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ABSTRACT 

Doped CSI (Cesium iodide) is widely used in many detectors. Pure cesium iodide can only 
perform well at low temperature due to its luminous properties. Its luminous efficiency at low 
temperature is even better than that of impurity-containing cesium iodide. So we want to 
measure its properties at low temperatures. 
In chapter 1, we have the information about the neutrino and scintillator detectors background. 

We also introduce some scintillator detectors which is using in the COHERENT. 
In chapter 2, our focus is on scintillator detectors and the pure CsI crystal. 
In chapter 3, we measure the light yield of the pure CSI, which is the important property as a 

detector. We also introduce our experimental equipment and methods. 
In chapter 4, the quenching factor represents the efficiency of energy deposition. This value is a 

key point for our future detection of neutrinos. 

Thesis Advisor __________________________ 

Jing Liu 
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1. Introduction 

Doped CsI (Cesium iodide) and NaI(Sodium iodide) are widely used as detectors to 

detector the neutrinos event. 185Kg NaI[Tl] has been used as detector in COHERENT. But pure 

CSI can only perform well at low temperature due to its scintillator mechanism. The light yield 

at low temperature is even better than that of doped CsI and NaI. So, we want to study its 

characterization at low temperature. 

1.1 Neutrino 

Figure 1 Sketch of CEvNS interaction (left) and its corresponding Feynman diagram (right). 

Coherent elastic neutrino-nucleus scattering (CEvNS) is a weak neutral-current process in a low-

energy neutrino. The coherence condition, in which the neutrino scatters off all nucleons of the nucleus in 

phase with each other, is satisfied when the neutrino energy is in the tens of MeV range and its 

momentum transfer to the recoiling nucleus is small (sub keV to keV range). As a neutrino interacts with 

a nucleus as a whole, the CEvNS cross section is much larger than those of charged-current (CC) neutrino 

interactions, where a neutrino interacts with an individual electron or quark, which is shown clearly in 

Figure 1. 
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Figure 2 Neutrino cross sections for neutrino energies up to 55 MeV relevant for COHERENT 

The differential cross section of CEvNS predicted by the Standard Model reads2 : 

2𝑑𝜎 𝐺𝐹
2𝑀 2) 

𝑀𝑇 

𝑑𝑇
(𝑇, 𝐸𝜈) = 2𝜋 

[(𝐺𝑉 + 𝐺𝐴)2 + (𝐺𝑉 − 𝐺𝐴)2 (1 − 𝐸
𝑇

𝜈
) − (𝐺𝑉

2 − 𝐺𝐴 𝐸𝜈
2 ] 

where T is the recoil energy, 𝐸𝜈 is the incident neutrino energy, 𝐺𝐹 is the Fermi constant, 

M is the target nuclear mass, 

𝑉 𝐺𝑉 = (𝑔𝑉
𝑝𝑍 + 𝑔𝑉

𝑛𝑁)𝐹𝑛𝑢𝑐𝑙 (𝑄2) 

𝐴 𝐺𝐴 = (𝑔𝐴
𝑝(𝑍+ − 𝑍−) + 𝑔𝐴

𝑛(𝑁+ − 𝑁−)) 𝐹𝑛𝑢𝑐𝑙 (𝑄2) 

𝑔𝑉
𝑛,𝑝 and 𝑔𝐴

𝑛,𝑝 are vector and axial-vector coupling factors, respectively, for protons and 

neutrons, 𝑍 𝑎𝑛𝑑 𝑁 are the proton and neutron numbers, 𝑍± and 𝑁± refer to the number of spin 

𝑉,𝐴 up or down nucleons, 𝐹𝑛𝑢𝑐𝑙 are vector and axial nuclear form factors, and Q is the momentum 
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transfer. As the numbers of spin up and down nucleons in a nucleus are either precisely or much 

smaller than the number of nucleons, the axial-vector contribution 𝐺𝐴 is small. The couplings are 

subject to percent-level Q-dependent radiative corrections3, with values of 𝑔𝑉
𝑛 ∼ −0.511 

and 𝑔𝑉
𝑝 ∼ 0.03. 

Figure 3 Figures of merit for stopped-pion neutrino sources worldwide (past, current and 

future). The x-axis shows νμ flux. This plot demonstrates the impact of sharp pulsing on flavor 

separation. The y-axis here represents the duty factor computed using the time window that can 

be used for prompt νμ selection. 

The x-axis shows νμ flux.  This plot demonstrates the impact of sharp pulsing on flavor 

separation.  The y-axis here represents the duty factor computed using the time window that can 

be used for prompt νμ selection.  For the MLF, for which there are two pulses separated by 540 
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ns, only the first one is considered.  This plot considers only current and near-future sources. 

Figure 4 Distributions of neutrino energy (left) and creation time (right) produced at the 

SNS predicted by our Geant4 simulation4 

1.2 Testing non-standard interactions with CevNS 

Non-standard interactions (NSI) between neutrinos and quarks would modify the CEvNS 

cross section. Such interactions are generally described by a matrix of vector couplings, εαβ
𝑞 , 2 

with a Lagrangian: 

ℒ = ∑ 2√2 𝑞 (ν̅̅α̅γμ(1 − γ5)νβ)(𝑞̅γμ(1 − γ5)𝑞),𝐺𝐹εαβ 
𝑞,α,β 

assuming the mediator of these new interactions is heavy, √Q2 = √2mNEr = 50 MeV. The 

q q qtermsεee, ε muμ, and εττ interfere with standard-model CEvNS and break lepton universality 

predicted for CEvNS at tree level whileεe
q

μ, εe
q

τ, and εμτ
q allow for flavor-changing transitions. 

Non-zero values of εαβ
q would change the CEvNS cross section by modifying the weak charge, 
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𝑄α
2 = [𝑍(𝑔𝑝

𝑉 + 2ε𝑢
αα + ε𝑑

αα) + 𝑁(𝑔𝑛
𝑉 + ε𝑢

αα + 2ε𝑑
αα)]2 

+ ∑[𝑍(2ε𝑢
αβ + ε𝑑

αβ) + 𝑁(ε𝑢
αβ + 2ε𝑑

αβ)]
2

. 
α≠β 

Development of precise CEvNS measurements by COHERENT offers a novel strategy for 

constraining these effective parameters, many of which were previously only constrained to ~ 

unity.  Understanding these parameters is critical for proper interpretation of neutrino oscillation 

data since various choices of εαβ
q can bias experimental determination of neutrino mixing 

parameters such as Δm32
2 6, δCP 

7, and θ12 
8. 

As NSI parameters will generally make the CEvNS cross section different for different flavors of 

neutrino, a source with multiple flavors is ideal. The SNS offers a prompt $\nu_\mu$ flux 

separated in time from delayed ν̅̅𝜇/ν𝑒 allowing us to test the flavored CEvNS cross sections, 

⟨σ⟩𝜇 and⟨σ⟩𝑒 as described in 9. A deviation of ⟨σ⟩μ/⟨σ⟩𝑒 from the standard model expectation 

would be a sensitive probe of BSM physics, including NSI, as most systematic uncertainties in 

the ratio correlate. The sensitivity of future COHERENT detectors to measuring these quantities 

is shown in . compared to the measurement based on the full CsI[Na] dataset9. Large CEvNS 

detectors will significantly improve on our current understanding of the flavored cross sections 

which will subsequently reduce viable NSI parameter space. 

There are several measurements at 77K with α-particles which shows 85 percent to 100 

precent quenching factor in pure CsI crystals. But in a recent study, it was observed that the 

quenching factor of alpha particles varied with crystal temperature. Around 77 K, the quench 

factor is even greater than one. However, the quench factor reported in another measurement at 

108 K is very similar to that of CsI[Na] at room temperature. Possible causes of the discrepancy 

include different recoiled nuclei (Cs or I versus α), measurement temperatures or origins of 
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crystals. A series of measurements at the Triangle Universities Nuclear Laboratory (TUNL) will 

be performed by COHERENT collaborators to verify the quenching factor of CsI down to 40 K. 

To be conservative, a quenching factor10 of 5% is assumed in sensitivity calculations. 

1.3 COHERENT detector in Neutrino Alley 

The COHERENT Collaboration has deployed and is developing a number of subsystems 

with diverse target nuclei and detector technologies for the detection of neutrinos, neutrons, and 

possibly, dark matter particles from the SNS, as listed in Error! Reference source not found. a 

nd Error! Reference source not found.. They are located 19 - 28 meters from the Hg target in 

the basement of the SNS in what is known colloquially as Neutrino Alley, as shown in Figure 5. 

Figure 5 Current and near-future detector subsystems in Neutrino alley. 

With a 1 GeV proton beam, simulations5 predict a flux of 4.7×107 neutrinos/cm2 20 m 

away from the target.  Despite the proximity to the SNS beamline, beam-related neutrons are 
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suppressed by a concrete fill between Neutrino Alley and the SNS target.  Cosmogenic 

Table 1 Parameters of subsystems for CEvNS detection. (Highlight means they have been 

planed to use in future) 

background is reduced by an 8 m.w.e. (meter water equivalent) overburden. Due to the relatively 

large cross section of the CEvNS interaction for heavy nuclei and an intense neutrino source with 

excellent background rejection, detector mass can be reduced from the multiple kiloton range 

down to the kilogram scale. 

The collaboration is adopting a more systematic naming scheme for its various 

subsystems, which starts with ``COH-'', followed by the target material, ``-Ge'' for example, and 

phase number, ̀ `-2'', for example. The 50kg HPGe subsystem listed in Error! Reference source n 

ot found. in this new naming scheme is called ``COH-Ge-2'', and the 10kg CsI operated at 40K 

is called ``COH-CryoCsI-1''. For historical reasons, the 750kg liquid argon detector is called 

Table 2 Additional detectors that broaden the physics reach of COHERENT.(Highlight 

means they have been planed to use in future) 
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``CENNS-750'' or ``COH-Ar-750'' instead of ``COH-Ar-2 '', which may subject to change in the 

future. 
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2. Scintillator Detectors 

3.1 What is Scintillators? 

The incident radiation loses and deposits energy in the scintillator, causing ionization 

excitation of atoms (or ions, molecules) in the scintillator, and then the excited particles are de-

excited to emit scintillation photons with wavelengths close to visible light. 

Scintillation materials can be roughly divided into the following three categories: organic 

scintillators, inorganic scintillators, and organic liquids scintillators. 

Organic crystals scintillators are aromatic hydrocarbon compounds containing benzene 

ring structures interconnected in various ways. Their luminescence typically decays within a few 

nanoseconds. 

Organic liquids scintillators are liquid solutions of one or more organic scintillators in 

organic solvents. Typical solutes are fluorine. The most widely used solvents are toluene, xylene, 

benzene, phenylcyclohexane, triethylbenzene and decalin. Liquid scintillators are easily loaded 

with other additives, such as wavelength shifters to match the spectral sensitivity range of a 

particular PMT, or 10 B to improve the neutron detection efficiency of the scintillation counter 

itself (because 10 B has a high interaction cross section with thermal neutrons). 

Plastic scintillator generally refers to a scintillation material in which a primary 

fluorescent emitter (called a phosphor) is suspended in a substrate of a solid polymer matrix. 

Although this incorporation is usually achieved by dissolving fluorine prior to bulk 

polymerization. Advantages of plastic scintillators include fairly high light output and relatively 

fast signal with decay times of 2-4 nanoseconds. 

Inorganic scintillators are usually crystals grown in high temperature furnaces, such as 

alkali metal halides, and usually contain small amounts of activator impurities. The most widely 
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used is Na I (TI) (thallium-doped sodium iodide); its scintillation light is blue. Other inorganic 

alkali metal halide crystals are Cs I (Tl), Cs I (Na), Cs I (pure). For imaging applications, one of 

the advantages of inorganic crystals is the very high light yield. My thesis is focusing on the pure 

CsI crystal. 

3.2 Scintillation Mechanism 

The scintillation mechanism in CSI depends on the energy states determined by the 

crystal lattice of materials. 

Figure 6 Scintillation Mechanism Principle 

In materials classified as insulators or semiconductors, electrons have only discrete 

energy bands. The lower band, called the valence band, represents those electrons that are 

essentially bound to lattice sites, while the conduction band represents those electrons that have 

enough energy to freely migrate throughout the crystal. There is an intermediate energy band, 

called the forbidden band, where electrons can never be found in pure crystals. The absorption of 

energy causes an electron to cross the gap from its norm al position in the valence band into the 

conduction band, leaving a hole in the normally filled valence band. In pure crystals, returning 

electrons to the valence band and emitting photons is an inefficient process. Furthermore, typical 
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gap widths result in photons with energy too high to be in the visible range. 

When activated with thallium, cesium iodide has a very high scintillation light yield. In 

its pure state, it is also a much weaker scintillator (with output between 5 and 8% of that of 

NaI(Tl) when measured with a photomultiplier tube). However, much of this light shows a 

mixture of fast components with an effective decay time of about 10 ns that appears in a peak 

around 305 nm in the ultraviolet region of the spectrum. A broader emission band in the visible 

range of 350 to 600 nm that has a much longer decay time of up to several microseconds is also 

often observed. The relative intensities of these components tend to vary among the 

measurements reported in the literature for different samples of the material, but they are roughly 

comparable in yield in one study of commercially supplied crystals. The slow component is 

absent in other measurements of highly purified material, indicating that its origin may be related 

to residual impurities in some crystals. In common with pure NaI, unactivated CsI also shows 

excellent scintillation properties when cooled to liquid nitrogen temperatures. The light yield is 

about 50,000 photons per MeV, and the decay time is measured to be about 1 microsecond. 

3.3 CsI Crystal 

Cesium iodide is one of the most widely studied scintillators. Pure CsI crystal is the least 

hygroscopic. Its emission consists of the fast intrinsic luminescence (10 ns) peaked around 305 

nm and a slow component (100-4000ns) around 350-600nm. The fast/slow ratio can reach four 

when controlled carefully. The total light output is as large as 4-5% of NaI[Tl]. Due to its 

relatively high density and atomic number, it is one of the brightest scintillators with moderate 
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gamma ray blocking. 

Figure 7 Light yield for different crystal in different temperature 

As shown in the Figure 7, the light yield of pure CsI is not higher than other scintillators 

in room temperature. But it will increase rapidly when temperature goes down. The highest point 

is around 40K. And we can clearly see that the second peak is around 77K which is the liquid 

nitrogen (LN2) temperature. The light yields are twice higher than other CsI[TI] in room 

temperature. 
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3. Light Yield Measurement 

3.1 Our cryostat 

Previously, we put our cryostat which is filled with N2 gas to conduct the heat in the 

LN2. In this way, it only takes about 30 minutes to cool down the crystal to LN2 temperature. 

This cryostat is designed for the quenching factor measurement. The crystal is cooled by the 

cooling finger. But it will take about 12 hours to cool down the crystal. Because we put the 

course in the cryostat to measure the light yield. For quenching factor measurement, we need to 

use neutron beam to do the measurement which is come from the accelerator. In order to avoid 

the bad influence from LN2 and N2 gas. We must cool the crystal by this way. 

Figure 8 Cryostat design diagram (Left) and the experiment setup in our lab (Right) 

We set the LN2 feeder on top. Due to gravity, liquid nitrogen fills the entire pipe. The 

pipe goes through the copper base which is fixed on the pipe. We use three stainless steel bars 
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with springs to push the PMT. And these will also press the crystal against the end of the pipe. 

This can make sure that the crystal is full contact with the cooling finger. In this way we can be 

sure that our crystal can reach 77K. 

Figure 9 The circuit diagram of PMT 

The experimental setup for the measurement is shown in Figure 9. The undoped cuboid 

crystal was purchased from AMCRYS11, which is 1 inch in diameter and 30 mm in height. All 

surfaces were mirror polished. To make sure there is no light leak, side surfaces of the crystal 

were wrapped with multiple layers of Teflon tape. The HAMAMATSU 11065 PMT were used 

to collect light. A bias voltage of 1500V was applied to the PMT and was kept the same 

throughout the measurement. Figure 9 shows the circuit diagram of the PMT. The current signal 

was converted to a voltage one on the 50 Ω internal impedance of the voltage amplifier used in 

this measurement. To ensure adequate optical contact without optical grease The Figure 10 (left) 

shows the cryostat and the inside setup. The right figure shows the IR shield. 
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Figure 10 Cryostat inside setup (left) and the IR Shield (right). 

To minimize exposure of the undoped CsI to atmospheric moisture, the assembly was 

done in a glove bag flushed with dry nitrogen gas. The relative humidity was kept below 5% at 

22℃ during the assembly process. The crystal assembly was attached to a stainless-steel pipe 

which is filled with the LN2. the inner diameter of the chamber was 4 inches, and the length is 

12 inches. The chamber was vacuum sealed on both ends by two 4-inch ConFlat (CF) flanges. 

Vacuum welded to the top flange were two BNC, two SHV, one 19-pin electronic feedthroughs. 

After all cables were fixed inside the chamber, the flange was closed. The chamber was then 

pumped with a Pfeiffer Vacuum HiCube 80 Eco to 1.2 × 10−4 mbar. 

A few Heraeus C220 platinum resistance temperature sensors were used to monitor the 

cooling process. They were attached to the side surface of the crystal, the top passive board, and 

the top flange to obtain the temperature profile of the long chamber. A Raspberry Pi 2 computer 

with custom software was used to read out the sensors. The cooling process took about 20 
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minutes due to the small size of the crystal. Most measurements, however, were taken after about 

40 minutes of waiting to let the system reach thermal equilibrium. The temperature of the crystal 

was -195.7 ±0.3℃ during measurements, which was almost the same as the LN2 temperature. 

The passive boards were powered by a RIGOL DP821A DC power supply. A voltage of 

1500 V was applied to the PMT. According to their manuals, the voltage can be from 500 V to 

2000V. Signals were further amplified by a Phillips Scientific Quad Bipolar Amplifier Model 

771, which has four channels, each has a gain of ten. Chaining two channels together, a 

maximum gain of 100 times can be achieved. A gain of 5 was used. Pulses from the amplifier 

were then fed into a CAEN DT5720 waveform digitizer, which had a 250 MHz sampling rate, a 

dynamic range of 2V and a 12-bit resolution. WaveDump, a free software provided by CAEN, 

was used for data recording. The recorded binary data files were converted to CERN ROOT files 

for analysis. 

3.2 Data format 

The digitizer (CAEN DT5751) is used to take the measurement data. All the data is 

recorded as root file which is a data container called tree. 

ROOT is an object-oriented program and library developed by CERN. It was originally 

designed for particle physics data analysis and contains several functions specific to the field, but 

it is also used in other applications such as astronomy and data mining. ROOT is a very 

appropriate tool for use by actuaries and other insurance analysts who do ad hoc data analysis 

and predictive modeling type work. ROOT is a framework that is specifically designed for large 

scale data analysis. ROOT stores data in a very efficient way in a hierarchical object-oriented 

database. This database is machine independent and highly compressed. If one loads a 1 GB text 
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file into a ROOT file, it will take up much less disk space than the original text file. ROOT also 

has tools to interact with data in a very efficient way. It has built in tools to do multi-dimensional 

histograms, curve fitting, modeling and simulation. All these tools are designed to handle large 

volumes of data. Conversely, relational databases (databases where the data is organized as 

tables and rows) were originally designed for transactional systems and not for data analysis. 

Thus a relational database is very good for use in a policy administration system, which looks at 

one policy at a time, or claim administration system, which looks at one claim at a time. But, 

when one is interested in segmenting the data across all the policies or across all the claims, a 

relational solution falls apart. In order to make the relational solution work for large scale data 

analysis, we use the brute force method. A typical brute force method will involve adding 

considerable computing power, adding sophisticated I/O capabilities such as cache, etc., adding 

numerous indices to tables, creating additional summaries of the data (like OLAP cubes), and 

other similar techniques. If one loads a 1 GB text file into a relational database, it will take up 

multiple gigabytes to just store the data. When one further tweaks the database for performance 

with additional indices, pre- summaries and such, the original 1 GB data would have exploded to 

something very large. Most (if not all) of the commercial software for data analysis is built for 

accessing data from relational databases. These commercial tools cannot overcome the 

fundamental flaw in the way data is stored (tables and rows) except by using brute force. 

Some data analysis tools are very memory intensive. Some data analysis tools are very 

I/O intensive. Some data analysis tools are both memory-intensive and I/O-intensive (like most 

business intelligence tools that run on relational databases). In these systems, the performance of 

the system degrades exponentially even when the data grows at a linear scale. Therefore, these 

systems are not easily scalable, and ROOT stores and retrieves data in an optimal way that 
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facilitates data analysis. It avoids most memory issues and I/O performance issues by buffering 

data seamlessly between memory and storage. Therefore, even a small PC can get very 

reasonable throughput from ROOT (all analyses reported in this article were done on PC). A 

laptop using ROOT as a data analysis tool may be able to provide better performance than a 

powerful mainframe using one of the commercially available data analysis tools. Therefore, 

ROOT can be a solution adopted by one person in an insurance company. Once validated, it can 

be easily scaled to an entire team of data analysts or as an enterprise-wide solution. ROOT 

solutions are very scalable. ROOT may be a suitable solution even for smaller datasets. Often, 

predictive modeling and ad hoc data analysis involve presenting data in different 

graphical/tabular forms. These demos are best done on a laptop device. This is one of the reasons 

why Excel is so popular among actuaries. Using Excel, people can work with data, and once a 

story emerges from the data, it can be easily shared with the rest of the team. This concept can be 

loosely called interactive computing. When you want to analyze a column in an Excel 

spreadsheet, you must read the entire spreadsheet into memory. Like Excel, other technologies 

suffer from similar inefficiencies. When data is stored in a relational database in the form of 

tables and rows, a subset of the data cannot be accessed or modified in an efficient manner 

without touching the rest of the data. ROOT is designed to allow access to subsets of data 

without touching the rest. If all the information has to be processed, the entire ROOT file can be 

read sequentially. In the absence of data explosion issues, the ROOT file can also be randomly 

read to process only a few attributes if required for analysis. Therefore, ROOT is able to provide 

us with interactive computing power where other solutions fail. There are many other reasons 

why ROOT is a suitable tool for predictive modeling. However, the efficiency of storing and 

accessing data is where ROOT stands out from any other tool on the market today. 
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3.3 Single PE Measurement 

Single PE responses of individual channels were investigated using waveform data 

triggered by dark counts. Some pre-traces were preserved before the rising edge of a pulse that 

triggered the digitizer to calculate the averaged baseline value of a waveform, which was then 

subtracted from each sample of the waveform. Figure 11 shows a typical single PE pulse. 

Figure 11 Single PE waveform (left) and the multiple PEs waveform (right) 

Overshooting or undershooting after a pulse may be hidden in a noisy baseline, especially 

for small PE pulses. A common way to remove the effect of electronic noise is to calculate the 

average waveform corresponding to the same PEs. For example, the average waveform of single 

PEs. PE was obtained by first adding up all single PE waveforms and then dividing the summed 

waveform by the total number of single PE events. The same method was used to obtain the 

average waveforms of higher PEs. They are all shown in Figure 11. No obvious overshooting or 

undershooting can be seen; and pulses of different PEs are well contained in the integration 

window. 

Figure 12 shows the distribution of pulse areas given by the integration, where individual 

PEs can be seen clearly. If the mean of the first peak is multiplied by 2, 3, 4, ... the results 

19 



 

 

     

 

    

    

      

 
    

 

    

   

 

     

 

    

 

roughly match the means of the second, third, fourth, ... peaks. We hence believe that the second 

peak is the single PE distribution. The peak was fitted using a Gaussian function to obtain its 

mean value and the result is shown in Figure 12. The same operations were done for all other 

peaks. The mean of single PE, mean1PE is defined as the Gaussian mean in Figure 12 divided by 

the number of PEs, n. The mean1PE for the second peak equals to 51.01 ADC counts*ns. 

Figure 12 Single PE response fitting from Pedestal to three PEs 

The mean1PE as a function of the number of PEs is shown in Figure 12. A flat line was 

expected while a slightly up-going curve was observed from the top PMT. Single PE responses 

were also measured using an ultraviolet (370~nm) LED from Thorlabs. It was powered by a 

square pulse that last 20 ns and was emitted at a rate of 10 kHz from an RIGOL DG1022 

arbitrary function generator. The voltage of the pulse was tuned to be around 2.78 V so that only 

zero or one photon hit the PMT under most of the time. Waveforms were recorded whenever a 

square pulse was generated. They were integrated in a fixed time window. 
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The energy calibration was performed using 𝑋 and γ-rays from an Am241 and Fe55 

radioactive source15–17. The source was attached to the vacuum cap. The digitizer was triggered. 

Pulses induced by radiation from the source were well above the threshold. The integration of a 

pulse starts 50 samples before the trigger position and ends 10 samples after the position where 

the pulse goes back to zero. The integration window of a randomly selected light pulse induced 

by a 59.5 keV 𝛾-rays is shown in Figure 13. The integration has a unit of ADC counts⋅ns. The 

recorded energy spectrum in this unit is shown in Figure 13. 

Figure 13 A randomly selected light pulse within the 59.5 keV peak from the PMT. 

The origin of each peak was identified and summarized in Table 3.The peak around 

200 × 103 ADC counts⋅ns is a combination of multiple 𝑋-rays ranging from 13.8 to 20.1 keV. 

The averaged mean of these 𝑋-rays weighted by their intensities measured in is 17.5 ~ keV. 

Peaks in Figure 12were fitted with Gaussian functions to extract their mean values and 

widths. Most of the right side of the 17.5 ~ keV peak and the left side of the 26.3 ~ keV peak 

were excluded from the fitting as they overlapped with multiple X-ray peaks around 21 ~ keV in 

between. The 59.5 ~ keV peak was more or less Gaussian. However, its left side was slightly 

higher than the right side due to the loss of energy in materials between the source and the 
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crystal18. 

Table 3 Fitting results of 241Am peaks in energy spectra. 

Table 3 shows the distribution of pulse areas versus pulse heights. A good linearity of the 

PMT up to 59.5 keV was kept and the pulse height was controlled within the digitizer's dynamic 

range. 

3.4 Light Yield Measurement 

The fitted means of the 17.5 keV, 26.3 keV and 59.5 keV peaks in the 241Am spectrum in 

the unit of ADC counts⋅ns were converted to the number of PE using the formula: 

(Mean-shift value) [ADC counts ⋅ ns] 
(number of PE) = .meanSPE 

The shift value is added to account for the overall shift of the energy spectrum observed 

in the single PE measurement. However, compared to the mean value, it is much smaller, adding 

it to the equation does not change the result much. 

The light yield was calculated using the data in Table 3 and the following equation: 
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(number of PE) 
light yield [PE/keVee] = Energy [keVee] 

We also use the lower energy source (Fe55) to do the calibration. Because for the 

quenching factor measurement the energy deposited in the crystal by the neutron is very low. We 

want to make sure that our threshold is lower than the energy. 

Figure 14 Light Yeild Measurement with Am241 and Fe55 x-axis is the area of the events after 

intergration 

light yield = 210 × 103 ÷ 59.5 ÷ 144 = 24.5 

Figure 15 5.9KeV(left) and 59.5KeV(right) overshooting correct 
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A flat line was fitted to the light yields obtained from the three peaks recorded in PMT. 

The uncertainties of the light yield measurements are mostly determined by the uncertainties of 

the meanSPE. The light yield observed by the PMT is 24.5𝑃𝐸/𝑘𝑒𝑉ee. Based on our limited 

experience, the influence of self-absorption is not as significant as those of optical surface 

conditions and light collection efficiencies of light sensors, as we observed larger light yields in 

larger crystals coupled to PMTs with higher quantum efficiencies and better wrapping of 

crystals. 

Figure 14 shows the light measurement with Am241 and Fe55 inside the crystal. We can 

clearly distinguish between the Fe55 peak and the baseline. That means that our threshold can be 

low to 5.9 Kev which the X-ray produced by the Fe55. And we use the Am241 peak to calculate 

the light yield of our crystal. 

We checked the 59.5 Kev waveforms. We can see that the waveform has the 

overshooting which means the light yield is less the actual value. We use the fitting function to 

fit the overshoot waveform. 

The fitting function: 

𝑁 
𝜏𝑖𝑒−(𝑡−𝑡0)/𝜏 − 𝜏𝑒−(𝑡−𝑡0)/𝜏𝑖 

𝜏𝑖 − 𝜏 

After correcting overshooting, we got 38𝑃𝐸/𝑘𝑒𝑉𝑒𝑒 . 
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4. Quenching Factor Measurement 

4.1 Quenching factor 

Quenching factor (QF) is the scintillation light yield from nuclear recoil relative to the 

scintillation light yield from electron recoil at the same energy. The electron recoil response is 

usually measured using a gamma ray source, in which case the QF can be expressed as: 

𝐸𝑚𝑒𝑎𝑠 𝐿𝑚𝑒𝑎𝑠𝐸γ,calib 𝑄𝐹 = = 𝐸𝑟𝑒𝑐𝑜𝑖𝑙 𝐸𝑟𝑒𝑐𝑜𝑖𝑙 𝐿γ,calib 

where 𝐸𝑟𝑒𝑐𝑜𝑖𝑙 , 𝐸𝑚𝑒𝑎𝑠 are the recoil energy of the nucleus produced by WIMP nucleus 

scattering and the experimentally measured energy by the crystal detector respectively. Since the 

light output, 𝐿𝑚𝑒𝑎𝑠, is measured in the scintillator, 𝐸𝑚𝑒𝑎𝑠 can be obtained from the calibration. 

𝐿γ,calib is the measured scintillation light yield for gamma rays with a known energy 𝐸γ,calib. 

The quenching factors of CsI crystals used in the KIMS experiment have been previously 

measured. Subsequently, it has been suggested that channeling effects in the scintillation crystal 

might enhance the quenching factors to as high as QF ≃ 1 for some specific nuclear-recoil 

conditions. Channeling occurs when a recoil ion in the target material moves in a direction that is 

within a critical angle from a symmetry axis or plane in the crystal lattice. In these cases, the 

recoil ion primarily loses energy via numerous scatterings with atomic electrons around target 

nuclei that are confined to small scattering angles because of the relatively large impact 

parameters between the moving ion and target nuclei. As a result, channeling effects show up as 

enhanced ion penetration ranges and larger numbers of electron-hole pairs in the target material 

with a resultant smaller stopping power. The large penetration range enhances the scintillation 

effects have only been studied using ions that are incident from outside of the crystal into the 

empty space between symmetrically aligned lattice atoms. Thus, conclusions from previous 
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studies of channeling effects might not apply to recoil ions from WIMP-nucleus scattering, 

which occur inside the crystal. In these cases, recoil ions, originally located at a crystal lattice 

point, initially travel at a large angle from the adjacent target nuclei located near the symmetry 

axis or crystal plane because of a small initial impact parameter. As a result, the recoil ions 

cannot easily channel through the empty space near the symmetric axis; this is known as the 

blocking effect. Bozorgnia et al. point out that recoiling lattice ions have some chance to be 

channeled through the symmetric axis due to thermal lattice vibrations. Nevertheless, the fraction 

of full channeling for isotropically scattered recoil ions is expected to be below 10 % for CsI 

crystals. 

4.2 Simulation 

We used Geant4 to finish the simulation. Geant4 (Geometry and Tracking) was 

developed by the European Nuclear Center (CERN) in 1994. It is a tool that uses C++ as the 

underlying language and Monte Carlo method to simulate the transportation of particles in 

materials. It is open to all users. And open source. The main application areas are high energy 

physics/nuclear physics/accelerator physics/nuclear medicine. Due to the authenticity of its 

simulation, it can provide users with simulation results that are not much different from the real 

experimental results, which is convenient for users to evaluate and modify the experiment before 

the real experiment. 

After setting the input items and output items, Geant4 will simulate according to the 

user's settings. In the case of successful reading and no errors, the particle source in Geant4 will 

emit a specified particle, which will interact with the material set by the user. The type of 

interaction/deposition energy/action time and other attributes are determined by Monte Carlo 
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sampling decides, and the probability of sampling comes from Geant4's own database of 

particle-material interaction. Some of these databases are the results of experimental 

measurements and some are the results of theoretical calculations. 

The life cycle of a particle from emission to interaction with the material and finally 

deposited inside the material to enter a stable state or fly out of the geometric range of this 

simulation is an example, which is called "Event" in Geant4. 

The interaction between particles and materials may have multiple trajectories due to the 

generation of secondary particles. For example, when photons interact with materials, the 

secondary particles produced include electrons. This electron will continue to interact with the 

material to create a trajectory. In Geant4, the trajectory of each particle or secondary particle in 

the material is called "Track". 

Figure 16 Simulation back detectors  setup(left) and back detectors setup(right) 
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It should be noted that there may be multiple interactions between particles and materials; 

therefore, Geant4 uses the interaction that occurs on each track as a node, and divides each track 

into several steps, which are called "Steps" in Geant4. Each Step represents an interaction 

between the particle and the material. Most of the information in the output item is recorded in 

the unit of step, and the information recorded is the time/location/deposited energy of this 

interaction. 

The position and the angle have been measured to do the simulation. Figure 16 shows the 

experiment and the simulation setup. The simulation use the exact same position and angle as our 

experimental setup. 10 million random neutron beams are used to shoot the crystal. 

Figure 17 Energy deposit in crystal triggered on 32.3 degree back detetector. 

Error! Reference source not found. shows the energy deposit in the crystal. The x-axis s 

hows the energy. And the y-axis shows the number of entries. We select the event which has 

only one hadron elastic in the crystal. We can see the total entries are 1963. The efficiency can 
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be calculated by 1963/10^8 = 0.2±0.01%. This will help us to determine how long should we use 

the beam in the future measurement. We can see the value of energy is concentrated at around 25 

keV which is higher than our threshold. That means We can clearly distinguish them from the 

baseline. 

4.3 Time of Fight Measurement 

In order to check the neutron energy, we measured the speed of neutron. We can simply 

calculate the speed by 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 4.1 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = 𝑇𝑖𝑚𝑒 

We selected three distances (1.66m, 2.36m, and 3.15m) from the beam window. Because 

we are not sure the distance between the beam starting point and the beam window. So, we set 

three check points to calculate it. 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒2 − 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒1 4.2 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = 𝑇𝑖𝑚𝑒2 − 𝑇𝑖𝑚𝑒1 

Figure 18 Time of flight measurement setup priciple 
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Neutron beams for these measurements were produced at the tandem van de Graaff 

accelerator facility of TUNL. Neutrons are produced by accelerating deuteron nuclei hitting 

deuterium gas. We can control the energy of the neutrons produced by controlling the electric 

field that accelerates the deuteron. 

Figure 19 Time of flight of 3.5m neutron events(left) and neutron and gamma events concentration 

Figure 19 shows the time of flight at 3.5 m from the beam window. In the left figure, the 

higher waveform shows the periodic deuteron pulses. The lower waveform shows the neutron 

pulse. In the right figure, the time difference between neutrons and gamma is 89 ns. 

We measured the distance between gas cell and the beam window is 1.5m. And we 

roughly calculate the energy of the neutron using this distance. 

Table 4 Neutron events time of flight at different distance 

Distance(m) 
Time 
difference(ns) 

Point 1 1.67 60.6 
Point 2 2.36 74.3 
Point 3 3.16 89 

According to equation 4.2, we can calculate the energy of the neutron beam is 11.5 MeV. 

4.4 Light Yield Measurement with PMT 
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The previous light yield measurement was finished in our lab to test the threshold and the 

light yield. But in TUNL we used different DAQ to collect the signal. We adjusted the amplifier 

multiplier from 20 times to 5 times to avoid the saturation. 

Figure 20 Experiment Setup (Left figure is the whole experiment setup. The vacuum machine is on the 

right. The right figure shows the hardwares.) 

There will be some changes in light yield and SPE over time, which will cause 

experimental errors, so we measure it every two hours. Figure 21 shows the change of the light 

and SPE in every two hours. The light yield stabilizes around 39 PE/KeV. The SPE will vary 

more. We take their evaluation value calculation to reduce the error. 

31 



 

 

 

        

 

 

 

 

       

 

    

   

PE
/K

ev
 

20 

10 

0 
1 

39.2 37.7 39.1 39.1 39.5 38.5 38.3 

48.1 51 
45.7 46.8 45.3 46.6 45.8 

30 

40 

50 

60 

2 3 4 5 6 7 

Light yeild and SPE 

Light yeild SPE 

Figure 21 Light yeild(blue) and SPE(orange) measurement over time(every 2 hours during the QF 

measurement)the unit of x-axis is 2 hours between each other. 

4.5 Quenching Factor Measurement 

Figure 22 Top view of the experiment setup (left) and Front view of experiment setup (right). 

We used the same experimental setup as time-of-flight measurement. But the back 

detectors are used to collect the neutron and gamma ray. The model of the back detectors is EJ-
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309 liquid scintillator detectors. This detector is particularly sensitive to neutrons and photons. 

Figure 23 Quenching Factor Measurement principle. 

If we can control the energy of the neutrons, we can calculate the energy from the angle. 

This is the 𝑬𝒓𝒆𝒄𝒐𝒊𝒍. Our measurement method is to record the signals of all detectors, especially 

the CSI detectors, as long as there is a signal in one back detector. So, we get the angle of 

reflection and the energy deposited in the detector which is 𝑬𝒎𝒆𝒂𝒔. 

Figure 24 Energy deposit in the crystal triggered on 45 degree back detector 
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Figure 24 shows the energy statistics of the CSI detector when trigger on 45 degrees back 

detector. The red Gaussian distribution shows the nucleus recoil energy distribution. The energy 

is 15000/50/39 = 7.69kev. 

The quenching factor is 7.69 / 51.7 = 14.88±0.07%. 
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5. Conclusion 

In chapter 3.4, We verified that undoped CSI has good scintillation performance in low 

temperature environment. This proves that pure CSI really has potential as a detector for 

detecting low-energy particles. In chapter 4, the result of our quenching factor measurement is 

acceptable. We choose the largest angle to analysis. The energy of the neutron has more energy 

than the smaller angle. But when the angle goes small, the concentration of the neutron will 

merge to the background concentration. At this situation, the data analysis will be more difficult. 

And at the smaller angle, we need to focus on the effect of background photons on our result. 

Because the number of photons we can detect is already very low, the effect of background 

photons will be very serious in this case. So, the rest of our data analysis need to be more careful. 

We need to reduce the effect of background photons on our experimental results. Overall, our 

measurement was successful, but we need to spend more time on data analysis. In next step, we 

need to compare our result with the simulation results to make sure our results are reasonable. 

This would make our results more convincing. 
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