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Abstract

Neutrino interactions can be studied in liquid argon using a time projection chamber (TPC).  Charged particles produced in the interactions ionize the liquid argon and the resulting free electrons can be made to drift towards the wires of the TPC by an applied electric field, generally between 200 V/cm and 500 V/cm.  Molecules such as water and oxygen can be detrimental to the tracking that takes place in the TPC by absorbing the electrons before they get to the wires in the TPC.  A purity monitor detects possible contaminants in the liquid argon.  A light source shines upon a photocathode, which then gives off electrons due to the photoelectric effect.  The electrons emitted then travel to the anode where they are collected.  The argon is inferred to be pure if the number electrons generated at the photocathode is the same as the number collected at the anode.  Effective light sources and photocathodes are necessary parts of a purity monitor.  Existing purity monitors contain a flashlamp and a fiber as the light source.  The fiber is brittle and difficult to replace in the purity monitor, however, so ultraviolet light-emitting diodes (UV LEDs) were investigated as an alternative light source.  A number of different photocathodes, including gadolinium, silver, gold, niobium, gallium arsenide, silicon, and cesium iodide were all tested in vacuum with the flashlamp.  The fiber and flashlamp were placed with a vacuum photodiode and light was pulsed at various intensities under different conditions, including length of the fiber, temperature, and the number of flashes pulsed through it.  The output voltage measured from the vacuum photodiode was linear as intensity increased.  The transmittance of the fiber decreased as the fiber’s length increased.  The temperature of the fiber did not have a significant effect on the output voltage in the phototube.  After being pulsed for 16 consecutive hours at a frequency of 1 Hz, the fiber showed no significant difference in its output signal from the previous day. A LED emitting light at 355 nm and one at 255 nm were tested in the same manner as the phototube.  These wavelengths were chosen because the work functions of the materials in question lined up well with these wavelengths.  The 355 nm LED emits much more intense light than the 255 nm LED.  The 255 nm LED was more interesting because the light it emits is more energetic.  Only the gallium arsenide produced an acceptable signal for use in the purity monitor, whereas the other materials generated very small signals.  Gallium arsenide is recommended to be the photocathode in the purity monitor.  The best cathodes will be tested in argon gas before they are implemented in a purity monitor.  

Introduction

Neutrinos are now known to have mass and exhibit oscillations between different types (flavors) of neutrinos.  To study oscillations, a neutrino beam is sent a great distance (many kilometers) into a detector.  Neutrino interaction cross sections are extremely small, therefore they are difficult to detect.  Neutrino detectors need to be far away from their beam source to work properly, thus the neutrino energies are very low.  Detectors need a large mass because there is a better chance interactions will take place if there are more particles to interact with. 

Liquid argon is used in time projection chambers because neutrino events are shown in great detail as well as the fact that electrons have long lifetimes in liquid argon without being absorbed by the atoms.  In a liquid argon time projection chamber (LArTPC), electrons are created by the ionizing secondary particles in neutrino interactions and travel through the argon and pass by sets of wires.  Events can be reconstructed using this data to tell what happened.  In a LArTPC, the electronegative impurity concentration of O2 must be below 0.1 ppb, otherwise the electrons will not reach the detection wire planes. (1) Monitoring the mean drift lifetime is of the utmost importance in this experiment, since it is crucial to the data analysis and the functioning of the purity monitor.  The electrons have to survive long enough to allow data to be taken. (2) The electrons in argon of sufficient purity should have a lifetime that allows them to drift at least 2 m in a LArTPC in a typical electric field applied in the argon. (3)  Argon is chosen because electrons can last a long time in the argon without being absorbed by the atoms.  
The purity of the argon is monitored with a device called a purity monitor.  In a purity monitor, a light source is aimed at a photocathode which emits electrons due to the photoelectric effect.  A potential difference is applied between two plates, and the electrons emitted travel from the cathode to the anode.  The signal at the cathode is compared with the signal at the anode.  If the signal at the anode is significantly less, it can be inferred that the argon contains impurities.  This is because if the argon contains impurities such as oxygen or water, the electrons will attach to them and not make it to the anode.  

Materials and Methods

Purity Monitor Light Source
A typical purity monitor has been developed by the ICARUS group. They use a fiber and xenon flashlamp as their light source in their purity monitor.  A picture of a purity monitor is shown in Figure 1.  To imitate their purity monitor, we used an Oriel Xenon flashlamp power supply, model #66826 for many of the tests performed.  [image: image9.jpg]



Figure 1

Calibration of the Flashlamp

The fiber was pulsed with increasing intensities of light in increments of 100 mJ, and the output voltage was measured in order to see if the flashlamp intensity was proportional to the dial setting and how the fiber behaved when pulsed with different amounts of photons in the fiber. As the intensity from the flashlamp was increased, the output voltage attained in the vacuum photodiode was increased at an average rate of .0006 V/mJ (R2= .9884.)  Refer to Figure 2.
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Figure 2
Length

Effects of the length of the fiber were tested in terms of its output voltage in the phototube because some of the light may be absorbed or possibly escape from the fiber through a greater length of fiber.  A fiber of length 240 inches and a fiber of length 41 inches were tested with the vacuum photodiode.  The output voltage varied directly with length.  In both cases, the output voltage measured in the vacuum photodiode was linear with increasing intensity.  For the 240-inch fiber, the output voltage increased at a rate of 4 x 10-6 V/mJ (R2= .9968) and the 41-inch fiber output voltage increased at a rate of 6 x 10-6 V/mJ (R2= .9957).  The output voltage for the two fibers was in approximately the same ratio as the intensity increased, with the signal from the 240-inch fiber being approximately .63 times the signal from the 41-inch fiber.  Refer to Figure 3. Because the signal generated from the shorter fiber was approximately 1.4 times the signal from the longer fiber, the conclusion reached was that the transmittance of light decreased with the length of the fiber.  Therefore, in a purity monitor, the length of the fiber would need to be minimized in order to generate the maximum signal.   This is because a stronger signal would be generated in the purity monitor due to the greater intensity of the light reaching the photocathode.  Future work may include more tests on the relationship between the length of the fiber to the output voltage from the flashlamp to quantify the relationship as a function of the wavelength spectrum.
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Figure 3
This graph shows the output voltage of the vacuum photodiode through different lengths of fiber.

Temperature

Since the purity monitor in a LArTPC works in argon at approximately 83 K, the effect of temperature on the fiber was measured.  The majority of the fiber was placed in liquid nitrogen (77 K) and the output voltage was measured once again at varying intensities. The output voltage from the vacuum photodiode was linear with the increasing intensity of light within the fiber in the liquid nitrogen as well as in air, and the ratio of the signal through the fiber in liquid nitrogen to the output signal in air was approximately .9.  The output voltage of the fiber in liquid nitrogen increased linearly at a rate of .0011 V/mJ (R2=.9958). The output voltage in air increased at a rate of .0012 V/mJ (R2=.9938).  Refer to Figure 4. There was no significant difference between testing the fiber in air and at cold temperatures, therefore it can be inferred that low temperatures do not affect the light intensity transmitted by the fiber.  This means the fiber should behave the same way in liquid argon as it does in air since it did not behave drastically different in liquid nitrogen.  
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Figure 4
This graph compares the output voltage of the fiber in air and liquid nitrogen.

Durability

To determine if the fiber would get damaged by the light flashes sent through it, the fiber was pulsed at a frequency of 1 Hz for 16 consecutive hours.  The output voltage was measured prior to and after the 16 hours and compared to determine what effect, if any, extended usage had on the behavior of the fiber.  After being pulsed overnight, the output voltage from the fiber still showed linearity with increasing intensity, increasing at a rate of .0013 V/mJ (R2=.9936).  The previous day’s data on the same piece of showed an increase of .0012 V/mJ (R2= .9938).  The signal from the following day was stronger than the output signal from the previous day.  The ratio of the previous day’s output to the following day’s output was .9011.  Refer to Figure 5.  It is possible that the flashlamp increased in output overnight, explaining the rise.  Because the output signal did not decrease after pulsing the fiber overnight, it can be expected to hold up in the purity monitor for long periods of time without the fiber losing its effectiveness.  The durability of the fiber is not a major source of concern.  Future work may be done to test the durability of the fiber at low temperatures.  
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Figure 5
This graph compares the signal from the flashlamp before and after being pulsed overnight.

The Photocathodes

[image: image1.emf]It is important to get the strongest signal possible to measure the lifetime of electrons in liquid argon accurately.  One of the areas of improvement is the photocathode efficiency.  To test photocathodes in liquid argon requires ultrapure liquid argon, which is not always available and makes things difficult.  It is possible to test the cathodes in vacuum because both argon and vacuum transport electrons readily.   The vacuum system used consists of a baseplate, belljar, a turbo-molecular vacuum pump, electrode feedthroughs, and a feedthrough for the fiber as well.  The flashlamp was still outside of the belljar, so an epoxy was used to seal where the fiber went inside the belljar from                         Figure 6                       underneath in order to maintain the vacuum.  Two copper plates were placed in a belljar and the necessary electronics were set up such that a potential difference was applied between the two plates.  After the photocathode was attached to the cathode copper plate, the fiber was aimed at the photocathode from above.  In Figure 6, the middle plate is not important to this experiment.    

Due to the photoelectric effect, electrons are released from the photocathodes when light is shined upon them depending on the work functions and the energy of the light.  The electrical signal pulse from the cathodes goes through a low noise field-effect trasnsitor (FET) pre-amplifier, and displayed on a digital oscilloscope.  It allowed an averaging feature to detect the signal over many flashes.  Gold is typically used in a purity monitor, and in addition to investigating gold, silver, gallium arsenide, cesium iodide, gadolinium, niobium, and silicon were also tried as potential photocathodes in the belljar.  The output voltages were linear with increasing intensity for all photocathodes,.  Refer to Figures 7 and 8.
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Figure 7

This shows the weaker photocathodes, with gallium arsenide exlcuded.
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Figure 8

This graph shows the signals from the photocathodes tested using the fiber and flashlamp.
	Material
	Slope (V/mJ)
	R2
	Work Function (eV)
	Work Function

(nm)

	Gold
	1x 10-4
	.9993
	5.1
	243

	Silver
	4 x 10-5
	.9994
	4.73
	263

	Gallium Arsenide
	9 x 10-4
	.9986
	4.13
	301

	Niobium
	2 x 10-5
	.9905
	4.3
	289

	Gadolinium
	3 x 10-5
	.9971
	2.9
	428

	Cesium Iodide
	4 x 10-5
	.9971
	6.1
	204

	Silicon
	2 x 10-5
	.9905
	4.52
	275


Gallium arsenide was the only substance we tested that gave any sort of strong signal.  It can be inferred that it is the best substance to use in the purity monitor, because the other substances likely will not generate enough electrons to allow the detector to find impurities in the argon.  Gadolinium, silicon, silver, cesium iodide, niobium, and gold are probably not suitable photocathodes for the purity monitor.  The failure of the rest of the cathodes is somewhat surprising, especially considering the work function of gadolinium being so low.  We expected to see the largest signal generated from the gadolinium, but this was not the case.  The gold and cesium iodide gave much better signals than the prediction based on their work functions being higher than the other materials, but nowhere near the signal of the gallium arsenide.  Future work could include testing other materials with low work functions to measure the signals generated.  Valuable information may also be learned from testing the photocathodes at very low temperatures to further simulate the purity monitor.

The LEDs

An alternative to having a flashlamp and fiber act as the light source in the purity monitor is using light-emitting diodes (LED) that emit light in the ultraviolet spectrum.  LEDs are much easier to work with in a purity monitor; because the fiber is fairly brittle, replacing it in the purity monitor is very difficult.  LEDs are cheaper as well.  We used UVTOP UV LEDs from Sensor Electronic Technology, Inc.  Two LEDs were obtained, one emitting at 355 nm wavelength and the other at 255 nm.  Ultraviolet photons are more energetic than photons in the visible light spectrum, which is why they may work better on photocathodes.  The 255 nm emits more energetic light due to the shorter wavelength, therefore it is of particular interest.  

A resistor was attached in series with the LEDs to limit the current flowing through them, and then the LEDs were placed next to the vacuum photodiode to measure their output.  A voltage was applied across the LED and resistor and the LED would emit its ultraviolet light.  The UV light produced a current in the photodiode due to the photoelectric effect.  The output currents were measured with different voltages applied to the LEDs.  To maintain consistency with the fiber tests, the vacuum photodiode was placed in a light-tight box to prevent outside light from getting in.  The 355 nm LED gave a much stronger signal in the phototube than the 255 nm LED. 

The data shows a much higher output voltage for all currents through the diode.  Refer to Figure 9.  The LEDs would probably not be of very much use in the purity monitor, especially because the intensity is so low on the 255 nm LED.  If it would be possible, many LEDs aimed at the same photocathode may work.

                                   255 nm                    355 nm

	Current diode (A)
	Vout (V)
	Current diode (A)
	Vout (V)

	0.13
	0.068
	0.23
	1.86

	0.17
	0.092
	0.28
	2.6

	0.217
	0.158
	0.317
	2.92

	0.26
	0.218
	0.36
	3.22

	0.303
	0.292
	0.4
	3.4

	0.347
	0.32
	0.4
	3.4

	0.387
	0.376
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Figure 9
This graph shows the signals generated from the UV LED’s with current running through them in the vacuum photodiode.
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