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PROJECT SUMMARY

Overview:

The objective of this proposal is to build a small Direct Fiber Positioning System consisting of a4 x 4
array of fibers on a 5-mm grid, each fiber providing a 3.6-mm x 3.6-mm range of motion, with control
circuits consuming less than 20 mW per fiber, and accompanied by a monitoring camera viewing the
illuminated fiber tips in order to demonstrate a positioning precision of better than 10 ygm rms over the
course of an hour at both warm and cold temperatures, and in both the horizontal and vertical orientations.
If successful, the prototype will demonstrate the feasibility of constructing a much larger array for a large,
ground-based telescope, which would then collect the spectra of faint galaxies more quickly than existing
technology. Current fiber positioning systems are limited in the number and rate of image capture, thus
limiting the speed of discovery. Our fiber positioning system increases the number of objects captured per
exposure. In so doing, the instrument will advance the study of the expansion of the universe and the
possible role of dark energy in that expansion.

Key words: astrophysics, galaxy formation, fiber positioning, multi-object spectroscopy, faint galaxy,
spectroscope, red shift, dark energy, universe mapping, electrical engineering, large telescopes

Subtopic Name: SP11-Other Space Related Technologies

Intellectual Merit:

This Small Business Innovation Research Phase I project will demonstrate a fiber-positioning system that
will permit the construction of an astronomical spectrometer with ten times as many measurement fibers
as any existing spectrometer. This project's innovation is the change from a mechanically complex fiber
positioning system to an electronically complex system. Electronically intensive design lends itself more
easily to mass production, long operating life, and inexpensive manufacture. This design permits the
fibers to be closely packed and quickly repositioned. It could reduce by decades the amount of time
needed for astronomers to answer questions about the nature of dark matter and to come closer to
precision cosmology.

Technical challenges of the proposed project include reducing the power consumption of the fiber control
circuit, miniaturizing the fiber control circuit, and the development of algorithms to overcome hysteresis
and creep in the piezo-electric actuator tubes. Open Source Instruments has electrical engineering
expertise, three decades of experience in the design of precision metrology instruments, and the
manufacturing resources required to construct and test the proposed instrument. Furthermore, the
company will be collaborating with astronomers in academia to ensure that the details of the design are in
harmony with the requirements of a practical, large-scale spectrometer.

Broader Impacts:

Verification of our innovation through construction of a prototype will move Open Source Instruments
closer to convincing end users that the product works. The end users, who are astronomers and
astrophysicists, will be presented with an opportunity to dramatically expand their ability to collect the
spectra of distant galaxies and advance their understanding of the universe.

This Phase I grant will permit Open Source Instruments to offer a full-time position to a physicist
graduate at a time when few companies are hiring new staff. It will permit us to support domestic
manufacturers and our existing professional staff by offering more hours of paid work. If ultimately
successful, out project has the potential to bring millions of dollars into Massachusetts with which we
would hire technicians, engineers, other skilled labor.

Should we be successful in Phase I, we will invite partnership with MIT Lincoln Labs CCD foundry in
the construction of a prototype fiber-positioner and spectrum imaging system. We believe this CCD
foundry to be an important resource for the future of astrophysics experiments. This project, in its final
version, could provide important work for the foundry.

Finally, the project would provide a less expensive and more efficient research tool for projects often
funded by federal dollars through consortia. This fiber-positioning system could allow those consortia to
achieve more of their research goals with their available funding.
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Elevator Pitch

Billions of dim galaxies are visible to the largest ground-based telescopes, and
each of these galaxies can make a small contribution to our knowledge by providing us
with a red-shift measurement. Red-shift measurements from a billion such galaxies
would permit a significant improvement in the accuracy of our measurement of the
expansion of the universe. For this reason, astronomers are considering how we might
construct an instrument capable of measuring the red-shift of fifty thousand galaxies
simultaneously, so as to accumulate a billion red-shift measurements in ten years.

Open Source Instruments Inc. (OSI) proposes to develop a compact and cost-
effective fiber-positioning system that will make it possible to build a fifty-thousand
fiber spectroscope. The spectroscope isolates and collects the light of a single galaxy by
placing the tip of an optical fiber at the location of the galaxy image in the focal plane of
the telescope. If astrophysicists want to measure the spectra of one billion galaxies in
ten years, with one hundred observing days per year, ten observing hours a day, and
half an hour per observation, they need fifty thousand (50k) fibers. Current fiber-
positioning technologies offer approximately 5k fibers in a 50-cm focal plane. The
technology we propose will permit the installation of 50k fibers on a 1.2-m focal plane.
At the far end of each fiber, a system of diffraction gratings, lenses, and image sensors
obtains the spectrum of the galaxy's light. We propose in Phase I a novel and cost-
effective design for the fiber-positioning system for a 50k-fiber spectroscope, not the
optical system at the far end of the fibers. Existing technology for diffracting the light
carried in a large number of optical fibers [1, 2] appears to be capable of serving a 50k-
fiber spectroscope, it is not something we need to design in this proposal.

The Direct Fiber Positioning System (DFPS) we propose is mechanically simple
but electrically complex. The mechanics consist only of a piezo-electric tube actuator
and a guide tube. The slow and barely-perceptible bending of the actuator tube is
magnified by the length of the guide tube to position the fiber, while the fiber's own
control circuit delivers +250-V drive signals to the actuator electrodes. The simplified
mechanics permit us to decrease the spacing of the fibers from the existing technology's
10-mm spacing to a 5-mm spacing, allowing us to fit four times as many fibers in the
same focal plane as before. High-speed, low-power, serial communication between the
guidance system and the individual fiber control circuits permits us to control all fibers
simultaneously and continuously regardless of the size or density of the fiber array. The
DFPS not only quadruples the fiber density, it permits larger diameter fiber arrays to be
built with no increase in adjustment time between exposures.

Commercial Opportunity

The Direct Fiber Positioning System (DFPS) we propose will make possible a
fifty-thousand fiber spectroscope capable of measuring the red-shift of one billion
distant galaxies in ten years. Astronomers in the United States have already identified
the value of such a large-scale spectrographic survey and begun to consider how
existing fiber-positioning schemes might be improved so as to make such a large, dense
array of fibers possible. This instrument would require a telescope with a large primary
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mirror and a one-meter focal plane, and the construction of any such telescope raises
the cost of implementing the spectroscope to the order of one hundred million dollars.
If the fiber array itself can be made for ten million dollars, and guarantee robust and
accurate operation for ten years, the fifty-thousand fiber instrument becomes both
practical and likely.

Now is the time to put forward a new idea for how to build the next generation
of high-density fiber-positioning instruments. It is in the next five years that the
comparison of competing proposals for such instruments will take place. The earlier we
begin to demonstrate the benefits of our DFPS, the more likely we are to convince the
astronomy community of its superiority.

When it comes to surveying a billion dim objects, we believe the superiority of
the DFPS over all existing fiber-positioning technologies is clear. Aside from its higher
packing density, the mechanics of the DFPS are vastly simpler than all but the original
plug-in fiber spectroscope, which permitted movement of the fibers by means of
replacing their drilled mounting plates. The DFPS requires no movement other than the
slow, slight bending of a piezo-electric tube. The complexity of the DFPS does not reside
in its mechanical components, but rather in its electrical components, which must
deliver 250-V control signals to all actuator tubes simultaneously. If its electrical
challenges can be solved, and we are confident that they can be, the DFPS will stand out
immediately as a technology that is far easier to manufacture and far more reliable in
the long term than its mechanically complex competitors.

If awarded Phase I funding, we will work closely with academic astronomers to
develop the most reliable and cost-effective solution to a widely-acknowledged
instrumentation challenge. If we succeed in demonstrating the superiority of our
design, we will be in a strong position to be awarded a sub-contract to manage the
production of a twenty-million dollar instrument. Our design team has spent the past
twenty years working together mass-producing opto-electronic instruments for large
physics experiments, and we have a long track record of delivering reliable devices on
time and on budget. We have no doubt that, if awarded a contract to build a fifty-
thousand fiber spectroscope, we will be able to do so and meet our expenses.

Commercial Market

Our marketing plan is to continue to demonstrate a successful, efficient system
so that we will be chosen to manufacture the fiber-positioning system for a fifty-
thousand fiber spectroscope. But we have been encouraged by our astronomer
collaborators to consider and provide for the installation of thousand-fiber systems for
telescopes with smaller focal planes, so as to support studies other than the survey of a
billion dim galaxies. Thus, the market for the DFPS will be two-fold: one or two large
telescopes and five or ten smaller telescopes. Our long-term goal will to provide a
spectroscope with fifty thousand fibers that will survey a billion galaxies. Our short-
term goal will be to provide spectroscopes with several thousand fibers to medium
sized telescopes at professional installations such as universities or national
laboratories.
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We do not propose to develop a design for fiber-positioning systems with fewer
than a thousand fibers. According to our estimates, the fixed cost of building the
auxiliary calibration and mounting system will make the DFPS too costly for smaller
telescopes, where the traditional plug-in fiber system will be more economical. Five
instruments of several thousand fibers, and one of fifty-thousand fibers provide a
market that is more than adequate to keep our company busy and profitable for a
decade.

Commercialization Approach

Our strategy is to build instruments that meet specifications provided by their
future users, rather than to invent our own specifications and later attempt to sell them
into a perceived market. In this case, the need for a fifty-thousand fiber spectroscope is
clear and unquestioned, provided it is practical to build. The goal of our research in
Phase I is to show that the DFPS can be produced efficiently on a large scale, as
described in this proposal. No researcher or academic department, no government
consortium will be a customer if they have no faith that the product will work. Because
all our work is open-source, we will share all our results, favorable and unfavorable,
with all interested parties. If the DFPS is a success, we will prove it to be so.

The bulk of our company's revenue recently arises from our sale of implantable
telemetry devices for laboratory animals. We have found in the telemetry research field
to date that sales have grown more through word of mouth and sharing at annual
meetings than through print marketing. In astrophysics, we believe that any attempt at
marketing spectroscope technology would be futile. The only way to convince the
community that a particular technology is the best is to present our work at conferences,
either directly, or in collaboration with an astrophysics department. We have been
presenting our work to physics collaborations for the past twenty years, so we are
confident in our ability to present the performance of the DFPS to astrophysicists.

The SBIR Phase I and a II will fund the development and design of the DFPS.
Once designed, the product will have a fixed cost for installation, and a per-fiber cost.
We are not yet confident in what these fixed and per-fiber costs will be, but we are
hoping the fixed cost will be of order one million dollars, and the per-fiber cost will be
of order two hundred dollars.

Innovation

We propose a novel system for packing spectroscopic optical fibers in the focal
plane of a large telescope. The fibers will be connected rigidly to piezo-electric tube
actuators, and their entire movement will be due only to the slight bending of these
tubes. The simple mechanical design of the Direct Fiber Positioning System (DFPS)
allows us to pack fibers on a 5-mm grid, which is four times the fiber density per unit
area than any competing fiber-positioning system [1, 2, 3, 4]. It also permits us to adjust
all fibers simultaneously. Compared to the DFPS, all existing fiber-positioning systems
are mechanically complex and hindered by laborious adjustment algorithms. The most
compact existing fiber-positioning mechanisms, such as the DESI instrument, occupy a
10-mm square per fiber [1], which is four times the area required by one DFPS fiber. The
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adjustment time per fiber for our system will be an order of magnitude faster than that
of the DESI system, as we can move all fibers simultaneously to new positions within a
few seconds. Our DFPS will permit the construction of an instrument with fifty
thousand (50k) fibers in a 1.2-m diameter focal plane. Because of its mechanical
simplicity, the DFPS will allow us to reduce the per-fiber construction cost of such
instruments by a factor of two. A 50k-fiber spectroscope would allow astrophysicists to
measure the red-shift of one billion galaxies in a single decade. We believe that our
DFPS will permit the construction of a 50k-fiber spectroscope at half the cost of any
competing system.

A single unit of the DFPS is a piezo-electric tube actuator that is controlled by
four voltages applied to four electrodes. The control voltages range from -250 V to
+250V with a desired precision £0.5%. The fiber is held inside a thin-walled hypodermic
steel tube that is glued into the end of the actuator tube. The mechanical simplicity of
this arrangement, which has no gears, motors, slip-rings, nor any other moving parts
other than the slight bending of the actuator tube and the gentle movement of the guide
tube, permits us to increase the density of fibers by a factor of four.

While the DESI system shares control signals between fibers, and so can move
only a few fibers at a time, the DFPS communicates with all its fiber control circuits
independently, allowing us to adjust all fibers simultaneously. Simultaneous
adjustment permits us to reduce the time required for re-positioning between
exposures, and so increase the number of exposures in each observation period. The
DFPS's rapid fiber adjustment and high fiber density make it possible to attain the
ambitious goal of measuring one billion red-shifts in a decade. The mechanical
simplicity and rapid response of the system requires a far more sophisticated electrical
system than those required by existing fiber-positioning systems. The design of a
prototype DFPS electrical system will be one of the main tasks of our Phase I work.

The smallest images of faint galaxies on a large telescope's focal plane are of
order 50 ym in diameter. We propose to use optical fiber with a 100-um diameter core.
The fibers position must be stable to 10 ym rms within the 3.6-mm square dynamic
range of fiber's actuator during an hour-long exposure. All piezo-electric materials
exhibit hysteresis and creep. We describe the mitigation of creep, and compensation for
hysteresis, in the technical discussion portion of this proposal. Without proper
mitigation, creep and hysteresis would undermine our desired fiber-positioning
accuracy and precision.

Generating the fiber control voltage is another key technical challenge. The fiber-
positioners are designed to be controlled in parallel, which means 200k control voltages
must be applied simultaneously to a 50k-fiber system. To generate the control voltages,
each fiber needs four high-voltage amplifiers. Each fiber needs a logic circuit to receive
instructions, and four eight-bit digital to analog converters to drive the op-amps. These
fiber-control circuits, must fit in small space beneath the mounting plane of the
actuators. In addition, the circuits must contain a 10-way connector to pug into the
bottom of the mounting board. Our initial system for Phase I will be designed to scale,
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in that the control systems and layout of control electronics will be packed with the
same density as the proposed large-scale DFPS.

In terms of intellectual property, Open Source Instruments, Inc. does not carry
patents. Any time Open Source Instruments, Inc. has an idea, we build a prototype,
write about it, and put it up on the web, thus preventing anyone else from patenting the
idea, or even using the idea in their own work without making their own work open
source. This process costs us little, requires no lawyers, and is immediate. If a
competing company can come up with an idea as quick as we can, they will have to
wait six months or more for a formal intellectual property protection process, and their
manufacturing will be delayed.

All our work is open source, with copyright held by author under the GNU
Public License. Under GNU Public License, any other agency wanting to make use of
open-source work cannot do so unless the entire work into which it is included will
itself be open-source. This strategy is both aggressive and effective. It does limit the
profit we can make on sales of our devices. We are quite happy to give up excessive
profit and the ability to exploit our customers. In turn, our customers are happy to
know that we will keep our profit margins reasonable and refrain from exploiting them.

The biggest technical challenges we face in demonstrating the feasibility of the
DEFPS are the electronic challenges we describe above. Designing, building, and
demonstrating the functioning of the electronic control system will be the main thrust of
our Phase I work.

The Company / Team

Open Source Instruments, Inc (OSI) is an electronics development company
whose goal is to build novel electro-mechanical devices that support scientific research.
We founded OSI in 2005 to manufacture precision survey instruments for experiments
running at CERN (Center for European Research Nuclear). We had designed these
survey instruments with Department of Energy funding while working in the Brandeis
University Physics Department. High energy physics instrumentation remains an
important part of the company's business, but has been surpassed recently by sales of
our implantable telemetry devices

The founder and chief executive of OSI, Kevan Hashemi, has a twenty-eight year
track record of designing accurate and effective instruments for the scientific
community, and managing their mass production for large experiments. Under his
management, the Brandeis University Physics Department manufactured thousands of
survey cameras that have been operating reliably for the past ten years in the ATLAS
experiment at CERN. He designed our implantable telemetry system fifteen years ago,
and the company now ships over five hundred implantable devices per year.

We will conduct the development of the high-density fiber array in consultation

with academic astronomers. The details of the diffracting spectroscope will be discussed
with MITLL. Our Phase I development will focus only on the front-end, dense, fiber
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array, MITLL has been generous enough to leave a channel for communication open to
OSI to discuss how new silicon and germanium image sensors might influence the
design of future astronomical spectroscopes, in particular how the ultraviolet, optical,
and infra-red sensitivity of these sensors will affect our choice of optical fiber. We
believe in Phase II we will be able to include them as a partner in the design and
construction of a prototype DFPS suitable for installation on a small telescope.

Our company's business model is provide open-source, cost-effective, and
accurate measurement tools requested by scientists. Everything we have ever made and
sold was designed at the request of researchers seeking to conduct an experiment they
had previously been unable to perform. The higher density of spectrographic fibers
provided by the DFPS, and its quicker adjustment time between exposures, will permit
astronomers to measure the spectra of ten times as many dim objects per observing
hour as any existing spectroscope system.

Our vision for the future is to continue to create electronic tools for research
scientists who want them. The DFPS clearly is within this vision.

Revenue History

The primary source of our company's revenue in the past ten years has been our
sale of Subcutaneous Transmitters (SCT). These are implantable telemetry devices for
use in laboratory animals. We spent five years working on reliable production of such
devices in collaboration with University College London, Oxford University, and
Harvard University. We started full production of the devices ten years ago, and since
then our sales to academic customers have grown steadily, and for the past three years
we have been supplying SCTs to a large pharmaceutical company as well. We have
approximately $100k in operating cash. Our only creditors are the company directors.
We are not beholden to venture capital.

With only 4FTE employees, the company remains small, but the growing
number of researchers using our products, and the retention of existing customers,
indicate company longevity and point to continued success. In 2011 we sold fifty SCTs.
In 2020, our annual sale of SCTs has been roughly 500 pieces, with total telemetry-
related revenue of around $250k/yr. The epilepsy research market alone has proved
large enough to generate our current sales of 500 SCTs per year, a growth of 25% per
year from our starting point of 50 SCTs in 2010. We project a continued growth rate of
25% of sales of this family of devices alone.

Open Source Instrument's success in selling research equipment to scientists
verifies our ability to market our devices and conduct sales. Key to our success is
creating tools that are effective and for which there is a definite need.

The company was awarded a Phase I SBIR from the NIH NIMH in September
2019 in conjunction with our partners at Cornell University. The award was to create a
prototype optogenetic, wireless implantable device for medical research. This grant has
changed Open Source Instrument's revenue stream for 2020, primarily we were able to
hire additional staff. The fiscal Phase I award ends December 15, 2020 and a report of
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work completed has been submitted. We currently have a Phase II pending proposal for
that project which went through its first round of review November 19-20. We expect to
know if we have been awarded Phase II in February 2021.

Below is a chart of Open Source Instrument's revenue since its inception. The
company turned a profit in its first year. The company has no debt and no venture
capital. The revenue number from 2020 is through November 17 and does not include
any SBIR Phase I funds, nor any PPP government loans.

Year Income
2010 | $27,693.03
2011 |$59,113.10
2012 $115,774.11
2013 |$198,716.52
2014 | $258,545.88
2015 $240,432.13
2016 |$339,879.00
2017 | $186,600.00
2018 |$250,460.00
2019 |$297,950.00
2020 | $189,420.00

Technical Discussion and R&D Plan

The number of spectrographic measurements that can be made on a given clear-
weather viewing night is dictated by the density of fibers and the speed at which they
can be repositioned. The DFPS system is novel because it increases fiber density by a
factor of four and increases the speed with which the fibers can be re-positioned. If our
objective is to measure the red shift of one billion galaxies in ten years, when there are
many more than one billion available for viewing, our fiber-array must be efficient,
dense, and quick to re-configure for the next measurement.

Our fibers do not have to be able to move to every point in the focal plane; if they
are able to move to at least one target that has not yet been measured. Thus, we propose
a 3.6-mm square dynamic range for our fibers, which themselves are spaced on a 5-mm
grid. Thus, each fiber covers 52% of the area occupied by its grid square. According to
our preliminary calculations, 50% cover of the focal plane is just as effective as 90%
cover when we are surveying one billion galaxies. This is because regardless of your
field of view of the fiber you can only acquire one object per acquisition. The deeper
field surveys that would allow the acquisition of a billion galaxies would have multiple
objects in the field of view of one fiber. This means that the benefits of having a large
field of view diminish as the number of objects in the field increase.
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The way the DFPS gains its advantage over existing fiber-positioning systems is
by transforming mechanical complexity into electrical complexity. While the existing
systems move only a few fibers at a time, and disable control voltages during
exposures, the DFPS generates control voltages continuously. The fiber density increase
is enabled by the simplicity of mechanical design. Because electrical complexity is easier
to mass-produce than mechanical complexity, the DFPS manufacturing cost per fiber
will be less than half that of any other system that has so far been proposed.
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Figure 1: A Prototype Direct Fiber Positioner

Each fiber positioner consists of a hypodermic steel guide tube, a piezo-electric
actuator tube mounted on a printed circuit board, an optical fiber with a 100-uym
diameter core, and an electronic circuit. The fiber is mounted in a ferrule and the ferrule
is held by the end of the guide tube. The guide tube is roughly 300 mm long, although
its exact length will be the subject of Phase I research. The base of the guide tube is
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attached to the top end of the actuator tube, while the base of the actuator tube is
soldered to the circuit board so that it is vertical while the circuit board is horizontal.
The actuator tube is roughly 40 mm long and 3.6 mm in diameter. The fiber runs down
the center of the guide tube, through the actuator tube, and out through a hole in the
circuit board.

In Phase I we will first construct a single fiber attached to a larger than scale base
and fiber-control circuit. There is only one component of this system that generates
mechanical movement: the actuator tube. It bends by a few milliradians, and this
movement is amplified by the guide tube to a 3.6-mm square. As point of comparison,
the diameter of the DESI positioning system is 10.4 mm and comprised of two rotating
brushless motors [1]. Because of their mechanical simplicity, we believe we can
manufacture our fiber positioners in large quantities for around $200 per element, and
they will be more reliable in a long-term experiment because there are fewer moving
parts to fail.

There is, however, a cost to these mechanical simplifications: the electronic
control system will be complex and sophisticated. But electronic complexity is more
reliable than mechanical complexity, and easier to manufacture in large quantities. We
will begin our project by creating a large, single fiber “system” to test, and then we will
proceed to miniaturizing the mounting board and fiber-control circuit for a 4 x 4 fiber
array.

Challenge: miniaturization of electronics to 5-mm spacing

Each fiber positioner will be equipped with its own 5-mm wide fiber-control
circuit that plugs into the underside of the base board and protrudes some 30 mm
below the plane of the array. We must fit four +250-V amplifiers, a logic chip, an
oscillator, digital to analog converters, and a ten-way connector in a 5-mm square
footprint, while still allowing for a hole in the circuit board for the fiber to pass through.

In an array of 200 x 200 fibers we would control each row of 200 fibers with a
four-wire serial interface running along the length of the row. This interface would be
able to select and instruct each fiber-control circuit in the row individually. Because
serial communication of this sort runs at millions of bits per second, updating the
control voltages of all 200 fibers will take tens of milliseconds. Each fiber-control circuit
will be equipped with its own micro-power logic chip running an efficient, embedded
microprocessor. Upon receiving its identifying number on the serial interface, the fiber
controller will receive new X and Y actuator control values, which will produce the
inputs to the low-power, £250-V amplifiers that drive the actuator tubes. There will be
four such amplifiers on each fiber-control circuit, one for each electrode on the piezo-
electric tube.
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Challenge: power consumption less than 20 mW per fiber

Mounting the required circuity in a small package and keeping power
consumption below 20 mW per fiber is critical to the success of the system. This is
because high heat output could affect the telescope optics. Low power usage is critical
to minimizing this effect. While other fiber-positioning systems apply control voltages
only temporarily to their mechanical actuators, the DFPS applies its control voltages
continuously and requires electrical stability during the entire exposure period. The
sustained application of +250-V control signals during the exposure is a critical
difference between our control system and those of existing fiber-positioning systems.
Upon the successful conclusion of Phase I we will demonstrate that we can deliver 250-
V control voltages with sufficient accuracy, stability, and energy efficiency to permit the
construction of a 50-k fiber instrument.

There are numerous details of the DFPS design that we must work out before we
propose a final system design. We must select the best material for the guide tube. Our
first choice is stainless steel, because it is inexpensive. But we must confirm that
stainless steel is sufficiently stiff to provide stable fiber-positioning as a telescope
rotates. Carbon fiber tubes are stiffer, but far more expensive to manufacture. Another
concern with the tube is that during and after movement the tube must not vibrate.

The fiber positioner could also be affected by temperature changes in a ground-
based telescope. Such telescopes are usually installed on mountain peaks where it is
cool and dry. At night, the temperature can drop well below freezing. We must measure
the effect of temperature upon the hysteresis and creep exhibited by piezo-electric
actuators. We will test the array in a deep freezer modified to allow for wires accessing
the array and fiber-control circuits inside the freezer, which will replicate cold
conditions. Our hope is that temperature will have little effect on the tubes, but if there
is a significant effect, we must measure and quantify those to maintain the accuracy of
the DFPS.

The ability of the DFPS to place a fiber tip at the image of a faint galaxy in the
focal plane of a telescope is contingent upon a thorough and reliable calibration of every
fiber in the array with respect to the image plane. Each actuator tube will be placed with
some translational and rotational error when it is soldered to its printed circuit board
base. The DFPS calibration will measure how the actual fiber tip position varies with
control voltage, as to account for variation between fiber assemblies. Without a
calibration procedure there would be no way to position the fibers as each one would
behave differently from the next.

Challenge: overcoming hysteresis and creep
Before we discuss the current plan for the calibration procedure it is worth
discussing two important and detrimental mechanical behaviors exhibited by piezo-

electric materials: hysteresis and creep. Both affect how the piezo-electric crystal
responds to voltage and voltage changes. Hysteresis in the response of the piezo-electric
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tube arises because the state of the piezo-electric crystal is a function of the history of its
control voltages [5]. These properties significantly complicate our ability to create a map
of voltage to position. Ideally, we would be able to create a 1-1 map where each specific
voltage level corresponds to one position inside our 3.6-mm square range. Instead we
are forced to create a reset procedure that sends the fiber back to a well-defined position
and state before we move to the location required for image acquisition. We have begun
research on reset procedures, with encouraging initial results, which suggest that the
effect of hysteresis can be overcome.

The creep of the actuator tube manifests itself as continued, slight movement of
the fiber tip despite no change in voltage applied to the actuator. This continued
movement slows with time, and our initial work demonstrated that the movement can
be predicted and mitigated by making small adjustments to the control voltages in the
minutes following an large movement, stabilizing the fiber position to within +10um.
Our hope is that we will be able to drive fibers to a known location in the focal plane in
one step. We will then check their locations before we begin exposure, by taking an
image of the fiber tips with our calibration camera. Our scheme for calibration is not
new: it is the same scheme that has been applied with success in all other fiber-based
astronomical spectroscopes. We will illuminate the far ends of the fibers so that their
tips glow in the camera focal plane, and we take a picture of the glowing tips with one
or more cameras placed above and to one side of the focal plane. The calibration of
these cameras is a complex and subtle exercise in assembly and geometrical calculation,
but we are well-familiar with such work, given our decades working on the alignment
systems for large physics experiments, and in any case: this problem has been solved by
other experiments with success. We assume, therefore, that such calibration cameras
exist, and all we need do is take a picture of the fiber tips to know where they are. If
they are near where they are supposed to be, we adjust their position so that they are
perfect. But we expect to need no more than one such adjustment prior to each
exposure.

We may need to develop a creep and hysteresis calibration for each individual
fiber. We will study the variation in hysteresis and creep from one piezo-electric tube to
another in our Phase I research. If hysteresis and creep vary with temperature as well as
from tube to tube, we will have to resort to more than one calibration camera viewing of
the fiber tips between spectroscope exposures.

Our DFPS design assumes that the far end of the fiber will be connected to a
spectroscope as well as a mechanism for back-illuminating the fibers for the calibration
camera. The design and manufacture of these optical systems will not be a part of our
Phase I work, beyond making sure that our choice of optical fiber is consistent with a
practical spectroscope and back-illumination system. We will be discussing with MIT
Lincoln Laboratories, which houses one of the few remaining CCD foundries in the
world, to make sure our DFPS system is capable of taking advantage of the
measurement capabilities offered by the latest silicon and germanium image sensors.

During our Phase I research, we will be consulting with astrophysicists in
academia to make sure that the details of our DFPS design remain consistent with the
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goals of astronomical spectroscopy. We will be in regular communication with
Professors Tereasa Brainerd of Boston University and Daniel Eisenstein of Harvard
University, both of whom have contributed letters of support to this Phase I application.
We also hope to devise, in consultation with Professors Brainerd and Eisenstein, ways
to apply our DFPS idea to smaller telescopes, in arrays of thousand fibers rather than
the tens of thousands of fibers that motivated our original thinking.

Work Plan

In the graphic below is a schedule for our planned R&D in Phase I. Some of the
activities can be completed in parallel while others must be sequential. We will begin
by developing our low-power £250-V amplifier [6] and settle upon a guide tube
material so that we can design our first, large fiber positioner. We will choose a piezo-
electric actuator and fiber with apertures related to the sought after output. Then we
will construct the first, single fiber system on large scale with a non-miniaturized fiber-
control circuit, row-differentiator. Part of this process will also be setting up the
monitoring camera and software controls.

We will demonstrate precision with this single fiber in horizontal and vertical
positions. We will test the ability to move the fiber and have it hold its position in cold
and warm environments. Once satisfied with our findings and adjustments, we will
proceed with constructing miniaturized fiber-control circuits and 16 moveable fibers for
a 5mm grid mounting board.

Once we have built the first 4 x 4 array, we will be able to begin our study of
hysteresis and creep in earnest, with the goal of quantifying the best possible
procedures for mitigating both effects. Our final milestone is to measure the precision of
our positioning system with the help of a camera viewing the fiber tips. We will
measure the precision with which we can return to a particular position and hold that
position for an hour. Our assumption will be that 10-um rms precision in placing and
stabilizing the fiber tip will almost certainly allow a calibration system to map out how
control voltages are related to actual, absolute fiber-tip positions in the telescope focal
plane.

Mar1-Aprl § Determine guide tube material
Mar 1-May 1 I Develop our low-power +250-V amplifier
May1-Jun1 Test piezo response to temperature
1-Jun 1 BN Drive piezoelectric tube with four +250-V Op-Amps
y1-Sep 1 I Develop Smm? footprint PCB with all control electronics
Sep 1-Nov 1 | Run 4x4 array with finalized control electronics
Nov1-Jan 1 N 10::m rms precision in placing and stabilizing fibers

Jan 1-Mar 1 I Create and develop calibration setup
Feb 1-Mar 1 SN Calibrate 4x4 fiber array
2021 2022
Mar May Jul Sep Nov Jan Mar
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Milestones

1. Choose the guide tube material.
2. Choose the actuator tube.
3. Construct a non-miniaturized, single-fiber DFPS.

4. Demonstrate better than 10-um precision in the single fiber DFPS, in vertical
and horizontal orientations, at temperatures 25C and -10C.

5. Construct a miniaturized fiber-control circuit.
6. Construct a 4 x 4 fiber-positioning array with monitoring camera.

7. Demonstrate full range of motion, 10-um precision, and stability of 4 x 4 array.

Conclusion

Our objective for this proposal is to build a Direct Fiber Positioning System
consisting of an array of fibers on a 5-mm grid, each fiber having a 3.6-mm square
range of motion and consuming less than 20 mW per fiber, accompanied by a
monitoring camera viewing the illuminated fiber tips so as to demonstrate a positioning
precision of better than 10 ym rms over the course of an hour at warm and freezing
temperature, and in horizontal and vertical orientations. We have the technical ability,
the physical resources and the outside guidance to do so.
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Budget Justification

A. Senior Personnel
Salaries and wages are based on standard rates/salaries which are comparable to others
doing similar effort.

Kevan Hashemi, Chief Engineer, will work 6 months on this project at an annual rate of
$120,000. His responsibilities will include project oversight, electrical design, experiment
design, and mechanical design.

James Bensinger, Physicist, will work 1 month on this project at an annual rate of $168,000.
Dr. Bensinger brings a wealth of project management experience to Open Source Instruments.
He will guide the project in the hands of the professional and technical staff.

For contributing personnel we request a fringe benefit rate of 7.65% for FICA, which is
included in our indirect request, line I.

B. Other Personnel
Salaries and wages are based on standard rates/salaries which are comparable to others
doing similar effort.

Jordan Kaufman, Technician, has a bachelors degree in physics and is interested in working
as an engineer. He has been with Open Source Instruments since August 2020, however, he
worked at CERN with Dr. Bensinger for a year prior and also with Kevan in the Brandeis
University engineering lab of the Physics department. At Brandeis, Jordan conducted
preliminary experiments on the piezo electric tube concept, which is the basis of this
proposal. Jordan will work 9 months effort at an annual rate of $60,000. His responsibilities
will include electronic design, mechanical design, technical execution of construction,
experimentation, testing of light reception, and analysis of results.

Andrey Dushkin, Mechanical Engineer, has more than 30 years experience in mechanical and
material engineering and is the head mechanical engineer for the physics department at
Brandeis University. He will be asked to design parts for the fiber positioning system which
must be machined. In particular, he will apply design expertise to fiber mounting.

C. Fringe Benefits

Open Source Instruments charges fringe benefits as an indirect cost. The fringe benefits will
be 7.65% for each employee and health benefits for those who need it. We will charge these as
an indirect cost.

D. Equipment
No large pieces of equipment will be purchased under this grant.

E. Travel
No travel expenses will be charged under this grant.



F. Participant Support Costs
There are no participant support costs in this proposal.

G. Other Direct Costs
The following materials and supplies are requested to complete the proposed work:

Equipment and Materials Quantity Unit Cost Each Total Cost
piezoelectric tubes 30 tube $400 $12,000
optical fiber 1000 meter $5 $5,000
hypodermic steel tube 40 foot $100 $4,000
circuit board fabrication 10 lot $1,000 $9,000
miniature connectors 50 piece $50 $2,500
metal fixtures 4 piece $2,000 $8,000
Disposables: epoxy, wipes, solv 1 lot $2,500 $2,500
polishing equipment for fibers 1 lot $20,000 Existing Inventory
data acquisition electronics 1 set $3,000 Existing Inventory
data acquisition computer 1 piece $1,000 Existing Inventory
bare die LEDs for back-lighting 100 pieces $10 Existing Inventory

TOTAL $43,000

I. Indirect Costs
Open Source Instruments, Inc. requests and indirect cost rate of 40%

K. Fee
A fee to Open Source Instruments of not more than 7% of direct costs is requested $5,000



Revised 05/01/2020 NSF CURRENT AND PENDING SUPPORT OMB-3145-0058

*PI/co-PI/Senior Personnel Name: James R. Bensinger

“Required fields

Note: NSF has provided 15 project/proposal and 10 in-kind contribution entries for users to
populate. Please leave any unused entries blank.

Project/Proposal Section:

Current and Pending Support includes all resources made available to an individual in
support of and/or related to all of his/her research efforts, regardless of whether or not they

have monetary value.[Ll Information must be provided about all current and pending
support, including this project, for ongoing projects, and for any proposals currently under

consideration from whatever sourcel2l, irrespective of whether such support is provided
through the proposing organization or is provided directly to the individual. Concurrent

submission of a proposal to other organizations will not prejudice its review by NSF, if
disclosed.[31]

Please enter your support entries so they are grouped together based on the "Status of
Support" and are in the order of Current, Pending, Submission Planned, and Transfer of
Support from top to bottom

[1] If the time commitment or dollar value is not readily ascertainable, reasonable estimates
should be provided.

[2] For example, Federal, State, local, foreign, public or private foundations, non-profits,
industrial or other commercial organizations or internal funds allocated toward specific projects.
[3] The Biological Sciences Directorate exception to this policy is delineated in PAPPG Chapter
II.D.2.

CPS-10f 15



Projects/Proposals

1.*Project/Proposal Title :  Please note, currently Professor Bensinger is retired and has no grant or
in-kind support. This document submitted per requirement, but intentionally

left blank.
*Status of Support : ® Current QPending O Submission Planned O Transfer of Support
Proposal/Award Number (if available):
*Source of Support:

*Primary Place of Performance :

Project/Proposal Start Date (MM/YYYY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :

*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

*Year (YYYY) *Person Months (##.##) Year (YYYY) Person Months (##.##)
1. 4.
2. 5
3.
2.*Project/Proposal Title :
*Status of Support : OcCurrent Q) Pending O Submission Planned O Transfer of Support

Proposal/Award Number (if available):

*Source of Support:

*Primary Place of Performance :

Project/Proposal Start Date (MM/YY YY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :
*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

*Year (YYYY) *Person Months (##.##) Year (YYYY) Person Months (##.##)

1. 4.

2.

3.
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Projects/Proposals

*Status of Support :

*Source of Support:

3.%Project/Proposal Title :

Proposal/Award Number (if available):

*Primary Place of Performance :

Project/Proposal Start Date (MM/YYYY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :

*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

O Current QPending O Submission Planned O Transfer of Support

*Year (YYYY)

*Person Months (##.##)

Year (YYYY)

Person Months (##.##)

4.*Project/Proposal Title :

*Status of Support :

Proposal/Award Number (if available):

*Source of Support:

*Primary Place of Performance :

Project/Proposal Start Date (MM/YY YY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :

*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

OcCurrent Q) Pending O Submission Planned O Transfer of Support

*Year (YYYY)

*Person Months (##.##)

1.

Year (YYYY)

Person Months (##.##)

2.

3.
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Projects/Proposals

5.*Project/Proposal Title :

*Status of Support :
Proposal/Award Number (if available):
*Source of Support:

*Primary Place of Performance :

Project/Proposal Start Date (MM/YYYY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :

*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

O Current QPending O Submission Planned O Transfer of Support

*Year (YYYY) *Person Months (##.##) Year (YYYY) Person Months (##.##)
1 4,
2. 5
3.

6.%Project/Proposal Title :

*Status of Support :
Proposal/Award Number (if available):

*Source of Support:

*Primary Place of Performance :

Project/Proposal Start Date (MM/YY YY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :
*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

OcCurrent Q) Pending O Submission Planned O Transfer of Support

*Year (YYYY) *Person Months (##.##) Year (YYYY)

Person Months (##.##)

1. 4.

2.

3.
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Projects/Proposals

7.*Project/Proposal Title :

*Status of Support :
Proposal/Award Number (if available):
*Source of Support:

*Primary Place of Performance :

Project/Proposal Start Date (MM/YYYY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :

*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

O Current QPending O Submission Planned O Transfer of Support

Person Months (##.##)

*Year (YYYY) *Person Months (##.##) Year (YYYY)

8.%Project/Proposal Title :

*Status of Support : OCurrent QO Pending O Submission Planned

Proposal/Award Number (if available):
*Source of Support:
*Primary Place of Performance :

Project/Proposal Start Date (MM/YY YY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :
*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

O Transfer of Support

*Year (YYYY) *Person Months (##.##) Year (YYYY)

Person Months (##.##)

1.

2.

3.
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Projects/Proposals

9.*Project/Proposal Title :

*Status of Support :
Proposal/Award Number (if available):
*Source of Support:

*Primary Place of Performance :

Project/Proposal Start Date (MM/YYYY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :

*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

O Current QPending O Submission Planned O Transfer of Support

*Year (YYYY) *Person Months (##.##) Year (YYYY) Person Months (##.##)
1 4.
2. 5.
3.

10.*Project/Proposal Title :

*Status of Support : OCurrent QO Pending O Submission Planned

Proposal/Award Number (if available):
*Source of Support:
*Primary Place of Performance :

Project/Proposal Start Date (MM/YY YY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :
*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

O Transfer of Support

*Year (YYYY) *Person Months (##.##) Year (YYYY)

Person Months (##.##)

1. 4.

2.

3.

CPS-6 of 15




Projects/Proposals

11.%Project/Proposal Title :

*Status of Support :
Proposal/Award Number (if available):
*Source of Support:

*Primary Place of Performance :

Project/Proposal Start Date (MM/YYYY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :

*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

O Current QPending O Submission Planned O Transfer of Support

*Year (YYYY) *Person Months (##.##) Year (YYYY) Person Months (##.##)
1 4,
2. 5.
3.

12.%Project/Proposal Title :

*Status of Support : OCurrent O Pending O Submission Planned

Proposal/Award Number (if available):
*Source of Support:
*Primary Place of Performance :

Project/Proposal Start Date (MM/YY YY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :
*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

O Transfer of Support

*Year (YYYY) *Person Months (##.##) Year (YYYY)

Person Months (##.##)

1. 4.

2.

3.
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Projects/Proposals

13.*Project/Proposal Title :

*Status of Support :
Proposal/Award Number (if available):
*Source of Support:

*Primary Place of Performance :

Project/Proposal Start Date (MM/YYYY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :

*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

O Current QPending O Submission Planned O Transfer of Support

*Year (YYYY) *Person Months (##.##) Year (YYYY) Person Months (##.##)
1 4,
2. 5.
3.

14.*Project/Proposal Title :

*Status of Support : OCurrent QO Pending O Submission Planned

Proposal/Award Number (if available):
*Source of Support:
*Primary Place of Performance :

Project/Proposal Start Date (MM/YY YY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :
*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

O Transfer of Support

*Year (YYYY) *Person Months (##.##) Year (YYYY)

Person Months (##.##)

1. 4.

2.

3.
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Projects/Proposals

15.%Project/Proposal Title :

*Source of Support:

Proposal/Award Number (if available):

*Primary Place of Performance :

Project/Proposal Start Date (MM/YYYY) (if available) :

Project/Proposal End Date (MM/YYYY) (if available) :

*Total Award Amount (including Indirect Costs): $

*Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project

*Status of Support : QO Current QPending O Submission Planned O Transfer of Support

*Year (YYYY)

*Person Months (##.##)

Year (YYYY)

Person Months (##.##)
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In Kind Contributions

*Required fields
In-Kind Contribution Section:

Current and Pending Support also includes in-kind contributions (such as office/laboratory space,
equipment, supplies, employees, students). If the in-kind contributions are intended for use on the
project being proposed to NSF, the information must be included as part of the Facilities,
Equipment and Other Resources section of the proposal and need not be replicated in the
individual’s Current and Pending Support submission. In-kind contributions not intended for use
on the project/proposal being proposed that have associated time obligations must be reported
below. If the time commitment or dollar value is not readily ascertainable, reasonable estimates
should be provided.

Please enter your support entries so they are grouped together based on the "Status of Support" and
are in the order of Current to Pending from top to bottom

1.*Status of Support : QO current O Pending

*Source of Support :
*Primary Place of Performance :

*Summary of In-Kind Contributions :

Time Commitment - Month(s) (or Partial Person-Months) Committed Per Year

If the time commitment is not readily ascertainable, reasonable estimates should be provided.

*Year (YYYY) “Person Months (#4445 Year (YYYY) Person Months (##.##)
1. 4.
2. 5
3.

*Dollar Value of In-Kind Contribution: $
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In Kind Contributions

2.*Status of Support: () Current O Pending

*Source of Support :
*Primary Place of Performance :

*Summary of In-Kind Contributions :

Time Commitment - Month(s) (or Partial Person-Months) Committed Per Year

If the time commitment is not readily ascertainable, reasonable estimates should be provided.

*Year (YYYY) *Person Months (##.##) Year (YYYY) Person Months (##.##)

1. 4.

2. 5.

3.

*Dollar Value of In-Kind Contribution: $

3.*Status of Support: O Current O Pending

*Source of Support :
*Primary Place of Performance :

*Summary of In-Kind Contributions :

Time Commitment - Month(s) (or Partial Person-Months) Committed Per Year

If the time commitment is not readily ascertainable, reasonable estimates should be provided.

“Year (YYYY) “Person Months (##.##) Year (YYYY) Person Months (##.##)

*Dollar Value of In-Kind Contribution: $
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In Kind Contributions

4.*Status of Support: () Current O Pending

*Source of Support :
*Primary Place of Performance :

*Summary of In-Kind Contributions :

Time Commitment - Month(s) (or Partial Person-Months) Committed Per Year

If the time commitment is not readily ascertainable, reasonable estimates should be provided.

*Year (YYYY) *Person Months (##.##) Year (YYYY) Person Months (##.##)

1. 4.

2. 5.

3.

*Dollar Value of In-Kind Contribution: $

5.*Status of Support: (O Current O Pending

*Source of Support :
*Primary Place of Performance :

*Summary of In-Kind Contributions :

Time Commitment - Month(s) (or Partial Person-Months) Committed Per Year

If the time commitment is not readily ascertainable, reasonable estimates should be provided.

“Year (YYYY) “Person Months (##.##) Year (YYYY) Person Months (##.##)

*Dollar Value of In-Kind Contribution: $
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In Kind Contributions

6.*Status of Support: () Current O Pending

*Source of Support :
*Primary Place of Performance :

*Summary of In-Kind Contributions :

Time Commitment - Month(s) (or Partial Person-Months) Committed Per Year

If the time commitment is not readily ascertainable, reasonable estimates should be provided.

*Year (YYYY) *Person Months (##.##) Year (YYYY) Person Months (##.##)

1. 4.

2. 5.

3.

*Dollar Value of In-Kind Contribution: $

7.%Status of Support : (O Current O Pending

*Source of Support :
*Primary Place of Performance :

*Summary of In-Kind Contributions :

Time Commitment - Month(s) (or Partial Person-Months) Committed Per Year

If the time commitment is not readily ascertainable, reasonable estimates should be provided.

“Year (YYYY) “Person Months (##.##) Year (YYYY) Person Months (##.##)

*Dollar Value of In-Kind Contribution: $
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In Kind Contributions

8.*Status of Support: () Current O Pending

*Source of Support :
*Primary Place of Performance :

*Summary of In-Kind Contributions :

Time Commitment - Month(s) (or Partial Person-Months) Committed Per Year

If the time commitment is not readily ascertainable, reasonable estimates should be provided.

*Year (YYYY) “Person Months (##.##) Year (YYYY) Person Months (##.##)
1. 4.
2. 5.
3.

*Dollar Value of In-Kind Contribution: $

9.*Status of Support: (O Current O Pending

*Source of Support :
*Primary Place of Performance :

*Summary of In-Kind Contributions :

Time Commitment - Month(s) (or Partial Person-Months) Committed Per Year

If the time commitment is not readily ascertainable, reasonable estimates should be provided.

“Year (YYYY) “Person Months (##.##) Year (YYYY) Person Months (##.##)

*Dollar Value of In-Kind Contribution: $
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In Kind Contributions

10.*Status of Support : () Current O Pending

*Source of Support :
*Primary Place of Performance :

*Summary of In-Kind Contributions :

Time Commitment - Month(s) (or Partial Person-Months) Committed Per Year

If the time commitment is not readily ascertainable, reasonable estimates should be provided.

*Year (YYYY) *Person Months (##.##) Year (YYYY) Person Months (##.##)
1. 4.
2. 5
3.

*Dollar Value of In-Kind Contribution: $
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NSF CURRENT AND PENDING SUPPORT

PI/co-P1/Senior Personnel: Hashemi, Kevan

NSF ID: 000842648@nsf.gov

PROJECT/PROPOSAL CURRENT SUPPORT

1. Project/Proposal Title: U.S. ATLAS Operations: Discovery and Measurement at the Energy

Frontier

Proposal/Award Number (if available): 1624739

Source of Support: National Science Foundation

Primary Place of Performance: SUNY Stony Brook University

Project/Proposal Support Start Date (if available): 2020/10

Project/Proposal Support End Date (if available): 2021/09

Total Award Amount (including Indirect Costs): $226,041

Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project:

Year Person-months per year committed
2020 3
2021 9

2. Project/Proposal Title: An optogenetic brain implant with EEG monitoring and response for

mice Phase |

Proposal/Award Number (if available): GRANT12832361

Source of Support: National Institute of Mental Health NIH

Primary Place of Performance: Open Source Instruments

Project/Proposal Support Start Date (if available): 2019/09

Project/Proposal Support End Date (if available): 2020/12

Total Award Amount (including Indirect Costs): $258,000

Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project:

Year

Person-months per year committed

CPS-1of 2



Year Person-months per year committed

2020 4

PROJECT/PROPOSAL PENDING SUPPORT

1. Project/Proposal Title: An optogenetic implant with monitoring and response for mice - Phase I1
Proposal/Award Number (if available): GRANT13201483
Source of Support: National Institute of Neurological Disorders and Stroke NIH
Primary Place of Performance: Open Source Instruments, Inc.
Project/Proposal Support Start Date (if available): 2021/03
Project/Proposal Support End Date (if available): 2023/03
Total Award Amount (including Indirect Costs): $1,600,000

Person-Month(s) (or Partial Person-Months) Per Year Committed to the Project:

Year Person-months per year committed
2021 5
2022 7
2023 2
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Facilities and Equipment

Open Source Instruments

Open Source Instruments has its laboratory and manufacturing facility at 5 Pratt Ave,
Waltham, MA. Our 2,000 square foot, rented space has an open floor plan. It is well lit with
natural and artificial light. There are eight distinct work stations in the space, which are
comprised of a work-bench surface, seating, magnifier lights, computers, and specialized
equipment. We have three general-purpose electronic assembly stations and an additional
three stations dedicated to the manufacture of subcutaneous transmitters. Other stations
include an optical fiber stretcher and radio frequency testing space with Faraday enclosure.

The facility is large enough to include space for storing items related to manufacturing such
as electronic components, flux, potting epoxy, manufactured parts ready for sale, and
Faraday enclosures. There are also shelves for disposable items like mixing tips, paper
containers, and wipes. The space is large enough to absorb growth in both projects and
people.

In its laboratory, Open Source Instruments has all equipment necessary for electronic design
and assembly. Items include: fiber polishing equipment, computers, six soldering irons at the
electronic assembly stations, three complete telemetry set-ups for testing and programming
transmitters, optical fiber stretcher to heat and divide optical fibers to create tapers,
oscilloscopes, a vector voltmeter, photometers.

The Open Source Instruments Inc. billing and correspondence address is 130 Mt. Auburn
Street, Watertown, MA 02472. This is the address under which our paperwork is filed and it is
where we receive our mail. Accounting, invoicing, and bill paying happen from the Mt.
Auburn Street address.

Information Resources

Open Source Instruments is fortunate to have the ear of members of MIT Lincoln Labs
(MITLL) who have specialized knowledge in the area of charge-coupled devices (CCDs),
including geranium CCDs. As the dense fiber array is developed, we will seek information
about CCD requirements and abilities from this source in order to guide development of the
front-end of the project. Any initial design collecting faint light ought to take into account
where the output will go, what will happen in the spectrometer and how the spectrum data
will be collected and analyzed.

As one of the only CCD foundries manufacturing, we anticipate including MITLL in a Phase
IT proposal for continued development of our complete spectroscope. We feel fortunate to
have a relationship with the organization because the ultimate success of our spectroscope
will depend upon the ability of the back-end to accurately collect a dense set of faint, detailed
light spectrums.

Additionally, as resources we have astrophysicists with a breadth of experience and
knowledge in large telescopes and spectroscopy: Dr. Tereasa Brainerd of Boston University,
and Dr. Daniel Eisenstein of Harvard University. When the astrophysics knowledge at Open
Source Instruments is exhausted, we will turn to these professors for information regarding
needs of the research community. In deed, to date they have already been exceedingly helpful
in defining the scope of the current proposal. These professors will be a source of information
for us about what the end user is seeking in a spectroscope. In a Phase II proposal, we
anticipate engaging them and their teams to test our device.



Data Management Plan

Below are the guiding principles and practices for data produced in every project at Open
Source Instruments, Inc.

1. Products of Research — Open Source Instruments will have several types of data as a result
of this proposal. Data will be the result of testing physical processes and procedures, new
designs of circuits, software, and computational output. These products are available to all of
our collaborators and advisors

2. Data Formats and Standards — Data produced at Open Source Instruments will be in
several different formats. Primarily, however, data are stored, presented, and linked to on our
website, opensourcesintruments.com. When we store data in hardcopy notebooks, we later
copy them to our website. Our policy is to transfer all data on our personal computers to our
website. Any advisor or collaborator seeking information may freely and independently
search the company website. If any measurements, design files, or drawings are missing from
the website, we will upload them upon request.

3. Dissemination, Access and Sharing of Data — A large portion of all of Opens Source
Instrument's designs and software are available online at the company website. The website
is broken into sections by project. The section addressing research and development related to
the project in this proposal has been added to the website and is populated with our
preliminary work results. All software is available upon request, or uploaded regularly to
GitHub. Researchers are invited to download and personalize our programs for their own
research.

All our work is open source, with copyright held by author under GNU Public License.
Under GNU Public License, any other agency wanting to make use of open-source work
cannot do so unless the entire work into which it is included will itself be open source. This
strategy is both aggressive and effective at protecting our company's intellectual property.
Any time we develop a new instrument, we build a prototype, write about it, and present it
immediately on our website. This immediate publication prevents any other institute or
company from patenting the idea. They are free to use the idea, but only if they make the
entirety of their own product open-source.

4. Re-Use, Re-Distribution and Production of Derivatives — There are no disclaimers about
the re-use of data on our website. We have notice of Copywrite under GNU Public License
The metadata for figures produces are included in the log of work generated by the engineer
and uploaded to the company website. Anyone may quote or use data we generate to further
their research. Again, all our work is protected by GNU Public License as is stated clearly on
our published documents. GNU Public License states that, should someone modify or use
information from something with GNU Public License Copywrite, that will also be governed
by GNU Public License.

5. Archiving of Data — The plan for archiving data produced are to maintain the company
website on which the bulk of the data is published. This is a long term solution in so far as the
company remain viable and in-tact. Because the website is housed off-site, it is safe from
water damage and fire. Further, the company managing the site back-up information
regularly.



HARVARD COLLEGE OBSERVATORY
60 Garden Street, Cambridge, MA 02138-1516

November 23, 2020

To whom it may concern:

I write to support the development of novel technologies to address the problem
of dense, efficient, high-precision fiber positioning for high-multiplex astronomical
multi-fiber spectroscopy, as featured in the proposal “A Novel Dense Fiber Array for
Astronomical Spectroscopy” by PI Kevan Hashemi from Open Source Instruments.

I am Daniel Eisenstein, Professor of Astronomy at Harvard University. I currently
serve as Chair of the Harvard Department of Astronomy. My main research focus
for the past twenty years has been the study of cosmological large-scale structure as
revealed by multi-object spectroscopy. I served as Director of the Sloan Digital Sky
Survey III (2007-2014) and as co-Spokesperson of the Dark Energy Spectroscopic
Instrument collaboration (2014-2020), both facilities based around state-of-the-art
multi-fiber spectroscopy.

Efficient multi-object spectroscopy requires a mechanism to select the desired
objects from the wide-field focal plane of the telescope. Current fiber positioning
systems work well, but are limited to relatively sparse samples, both in number and
spacing. A denser array of positioners (i.e., with smaller pitch) will be critical to
acquiring larger samples of faint galaxy spectroscopy: we cannot realistically make
the telescope focal planes much bigger, and current surveys already take 5 years to
complete. We need to increase the number of objects captured per exposure, so as to
make more efficient use of the field of view provided by the telescopes.

With larger samples, extragalactic astronomers and cosmologists could acquire
precise distances to faint distant galaxies, constructing 3-dimensional maps of the
Universe and studying the evolution of galaxies. This is important for the study of
dark matter and dark energy as well as the physics of galaxy formation. Such surveys
have been given high priority in previous roadmaps for federally-funded astronomical
and high-energy physics research, and I anticipate that there will be ongoing commu-
nity support for such work. I also note that the largest survey facilities are typically
led by federal agencies, a robust technological solution for fiber positioning might lead
to instruments of smaller scope and lower cost that are often funded by the consortia



of universities, states, and research institutions that operate telescopes.

The proposers contacted me for information regarding future needs in astrophysics
instrumentation. My experience with large telescopes and the science drivers for next-
generation spectroscopic surveys can inform the direction of their work. The PI and
his team may turn to me as a resource for information where their astronomy expertise
is limited.

Sincerely,

A
Y= f . .
Chiill Evestrin,

Dr. Daniel Eisenstein

Professor of Astronomy

Chair, Department of Astronomy
Harvard University
deisenstein@cfa.harvard.edu
Phone: (617) 495-7530
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November 23, 2020
To the National Science Foundation,

I am writing in strong support of a Phase I proposal from Open Source Instruments, Inc. that seeks to
develop a compact, cost-effective optical fiber array for use with ground-based telescopes (Proposal Title:
Novel Dense Fiber Array for Astronomical Spectroscopy, PI: Kevan Hashemi). As envisioned, this
new system would increase the number of fibers that are used in telescopic fiber arrays by a full order of
magnitude. Such a system would result in a significant increase in the efficiency with which astronomers
could obtain spectra of distant galaxies. This, in turn, would lead to a vastly better understanding of two
of the greatest puzzles of modern cosmology: the nature of dark energy and the nature of dark matter.

To date, some of the best constraints on the nature of dark energy and dark matter have come from large
redshift surveys such as the Sloan Digital Sky Survey. Studies of Baryon Acoustic Oscillations and Weak
Gravitational Lensing have allowed astronomers to place direct constraints on the equation state
parameter of dark energy and on the growth of structure in the universe. To improve upon the current
constraints and reach the goal of “precision cosmology” (for which the error bars on the cosmological
parameters would shrink to well under 1%), astronomers need to be able to obtain the spectra of vastly
more galaxies than have been obtained so far. The dense fiber array proposed by Open Source
Instruments, Inc. holds the promise to significantly advance studies of both Baryon Acoustic Oscillations
and Weak Gravitational Lensing by allowing astronomers to efficiently obtain the galaxy redshifts that
will be necessary for truly precision cosmology.

Should the proposed new technology prove feasible, I believe many privately-owned observatories would
be interested in using the fiber array for scientific purposes, particularly for spectroscopic follow-up of the
photometric galaxy catalogs from PanSTARRS (which has already released the largest volume of
astronomical data ever collected) and from the upcoming Legacy Survey of Space & Time (LSST) that
will be conducted by the Vera Rubin Observatory. My own institution is a permanent capital partner in
the Lowell Discovery Telescope (LDT), a 4.3m telescope owned by Lowell Observatory in Arizona. The
LDT partnership has often expressed an interest in adding highly-efficient, multi-object spectroscopy to
the existing suite of instruments, and something such as the proposed fiber array could greatly enhance
the scientific return from the LDT.

Y ours sincerely,

Tereasa Brainerd

Associate Professor of Astronomy
Email: brainerd@bu.edu
Telephone: 617-353-6646




