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Introduction

This study of low-intensity photon detection was driven by the need for a small,
inexpensive and efficient photo detector. These detectors, to be used by experimental particle
physicists, would be used to determine how much energy went into an experiment in a
particle accelerator. First, electrons are@ated in an electron gun. These electrons would
then shoot through a thin piece of material, where if they hit a nucleus, the electron might
lose some energy and produce a resulting photon. The photon would then go t@wer the
experiment, while the lower-energy electron wouldn’t have enough energy an@auld goto
the electron dump and fall into a detector. Therefore for every photon that goes into the
experiment, there is Bfesulting electron. @eoretical physicists use this information to
calculate the energy of the photon that goes into the experiment. The electron that goes into

EZne detector creates a L¥jle very high energy photon that goes through optical fibers to a
@cintilliser.
Currer—chnology uses a device called the photomultiplier tube as a Ehtilliser,
which still relies on vacuum technology. In a photomultiplier tube, a photon would hit a
@harged dynode plate, which would release a shower of electrons. These electrons would be
bent by @.agnet into another dynode plate which would produce a proportionally larger
shower of electrons. By the end of a series of 10 — 12 dynodes, the@‘rgy of the photon is
multiplied by 10”6 or about a million times. These tubes are very efficient in multiplying the
@mrgies of the photon'=fough they are not very practical. @y are very large, especially
compared to the space which they are detecting in the detector. They alseirn out quickly
an@Ke up a very large supply of electricity. They are also very sensitive to strong magnetic

fields wher@ ey are used due the magnetic used to make each series of electrons hit each
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Richard T Jones
It is the beam that is created, not the electrons themselves.  Electrons are normally bound inside atoms, but a laser shining on the cathode inside the gun excites a steady stream of free electrons, that are then accelerated into a beam by electric fields.

Richard T Jones
It is imprecise to say that they "power" the experiment, better to say that they enter the experimental target, where they are converted into other types of elementary particles which the experiment is designed to study.

Richard T Jones
They cannot go both into the dump and into the detector.  If they radiate a high-energy photon then they are bent more sharply by the magnetic field and go into the detector.  If they get through without losing a significant amount of energy (most of them) then they go into the dump.

Richard T Jones
I would say "corresponding" electron that created it.
"Resulting" gives the opposite impression here.  It is the electron that causes the photon. 

Richard T Jones
Experimental, not theoretical.  There is a fairly neat division of labor between theorists and experimentalists.  This part is on the experimental side.

Richard T Jones
Even though you don't mention it here, the experiment itself also is called a detector.  So there are many detectors involved in the experiment.  The ones you are talking about are called the "photon tagging" detectors.  It would help to give them a name and explain briefly why they are called "tagging" detectors, they "tag" the energy of the photon.

Richard T Jones
actually at this point the electron does not create a single high-energy photon.  It can do that, and sometimes it does, but once it gets into the detector that makes no difference because the photon just goes through everything and into the wall at the back of the room.  Regardless of whether that happens or not, the electron itself just carries on doing its thing inside the detector, which is to create "scintillation" light.  These scintillation photons are what are collected inside the optical fibers and detected.  These are visible wavelength photons, not high-energy ones.  X-rays and gamma rays are penetrating radiation and cannot be contained inside optical fibers -- they would just go straight through them and out the sides.

Richard T Jones
I think you mean scintillator here.  The photomultiplier tube is what converts visible photons to electrical signals; whereas the scintillator is what causes the high-energy electron to make visible light.  So the chain of causes is as follows:

1) a high-energy electron comes
2) it enters a scintillating fiber, which is a tube of transparent material containing atoms that produce scintillation light when excited
3) atoms are excited along the path of the passing high-energy electron
4) excited atoms give off their energy by emitting a brief flash of visible light called scintillation.
5) some of the scintillation light is captured inside an optical fiber and travels along the length of the fiber to the end
6) a sensor at the end of the fiber converts the light pulse into an electrical pulse. 

It is part (6) that we are improving with this new technology.

Richard T Jones
The photon does not hit the dynode.  It hits the cathode and emits a low-energy electron known as a "secondary".  This electron is then accelerated to the first dynode, where it multiplies by producing several more secondaries.  This process is repeated until several million secondaries are produced.

Richard T Jones
there is no magnetic field in play here, only electric fields.  Actually, magnetic fields ruin the performance of this device if they are very large.

Richard T Jones
energy is not multiplied, only the number of particles involved.  At the start there is only one photon, but at the end there are millions of electrons in the pulse.  This is why it is called a "multiplier" or "amplifier".

Richard T Jones
not energies

Richard T Jones
That depends.  For some experiments they are too small, but for experiments with detectors the size of optical fibers, there is a clear size mismatch.

Richard T Jones
actually phototubes do not "burn out" because there is no hot element inside.  They can operate for 10 years or more without significant degradation.  I would say that their robustness is why they are still used so much.

Richard T Jones
they do not require much electrical power.  They do require high voltage.  This is something different.  We can discuss it.

Richard T Jones
not quite right here.  The magnetic fields are needed for other parts of the experiment, and actually interfere with the operation of the photomultipliers.

Richard T Jones
photon sensor.

Richard T Jones
photon sensing technology

Richard T Jones
although


dynode so they need to be separated certain distance away from the where the detector
actually exists. The very strong magnetic fields in the actual accelerator experiment as well
as tl@acking magnet keep it from working properly. Therefore scientists are trying to find a
solution to this problem by using different ways to detect IB.ntensity photons. An effective
and inexpensive photo-diode would be very helpful to experimental particle physicists. They
would be able to wire these @adiode directly into the detector, which would make the
entire system dramatically less complicated. There would be less fiber-optic cable running
out of the detector an@ntire rooms would be unneeded. Each photo-diode would also be
much cheaper and easier to replace than a photo-multiplier tube. All in all, it would make
experimental particle physics more@wenient.

The solution we Eosed is that instead of using a series of dynodes to@ltiply the
energy of the photon hitting the detector, we would have it just hit &=¥ighly charged plate,
creating just one very high energy electron, which could then be detected. This method is
more efficient than the photomultiplier tube because thephotodiode, as it is called, is much
smaller in size than a photomultiplier tube. It also L@ less electricity and is not sensitive to
strong magnetic fields. @ also cheaper to implement than photomultiplier tubes. The only
problem is that instead of multiplying the energy 1076 times, they only multiply it 10"4 or
about 10,000 times. Therefore@ysicists aren’t sure if they are capable of detecting single
photons that are produced by the detector.

What we planned to do is to build a circuit that would make a LED make a very low
intensity pulse of photons and a circuit that could interpret the information that came from
the photodiode. By pulsing very low intensity Bons into the photodiode, we were going to

find out if the photodiode was capable of detecting single photons.
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Richard T Jones
tagging spectrometer

Richard T Jones
low-energy.

There are two things here: intensity and energy.  The energy is about the wavelength.  Here low-energy is visible light.  That is what we want to detect.  The intensity is another issue.  We want to detect brief pulses that contain only a few photons each.  But you haven't spoken yet about the concept of photon intensity so you cannot drop it in just yet.  It breaks your logical flow.

Richard T Jones
photodiodes

Richard T Jones
there are no actual rooms eliminated.  High energy experimental halls are giant buildings with tall ceilings that contain the entire experiment within one exclosure.  It is better to say that large arrays of high voltage power supplies can be eliminated.

Richard T Jones
reducing cost and complexity is more important than convenience.

Richard T Jones
we studied (proposed is claiming too much for ourselves, it has been proposed by the entrepreneurs who invented these devices.

Richard T Jones
The amplification inside a hybrid photodiode does not work like you describe here.  What we are replacing is the multiple stages of the dynode ladder with a single stage.  In that single stage the electron is accelerated through a large potential just like what happens inside a glass television set.  In a tv tube the electrons hit a large-area screen coated with fluorescent dyes that glow in different colors to produce the picture.  In the HPD the electrons hit a disk-shaped diode and create a pulse of electrical current.

A diode acts like a one-way valve for electrons, allowing current to flow in one direction and blocking current when it tries to flow in the reverse direction.  The diode in the HPD is reverse-biased so that it blocks electrical current, but when the high-energy electron hits it, it releases several thousand electrons that flow on the diode circuit as a pulse of electric current.

Richard T Jones
requires a lot less voltage to operate

Scientifically it is not clear what "less electricity" means in this context.  If it means fewer electrons, then that is not really true.

Richard T Jones
amplify the signal of the photon

Richard T Jones
"hybrid photodiode".  A photodiode (alone, without the word "hybrid" in front") just makes one electron per photon instead of thousands, so its applications are limited to cases where there are large numbers of photons to detect.

Richard T Jones
Unfortunately, these devices are still more expensive than photomultiplier tubes.  They are similar to PMT's in that they are vacuum tubes (glass envelopes with vacuum inside) and also require high voltage power supplies, two factors that make producing and using them quite expensive.  There is another option called a "silicon photomultiplier" that solves these two problems that we want to investigate further.  The big problem that the HPD solves is the sensitivity to magnetic fields.

Richard T Jones
it is better to say, "it is not clear whether these devices are capable..."

Richard T Jones
low-intensity photon pulses.
A photon is the irreducible quantum of electromagnetic intensity and cannot be made more or less intense, just the number of them per pulse can be changed.


Problem and Hypothesis
Problem — A better photo-detector is needeEmodern particle accelerator to make it

more space and cost efficient
@pothesis —The ne@notodiode IS Ensitive enough photo-detector that is cost

efficient as well as space efficient while having other advantages such as being unaffected by

magnetic fields
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Richard T Jones
for modern nuclear physics experiments which are more compact and less sensitive to magnetic fields.

Richard T Jones
hybrid photodiode

Richard T Jones
is sensitive enough to detect few-photon pulses of light, as well as being compact and insensitive to magnetic fields.

Richard T Jones
Proposed solution:

This project was directed at making better instruments for experiments, so itself is not really its own experiment with its own hypothesis,


Procedure
The first part of the Briment was to design tm@ircuits that would serve their
purposes. One is needed to B\/er the LED that would S=gply the source of the light. It would
have to turn a square wave that is produced by='generator into @lnguishable signal wiverrit
ts-deteetec To have the LED produce the small amounts of photons with a measurable yield,

E

e-ywould-ereate-at se his is done by using an operational amplifier with a negative

feedback loop. @JUBG would rermetty release a large @ount of energy in a short amount of
time. Therefore, the circuit also needs to be attenuated so that the LED W-¥id produce very

low a@unts of photons E-n—n—mm Eln it would be possible to test the new photo-

diode because it w@ supply the-experimentwith a controllable amount of low-intensity

electrons. Fhe-sens s e ; carsetes 1other circuit would then need to

be made to connect it to the oscilloscope, where-the-sigrat-that-comes-eutofthephotodiode
wotteHse-ina-form-that-coutd-be-anatyzed:

@. box also should be built to contain all the mechanisms that make up the system. It
should be very tightly sealed so to minimize all other ambient light sources besides the light
from the LED. This would keep all the other photons that come from various sources in the
room from interfering with the experiment. Also, black drapes were placed over the box to
further block the ambient light from penetrating into the experiment. These steps were taken
to make the experiment as reliable as possible. Also, due to the nature of the experiment, a
very small amount of ambient light could greatly skew the results. The photodiode would
then not be able to differentiate between the random photon spikes that result from ambient

light or the spikes that come photons released by the LED. The box also =4d spaces where
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Richard T Jones
research project

Richard T Jones
electronic circuits for the purpose of testing photodetectors in the presence of controlled low-intensity light pulses.

Richard T Jones
to drive the LED

Richard T Jones
serve as

Richard T Jones
by an electronic pulse generator

Richard T Jones
into a very narrow voltage spike.

Richard T Jones

Richard T Jones

Richard T Jones
When the LED is stimulated by a narrow voltage spike, it produces a flash of light of very short duration.

Richard T Jones
The conversion from a square wave to a narrow spike is accomplished using

Richard T Jones

Richard T Jones
A large-amplitude voltage spike would

Richard T Jones
number of photons

Richard T Jones
produces

Richard T Jones
numbers

Richard T Jones
per pulse.

Richard T Jones

Richard T Jones
This controlled low-intensity pulser is required for testing ...

Richard T Jones
supplies

Richard T Jones

Richard T Jones

Richard T Jones
The second circuit amplifies the pulses coming from the hybrid photodiode so that they are large enough to be displayed on an oscilloscope screen.

Richard T Jones

Richard T Jones
In this paper, you are reporting on what you did.  You should avoid any sense of instructing someone in what he/she should do or not do.  Expressions like "it should be very tightly sealed" would serve well as instructions for a classroom laboratory experiment, but not a scientific article.  These are important elements of style for scientific writing.
You have some flexibility in use of present and past tenses.  For example, you can say "low intensity pulses are required..." to express a non-historical fact, or "low intensity pulses were generated..." to express a historical fact, but you would not say, "to carry out these measurements, a circuit should be built..."

Richard T Jones
contained electrical feed-through connections to the...


the photodiode and the LED wetHe=sit so that when the box was closed, these two devices
could still be operated.

An oscilloscope was used to analyze and display the data that came from the
experiment. An oscilloscope is a device that measures the electrical potential :Bﬁdifferent
circuits. One of the circuits that the oscilloscope measured was connected to the input signal
that was fed into the LED. Another was connected to the circuit that was coming out of the
photo-detector. Therefore, the oscilloscop@ould be able to show how what kind of signal
was put into the setup and also what signal came out of the device. It would show how the
device changed the signal and also to see how far and how accurately the output could be

=6tinguished from the input signal.
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Richard T Jones

Richard T Jones
difference between two points in an electrical circuit.

Richard T Jones
Here, "would" switches from telling what you did and why to something prescriptive.  You should say something like "the oscilloscope displayed simultaneously the inputs and outputs from the test setup."

Richard T Jones
not sure what this means, aren't output and input different circuits?  You mean, to show how the amplitude of the input spike was reflected in the size of the output pulse, something like that


Review of Literature

* To be added to when resources are used

o ... figure it out later after | finished
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Results

@The experiment produced no answer to the problem posed in the introduction

=

necessary so that a correct input can be put into the testing LED. With a pulse, the LED

signal was successfully==énsferred from a square wave to a pulse. This step is

would constantly flash, demonstrating a recognizable and measurable signal that could be

detected by the photo-diode.@ the oscilloscope, the two colored lines that showed the

electrical potential of the two circuits jumped in unison with each other and there was a clear
correlation between the change of voltage in the square wave input and a corresponding spike
in the pulse output.

@ The photo-detector was also successful in detecting low intensity photons to a limited
degree. Input pulses into the LED produced corresponding output spikes from the photo-
detector. This shows that the photo-detector can detect photons as a whole. It is the control
we used for the experiment to see if the photo-detector as well as our circuit worked. Then
the amperage of the signal that led into LED was greatly reduced. This would allow us to
simulate the conditions in a particle accelerator. As the input amperage was turned down, he
output spike became smaller and less designable, eventually dissolving into the static
ambient light around it.

@ The experiment failed to provide any conclusive results that would determine whether
the new photo-diode was suited for a photodiode because there was no way of knowing
exactly how many photons were in the box or were produced by the LED. Therefore, there
was no way of measuring how much photons it was actually detecting and how sensitive the
photo-detector was. For the photodiode to be successfully used in a particle accelerator, it

must be able to detect every photon that hits it. At this point in the experiment, there is no
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Richard T Jones
This is a poor introductory sentence.  Start out this section describing what you accomplished.

Richard T Jones
transformed

Richard T Jones
You should start off showing a circuit diagram of the operational amplifier circuit that produced the pulses.  Describe how it works.  Show a graph of the input and output pulses you observed.

Richard T Jones
This will not mean anything to a reader without a figure.  The setup is still there, and I can make whatever figures you want for you to include in your paper.

Richard T Jones
Next you should show the circuit diagram of the amplifier that amplifies the signals from the HPD.  Explain how that circuit works.  Show a graph of the pulses that you obtained with this circuit, and show how to calculate the number of electrons in the pulse from what is displayed on the oscilloscope.

Richard T Jones
You should think a little more about this problem!  You have enough information from what you measured to answer the question.  It was a question that you were asked at the presentation, remember?  You need to do the math and produce the answer to the question, "How many photons are in that pulse you are showing in that slide?"  Then you can go on to say something about the minimum-size pulses that you might detect with the HPD.


way tell exactly how sensitive the photodiode is due to the lack of a control on the electrons
in the box. Also, it was not a very accurate test of the sensitivity of the photo-detector
because enough ambient light got in to disrupt the experiment. As the amperage of the input

@signal was reduced, the output signal did not disappear and become undetectable, the signal
generated by the random and static ambient light was so large that it masked the signal that
was coming from the LED. It wasn’t that the photo-detector couldn’t pick up the signal from
the LED, it was just the signal from the LED just became very diminished and
indistinguishable from the random ambient light.

@ A more conclusive result could be achieved if there was a known photo-detector, such
as a photomultiplier tube, to detect the amount of photons that were present in the container.
This would provide a control necessary to determine the exact sensitivity of the photodiode.
Also, a more accurate result could be achieved if the ambient light is further reduced from
the container. If more measures are taken the result would be more accurate, due to the

smaller degree of randomness that the ambient light provides.
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Richard T Jones
This is not what I observed.  What data are you basing this on?  Are there other explanations for these data besides ambient light?  What unique signatures would allow you to distinguish ambient photons from those coming from the pulser?  

Richard T Jones
Let's do some more work on this section.  I think we can improve it a lot, and make it more positive.


Conclusion
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