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Abstract 

 Lanthanide fluorides have many uses, and there is a need for high quality 

nanocrystals to fill this need. Here, the synthesis and characterization of high quality 

lanthanide fluorides is presented. In particular, this dissertation focuses on dysprosium 

fluoride doped with ytterbium, to eventually be used as a forensic and clandestine neutron 

detector material. There is a need for neutron detectors that have no sensitivity to any 

other type of radiation and can be used as a forensic tool to go back and look at an event. 

There is the further requirement that such detectors be hard to detect by those being 

monitored. To this end, here is proposed that a detector which can exploit the 

transmutation properties of dysprosium could be used in such an environment. This 

concept does not require real time monitoring, or electronics to record events, making it 

an excellent candidate for this application.  
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Chapter 1 

Introduction 

 This dissertation presents a novel concept for detecting thermal neutrons, using a 

detector that requires no electronics during the neutron event, allowing for clandestine 

deployment of the detector, with subsequent interrogation of the detector using optical 

methods, to forensically determine that a neutron even has occurred. This method of 

neutron detection has not previously been discussed in the literature, and therefore 

defines a new venue for research.  

1.1. Uses for Lanthanide Containing Nanocrystals 

The lanthanide elements (Z = 57 – 71) are a group of elements that share similar 

chemical properties (Haskin and Frey, 1966) with outer electron configurations 

composed of 5d and 4f electron shells. This similarity means that the series forms similar 

crystalline structures and therefore substituting between them in crystalline lattices does 

not lead to degradation of the overall structure of the crystal. 

The demand for high quality lanthanide containing nanocrystals (NCs) is 

growing, as more and more problems are being solved by exploiting the unique properties 

of the lanthanide elements, and the way that they act when incorporated into a crystalline 

lattice. These include the ability to easily incorporate multiple lanthanides at various 

doping levels, because of their similar chemical properties, and also the similarity of their 

lattice constants, creating stable crystals that can be implemented in many diverse 

configurations. Growing these crystals on the nanometer scales allows for even more 



Synthesis and Characterization of Lanthanide Fluorides for Forensic Neutron Detection 

 

2 

 

flexibility, and uses fewer resources, as the smaller size and larger surface area per gram 

of crystal allows for the exploitation of the NC properties without the need for larger 

macroscopic crystals. The smaller size also allows for use in disciplines where it is either 

infeasible to use a macroscopic crystal, or where it is beneficial to have a small size. The 

small size scale also lends itself to the creation of optically clear composites, as the size 

of the NCs is much smaller than the wavelength of light and therefore reduces greatly any 

scattering that would occur with micron size-particles.  

In the medical field, there are many promising uses for lanthanide-containing 

NCs. Their small size allows them to target, and to be taken in by cells, when properly 

functionalized with proper proteins (Chatteriee et al., 2008; Chatterjee and Yong, 2008; 

Liu et al., 2010; Liu and Peng, 2010; Setua et al., 2010; Withers et al., 2011; Naccache et 

al., 2012; Withers et al., 2012; Withers et al., 2013). As can be seen in the literature 

presented, those NCs can then be used to deliver drugs, enhance imaging, enhance the 

cell’s susceptibility to radiation or to perform any combination of these tasks to a certain 

type of cell, while also avoiding uptake and/or interference with cells that are not of 

interest. The complex magnetic properties of the lanthanides make them excellent 

candidates for contrast agents in various medical imaging applications (Merbach and 

Tóth, 2001; Aime et al., 2002; Zhou et al., 2010).  The high stopping power of the 

lanthanides, associated with their high Z, allows them to be used to enhance gamma of X-

ray radiation therapy (Chatteriee et al., 2008; Chatterjee and Yong, 2008; Withers et al., 

2012; Withers et al., 2013; Xiao et al., 2013). 

Lanthanides are also used for radiation detection. On a macro-scale, traditionally 

lanthanides have been exploited as detector media, because of the large cross section for 
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either neutrons or gamma/X-rays. Neutron counting has been accomplished by exposing 

a dysprosium foil to a neutron flux, and then using a Geiger counter, to count the beta 

decays that result from the transmutation of the dysprosium into holmium (Furetta et al., 

1986). Lanthanum bromide has been used as a scintillator medium for radiation detectors 

also (Van Loef et al., 2002; Menge et al., 2007). This hygroscopic crystal needs to be 

protected from the environment to keep it from degrading, and there has been an effort to 

create nanoscale crystals (Rivera et al., 2014) which can then be encapsulated and 

protected from the environment, making these types of detectors much more durable then 

current macro-scale crystal based systems. A third method is to insert NCs with a large 

neutron cross section into dye-loaded polymer based detectors to enhance their ability to 

detect certain types of radiation. This can be seen by work looking into gadolinium based 

NCs into polymer scintillators to enhance their sensitivity to neutrons (Akiyama et al., 

1993; Czirr et al., 1999; Rivera et al., 2011; Osinski et al., 2015). 

This is just a narrow look at a few applications that can be found for lanthanide 

containing NCs, and there is an ever growing list of applications that can be found in the 

literature.  

1.2. Why Fluoride Nanocrystals? 

This dissertation will focus on the promise of using dysprosium fluoride to 

provide a way to design a clandestine and forensic neutron detector, which is not 

sensitive to any other type of radiation, such as gamma rays, X-rays, etc. Several 

compositions of lanthanide nanocrystal were considered before settling on fluorides, 

including oxides, vanadates and garnets. All four compositions were originally 
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synthesized, and the decision to use fluorides was based on visual differences between 

dysprosium fluoride (white) and holmium fluoride (pink). In contrast, the other 

configurations produced white powders for both dysprosium and holmium containing 

crystals. The visual difference allows for another method of discriminating between 

detectors that have been exposed to a neutron flux and those that have not, this difference 

would require a high fluence of neutrons. 

Nanocrystals offer many benefits. The NC size is much smaller than the 

wavelengths of excitation and emission being studied and therefore cause minimal 

scattering, allowing for the device to be optically clear. The nanocrystaline size and 

ability to functionalize their surface chemistry allows us to incorporate them into 

polymers. This allows them to be made more rugged, protecting the crystalline structure. 

They can also be encapsulated in carbon based polymers, which gives the added benefit 

of thermalizing the neutrons.  

1.3. Dysprosium Fluoride as a Clandestine and Forensic Neutron Detector 

 When exposed to a neutron flux, dysprosium-164, with a thermal neutron capture 

cross section of 2653 barns, captures the neutrons and then undergoes transmutation into 

holmium-164 (McLaren et al., 1988). Unlike other detection methods, this method is only 

sensitive to a neutron flux, and therefore does not require the subtraction of signals from 

other types of radiation. This method also does not require any type of active monitoring, 

and therefore doesn’t require any type of electronics during the radiation event, making 

the device harder to detect then a device that requires active monitoring to determine the 

presence of a neutron flux. 
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 The decision to choose fluorides over oxides, both of which have favorable 

properties for this research, was made because after synthesis of both types of nanocrystal 

(NC), it was found that while synthesis of both Dy2O3 and Ho2O3 produce white powders, 

the synthesis of DyF3 produces a white powder, while the synthesis of HoF3 produces a 

pink powder. This difference could allow for interrogation based on visual inspection of 

the devices if they were exposed to either a very high flux of neutron or were exposed 

over a very long period of time. 

1.4. Structure of this Dissertation 

 In chapter 2 we present some background concerning neutron detection, including 

a look at current neutron technologies being used and a look at real time detection which 

utilized dysprosium foils to determine neutron exposure. In chapter 3 we will look at 

numerical modeling of the neutron dysprosium interactions and modeling of the 

minimum detectability we can expect from a dysprosium based, clandestine and forensic 

neutron detector. Next in chapter 4 presents the synthesis of lanthanide fluoride 

nanocrystals, and discuss the incorporation into polymers, and annealing of powders for 

maximum emission under optical interrogation. After discussing synthesis, chapter 4 

presents the structural characterization of the lanthanide fluoride nanocrystals, showing 

that we have indeed been able to synthesize high quality nanocrystals. Then in chapter 5 

we will discuss neutron experiments that have been conducted, and the absorption 

characterization of the NCs. Next in chapter 6 we will present photoluminescence data 

which show that our nanocrystals do indeed have the optical properties, which are needed 

to distinguish holmium from dysprosium in the lattice. Finally in chapter 7 we will 
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present our conclusions, and discuss future research that needs to be performed to make a 

working device possible. 
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Chapter 2 

Background: Neutron Detectors and Neutron Interactions with 

Dysprosium 

2.1 Neutron Interaction with Dysprosium 

 The basic unit used to describe the nuclear cross section (σ) of an atom is the 

barn, which is defined as 10
-28

 m
2
, and thermal neutron flux Φ is measured in n/cm

2
s 

(McNaught, 1997). In this dissertation, neutron capture of 
164

Dy (n,γ) nuclei is discussed. 

This interaction is the capture of a neutron in the nucleus of the dysprosium atom. This 

interaction leaves the compound nucleus 
165

Dy in an excited state, which can emit gamma 

rays as it de-excites. 
165

Dy is radioactive and decays by β
-
 emission (t1/2 = 2.3 hours) to 

165
Ho, which is a stable isotope of holmium. 

2.2 Current Neutron Detectors 

Standard detectors of slow neutrons rely on the 
10

B(n,), 
6
Li(n,), or 

3
He(n,p) 

reactions, neutron capture followed by alpha or proton emission. The thermal neutron 

cross section for the 
10

B(n,) reaction is 3840 barns, and the natural abundance of 
10

B is 

19.8%, making it very useful material. The most common detector based on the boron 

reaction is a BF3 gas tube. Boron-loaded scintillators are also used, although they 

encounter the challenge of discriminating between gamma ray backgrounds and gamma 

ray due to neutrons. The thermal neutron cross section for the 
6
Li(n,) reaction is 940 

barns, and the natural abundance of 
6
Li is only 7.4%. While very useful, it is not as 
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effective as 
10

B. The thermal neutron cross section for the 
3
He(n,p) reaction is 5330 

barns, but its natural abundance of only 0.0001%, and the only way to produce it in 

usable quantities is when enriching weapons grade plutonium, the limited supply 

resulting in a prohibitively high cost in the past few years.  

 A dramatic illustration of the need for novel concepts in neutron detection is the 

recent crisis with the interrupted deployment of 1,300-1,400 
3
He neutron detectors (each 

costing ~$800,000) by the Department of Homeland Security (DHS) (Wald, 2009). After 

spending $230 million to develop those detectors, with the intent of installing them in 

ports around the world to monitor possible attempts to smuggle radioactive materials, 

DHS was forced to stop the deployment due to the shortage of 
3
He, with the demand 

exceeding the supply by a factor of 10.  

Another example is the need for a detector which could be deployed to detect 

neutrons, but not give away the geometry of the neutron source, following the START 

treaty between Russia and the United States (Woolf, 2014). A provision in this treaty 

states that all ballistic missiles in either arsenal must contain only one warhead. The issue 

is that the missiles in question can be equipped with one to three warheads. Although it is 

not difficult to detect whether there are one or three warheads per missile, the catch is 

that it must be done without giving hints as to the geometry of the warheads contained in 

the missile. A passive detector could easily be implemented to see the change in flux but 

not the geometry if properly place on the missile for detection. 

 In addition to the problems discussed above, some applications may benefit from 

the ability to do forensic analysis for radioactive events that have occurred (Davidson and 
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Koppelman, 2008), to determine a chain of custody for the materials, and any event at the 

time of detection. Materials that transmute into stable isotopes upon capture of a neutron 

could be used not only to determine the magnitude of the event at the time of the 

irradiation, but could be revisited at a later time in the event of loss or corruption of data, 

this would make the chain of custody determination more reliable. Furthermore, materials 

with these properties could also be deployed as covert detectors, and later recovered to be 

analyzed to learn if an event happened and what was the magnitude of that event. In the 

case of dysprosium, if there are isotopic data available for the detector both before and 

after the event, then not only the magnitude but also the time of exposure, duration of 

exposure, and the flux of neutrons thru the detector could be determined. This course of 

action requires very precise knowledge of the state of the detector before and after the 

event.  

2.2.1. Boron Detectors 

Boron detectors are based on 
10

B isotope reactions with neutrons, which result in 

a 
7
Li ion, the emission of an alpha particle (α), and 94% of the time a gamma ray (γ) 

(Siegmund et al., 2007): 

1
n + 

10
B → 

7
Li (1.01 MeV) + α (1.8 MeV) 6% of the time or                         (3.1) 

1
n + 

10
B → 

7
Li (0.84 MeV) + α (1.47 MeV) + γ (0.48 MeV) 94% of the time (3.2) 

 Detectors using 
10

B typically either detect the gamma rays produced in 94% of 

the events, or look for an electron cascade produced in the detector material by the 

emitted α particle ( Siegmund et al., 2007; McGregor et al., 2008; Lintereur et al., 2009). 

In both cases the final products, γ and β
-
, are produced by other reactions, and therefore 
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require some type of discrimination method to determine whether or not the event was 

caused by a neutron. These methods also require constant monitoring by electronics, 

which make them hard to conceal if placed in situations where there may be a reason for 

the parties being monitored to want to tamper with or destroy the device.  

2.2.2. Lithium Detectors 

Lithium detectors are based on 
6
Li neutron capture, which produces 

3
H and an 

alpha particle (Dunning et al., 1935): 

1
n + 

6
Li → 

3
H (2.73 MeV) + α (2.05 MeV)                        (3.3) 

 Detectors such as the Nucsafe neutron detector (Ely et al., 2009) use a fiber doped 

with 
6
Li. When thermal neutrons are absorbed by the lithium, the charged particles 

produce light in the fiber which can then be detected. Since it is light that is being 

detected, and not the products directly, the detector is sensitive to both neutrons and 

gamma rays, making it necessary to use electronics and detector configuration (such as 

time of flight measurements), to distinguish between gamma rays and neutrons. This 

detector also relies on electronics to determine the neutron flux, making it harder to 

conceal in a situation where covert detection is needed.  

2.2.3. Helium Detectors 

1
n + 

3
He → 

1
H (0.573 keV) + 

3
H (0.191 keV)                                                    (3.4) 

 
3
He has a cross section of 5330 barns for thermal neutrons. The daughter products 

of the reaction move in opposite directions and produce an output pulse proportional to 

0.764 keV (Ricci and Hahn, 1965). This pulse can be detected and distinguished easily 
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from signals created by gamma rays or other types of ionizing radiation. This makes 
3
He 

an ideal detector for thermal neutrons. Because of this, detectors based on 
3
He are 

superior to other detectors. The issues involved with these detectors are that they still 

require electronics to actively monitor the detector to gain a signal from the neutron 

event. This need for electronics once again makes the detector hard to conceal in a covert 

situation. Although these detectors are superior to other types, the real issue with helium 

detectors is the availability and cost of 
3
He, as discussed above (Wald, 2009).  

 

2.3. Neutron Interactions with Dysprosium 

Upon the capture of a thermal neutron, 
164

Dy can capture a neutron to produce 
165

Dy 

which β
-
 decays to produce 

165
Ho, or with two neutron captures, 

164
Dy can become 

166
Dy 

and after two β
-
 decays becomes 

166
Er, as illustrated in Figure 2.1.  

 

Figure 2.1: Reaction model of 
164

Dy for neutron capture and β
-
 decay (McLaren et 

al., 1988) 
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The key concept in how to use these processes for optically-enabled neutron detection 

relies on significant differences in optical properties of Dy, Ho, and Er that are not 

sensitive to a particular isotope, but change considerably from one element to another. 

Thin foils of metallic dysprosium have been in use for slow neutron radiography 

(Hawkesworth and Walker, 1969), where beta particle emission is used as a means of 

quantifying the exposure. In our concept, instead of observing the decay events, the same 

information can be retrieved by optical interrogation of the transmuted elements. This 

allows deployment of a completely passive detector, which can be examined days or even 

months after exposure for the presence of neutrons. 

The proposed concept should not be confused with long-established luminescence 

dosimetry methods. These rely on metastable atomic states. By exciting these states the 

material luminesces. Dysprosium activators have been used in calcium sulfide and 

calcium fluoride TLDs (Furetta et al., 1986; Yang et al., 2004). The main difference 

between TLDs and the use of dysprosium, is that TLDs are sensitive to both neutrons and 

gamma rays, while the proposed detectors will be completely insensitive to gamma 

irradiation and will provide a very important capability of eliminating the associated false 

alarms for example with naturally occurring, innocuous gamma sources. To achieve this 

level of functionality on TLDs, pairs of different detectors have to be used, with one 

practically insensitive to neutrons, and another one with higher neutron sensitivity 

(d'Errico and Bos, 2004). This limits the accuracy of the measurements and makes their 

analysis more complicated. Another important advantage of the proposed sensor is the 

tamper-proof character of the information stored after exposure. In contrast to TLDs, 

whose activated trap states can be easily depleted by heating the dosimeter (note that 
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OSL is even more vulnerable from this point of view, as information can be erased 

simply by heating), the relative fractions of Dy, Ho, and Er after exposure cannot be 

manipulated without using a neutron source. Thus, the detector will be very useful if 

forensic evidence needs to be collected in situations when any suspicion of tampering 

would need to be eliminated. If desired, unique signatures can be easily introduced into 

the proposed detectors by adding combinations of nanocrystals (NCs) made of materials 

with low thermal neutron capture cross sections that could provide optical encoding 

(fingerprinting) of individual sensors. 

While the concept described above applies equally well to bulk materials and to NCs, 

we believe that the nanocrystaline approach is much more attractive due to its 

significantly lower cost, relative ease of colloidal synthesis of high quality NCs with 

controlled composition, and superior optical and mechanical properties of NCs compared 

to their bulk counterparts. One particular advantage of NCs for neutron detection is that 

they can be integrated into a transparent polymer host without causing optical scattering, 

and the host can serve the dual functions of making the neutron detector mechanically 

robust as well as moderating incoming neutrons, improving the probability of interaction 

and detection sensitivity. 

2.4. Comparison with Other Neutron Captors 

To demonstrate that the selection of 
164

Dy offers the best combination of high thermal 

neutron cross section, high natural abundance (and hence low cost), and relatively rapid 

conversion into a chemically compatible stable isotope of a different element than the 

original target, Tables 2.1 and 2.2 are presented. They show all possible candidate targets 
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with cross sections higher than that of 
164

Dy. Only the isotopes that split into smaller 

fragments as a result of neutron capture have been excluded from Table 1, as fission 

fragments will have a range much greater than the size the nanocrystals, with 

considerable damage inflicted upon the NC itself, which would make any quantitative 

analysis virtually impossible. All cases when the final product is an isotope of the same 

element as the original target, highlighted in red, are not suitable for simple optical 

interrogation and would require a much more sophisticated isotope shift analysis. Also 

highlighted in red are targets with very low natural abundance, which are eliminated from 

consideration due to their high cost, and targets with short half-lives that are not suitable 

for long-term monitoring. The otherwise suitable reaction products that are highlighted in 

yellow are significantly different in their chemical properties compared to the original 

target element; hence their behavior within NCs, especially at large concentrations, 

would be problematic. For example, n + 
10

B → 
6
Li + α will lead to decomposition of the 

NCs because of the difference in lattice structure that boron and lithium create. Boron 

preferentially forms hexagonal lattice structures, while lithium forms body centered cubic 

lattice structures. This difference will lead to the crystals quickly developing defects in 

the structure and decomposition as 
6
Li is produced. In contrast, all products of 

164
Dy 

reactions are lanthanides, fully compatible with the crystalline structure of the original 

NC. The natural abundance of 
164

Dy of 28.2% requires no isotopic separation to measure 

changes in sensor’s optical properties using inexpensive equipment. As shown in Figure 

2.1 and 2.2, all the naturally occurring isotopes of dysprosium have a path to 
164

Dy 

through neutron capture, so with knowledge of the original isotopic make-up of the 

detector one could determine the time and intensity of the neutron flux experienced by 
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the detector. This will be discussed further in the mathematical modeling section. 

Even though its thermal neutron capture cross section is significantly lower than that 

of 
164

Dy, 
6
Li has been included in Tables 2.1 and 2.2 for comparison purposes, as it is 

commonly used in neutron detection. 

Note that 
165

Dy has been included in Tables 2.1 and 2.2 for completeness, but in a 

detector it will only appear as a product of neutron capture by 
164

Dy. It will, however, 

play an important role in reconstruction of neutron exposure history. 

 

Table 2.1. Relevant data for isotopes with high thermal neutron cross sections 

(Sears, 1992; Cutler et al., 2000; Sonzongi, 2009)  and their evaluation for neutron 

detection, sorted by neutron cross-section. 

 

 

Target 

isotope

Cross 

section 

[barns]

Natural 

abundance

Target 

half-life
Reaction

Reaction 

product

Product 

half-life

Final 

product

Xe-135 2665000 0% 9.14 hours (n,γ) Xe-136 Stable

Gd-157 253000 24.80% Stable (n,γ) Gd-158 Stable

Gd-155 60700 14.80% Stable (n,γ) Gd-156 Stable

Sm-149 40520 13.80% Stable (n,γ) Sm-150 Stable

Gd-153 22300 0% 240 days (n,γ) Gd-154 Stable

Cd-113 20720 12.22% Stable (n,γ) Cd-114 Stable

Rh-105 15840 0% 35.4 hours (n,γ) Rh-106 30 s Pd-106

Sm-151 15140 0% 90 years (n,γ) Sm-152 Stable

Eu-152 12790 0% 13 years (n,γ) Eu-153 Stable

Eu-151 9184 47.80%  1.7E18 y (n,γ) Eu-152 13 years Sm-152

He-3 5330 0.000137% Stable (n,p) H-3 12.3 year He-3

B-10 3840 19.80% Stable (n,α) Li-7 Stable

Eu-155 3760 0% 4.7 years (n,γ) Eu-156 15.9 days Gd-156

Dy-165 3530 0% 2.3 hrs (n,γ) Dy-166 81.6 hrs Er-166

Hg-196 3078 0.15% Stable (n,γ) Hg-197 64 hrs Au-197

Os-184 3000 0.02% Stable (n,γ) Os-185 94 days Re-185

Dy-164 2653 28.18% Stable (n,γ) Dy-165 2.3 hrs Ho-165

Li-6 940 7.59% Stable (n,α) H-3 12.3 yrs He-3
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Table 2.2. Relevant data for isotopes with high thermal neutron cross sections 

(Sears, 1992; Cutler et al., 2000; Sonzongi, 2009) and their evaluation for neutron 

detection, sorted alphabetically by isotope. 

 

As follows from Table 2.1 and 2.2, 
164

Dy is the best choice for an isotope that would 

possess all of the properties needed for the proposed sensor. All other isotopes with larger 

thermal neutron cross sections have various problems that make them unacceptable for 

this application. 
135

Xe is the isotope with the highest thermal neutron cross-section at 

2,665,000 barns, but has a half-life of only 9.14 hours, much too short to be useful in a 

monitoring detector. 
157

Gd has the highest thermal neutron cross section among all stable 

elements at 253,000 barns, but upon absorbing a neutron it turns into another stable 

isotope of gadolinium, 
158

Gd, making it very difficult to optically distinguish from the 

original target. While in principle a hyperfine structure of optical spectra can provide 

information about various isotopes of the same element, those measurements require very 

Target 

isotope

Cross 

section 

[barns]

Natural 

abundance

Target 

half-life
Reaction

Reaction 

product

Product 

half-life

Final 

product

B-10 3840 19.80% Stable (n,α) Li-7 Stable

Cd-113 20720 12.22% Stable (n,γ) Cd-114 Stable

Dy-164 2653 28.18% Stable (n,γ) Dy-165 2.3 hrs Ho-165

Dy-165 3530 0% 2.3 hrs (n,γ) Dy-166 81.6 hrs Er-166

Eu-151 9184 47.80%  1.7E18 y (n,γ) Eu-152 13 years Sm-152

Eu-152 12790 0% 13 years (n,γ) Eu-153 Stable

Eu-155 3760 0% 4.7 years (n,γ) Eu-156 15.9 days Gd-156

Gd-153 22300 0% 240 days (n,γ) Gd-154 Stable

Gd-155 60700 14.80% Stable (n,γ) Gd-156 Stable

Gd-157 253000 24.80% Stable (n,γ) Gd-158 Stable

He-3 5330 0.000137% Stable (n,p) H-3 12.3 year He-3

Hg-196 3078 0.15% Stable (n,γ) Hg-197 64 hrs Au-197

Li-6 940 7.59% Stable (n,α) H-3 12.3 yrs He-3

Os-184 3000 0.02% Stable (n,γ) Os-185 94 days Re-185

Rh-105 15840 0% 35.4 hours (n,γ) Rh-106 30 s Pd-106

Sm-149 40520 13.80% Stable (n,γ) Sm-150 Stable

Sm-151 15140 0% 90 years (n,γ) Sm-152 Stable

Xe-135 2665000 0% 9.14 hours (n,γ) Xe-136 Stable
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high spectral resolution to detect mass shifts of the order of 100 MHz. In contrast, visual 

inspection may be sufficient to determine a high level of neutron exposure using the 

concept described here. 
151

Eu has the highest natural abundance of 47.8% among all 

nuclides listed in Table 1, with a reasonably high thermal neutron cross section of 9184 

barns, but it transmutes into 
152

Eu that has a half-life of 13 years, too long for practical 

purposes. 

10
B provides a combination of high thermal neutron cross section and high natural 

abundance very similar to that of 
164

Dy, and cannot be upfront completely excluded from 

the list of possible candidate targets. However, the product of 
10

B decay is 
7
Li, and at this 

point we are unaware of any Li compounds that would demonstrate optical activity, as 

distinct from lanthanide compounds known for their demonstrated optical activity. There 

is ample experimental evidence (Stouwdam and van Veggel, 2002; Quici et al., 2005; 

Yang et al., 2008; Wang et al., 2009) that, when inserted in various nano-sized hosts, Dy, 

Ho, and Er emit light in both visible and near infrared spectral regions, and their emission 

lines can be easily differentiated. 

There are still challenges to overcome with 
164

Dy as a neutron detector. These include 

the conversion rate in the current form of DyF3, using neutron sources available to us, 

produce a small amount of Ho in the nanocomposites and therefore requires a neutron 

source with a higher flux of neutrons to create enough Ho to detect in a polymer host. 

Also the equipment we have been available to us does not have a way to make 

reproducible results, that can be quantified, and therefore are can only be used to 

characterize the detectors before and after exposure in a qualitative analysis. Some ways 

to overcome these issues are to increase the path length through the composite and to 
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make the measurements more repeatable. These issues will be discussed at length in 

challenges and future work chapter. 

2.5 Conclusion: 

Dysprosium-164 is an excellent candidate material for a forensic neutron detector. 

Unlike other detector configurations there is no need for live monitoring of the material 

during irradiation. Upon neutron capture 
164

Dy transmutes through a β
-
 decay, due to de-

excitation, into a stable 
165

Ho atom which can then be detected days, months or even 

years after the neutron event occurred. Unlike other methods there is no need to 

distinguish between neutron events and other types of radiation flux, since this process is 

only sensitive to a neutron flux, and does not occur with other types of radiation. 
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Chapter 3 

Numerical Modeling of Minimum Detectability and Neutron 

Interactions with Naturally Occurring Dysprosium Isotopes 

First, to determine the minimum amount of holmium that we can detect, a model 

was built around a Hamamatsu indium antimonide (InSb) infrared detector (Photonics, 

2004). The model was built to determine the smallest detectable concentration of 

holmium in our dysprosium fluoride nanocrystal matrix.   

Next, to investigate the potential and the limitations of using naturally occurring 

dysprosium as a forensic neutron detector, a particular solution to the Bateman equations 

(Bateman, 1910) is used, to determine the erbium-166, and holmium-165 produced when 

exposed to a neutron flux. The kinetics of nuclear reactions resulting from the capture of 

a neutron, resulting from a constant neutron flux, by dysprosium-164 can be described by 

a set of first-order differential equations  as a particular solution to the Bateman equations 

(Cetnar, 2006). Here this analysis is extended to describe the case of naturally occurring 

dysprosium, as seen in figure 5.1, which has been synthesized into dysprosium fluoride 

nanocrystals and packed into a 100% by weight loaded disc with a 2.5 cm diameter and 1 

cm thick.  

As shown in figure 3.1, all naturally occurring isotopes of dysprosium, upon 

capture of enough neutrons, eventually feed into 
164

Dy. 
160

Dy can capture a neutron to 

become 
161

Dy, which can capture a neutron to become 
162

Dy, which can capture a neutron 
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to become 
163

Dy, which can capture a neutron to finally become 
164

Dy. As all of these 

isotopes are stable, there is no rate requirement for this process. 

 

Figure 3.1: Full decay model for naturally occurring dysprosium, including natural 

abundance (NA) of each dysprosium isotope.  

3.1 Minimum Detectability 

 To determine the minimum photon flux needed by the detector, we use the 

formula for specific detectivity (formula 3.1) along with data about the detector from 

Hamamatsu (table 3.1) to determine the photon flux needed by the InSb detector for us to 

see the emission from the holmium inside of the neutron detector. Using these numbers 

we are able to determine the minimum flux required, for holmium detection using InSb. 

This model gives us a minimum flux Q = 2.71 x 10
17

 photons/cm
2
s, needed to obtain a 

signal from the detector. 
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        (3.1) 

Constant Symbol Value 

Specific Detectivity  D 10
11 

cmHz
1/2

/W 

Wavelength λ 2.1 µm 

Quantum Efficiency η 70% 

Plank's Constant h 6.62 x 10
-30

 cm
2
kg/s 

Speed of Light c 2.99 x 10
10

 cm/s 

Table 3.1: Constants used for specific detectivity formula 

 Next we take the minimum flux, the formula for intensity absorbed (formula 3.2), 

and a quantum efficiency (QE) of 70% for holmium fluoride nanocrystals (the QE used is 

based on measurements taken by (Allain et al., 1991)). We also assume that the disc is 

placed into an optical system (figure 3.2) which includes a resonator so that we can 

achieve a 100 cm path length and a lens that can concentrate all of the 2.1 µm emission 

onto a 1 cm
3
 spot (table 3.2). Using this information, the model gives a minimum of 

9.679 x 10
18

 atoms/cm
3
 needed to be detectable using Hamamatsu’s InSb detector. This 

number is used in the next section to determine the minimum neutron flux that can be 

detected. 

                    (3.2) 

Constant Symbol Value 

Absorption Cross Section σa 3 x 10
-21 

cm
2 

Path Length Δx 100 cm 

Excitation Intensity Iin 4 x 10
-4 

W/cm
2 

Table 3.2: Constants used for intensity absorbed formula. 
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Figure 3.2: Simplified diagram of optical system being modeled. 

 

3.2 Thermal Neutron Irradiation 

The kinetics of nuclear reactions resulting from exposure of all naturally 

occurring dysprosium isotopes due to a constant thermal neutron flux  (in cm
-2

s
-1

) can 

be described by the following set of differential equations 3.3, in which σ denotes the 

thermal neutron capture cross section, ϕ denotes the neutron flux, C is the concentration 

of atoms per cm
2
, and λ is the half-life, of the corresponding isotope. 

dC
160Dy

/dt = -σ
160Dy 

ϕ C
160Dy

 

dC
161Dy

/dt = σ
160Dy 

ϕ C
160Dy 

– σ
161Dy

ϕ C
161Dy

 

dC
162Dy

/dt = σ
161Dy 

ϕ C
161Dy 

– σ
162Dy

ϕ C
162Dy

 

dC
163Dy

/dt = σ
162Dy 

ϕ C
162Dy 

– σ
163Dy

ϕ C
163Dy
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dC
164Dy

/dt = σ
163Dy 

ϕ C
163Dy 

– σ
164Dy

ϕ C
164Dy

 

dC
165mDy

/dt = σ
164Dy 

ϕ C
164Dy 

– σ
165mDy

ϕ C
165mDy

 – λ
165mDy

 C
165mDy                    (3.3) 

dC
165Dy

/dt = - σ
165Dy 

ϕ C
165Dy 

– λ
165Dy

 C
165Dy

+ λ
165mDy

 C
165mDy

 

dC
166Dy

/dt = σ
165mDy 

ϕ C
165mDy 

+ σ
165Dy 

ϕ C
165Dy 

- λ
166Dy

 C
166Dy

 

dC
165Ho

/dt = - σ
165Ho 

ϕ C
165Ho 

+ λ
165Dy

 C
165Dy

 

dC
166Ho

/dt = σ
165Ho 

ϕ C
165Ho 

– λ
166Ho

 C
166Ho

+ λ
166Dy

 C
166Dy

 

dC
166Er

/dt = λ
166Ho

 C
166Ho

 

 The system of linear differential equations with constant coefficients (3.3) allows 

for analytical solutions, for which the general solution is, 

yi = Ci1e
r1t

 + Ci2e
r2t

+ Ci3e
r3t

+ Ci4e
r4t

+ Ci5e
r5t

+ Ci6e
r6t

+ Ci7e
r7t

+ Ci8e
r8t

+ Ci9e
r9t

+ Ci10e
r10t

+ 

Ci11e
r11t

; i = 1…,11                                           (3.4) 

where exponents ri (i = 1…11) are roots of the characteristic equation of the system of the 

equations (3.3), and the unknown coefficients Cik are determined from the initial 

conditions.   

The kinetic equations (3.3) are then solved analytically, and then evaluated 

numerically. A number of cases of interest can be investigated using constants listed in 

table 3.1, and varying the thermal neutron flux (φ) between 1 x 10
5
 n/cm

3
s and 1 x 10

10
 

n/cm
3
s, based on the minimum detectability model. The loading of dysprosium atoms in 

the scintillator material used for calculations is 1.62 x 10
26

 atoms/cm
3
. A time frame of 7 
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days under constant irradiation is used, and is based on the average time for a container 

ship to sail across the Atlantic Ocean (Vernimmen et al., 2007). 

Isotope Natural 

Abundance 

Thermal Neutron 

Cross Section (σ) 

Decay Rates (λ) 

Dy-160 2.30% 56 barns Stable 

Dy-161 18.90% 600 barns Stable 

Dy-162 25.60% 194 barns Stable 

Dy-163 25.00% 124 barns Stable 

Dy-164 28.20% 2653 barns Stable 

Dy-165 0% 3530 barns 8.2518 x 10
-5

s
-1

 

Dy-165m 0% 2000 barns 9.168613 x 10
-3

s
-1

 

Dy-166 0% N/A 2.36 x 10
-3

s
-1

 

Ho-165 N/A 64 barns Stable 

Ho-166 0% N/A 7.184 x 10
-6

s
-1

 

Table 3.3. Constant parameters used for mathematical model (Firestone, 2000). 

3.3 Post Irradiation 

 After irradiation, the concentration of the stable end products 
165

Ho and 
166

Er will 

continue to change due to the half-life of their parent nuclei created during irradiation. 

These end products will reach a state where the feed in rate becomes negligible, and the 

quantities of Ho and Er become very close to their final values.  

The post-irradiation kinetics can be described by a reduced system of six first-

order differential equations that follow from (3.4) by making the flux φ = 0 in all terms. 

Therefore we have: 

dC160Dy/dt = dC161Dy/dt = dC162Dy = dC163Dy/dt = dC164Dy/dt = 0          (3.5) 
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These equations then lead to the system of equations for post irradiation (3.6): 

dC
165mDy

/dt = -λ
165mDy

 C
165mDy

 

dC
165Dy

/dt = -λ
165Dy

 C
165Dy

+λ
165mDy

 C
165mDy

 

dC
166Dy

/dt =  -λ
166Dy

 C
166Dy

 

dC
165Ho

/dt = λ
165Dy

 C
165Dy                                                                                                         (3.6) 

dC
166Ho

/dt =-λ
166Ho

 C
166Ho

+ λ
166Dy

 C
166Dy

 

dC
166Er

/dt = λ
166Ho

 C
166Ho

 

 Given these equations, the concentrations of each of the involved isotopes can be 

analyzed after the neutron flux has been removed, and allow us to determine information 

about the irradiation. Depending on the accuracy with which the isotropic information 

can be determined, many other characteristics of the irradiation can be determined. For 

this model the de-excitation due to β
-
 decay and production of holmium is the focus. 

Other modes will be left for future research as these are not realistic for measurement in 

the near future. 

3.4 Modeling 

 Graphical data produced by the mathematical model is presented using the 

constants and variables discussed in section 3.2 and formulas (3.4) and (3.6) from 

sections 3.2 and 3.3 above. The loading of dysprosium atoms is 1.62 x 10
26

 atoms/cm
3
. 

The time duration of the irradiation is 7 days. This time is based on the average time it 
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takes a shipping container to cross the Atlantic Ocean. All other constants are as describe 

in section 3.2 above. 

3.4.1. During Irradiation 

 Figures 3.3 and 3.4 show the production of both 
165

Ho and 
166

Er during irradiation 

at varying levels of neutron flux. The graphs are produced by solving the equations in 

formula (3.4) above for the change in concentration, and plotting the total concentration 

of 
165

Ho and 
166

Er vs. time. In each graph presented in this chapter, there is a horizontal 

purple line which represents the minimum detectability as calculated in section 3.1. The 

graphs show that after approximately one day the production rate begins to level off and 

follow a more linear curve on a log scale, meaning exponential growth, all the way 

through the 7 day mark.  
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Figure 3.3: Production of 
165

Ho atoms during neutron exposure. 
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In the case of 
165

Ho production during radiation (figure 3.3), at all concentrations 

between 1 x 10
6
 n/cm

2
s and 1 x 10

10
 n/cm

2
s, the concentration of 

165
Ho atoms exceeds the 

minimum detectability after 1.5 days. At a flux of 1 x 10
5
 n/cm

2
s, the concentration 

doesn’t make it to the minimum detectability line. This tell us that, even if the duration of 

the neutron flux is present for more than 1.5 days, we will still be able to detect the 

holmium in the detectors. 

In the case of 
166

Er production (figure 3.4), the graphs show that when the neutron 

flux is between 1 x 10
5
 n/cm

2
s and 1 x 10

9
 n/cm

2
s, the concentration of 

166
Er does not 

cross the minimum detectability line during the 7 day time period. Meanwhile for a 

neutron flux of 1 x 10
10 

n/cm
2
s, the concentration does cross the minimum detectability 

line around day 5. This shows that with higher fluxes, there is a reasonable expectation 

that even the erbium, in the device could be detected. 
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Figure 3.4: Production of 
166

Er atoms during neutron exposure. 

 

3.4.2. Post Irradiation 

 Figures 3.5 and 3.6 show how the detector responds after the neutron flux stops, 

using the kinetic equations described in formula (3.7). Once again solving for the change 

in concentration, and plotting the total concentration of 
165

Ho
 
and 

166
Er vs time. The 

model is started with the ending numbers from the calculations made for the sample 

during irradiation. Therefore the zero point for this calculation is at seven days, and the 

model is run for three days past irradiation.  
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Figure 3.5: 
165

Ho concentration post neutron exposure. 

 In the case of 
165

Ho, the model shows that after irradiation there is very little 

change in the concentration, after the flux of neutrons stops. This is due to the short half-

lives of the constituent isotopes in this branch of the reaction. From this we can see that 

as soon as the neutron flux is stopped, the concentration of 
165

Ho is stable. 

 In the case of 
166

Er, the model shows that the 
166

Er branch of the reaction takes 

longer to reach a steady state, and in the graph the slight positive slope can be seen. This 

is due to the longer decay times involved with this branch of the reaction. This time is 

dependent on the transition 
166

Dy → 
166

Ho, which has a half-life of 81.6 hours. This half-

life dominates the reaction and explains the longer time to reach a steady state.  
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Figure 3.6: 
166

Er concentration post neutron exposure. 

3.4.3. Overall Effect 

 The two data sets can then be combined to show the overall change in 

concentration over the full time discussed in this model (figures 3.7 and 3.8). As built the 

model shows that there is a smooth progression with a quick build up over approximately 

the first one and a half days. Then as the irradiation continues, the slope becomes more 

linear on a log scale. Next, after the neutron flux stops, the concentration of 
165

Ho very 

quickly reaches a steady state, while the concentration of 
166

Er continues to increase. This 

is expected given the differences in the half-lives of the two legs of the reaction.  
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Figure 3.7: 
165

Ho produced both during and post neutron irradiation. 
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Figure 3.8: 
166

Er produced both during and post neutron irradiation. 
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3.5. Conclusion 

The Bateman equations based modeling along with the analysis of the minimum 

detectability, shows that when the dysprosium loaded neutron detector is exposed to a 

neutron flux of at least 1 x 10
6
 n/cm

2
s, the 

165
Ho can be detected. The model also shows 

the production of 
166

Er to be within the range of minimum detectability, with a flux of at 

least 1 x 10
10

 n/cm
2
. The model also shows that 

165
Ho almost instantly reaches a steady 

concentration, while 
166

Er takes longer to reach this steady state because of the longer 

half-life associated with the 
166

Dy → 
166

Ho transition. 
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Chapter 4 

Synthesis of Lanthanide Fluoride Nanocrystals 

4.1. Co-Precipitation Method of Synthesis 

To synthesize lanthanide fluoride nanocrystals (NCs), a co-precipitation method 

was used, as described in  Dean’s Analytical Chemistry Handbook (Patnaik, 2004). A co-

precipitation synthesis is one where the precursors are soluble in the solvent while the 

products are not. This leads to a very efficient way of building nanocrystals as the 

precursors have and energy advantage for forming crystals. The methods employed 

below were all derived from (Withers et al., 2010). For our purposes, there were two 

different configurations synthesized and studied for this dissertation uncoated, and oleic-

acid-coated lanthanide fluorides. The chemical equation which describes this process is 

listed below: 

CH3OH + 1 mmol Ln(NO3)3•5H2O + 3 mmol NH4F  

→ CH3OH + 3 mmol NH4NO3 + 1 mmol LnF3/OH + 5H2O 

4.2. Laboratory Setup 

 The setup in the laboratory is conducive to the synthesis of nano-scale particles. 

There are two chemical hoods, one with a schlenk line (figure 4.1), which allows for 

synthesis under vacuum or inert gas flow, either nitrogen or argon. There is also an 

MBraun glove box (figure 4.2) that not only allows for the storage of air sensitive 

chemicals, it also allows for chemistry to be done in a water and oxygen free 
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environment. The glove box can be kept under either nitrogen or argon gas and keeps the 

air in the box at 0.1 ppm H2O and 0.1 ppm O2. During synthesis temperature is controlled 

using a J-KEM Scientific Apollo temperature controller (figure 4.3), which allows for 

regulated heating of reactants during synthesis. There is also a Carbolite (figure 4.4) oven 

which allows for heating of samples up to 750 ºC for drying or annealing of samples as 

well as heating of reactants prior to synthesis. The schlenk line also allows for the 

attachment of condensers (figure 4.5) which allows for running synthesis under reflux 

conditions for optimal nucleation. 

 

Figure 4.1: Schlenk line 
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Figure 4.2: MBraun UNIlab Glove Box 

 

Figure 4.3: J-KEM Scientific Apollo Model Temperature Controller 

 

Figure 4.4: Carbolite oven 
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Figure 4.5: LnF3 synthesis standard setup 

4.3. Colloidal Synthesis of LnF3 NCs 

 To produce hydroxyl coated lanthanide fluoride nanocrystals, we begin with 35 

mL of 1.6 M NH4F in methanol which is heated to 60 ºC in a three neck flask (figure 

4.5). Once the solution reaches 60 ºC we add 2 ml of 1.5 M Ln(NO3)3•H2O. The solution, 

in the three neck flask, is then allowed to reflux for two hours at 60 ºC. After two hours 

the solution is allowed to dry, and then the nanocrystals are either annealed to fix the 

crystalline structure in a powder, or coated with oleic acid so that they are stable in 

toluene and then able to be incorporated into polymer matrices. 

4.3.1. Annealing of Lanthanide Fluoride Nanocrystals 

To obtain a powder, which we are able to either incorporate into a KBr matrix, or 

to use as a powder, the solution is first removed from the cooled three neck flask and 

added to an alumina crucible and put in an oven at 66 ºC for 4 hours, this removes the 

methanol, and a powder is collected. In the case of dysprosium fluoride this is a white 

powder, and for holmium fluoride a pink powder. The powder can be used as is or 
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annealed at 700 ºC to 1200 ºC (depending on which lanthanide is being synthesized) to 

enhance the photoluminescence emission. In the case of dysprosium and holmium 1200 

ºC is needed to anneal the nanocrystals and enhance their photoluminescent properties. 

The nanocrystals are then either used as a powder or can be incorporated into a potassium 

bromide (KBr) matrix. 

4.3.2. Synthesis with Lanthanide Fluoride Nanocrystals Coated with Oleic Acid 

To obtain nanocrystals coated with oleic acid, we add 0.5 mL of oleic acid to the 

solution as it cools in the three neck flask. After the solution cools it is passed thru a 2 

µm filter to remove any larger particles created during synthesis. The solution is put into 

a scintillation vial, and is then dried in the oven at 66 ºC for 4 hours and a thick solution 

is collected. This solution is the nanocrystals in oleic acid, which is not evaporated at 66 

ºC. Finally toluene is added to the vial and can be stored in this way until they are 

incorporated into a PMMA matrix or characterized as a liquid sample.  

4.4. Potassium Bromide Pressing 

 KBr is often used to create infrared transparent optics components, and can be 

loaded with powders so that they can be interrogated using coherent infrared light. To 

produce a lanthanide fluoride loaded disc of KBr, KBr powder is mixed with the 

annealed nanocrystals produced in section 4.3.1. We are able to load KBr with a 2% 

weight loading of nanocrystals, any higher loading results in the KBr disc falling apart 

after pressing. The powder is then put into a pneumatic press at 10 tons per square inch 

for 20 minutes, and a disc is produced which can then be characterized. Although the 

infrared properties of KBr are favorable for our research, they are also very brittle and 
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hygroscopic making them less rugged then loaded polymers, and the low weight loading 

makes them less sensitive if used as a detector. 

4.5. Synthesis of Nanocomposites in Poly-Methyl Methacrylate (PMMA) 

 Poly-methyl Methacrylate (PMMA) was used because it is considered an infrared 

transparent polymer, it was later abandoned because of a resonance which is around the 

2.1 µm emission that we are interested in. To produce PMMA loaded with lanthanide 

fluoride nanocrystals we first remove the monomethyl ether hydroquine (MEHQ) 

inhibitor, which is attached to the methacrylate (MMA) to prevent polymerization during 

shipping, by passing the solution thru a distillation column. We then add the activator 

azobisisobutyronitrile (AIBN), in differing amounts based on NC loading, as the NCs 

also act as an activator, to start the polymerization of the solution. The solution is then 

heated to 90 ºC and monitored at 15 minute increments until the solution is polymerized. 

At the 15 minute increments the solution is also slowly agitated to remove bubbles. 

Because of limitations in our setup a 3.7% weight loading was the highest achievable 

loading in our lab, this is because of the bubbles produced during the polymerization 

process which we were unable to agitate out at higher weight loadings. This bubbling can 

be easily controlled in a vacuum oven and therefore allow for much higher weight 

loading of polymers. 

4.4. Conclusion 

 For all three syntheses presented, molar ratios were used to modify the synthesis 

for different lanthanide constituents. For this research, the following lanthanide fluorides 

were synthesized and characterized; DyF3, HoF3, DyF3:10%Yb, HoF3:10%Yb, 
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HoF3:10%Ce, DyF3:10%Ho DyF3:10%Ce, and DyF3:10%Ce10%Ho. We were also able 

to load our nanocrystals into KBr, and PMMA matrices. The characterization and results 

of these syntheses, and loadings will be presented in the following chapters.  
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Chapter 5 

Physical Characterization of Lanthanide Fluoride 

Nanocrystals for Clandestine Neutron Detection 

Here we present the physical characterization of lanthanide fluorides, synthesized 

to be used for clandestine neutron detection and neutron event forensics. The methods to 

be presented are TEM, XRD, DLS, and zeta-potential. These methods allow us to 

determine the size, shape, crystallinity, and chemical make-up of our nanocrystals. 

5.1. Structural Characterization Equipment 

5.1.1. Transmission Electron Microscopy (TEM) 

 

Figure 5.1: JEOL 2010 HRTEM 

 To obtain images and energy dispersive X-ray spectroscopy (EDS) of the NCs 

synthesized for this dissertation, a JEOL 2010 high resolution TEM (HRTEM) (figure 

5.1) with an Oxford Labs EDS detector was used. The microscope operates at an 
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acceleration voltage of 210 kV, and is used to obtain images up to 400,000 times 

magnification. At this resolution it is possible to look at the crystal lattice of the NCs, and 

to determine their lattice spacing as well as their crystallographic structure.  

5.1.2. Energy Dispersive X-Ray Spectroscopy (EDS) 

 EDS uses secondary X-rays produced from the interaction of the electron beam in 

the TEM (figure 5.1), and inner shell electron in the atoms contained in the sample. Since 

the samples are prepared on a copper coated carbon sample grid and with an iron holder 

these elements are also present in the analysis and can be assumed to be part of the 

apparatus and not the sample. The method is used to confirm the elemental make-up of 

the samples but is not accurate enough to give a stoichiometric analysis for the lattice 

structure (using XRD and HRTEM), optical emission and absorption can also be used to 

match to literature to determine the phase of the NCs.  

5.1.3. X-Ray Diffraction (XRD) 

Powder XRD is another method used to determine the lattice structure of the NCs. 

A Rigaku Smart LAB XRD (figure 5.2) housed at Sandia Labs CINT facility was utilized 

for this analysis. This method uses an X-ray beam of known wavelength to determine the 

lattice of the NCs. The X-ray beam interacts with the lattice of the NCs and there is 

constructive interference creating a diffraction maximum when the lattice constant, angle 

between the X-ray source theta, and detector, and wavelength of the X-rays lambda 

satisfy the Bragg equation (Bragg and Bragg, 1913) (5.1): 

n • λ = 2 • d • sin(θ)                                                      (5.1) 
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The intensity as a function of angle is recorded by the diffractometer to analyze the lattice 

constants in the material. If the material is known the data can then be matched to either 

the Crystallography Open Database (COD) (Downs and Hall-Wallace, 2003; Gražulis et 

al., 2009; Gražulis et al., 2012), or the International Center for Diffraction Data (ICCD) 

database (Faber and Fawcett, 2002; Fawcett et al., 2009).  

 

Figure 5.2: Rigaku Smart LAB XRD 

5.1.4. Dynamic Light Scattering (DLS) 

A Wyatt Technology DynaPro Titan dynamic light scattering (DLS) device 

(figure 5.3), was used to determine the hydrodynamic size of the nanocrystals. This 

method uses a laser to determine the velocity due to Brownian motion of the particles in a 

liquid solution. This measurement along with the viscosity of the liquid allows for the 

determination of the hydrodynamic size of the particles. This method is able to probe the 

sample and look at a large number of particles, and is therefore able to give a more 

accurate size distribution then can be obtained thru TEM analysis. 
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Figure 5.3: Wyatt Technologies DynaPro Titan DLS 

5.1.5. Zeta Potential  

 

Figure 5.4: Malvern Zetasizer Nano-Z 

Zeta potential is the electrical potential that occurs in the interfacial double plane, 

which is located at the slipping plane where there is an interface between a stationary 

layer of solvent attached to the particle and the dispersion medium (Hunter, 2013). The 

zeta potential was measured using a Malvern Zetasizer Nano-Z (figure 5.4). The zeta 
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potential is measured by placing the sample in an electric field and measuring how fast, 

and which direction the NCs move between the anode and cathode while suspended in a 

liquid solvent. Using this measurement, along with the viscosity of the solvent, the 

Zetasizer is able to calculate the zeta potential, which is an indicator of the NCs 

electrostatic stability in the liquid. The colloidal suspension is considered to be 

electrostatically stable if the zeta potential is greater than 20 mV or less than -20 mV. 

Bare nanocrystals, as well as crystals coated with oleic acid were examined this way. 

5.2 Transmission Electron Microscopy of Lanthanide Fluorides 

5.2.1. TEM Characterization of Cerium-Doped Dysprosium and Holmium Fluoride NCs 

 The first synthesis that we attempted was cerium doping of the dysprosium 

fluoride and holmium fluoride NCs. Cerium was chosen because of prior experiments 

that looked at cerium doping in lanthanum fluoride NCs (Withers et al., 2011), and to 

show that we could achieve similar implantation of cerium into dysprosium fluoride and 

holmium fluoride NCs. 

HRTEM (figure 5.7 and 5.10) show fringing that is consistent with a 

orthophombic crystalline phase and is confirmed using FFT analysis (figures 5.5 and 5.8) 

(Williams and Carter, 1996). Figures 5.6 and 5.9 show wide areas to give an idea of how 

the NCs lay down in the grid, these images show a tight size distribution, of what appear 

to elongated hexagonal platelets laid out on the grid. 

Figure 5.11 shows DyF3:Ce10% nanocrystals. The fringes in this image have been 

measured and are consistent with the crystalline plane spacing of 0.253 nm which lines 

up with the expected 121 crystalline plane, 0.281 nm and 0.274 nm which match up with 
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the 210 crystalline plane, and 0.309nm which matches the 111 crystalline plane of 

holmium fluoride nanocrystals according to the ICDD databases (Brunton, et al., 1965). 

Figure 5.12 shows a very high resolution TEM image showing the crystalline plane 

spacing of a single DyF3:Ce10%. Figure 5.13 is a wide field TEM image of DyF3:Ce10% 

once again showing that we do have crystalline structure in our NCs after synthesis. 

 

Figure 5.5: HRTEM of HoF3:10%Ce, showing fringing from the crystalline planes. 

Reference bar is 5 nm. 
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Figure 5.6: TEM of DyF3:10%Ce, wide field image showing a tight size distribution. 

Reference bar is 20 nm. 

 

Figure 5.7: HRTEM of DyF3:10%Ce showing fringes from the crystalline planes. 

Reference bar is 2 nm. 
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Figure 5.8: HRTEM of HoF3:10%Ce with FFT analysis, showing fringing from the 

crystalline planes and FFT giving information about the phase of the crystals. 

Reference bar is 5 nm. 

 

Figure 5.9: TEM of HoF3:10%Ce, wide field image showing a tight size distribution. 

Reference bar is 200 nm. 
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Figure 5.10: HRTEM of DyF3:10%Ce showing fringes from the crystalline planes. 

Reference bar is 5 nm. 
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Figure 5.11: HRTEM of HoF3:10%Ce with fringes from the crystalline planes 

measured using Digital Micrograph software. Reference bar is 5 nm. 

 

Figure 5.12: HRTEM of DyF3:10%Ce showing fringes of a single crystal. Image 

shows no defects in the crystalline phase. Reference bar is 2 nm. 
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Figure 5.13: Dark field TEM of DyF3:10%Ce, image of electrons diffracted by the 

crystal planes in the NCs. Shows that a periodic crystalline phase has been achieved. 

Reference bar is 200 nm. 

5.2.2. TEM Characterization of Ytterbium-Doped Dysprosium and Holmium Fluorides 

 Next, nanocrystals were doped with ytterbium because of ytterbium’s ability to 

enhance the emission from holmium (Quici et al., 2005). These NCs were synthesized 

using the same method as the cerium doped NCs, only replacing cerium with ytterbium, 

and showed similar results during structural analysis. 

Figure 5.14 shows fringing from 2 NCs stacked on top of one another and 

suggests an octagonal shape similar to that of the un-doped samples above. The fringing 

in both figures 5.14 dysprosium, and 5.16 holmium, which are similar to that in the 

cerium doped samples above, once again suggest an orthorhombic crystalline lattice. 

Figures 5.15 and 5.17 both show a wide view of the NCs. They also reveal the way that 

the NCs tend to agglomerate when they are laid down onto the TEM grid. Figure 5.18 is a 
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dark field image which shows once again that the crystals produced from this synthesis 

are crystalline. 

 

Figure 5.14: HRTEM of DyF3:10%Yb showing fringes from the crystalline planes. 

Reference bar is 5 nm. 
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Figure 5.15: TEM of DyF3:10%Yb, wide field image showing NCs inside of un-

evaporated toluene and oleic acid. Reference bar is 50 nm. 

 

Figure 5.16: HRTEM ofHoF3:10%Yb showing fringes from the crystalline planes. 

Reference bar is 5 nm. 
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Figure 5.17: TEM of HoF3:10%Yb, showing agglomerations of NCs on the grid. 

Reference bar is 50 nm. 

 

Figure 5.18: Dark field TEM of HoF3:10%Yb, image of electrons diffracted by the 

crystal planes in the NCs. Shows that a periodic crystalline phase has been achieved. 

Reference bar is 50 nm. 
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5.3 Energy Dispersive X-Ray Spectroscopy (EDS) of Lanthanide Fluorides 

 Figures 5.19 shows EDS spectra from dysprosium fluoride doped with cerium. 

The image shows the presence of dysprosium, cerium and fluoride as expected in the 

NCs, as well as carbon, copper and oxygen. The carbon and copper are from the TEM 

grid, which is a copper coated carbon grid, and the oxygen is bonded to the surfaces in 

the chamber including the outer layers of the NCs.  

 

Figure 5.19: EDS of DyF3:10%Ce, X-ray spectra showing the atomic constituents by 

X-ray energy from e
-
 k-shell interactions. 

Figure 5.20 shows EDS spectra from holmium fluorine doped with cerium. The 

image once again shows the presence of holmium, cerium and fluoride as expected in the 

NCs. Like before it also shows carbon and copper from the TEM grids and oxygen from 
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the surfaces. Here we also see a signal for iron, which is from the chamber, and a signal 

identified as promethium that shares peaks with holmium and cerium, the promethium 

can be discounted as a misidentification both because it shares peaks and, importantly, 

because it is a man-made element with a very short half-life and thus extremely unlikely 

here.  

 

Figure 5.20: EDS of HoF3:10%Ce, X-ray spectra showing the atomic constituents by 

X-ray energy from e
-
 K-shell interactions. 

5.4 X-ray Diffraction (XRD) of Lanthanide Fluorides 

 The XRD spectra was analyzed using the COD (Downs and Hall-Wallace, 2003; 

Gražulis et al., 2009; Gražulis et al., 2012) and the ICDD databases ( Brunton, et al., 

1965; Faber and Fawcett, 2002; Fawcett et al., 2009) to determine the crystalline 
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structure of the NCs. Figure 5.21 shows the XRD data for HoF3:10%Yb, matched to the 

data for orthorhombic HoF3 ICDD card number 00-023-0284 (Faber and Fawcett, 2002; 

Fawcett et al., 2009). The slight mismatch in the lattice is from the strain caused by the 

insertion of ytterbium into the lattice. This orthorhombic lattice assembles into the 

elongated hexagonal platelets that are visible in the TEM images. 

 

Figure 5.21: XRD of HoF3:10%Yb, matched to the ICDD database card for HoF3. 

The strain from the inclusion of ytterbium in the lattice is seen as a slight shift in the 

peak positions. 

5.5 Dynamic Light Scattering (DLS) and Zeta-Potential of Lanthanide Fluorides 

 Figures 5.22 thru 5.25 give dynamic light scattering (DLS) data. This 

measurement gives the hydrodynamic size of the particles being studied. 

 In figure 5.22 oleic acid (OA) coated DyF3:10%Yb nanocrystals were measured 

and shown to have a mean diameter of approximately 13.21 nm +/- 1.58 nm. This 
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measurement shows a tight size distribution for this synthesis, which is confirmed in the 

other measurements. Similarly figures 5.23 and 5.24 showing DLS data for undoped 

DyF3 and HoF3:10%Yb mean diameters of 13.52 nm +/- 2.59 nm and 14.77 nm +/- 3.19 

nm were measured. These distributions show a small variation in size of the nanocrystals 

produced. To show the size difference between the coated and uncoated NCs figure 5.27 

shows the size distribution for a sample of DyF3:10%Yb:10%Ho, for which no OA 

coating is present, and shows a mean diameter of 5.98 nm +/- 1.92 nm. These 

measurements along with data from TEM and EDS show that high quality crystals with a 

small size distribution have been obtained from our synthesis method. 

The use of DLS also allows for the interrogation of a much larger sample of the 

crystals present in solution, then that of TEM imaging, and, therefore results in a better 

statistical analysis of the size distribution of the sample. Looking at the HRTEM images 

in section 5.2.1 and 5.2.2 an agreement between the size distribution seen in DLS and the 

size of individual crystals imaged in the TEM can be made. Using these two methods to 

complement each other gives a size of approximately 6 nm and a coating thickness of 

approximately 3.75 nm when coated with oleic acid. 

Additionally zeta potential was measured. The samples that were coated with 

oleic acid consistently averaged a zeta potential of 73 mV +/- 2 mV, this measurement is 

due to the oleic acid interacting with the toluene. The oleic acid is also compatible with 

the PMMA, which is why we choose this surfactant in the first place. This measurement 

shows that they are very stable in the toluene solution. Toluene is one of the precursors 

for PMMA and therefore the oleic acid coating allowed for a uniform distribution when 

the PMMA was polymerized. The powder samples were also put into toluene and 
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measured, as a contrast to the coated NCs. The uncoated samples all measure between -1 

mV and 0 mV. This shows that as expected the uncoated samples are not stable in the 

toluene solution, and quickly flocculate out. 
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Figure 5.22: DLS of OA-coated DyF3:10%Yb, showing a tight size distribution of 

particle size, similar across samples. 
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Figure 5.23: DLS of OA-coated DyF3, showing a tight size distribution of particle 

size, similar across samples. 
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Figure 5.24: DLS of OA-coated HoF3:10%Yb, showing a tight size distribution of 

particle size, similar across samples. 
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Figure 5.25: DLS of uncoated DyF3:10%Yb:10%Ho, showing a tight size 

distribution of particle size, similar across samples. The uncoated sample shows a 

smaller mean diameter giving insight into the thickness of the oleic acid coating. 

5.6. Conclusion 

 The characterization shows that it is possible, using our synthesis, to produce high 

quality lanthanide fluoride NCs, with a tight size distribution, and few defects in the 

crystalline lattice. These NCs can be coated with different surfactants to allow them to be 

incorporated into polymers, and they can be synthesized as powders with no surfactants 

so that they can be used as powders or incorporated into other crystalline matrices.  
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Chapter 6 

Neutron Flux Experiments 

6.1. UV/Vis Absorption Equipment 

We measured spectral absorption from the samples using a Cary 5000 

spectrometer (figure 6.1). The Cary 5000 has a dual sample holder so that the 

measurement can subtract out the absorption of the any solvent or polymer host that may 

be used to suspend the NCs during measurement and allows for a quicker measurement 

as background is subtracted during data collection. 

 

Figure 6.1: Cary 5000 spectrophotometer 

6.2. Neutron Flux Experiment with PMMA loaded with Oleic-Acid-Coated DyF3 

 

Figure 6.2: Polyethylene sphere surrounded by borated boards 
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Figure 6.3: Image of PMMA loaded with dysprosium fluoride NCs with varying 

amounts of Ho content, shows visible differences between samples with and without 

holmium in the crystalline matrix.  

 Figures 6.4 shows comparisons of NCs suspended in PMMA (figure 6.3). The 

crystals were not only synthesized with different amounts of holmium present, pure DyF3 

was exposed to neutron radiation using the setup shown in figure 6.2. The nanocrystals 

were irradiated using a 
252

Cf source with a calculated activity of 5.3 x 10
6
 n/s. The 

polyethylene sphere, with a radius of 12.7 cm, was used to moderate the neutrons giving 

a flux of thermal neutrons thru the sample, resulting in a flux through the sample of 2.6 x 

10
3
 n/cm

2
s. The green borated boards in figure 6.2 are there as a layer of protection for 

anyone working with the experiment. The samples were then attached to the surface of 

the sphere and left there for 3.9 x 10
5
 s. This configuration resulted in a total fluence of 

1.023 x 10
9
 n/cm

2
. Absorbance measurements were taken using the setup described in 

section 6.1.  
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Figure 6.4: Comparison of NCs capped with oleic acid and suspended in PMMA, 

shows a qualitative difference between samples containing holmium and those not 

containing holmium. 

Figure 6.4 shows that there is a difference in the absorption from HoF3 to DyF3 in 

the OA coated samples dispersed in toluene, and then polymerized in a PMMA matrix. 

This difference is enough to qualify that Ho is present in the fluoride, but does not 

provide the ability to quantify the amount of Ho present.  

6.3. Neutron Flux Experiment with KBr loaded with Annealed DyF3 Powder 

Figure 6.6 shows comparisons of NCs pressed into KBr discs (figure 6.5). The 

crystals were not only synthesized with different amounts of holmium present, pure DyF3 

was exposed to neutron radiation using the setup shown in figure 6.2. The nanocrystals 

were irradiated using a 
252

Cf source with a calculated activity of 4.3 x 10
6
 n/s. The 
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polyethylene sphere, with a radius of 12.7 cm, was again used to moderate the neutrons 

giving a flux of thermal neutrons thru the sample, resulting in a flux through the sample 

of 2.1 x 10
3
 n/cm

2
s. The green borated boards in figure 6.2 capture neutrons and are there 

as a layer of protection for anyone working with the experiment. The samples were then 

attached to the surface of the sphere and left there for 3.9 x 10
6
 s. This configuration 

resulted in a total fluence of 8.3 x 10
8
 n/cm

2
. Absorbance measurements were taken using 

the setup described in section 6.1.  

 

Figure 6.5: Image of  KBR loaded with dysprosium fluoride NCs and the press used 

to create the KBr disc.  

Figure 6.6 shows the measurement of the powder samples. Although there are 

differences in the absorbance, there is once again no way of using this method to 

determine with enough precision the holmium content of the samples.  
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Figure 6.6: Comparison of absorbance of NCs in KBr matrix shows the overall 

absorption of the samples, with differences hard to detect at this wavelength 

resolution. 

6.4. Conclusion  

Using absorption measurements, a qualitative analysis can be made on whether or 

not there is holmium present in the crystals, and photoluminescence can also be used to 

determine the presence of holmium in the samples. There is no absorbance data for the 

powder samples made later in this study because there was no dry sample holder for the 

setup, and the NCs flocculate out of the toluene solution before the measurement is able 

to complete, these samples were measured using PL which is discussed in chapter 7. 
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Chapter 7 

Photoluminescence of Holmium Fluoride 

7.1. Photoluminescence (PL) 

For a short time we were able to build a system using a Continuum laser at CINT 

which was used to obtain PL in the 2.1 µm range, and to see the up conversion emission 

from holmium in the samples doped with ytterbium. The setup used a Continuum LASER 

as a tunable source, and implementing diffraction gratings to focus a specific wavelength 

of light on the sample and then routes the emission from the sample onto a detector to 

record the emission intensity. The setup at CINT used IR transparent fiber optics to direct 

the light from the excitation source to the sample, and finally to route the emission from 

the sample to the detector. 

7.2. Photoluminescence (PL) of Lanthanide Fluorides 

 When excited at 980 nm holmium has two emission lines at 2.1 µm and 2.4 µm, 

this emission is enhanced with ytterbium doping (Kurkov et al., 2009; Luo and Cao, 

2007). Ytterbium doping also enhances the up-conversion (when two photons are 

absorbed and a single photon is emitted with a higher energy then the individual 

excitation photons) emission seen in figure 7.1 when excited at 980nm (Luo and Cao, 

2007). Measurements of the 2.1 µm (figure 7.2) emission were taken using the setup 

described in section 7.1 above. The 2.4 µm emission was not observed because of 

limitations of the infrared detector which could only detect up to 2.3 µm.  
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Figure 7.1: Up conversion spectrum from DyF3:10%Yb:10%Ho compared to that of 

DyF3:10%Yb under 980 nm excitation, shows that the up conversion due to 

holmium does not show up in dysprosium samples. 

Figure 7.1 shows the up-conversion emission of DyF3:10%Yb:10%Ho NCs 

compared to DyF3:10%Yb NCs. The data clearly shows a difference in emission of NCs 

containing holmium and those which do not. 
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Figure 7.2: SWIR emission of HoF3:10%Yb compared to DyF3:10%Yb under 980 

nm excitation, give a clear indication that the 2.13 µm emission from holmium 

allows it to be distinguished from dysprosium samples as there is no emission from 

the dysprosium at this wavelength. 

Figure 7.2 shows the short-wavelength infrared (SWIR) emission from 

HoF2:10%Yb NCs compared to DyF3:10%Yb NCs. The data shows a strong emission 

from the holmium sample at 2.13 µm while the dysprosium shows no emission within 

this wavelength region. This peak along with the expected peak at 2.4 µm could be used, 

given adequate quantum efficiency, to compare the holmium content in the matrix from a 

sample before and after irradiation.  
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7.3 Conclusion 

We were able to see emission from holmium in the powder samples. These 

measurements included both 2.13 µm emission as well as the up conversion emission 

from the samples. Further measurement of the photoluminescence for comparison of 

dysprosium samples with varying doping levels would be useful but were not performed 

due to access limitations with the equipment.  
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Chapter 8 

Conclusions and Further Directions of Research 

This chapter presents the conclusions draw from the research presented here. This 

includes an explanation of future work and challenges that still need to be taken on to 

design a working device. 

8.1. Conclusions: 

First the current state of neutron detectors being used today was discussed, and 

although they are all very good methods for their own type of detection, none of them 

offer all of the aspects that a clandestine and forensic dysprosium detector could offer. 

Next the neutron interactions with dysprosium are discussed. Here we show that 

dysprosium-164 has a 28.2% natural abundance in dysprosium samples and does not 

need to be purified to be a detector candidate. It is also shown that all other isotopes of 

dysprosium can feed into dysprosium-164 upon neutron captures. This leads to the fact 

that if we could non-destructively obtain highly accurate isotropic information before and 

after exposure, one could then possibly determine many aspects of the event. This of 

course is not possible with current technology. Finally this dissertation looked at other 

neutron captors, and here it is shown that dysprosium has many advantages in this 

application, including a high thermal neutron cross-section, after neutron capture and β
-
 

decay a stable holmium atom is produced, and the similar chemical properties of 

holmium and dysprosium leads to a stable crystal lattice. 
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First we developed a mathematical model to determine the minimum detectability 

of a dysprosium fluoride forensic detector, and to look at the production both holmium 

and erbium from neutron capture in a dysprosium fluoride matrix. The model was based 

on a 100% dysprosium fluoride matrix. Using information obtained from Hamamatsu as 

well as universal constants we were able to show that, assuming a 1 m path length, 

through a 2.5 cm diameter detector, focused onto a 1 cm spot, the detector can detect a 

holmium loading of 9.6 x 10
18

 Ho atoms/cm
3
. The Bateman equations were then used to 

determine the products produced during and after the samples were introduced into a 

neutron flux. A 7 day irradiation and a 3 day rest period, resulting in a 10 day period of 

production, was assumed. This time table was decided on based on the average time a 

container takes to cross the Atlantic Ocean from Europe to the United States. Using these 

data points, the model says that with a flux of 1 x 10
6
 n/cm

2
s, we can expect to see a 

concentration that exceeds the minimum detectability of 9.6 x 10
18

 Ho atoms/cm
3
. We 

also show that although erbium would not be detectable at lower fluxes, after a neutron 

flux of 1 x 10
10

 n/cm
2
s the erbium produced does begin to exceed the minimum 

detectability threshold of the system. 

 Next we presented the colloidal syntheses of lanthanide fluorides. The laboratory 

setup was explored along with a quick overview of the lab equipment used. The synthesis 

was used to produce, DyF3, HoF3, DyF3:10%Yb, HoF3:10%Yb, HoF3:10%Ce, 

DyF3:10%Ho DyF3:10%Ce, DyF3:10%Ce10%Ho and DyF3:10%Yb10%Ho, using molar 

ratios to determine the doping of the lanthanides in the nanocrystals. Other lanthanide 

fluorides have also been synthesized in the lab described, and include lanthanum, 

praseodymium, gadolinium, and erbium fluorides, as well as dopants at varying levels 
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such as cerium, europium and ytterbium. The dopants are used to enhance the inherent 

optical properties of the constituent nanoparticles.  

 The synthesis was used to obtain two different conformations of the nanocrystals, 

which were used in this dissertation. These variations allow for customization of the 

nanocrystals depending on their final configuration. The synthesis is based on a hydroxyl 

method. This method allows for the nanocrystals to be dried into a powder and then 

annealed obtaining a highly luminescent powder or for an oleic acid surfactant to be 

attached to the nanocrystal surface. Dried powders were used for the IR 

photoluminescence study because a powder was needed to take advantage of the PL setup 

built at CINT, and also for nanocrystals which were annealed and loaded into a KBr disc. 

The oleic acid synthesis was used for nanocrystals that would be suspended in toluene 

and then polymerized into PMMA, allowing for an even distribution of nanocrystals 

inside of the polymer.  

 Next we looked at the structural characterization of the nanocrystals and shows 

that the work has been able to produce high quality crystalline nanocrystals. The 

combination of methods including TEM, EDS, XRD, DLS and zeta potential allow us to 

see that all of the expected components are present on the nanocrystals made in the lab 

and that they are high quality, defect free nanocrystals.  

Next neutron flux experiments were performed on samples of nanocrystals loaded 

into PMMA and KBr matrices. Absorption was used for these early experiments, because 

of a lack of access to a proper PL setup, these experiments showed that although we 

could see the difference between holmium containing nanocrystals and those nanocrystals 
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which did not contain holmium, as well as a difference in those that had been exposed to 

radiation. The experiments did not show enough of a difference to give a quantitative 

distinction, and therefore only a qualitative analysis is possible using these methods.  

Next an experiment was done at CINT, and PL from the 2.1 µm line was able to 

be resolved from a powder sample of HoF3 and compared to a DyF3 sample. Up-

conversion was also observed from a DyF3:10%Ho:10%Yb powder sample and 

compared to a DyF3:10%Yb powder sample. This data is promising, but the short time 

period that we were allowed to work with this setup, did not allow for further 

investigation of this avenue. The setup was also limited, because we were unable to look 

at the 2.4 µm line which would allow for a comparison and a more quantitative analysis 

of the materials.  

The first experiments used PMMA and KBr. These mediums have since been 

replaced with powders for now and in the future may also be replaced with either silicon 

polymers or infrared fiber optics. PMMA was dropped because it has an absorption line 

around 2.1 µm due to the carbon bonds, and the KBr was discontinued because of the 

fragile nature of the crystals. 

8.2. Further Directions of Research 

Future work in this area needs to include methods that extend the path length of 

the optical interrogation, of the samples before and after neutron irradiation, to enhance 

detectability. These should include loading silicone polymers with dysprosium fluoride 

that could be put into a resonator to increase the path length of the sample, so that the 

photons can pass through multiple times extending the path length they see in the 
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material. This can be setup in a CW format as shown in the basic setup in figure 3.2. To 

build this setup there will be a need for access to a high intensity 980 nm source as well 

as a very sensitive detector that can detect both 2.1 µm and 2.4 µm, such as the 

Hamamatsu InSb detector used to determine the minimum detectability in chapter 3. 

Work also needs to be done to look at the radiation hardness of the NCs, to see if defects 

in the crystalline lattice can be detected using TEM after high flux exposure of the NCs. 

This experiment would require access to a very high flux of both neutrons and gamma 

irradiation to determine how stable the crystals are under these conditions. If defects are 

found, the NCs could be annealed again at 1200 °C to see if the crystalline lattice could 

be brought back to a defect free state. 
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