A document on improved X-ray Units
OUR PLANS TO IMRPOVE THE X-RAY FIELD

Mission:
Aperture Systems is a group of young entrepreneurs who hope to improve the science of x-ray imaging by making it an
affordable, accessible technology. Our mission was started in late 2013 after Adam Munich discovered various possible
improvements which could be made to x-ray devices. We are interested in partnering with organizations who find our mission
exciting, and wish to help us see it through.

Who we are:
Adam Munich is an inventor and electrical engineer with a passion for building complex
machines. At age 15, he was featured in Popular Science for designing a functional, low-cost
portable x-ray machine. During his brief attendance at RIT, he secured $100,000 to found “The
Construct” student hackerspace. He is the youngest winner of the Texas Instruments Analog
Design challenge, and a recipient of the Thiel Fellowship: two-year paid fellowship awarded
annually to 20 young entrepreneurs with big plans to change the world.

Davis Foster is a digital systems engineer with a passion for business and product design. He has
developed point-of-sale devices on contract for Padlok Docks, as well as co-founded Antumbra; a
startup that produces computer-controlled ambient lighting units.

Tyler Haun is a computer scientist with a desire to impact the world with digital signal processing.
He has a passion for programming and digital image manipulation, and is the former leader of the
University of Buffalo robotics team.
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Our Technical Innovations:
i. Mobile, high-density power supply inverters
Given an industry push toward cleaner and more effective energy use, great improvements have been made in the
field of power electronics. The most novel of these improvements would be advancements in lithium-ion battery
chemistries, and wide-band gap semiconductors which allow for faster switching times than yet seen before.

What we expect our prototype 3kW power converter to look like

The combination of these two innovations, along with several, less prominent advancements in inverter design theory
would allow us to build 3 kilowatt high voltage x-ray power supplies, with a degree of integration not yet seen before.
Instead of a wheeled cart like is standard in the x-ray field, our devices could be carried by hand.
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ii. Lower effective x-ray dose for exposures
The nature of voltage multipliers, the devices used to generate high voltage potentials in modern x-ray systems,
unfortunately makes them a rather “unstable” supply of DC voltage. That is to say, their output under load is not
typically steady-state, but rather a periodic AC waveform with voltage troughs, which can be far lower than the peak
multiplier voltage.

Typical waveform of a voltage multiplier. The number of harmonics is a function of the number of stages

X-ray images are taken by applying a high voltage across an x-ray tube. The magnitude of this voltage determines the
maximum x-ray energy, which in turn, determines contrast in the resulting image. High voltages result in so-called
“hard” x-rays with great penetrating power, and lower voltage results in “soft” x-rays that lack the same.

“Soft” x-rays are generally unwanted because they are easily absorbed by the subject and contribute very little to the
final x-ray image. For this reason, aluminum is sometimes put in front of the x-ray source to filter the lowest energy
soft x-rays.
However, “hard” x-rays, that is, ones that contribute greatly to the final image contrast, are not made during the
troughs of the voltage waveform leaving the power inverter. Only soft x-rays are made here, which do very little but
increase the absorbed dose by the subject.
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Our solution to this problem is one of improved power inverters, particularly, ones which are poly-phase in nature. By
having multiple phases in a high voltage converter; all separated by an invariant phase angle, we can provide a
smoother DC voltage to the x-ray tube which results in more “hard” x-rays, shorter exposure times, and overall, less
radiation delivered to the subject.

In a poly-phase system, more “hard” x-rays are produced which can lead to shorter exposure times, and less radiation dose
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III. An improved-resolution x-ray tube
X-rays are generated by the impact of high-speed electrons into a metal target. The main process by which this
happens is known as bremsstrahlung, literally, “braking radiation”. These electrons are accelerated by a high voltage
applied across the x-ray tube, and, they are focused to a sharp point on the metal target so they produce a focused
beam of x-rays.
Unfortunately however, there is a limit to the maximum electron beam intensity, beyond which, the metal target
begins to destructively melt and render the tube useless. Therefore high-power x-ray tubes are designed with
relatively large focal spots (a millimeter, or so) which limits their usefulness in resolving fine image detail.

In all modern medical x-ray machines this focal spot diameter is fixed, which leaves the x-ray technician unable to use
the same source to capture further detail in a diagnostic procedure, possibly leaving ailments such as hairline fractures
unnoticed.
Our solution to this is to design an “HD X-Ray tube” of sorts that contains optics which would allow us to vary the x-ray
beam’s focus, similar to the optics in a cathode ray tube television. This versatility would allow the x-ray technician to
use one machine to inspect both large subjects such as abdomens, and small subjects such as teeth, with just the push
of a button.

A sketch of an "HD X-Ray" tube
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IV. Low cost digital x-ray sensors
X-rays cannot be focused in the same way normal light can, and so, all forms of transmission radiography are
shadowgraph techniques. Recording these shadowgraphs may be accomplished by a number of methods, including Film,
Phosphor Screens, and CMOS sensors.
Full-digital x-ray imaging (Direct Radiography) is a very expensive endeavor. This is so, because
such x-ray sensors use the entirety of one or more silicon wafers which inevitably leads to very
low production yields. It’s not uncommon in fact, for digital x-ray sensors to cost upwards of
$30,000.
Our solution is to this cost problem is to combine a few known technologies into a new kind of digital x-ray sensor, one
that uses far less silicon than traditional DR sensors. This solution is to build an electromechanical x-ray sensor that
utilizes a storage phosphor much like the screens of old, high speed Tektronix Oscilloscopes.

This phosphor, particularly a europium-doped barium fluoroboride
phosphor, is capable of storing the x-ray image via trapping electrons in
metastable states. Red light can then be used to give the trapped
electrons enough energy to tunnel out of these states and emit blue
photons that can be recorded via a low-cost, flatbed scanner-like
assembly.
By eliminating a massive amount of silicon via this method, we will be
able to build large digital x-ray sensors for a much lower cost than other
solutions currently available today.
Our method is similar to “computed radiography”, but is more reliable
and compact, as the entire optics assembly is contained in one unit.

A schematic diagram of the sensor
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Proposed machines:
We have spent 6 months validating the feasibility designing low-cost, mobile x-ray systems, and have three concepts which we
are confident can be designed given the electrical components currently available on today’s market. These concepts are
presented below in detail, but in short summary:

Concept A
Concept A is the most powerful mobile x-ray machine possible given today’s technology.
It is designed to be carried on radiography missions, or used in disaster recovery
situations by a medical professional, and has all of the features such a professional would
expect on a modern x-ray unit. It is however, the costliest option to develop and produce,
but still less expensive than comparable solutions today.

Concept B
Concept B is a compact, low-power x-ray machine designed to be carried in a backpack.
It is suitable for inspecting small subjects (hands, arms, feet, teeth), but is not suitable for
full-torso or pelvic x-ray imaging. It is less costly than concept A, but is less useful.

Concept C
Concept C is an x-ray unit optimized to provide the most usability for the lowest possible
cost, at the expense of flashy design and compactness. It is designed to be set up in a
medical office for general still-life radiography use, including chest and pelvic imaging.
While not beautiful, Concept C would be the world’s first full-featured x-ray machine that
can be produced for no more than $1,500 per unit. This concept is more suitable for a
third-world distribution mission, than as a product designed for American markets.

Full Mobility
All x-ray machines proposed are designed to draw power for their exposure from
a lithium ion battery, which allows them to be used in situations where wall
power is either unavailable, or unreliable.
The units are designed to be accept input from a 12V power source, such that
they are able to be charged from generators, solar panels, car engines or
batteries.
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i. Concept A:
Concept A as proposed is a rugged, portable, modular x-ray system, similar in power and quality to what you would expect to see
at a modern hospital. It will consist of a switch-mode, battery-powered high voltage supply, to which it would be possible to connect
a variety of x-ray emitters. This power supply would have all of its electrical characteristics (kV, mA, and exposure time) made easily
user-configurable via buttons, and an on-panel LCD display.
Each emitter would be tailored for individual tasks. Some, for example would serve well in general-purpose radiography situations.
Others instead would be designed in favor of mammography or dentistry. Emitters designed for radiography purposes would have
an internal beam collimator, and cast a blue laser projection to simulate the x-ray path before exposure.
The system would come with a digital flat panel detector capable of capturing still-life images. These images could be kept either
on internal SD-card storage, or, be pushed over Bluetooth to a standard tablet computer such as an iPad. On this tablet it would
be possible to pan x-ray images, zoom them, adjust their contrast, archive them, and if need be, forward them to others stationed
elsewhere in the country.
This concept is the most rugged and versatile of those proposed, but is also the most costly. Still, the expected cost is well-under
what one might expect to pay for a new GE or Siemens device.

Concept A - External Drawings
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Concept A - Internal Drawings

Concept A - Technical Details
X-Ray Energy

30 – 120

keV

X-Ray Current

30

mA

Inverter Power

3,000

W

Battery Capacity

300

WH

Sensor

Digital Still-Life, or Film

-

Input Voltage

12

V

Input Current

8

A

Estimated Weight

8

kg

Design Service Life

10

Years

Service Life Extendable?

Yes, with a replacement battery.

-

Estimated Time to Design

1.5

Years

Estimated Cost / Unit

$7,500 for an x-ray unit - $2,500 for a digital sensor

USD
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II. Concept B:
Concept B as proposed is a rugged, handheld x-ray system, similar in power and quality to what you would expect to see in a
modern dentist’s office. Unlike such dentistry units however, this one is fully mobile and battery-operable.
It is suitable for taking small (< 25 centimeters on a side) radiographs on any detector of one’s choosing, including but not limited
to film, a digital sensor, or a phosphor screen with a suitable low-light camera. Long (half second) exposure times would be
necessary for recording large x-ray images, so this unit is unsuitable for procedures requiring a fast exposure.
This concept is less versatile than either unit A or C proposed, but it is the most compact unit feasible with current x-ray technology.

Concept B - External Drawings

Concept B - Internal Drawings
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Concept B - Technical Details
X-Ray Energy

40 - 70

keV

X-Ray Current

1.8

mA

Inverter Power

160

W

Battery Capacity

75

WH

Sensor

Digital still-life, or Film

-

Input Voltage

12

V

Input Current

3.5

A

Estimated Weight

1.2

kg

Design Service Life

10

Years

Service Life Extendable?

No, or at least not easily.

-

Estimated Time to Design

0.5

Years

Estimated Cost / Unit

$2,000

USD
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III. Concept C:
Concept C as proposed is a cost-optimized x-ray system, designed to maximize the usefulness of the x-ray machine at the expense
of modern visual appearance. Much like concepts A and B, concept C is designed to be a portable, 1kW x-ray unit which may
operate independently from wall power. It however, is more suitable as a fixture installation in a doctor’s office than as a carryable, ultra-mobile x-ray source.
Concept C would consist of an x-ray source, a controller with an integrated battery, and a digital x-ray sensor consisting of a
phosphor screen and a low-light, back-illuminated CMOS camera. Film cassettes may be used in lieu of the digital sensor, but they
are not required for use of the x-ray machine. Laser crosshairs aid in aligning the x-ray beam with the area intended to be imaged.
Depending on the chosen price point, the x-ray unit’s case can be built either from treated birchwood, or the slightly more
expensive, and more fragile poly methyl methacrylate (Lucite). This machine would have no electromechanical parts, which greatly
increases long-term reliability.

Concept C - External Drawings

Concept C - Internal Drawings

X-Ray tube head

Low cost digital x-ray sensor
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Concept C - Technical Details
X-Ray Energy

40 - 100

keV

X-Ray Current

20

mA

Inverter Power

1,000

W

Battery Capacity

100

WH

Sensor

Digital Still-Life, or Film

-

Input Voltage

12

V

Input Current

5

A

Estimated Weight

5

kg

Design Service Life

10

Years

Service Life Extendable?

Yes

-

Estimated Time to Design

0.5

Years

Estimated Cost / Unit

$1,000 for an x-ray unit - $500 for a digital sensor.

USD

WWW.APERTURE.SYSTEMS
Cleared for limited publication by Aperture Systems ▪ Document ID: 032213.00

Redefining Radiography

A PROPOSAL FOR MOBILE X-RAY UNITS

Experiments:
We have performed some engineering experiments to prove some of our concepts, but the scale and nicety of these
experiments has been thus far limited by our small means. Thus far, we have experimentally proven two of our 4 technological
concepts, with the other two limited to computer simulations.
This work was performed initially at the Rochester Institute of Technology, and later at Sudo Room, a community technology
workshop in Oakland, CA.

Sudo Room in Oakland, CA
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i. Functional Prototype of Concept B:
A functional prototype of machine Concept B was built to demonstrate the usefulness and practicality of our small power inverters,
as well as a tangible measure of the dedication and skill of our engineering team. This prototype was built over the course of 4
months at the Omni Oakland Commons, a collective which contains community workshop. Several possible optimizations were
discovered during the design process, which could allow for future designs to cost less.

This prototype unit consists of;
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

An 5 cell, 70 watt-hour lithium ion battery
Lithium ion battery charge circuitry
Battery monitoring and balance circuitry
System protection (fail-safe) circuitry
An central processor
An illuminated control panel and buttons
High voltage power conversion circuitry
Low voltage power conversion circuitry
The x-ray source (A Coolidge tube)
A radio for remote operation
A set of aluminum filters
EMI Shielding

Approximately 80 200 millisecond exposures could be
captured with this unit on a single charge, enough to
take a small CT scan of an electronic circuit.
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Functional Prototype Results:
The following images of computer memory cards were captured using this prototype, and a GXS-700 CMOS x-ray sensor. Great
detail (250 micron) was achieved.

Micro SD Card

1mm

SD Card
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i. Functional Prototype of X-Ray Sensor:
A quick prototype of the x-ray sensor described earlier in this document was assembled, as proof of concept.
10 650nm (red) laser diodes extracted from cat toys were constructed into a linear array, and focused with extruded acrylic
rods onto the phosphor plate. Precise linear motion is of the phosphor plate is achieved via repurposing the mechanics of a
DVD rom drive, which were controlled by an MSP430 microprocessor. The laser light is swept across the phosphor plate preexposure for erasure.

A prototype low-cost digital x-ray sensor

Following an exposure, the red laser light and stimulated emission (blue) light are reflected by a first surface mirror into a lens
followed by a pair of wideband, blue-pass dielectric mirrors. Most of the red light is reflected by the mirrors, leaving blue light
which is amplified by an image intensifier and recorded thereafter by a Logitech web camera. A hundred or so images are taken
by the camera, which may be reconstructed later into a final x-ray recording.
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Due to limitations in the materials available, two key flaws exist in this prototype:
1.

The image intensifier was required for this prototype due to the low sensitivity of the Logitech web camera. With
proper optics and a high-gain, linear CMOS sensor in lieu of the webcam this part will not be required.

2.

A small amount of red light leaks through the wideband mirror, which greatly reduces contrast in the end images.
This problem may be eliminated by using a wavelength-specific (650nm, +/- 5nm) dielectric mirror to more
effectively reflect and filter the laser light.

The sensor assembled in a shoebox

The image subject

An x-ray exposure was made of the copper subject pictured, with a dose
comparable to that required for a commercial, GXS-700 digital x-ray sensor of the
same size. Approximately 120 lines were captured and reconstructed into the image
below, which shows a silhouette of the copper grid. Note the low contrast, as
described in problem (2) prior.
With proper design, much better images may be
captured with this technology. Pictured to the
right is an example of photo stimulated x-ray
imaging, implemented not as a self-contained
sensor, but as a workflow system where plates
are a separate component from the image
recorder. (Air Techniques, NY).

A captured image

Air Techniques, external plate system
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What we’re looking for:
We would like to learn more about how we can advance our
project, ideally through;

Contact Us



Learning more about medical product design from those
more experienced in the field.

We’re eager to learn from, and partner with
interested organizations!



Partnering with organizations interested in distributing
the x-ray systems we design.

Main contact:





Learning more about opportunities which would allow us
to bring modern x-ray diagnostic technology to groups
and people who cannot afford what is available today.
Learn more from groups interested in helping us build a
startup that could drop the cost of digital radiography by
a factor of at least 3.

Thank you for your time!

Adam Munich – Project Lead
adam@aperture.systems
+1-650-452-0554
Secondary Contacts:
Davis Foster – Embedded Systems
davis@aperture.systems
Tyler Haun – CS
frodo@aperture.systems

Aperture Systems, Inc
2705 Ridge Rd № 10, Berkeley, CA 94709, USA ▪ www.aperture.systems
Attention: The information and recommendations described in this brochure cannot possibly cover every application of the products or
variation of conditions under which the products are used. The application recommendations herein are based on the manufacturer’s
experience, research and testing. They are believed to be accurate, but no warranties are made, express or implied. In addition, the
specifications contained herein are all nominal which represent our current production. The products described may be subject to change.
Please feel free to contact Aperture Systems, Inc. for verification.
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