then read out 

using custom electronics based on Ref. [152], which utilizes both a fast-timing readout 

as well as a simultaneous energy readout. To improve light collection efficiency, the 

samples were coupled with BC-630 optical grease and wrapped in Teflon tape. The 

pulses were then read out using a DRS4 evaluation board from the Paul Scherrer 

Institute (PSI) [153] with a sample rate of 5 GSPS. Timing pickoff was performed using a 

CFD. The best timing resolution was obtained using a CFD fraction of 12%. 

 

Figure 28 shows the results of timing measurements with ‘Setup B’. The CTR measured 

for Cs2ZnCl4 was 136 ± 2 ps FWHM using the optimal CFD fraction of 12%. This result is in 

good agreement with the CTR obtained from ‘Setup A’ and further demonstrates the 

excellent timing characteristics of this material. 
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Figure 28. CTR vs CFD fraction for two Ø7 mm × 3 mm Cs2ZnCl4 crystals. 
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5.2 Experiments to Optimize Growth of 22 mm Diameter Crystals 

 

Based on preliminary scale up attempts with both Cs2ZnCl4 and Cs3ZnCl5 presented in 

the previous section, it was determined that Cs2ZnCl4 would be the more promising 

candidate for further development. This was in part due to its higher light yield, but also 

because of the tendency for Cs3ZnCl5 crystals to crack, as seen in Figure 25c. Therefore, 

the remainder of this chapter focuses specifically on scaling up growth of Cs2ZnCl4 

crystals. 

 

5.2.1 Observation of Defects 

Macroscopic bubble-like defects were observed in 22 mm diameter Cs2ZnCl4 and 

Cs3ZnCl5. It was evident after cutting that these defects are mostly limited to the outer 

edge of the crystal for Cs2ZnCl4 – up to about 3 mm to 4 mm from the surface. Figure 

29a shows photographs of the bubble-like defects in Cs2ZnCl4 taken under an optical 

microscope. They are spherical and vary in size – larger toward the surface and smaller 

toward the middle of the crystal. The defects in Cs3ZnCl5 on the other hand were 

present throughout the entire crystal, not just near the edges (Figure 29b). The defects 

in Cs3ZnCl5 were also significantly smaller than those in Cs2ZnCl4 and often appeared as 

linear chains Figure 29.  

 

Bubbles in Bridgman-grown crystals have been observed before for a variety of 

materials including SrI2 [154], LiCaAlF6 [155], ZnSe [156], and TeO2 [157]. The following 

mechanism was proposed by Fang et al. for the formation of bubbles in melt-grown 

crystals [53]. It is assumed that at the beginning of growth the melt contains dissolved 
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Figure 29. Photographs of backlit ~3 mm thick slabs cut from 22 mm diameter (a) Cs2ZnCl4 and (b) Cs3ZnCl5 
and corresponding images taken under cross polarized light with an optical microscope. 
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gases. The solubility of the gas is typically much lower in the solid than in the liquid 

[158], therefore, as the growth proceeds the gas will be rejected by the solid into the 

melt, which leads to solute pile up at the growth interface. Bubble nucleation may then 

occur if the concentration becomes supersaturated. The size of the bubble will then 

increase if the concentration of solute surrounding the bubble is greater than that inside 

the bubble. Once a critical size is exceeded, the bubble can become trapped in the solid. 

 

Several factors are known to influence the formation and entrapment of bubbles – 

surface energies, boundary layer thickness, and growth rate for example [53]. Of these, 

the growth rate is the easiest and most straightforward parameter to control [53, 155, 

157]. Therefore, we expect that bubbles in Cs2ZnCl4 and Cs3ZnCl5 may be mitigated by 

slowing down the translation rate to < 0.5 mm/h for crystals that are 22 mm in diameter 

or greater. Another strategy that could potentially mitigate bubble entrapment is to 

overheat the melt, which was shown to be successful for ZnSe [156]. Melt-aging, or 

melting the material while under dynamic vacuum, prior to growth may also assist in the 

removal of dissolved gases from the melt which could help prevent the formation of 

bubbles [64, 154].  

 

5.2.2 Vacuum Drying and Translation Rate Experiments 

In addition to the strategies mentioned above, we were also interested in investigating 

the effects of modifying the synthesis and drying procedure on the formation of visible 

defects in Cs2ZnCl4 crystals. During our initial experiments with Cs2ZnCl4, we observed a 

tendency for ZnCl2 to volatilize when dried at temperatures around 200 °C given its 

relatively low melting point of 290 °C. For this reason, a drying temperature of 100 °C 

was chosen for most samples. However, it is possible that this lower temperature is 

insufficient for decomposing already formed hydrate phases, which would become a 

source of moisture when the material is heated during melt-synthesis. Additionally, 
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there could be volatile or gaseous impurities in the precursor material, as was discussed 

in [60], that are responsible for the observed bubble-like defects. This section details 

several modifications that were made to address these possible issues. The sample ID 

for the first 22 mm diameter Cs2ZnCl4 crystal grown using the process established in 

Chapter 4.1 Crystal Growth is HZ-01-01. The crystal grown using the modified process 

discussed in this chapter will be referred to as HZ-01-02. 

 

Unlike previously grown samples, a pyrolytic carbon-coated growth ampoule from 

Sandfire Scientific Ltd. was employed for HZ-01-02 to avoid reaction between the 

molten charge and ampoule wall, which could be an additional source of impurities and 

dissolved gases in the melt responsible for the observed bubble-like defects [159]. A 

photograph of this ampoule is shown in Figure 30. The top section of the ampoule is left 

uncoated to allow for inspection of the grown crystal without having to open the 

ampoule. This is useful in case the growth attempt is unsuccessful and adjustments to 

the growth parameters are necessary.  

 

The following changes were made to the synthesis process for sample HZ-01-02. A 

summary of the steps can be seen in Figure 31. The raw materials were first synthesized 

in a round-bottomed ampoule, and later transferred to the separate growth ampoule. 

For the initial synthesis procedure, the same drying temperature of 100 °C was used as 

was done with previously grown samples. Melt-synthesis was performed in the same 

manner as well – two heating cycles up to 700 °C, each with a 12-hour soak. After this 

step,  the round-bottomed ampoule was transferred to a glovebox, the synthesized 

Cs2ZnCl4 polycrystalline charge was extracted, and the material was ground with a 

mortar and pestle. Pre-synthesizing the material then allowed for a higher drying 

temperature without concerns of ZnCl2 volatilization since all of the ZnCl2 was assumed 

to be reacted during the formation of Cs2ZnCl4 in the previous melt-synthesis step. The  
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Figure 30. Carbon-coated 22 mm diameter ampoule used for growth of Cs2ZnCl4 sample HZ-01-02. 

 

 

 

 

 

 

Figure 31. Modified synthesis procedure for growth of 22 mm diameter Cs2ZnCl4 sample HZ-01-02. 
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ground chunks were loaded into the carbon-coated growth ampoule, and vacuum 

drying was carried out at 225 °C.  

 

Crystal growth for sample HZ-01-02 was carried out with the same parameters as HZ-01-

01.  The same growth furnace was used, with the hot and cold zones set to 650 °C and 

400 °C, respectively (Cs2ZnCl4 Tm = 597 °C). The ampoule was translated at a rate of 0.5 

mm/h and the grown crystal was cooled to room temperature over a 100-hr period. The 

result of this growth attempt was unsuccessful, producing a cracked crystal as is evident 

from Figure 32. The cracking appeared to originate in the cone section of the crystal. 

Further inspection of the capillary region (Figure 32) indicated improper seeding as the 

source. The capillary region is meant to act as a grain selector, preventing growth of 

multiple grains into the full diameter section of the ampoule. It is apparent from Figure 

32 that the capillary section was entirely polycrystalline for the first attempt. To improve 

the conditions for seeding, the crystal was regrown with both temperature zones raised 

by 50 °C to ensure this section was fully melted at the start of the growth. All other 

parameters were kept the same. The result of this second attempt was the appearance 

of a single grain in the capillary and a nearly crack-free crystal (Figure 32). 

 

The ~100 µm bubble-like defects were not observed in the crystal grown with modified 

parameters (HZ-01-02). This is apparent from Figure 33, which shows photographs of 

the cross sections of cylinders cut from crystal HZ-01-01 and HZ-01-02. The large band of 

defects near the edge of the HZ-01-01 crystal are not visible in the HZ-01-02 crystal.  
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Figure 32. Comparison of 1st and 2nd growth attempts of sample HZ-01-02 showing severe cracking in the 
1st as a result of poor seeding in the capillary section of the ampoule. Photographs of the backlit 

capillaries highlighting the polycrystalline nature vs the appearance of a single grain. 

 

 

 

 

Figure 33. Cross section of two different 22 mm diameter Cs2ZnCl4 crystals showing the absence of large 
bubble-like defects around the perimeter of sample HZ-01-02. 
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To further assess the influence of synthesis and growth parameters on the formation of 

defects, several additional 22 mm diameter Cs2ZnCl4 crystals were grown. The main 

purpose of these experiments was to explore higher drying temperatures (300 °C) and 

slower translation rates (0.25 mm/h). Details are summarized in Table 6 for the two 

previously discussed samples (HZ-01-01 and -02) and three additional samples (HZ-01-

03, -05, and -06). 

 

For samples -03 and -05, the same synthesis and drying procedure shown in Figure 31 

was used but with a higher drying temperature. Growth of HZ-01-05 was unsuccessful, 

yielding a severely cracked crystal. The most likely cause was traced back to a power 

outage that occurred during drying of the synthesized material, possibly exposing the 

material to oxygen. Growth of HZ-01-03 yielded a transparent and mostly crack-free 

crystal, which is pictured inside the ampoule in Figure 34.  Unfortunately, the ampoule 

was later damaged during handling, causing the crystal to shatter into several pieces 

before any slices were cut from the boule to be analyzed. Still, no macroscopic defects 

were visible in the bulk of this crystal, indicating that slowing the translation rate can 

also help prevent the formation of large bubble-like defects. Growth of HZ-01-06 was 

successful (Figure 34), and characterization of this crystal will be presented next. 

Overall, growth experiments at the 22 mm diameter size have demonstrated the ability 

to reproducibly grow Cs2ZnCl4 crystals with little to no cracking, as can be seen in Figure 

34, which is promising for further scale up efforts. 

 

The Cs2ZnCl4 crystals grown in this work all tended to have a heavily textured surface, 

usually limited to one side of the crystal. This can be seen in the photographs shown in 

Figure 34 and Figure 35. This texturing does not present any practical concerns, as the 

surface can easily be smoothed by grinding and polishing; however, it is interesting to  
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Table 6. Summary of synthesis and growth details for different 22 mm diameter Cs2ZnCl4 crystals. 

 

 

  

Sample ID Growth 

ampoule 

Vacuum drying Drying 

temperature 

Translation 

rate 

Comments 

HZ-01-01 Quartz Before synthesis 100 °C 0.5 mm/h  

HZ-01-02 Carbon coated 

quartz 

Before + after 

synthesis 

225 °C 0.5 mm/h  

HZ-01-03 Quartz Before + after 

synthesis 

300 °C 0.25 mm/h Crystal 

damaged 

during 

handling 

HZ-01-05 Quartz Before + after 

synthesis 

300 °C 0.25 mm/h Power 

outage 

occurred 

during 

vacuum 

drying 

HZ-01-06 Quartz Before synthesis 100 °C 0.25 mm/h  
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Figure 34. Photographs of backlit Cs2ZnCl4 crystals grown with different drying procedures and translation 
rates (summarized in Table 6). 
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Figure 35. Photographs showing an example of the surface texture of some Cs2ZnCl4, as well as the 
presence of powder between the as-grown crystal and ampoule wall. 
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consider its origin and whether it can provide insights into the nature of defect 

formation. 

 

The textured side was usually accompanied by a layer of powder between crystal and 

ampoule wall. A sample of this surface powder was obtained from HZ-01-06 for a DSC 

measurement to determine if it differs compositionally from the bulk and possibly shed 

light on the source of the defects observed in some crystals. The sample was measured 

inside a sealed quartz crucible to avoid loss of stoichiometry due to volatilization of the 

constituents. Two heating and cooling cycles were performed, with one at a rate of 5 

K/min and one at 10 K/min. 

 

The measured DSC curves are shown in Figure 36. There were no discernable features at 

temperatures below 500 °C. An exothermic peak corresponding to the reported melting 

point of Cs2ZnCl4 was observed with an onset at 593 °C. Additionally, a weak intensity 

peak can be seen at ~549 °C. This most likely corresponds to the eutectic reaction 

(Cs2ZnCl4 + Cs3ZnCl5) reported at 553 °C for the CsCl-ZnCl2 system [120]. Overall, there 

appears to be very little deviation from the bulk composition near the surface of the 

crystal, despite the different physical appearance. 

 

5.2.3 Characterization of Defects in Cs2ZnCl4 (HZ-01-06) 

 

Slices were cut from sample HZ-01-06 to inspect by eye and with an optical microscope. 

Visible defects were present that appeared to be inclusions as opposed to the bubble-

like defects previously observed in HZ-01-01. Additionally, those in HZ-01-01 were 

spherical whereas these new defects are highly irregular in shape. These were on the 

order of 10 to 100 microns in size and can be seen in the micrographs shown in  
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Figure 36. DSC curves of powder material obtained from the surface of crystal HZ-01-06. The inset shows a 
magnified view of the region indicated by a black circle. 
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Figure 37. The slices (22 mm in diameter) from HZ-01-06 were further analyzed with 

SEM and EDS to determine the composition of these defects. 

 

Images and EDS scans were taken of several regions within the sample. Two 

representative defects are shown in Figure 38 and Figure 39. Area scans were 

performed on the defects as well as the surrounding bulk defect-free area. These are 

highlighted by red boxes in the figures. The only elements detected in the EDS spectra 

were Cs, Zn, and Cl, as expected. The measured concentrations from the different scans 

are listed in Table 7 and Table 8. The ratios all match closely with the stoichiometric 

Cs2ZnCl4 (28.6% Cs, 14.3% Zn, and 57.1% Cl) for scans of both the defects and bulk of the 

crystals, indicating little to no difference in composition between the two. It was initially 

hypothesized that these defects might be Cs-rich inclusions, similar to what has been 

observed in Cs2HfCl6 [58], or secondary phase precipitates of Cs3ZnCl5. Both can be ruled 

out based on the results of EDS scans. 

 

One of the slices from sample HZ-01-06 was used for optical transmittance 

measurements to better understand how the presence of macroscopic defects might 

affect the transparency of the crystal. This is important especially from an application 

standpoint in that scintillators need to be transparent to their own emission to 

maximize light collection efficiency and detect the highest possible number of photons 

by the PMT or SiPM. Figure 40 shows a transmittance measurement for a 3 mm thick 

slab ranging from 200 nm to 800 nm. The max transmittance exceeds 90% above ~600 

nm. Close to the peak emission for Cs2ZnCl4 (~285 nm), the transmittance is still quite 

good, staying above 80%. Several scans were taken in regions of both high and low 

defect concentration with consistent results in each case. This result is promising in that 

the transparency is not severely hindered despite the presence of defects.  
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Figure 37. Optical microscope images of defects in Cs2ZnCl4 sample HZ-01-06. 
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Figure 38. SEM image of a defect in Cs2ZnCl4 (sample HZ-01-06) and a representative EDS spectrum from 
the area scans marked by red boxes. Lines visible in the SEM image are scratches from the polishing 

process. 
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Figure 39. SEM image of a second defect in Cs2ZnCl4 (HZ-01-06) and a representative EDS spectrum from 
the area scans marked by red boxes. Lines visible in the SEM image are scratches from the polishing 

process. 
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Table 7. Molar concentrations of Cl, Zn, and Cs determined from EDS area scans corresponding to the 
regions highlighted in Figure 38. Values for stoichiometric Cs2ZnCl4 and Cs3ZnCl5 are included for 

comparison. 

 Chlorine Zinc Cesium 

Scan 1 (defect) 57.32% 14.15% 28.53% 

Scan 2 (bulk) 56.69% 14.53% 28.78% 

Scan 3 (defect) 55.22% 14.36% 30.42% 

Stoichiometric Cs2ZnCl4 57.1% 14.3% 28.6% 

Stoichiometric Cs3ZnCl5 55.6% 11.1% 33.3% 

 

 

 

 

 

Table 8. Molar concentrations of Cl, Zn, and Cs determined from EDS area scans corresponding to the 
regions highlighted in Figure 39. Values for stoichiometric Cs2ZnCl4 and Cs3ZnCl5 are included for 

comparison. 

 Chlorine Zinc Cesium 

Scan 1 (bulk) 56.18% 14.31% 29.51% 

Scan 2 (defect) 55.71% 15.17% 29.13% 

Stoichiometric Cs2ZnCl4 57.1% 14.3% 28.6% 

Stoichiometric Cs3ZnCl5 55.6% 11.1% 33.3% 
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Figure 40. A ~3 mm thick slab cut from Cs2ZnCl4 sample HZ-01-06 showing (a) visible defects and change in 
apparent transparency when viewing (b) directly in contact with grid paper vs (c) elevated above. (d) 

measured optical transmittance of the same sample. 
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For most Cs2ZnCl4 crystals grown in this work, no visible luminescence could be 

observed when inspecting samples under excitation from a UV lamp (254 nm or 366 nm 

excitation). In contrast, sample HZ-01-06 showed blue-green emission under 254 nm 

excitation. This was almost entirely limited to the edge of the crystal, as can be seen in 

Figure 41. To investigate the origin of this luminescence and whether it may relate to 

the observed defects in the crystal, absorbance measurements were performed across 

the sample from the center to the edge (Figure 41). There were no noticeable 

differences between measurements (1) through (5). However, a low intensity 

absorption band was observed at 266 nm when measuring as close to the edge as 

possible (beyond position ‘5’). A similar band at 267 nm in undoped CsCl crystals grown 

from the melt and from water solution has previously been ascribed to OH- [160, 161]. 

Based on this, it seems likely that there is OH- present in the measured Cs2ZnCl4 crystal. 

 

The two most likely sources of OH- include (i) the presence of moisture in the ampoule 

leading to a reaction with the starting raw material and formation of cesium hydroxide 

(CsOH) or zinc hydroxide (Zn(OH)2), for example or (ii) OH- impurities in the quartz 

ampoule that diffused into the melt or growing crystal at elevated temperatures. In the 

former case, it is possible that these impurities were rejected toward the edge of the 

crystal during growth if the translation rate was sufficiently slow. The latter would also 

explain why the OH- concentration would be higher closest to the ampoule wall. The 

origin and exact mechanism are still unclear; however, these results emphasize the 

importance of removal of oxygen and water in preventing unwanted impurities in the 

grown crystal that can affect uniformity and overall crystal quality. 
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Figure 41. Photograph of a ~3 mm thick slice from Cs2ZnCl4 sample HZ-01-06 under 254 nm UV excitation 
and absorbance measurements from the labeled positions (1)-(5) from the center to the edge. An 

additional sixth measurement from the very edge was taken (labeled “Edge” in the legend). 
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5.3 Growth of 38 mm Diameter Cs2ZnCl4 

5.3.1 Successful Growth of a Crack-free 38 mm Crystal 

To demonstrate that growth is possible in sizes comparable to commercially produced 

scintillator crystals (typically 1” to 3” in diameter), growth of a 38 mm (1.5”) diameter 

Cs2ZnCl4 was pursued next. The results of experiments at the 22 mm size helped inform 

the decisions on what growth parameters to use. This mainly influenced the choice of 

translation rate, as this was the more straightforward strategy for avoiding the 

formation of bubble-like defects.  

 

A 295-gram charge consisting of CsCl and ZnCl2 was loaded into the 38 mm diameter 

quartz growth ampoule inside a glovebox. The material was then transferred to the 

vacuum station and dried at 100 °C for 36 hours. Melt-synthesis was then performed 

using a slightly modified procedure from that which was previously established. Rather 

than inverting the ampoule between steps, the use of temperature gradients and cycling 

between the hot and cold zones were employed during synthesis to promote mixing of 

the melt similar to the method described by Wei et al. in [162]. This was due to concerns 

over potential ampoule failure (i.e. quartz breaking) considering the much larger mass of 

the charge compared to previous samples. Melt-synthesis was carried out in a 3-zone 

furnace using the following procedure: 

  

(1) 1st melt: 3-hour soak at 600 °C (all 3 zones), followed by 10-hour soak at 715 

°C (all 3 zones). Cooled to room temperature over several hours. 

(2) 2nd melt: 3-hour soak with top/middle/bottom zones set to 750/700/700 °C. 

Hot and cold zones were then flipped, 6-hour soak with top/middle/bottom 

zones set to 730/750/750 °C. Cooled to room temperature over several 

hours. 

(3) 3rd melt: repeat of 2nd melt 
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Throughout this work, it was observed that a visual clue as to whether the synthesized 

Cs2ZnCl4 material is well-mixed is when the charge consists of large transparent 

crystallites. By comparison, it was often the case after the first melt-synthesis step that 

the charge appeared milky/chalky and opaque due to incomplete reaction of the 

precursor materials. Using the “zone cycling” approach described above, the resulting 

charge appeared well-mixed. 

 

As was discussed in Chapter 1.4 Crystal Growth, the thermal gradient inside the growth 

furnace is one factor influencing the shape and stability of the solid-liquid interface. To 

allow for reproducibility, the thermal gradient for growth of 38 mm diameter Cs2ZnCl4 

was measured and is shown in Figure 42. The gradient near the melting point of Cs2ZnCl4 

was determined to be 23 °C/cm. A study on the effects of varying the thermal gradient 

was not carried out in the present work; however, the measured value is comparable to 

gradients typically reported for Bridgman growth of halide scintillator crystals, which 

tend to fall in the range of 15-40 °C/cm [23, 45, 159, 163-166]. In contrast, 

semiconductors can often be grown using shallower gradients around 5-15 °C/cm [167-

170]. 

 

The as-grown 38 mm diameter Cs2ZnCl4 crystal is pictured in Figure 43. It was 

transparent and free of cracks with some texturing on the surface similar to what was 

observed in the 22 mm diameter crystals. Impressively, the crystal remained free of 

cracks throughout the cutting and polishing process. This is apparent from Figure 44, 

which shows side and top down views of the 38 mm crystal after removing the cone and 

last-to-freeze sections. Additionally, pieces with various geometries (ex. - discs, pixels, 

blocks) and sizes were able to be cut and polished while maintaining their mechanical 

integrity (Figure 45). The results of this growth are highly encouraging from a scalability 

perspective. 
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Figure 42. Thermal gradient measured for the furnace used to grow 38 mm diameter Cs2ZnCl4. 

 

  



 

99 

 

 

Figure 43. Photograph of as-grown 38 mm diameter Cs2ZnCl4 crystal inside the growth ampoule. 
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Figure 44. Photographs of cut and polished cylinders of 22 mm vs 38 mm diameter Cs2ZnCl4. 

 

 

 

 

Figure 45. Photographs of various cut and polished pieces from the conical section of the 38 mm diameter 
Cs2ZnCl4 crystal. 
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5.3.2 Determination of Coefficients of Thermal Expansion (CTE) 

Temperature dependent powder XRD of Cs2ZnCl4 was measured to determine the 

coefficients of thermal expansion (CTE). In particular, the degree of anisotropy in the 

CTE is an important consideration when growing crystals via the Bridgman method. This 

becomes critical during the cooldown stage since the crystal expansion is restricted by 

the ampoule walls. A high degree of anisotropy and large mismatch in thermal 

expansion with the ampoule material (quartz) can exacerbate cracking due to thermally 

induced stress. By understanding the thermal expansion behavior, steps can potentially 

be taken to mitigate this issue, specifically by orienting the crystal along the axis of 

lowest thermal expansion. 

 

Powder XRD of Cs2ZnCl4 was measured from room temperature to 350 °C in 50 °C 

increments. Measurements were taken from low to high temperature, as well as in the 

reverse direction to confirm consistent results. Rietveld refinement was performed 

using the General Structure Analysis System (GSASII) software [129] to determine the 

lattice parameters at each temperature. The starting model for refinement of the room 

temperature dataset was based on the published data for the orthorhombic Pnma 

structure of Cs2ZnCl4 from [140]. Next, sequential refinement was performed using the 

refined lattice parameters at each temperature as the starting values for the next 

temperature refinement. Additional experimental details can be found in Chapter 4.2 X-

ray Diffraction (XRD). 

 

The CTE can be calculated by plotting the change in lattice parameter relative to the 

initial value, ∆l/l0, as a function of temperature. A linear fit of this data will give a slope 

that is equal to the CTE, as can be seen from: 

 

∆𝑙/𝑙0 =  𝛼1∆𝑇 
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where α1 represents the linear CTE and has units of inverse temperature (K-1). The 

measured diffraction patterns for each temperature are shown in Figure 46a and Figure 

46b. No phase transitions were observed in this temperature range, which is consistent 

with the reported phase diagram [120] and previously presented DSC measurements 

(Chapter 5.1.1 Structural and Physical Properties). A shift in peak position to lower 2θ 

with increasing temperature is also apparent, corresponding to an increase in lattice 

parameter. This is also evident from Figure 47, which shows the refined lattice 

parameters as a function of temperature. From the linear fit of this data, the linear CTE 

values were determined to be 𝛼̅a = 3.34 × 10-5 K-1, 𝛼̅b = 6.12 × 10-5 K-1, and 𝛼̅c = 7.38 × 10-

5 K-1 for the measurements in the heating direction. The results were consistent for the 

cooling directions, as can be seen in Figure 47a and Figure 47b. A similar degree of 

anisotropy (roughly 2:1) as some commercially available halide scintillators (LaCl3:Ce 

[171] and SrI2:Eu [69]) is observed for Cs2ZnCl4. Values are summarized in Table 9. This is 

promising in that although it may present some challenges, the anisotropy of Cs2ZnCl4 is 

not expected to limit its potential scalability and mass production. 

 

5.3.3 Light Collection with Long Aspect Ratio Crystals 

The issue of self-absorption is a well-known problem for scintillators activated with rare-

earth ions such as Eu2+, Ce3+, or Yb2+ [165, 172-177]. This issue arises due to the 

overlapping of excitation and emission bands that causes a portion of the emitted light 

to be absorbed by the crystal and later re-emitted. This has the effect of lengthening 

decay times and diminishing the light yield and becomes more pronounced with 

increasing crystal volume or dopant concentration. 

 

In contrast, self-absorption in the classical sense is not expected for the CVL mechanism. 

However, absorption and scattering of the emitted light by defects in the crystal are still 

a possibility. To investigate this, the effects of crystal size on the scintillation properties  



 

103 

 

 

Figure 46. (a) Measured XRD patterns of Cs2ZnCl4 from 25 °C to 350 °C and (b) magnified view showing the 
shift in peak positions with increasing temperature. 
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Figure 47. Refined lattice parameters as a function of temperature measured (a) from low to high 
temperature and (b) from high to low temperature. Error bars as calculated from Rietveld refinement 

were smaller than the data points and are therefore excluded. 
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Table 9. Linear CTE values for Cs2ZnCl4 determined from high temperature XRD and comparison of the 
degree of anisotropy with commercially available halide scintillators LaCl3:Ce and SrI2:Eu. 

 ᾱa (10-5 K-1) ᾱb (10-5 K-1) ᾱc (10-5 K-1) ᾱa / ᾱb ᾱa / ᾱc ᾱb / ᾱc 

Cs2ZnCl4 

(orth.) 
3.34 6.12 7.38 0.55 0.45 0.83 

LaCl3:Ce 

(hex.) 
2.5 2.5 1.1 1 2.3 2.3 

SrI2:Eu 

(orth.) 
1.55 2.16 0.92 0.7 1.7 2.3 
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were explored for Cs2ZnCl4. Cylinders of varying size were obtained from 7 mm, 22 mm, 

and 38 mm diameter crystals. Light yield and scintillation decay time were measured, 

and the results are shown in Figure 48a and Figure 48b. The light yield decreases by 

~61% in going from the smallest volume (LY = 1,980 ph/MeV) to largest volume (LY = 

770 ph/MeV). As was discussed in Chapter 5.1.3, the deterioration of light yield is likely 

due to losses associated with light collection inefficiencies and other non-radiative 

processes, such as absorption of light by non-luminescent ions and defects in the crystal. 

Again, this explains why the decay time does not lengthen with increasing volume 

(Figure 48b) since the light is completely lost rather than re-emitted as is the case with 

typical self-absorption. 

 

To further investigate the volume dependence of the light yield, five Cs2ZnCl4 pixels each 

having a 5 × 5 mm2 cross section with varying length ‘L’ were measured. The samples 

had lengths of 2 mm, 5 mm, 10 mm, 15 mm, and 18 mm. The effects of crystal 

orientation and reflector geometry were also tested. Three configurations were 

compared and are illustrated in Figure 49. For Configuration (1), the long face of the 

crystal was coupled to the PMT (i.e. horizontal) and Teflon sheets were tented overtop 

of the sample. For Configuration (2), the 5 × 5 mm2 face was coupled to the PMT (i.e. 

vertical) and Teflon sheets were again tented over the sample. Configuration (3) was 

similar to number (2), however, the crystals were instead directly wrapped in several 

layers (~ 1 mm thick) of Teflon. In each case, the crystals were coupled to the PMT using 

a thin layer of mineral oil. For the 5 × 5 × 2 mm3 and 5 × 5 × 5 mm3 samples, there was 

no difference between Configurations (1) and (2) since they had no “long” face. 

 

Light yields were measured relative to the smallest sized pixel and are plotted in Figure 

49. The least amount of deterioration occurs with the crystals oriented horizontally. The 

greatest amount of deterioration occurred with the crystals oriented vertically and 
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Figure 48. Effects of crystal size on light yield and scintillation decay time for Cs2ZnCl4. 

 

 

 

 

 

Figure 49. Effects of crystal orientation and reflector positioning on light yield for Cs2ZnCl4 pixels with a 5 x 
5 mm2 cross section and varying length. 
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directly wrapped in Teflon. The light loss per unit length was quantified from a linear fit 

to the data to be ~1.5% per mm for the Teflon-wrapped measurements. Similar light 

losses were reported for commercially produced scintillators LSO:Ce,Ca (2.6% per mm) 

and LGSO:Ce (1% per mm) in [178] for dimensions 2 × 2 × L mm3. 

 

Considering the measurements of Cs2ZnCl4 performed in the vertical orientation (both 

wrapped and unwrapped), the emitted light is more likely to have to travel a longer 

distance within the crystal. This increases the probability that the light either gets 

reabsorbed or is scattered by defects or imperfections in the crystal. The reflectivity of 

the Teflon should also be considered, as it is likely less efficient near UV wavelengths. 

Given that the emission spectrum of Cs2ZnCl4 extends below 300 nm, this may explain 

the significant drop in light yield when directly wrapping the crystals. The reflectivity of 

the Teflon used in this work is unknown, but in general Teflon can drop below 90% at 

wavelengths shorter than ~300 nm [179, 180]. Overall, the results of this experiment 

suggest that some of the light losses associated with increasing crystal volume may be 

avoided by strategic design of the crystal geometry, orientation, and reflector material. 

 

5.4 Conclusions 

 

In this work, we report on the crystal growth, physical properties, and scintillation 

properties of undoped Cs2ZnCl4 and Cs3ZnCl5. These materials may be advantageous 

over BaF2 for gamma and X-ray detection due to longer emission wavelengths that are 

more suitable to the spectral sensitivity range of common photodetectors, as well as 

their fast decay times with the absence of slow components (refer to Table 5 for a more 

detailed comparison of properties). Highly transparent Ø7 mm single crystals of Cs2ZnCl4 

and Cs3ZnCl5 were grown using the Bridgman method. The crystals were non-

hygroscopic and phase pure. They have light yields that exceed those previously 
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reported by 55% and 232%, respectively, when irradiated with a 662 keV 137Cs source. 

An impressive timing resolution was also achieved with Cs2ZnCl4, with a CTR of 148 ± 1 

ps FWHM for a 3×3×5 mm3 crystal measured against an LSO:Ce reference and 136 ± 2 ps 

FWHM for two Ø7 mm × 3 mm thick Cs2ZnCl4 crystals measured against each other. 

 

The linear CTE values of Cs2ZnCl4 were determined from temperature dependent XRD 

and were 𝛼̅a = 3.34 × 10-5 K-1, 𝛼̅b = 6.12 × 10-5 K-1, and 𝛼̅c = 7.38 × 10-5 K-1. Considering 

the anisotropic thermal expansion, future growth experiments should explore the use of 

oriented seed crystals and the effects on cracking. Nonetheless, the degree of 

anisotropy for Cs2ZnCl4 is similar to that of some commercially available halide 

scintillators and is not expected to be a major obstacle to overcome. 

 

It is recommended that future work involves conducting a more systematic study to 

identify and eliminate visible defects in Cs2ZnCl4. Given the time constraints, duration of 

each growth, and other focus areas of this dissertation (Chapter 6 and Chapter 7), not all 

of the growth challenges could be completely solved yet. However, the successful 

growth of a crack-free Ø38 mm Cs2ZnCl4 is encouraging moving forward and 

demonstrates that scale up to commercial sizes is possible.   
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Chapter Six  

Discovery of New Cesium Magnesium Chloride CVL Crystals 

 

A version of this chapter has been submitted to a peer-reviewed journal by Daniel 

Rutstrom with the approval of his coauthors. Minor changes have been made to 

improve the flow within the context of this dissertation. The full citation for the 

submitted manuscript is as follows: Daniel Rutstrom, Luis Stand, Dylan Windsor, Haixuan 

Xu, Maciej Kapusta, Charles L. Melcher, Mariya Zhuravleva, “New Ultrafast Scintillators 

with Core Valence Luminescence: Cs2MgCl4 and Cs3MgCl5” Journal of Materials 

Chemistry C, 2024, submitted for review. The author would like to thank the coauthors 

for their contributions to this work. 

 

The favorable properties of Cs2ZnCl4 and Cs3ZnCl5 (Chapter 5.1 Improved Performance 

and Growth of Large-volume Crystals) have prompted us to search for new scintillators 

with similar structure and chemistry in an effort to (i) discover materials with superior 

light yield or decay time and (ii) add to the list of known CVL materials so that 

relationships between composition, electronic structure, and scintillation properties can 

be better understood, possibly allowing higher-performance scintillators to be designed 

and developed more efficiently in the future. 

 

So far, reports of core valence luminescence in compounds of the types Cs2MCl4 and 

Cs3MCl5 (M = alkaline earth metal or transition metal ion) are limited to Cs2ZnCl4 [114, 

117-119, 132, 181], Cs2BaCl4 [97, 113], and Cs3ZnCl5 [114, 132]. Although structural and 

physical properties have been the topic of several studies [138, 139, 182], there are no 

reports of scintillation properties for Cs2MgCl4 and Cs3MgCl5. Due to the presence of 

CsCl and compositional similarities to scintillators such as Cs2ZnCl4, Cs3ZnCl5, and 
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CsMgCl3 [82, 97, 183] we expect these compounds will also scintillate and show ultrafast 

core valence luminescence. 

 

In this work, single crystals of Cs2MgCl4 and Cs3MgCl5 (both in sizes of Ø7 and Ø12 mm) 

are grown by the vertical Bridgman technique and evaluated for use as gamma-ray or X-

ray detectors. Phase analysis of the grown crystals is carried out using X-ray diffraction 

(XRD) to ensure the intended compounds are formed and that crystals are phase pure. 

Scintillation properties (radioluminescence, decay time, light yield) are characterized to 

determine if Cs2MgCl4 and Cs3MgCl5  crystals scintillate, assess how their performance 

compares to existing materials, and to confirm whether CVL is the mechanism 

responsible for scintillation. Due to the relevance to fast timing applications, 

coincidence time resolution (CTR) is also investigated. Finally, density functional theory 

(DFT) is used to calculate electronic band structures to determine if the energy 

condition (Evc < Eg) required for CVL is satisfied for Cs2MgCl4 and Cs3MgCl5. 

 

6.1 Crystal Growth 

 

Figure 50 shows photographs of the grown Cs2MgCl4 and Cs3MgCl5 crystals. The purpose 

of the larger diameter crystals was mainly to assess scalability of growth. The crystals 

are colorless and transparent with some minor cracking mostly near the surface. 

Cracking appears to be worse in the A3MX5-type crystal, which is also what we observed 

previously for the Zn-containing analogues [132]. Based on these observations, Cs2MgCl4 

may be the more promising crystal for scale up purposes. Optimization of growth 

parameters for both crystals would likely yield better results (i.e. less cracking), but this 

was outside the scope of the present work. 
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Figure 50. Top row of photographs (a)(c)(e): Cs2MgCl4 crystals. Bottom row of photographs (b)(d)(f): 
Cs3MgCl5 crystals. (a)(b) as-grown (left) Ø7 mm crystals and ~4 mm thick slabs (right) that were cleaved 
from the boules and polished. (c)(d) as-grown Ø12 mm crystals. (e)(f) ~10 mm tall cylinders cut from the 

Ø12 mm boules and polished. 
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XRD measurements confirmed the phase purity of the grown crystals. The orthorhombic 

crystal structure (space group Pnma) was obtained for Cs2MgCl4, which is apparent from 

matching measured and simulated patterns in Figure 51a. The reported lattice 

parameters of Cs2MgCl4 are a = 9.777(4) Å, b = 13.234(6) Å, and c =  7.514(3) Å (V = 

972.23 Å3) and the calculated density is 2.95 g/cm3 [138]. The structure consists of 

isolated [ZnCl4]2- tetrahedra and two separate Cs sites with coordination numbers (CN) 

of CN = 8 and CN = 9 for the Cs1 and Cs2 sites, respectively. The structure and space 

group are the same as those of the CVL scintillator Cs2ZnCl4, which has a slightly smaller 

unit cell with lattice parameters a =  9.7577(15) Å, b = 12.9704(16) Å, and c = 7.4004(10) 

Å (V = 936.6 Å3) despite the larger ionic radius of Zn2+ (0.6 Å for CN = 4) compared to 

Mg2+ (0.57 Å for CN = 4) [140, 184]. 

 

The measured XRD pattern for the Cs3MgCl5 crystal also matches closely with the 

simulated pattern, shown in Figure 51b. Cs3MgCl5 is isostructural with the CVL 

scintillator Cs3ZnCl5, both adopting the tetragonal structure (space group I4/mcm). This 

structure also consists of isolated [ZnCl4]2- tetrahedra and two separate Cs sites, but in 

this case with CN = 8 and CN = 10 for the Cs1 and Cs2 sites, respectively. The reported 

lattice parameters of Cs3MgCl5 are a = b = 9.23 Å and c = 14.88 Å (V = 1267.67 Å3) and its 

calculated density is 3.14 g/cm3 [139]. Similar to the A2MX4 compounds, the unit cell 

volume for the Zn-containing compound is smaller than that of the Mg-containing 

despite the larger ionic radius of Zn2+. Lattice parameters for the isostructural Cs3ZnCl5 

are a = b = 9.2421(18) Å and c = 14.4928(15) Å (V = 1237.92 Å3) [141]. This data is 

summarized in Table 10. 
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Figure 51. (a) Measured powder XRD pattern of Cs2MgCl4 compared to the simulated pattern generated 
using the Vesta software package. (b) Measured powder XRD pattern of Cs3MgCl5 compared to the 

simulated pattern generated using the Vesta software package [142]. The broad amorphous peak around 
20° originates from the protective Kapton film.  

 

 

 

Table 10. Crystal structures and reported lattice parameters of Cs2MgCl4 and Cs3MgCl5 compared to those 
of CVL scintillators Cs2ZnCl4 and Cs3ZnCl5. 

Composition Crystal 

structure 

Lat. Param., 

a (Å) 

Lat. Param., 

b (Å) 

Lat. Param., 

c (Å) 

Ref. 

Cs2ZnCl4 orthorhombic 9.7577(15) 12.9704(16) 7.4004(10) [140] 

Cs2MgCl4 orthorhombic 9.777(4) 13.234(6) 7.514(3) [138] 

Cs3ZnCl5 tetragonal 9.2421(18) 9.2421(18) 14.4928(15) [141] 

Cs3MgCl5 tetragonal 9.23 9.23 14.88 [139] 
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DSC of Cs2MgCl4 and Cs3MgCl5 was measured to confirm the reported congruent melting 

of these compounds [123, 128, 185, 186], which is favorable for melt growth techniques 

such as the Bridgman method. A single endothermic and single exothermic peak are 

observed in the DSC curves of each (Figure 52a) indicating congruent melting (a eutectic 

reaction can be ruled out per results of XRD). Also evident from DSC is the lack of any 

solid-solid structural phase transitions, which can negatively impact optical transparency 

or cause stress-induced cracking during post-growth cooling of the crystal. Melting 

points were also determined from DSC and are consistent with reported values. The 

onset of melting measured for Cs2MgCl4 was 551 °C (reported Tm = 545 °C) and for 

Cs3MgCl5 was 525 °C (reported Tm =  527 °C) [123]. 

 

DVS measurements reveal that Cs2MgCl4 and Cs3MgCl5 are slightly hygroscopic. This is 

apparent from Figure 52b, which shows a ~2.4% mass gain for Cs2MgCl4 and ~1.1% mass 

gain for Cs3MgCl5 after 5 hours at 40% relative humidity at room temperature. 

Compared to many other common halide scintillators (NaI:Tl, for example), this is still a 

relatively low degree of hygroscopicity. While performing measurements of scintillation 

properties with samples exposed to air for ~30 minutes at a time, the only noticeable 

effect was the formation of a thin white film on the surface that made the crystals 

appear more translucent. However, this film was easily polished away. To verify that the 

hydrated layer had no effect on the measured scintillation properties, a light yield 

measurement was performed in air over an 18-hour period with no change in 

photopeak shape or position observed. Additionally, during overnight CTR 

measurements, the first few data points (i.e. first few LE values) were repeated after 

completing the initial series to verify the performance had not changed due to long term 

air exposure. In the case of overnight measurements, the optical coupling (mineral oil or 

Viscasil optical grease) preserved the transparency of the crystal face in contact with the 

photosensor, allowing the emitted light to escape despite the sides and top of the  
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Figure 52. (a) DSC curves showing the melting and solidification behavior of Cs2MgCl4 and Cs3MgCl5. The 
endothermic direction is down. (b) DVS water sorption curves of Cs2MgCl4 and Cs3MgCl5 at 40% relative 

humidity compared with NaI:Tl. 
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crystal turning opaque. Given that Cs2MgCl4 and Cs3MgCl5 are considerably less 

hygroscopic than the widely employed NaI:Tl, simple hermetic packaging methods 

would allow their use in real detector systems without major concerns of instability. 

 

6.2 Radioluminescence 

 

Figure 53 shows the X-ray excited emission spectra (radioluminescence) of Cs2MgCl4 and 

Cs3MgCl5. To our knowledge, this is the first instance of scintillation reported for either 

compound. The emission being primarily positioned in the UV region is consistent with 

CVL observed in other CsCl-based crystals [80, 82, 97, 187]. Likewise, the longer 

wavelength emission of Cs2MgCl4 and Cs3MgCl5 compared to fluoride materials (such as 

BaF2) is beneficial when considering compatibility with commonly used SiPMs and PMTs 

that have poor spectral sensitivity in the VUV region where many fluorides emit. 

 

The dominant emission band for Cs2MgCl4 is centered near 295 nm, with a lower 

intensity shoulder around 360 nm (Figure 53). Besides having slightly broader less 

resolved peaks and being redshifted by several nm, the position and structure closely 

resemble the emission spectrum of the CVL scintillator Cs2ZnCl4 [132]. The emission 

spectrum of Cs3MgCl5 on the other hand consists of two main bands with maxima at 242 

nm and 302 nm, with a third band near 425 nm. Similarly, three emission bands with 

nearly identical position and structure are observed with the Zn-containing analogue, 

Cs3ZnCl5 [132]. 

 

It has been established that the number of peaks in the CVL emission spectrum depends 

on the CN of the CVL-active cation, with the spectra becoming more complicated as CN 

increases from CN = 6 (1 band) to CN = 8 (2 bands) to CN = 12 (complex structure) [7, 

71]. This could explain why the number of emission bands differs between the A2MX4- 



 

118 

 

 

Figure 53. Radioluminescence emission spectra of Cs2MgCl4 and Cs3MgCl5 crystals at room temperature. 
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type crystals (2 bands) and A3MX5-type crystals (3 bands). As discussed previously, both 

structures contain two separate Cs sites, however, the CN for the Cs2 site is larger in the 

A3MX5-type structure (CN = 10) than in the A2MX4-type structure (CN = 9). Additionally, 

given that CVL spectra are known to reflect the valence band density of states [7], these 

results might indicate similar electronic band structures for the analogous Mg- and Zn-

containing crystals if in fact the scintillation in Cs2MgCl4 and Cs3MgCl5 also originates 

from CVL. 

 

6.3 Scintillation Decay Time 

 

The measured scintillation decay time profiles of Cs2MgCl4 and Cs3MgCl5 are shown in 

Figure 54a, along with a BaF2 reference (United Crystals), with both crystals exhibiting 

ultrafast timing characteristics typical of CVL. The decay constants of Cs2MgCl4 and 

Cs3MgCl5 were determined to be 2.25 ± 0.05 ns and 1.46 ± 0.05 ns, respectively. The 

decay constant for the fast component of BaF2 was determined to be 0.62 ± 0.05 ns and 

agrees closely with the established range between 0.6 ns and 0.8 ns. The time constants 

were obtained by fitting a convolution of the instrumental response with a single-

exponential function (double-exponential for BaF2), shown in Figure 54b and Figure 54c. 

The absence of any slow components for Cs2MgCl4 and Cs3MgCl5 is advantageous for 

high count rate environments in which pulse pile up must be avoided and where the 

slow component of BaF2 (630 ns) is problematic. 

 

The decay times of Cs2MgCl4 and Cs3MgCl5 are comparable to other ternary CsCl-based 

CVL crystals, providing further evidence that the emission can be attributed to core 

valence luminescence. Examples include CsCaCl3 (2.47 ns) [97], CsMgCl3 (2.36 ns) [97], 

Cs2BaCl4 (1.68 ns) [97], Cs2ZnCl4 (1.66 ns) [132], and Cs3ZnCl5 (0.82 ns) [132]. Similar to  
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Figure 54. (a) Scintillation decay profile of Cs2MgCl4 and Cs3MgCl5 compared with a reference BaF2 crystal. 
The feature between 55 ns to 65 ns for Cs2MgCl4 and Cs3MgCl5 is an instrumental artifact. (b) and (c) show 
the fitted decay profiles, where the fits represent the convolution of the instrument response (IRF) with a 

single-exponential function. 
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the Zn-containing analogues, faster decay time is observed with Cs3MgCl5 than with 

Cs2MgCl4, possibly hinting that the A3MX5-type family of compounds could be the key to 

discovering additional inorganic scintillators with sub-ns decay time, for which few are 

currently known to exist. 

 

From these results, it is apparent that for both the A2MX4 and A3MX5 structure types, 

full replacement of Zn2+ with Mg2+ leads to lengthening of the decay time. According to 

Rodnyi, as the A–X distance increases when changing from an AX to AMX3 CVL crystal 

(ex. – Cs to Cl distance from CsCl to CsMgCl3), decay time and light yield will increase 

due to a smaller overlap of the wave functions of A+ and X- ions and therefore a lower 

probability of radiative CVL transitions [85]. This relationship has been discussed in 

other works as well, including [81, 82, 188]. To determine whether the trend holds for 

the A3MX5-type (space group I4/mcm) and A2MX4-type (space group Pnma) compounds, 

decay constants and average Cs–Cl bond lengths were compiled and are listed in Table 

11 along with those of CsCl and CsMgCl3. It should be noted that the AX and AMX3-type 

compounds are a simpler case given that only one crystallographic site exists for Cs ions 

whereas two sites exist in the A2MX4-type and A3MX5-type compounds.  

 

When looking solely at the Cs1 site, the trend with decay time appears to be consistent 

across Cs3ZnCl5, Cs3MgCl5, Cs2ZnCl4, and Cs2MgCl4, which show lengthening decay times 

with increasing bond length. Likewise, the same is true when replacing Zn2+ with Mg2+ in 

a given structure type regardless of which site is considered. However, a clear trend is 

not observed across all compositions for the Cs2 site or the total average bond length.  

 

We speculate one possibility for this result could be that the Cs1 site somehow plays a 

more prominent role in the CVL process than the Cs2 site in these compounds, however, 

this has not been verified. Most likely there are more complex factors contributing to  
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Table 11. Average Cs–Cl bond lengths and decay constants for CsCl, CsMgCl3, and other known CVL 
scintillators of the types A3MX5 (space group I4/mcm) and A2MX4 (space group Pnma). The compound 

Cs2BaCl4 is excluded from the list due to its dissimilar crystal structure (cubic, space group I-43d), in which 
Cs+ and Ba2+ (both CVL-active ions) occupy the same crystallographic site, that may additionally influence 
the CVL properties.[189] Average bond lengths were determined using the Vesta software package and 
published structural data.[142] For structures with two Cs sites, the total average is weighted based on 

CN. 

Composition Decay 

Constant 

(ns) 

Ref. Cs1 

Average  

Cs–Cl 

bond 

length (Å) 

Cs2 

Average  

Cs–Cl 

bond 

length (Å) 

Average  

Cs–Cl 

bond 

length (Å) 

Ref. 

CsCl 0.88 [10] - - 3.564 [190] 

Cs3ZnCl5 0.82 – 1.1 [114, 132] 3.536 3.778 3.670 [141] 

Cs3MgCl5 1.46 this work 3.563 3.804 3.697 [139] 

Cs2ZnCl4 1.6 – 1.7  [114, 119, 

132] 

3.7518 3.518 3.663 [140] 

Cs2MgCl4 2.25 this work 3.767 3.608 3.683 [138] 

CsMgCl3  2.1 – 2.36 [82, 97] - - 3.728 [191] 
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the scintillation kinetics in the materials studied in the present work, and further 

investigation is necessary to draw definitive conclusions about the differences in decay 

times and how they relate to the Cs–Cl distances. In an investigation of impurity-induced 

CVL in CaF2:Ba and SrF2:Ba, Terekhin et al. also did not observe the expected 

acceleration of decay time despite the smaller Ba–F distances in the doped compounds 

compared to BaF2 and point out that the probability of optical transitions is not only 

determined by the CVL-active cation to halogen anion distance, but also by the shape of 

the respective wave functions [188].  

 

6.4 Light Yield 

 

Pulse height spectra for small-sized crystals of Cs2MgCl4 and Cs3MgCl5 are shown in 

Figure 55. The full-energy (662 keV) deposition photopeaks can be resolved for both. 

Measurements were performed at various shaping times to verify the absence of long 

decay components (on the order of a few hundred nanoseconds or greater) that were 

not visible in the scintillation decay profiles. No significant change in photopeak position 

was observed when collecting spectra with shaping time ranging from 0.5 to 10 µs, 

which provides further evidence that there is no significant contribution from long 

components in the time profiles of these crystals. 

 

Light yield was calculated to be 2,200 ± 110 ph/MeV for Cs2MgCl4 and 1,340 ± 70 

ph/MeV for Cs3MgCl5. These values are similar to those of the Zn-containing analogues 

(1,980 ± 100 ph/MeV for Cs2ZnCl4 and 1,460 ± 70 ph/MeV for Cs3ZnCl5), in which the 

A2BX4-type crystal was also the brighter of the two, indicating another possible 

connection between crystal structure and CVL properties. Cs2MgCl4 has a relatively high 

light yield compared to many other CVL materials, which are mostly below 1,500  
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Figure 55. Pulse height spectra of Ø7 mm × 3 mm Cs2MgCl4 and Cs3MgCl5 crystals measured with a 662 
keV 137Cs source. 
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ph/MeV [7, 70, 80, 97]. This higher light yield, or brightness, becomes especially 

important in applications requiring good timing resolution given that the coincidence 

time resolution (CTR) is inversely proportional to the square root of the number of 

detected photons, as discussed in the introduction. 

 

6.5 Coincidence Time Resolution (CTR) 

 

The CTR for 3 × 3 × 5 mm3 samples measured as a function of leading edge (LE) 

threshold is shown in Figure 56. LSO:Ce,Ca and Cs2ZnCl4 are included for comparison, 

with LSO:Ce,Ca considered as the state-of-the-art and Cs2ZnCl4 being a known CVL 

material. The same Cs2ZnCl4 crystal from [132] that we reported to have a CTR of 148 ± 1 

ps FWHM was again measured, however, a better CTR of 111 ± 3 ps ps FWHM was 

achieved in the present work because of several modifications to the experimental 

setup. The LSO:Ce,Ca crystal had a CTR of 94 ± 3 ps FWHM. Based on the ratios of decay 

time to light yield, it is expected that Cs2MgCl4 and Cs3MgCl5 should have CTR values 

slightly larger than Cs2ZnCl4 by approximately 10% and 14%, respectively (see Table 12). 

 

The measured CTR for Cs2MgCl4 was 129 ± 4 ps FWHM, or about 16% larger than that of 

Cs2ZnCl4. This result agrees well with the expected 10% and demonstrates the excellent 

timing capabilities of Cs2MgCl4. On the other hand, Cs3MgCl5 did not perform as well as 

expected. The measured CTR was 161 ± 5 ps FWHM, or about 45% larger than that of 

Cs2ZnCl4. A possible explanation is that this difference arises due to the different 

emission spectra of Cs2MgCl4 and Cs3MgCl5. More specifically, a larger fraction of the 

light is emitted below 275 nm for Cs3MgCl5 (Figure 53), and the photon detection 

efficiency (PDE) of the SiPM dips below 10% near 275 nm compared to ~35% near 300 

nm. 
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Figure 56. CTR measurements of Cs2MgCl4 and Cs3MgCl5 compared to reference samples of Cs2ZnCl4 and 
LSO:Ce,Ca. All crystals were approximately 3 × 3 × 5 mm3. 
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Table 12. Relevant properties of Cs2MgCl4 and Cs3MgCl5 and comparison of CTR with Cs2ZnCl4. CTR values are for the optimal LE threshold, which was at 9 
mV for each. 

Composition 𝝉 (ns) LY at 662 keV 

(ph/MeV) 

LY/𝝉 (ph/meV/ns) √𝝉/𝑳𝒀

(√𝝉/𝑳𝒀)
𝑪𝒔𝟐𝒁𝒏𝑪𝒍𝟒

 
measured CTR 

(ps FWHM) 

expected CTR 

(ps FWHM) 

Cs2ZnCl4 1.66 [132] 1980 [132] 1,193 1 111 ± 3 - 

Cs2MgCl4 2.25 ± 0.05 2,200 ± 110 978 1.10 129 ± 4 123 

Cs3MgCl5 1.46 ± 0.05 1,340 ± 70 918 1.14 161 ± 5 127 
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6.6 Band Structure Calculations 

 

Density functional theory (DFT) calculations were performed for Cs2MgCl4 and Cs3MgCl5 

to establish the potential for core valence luminescence based on electronic band 

structures of these compounds. Similar methods have been used to investigate CVL in 

other materials, such as CsMgCl3 [183], KMgF3 [192], LaF3 [193], and KMgCl3 [194]. In the 

present work, these calculations are useful for two primary reasons: (1) to determine if 

the criteria Evc < Eg is satisfied, indicating that core valence luminescence is energetically 

possible and (2) to compare some features of the calculated density of states (DOS) to 

measured emission spectra since the CVL spectrum (radioluminescence) should reflect 

the valence band DOS [7, 8]. This fact is apparent when considering that the emitted 

light must fall within the range of energies corresponding to transitions from the top 

and bottom of the valence band to the top of the outermost core band. Put more 

simply, the low energetic edge of the CVL emission spectrum should correspond to the 

parameter Eg2. The high energetic edge of the CVL spectrum should correspond to the 

parameter Evc. 

 

Figure 57 shows the calculated partial density of states (PDOS) for Cs2MgCl4 and 

Cs3MgCl5 along with schematic illustrations of the band structures. The valence band is 

primarily composed of Cl-p states for both compounds, while the outermost core level is 

composed mainly of Cs-p states. It is apparent that the necessary condition Evc < Eg is 

satisfied for Cs2MgCl4 (Evc = 5.56 eV and Eg = 6.13 eV), further supporting the 

experimental results that suggest CVL as the scintillation mechanism. Based on the DOS, 

CVL is expected to occur through radiative transitions between Cs 5p holes and Cl 3p 

electrons, as is typical for CsCl-based CVL crystals. 
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Figure 57. Calculated partial density of states (DOS) and schematic band diagrams with relevant energies 
for CVL labeled. 
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Interpretation of the data in Figure 57 is straightforward for Cs2MgCl4, as Evc = 5.56 eV is 

clearly less than Eg = 6.13 eV. The story is less obvious with Cs3MgCl5, where the DOS 

shows a very close difference between Evc and Eg; however, the values of these 

parameters overlap only for a small part of the Brillouin zone. In this system, the Cs-p 

states are ~6.1 eV below the valence band maximum (VBM), the Cl-p states are at the 

VBM, and the Cs-d states make up the conduction band minimum (CBM) at 5.96 eV. At a 

particular k-point within the Brillouin zone, each of these states has an energy window 

over which the Kohn-Sham states (the bands in DFT) vary, leading to a variation in the 

values of Evc (between 5.99 eV and 6.13 eV) and Eg (between 5.96 eV and 7.29 eV). 

Calculating these two energy differences at every k-point has shown Evc < Eg for ~89% of 

the Brillouin zone and is at most 0.17 eV larger in the other 11%. Additionally, Yang et. 

al. [195] found that HSE underestimates large band gaps. These results suggest that CVL 

is possible for Cs3MgCl5 as well, as was inferred from the experimental data. 

 

Radioluminescence spectra were converted from wavelength to energy (Figure 58) to 

allow comparison with the energy parameters Eg2 and Evc obtained from the calculated 

DOS. The Jacobian transformation was applied during the conversion, which scales 

intensity values in order to correct for the uneven interval spacings between wavelength 

and energy scales [196]. The low energetic and high energetic edges of CVL in both 

cases were approximated as the peak onsets. The calculated parameters agree 

reasonably well with the measured CVL edges of 2.5 eV (Eg2 = 2.9 eV) and 5.5 eV (Evc = 

5.56 eV) for Cs2MgCl4. There is also good agreement between calculated and measured 

values for Cs3MgCl5, for which the low and high energetic edges of CVL are 2 eV (Eg2 = 

2.65 eV) and 6 eV (Evc = 6.1 eV). The small discrepancy between calculated and 

experimental values for Eg2 may be a result of thermal broadening of the valence band.  
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Figure 58.  Emission spectra converted to energy scale highlighting the low energetic and high energetic 
edges of CVL that correspond to the parameters Eg2 and Evc, respectively. 
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The larger VB width for Cs3MgCl5 compared to Cs2MgCl4 in the calculated DOS (Figure 

57) also agrees well with the experimental data in which Cs3MgCl5 has the broader 

emission spectrum, spanning a wider energy range. 

 

6.7 Conclusions 

 

Cs2MgCl4 and Cs3MgCl5 were explored as potential new scintillator materials. Single 

crystals of each were grown using the Bridgman method, and scintillation was observed 

for both compounds under X-ray and gamma ray excitation. The ultrafast scintillation 

decay times (2.25 ± 0.05 ns for Cs2MgCl4 and 1.46 ± 0.05 ns for Cs3MgCl5) and 

radioluminescence emission spectra that are consistent with other CVL materials 

suggest that scintillation in both crystals arises from core valence luminescence. DFT 

calculations provided further evidence of CVL, illustrating that the necessary energy 

condition is satisfied (Evc < Eg) and that the low and high energetic edges of the 

measured emission spectra show good agreement with the calculated valence band 

DOS. Several parallels were observed between Cs2MgCl4 and Cs3MgCl5 and the 

previously studied compounds Cs2ZnCl4 and Cs3ZnCl5, revealing a possible connection 

between crystal structure and CVL properties in these two systems. Specifically, (i) the 

emission spectra are nearly identical for the compounds of the same structure type (ii) 

the A2MX4-type compound is the brighter of the two in both cases and (iii) the A3MX5-

type compound is the faster of the two in both cases. Like the Zn-containing analogues, 

Cs2MgCl4 and Cs3MgCl5 can potentially offer advantages over the current state-of-the-

art ultrafast scintillator BaF2, including longer wavelength emission and absence of long 

decay components. Strategies for improving performance of these materials by means 

of compositional engineering will be the topic of future work. 
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Chapter Seven  

Impurity-enhanced CVL in Cesium Magnesium Chloride Crystals via Zn Doping 

 

Building upon the work presented in previous chapters on Cs2(Zn or Mg)Cl4 and Cs3(Zn 

or Mg)Cl5 CVL crystals, we set out to investigate the effects of doping and mixing in 

these systems, as well as the known perovskite CsMgCl3 CVL crystal. Here, we report 

crystal growth and characterization of undoped and 5% Zn-doped CsMgCl3, Cs2MgCl4, 

and Cs3MgCl5. Additionally, effects of mixing with higher Zn concentrations are 

investigated in Cs2Mg1-xZnxCl4 and Cs3Mg1-xZnxCl5. The goals of this work are to (i) 

improve the light yield to decay time ratio of some novel CVL materials, which in turn 

should lead to superior timing performance and (ii) uncover new aspects of impurity CVL 

through doping with an ion not traditionally considered to be “CVL-active”. The results 

of this work reveal a new avenue towards obtaining brighter CVL materials, which could 

open up possibilities for more advanced ultrafast scintillators to be discovered moving 

forward. 

 

7.1 Crystal Growth 

 

Growth of Ø12 mm undoped and 5% Zn-doped CsMgCl3, Cs2MgCl4, and Cs3MgCl5 

resulted in highly transparent crystals (Figure 59). Minor cracking near the surface was 

observed in some crystals, primarily with Cs3MgCl5 (both undoped and Zn-doped). There 

were no obvious changes in crystal appearance upon doping, with the exception of 

CsMgCl3, for which the surface of the CsMgCl3:Zn crystal was covered in a white hazy 

residue prior to removal from the ampoule, whereas the surface of the undoped crystal 

was clear and smooth. This was observed for multiple growth runs with different 

samples of CsMgCl3 and CsMgCl3:Zn. After removal from the ampoule, the hazy surface  
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Figure 59. Photographs of polished cylinders cut from the grown Ø12 mm undoped and 5% Zn-doped 
crystals. 
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layer could be removed by polishing and revealed a transparent crystal underneath. This 

is evident when viewing the cross section of the crystal visible in Figure 59. 

 

Given that Cs2MgCl4 and Cs2ZnCl4 are isostructural (orthorhombic, space group Pnma) 

and Cs3MgCl5 and Cs3ZnCl5 are isostructural (tetragonal, space I4/mcm), solid solutions 

are expected to form across the entire range of compositions from pure Mg2+ (ionic 

radius 0.57 Å for CN = 4) to pure Zn2+ (ionic radius 0.6 Å for CN = 4). Mixed crystals from 

the Cs2Mg1-xZnxCl4 and Cs3Mg1-xZnxCl5 systems (with x = 0, 0.05, 0.1, 0.25, 0.5, and 1) 

were grown to determine the optimal Zn concentration for achieving the best 

scintillation performance and are pictured in Figure 60. The optical quality appeared 

mostly consistent for all samples.  

 

7.2 Scintillation properties – pure vs 5% Zn doped 

 

To determine if the characteristics of CVL in cesium magnesium chlorides are altered 

when doping or mixing with Zn, radioluminescence, scintillation decay time, and light 

yield measurements were performed. The resulting radioluminescence emission spectra 

are shown in Figure 61a. The emission spectra remain mostly unchanged when doping 

Cs2MgCl4 and Cs3MgCl5. Similar to what we reported in [D. Rutstrom et al., submitted to 

J. Mat. Chem. C], the dominant emission bands appear at 295 nm and 302 nm, 

respectively. Undoped CsMgCl3 has two main bands, a broad emission centered at 450 

nm and a narrower band at 283 nm. The spectrum is similar in shape and position to 

what was observed in [97]. Interestingly, the broad band is suppressed in the spectrum 

of CsMgCl3:Zn 5%, and instead a lower intensity band appears at 372 nm. 
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Figure 60. Photographs of as-grown Ø7 mm mixed crystals inside growth ampoules. 
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Figure 61. (a) Radioluminescence emission spectra and (b) scintillation decay profiles of undoped vs 5% 
Zn-doped crystals measured at room temperature. The decay profile of a reference BaF2 crystal is shown 

for comparison. 
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Scintillation decay profiles are shown in Figure 61b. Over the measured time window of 

500 ns, all samples appear to consist of single-component decay times (i.e. no long 

components) ranging from ~1.5 ns to ~2.5 ns. The fitted decay constants are listed in 

Table 1. The addition of small amounts of Zn into the crystals does not appear to 

influence the decay behavior, which is apparent from the essentially overlapping curves 

for undoped vs Zn-doped samples. This was also the case when measuring over longer 

time windows as well. The interesting case that deserves further consideration is that of 

CsMgCl3, for which the broad emission band near 450 nm is uncharacteristic of CVL. 

Rather, it resembles the structure that is typical of defect-mediated or excitonic 

emission. However, if this was the case then we should expect to see either a secondary 

component or an increase in background counts in the decay measurements for 

CsMgCl3, which we did not observe. 

 

Vanecek et al. [97] ascribed this broad band in undoped CsMgCl3 to defect or excitonic 

emission from at least two different emission centers, which was evident from 

photoluminescence (PL) measurements that revealed long decay components (ranging 

from 234 ns to 51 µs) when exciting these bands. Despite this, the ~2 ns CVL component 

in their scintillation decay time measurements still had an abundance of 99.7%. This 

result, along with our observations, suggests that there is minimal contribution from a 

slower decay component in CsMgCl3 even if the broad emission does in fact originate 

from an STE, which seems likely. 

 

Pulse height spectra measured with a 137Cs source are shown in Figure 62a and Figure 

62b. For each compound – CsMgCl3, Cs2MgCl4, and Cs3MgCl5 – the light yield increases 

upon doping with 5% Zn. The most substantial effect is observed between undoped 

Cs3MgCl5 (1,340 ph/MeV) and Cs3MgCl5:Zn (2,180 ph/MeV) and between CsMgCl3 (2,700 

ph/MeV) and CsMgCl3:Zn (3,400 ph/MeV) – improvements of 63% and 26%,  
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Figure 62. (a) Pulse height spectra of undoped vs 5% Zn-doped crystals measured at 662 keV with an 
R2059 PMT illustrating the enhanced light yield (LY) in doped crystals, which corresponds to the higher 

channel number of the photopeak. (b) Pulse height spectra of undoped vs 5% Zn-doped crystals measured 
at 662 keV with an R6231 PMT showing improved energy resolution (ER) in doped crystals. 
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respectively. The implications of these results are two-fold: (i) the higher LY makes these 

materials more practical for use in a wide range of applications and (ii) the enhanced LY 

is expected to improve timing performance (i.e. CTR). An additional effect of Zn-doping, 

which is apparent from Figure 62b, is an improvement in energy resolution. Table 13 

summarizes the measured scintillation properties for the undoped and 5% Zn-doped 

crystals. 

 

It should be pointed out that the light yield measured in our lab for CsMgCl3 is quite 

different from previously reported values [97]. More generally, light yields reported in 

literature for a given scintillator tend to show a wide range of values, even for well-

known materials such as BGO or LSO. There are several sources for these discrepancies, 

some of which have been discussed in depth by Moszynski et al. [197]. That study found 

that the method of calculating the photoelectron number by direct comparison with the 

SPE position often leads to overestimation (depending on the gain and electronics). 

Additionally, accuracy (or rather inaccuracy) of the PMT quantum efficiency calibration 

must be considered. It was also shown in [197] that various LSO crystals measured with 

Hamamatsu PMTs (R2059 and R6231MOD) had on average higher light yields by about 

25.8% compared to measurements performed with an XP2020Q PMT.  

 

Light collection efficiency is another factor affecting the measured light yield, which can 

include the surface finish of the crystal, how it is coupled to the PMT, and the type and 

geometry of the reflector material. It is difficult to assess the extent that each of these 

may be contributing to the different light yields we observe without conducting a 

systematic study, but this was outside the scope of the present work. Regardless of any 

potential overestimation of the light yield, the trend of higher light yield with Zn-doping 

is still evident given that the samples in this work were all measured under identical 

conditions. 
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Table 13. Summary of measured scintillation properties for undoped and Zn-doped crystals. 

Composition Decay time (ns) Light yield at 662 keV 

(ph/MeV) 

Energy resolution at 

662 keV (%) 

CsMgCl3 2.24 ± 0.05 2,700 ± 140 22.1 

CsMgCl3:Zn 5% 2.17 ± 0.05 3,400 ± 170 16.7 

Cs2MgCl4 2.04 ± 0.05 2,200 ± 110 22.0 

Cs2MgCl4:Zn 5% 1.91 ± 0.05 2,440 ± 120 19.2 

Cs3MgCl5 1.46 ± 0.05 1,340 ± 70 33.7 

Cs3MgCl5:Zn 5% 1.25 ± 0.05 2,180 ± 110 22.8 
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It is important for the applications being considered that the enhanced light yield does 

not come at the expense of the ultrafast decay times, and so it is necessary to consider 

the origin of this additional light being produced. For use in fast timing applications, it is 

often the ratio of light yield to decay time that matters. This means that if an increase in 

light yield is also accompanied by lengthening of the decay time or the introduction of 

additional slow components, the benefits may not be fully realized. The mostly 

unchanged emission spectra and decay times between the undoped and Zn-doped 

crystals suggests that the presence of Zn has not introduced undesired long-lifetime 

emission mechanisms. Based on this, it appears as though all (or at least the majority) of 

the extra light in the Zn-doped crystals originates from CVL or some other ultrafast 

emission process. Cherenkov emission and hot intraband luminescence (IBL) are unlikely 

sources given that their yields are typically on the order of tens of photons per MeV 

[198-200], whereas light yield in the Zn-doped crystals increases by several hundred 

photons per MeV. Further investigation is necessary to verify its origin, but presently we 

are attributing this enhanced light yield to processes involving CVL. 

 

Considering that the Cs 5p and Zn 3d core levels are positioned close together in halides 

[5, 70, 119], one possible explanation for this effect is the migration of core holes from 

Zn2+ to Cs+, which then may recombine through Cl 3p to Cs 5p transitions essentially 

creating an additional channel through which core holes participating in CVL can be 

created. A similar mechanism was described by Itoh et al. for the Rb1-xCsxF system [201], 

however, the effects on light yield were not discussed. Voloshinovskii has also suggested 

that a significant increase in light yield may be expected in crystals with overlapping 

core levels due to efficient transfer of the core excitation energy between bands [99, 

100]. As mentioned in Chapter 2.3 Impurity-induced CVL, the concept of “transport core 

bands” has also been discussed by Rodnyi in [5], in which the lower lying band (deemed 

the transport band) can deliver additional holes to the upper CVL-active core band. This 
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in turn is expected to lead to a larger share of core holes participating in CVL transitions, 

and therefore an increase in light yield. This effect has yet to be observed 

experimentally for transfer from d ions to p ions, and while we do not yet have direct 

evidence that this is the responsible mechanism in the presently studied crystals, this 

could explain the increase in yield observed upon doping Cs-Mg-Cl crystals with Zn2+.  

 

7.3 Coincidence time resolution (CTR) – pure vs 5% Zn doped 

 

As discussed in Chapter 1.2 Applications of Fast Scintillators, the timing performance of 

a scintillator depends on the ratio of light yield to decay time. To investigate whether 

performance improves upon doping with Zn2+, CTR of the undoped and Zn-doped 

crystals was measured. Figure 63 shows the CTR data for 3 × 3 × 5 mm3 samples of 

CsMgCl3 vs CsMgCl3:Zn 5%, Cs2MgCl4 vs Cs2MgCl4:Zn 5%, and Cs3MgCl5 vs Cs3MgCl5:Zn 

5%. The same Cs2ZnCl4 crystal for which CTR was measured in Chapter 6 was again 

measured and is included as a reference. 

 

In each case, it is apparent that CTR improves after doping with Zn2+. Considering the 

higher light yields of the Zn-doped crystal without lengthening of decay times, this result 

is not surprising. The best CTR is obtained with CsMgCl3:Zn 5% (also the crystal with the 

highest light yield), which was 99 ± 3 ps FWHM or a 25% improvement over the 132 ± 4 

ps FWHM of the undoped CsMgCl3 crystal. This is also superior to the CTR measured 

with Cs2ZnCl4, which was 122 ± 4 ps FWHM. The CTR for Cs2MgCl4 improves by ~22% and 

for Cs3MgCl5 improves by ~10% with 5% Zn doping. These results demonstrate the 

ability to improve the timing performance of CVL crystals via compositional engineering, 

allowing for the limits of timing resolution to be pushed further than was previously 

possible with CVL materials.  
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Figure 63. CTR vs LE threshold for undoped vs 5% Zn-doped crystals. The measured crystals had 
dimensions 3 × 3 × 5 mm3. Cs2ZnCl4 is included as a reference. 
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7.4 Mixed crystals (0% to 100% Zn) 

 

The effects of varying the Zn concentration were explored to determine where the 

optimal scintillation properties can be achieved. Crystals of Cs2Mg1-xZnxCl4 and Cs3Mg1-

xZnxCl5 with x = 0, 0.05, 0.1, 0.25, 0.5, and 1 were evaluated. Figure 64a shows 

radioluminescence spectra for the end-member compounds and for x = 0.5. In moving 

from pure Mg to pure Zn, the spectra shift to shorter wavelengths and narrowing of the 

band near 290 nm is observed. The trend was similar across the entire range of mixed 

compositions, however, only the spectrum for x = 0.5 is shown for clarity. Scintillation 

decay time of the mixed crystals is shown in Figure 64b. An acceleration of decay time is 

observed with increasing Zn concentration. This ranges from 1.66 ± 0.05 ns to 2.04 ± 

0.05 ns for Cs2Mg1-xZnxCl4 and from 0.91 ± 0.05 ns to 1.46 ± 0.05 ns for Cs3Mg1-xZnxCl5.  

 

Figure 65 shows the light yield and decay time of the mixed crystals plotted as a 

function of Zn concentration. Unlike the radioluminescence and decay time, which show 

somewhat of a linear dependence with Zn concentration, light yield of the mixed 

crystals in several instances exceeds that of the end-member compounds (as was the 

case with 5% Zn). The optimal concentration for achieving the best light yield is around 

5-10% in both the Cs2Mg1-xZnxCl4 and Cs3Mg1-xZnxCl5 systems, but benefits can still be 

realized with 25% Zn in the latter case. These results indicate that fine tuning of the 

scintillation performance is possible with mixed crystals. Table 14 summarizes the 

scintillation properties for the mixed systems. The best light yield to decay time ratio 

can be obtained with the composition Cs3Mg0.75Zn0.25Cl5. 
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Figure 64. (a) Radioluminescence spectra and (b) scintillation decay curves of mixed crystals showing a 
shift to shorter wavelengths and acceleration of decay time with increasing Zn concentration. 

 

 

 

 

Figure 65. Light yield and scintillation decay time as a function of Zn concentration in mixed crystals. 
Dotted and dashed lines are included simply to guide the eye. 
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Table 14. Summary of measured scintillation properties for Cs2Mg1-xZnxCl4 and Cs3Mg1-xZnxCl5 mixed 
crystals. 

Composition x Decay constant 

(ns) 

LY at 662 keV 

(ph/MeV) 

LY/decay 

(ph/MeV/ns) 

Cs3Mg1-xZnxCl5 0 1.46 ± 0.05 1,340 918 

 0.05 1.25 ± 0.05 2,180 1,744 

 0.10 1.26 ± 0.05 2,100 1,667 

 0.25 1.06 ± 0.05 1,950 1,840 

 0.50 0.89 ± 0.05 1,580 1,775 

 1 0.91 ± 0.05 1,460 1,604 

     

Cs2Mg1-xZnxCl4 0 2.04 ± 0.05 2,200 1,078 

 0.05 1.91 ± 0.05 2,440 1,277 

 0.10 1.78 ± 0.05 2,380 1,337 

 0.25 1.70 ± 0.05 2,170 1,276 

 0.50 1.53 ± 0.05 1,980 1,294 

 1 1.66 ± 0.05 1,980 1,193 
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To rule out the possibility that a secondary phase might be contributing to the emission, 

phase analysis was carried out using powder XRD.  Samples were obtained from the 

middle section of each boule, avoiding the opaque last-to-freeze sections seen at the 

top of some crystals pictured in Figure 60. Evidence of secondary phases was not 

observed in the diffraction patterns of any mixed-crystal samples. 

 

The Rietveld technique was applied to obtain refined lattice parameters using the GSASII 

software. The results are shown in Figure 66 and summarized in Table 15 for 

Cs3Mg0.75Zn0.25Cl5 as an example and were similar for each sample. Peak widths were 

well-fitted, however, there were occasional discrepancies in peak intensity from 

preferred orientation due to the use of Kapton film that slightly compacted the 

powders. The refined lattice parameters were plotted as a function of composition to 

determine if Vegard’s Law is followed and are shown in Figure 67. The lattice 

parameters show a mostly linear dependence with Zn concentration. The melting 

behavior of the mixed crystals was also evaluated to further investigate any potential 

deviations from Vegard’s Law. Figure 68a and Figure 68b show the DSC heating curves 

that were used to determine the melting points plotted in Figure 68c and Figure 68d. 

The melting points were taken as the peak onset. Overall, a mostly linear trend is 

observed. 

 

These results suggest that, as expected given the matching crystal structures and similar 

ionic radii of Zn2+ and Mg2+, the Zn-based and Mg-based compounds are mutually 

soluble in one another. Additionally, these results indicate that the observed changes in 

light yield are unrelated to structural effects. This is especially apparent when 

comparing Cs3MgCl5, Cs3Mg0.75Zn0.25Cl5, and Cs3ZnCl5, for which the light yield shows a 

strong deviation from linearity (Figure 65b) unlike the lattice parameters. 
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Figure 66. Results of Rietveld refinement for Cs3Mg0.75Zn0.25Cl5 showing the calculated vs measured XRD 
pattern. The broad amorphous peak around 20° is from the protective Kapton film. 
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Table 15. Summary of structural parameters and Rietveld refinement data from powder XRD of 
Cs3Mg0.75Zn0.25Cl5. 

Parameter Refinement 

Crystal system Tetragonal 

Space group I4/mcm 

Formula units 4 

a (Å) 9.2343(3) 

b (Å) 9.2343(3) 

c (Å) 14.7436(5) 

α=β=γ (deg) 90 

Volume (Å3) 1257.2(1) 

wR (%) 9.94 

wRmin (%) 3.07 

Goodness of fit (GOF) 3.24 
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Figure 67. Refined room temperature lattice parameters of mixed crystals showing Vegard’s Law is 
followed indicating Zn concentrations in the bulk agree closely with nominal concentrations. Error bars 

are shown as 3σ. In some instances, the data markers are larger than the standard deviation. 
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Figure 68. DSC curves of mixed crystals measured at a heating rate of 3 K/min in sealed quartz crucibles. 
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7.5 Conclusions 

 

We have found that the CVL yield of CsMgCl3, Cs2MgCl4, and Cs3MgCl5 can be improved 

by doping with 5% Zn2+, an effect that for the moment we are calling impurity-enhanced 

CVL. This is a distinction from previously studied examples of impurity-induced CVL. The 

proposed mechanism relates to the overlapping of Cs5p and Zn3d core bands that 

provides an additional channel for creation of core holes to be involved in CVL 

transitions (via transport from Zn2+ to CVL-active Cs+ ions). To our knowledge, this would 

be the first experimental evidence of CVL of this nature. Further investigation both 

experimentally and theoretically is necessary to verify and to fully understand the role 

of Zn2+ in the CVL process. Interestingly, its benefits diminish once the Zn2+ 

concentration exceeds 25%-50%. It is currently unclear why this is the case but suggests 

a type of quenching effect. The findings presented in this work are valuable from both a 

theoretical perspective in that they will allow for a deeper understanding of core 

valence luminescence, as well as from an applied standpoint in that a new avenue for 

improving the timing performance of CVL crystals is now possible.  
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Chapter Eight  

Effects of Bromine (Br) Mixing in Cesium Zinc Chloride 

 

In the final chapter, we briefly explore the prospects of CVL in bromine-containing 

crystals as a future direction for this work. This is motivated by the prompt emission 

observed in CsBr (<150 ps [202]) due to partially quenched CVL at room temperature as 

a result of the condition Evc < Eg not being satisfied for this compound [10, 12, 203-206]. 

The drawback of this being a quenched process is that very few photons are emitted (20 

ph/MeV [207]). Similarly, a very prompt decay was observed for Cs2ZnBr4 in [181] but an 

emission spectrum could not be measured due to the weak intensity. In an attempt to 

harness such prompt emission while maintaining practical light yields, here we 

investigate anion mixing in Cs2ZnCl4-xBrx crystals. 

 

8.1 Crystal Growth 

 

A 7 mm diameter Cs2ZnBr4 was grown and is pictured in Figure 69. The crystal was highly 

transparent and mostly crack-free. Additionally, three 12 mm diameter mixed crystals 

with different Cl/Br ratios were grown – Cs2ZnCl2Br2, Cs2ZnCl3Br1, and Cs2ZnCl3.8Br0.2 – 

which are pictured in Figure 70. The crystals were grown with a translation rate of 0.4 

mm/h and cooled at 7 °C/h. Each was free of cracks and was highly transparent. 

 

8.2 Scintillation Properties 

 

The radioluminescence emission spectra and scintillation decay curves are shown in 

Figure 71a and Figure 71b. Emission of Cs2ZnBr4 is almost non-existent, which is 

consistent with what was reported in [181]. A very faint broad band from 400-600 nm 

does appear and increases in intensity with the addition of chlorine. This is especially 
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Figure 69. Photograph of the as-grown 7 mm diameter Cs2ZnBr4 crystal. 

 

 

 

 

Figure 70. Photographs of backlit 12 mm diameter mixed Cs2ZnCl4-xBrx crystals inside ampoules, as well as 
several cut and polished slices. 
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Figure 71. (a) Radioluminescence emission spectra and (b) scintillation decay profiles of Cs2ZnCl4-xBrx 
crystals. 
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apparent for Cs2ZnCl3Br1 and Cs2ZnCl3.8Br0.2. We currently ascribe this band in Cs2ZnBr4 

to a quenched STE, however, further investigation is necessary to verify its origin. With 

high Br/Cl ratios, the CVL emission of Cs2ZnCl4 also appears to become quenched. This is 

evident from suppression (and eventual absence) of the peaks located at ~290 nm and 

~375 nm. 

 

Similar to [181], a prompt decay was observed for the Cs2ZnBr4 crystal and can be seen 

in Figure 71b. We were unable to determine its decay constant due to insufficient 

resolution of the setup. Based on an exponential fit of the data, we estimate the decay 

time is <350 ps. 

 

To confirm that the measured decay profile of Cs2ZnBr4 was actually coming from the 

sample, an identical measurement was performed with the crystal removed from the 

setup. The acquisition time was the same for both measurements, 9067 seconds (~2.5 

hours). The results are shown in Figure 72, where a substantial difference in the number 

of raw counts is apparent. 

 

A similar prompt decay appeared in Cs2ZnCl2Br2 and Cs2ZnCl3Br1. However, an additional 

long component was introduced, likely arising from the broad STE-like emission seen in 

the radioluminescence spectra. This can be seen in Figure 71b (green and orange 

curves). The most interesting case is that of Cs2ZnCl3.8Br0.2. Its decay constant was 

determined to be 1.35 ± 0.05 ns, faster decay time than that of the pure Cs2ZnCl4 crystal 

(1.66 ± 0.05 ns). Likewise, a significant contribution from the long component observed 

in the other mixed crystals was not seen.  
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Figure 72. Comparison of scintillation decay time measured with and without the Cs2ZnBr4 sample in the 
setup. 
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Of particular interest was whether or not the ratio of light yield to decay time for 

Cs2ZnCl4 could be improved with the introduction of Br. A pulse height spectrum 

measured at 662 keV is shown in Figure 73 for Cs2ZnCl3.8Br0.2 compared to Cs2ZnCl4. 

Pulse height spectra could not be measured for the Br-rich samples due to their 

emission intensities being too weak. Light yield of Cs2ZnCl3.8Br0.2 was calculated to be 

1,650 ± 80 ph/MeV giving a slightly better ratio of 1,222 ph/MeV/ns compared to 

Cs2ZnCl4 (1,193 ph/MeV/ns). These results reveal a promising avenue towards improving 

the performance of Cs2ZnCl4 by anion substitution. Further studies to optimize the Br 

concentration should be considered moving forward. 
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Figure 73. Pulse height spectra measured at 662 keV for Cs2ZnCl4, Cs2ZnCl3.8Br0.2, and Cs2ZnCl3Br1. 
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Chapter Nine  

Conclusions and Future Outlook 

 

With the ever-growing needs for faster timing capabilities in various applications of 

radiation detectors, the lack of available inorganic scintillators with ~1 ns decay times 

presents an opportunity for new materials to emerge. Core valence luminescence (CVL) 

is an emission process that has received renewed attention in recent years due to the 

ultrafast decays that can be obtained without completely sacrificing light yield. 

However, there are still existing gaps in the literature on CVL materials. Some of these 

gaps have been identified in this work, and new CVL crystals were investigated to 

address them. Several novel contributions to the field of scintillator research – in 

particular, relating to core valence luminescence – were presented in this dissertation: 

 

• Promising new ultrafast CVL crystals Cs2ZnCl4 and Cs3ZnCl5 were explored, and it 

was demonstrated that crystals with improved optical transparency (80-90% 

transmittance from 250-800 nm) can be grown by the Bridgman method. 

• Higher light yields were achieved with Cs2ZnCl4 (1,980 ± 100 ph/MeV) and 

Cs3ZnCl5 (1460 ± 70 ph/MeV) than previously reported, making them more 

practical for use in a wide range of detection applications. 

• First ever growth of a 38 mm diameter Cs2ZnCl4 crystal was demonstrated, 

yielding a transparent crack-free crystal. This is a necessary milestone to break 

beyond the research stage into commercial viability. 

• New ultrafast crystals Cs2MgCl4 and Cs3MgCl5 were discovered, adding to the list 

of known CVL materials of the types A2MX4 and A3MX5, which have rarely been 

investigated up to this point. Connections between structure and CVL properties 

were observed, with A2MX4-type crystals offering higher light yields and A3MX5-

type crystals offering faster decay times. 
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•  A new pathway for enhancing the properties of CVL crystals was discovered. 

Light yield improved by up to 60% when doping Cs3MgCl5 with 5 mol% Zn (1,340 

± 70 ph/MeV for undoped and 2,180 ± 110 ph/MeV for Zn-doped), without 

introducing any slow decay components. The best light yield and timing 

resolution were obtained with CsMgCl3:Zn 5% (3,400 ± 170 ph/MeV and 99.5 ± 3 

ps FWHM, respectively). These findings show that Zn2+ may play an important 

role in the CVL process as an impurity or dopant, despite not being a “CVL-

active” ion. To date, there have been no reports of this type of CVL observed 

experimentally. 

 

The CsCl-based CVL crystals studied in this work (Cs2ZnCl4, Cs3ZnCl5, Cs2MgCl4, Cs3MgCl5, 

Cs2Mg1-xZnxCl4, Cs3Mg1-xZnxCl5, CsMgCl3, and CsMgCl3:Zn) can all offer advantages over 

the state-of-the-art ultrafast inorganic scintillator BaF2. As discussed, this includes their 

longer wavelength emissions (~300 nm) and single-component decay times (i.e. no long 

tails in the scintillation pulse).  

 

Future work should investigate (i) radiation hardness to determine suitability for HEP 

and use in other extreme environments (ii) growth of Cs2ZnCl4 with an oriented seed to 

avoid cracking in large-volume crystals due to the anisotropic thermal expansion (iii) in 

more depth the theory and possible mechanisms behind enhanced CVL yield upon Zn2+ 

doping and (iv) additional dopants with shallow core levels like Cd2+ (in Cs-based 

crystals) or Ga3+ and In3+ (in Ba- or K-based crystals) to look for more evidence of d ions 

serving as “transport core bands” as a way to boost the CVL yield. If this same impurity-

enhanced CVL effect can be observed in other host compounds or with other dopants, 

the possible compositional space for discovery of new bright CVL materials will open up 

significantly.   
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