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1.1 [bookmark: _Toc400615920]– Applications of Scintillators
[bookmark: _Toc400615921]1.1.1 –Requirements for Homeland Security

Since the discovery of NaI:Tl  in the late 1940s, inorganic scintillators have been commonly used as radiation detectors [1]. Scintillators are materials which absorb high energy radiation such as gamma rays and x-rays emit photons of visible light in response that can then be converted into an electrical signal by a photodetector. This class of materials is commonly used in radiation detectors found at border crossings, airports, shipyards, and other transportation hubs. Modern security concerns have necessitated the detection of high energy radiation on a large scale to identify nuclear threats while minimizing false alarms. These recent demands have sparked interest in the development of high performance scintillators capable of commercialized production [2]. 

To prevent illegal transport of radioactive material, it is necessary to detect the minute amounts of radiation which may escape from a shielded container. To increase the likelihood of producing a significant signal, the detector must emit a large number of photons as a result of interaction with any ionizing radiation. The resulting parameter, light output, is described in terms of the number of photons emitted per unit energy absorbed. In this context, scintillators with a high light yield are more advantageous as they produce a scintillation pulse which is easily distinguished from the background.

 A related parameter, energy resolution, is a derived parameter which quantifies the material’s ability to discriminate between photons of similar energies. The energy resolution is defined as the full width of the full energy peak at half of its maximum divided by the centroid position of the peak. In contrast to the light output, a smaller value of energy resolution is desirable as it corresponds to a small variation in the energy of emitted photons. This is important as it allows the detector to more effectively distinguish between radionuclides likely to be used in a nuclear attack such as 253U and 240Pu and those used in medical procedures.

It is not always easy to differentiate between the energies associated with these two types of radioactive material. A common radioisotope used in medical diagnostics is 99mTc [3] which has a half life of ~6 hours and produces a gamma ray with an energy of 140.511 keV [4]. This energy is within 45 keV of ~75% of the gamma rays produced during the decay of 235U [4], which is used in nuclear weaponry.  As seen in Figure 1, the spectroscopic capabilities of different detectors vary widely and depending on the energy resolution of the detector, and so the gamma ray signature of these two isotopes could be confused. This comparison highlights the need for low energy resolution in spectroscopic applications where the occurrence of false positives needs to be minimized.  

[image: image]
[bookmark: _Ref399234008][bookmark: _Toc400616004]Figure 1- Comparison of Detector Resolution for Background Radiation [5]

[bookmark: _Toc400615922]1.1.2 – Current Detector Standards

The current benchmark scintillator is NaI:Tl, which has been heavily researched in the nearly 70 years since its discovery.  This material is capable of being grown in very large boules, upwards of 500 mm in diameter without cracking.  This large crystal yield means that it is able to be used in the construction of gamma cameras which require single crystal plates which are 500 x 600 x 10 mm in size [6]. This material is also very cheap, costing approximately $2/cc, which allows for very cost effective, large scale detectors, especially when compared to other popular scintillators such as LSO:Ce (~$100/cc) and LaBr3:Ce (~$500/cc) [7]. 

The highly desirable cost and crystal yield of NaI(Tl) is not without any drawbacks, however. This material has a light yield of 37700 ± 5000 photons/MeV as reported by Holl, et al.[8] which is much lower than what is reported for several more recent materials such as SrI2:Eu and LaBr3:Ce which have reported light yields as high as 110,000 ph/MeV and 60,000 ph/MeV, respectively [9], [10]. At 7% resolution for 662 keV gammas, NaI(Tl) has an energy resolution that is inferior to these two materials as well [11]. SrI2:Eu has a reported energy resolution for 662 keV gamma rays of 2.7%, while Sr2+ codoped LaBr3:Ce has been reported recently as having an energy resolution of 2.0% [9], [12].
  
For instances where the spectroscopic capability of the detector is the only concern, the material of choice is a semiconductor, high purity germanium (HPGe). This detector material provides an unparalleled 0.2% energy resolution at 662 keV [13]. This outperforms all current scintillators, but has a few detriments which keep it from being used in all situations. The first of these is it’s small band gap, which is also the source of its superior spectroscopic capabilities.  Because of the small size of its bandgap, 0.7 eV, HPGe requires cryogenic temperatures to operate effectively [1]. When operated at room temperature, the thermal noise is sufficient to destroy the resolution of the detected signal. The other issues are related to material processing and availability.

 As the name implies, germanium detectors must be made from very pure raw materials to ensure that any electrons or holes which contribute to the current through the material are a result of interaction with radiation. To this end, the material which is used in germanium detectors has an impurity concentration near 10-6 ppm, which is very difficult to achieve commercially [14]. This purity is the major source of the final problem: price. The amount of work necessary to produce the material with the requisite purity, and then grow it into a single crystal for implementation in a detector means the final product is expensive enough to prohibit large-scale implementation. The resulting price for HPGe instruments can be prohibitively expensive as a result, costing over $130,000 for one instrument [14]. 

More recently, scintillators such as LaBr3:Ce and SrI2:Eu have been a major focus of research efforts to replace NaI:Tl as the next generation of detectors used for low cost gamma ray spectroscopy [15]. As mentioned previously, both of these scintillators have high light outputs and excellent energy resolution compared to NaI:Tl, though they each have challenges to overcome. A major drawback of LaBr3 is the presence of 138La, which presents an inherent source of gamma radiation with energies 788.7 keV and 1435.8 keV which may interfere with certain measurements [4]. It also tends to crack during growth, making large single crystals difficult to obtain [16]. This limits the obtainable crystal yield and increases the cost of a detector. For SrI2:Eu, the major problem is the relatively long decay time characteristic of Eu2+-activated scintillators, in this case 670 ns [17]. The final difficulty present when working with either is their hygroscopicity. Packaging technology has advanced enough to allow encapsulation of both materials to protect them for an extended period of time. This does not, however, prevent the need for careful handling of the material during growth and processing which hinders these scintillators ability to be easily scaled to industrial production capacities. 

[bookmark: _Toc400615923]1.2 – Impurities in Scintillators
[bookmark: _Toc400615924]1.2.1 – Intentional Impurities

In scintillators, there are two categories of intentional impurities which must be considered: activators and codopants. When an impurity is intentionally added to a scintillator, it is said to be doped with that element. Some materials are capable of producing scintillation photons by virtue of their inherent electronic structure. Other materials possess a band gap large enough that intermediate energies must be introduced to produce photons with energies compatible with conventional photodetectors. Activators are elements which create these energy levels in the host material’s band gap capable of producing a photon of visible light. Examples include Tl+, Eu2+, Ce3+, and Pr3+, though others exist. 

In some cases, the host material is capable of producing a scintillation photon, but is inefficient or ill-suited to a specific application without the addition of an activator. A prime example of this phenomenon is NaI. Undoped, it produces only 2,500-4,000 ph/MeV at room temperature with an energy resolution of 15-16%. At liquid nitrogen temperatures, its performance improves significantly, ultimately producing 62,000-84,000 ph/MeV with an energy resolution of 3.8-6.2% [18]. These values are much better than what is seen for the Tl+ doped material at room temperature, but the cryogenic temperatures required makes it impractical for sustained use. 

The second class of intentional impurity, the codopant, is commonly used to tune the physical and scintillation properties of a material. By adding Ba2+ to CsSrI3, it has been seen that the hygroscopicity of the scintillator decreases. Over a period of 120 minutes, the percent change in mass is reduce by a factor of 2 for high levels of Ba-doping, dropping from ~12% to ~6% [19]. The effect which codoping can have on the scintillation properties is more dramatic, resulting from the sensitivity of the scintillation process to changes in the electronic structure. Recently it has been seen that adding a small amount of Sr2+ to LaBr3:Ce greatly improves the energy resolution of the scintillator. Without a codopant, the energy resolution of LaBr3:Ce is 2.9% [20]. The addition of 200 ppm of Sr2+ to the LaBr3:Ce crystal is enough to drop to the energy resolution to 2.0%, a value which is unparalleled for scintillators [12]. 

[bookmark: _Toc400615925]1.2.2 – Unintentional Impurities

Just as impurities may be added to a scintillator to improve its properties, impurities may exist in the material from the manufacturing process or as a result of contamination. There are two main classes of impurities in metal halide scintillators: adsorbed gasses and metallic impurities. 

Adsorbed Gas Impurities 

Metal halide materials are characteristically hygroscopic, i.e. sensitive to moisture. Because of this, sorption of water vapor is a major concern in the preparation and handling of metal halide materials. Any contact with atmosphere results in moisture contamination, resulting in sample degradation. Similarly, oxygen contamination is a major issue as it reacts with many metal halide compounds to form either oxides or oxyhalides such as perchlorates and iodates. In an effort to minimize atmospheric contamination, many metal halide materials are grown using the Bridgman technique which allows the material to be directionally solidified in a sealed container. By virtue of this sealed environment, any impurities or contaminants which are present when the ampoule is sealed are trapped. Since oxides and oxyhalides typically melt at a much higher temperature than the associated metal halide salts, atmospheric contamination make it difficult to produce a single crystal as the oxide and oxyhalide particles act as nucleation sites for competing grains. In cases where the large grains grow in spite of these particulates, they can still destroy crystal yield by acting as a stress intensifier, promoting crack propagation.  

In addition to atmospheric exposure, gaseous impurities are also present in metal halides as incomplete reactants from their synthesis. Commonly, metal halides are manufactured by reaction of oxides or carbonates with acids, yielding the metal halide salt and some combination of oxygen, carbon dioxide, and water [21], [22]. An example reaction is shown as Equation 1, from which it may be seen that the reaction is in equilibrium. If there is an excess of hydriodic acid being passed over the solid, the equilibrium is shifted to the right side, but is always balanced with the left side. This works against the system when water vapor is present in small amounts. 


[bookmark: _Ref399428378][bookmark: _Toc400616018]Equation 1- Ion Exchange Synthesis for Divalent Iodide from Oxide

When water is present in large amounts, metal halides will dissolve due to their natural deliquescence. Smaller amounts of water can drive the formation of the oxide form of the metal as seen in Equation 1, or the formation of oxyhalides or hydrides when heat is applied. Several of the lanthanide halides have multiple stable valences. It has been reported that lanthanide halides such as EuI2 can be made to change valence depending upon the surrounding atmosphere. An oxidizing atmosphere will stabilize the trivalent halide state; a reducing atmosphere will stabilize the divalent halide state [23].  The stability of the Eu2+ salt is of concern from a scintillation perspective.

 Divalent Europium is favored for metal halide scintillators due to the bright interconfigurational luminescence of the allowed 5d-4f transition as well as the alignment of its peak emission wavelength of ~440nm to the peak detection wavelengths of standard photomultipliers [24]. The divalent and trivalent forms of Europium differ fundamentally in their scintillation characteristics. The scintillation decay of Eu3+ is approximately 1000 times slower than the ~1 μs decay intrinsic to the de-excitation of Eu2+, a speed already much slower than other popular activators such as Ce3+. Additionally, the peak emission wavelength of Eu3+ activated materials of ~610 nm is too long for effective detection by common bialkali-type photomultiplier tubes [25]. 

Metallic Impurities

Though metallic impurities may be beneficial in controlled quantities, unregulated they may have a negative impact on the properties of scintillators. Much like adsorbed gas impurities, these impurities are the result of their handling errors or manufacturing deficiencies. When working with high purity materials, it is important to make an effort to keep materials separate except when intentionally mixing them. If the working environment is not kept clean, it is easy to introduce potentially large amounts of impurities from due to contact with dirty utensils and containers. From a manufacturing perspective, these impurities may be the result of residual components of the parent ore from which the material was originally derived. Rare earth halides are derived from ores in which many of lanthanide elements are present [26].

The effects of metallic impurities can be similar to those caused by the presence of oxides and oxyhalides, though the reasons differ somewhat. In general, metallic impurities are much more likely to dissolve into the molten salt but there are cases where the impurity may remain solid in the melt, creating a nucleation site for secondary grain growth. These situations are more common in situations where the halide component has changed as well, as is the case when a chloride is present in an iodide-based melt. When the metallic contaminant is incorporated into the melt, the matrix will be stressed as a result of the lattice mismatch caused by its integration into the solid. Depending on the severity of the mismatch, this growth strain may be forcibly released as a crack upon cooling, especially if the strain field interacts with similar defects. It is also possible that a crack which forms elsewhere is enlarged by the impurity in an effort to lower the total system energy [27]. Even in cases where the cracking behavior is not exacerbated by the impurity content, cracking behavior is still heavily influenced by it. For example, Kermode, et al. has reported that cracks can also be deflected by individual impurity atoms if the bond strength is sufficient [28]. 

Depending on the impurity, it is possible that it will interfere with the crystals scintillation mechanism. Two possible methods are through luminescence quenching and charge defect formation, though the exact effect heavily depends on the specific system in question. A literature search will provide insight into results for a specific system, as many groups have published studies on the effects of codoping in different matrices. A variety of lanthanide, alkali and transition metal elements have reported optical transitions which offer radiative de-excitation pathways for excitons. Such elements include not only common activators such as Ce3+ and Eu2+, but also elements such as Na+, In+, Pb2+, and Yb3+[29].

 By having multiple radiative pathways in the same material, each luminescence center must compete for the electrons and holes produced by radiation interaction. This competition results in neither site yielding a large number of photons per MeV absorbed by the crystal, effectively quenching the light output. In some instances, activators may cause mutual quenching by capturing different charged particles, preventing their recombination as is the case when Ce3+ and Yb3+ are present in the same matrix. Additionally, it is possible for luminescence to be quenched through metal-metal charge transfer as seen in tungstates and vanadates doped with Ce3+ [24]. The formation of charge defects can affect the scintillation properties in a very similar manner. By introducing aliovalent impurities, the charge balance of the crystal is perturbed, resulting in the addition of charge defects such as F centers and V centers that trap electrons and holes, respectively [30].

Impurities in EuI2

The impurity content of EuI2 has been seen to vary widely from batch to batch. Table 1 shows several common impurities in EuI2 as detected in 4 different batches of material by the manufacturer, Sigma Aldrich. Elements with a range were reported in at least 2 material batches. Elements with a single value were either detected in only one batch, or were found in multiple batches in the same concentration. Determination of H2O/OH- and O impurities is not performed on every batch and so the values listed are for a single batch, but are expected to be similar in other batches. 

[bookmark: _Ref399453739][bookmark: _Toc400616002]Table 1- Common Impurities in EuI2
	Impurity
	Concentration (ppm)
	Impurity
	Concentration (ppm)

	As
	1.7-7.3
	La
	0.3

	Ag
	0.3
	Na
	0.5-0.8

	Ba
	0.3-1.1
	Pb
	0.2

	Bi
	0.2-1.8
	Se
	0.7-2.2

	Cs
	0.1
	Sn
	0.4

	Cu
	0.4-1.2
	Sr
	0.6-0.8

	Fe
	1.1-4.6
	Th
	0.2

	Hg
	0.2
	Tl
	0.5

	K
	3.1
	W
	0.5

	H2O/OH-
	16
	O
	82



As mentioned in the previous section, the presence of multiple impurities with optical transitions can quench luminescence through activator competition. Impurities such as Ag and Bi are known to facilitate scintillation in appropriate matrices [24], but Tl+ and Pb2+ have been reported by Novosad, et al. alongside Eu2+ as being capable of effectively activating CaI2. The authors do note that there is overlap between the thermoluminescence spectra which indicates that not all of the traps are directly related to the dopants. They posit that the cation impurities and intrinsic defects form complexes which act as hole traps, producing the measured spectra [31]. For effective activation of an iodide scintillator with Eu2+, it is necessary that the concentration of these competitive impurities be minimized. 

A separate example of Pb impurities being detrimental to the scintillation properties, specifically the energy resolution, may be found in a paper by Shulz and Breiter. They report that lead impurities in the crystal create an absorption band at ~359 nm, near the maximum emission wavelength for NaI:Tl. The result of this is that the intensity of the scintillation light varies depending upon where in the crystal the scintillation photon is produced and how far it must travel before reaching the photodetector. For an 8 inch diameter by 8 inch tall NaI:Tl crystal, they measure an energy resolution of ~8% at 1.84 MeV versus the 4.5% typically measured for smaller crystals, which they attribute solely to lead impurity effects [32]. 

When considering impurities not typically associated with an optical transition, there is still evidence to indicate that these impurities need to be removed. As part of the effort to improve the scintillation properties of SrI2:Eu, Nishimoto, et al. has recently published a study on the effects of codoping SrI2:Eu with three different trivalent lanthanide elements, including one of the impurities reported in Table 1, lanthanum. Samples of SrI2 were prepared with 7.5% Eu2+ doping and 1% RE doping. The results of their study indicate that codoping with lanthanum decreases the light output by between 7% and 28%, depending on the actual incorporation of La. The energy resolution was likewise seen to suffer, more than doubling the excellent resolution of pure SrI2:Eu of ~2.7% for most samples [33]. 

In addition to the examples above, many of the impurities found in EuI2 have stable oxidation states other than the divalent state of the matrix. This indicates that though they would likely conform to the divalent configuration, the possibility exists that they would be incorporated as an aliovalent impurity. A model has been proposed by Li, et al. in which the nonproportionality, and hence the energy resolution, of a scintillator is directly affected by the free carrier mobility. Through the introduction of aliovalent impurities, charge traps such as F and V centers are incorporated into the crystal. These traps affect charge carrier mobility by either brief detention or complete entrapment of the carrier, and by limiting carrier movement they preferentially segregate charges, leading to nonlinearity of the light yield by preventing recombination [34].

[bookmark: _Toc400615926]1.3 – Techniques for Impurity Detection
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Differential scanning calorimetry (DSC) is a thermal analysis technique which measures heat flow into a sample with respect to a reference. This technique is widely used to determine phase purity and to evaluate temperature-dependent transformations [35]. The measurement is performed by loading material into a crucible and then increasing its temperature. The heat flow required to increase the sample’s temperature relative to a reference crucible is then recorded as a function of temperature. One complete measurement consists of running a blank sample using an identical thermal profile to the experimental sample. This is done to provide a baseline for later subtraction to negate any effects from the crucible. Thermodynamics predicts that phase transitions and chemical reactions occur because of a change in the free energy of the system. This energy change is measured in the system as heat flow, providing quantitative information about the heat of transformation as well as the associated temperatures. 

DSC measurements yield temperature correlated heat flow data. Figure 2 shows a typical spectrum obtained by DSC. By convention, heat flow values are positive if heat is being released by the sample, i.e. the process is exothermic. Similarly, endothermic processes require heat to be absorbed by the sample and are presented as negative values. Phase transitions are typically reversible processes, and as such occur in pairs as seen in Figure 2. Since the enthalpy of the transformation is constant, paired peaks should have similar heats of reaction, represented by the area under the curve.

One of the common uses for DSC is determination of transformation temperatures. Figure 3 shows the method used here to determine peak onsets, which is taken as the transformation temperature. A baseline is constructed across the peak base and the leading edge of the peak is extrapolated and the intersection of the extrapolation and the baseline is recorded as the onset temperature [36].
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Endothermic
Exothermic
Solid-Solid Phase Transition
Melting Endotherm
Crystallization
Exotherm
)[image: ]
[bookmark: _Ref399504006][bookmark: _Toc400616005]Figure 2- DSC Spectrum of a Representative Metal Halide, CsCl
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[bookmark: _Ref399514640][bookmark: _Toc400616006]Figure 3- Illustration of Peak Onset Determination Method [36]

DSC curves may be used to calculate phase purity of systems containing eutectic impurities. This process, which takes advantage of melting point depression, equates the percent peak area at different temperatures to the percentage of the material that’s molten at a given time. By plotting this relation, it is possible to extract not only material purity, but also the melting point of the pure material [37]. This is not to say, however, that it is possible to identify exact contaminants and their relative amounts. In this investigation, the material as a whole is examined.

During crystal growth, scintillation materials are subjected to a range of temperatures as the charge is melted and then slowly solidified. The thermal environment produced during DSC recreates the growth process and provides a look at the thermodynamics affecting the material during solidification. DSC is also extremely sensitive to minor changes in the composition or temperature profile, able to detect heat flow with microwatt precision and temperature differences as small as 1°C [38]. For this level of resolution, it is necessary to scan at very slow rate, ~1-5 K/min. Depending on the melting point of the material and the thermal profiled desired, this may cause the total measurement time to be 24 hours or more for one complete measurement. 

Though DSC is a powerful tool, it has its limitations. The high sensitivity that allows the DSC to detect minute changes in heat flow also renders it sensitive to outside disturbances such as cell phone interference, RF generators, and vibrations. It is also not possible to interpret DSC scans without some outside knowledge of how the material behaves, even if this is purely anecdotal. Due to sample volatility, it is necessary to at least have an estimate of the melting temperature before measurement of metal halides is feasible [39]. 

[bookmark: _Toc400615928]1.3.2 – Inductively Coupled Plasma Spectroscopy

Inductively coupled plasma (ICP) spectroscopy is a set of techniques used to determine trace impurities in solid and liquid samples.  Variations in the technique are based upon the detection modality, either by mass (MS) or emission energy (OES). Both processes begin by aspirating a solution in which the sample has been dissolved through plasma, usually composed of superheated argon. This plasma treatment forcibly strips electrons from even the most stable molecules and atoms. Figure 4 displays a schematic of the aspiration and ionization process. After ionization, the differences between the methods become important. 
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[bookmark: _Ref399528661][bookmark: _Toc400616007]Figure 4- Schematic of Sample Aspiration in ICP Spectroscopy [40]

For ICP-OES, the energy emitted by the ions as they de-excite is detected by a photodetector. As energy levels of each element are unique, the light emitted as ions de-excite is characteristic of the elemental species present. By examining the wavelengths of light produced after ionization and their ratios, it is possible to determine what elements are present and quantify their concentration when compared to known standards. ICP-MS instead looks at the mass-charge ratio of ions. This is accomplished by using electromagnetic filtering optics to separate the ions leaving the plasma from photons, particulates and neutral species. Ions are focused towards the mass separator, usually either a quadrupole, a magnetic sector, or other related technology. 

The exact manner of mass detection varies according to the type and design of the mass separator. After mass separation, the ions are converted to an electrical signal through interaction with an element called a discrete dynode detector. This instrument functions in much the same way that a photomultiplier tube does. The charge of the ion is converted to electrons at the first dynode which are attracted to the next dynode, increasing in number at each subsequent dynode. In this way, ICP-MS is generally capable of detecting elemental concentrations across ~8 orders of magnitude, from ppt levels up to hundreds of ppm levels [40]. Detection limits of each element are displayed in Figure 5.
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[bookmark: _Ref399530368][bookmark: _Toc400616008]Figure 5- Periodic Table Showing Detection Limits of the Elements by ICP-MS [40]

Data obtained from ICP spectroscopy is meaningful only when calibrated against know reference samples. Without this comparison, it is impossible to quantify the concentrations of trace elements as each ion response is unique. In the case of ICP-MS, data analysis is often tricky as the mass-charge ratios for multiple species may overlap. In this case it is necessary to use a multi-peak analysis to determine elemental concentrations. As each element has a natural distribution of isotopes, Figure 5, it is possible to use the known distribution of isotopes to deconvolve any overlapping peaks by comparison with isolated peaks from other isotopes of the same element. It should be noted, however, that this is only possible in samples which have not been specifically enriched with a specific isotope [41]. 

The primary draw of ICP spectroscopy is the fast acquisition of quantitative impurity concentrations. Aside from reference standards, this technique is an independent technique which no outside data for interpretation. That being said, signal masking introduces uncertainty into the measurement. Innate components of technique, such as 40Ar+, have the potential to mask other ions of interest, 40K+. Workarounds exist, such as the above described isotope ratio comparison, though this is limited by the relative amounts of each isotope. In cases where the trace element’s concentration is near the detection limit, it is probable that the secondary isotope is below the detection limit. Similarly, it is possible that multiple ions overlap in the same peak, complicating deconvolution efforts. Without an idea of what is expected, some peak overlaps may go unnoticed, leading to an incorrect quantitative analysis. For ICP-OES, high concentrations of optically active elements such as Eu2+ or Ce3+ are likely to saturate the photodetector, in which case it is impossible to determine the concentration of any trace elements. 

[bookmark: _Toc400615929]1.4 – Techniques for Impurity Mitigation

As described in Section 1.2, impurities have a variety of sources and properties. Techniques for impurity mitigation are similarly diverse. Depending upon the impurity, difference aspects such as melt behavior, thermal stability, and chemical reactivity may be exploited to segregate the impurities so that they might be removed from the system. 

[bookmark: _Toc400615930]1.4.1 – Zone Refining

Zone refining is a technique which utilizes the different melt behavior of impurities species to segregate them in a solid charge. To accomplish this, a spike heater is moved along a solid charge, melting the material in a discrete section which moves through the charge as the heater is moved with respect to the solid. At the end of the pass, the melt zone is reset without melting the charge on the return. This process of moving a molten zone through the charge is repeated many times, with the end result being a region in the center which has a lower net impurity content. This is due to impurities segregating at either ends of the charge, according to their stability in either the solid or the liquid phase [42]. As this purification method targets soluble impurities, it is typically applied to metallic impurities with 7N purity or higher being achievable with appropriate parameters. The parameters affecting the effectiveness of the zone refining process are discussed in Section 2.3. 

This technique exploits a fundamental aspect of material thermodynamics, and so may be applied to a variety of material systems. The only restrictions on zone refining are practical. The material must be thermally stable and not decompose before melting and it must experience a solid-liquid phase transition at a reasonable temperature which is to say that zone refining of elements such as iridium and helium are not realistic. Even with these requirements, many material systems lend themselves to zone refining. This technique is also well suited to industrialization as large batch sizes are possible, as is continuous zone refining. Zone refining may be adapted into a continuous process in a few ways, with one example being through the use of gravity and mass transport to move purified material and impurities in opposite directions, Figure 6. By placing several of these systems in series, it is possible to obtain highly purified materials just as with traditional zone refining. 
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[bookmark: _Ref399538726][bookmark: _Toc400616009]Figure 6- Example Mechanism for Continuous Zone Refining [42]
Though the widespread applicability and high achievable purity are enticing, zone refining is by no means a perfect technique. Depending upon the matrix, some elements will not readily segregate due to negligible differences in melt and solid free energies. The refining speed also is slow, with pass speeds on the order of 1 cm/hr being typical for metal halide compositions [43]. In an effort to create a sharp melt zone, the thermal gradient at the melt edge is usually sharp. By moving this sharp gradient across the crucible many times, it is possible for thermal stresses to build, ultimately resulting in cracking of the container. Improper selection of the crucible material can cause leaching of container elements into the purified material, negating any positive effects from refining. 

[bookmark: _Toc400615931]1.4.2 – Chemical Reactions

Chemical equilibrium can be used to purify material as well. By reacting hydrated or oxidized material with a chemical more reactive with either oxygen or water the raw material may be stripped of these impurities. The reaction seen in Equation 1 provides an example of this process. By passing an acid over oxidized molecules, the anions exchange, producing the desire product and water. At the temperatures necessary for this process to take place, the water which is produced should exist as a gas which is carried away by the stream of unreacted acid. Additionally, it is possible to make use of a solid reactant to achieve similar results. Ammonium halides have been used for more than forty years to prepare oxygen-free halide materials [44]. These materials split into ammonia and acid when heated, providing a source of acid to react with any oxygen or hydroxyls. Byproducts are removed by vacuum, as this process is achievable at lower temperatures under evacuation. 

This technique prevents the formation of halide vacancies by replacing any removed anions with the appropriate halide component [45]. Since the reaction is performed in vacuum, the reaction products are easily removed before they have a chance to be reintroduced. The hazards associated with the usage of such reactive chemicals can pose a significant threat if not handled with caution. Any acid vapors should be contained or neutralized to prevent inhalation or corrosion of equipment. The most efficient way of accomplishing this is through the use of cold traps. Depending on the size of the operation, cost may be an issue as well since effective use of the ammonium halides requires a molar excess of the ammonium compound of ~4:1for the target material. [44]

[bookmark: _Toc400615932]1.4.3 – Vacuum Dehydration

In the process of handling metal halides, it is difficult to guarantee that the material is free of all trace amounts of moisture. In small amounts, moisture is generally considered to be lightly bound to the salt’s surface until high temperature reactions can occur. Several groups have reported the use of low temperature vacuum dehydration to remove this surface moisture before it reacts and forms oxyhalide compounds [46], [47], [48]. The moisture is then removed by vacuum. 

This technique is easily implemented, requiring only a vacuum system with a wrap-around heater, of which several types exist. As it uses no consumables other than the treated material, this is also a very cost-effective and scalable process. The major variation between different reported methods is the drying temperature. There has been no published report to show the effects of time or temperature on the effectiveness of vacuum dehydration, possibly because of difficulty in producing reproducible results. Due to this disagreement, it is possible that temperatures are used which are sufficient to react the surface moisture rather than remove it. 

[bookmark: _Toc400615933]1.4.4 – Melt Filtering

Where the techniques mentioned previously were primarily concerned with preventing or reversing reaction of the metal halides with oxygen and moisture, melt filtering may be used to mitigate the impact of oxyhalides by simply removing them. As oxyhalide compounds are characteristically insoluble in the molten salt, by using a high temperature filter, they may be physically separated. By inserting a porous quartz frit below a previously synthesized charge, any oxyhalide materials will be separated once the charge is heated to melting prior to crystal growth [49]. 

Since the frit is inserted into the growth assembly, there is no possibility of recontamination between purification and growth which minimizes the possibility of user error. This does, however, present its own set of unique problems, notably a large addition to the ampoule. Depending on the size of the furnace used for growth, the addition of the fritted assembly may require augmentation of the furnace to accommodate the increased size. Additionally, the charge must sit higher in the ampoule, generally exposing it to higher temperatures as it is sealed under vacuum. Some materials are more tolerant to heat than other, and the high temperatures necessary for sealing (>1300°C at the seal) may result in decomposition. When the material melts, it will bring the vacuum in the ampoule into equilibrium with its vapor pressure [50]. A larger volume above the melt requires more material to volatilize, disturbing the charge’s stoichiometry. 

[bookmark: _Toc400615934]
CHAPTER II
[bookmark: _Toc400615935]Overview of Zone refining
[bookmark: _Toc400615936]
2.1 – Introduction
[bookmark: _Toc400615937]2.1.1 – Motivation

For the effective detection of nuclear threats, it is necessary to produce large radiation detectors with spectroscopic capabilities. As has been established in the last chapter, the unrestricted presence of impurities in a scintillator impairs both of these goals. EuI2 has many impurity species present from the manufacturer, Table 1, including many metallic impurities which should respond well to zone refining. The effect of these impurities on the quality of as-received EuI2 is highlighted in Figure 7, where the charge has been melted and allowed to solidify. Most notably, the two ends have a significant difference in clarity. The as-received material is known to regularly vary between yellow, green, and tan colors, depending on impurity content.  This variability is especially troublesome as many promising scintillators being explored for nuclear nonproliferation efforts, including SrI2, CsSrI3, and CsCaI3, are activated with Eu2+. For these reasons, EuI2 has been evaluated as a candidate for purification by zone refining. 
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[bookmark: _Ref399928054][bookmark: _Toc400616010]Figure 7- Visual Difference Between Opposite Ends of As-Received EuI2 After Melting

[bookmark: _Toc400615938]2.1.2 – Hypothesis

EuI2 is common activator used in scintillators being developed for implementation in next generation radiation detectors. It currently is known to contain impurities which are detrimental to its scintillation performance and crystal quality, including K, La, and Tl. By zone refining EuI2, I believe that the concentration of these impurities can be reduced, improving the quality of scintillators made with this material. 
.
[bookmark: _Toc400615939]2.1.2 – Approach

A literature survey has been used to examine the techniques and parameters used in zone refining of various materials. From this review, refining methods believed to be suitable for purifying EuI2 were determined. Material received from Sigma Aldrich was loaded into an ampoule and was melted in a horizontal position to densify the charge before refining. After several passes of the melt zone, the charge was extracted and sectioned to enable analysis of impurity content along the charge length. Thermal analysis was done using DSC and ICP-MS was used to provide quantitative impurity concentrations. A second sample was prepared and refined at a faster speed. The goal of this was to determine if comparable results are achievable after a shorter time. 

Methods to estimate the segregation coefficients of known impurities in EuI2 were investigated based on calculations reported in literature. This was done to provide a means of screening material systems for zone refining based on the impurities present. The results of these calculations were compared to the trends seen in refined material as measured by ICP-MS. In order to facilitate future refining efforts, a miniature zone refining furnace was designed and implemented based upon lessons learned by working with the full-sized furnace. This miniature furnace provides a test bed for smaller batches of material, allowing more economical trial runs as well as refinement of less plentiful material. 

[bookmark: _Toc400615940]2.2 – Literature Review
[bookmark: _Toc400615941]2.2.1 – Semiconductors		

Germanium 

As mentioned in Chapter 1, germanium is often used as in gamma ray spectroscopy due to its exceptional energy resolution. For this application, high purity germanium is needed since, as with all semiconductors, germanium’s electronic structure is extremely sensitive to impurities. Semiconductor-based radiation detectors function by separating the charge carriers that form as a result of interaction with ionizing radiation. The segregation of these carriers is only viable in the depletion region, the size of which is governed by Equation 2. In this equation, the depletion layer thickness, d, is shown to vary based on the reverse bias voltage, V, the impurity concentration, N, the material’s dielectric constant, ε, and the elementary charge, e [1]. For a given material, the dielectric constant and elementary charge are constants. Thus, the size of the usable detection layer in germanium is determined by the impurity content and the applied voltage. The voltage does have an upper limit termed the breakdown voltage, ~350 V in germanium at 77 K [51]. From this, the depletion layer size is heavily dependent upon impurity concentration.


[bookmark: _Ref400047348][bookmark: _Toc400616019]Equation 2- Dependence of the Depletion Layer Thickness on Impurity Concentration [1]

Yang, et al. reported an investigation into factors affecting the quality of zone refined Ge ingots. In this work, it is reported that the three major impurities present in HPGe are boron, phosphorous, and aluminum. Each of these is present in the raw materials, though boron and phosphorous are found in higher concentrations in ingots melted in carbon crucibles, suggesting that carbon is a source of contamination. Fortunately, it has been reported that for many impurities in germanium, the segregation coefficient is much less than one, allowing for efficient removal by zone refining. Also presented in this report is a discussion of the effects of pass speed and the ratio of ingot length to melt zone length. From a theoretical standpoint, pass speeds on a similar timescale to melt diffusion rates are preferred to allow time for the impurities to diffuse without getting trapped prematurely as is discussed in greater detail later. From a practical point of view, however, refining at these speeds is not feasible. The ratio of charge length to melt zone length has a similar compromise to consider since it determines the achievable ultimate concentration and how fast it is approached. From their study, Yang, et al. found that a balance between performance and practicality was achieved for a pass speed of 7-8 cm/hr and a charge length to melt length ratio of 15:1 – 20:1 [52].

Silicon

Silicon is primarily used in the electronics and photovoltaic industries, each with their own purity requirements. As with germanium, very pure material is needed for effective application, less than 1 ppm of impurities for electronics applications. Cheaply produced metallurgical grade silicon (maximum 10,000 ppm impurities) is widely used as starting material for either application, though purification is necessary before it is useful [53]. In the photovoltaic industry, silicon is used as the primary material in the photocell. The incident sunlight is sufficient to create electron-hole pairs which may be separated to profuce a current flow. In the electronics industry, silicon is used as a substrate for integrated electronics and as a component in computer chips. Though this accounts for a relatively small fraction of the total silicon volume used each year, the increase in purity from metallurgical grade to electronics grade is accompanied by a 30-50 fold increase in the price [54]. 

 Due to its relatively high melting point, silicon zone refining is done using an electron beam furnace to produce the melt zone as is reported by Mei, et al. To begin, metallurgical grade silicon is placed in a water-cooled copper crucible and placed under a vacuum to prevent oxidation. Using the electron beam, the material was melted twice to ensure homogeneity. The ingot refined by Mei et al. was 150 mm long, with a melt zone width of 10 mm, giving a ratio of 10. The pass speed for their experiment varied between 1 mm/min and 10 mm/min (6 cm/hr and 60 cm/hr, respectively). In a related publication, Mei, et al. determined that all of the impurities investigated in their silicon zone refining studies had an equilibrium segregation coefficient less than 1, i.e. they all moved with the melt to the end of pass region. These values ranged from 0.8 for B, to 1.6·10-8 for Zr [55]. 

[bookmark: _Toc400615942]2.2.2 – Metals

Aluminum

Aluminum alloys are used in many modern applications where a balance of strength and weight is needed and the demand for these alloys has resulted in increased production. To keep up, aluminum recycling has become popular, and so it is necessary to remove previous alloying agents and other impurities introduced during manufacture or usage. The properties of metal alloys are based, in part, on the impurities present in the material and any impurities with detrimental effects on the alloy properties, such as Fe, need to be removed. The effects of various impurities in aluminum alloys are detailed in Table 2.

[bookmark: _Ref400194221][bookmark: _Toc400616003]Table 2- Major Impurities in Aluminum and Their Effects, adapted from [56]
	Impurities
	Effects on Al Properties and Production Process

	Ti, V, Cr, Zr
	a) Deteriorates electrical conductivity
b) Affects cold working properties

	Mg
	a) May improve mechanical properties
b) Can contaminate and upset the electrolyte in the Hall Heroult process

	Ca
	a) Hot cracking (casting)
b) Can contaminate the electrolyte in the Hall Heroult process

	Na
	a) Harmful if hydrogen is present
b) Cause fabrication defects (edge cracking)
c) Hot cracking

	Li
	a) Increase the corrosion rate of Al foil by moisture
b) Hot cracking

	Fe
	a) Stress raisers and points of weak coherence
b) Reduces mechanical properties

	Ni
	a) Increase high temperature creep
b) Reduces corrosion resistance



Zone refining, one of the most effective methods of purifying Al, has been used to produce aluminum with 7N purity. Optimal zone refining of Al was reported to consist of a 30 mm zone being passed through a charge 10 times at speeds between 24 and 55 mm/hr [56]. Kino, et al. presented a study on the zone refining of aluminum where they varied several parameters to determine the most effective parameters for purifying aluminum. Using an inductive heating coil, they produced a melt zone varying between ~20 and 50 mm in an ingot 900 mm long. The number of passes varied between 1 and 20, using speeds between 236 and 11 mm/hr. The effectiveness of step-refining was tested by passing a 30 mm wide molten region through the charge at a rate of 236 mm/hr for 5 passes, and then following that with 3 passes at 11 mm/hr. The purity of an ingot which was refined for 5 passes at 11 mm/hr with a melt zone length of 20-25 mm was determined by correlating electrical conductivity to impurity concentration. By this method, the purity of the ingot was 1ppm at the beginning of pass region and 100 ppm at the end of pass region [57]. 

Cadmium and Tellurium

Cadmium and tellurium are primarily used to produce semiconductors such as CdTe and Cd1-xZnxTe (CZT), both of which are used in radiation detection. As with Ge and Si, the performance of these detectors is dependent upon the purity of the material. Impurity concentrations below 1 ppm have been seen to affect the mechanical properties of these materials, inhibiting large scale crystal growth. To improve the detection and physical properties of these compounds, Zaiour, et al. have produced 7N pure Te. After using vacuum distillation to purify Te to 5N, they used zone refining to purify the material to the desired level. It was found that some impurities, including Ag, Ni, Pb, Zn, and Fe, were effectively removed from the bulk of the material and deposited at the end after 9 refining passes. To achieve this, a melt zone 1.5 cm wide was passed through a 20 cm long charge at ~6 cm/hr.They note that due to size considerations, large impurities such as Xe were found to have a segregation coefficient close to unity due to their sluggish diffusion rates. Impurities which tend to form the same crystal structure in the bulk, such as Se and As, were also found to segregate poorly [58]. 

Similar work has been done to purify Cd by Munirathnam , et al. The refining of Cd is complicated due to its high thermal conductivity. Because of this, forming a stable melt zone is problematic. For this report, a melt zone size of 65 mm was estimated in an ingot 560 mm long. A zone speed of 30 mm/hr was used to draw the melt zone through the ingot for a total of 4 cycles, each 15 passes long and culminating in the removal of one zone length at either end. The remaining material is used as feed stock for subsequent cycles. This process resulted in 6N pure Cd, with less than 0.1ppm for 14 of the 15 tested impurities [59]. 

[bookmark: _Toc400615943]2.2.3 – Halides

Thallium Bromide

Several popular room-temperature, semiconductor radiation detectors, including HPGe, CdTe, and CZT, have disadvantages which hamper their large-scale implementation. Thallium bromide is becoming a competitive alternative to these detector materials due to its high density (7.5 g/cm3), its easily grown cubic crystal structure, low temperature congruent melting point (480°C), and its band gap (2.7 eV), which is wide enough to eliminate thermal noise [60]. This material was widely ignored for many years due to its poor carrier mobility, but zone refining has been shown to improve the carrier mobility-lifetime product [61]. 

The effectiveness of zone refining TlBr has been reported by Hitomi, et al. over the course of their development of the material [61]. They have reported the results of high pass numbers on the concentration of impurities in initially 4N pure TlBr. The details of the refining were not shared other than the pass speed, 5 cm/hr. The characterization results for TlBr as a function of zone refining pass number, however, show an impressive improvement. A detector made from material refined for 1 pass shows an energy resolution of >30% at 59.5 keV. Material refined for 300 passes, by comparison, produced a peak with an energy resolution of only 11% at the same energy [62]. This performance is expected to improve with further development as is reported by Dmitriev, et al several years later where a value of 6.5% is reported at 60 keV [60].

A more detailed account of TlBr zone refining is provided by Oliveira, et al. who reports that they used 40 cm long ingots, which had a 3 cm long molten zone passed through it at 2 cm/hr. The material was refined for 1, 20, and 30 passes. The concentration of impurities was reported to fall by 1-2 orders of magnitude after one pass for each of 7 reported impurities. After 30 passes, two thirds of the reported impurities were reported in concentrations less than 1 ppm, including Ba, which initially was determined to be 324.72 ppm [63]. Additional details can be found in a publication by Churilov, et al. where the refinement is said to have taken place at 5 cm/hr for 50-100 passes. The ingot length is estimated to be ~26 cm based upon images in the paper. The melt zone is said to have been maintained at a width of 2-2.5 cm. Though no trace metal analysis was reported, the mobility-lifetime product was determined to increase by three orders of magnitude after zone refining, improving the charge carrier collection efficiency [61].

Potassium Chloride

As a popular material for color center research, KCl has been the subject of many purity investigations. These studies have attempted to purify KCl so that defect formation caused by intentionally added dopants, such as Ca2+, can be better observed [64]. Zone refining is one technique mentioned in literature to produce purified material, though many reports are incomplete and offer information on only one or two variables with minimal quantitative results. In contrast, an investigation done by Warren provides a detailed overview of not just KCl zone refining, but also an outline of zone refining for metal halides. For KCl, he describes the refining length as being 70 cm long, through which a melt zone passes 10 times at ~5.8 cm/hr. He unfortunately neglects to mention the width of his melt zone, though it is likely ~2 cm wide as the nichrome ribbon he uses is mentioned to be a half inch wide. Due to limitations in trace impurity analysis at the time of publication, Warren is unable to determine the exact concentration for a wide range of impurities in his material, though he details the results for detection of a few specific impurities. From absorption and conductivity measurements, he ascertains that the level of hydroxyl, heavy metal, and heterovalent impurities are 1 ppm, <2 ppm, and ~0.8 ppm, respectively [43].

[bookmark: _Toc400615944]2.3 – Important Parameters for Zone Refining
[bookmark: _Toc400615945]2.3.1 – Segregation Coefficient

The thermal behavior of a material varies significantly with composition, a fact displayed in phase diagrams. This is especially true for the melting temperature, which may either be raised or lowered by the addition of solute. One of the parameters central to zone refining is the segregation coefficient (also called the partition or distribution coefficient), a value quantifying the effect that an impurity has on melting point of the matrix in which it is dissolved. For impurities which result in the lowering of the melting point, the segregation coefficient is less than unity. The reverse is also true, as is seen in Figure 8. At its most basic, the segregation coefficient of an impurity in a solvent is the ratio of the impurity’s concentration in the solid versus the liquid, Equation 3, corresponding to what is schematically displayed in Figure 8.
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[bookmark: _Ref400290948][bookmark: _Toc400616011]Figure 8- Correlation of Melt Behavior with Segregation Coefficient , [65]

[bookmark: _Ref400291774][bookmark: _Toc400616020]Equation 3- Equilibrium Segregation Coefficient, [66]
When the system is not in equilibrium, the liquid impurity concentration is not uniform, and a depleted or enriched liquid layer forms at the solidification front. As a result of this, the impurity acts according to the effective segregation coefficient, k, rather than the equilibrium segregation coefficient, k0 [65]. In systems where the pass speed is slow, the two are generally used interchangeably as the impurities are generally assumed to diffuse into the main body of the liquid if the pass is slow enough. 

Since the segregation coefficient describes the preference of an impurity to exist in the melt or solid, it may be used as an indicator of zone refining effectiveness. The distribution of impurities in a zone refined charge after a finite number of passes is seen in Figure 9 for various segregation coefficients. In general, the further from unity the segregation coefficient, the faster the impurity may move. Impurities with k<1 typically segregate faster as the are able to “ride” the liquid zone further before getting trapped in the solid. Lower values of k indicate greater displacement with a single pass. Those impurities with k>1 move opposite the pass direction, and so must diffuse through the melt to the advancing solidification front. This movement is much less efficient as the diffusion rates in the liquid are much higher than those of the solid and so the impurity at best can move ~1 zone length each pass. In many studies, impurities with a k≈0 are considered unresponsive to zone refining. This distinction is purely practical, though an impurity with k=1 would not move as a result of zone refining except through mechanical means, such as melt convection. This efficiency is displayed in Figure 10 as a function of pass number. 

[image: C:\Users\Will\Dropbox\Thesis\New Doc 9_7.jpg]
[bookmark: _Ref400293959][bookmark: _Toc400616012]Figure 9- Effect of Segregation Coefficient on Impurity Concentration after Zone Refining, [42]
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[bookmark: _Ref400295298][bookmark: _Toc400616013]Figure 10- Variation of Impurity Concentration with Pass Number for Various k, [65]

[bookmark: _Toc400615946]2.3.2 – Length Ratio

Zone refining requires the movement of a melt zone through a solid charge. As the size of the melt increases, the refining process becomes less effective. The length ratio is an operational parameter derived from the charge length, L, and the melt zone length, l, as shown in Equation 4. In his work on zone refining, Pfann shows the effect that the length ratio can have on the purity of a material. By comparing Figure 11 and Figure 12, it is evident that a larger length ratio is desirable. Not only is the relative concentration of impurities six times smaller at the beginning of the charge after 20 passes for the larger ratio, the length of material which has been purified is also larger. This is a result of the impurities moving further with each pass. When the melt zone is small, the distance an impurity must diffuse through to reach either the bulk of the liquid (k<1) or the solidification interface (k>1) is decreased, improving the ability of the impurity to move efficiently through the material without getting trapped by the advancing solidification front prematurely [65]. Charges with a small length ratio have a poor achievable ultimate distribution and reach their maximum purification rather quickly [67]. 


[bookmark: _Ref400300460][bookmark: _Toc400616021]Equation 4- Length Ratio
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[bookmark: _Ref400302573][bookmark: _Toc400616014]Figure 11- Impurity Distribution for a Length Ratio of 10, [65]
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[bookmark: _Ref400302575][bookmark: _Toc400616015]Figure 12- Impurity Distribution for a Length Ratio of 5, [65]

[bookmark: _Toc400615947]2.3.3 – Pass Speed

The effects of pass speed can be intuited by considering the diffusion processes taking place during zone refining. As mentioned previously, the concentration of impurities in the liquid is generally considered to be in equilibrium. This assumption is only valid when the refining pass speed is sufficiently slow to allow impurities to diffuse to and away from the solidification front [67]. If the speed is too fast, impurities will either build up or be depleted at this phase boundary. If the speed is much too fast, the melt zone becomes unstable, trapping pockets of liquid in an advancing solid as seen in Figure 13. This growth instability retards effective impurity segregation by locking in the impurities instead of allowing them to move as dictated by the segregation coefficient. An excessively slow pass speed, however, prevents diffusion in the solid from being a negligible process.  As such, impurities in the melt which would otherwise not move into the solid, such as those which have k<1, have sufficient time to diffuse into the solid, acting as a competing process to refining [42]. This need for a very slow pass speed is tempered by practical considerations. The purpose of zone refining is to efficiently purify an impure feedstock for some future application. If zone refining does not proceed at a reasonable rate, it is impractical and irrelevant. It is for this reason that refining speeds are typically in the region of 1-10 cm/hr as described in Section 2.2 though the most effective speed is likely lower. 
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[bookmark: _Toc400616016][bookmark: _Ref400304563]Figure 13- Effect of Pass Rate of Zone Refining, [42]

[bookmark: _Toc400615948]2.4 – General Considerations for Zone Refining Equipment

The practical considerations for zone refining manifest themselves in the design of the furnace. Depending on the material being refined, and the desires of the operator, the ideal furnace for zone refining varies. The most general considerations which must be made relate to how the melt zone is formed and how it is contained. All other aspects of the design are fixed, in their presence if not their specific manifestation.  This includes the translation mechanism of the furnace. The design of this component doesn’t matter so long as it is capable of moving at an appropriate speed. Other parts such as the inclusion of a chamber heater, on the other hand, can have a large impact on the refining process. 

[bookmark: _Toc400615949]2.4.1 – Consequences of Using a Chamber Heater

The thermal expansion of some materials is quite aggressive, resulting in the fracture of the charge container if the material adheres to the walls of the vessel. To minimize this occurrence, it is possible to maintain the entire charge at an elevated temperature, below the melting temperature, thereby limiting the thermal expansion. The trade-off with this addition is the lower achievable thermal gradient at the melt interface. As the entire charge is hot, the rate of heat dissipation is lowered impeding the formation of a stable, narrow melt zone. This does lower the stress on the spike heater as it doesn’t have to work as hard to hold its temperature, potentially increasing its service life. 

With a conventional furnace, it is necessary to heat a large area around the charge to keep it at an elevated temperature. This requires a large amount of insulation to minimize heat losses for practical application. The addition of this insulation comes at the cost of material visibility. It is advantageous to be able to see the first signs of container failure, for example, as it allows the impact of this event to be minimized. A second benefit is the ability to monitor refining progress in situ. When purifying a contaminated material, a change in the melting temperature is expected. Depending on the magnitude of this change, the material may cease to melt at the original temperature. The converse of this is the material’s melting temperature is lowered and the melt zone elongates during refining. By monitoring the refining process, adjustments may be made as necessary.

[bookmark: _Toc400615950]2.4.2 – Spike Heater Design Requirements

Regardless of whether a chamber heater is included, the spike heater is a core component of a zone refining furnace. A narrow melt zone is required for efficient refining, as previously established. To achieve this, the spike heater must be narrow, relative to the average charge size. Smaller heaters are more delicate, susceptible to both mechanical fracture and oxidation corrosion, especially at high temperature. The heater must also closely fit the typical vessel size used with it. A large mismatch results not only in waste heat, but also in a wider melt zone as the radiated heat warms the nearby charge.

The melt zone may be divided or minimized by using a cooling system. This is especially popular in lower temperature zone refining apparatuses, mostly due to the types of coolants available at lower temperatures. Water is an obvious choice as a coolant, but above 100°C, this isn’t a possibility. Oil is another possibility and is capable of reaching higher temperatures, though is not encouraged for use in a furnace. The coolant must be cool enough to absorb heat from the system effectively without inducing thermal shock in the container material. To improve the coolants thermal contact, copper tubing is used to contain the coolant, improving the efficiency of the heat exchange. At higher temperatures, the choice of coolants drops dramatically. Most possible liquid coolants, such as molten salts, are too dangerous to justify their widespread use. In these instances, it is much more efficient to simply manipulate the size of the heater itself or use air circulation to promote cooling. 
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For materials which are not hygroscopic, it may still be advantageous to have the material sealed inside of an airtight container as this prevents any oxidation. There is another reason to consider a closed ampoule: melt convection. Even in moderately deep melts, convection can cause an irregularly shaped molten zone where the top of the melt is wider than the bottom. This problem, detailed by Pfann, is easily prevented by rotating the ampoule about its long axis during refining. By rotating the ampoule, there is no static “up” for the melt to rise towards, and so levels the solid-liquid interfaces. In addition to obviating the melt convection, this process also improves mixing in the melt which prevents impurity from collecting at the solidification front. 

Ampoule rotation requires that the entire ampoule cross-section be filled with material. Should it be only half full, the material will coat the ampoule walls during solidification, degrading the effectiveness of zone refining. This full-ampoule geometry is not always feasible due to thermal expansion and gas release considerations. If the material expands upon heating, the material may burst the ampoule during melting. If the material releases gases during heating, such as through decomposition or release of a dissolved gas, these gases will accumulate in the ampoule and cause fracture through pressurization.  To counteract these concerns, a half-filled ampoule geometry may be adopted to provide headroom into which the material may expand or give off gases without fracturing. These concerns may also be addressed by using a self-plugged ampoule. In this geometry, the ampoule is tilted, allowing it to collect at one end during melting where it fully fills the cross-section. The plug at the end remains unmelted during refining, and will prevent expansion or gas-release fracture. A caveat of this method is that it will only work if the solid is deformable or doesn’t stick to the ampoule. If neither is true, the ampoule is liable to fracture. 
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The choice of container material is based mostly on what is being refined. Quartz is a common container material for zone refining due to its high melting point, chemical stability, transparency, low thermal expansion coefficient, and low cost. The major drawback of quartz is that it is very brittle. Because of this low fracture strength, it is very susceptible to fracture due to thermal expansion or in cases where the material adheres to the container wall. A second common material is vitreous carbon (also known as glassy carbon). This material is more nonreactive than quartz, lowering the chances that material will adhere to it. Vitreous carbon is also very brittle, however, and is comparatively expensive in addition to being opaque. The only major alternative to these materials is a metal foil to coat one of the previous materials. Boats made only from metal are not common as metal is not as chemically inert and may leech impurities into the zone refined charge. 
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Zone refining may be done in either a vertical or horizontal orientation, with an appropriate boat geometry. The primary difference between the two methodologies is the influence of gravity and convective processes on the chemically-based segregation governed by k in the vertical configuration. The influences of gravity may either enhance or retard the segregation of impurities depending on whether they increase or decrease the density, much as the melting differential determines zone refining behavior in general. Depending on the impurities which are being removed, the vertical arrangement may be used to complement segregation. If the melt viscosity is high enough to neglect melt convection, or the process is done in a low gravity environment, the difference between orientations should be negligible. 
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