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Background/Connection with BNL
Detectors and instruments for Cosmology 

• Large mm-wave/THz 
imaging arrays for large 
photometric and 
polarimetric surveys of 
the Cosmic Microwave 
Background (CMB)

• Large imaging and 
spectroscopic arrays for 
mapping of star forming 
clouds and protoplanetary 
disks in the galaxy

• Large spectroscopic arrays 
for mapping 3D large scale 
structure (LSS)

CMB

LSS

Star formation



Background/Connection with BNL
High speed FPGA-based electronics for detector readout

• ROACH2-based readout for balloon-borne Kinetic Inductance 
Detectors (KIDs) – BLAST-TNG

• Next generation FPGA = RFSoC development at ASU
• BNL goal – develop 2 GHz spectrometer for HI measurements

• Slozar, O’Connor, Biswas

• Also use ROACH2 for time tagging single photon detectors
• Read paper by Andrei on single photons
àUpdate on ASU single photon work
à Starshot comms

(a) The ROACH2 MOTEL, a stack of five

ROACH2s which readout the five LEKID

arrays for BLAST-TNG.

(b) Xilinx RFSoC ZCU111 development

board with SMA breakout connected to

a prototype TolTEC IF board.

Figure 3.1

will allow the focal planes to grow for increased field of view and thus an increase in

mapping speed providing higher science returns. The system on a chip architectures

like the RFSoC provide such broad applicability that readout of future astronomical

instruments may only di↵er in the firmware and software implementations.

The following sections describe the implementation and testing of a BLAST-TNG

equivalent design on the RFSoC and the investigations of a couple of alternative

firmware designs with suggestions for future research.
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Single photon astronomy
Transient spectroscopy
• Supernovae
• Variable stars
• High energy flares (black hole accretion disks)

Exoplanet direct imaging
• Dark speckle detection for coronagraph

• low (zero) dark counts
• Fast (< millisecond) response
• Low resolution spectroscopy

Intensity interferometry
• Bright, compact objects

• Fast response time (picoseconds)



What can Intensity Interferometry Be Used to 
Measure?

• Bright, Compact Objects
• Nearby Stars
• Black Hole Accretion 

Disks
• White dwarfs
• Neutron Stars
• Gamma Ray Bursts

• Fast, Time-Varying Signals
• KBO Transits
• Pulsar Flares

Key science cases: Resolve QSOs, 
optical (IR) EHT



What can Intensity Interferometry Be Used to 
Measure?

• 1.3 mm wavelength image – baselines of 4000 km
• 1.3 um wavelength image – baselines of ~10-100 km for 

resolving/imaging nearby quasars
Key science cases: Resolve QSOs, 
optical (IR) EHT



Single photon astronomy

Parameters for detectors:
• Speed
• Energy Resolution
• Efficiency
• Dark counts

Standard technology:
CCD/CMOS
• Speed ~ milliseconds
• Energy resolution ~ none intrinsic, depends on optics
• Efficiency > 80%
• Dark counts ~ read noise equivalent of a few photons



Single photon detectors

Standard technology:
PMT
• Speed ~ nanoseconds
• Energy resolution ~ none 

intrinsic, depends on filtering
• Efficiency > 80%
• Dark counts ~ 1000s/sec
SPAD
• Speed ~ 50-500 ps
• Energy resolution ~ none 

intrinsic, depends on filtering
• Efficiency ~ 50%
• Dark counts ~ 100s/sec

photoelectric tube (PET) was invented by Elster and Geiter over a century ago in 1913 [4], ex-

ploiting the photoelectric e↵ect using visible light to strike alkali metals (potassium and sodium).

Over two decades later, RCA laboratories produced the first photomultiplier tube (PMT), which

marks the start of single photon detection [4].

Figure 2: The sketch of a photomultiplier tube. A typical PMT is made up of a photoemissive
cathode (photocathode) followed by focusing electrodes, an electron multiplier (dynode) and an
electron collector (anode) in a vacuum tube. [5]

In a PMT, when light enters the photocathode, one or more photoelectrons are emitted into the

vacuum. These photoelectrons are then accelerated by the focusing electrode voltages towards

the electron multiplier (dynode) where electrons are multiplied through the process of secondary

emission and are collected at the anode as an output signal. Due to secondary emission which

leads to an overall gain (electron multiplication), PMTs possess extremely high sensitivity relative

to other photosensitive devices used to detect light in the ultraviolet, visible, and near infrared

regions. However, PMTs are very sensitive to magnetic fields and its cost of production is high

due to the complicated mechanical structure inside the vacuum container [4]. Thus, PMTs were

unable to fufil the needs of many modern experiments such as those in high-energy physics which

involves strong magnetic fields. This triggered the exploration for alternatives to PMTs.

Development in photodetection soon shifted to the exploration of solid state semiconductor de-

tectors which exploits the idea of a p-n junction in the semiconductor material (to be discussed in

detail in the next chapter). One successful innovation is the PIN photodiode1 which delivers high

speed response when operated with a reverse bias. However, the PIN photodiode does not have

any gain, which makes it unsuitable for low intensity light applications. Avalanche Photodiode

(APD) were then developed which possesses high internal gain through the process of avalanche

1Refer to Section 2.1.3

2

2.2.1 Diode structure

Most commonly available APDs are fabricated from silicon and employ a “reach-through” structure

as shown in Figure 7.

Figure 7: A schematic illustration of the reach-through structure of an avalanche photodiode
biased for an avalanche gain. n+ represents a layer of highly doped n-type region; p+ represents
a layer of highly doped p-type region; p represents a layer of lightly doped p-type region; i represents
an intrinsic (or undoped) layer. The figure below shows the electric field at the respective regions
of the APD.

The basic design of a reach-through APD consists of a thin region of high electric field where the

avalanche takes place, and a thick substrate region of very low electric field. If the photon strikes

from the n+ side, the APD will be sensitive to wavelengths ranging from 450 nm to 1000 nm,

such as the Hamamatsu S6045 series. If the photon strikes from the p+ side, the APD will then

exhibit sensitivity to the wavelength range of 200nm to 800nm, such as the Hamamatsu S8664

series [13].
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Superconducting photon counting detectors:

1. Kinetic inductance detectors

Applications :
• Mm-wave imaging/spectroscopy (Next generation SZ surveys, 

PLANCK and HERSCHEL follow-up, mm-wave spectroscopic 
surveys)

• FIR imaging/spectroscopy (FIR spectroscopic surveys, planetary 
spectroscopy, planetary system formation)

• Optical/NIR photon counting with microsecond time resolution and 
moderate energy resolution (i.e. < 0.1 eV)

2. Superconducting single photon counting detectors

Applications:
• Optical/NIR photon counting with picosecond time resolution – optical 

VLBI, HBT interferometry
• Optical (classical/quantum) communications



Single photon KID detectors

Ben Mazin, et al.: Optical lumped element KIDs
• Titanium Nitride-based KIDs fabricated at JPL
• Direct absorption of NIR to UV photons
• Efficiency ~ 20 – 60%
• Rise time ~ 1 μs
• Fall time ~ quasiparticle lifetime or resonator ring down time ~ 50 μs
• Energy resolution (measured) ~ 0.1 eV
• “Zero” dark counts 

Mazin, et al., Optics Express, 20, 1503 (2012)

R ~ 1
2.355

ηhν
Δ



Superconducting nanowire single photon counting 
detectors:

Sub-micron meander of superconducting NbN or WSi

Superconducting hot spot detection

Fast readout – ps risetimes

Low dark counts (1-10 per second)



Meander structure made from thin (3 nm) film of NbN

Quantum efficiency > 30% for l < 1 µm

Rise time/jitter ~ few picoseconds
Fall time ~ few ns allows super high dynamic range
(1 photon/sec – 108 photons/sec)

Alternative to PMT, APD

Fiber coupled devices achieve > 85% QE for l = 1.55 µm

Plans:
• Demonstrate SSPDs for Hanbury-Brown Twiss in the optical
• Develop other materials for SSPDs for higher QE at longer 

wavelengths
• Attempt to observe subcritical kinetic inductance pulses for 

faster response, energy resolution and higher QE

Hanbury Brown and Twiss
Nature, 178 (1957)

Superconducting single photon counting detectors:

(Glasby, et al., IEEE ASC, 2021)



Nanowire Arrays and Multiplexing
•ASU: Developed superconducting single photon detector arrays with 
multiplexed readout for optical communications, optical quantum computing, 
ultrafast imaging, intensity interferometry, collaborations with MIT, JPL/DSOC

2 J.S. Glasby et al.

2 Experimental Setup

Fig. 1: Circuit diagram of the detector circuit with 4 K LNA on the output line.

The device presented in this paper was fabricated to take advantage of the high timing
resolution of SNSPDs and the multiplexing capability of KIDs. The inductor chip, which
includes a normal inductor and a nanowire meander in series, was fabricated by the Quan-
tum Nanostructures and Nanofabrication Group at MIT. The circuit diagram of the detector
with cryogenic LNA is shown in Figure 1. Several parallel resonators are coupled to the
transmission line. The nanowire meander is embedded in the inductive element in series
with a normal inductor which varies between pixels. The serial inductor tunes the frequency
according to f0 =

1
2p

p
LC

. Therefore, each pixel is fabricated to have an identical nanowire
meander and the only difference is the normal inductor (110-520 nH). Without applying a
current bias, the array operates like a KID [10]. Incoming photons with sufficient energy to
break Cooper pairs in the nanowire, change the kinetic inductance. It is important to note
this does not turn the nanowire normal as in the case explained below. The change in in-
ductance is probed by a change in the resonant frequency of the detector. If the input port
is terminated and a bias current is applied just below the nanowire critical current the array
operates as a single photon detector [11]. Now when a photon is incident on the nanowire
a hotspot region forms. Due to Joule heating, this region grows enveloping the full width
and depth of the nanowire. This sudden change in resistance generates a voltage pulse in the
LC circuit. The pulse oscillates at the resonant frequency coupling to the transmission line,
sent to the amplifier and readout. We determine which pixel was struck according to the fre-
quency of the signal. An actual image of the array is shown in Fig. 2, where the transmission
line (c) is connected to SMA pins.

The device was cooled using a Sumitomo RP-082 closed-cycle cryogenic cooler to a
base temperature of 3.5 K. A 1300 nm LED was positioned above the array, powered by
a Keithley three-channel supply. In the range of current applied to the LED, we measured
a linear IV curve. The probe tone used to read out the resonances is sent and read by an
Agilent Vector Network Analyzer (VNA). The transmitted tone is amplified by a 4 K 30 dB
LNA made at ASU1. A 40 dB Minicircuits ZKL-1R5+ room temperature amplifier was also
used for the single-photon pulses. The nanowires were current biased using a low source
Keithley 2400-LV power supply. The single-photon pulses were readout using a Tektronix
TDS 7104 Oscilloscope.

1 http://thz.asu.edu/products.html

4 J.S. Glasby et al.

Fig. 3: Transmitted signal over the frequency band of interest, showing 12 responses. The gaps indicate
missing detectors in our array arising from insufficient wire bonds to the chip.

Fig. 4: The shift in resonant frequency as at vari-
ous levels of optical loading.

Fig. 5: The linear frequency response as a func-
tion of current applied to the LED.

Fig. 6: A timestream of the superposition of two different frequencies indicating two photons triggered dif-
ferent parts of the array. The voltage is normalized to the total voltage of the timestream.
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Fig. 3: Transmitted signal over the frequency band of interest, showing 12 responses. The gaps indicate
missing detectors in our array arising from insufficient wire bonds to the chip.

Fig. 4: The shift in resonant frequency as at vari-
ous levels of optical loading.

Fig. 5: The linear frequency response as a func-
tion of current applied to the LED.

Fig. 6: A timestream of the superposition of two different frequencies indicating two photons triggered dif-
ferent parts of the array. The voltage is normalized to the total voltage of the timestream.

Properties of a Nanowire Kinetic Inductance Detector Array 3

Fig. 2: Device in package with each element connected by an Au wire bond, except for the bond onto the chip
which is Al. a) The nanowire current bias line, b) bias line resistor, c) CPW transmission line, d) transmission
line coupling capacitor, e) resonant capacitor, f) inductor chip with normal material in series with nanowire
meander.

3 Results

Once our bath reached a stable temperature of 3.5 K, we measured the resonant frequencies
of the array using a VNA. Fig. 3 shows the S21 measurement over the frequency band of
interest with 12 of the 16 pixels responding. The missing pixels, indicated by the larger gaps
between resonances, were known to not be connected due to faulty wire bonding to the chip.
A poor bond can easily break during transportation into the cryostat.

Operating the detector as a standard KID, Fig. 4 shows the response of a single detec-
tor at various LED bias current. Due to the intrinsic volume of the nanowire element, the
responsivity is greater than traditional KIDs. From Fig. 5 we see the change in frequency is
quite linear with respect to applied LED bias current, for a resonant frequency of 123 MHz
this shift corresponds to about 0.5 MHz/mA. Our optical setup for this measurement intro-
duced unwanted temperature fluctuations from the LED. Improvements have been made to
fiber couple the LED from a 40 K stage to the device on a 4 K stage.

Switching to SPD mode, the nanowires are biased just below their critical current and the
array is illuminated. The output signal generated is amplified and readout on an oscilloscope.
A timestream of two nearly-simultaneous events is shown in Fig. 6, the different frequencies
create a beating pattern. Fig. 7 shows the Fourier transform (FT) of the timestream, resolving
the frequencies and identifying which detectors were stuck.

Each FT was superimposed on one another to determine the relative power dissipated
from each pixel. Fig. 8 shows a discrepancy between individual detectors. The lower fre-
quency detectors have higher quality factors (Q) and thus dissipate energy in a longer ring-
down time, Qr = w0tring. I would expect to see something like a reflected image of Fig. 3.
There are two factors I think are most likely causing this discrepancy, 1) the LED is aligned
poorly and non-uniformly distributing the photons across the array, 2) the intrinsic detection
efficiency varies between detectors. Furthermore, in Fig. 9 we show the higher frequency
detectors have a higher count rate than the lower frequency region.

Sinclair, et al., IEEE ASC, 2019
Glasby, et al., JLTP, 2020



Field combining interferometry
• Operation

• Light from telescopes interferes 
before detection

• Light must travel via mirrors or 
optical fiber

• Sensitivity
• Limited by fluctuations in path 

length through atmosphere and 
optics

• Have to be able to see fringes from 
source in a short integration time to 
use fringe locking

• Can make images from multiple 
visibilities

• Must divide signal for multiple 
baselines à typically limited to 
small number of 
telescopes/baselines

€ 

Nmodes =
AΩ
λ2

€ 

Count Rate = nocc ⋅ Δν
S
N
= η ⋅noccτ intΔν



Intensity Interferometry
• Operation

• Light from telescopes is detected 
and then the signals are analyzed 
for correlations

• Signals can be stored before 
analysis

• Sensitivity
• Signal to noise penalty compared to 

field combining interferometry 
especially for low occupation 
numbers

• Can integrate for hours
• Signal to noise ratio is independent 

of bandwidth down to ~1/tdet so a 
linear array of detectors behind a 
grating or prism can be used to 
increase the signal to noise ratio 
and obtain spectral information

• A large array of telescopes can be 
used to increase the number of 
baselines without losing signal-to-
noise ratio per baseline

C 2( ) r1, t1 : r2, t2( ) = I r1, t1( ) I r2, t2( )
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λ2
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S
N
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• Operation
• Light from telescopes is 

detected and then the signals 
are analyzed for correlations

• Signals can be stored before 
analysis

• Response
• Only measures magnitude of 

visibility
àDifficult to make images
àBest for modeling source 

distribution and extracting 
parameters e.g. diameters of 
stars

Intensity Interferometry

€ 

Nmodes =
AΩ
λ2
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Count Rate = nocc ⋅ Δν
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τ c
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S
N
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Technical Milestones
1. Observe correlations in the lab 

with standard SPADs
2. Couple to small telescope and 

observe star to calculate 
system efficiency

3. Observe correlations from a 
star with one or two 
telescopes

4. Measure stellar diameters
5. Use tip-tilt to couple to single 

mode fibers
6. Measure correlations with 

Superconducting nanowires

Monochromator SPCM

Favorable Target Characteristics

Parameter Improved Integration
Time

Diameter Larger

Distance Away Closer

Temperature Hotter

10” diameter 
telescope



Experiment 1:  Monochromator
• τc = τdet (600 ps)

• Incoherent Light
• Δν = narrow (18 GHz – Doppler 

broadening, 1 nm filter)
• Maximize count rate while 

minimizing spatial modes
• Fine alignment
• Small apertures

€ 

Nmodes =
AΩ
λ2

€ 

Count Rate = nocc ⋅ Δν

€ 

τ c
τ det

→1

€ 

S
N

=η⋅ nocc ⋅
τ int
τ det

⋅ C(2)

where x[m] and y[n] are discrete time signals and n is the relative displacement between them. As the cross-
correlation measurement is the primary tool used to find HBT e↵ects at the single photon level, it is the first
place in which systematic e↵ects are likely to be noticed.

In contrast to the cross-correlation, the autocorrelation provides a measure of correlation between a signal
and itself shifted in time. For discrete time signals, the autocorrelation function is

�xx[n] =
+1X

m=�1
x[m+ n]x[m] (2)

In the context of a multi-channel TDC, the autocorrelation function can be used to provide insight into
channel specific behavior when attempting to isolate the source of systematic e↵ects within the system. In this
paper, a custom TDC will be analyzed for any potential systematic e↵ects using correlation measurements.

2. EQUIPMENT SETUP

2.1 Optical Setup

As shown in figure 1, the optical setup consisted of a thermal source with a color temperature of 2700 K
illuminating the back of a 12.5 µm diameter aperture to simulate a distant point source such as a star. Light
from the aperture was collimated at a distance from the aperture so as to ensure that only one spatial mode
propagated through the optical setup. The collimated light was subsequently passed through a polarization filter,
a 10 nm wavelength filter, a 1 nm wavelength filter, and finally focused onto a 50/50 beamsplitter. The center
wavelength for the optical filters was 656 nm. The split beam was directed into fiber optic cables which were
connected to two single photon detectors. For detection, single photon avalanche diode (SPAD) detectors6 were
used with a typical dead time of 45 ns and a timing resolution of � = 149.3 ps.

The detector for channel 1 was placed inside of a Faraday cage to mitigate any potential cross-talk between
detectors. Additionally, a coaxial cable was placed in the path between the channel 1 detector and the TDC.
The purpose of the cable was to introduce a relative delay between the channels so as to move the potential
signal peak away from the origin (m = 0) of the cross-correlation histogram. By moving the potential signal
peak away from the origin, the area of the cross-correlation histogram in which unmitigated cross-talk e↵ects
may manifest is avoided. In turn, this circumvents any potential ambiguities in trying to determine if a peak at
the origin is actually due to correlated photons, or is instead a product of detector cross-talk. The coaxial cable
used introduced a relative channel delay of approximately 200 ns.

Figure 1. Diagram of bench setup that is not drawn to scale. S is a 2700 K source, A is a 12.5 µm aperture, PF is a
polarization filter, F10 is a 10 nm filter, F1 is a 1 nm filter, L is a focusing lens, and BS is the beamsplitter.

Source = tungsten lamp 
or Halpha gas discharge

Hodges, et al., SPIE, 2021



Experiment 1:  Monochromator
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𝐻! Emission Source Cross-Correlation

• First measurement of correlated counts
• 9 hours of data
• Cable delay ~ 195 ns

• Gas discharge tube has 
fast (50 ns) (non-QM) 
intensity variations 
(wide feature)

• Also see unresolved 
spike
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𝐻! Emission Source Cross-Correlation

Remove large scale curvature

• First measurement of correlated counts
• 9 hours of data
• Cable delay ~ 195 ns

• Gas discharge tube has 
fast (50 ns) (non-QM) 
intensity variations 
(wide feature)

• Also see unresolved 
spike



Experiment 1:  Monochromator
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New Halpha lamp
Better optical alignment

𝐻! Emission Source Cross-Correlation

• Second measurement of correlated counts
• 9 hours of data
• Cable delay ~ 195 ns

• See additional features 
near the cable delay

• Still see unresolved spike
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New Halpha lamp
Even better optical alignment
Detectors reversed?

𝐻! Emission Source Cross-Correlation

• Second measurement of correlated counts
• 9 hours of data
• Cable delay ~ 195 ns

• See additional features 
near the cable delay

• Still see unresolved spike



Experiment 1:  Monochromator
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𝐻! Emission Source Cross-Correlation

New Halpha lamp
Even better optical alignment
Zooming in…

• Second measurement of correlated counts
• 9 hours of data
• Cable delay ~ 195 ns

• See additional features 
near the cable delay

• Still see unresolved spike

These features are from emission from SPADs



Experiment 1:  Monochromator
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𝐻! Emission Source Cross-Correlation

Not a problem for two separate telescopes

• See additional features 
near the cable delay

• Still see unresolved spike

These features are from emission from SPADs
Figure 16. Possible process within a fiber optic beamsplitter which would explain the anomalous correlated counts in
the cross-correlation. BS is the port where incoming photons are separated, D1 and D2 are the detectors associated with
channels 1 and 2. Green arrows represent the path of incoming photons, while red arrows represent the path of reflected
or emitted photons from detector 1.

For the scenario in which a free-space beamsplitter sends the separated photons into fiber optic cables, the
same reflection or emission of photons occurs at the detector. However, reflected/emitted photons that reach
the free-space beamsplitter will either pass through or will be reflected away from the other fiber optic cable
entrance. In both cases, the reflected/emitted photons are lost, and no additional correlated photons will be
seen in the cross-correlation. Figure 17 illustrates this process.

Figure 17. Travel paths for photons that are reflected or emitted at the detectors. BS is the free-space beamsplitter,
FO1 is the aperture for the fiber optic cable connected to detector 1 (D1), and FO2 is the fiber optic cable connected to
detector 2 (D2). Green arrows represent the path of incoming photons, while red arrows represent the path of reflected or
emitted photons. The red photon travel paths demonstrate how any photon reflected or emitted at either detector could
not arrive at either the opposite detector or the detector of origination.

Figure 16. Possible process within a fiber optic beamsplitter which would explain the anomalous correlated counts in
the cross-correlation. BS is the port where incoming photons are separated, D1 and D2 are the detectors associated with
channels 1 and 2. Green arrows represent the path of incoming photons, while red arrows represent the path of reflected
or emitted photons from detector 1.

For the scenario in which a free-space beamsplitter sends the separated photons into fiber optic cables, the
same reflection or emission of photons occurs at the detector. However, reflected/emitted photons that reach
the free-space beamsplitter will either pass through or will be reflected away from the other fiber optic cable
entrance. In both cases, the reflected/emitted photons are lost, and no additional correlated photons will be
seen in the cross-correlation. Figure 17 illustrates this process.

Figure 17. Travel paths for photons that are reflected or emitted at the detectors. BS is the free-space beamsplitter,
FO1 is the aperture for the fiber optic cable connected to detector 1 (D1), and FO2 is the fiber optic cable connected to
detector 2 (D2). Green arrows represent the path of incoming photons, while red arrows represent the path of reflected or
emitted photons. The red photon travel paths demonstrate how any photon reflected or emitted at either detector could
not arrive at either the opposite detector or the detector of origination.

Narrow band reflective filter

Hodges, et al., SPIE, 2021
e.g. Kurtsiefer, et al., J. Mod. Optics, 2001
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𝐻! Emission Source Cross-Correlation

New Halpha lamp
Even better optical alignment
Correlation signal still there

• Second measurement of correlated counts
• 9 hours of data
• Cable delay ~ 195 ns

• See additional features 
near the cable delay

• Still see unresolved spike



Intensity Interferometry

• By increasing the baseline 
(d), the correlation factor 
decreases.

• As the baseline is increased 
to the point that the source 
of light can be resolved, the 
number of correlations will 
drop
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Measuring Stellar Diameters

Monochromator SPCM Monochromator

d

€ 

θ =
1.22λ
d

Effective Plane Wave Wavefront Curvature 
Apparent

An appropriate 
range for “d” can 
be approximated 
by stellar models 
based on 
temperature and 
composition.



Fiber coupled SPAD on
10” telescope
• Observations on Vega
• Successful coupling to fiber
• Total QE ~ 20-30%
• 1 nm filter
• > 106 counts per second
• Should be able to measure 

correlations in ~hours

Can only read up to 999999



FAST 500, China

Photon Engine

APF- Lick, USA

Interstellar Communications

VERITAS, USA Parkes, Australia

Exoplanet @ Alpha Centauri

LightSail LOFAR - Ireland/SwedenChip-scale SatelliteLightSail

• Launch in mid century
• Velocity: 0.2c
• 1 gram payload
• Target: Alpha Centauri System

BREAKTHROUGH
STARSHOT



• Laser Thermal
• Solar Thermal
• Plasma Drive
• Solar Sail
• Laser Sail
• Fission
• Fusion
• Nuclear Pulse
• Antimatter
• Interstellar Ram Jets
• VASMIR
• E-Sail
• Von Neuman Machines

Chemical 13 MJ/Kg
Fission  82*106 MJ/Kg
Fusion 350*106 MJ/Kg
Antimatter 90*109 MJ/Kg

Considered Many Different 
Approaches

• Warp Drive
• Worm Holes
• Time Machines

• Zero Point Energy
• Casmir Effect
• Vacuum Energy
• Dark Energy
• EM Drive

• Pitch and Bias
• Diametric
• Disjunction
• Alcubierre
• Krasnikov tube

1/24/22 33



Baseline – laser propulsion (photon engine) + light sail
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1. Send a spacecraft to a star with a 
planet in the habitable zone within 5 
parsecs of Earth

2. Record science data of the star 
system focused on planets and 
send data back to Earth

3. Launch within 30 years, at an 
affordable cost

4. Go fast (0.2c) 

Starshot Objectives



Breakthrough Starshot
Navigation and Communication for 
Probe Mission to Proxima Centauri:

• Main goal: receiving ~100 kbyte images from 4.24 light years
• Current technology = radio communications
• Next generation = optical communications

• Deep Space Optical Communications instrument to be flown on NASA 
Psyche mission (ASU is PI institute)

• Ground station is Palomar 5 meter telescope with 64 element 
superconducting nanowire single photon detector array

• Many unsolved problems
• Power source
• Navigation and course corrections
• Acquiring images during flyby
• Sending image data back - communications



Communication Example: New 
Horizons NASA Spacecraft

• 30 AU distant from Earth flyby of Pluto
• Navigation by two way Doppler 

distance and velocity measurements 
plus on board accelerometers with 
integrated velocity accuracy of a few 
mm/s plus on board star cameras with 
1 arc second resolution.

• Transmitter: 12 Watt X-band radio with 
2.1 meter Cassegrain antenna

• Receiver: Return of images from Pluto 
required 70 meter DSN antenna and 
12 months at a data rate of 1 kbps 

2.1 m



New Horizon’s images:
Charon

• Closest approach: 
15000 km
• Speed: 0.00004 c
• Distance from earth: 30 

AU = 0.0005 ly
• Downlink rate: 1,000 

bits per second 
(radio/DSN)
• Time to downlink 

images from flyby of 
Pluto: 1 year Charon



Starshot parameters:

• Closest approach: < 1 
AU?
• Speed: 0.2 c
• Distance from earth:  

2.7e5 AU = 4.24 ly
• Downlink rate: 1-10 bits 

per second
• Time to downlink at 

least one image from 
flyby: ~1 year
• Just with distance –

signal strength (and data 
rate) is lower by 8 orders 
of magnitude

Artist conception of planet around Proxima Centauri
NASA/JPL-Caltech (Spitzer artist conception)



Parameters:

Artist conception of planet around Proxima Centauri
NASA/JPL-Caltech (Spitzer artist conception)

Parameter New 
Horizons

Starshot

Weight 30 kg ~1 gram

Transmit 
Power

10 Watts 10s of mW

Aperture 2.1 meters Could use sail
~ 1 meter

Data volume 6.25 Gbytes > 100 kbytes

Receiver and Data Transmission for the Starshot Communications Challenge 
Michael Hart (mhart@optics.arizona.edu), Roger Angel, Olivier Guyon, Tom Koch 

University of Arizona 

1 Summary 
This proposal addresses the needs and specific approaches of the Starshot communications system. We 
propose to develop and model the transmission and receiver elements with the goal of developing a 
practical system using an affordable ground collector and capable of receiving day or night 1.2 kbits of 
data/sec. This would enable, for example, transmission of the 160 kbit uncompressed image as shown in 
Figure 1 in two minutes.  

In considering the options, we adopt the Starshot guidelines that the laser on the nanocraft transmits 0.1 
W at a wavelength of about 1 µm, which will be redshifted to about 1.25 µm as seen at the receiver, and 
that the receiving aperture will have an area of 1 km2 and receive a flux of 3,000 photons/sec.  

Our driving consideration is to maximize the total volume of data transmitted under these constraints, at 
finite cost. Three possible architectures for the 1 km2 collector have been considered previously: light 
buckets with ~ 1 arcmin resolution, seeing limited telescopes with ~ 1 
arcsec resolution, and ELT type telescopes with AO and coronagraphs 
yielding 0.02 arcsec resolution, sufficient to resolve light from the 
nanocraft from that of the star Proxima Centauri.   

Our analysis shows that the improvement in data rate from the 
background reduction afforded by the large apertures with AO is at most 
only a factor of 3, while the cost increases by as much as a hundredfold. 
For the light bucket approach, nanosec detectors with the large area 
required to capture such a blurred PSF seem very difficult, and daytime 
operation is precluded. We have therefore focused on the seeing limited 
solution. In our preferred baseline system concept, the receiving 
aperture is built as an array of 300,000 mass-produced small telescopes, 
each one with 3.3 m2 collecting area assembled from sixteen 50 cm 
telescopes (Figure 2). The system includes the following features:  

● Operation at a high plateau site with ~ 1 arcsec seeing, such as the 
ALMA site in the Atacama desert; and tip-tilt correction of 
atmospheric image motion which allows efficient coupling of the 
signal light from each 0.5 m mirror at the 0.5 arcsec diffraction 
limit into a single-mode fiber, for transport to a spectrograph. The 
telescopes are domeless. The 0.5 m glass mirrors are back-silvered 
for 20 year lifetime, with high reflectivity maintained simply by 
occasional washing of the front side. The fast tip-tilt mirror is in 
the fiber-feed assembly located at each prime focus.    

● Echelle grating spectroscopy at R=300,000 to enable wavelength-
based discrimination between signal and background. A single 
spectrograph accepts the light from a hundred or more 
telescopes. Photons from each telescope in adjacent spectral bins 
are detected by nanowire sensors with nsec timing resolution.  The 
background stellar flux in each spectral bin, before optical losses, 
is estimated to be 500 million/sec, summed over the full array. 

Figure 1. Earth imaged in 
200×200 4-bit pixels. 

Figure 2. Conceptual 3 m2 
receiver unit, with 16 telescopes 
of ~0.5 m diameter. Fibers are 
fed from prime focus assemblies 
including fast tip/tilt correction. 



Figures of merit:

Artist conception of planet around Proxima Centauri
NASA/JPL-Caltech (Spitzer artist conception)

FOM New Horizons Starshot
requirement

kbits x 
AU2/sec/kg

Ø 30
Ø 1 kbits/sec/30 

kg at 30 AU

Ø 7 x 1010

Ø ~1 
bit/sec/1 g 
at 4.24 ly

kbits x 
AU2/sec/W

Ø 100
Ø 1 kbits/sec/10 

W at 30 AU

Ø 7 x 109

Ø ~1 
bit/sec/10 
mW at 
4.24 ly

FOM:
1. SNR per kg
2. SNR per Watt



FOM New Horizons Starshot
requirement

kbits x 
AU2/sec/kg

Ø 30
Ø 1 kbits/sec/30 

kg at 30 AU

Ø 7 x 1010

Ø ~1 
bit/sec/1 g 
at 4.24 ly

kbits x 
AU2/sec/W

Ø 100
Ø 1 kbits/sec/10 

W at 30 AU

Ø 7 x 109

Ø ~1 
bit/sec/10 
mW at 
4.24 ly

Artist conception of planet around Proxima Centauri
NASA/JPL-Caltech (Spitzer artist conception)

Need 8-9 orders of magnitude 
increase in communications FOM 
over New Horizons

Figures of merit:



NASA DSOC
• To fly on Psyche 

mission
• Developed at JPL
• First deep space 

laser comms 
demonstration

• Scheduled launch 
2022



Deep Space Optical Communications

NASA/JPL demonstration IR laser 
communications system for the 
Psyche mission to be launched in 
2022:
On board Laser Transceiver
• 22 cm diameter mirror aperture
• 4 W laser at 1.55 um
• Mass < 38 kg
• Power < 100 W

Photo/Drawing

DSOC System

Deep Space
Network
(DSN )

Deep-Space Optical 
Communications
(DSOC)

Virtual presence throughout the solar system

..

Flight Laser 
Transceiver (FLT)
Optical Head
4W, 22 cm dia.
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Electronics Box

1064 nm
Beacon & Uplink
Max rate 1 kb/s 

Ground Laser  Receiver 
(GLR)
Palomar Mtn., CA
5m-dia. Hale Telescope

Ground Laser Transmitter (GLT)
Table Mtn., CA
1m-OCTL Telescope (5 kW)

Optical Comm
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Ops
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Optical Transceiver
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Photon Counting
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Transmitter
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Isolation Pointing Assembly

(IPA)
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Electronics
(FPE)

Stationary
Platfrom

Electronics
(SPE)

Optical Fiber

Data/Pwr

Ext.
I/F

OTA

FPE

PCC

IPA

Flight Laser Transceiver 4



Deep Space Optical Communications

DSOC Ground Station
Uplink 
• OCTL Telescope (1 meter) 
• 5 kW average power 
• Wavelength 1.064 microns 
Downlink
• Palomar 5 meter telescope
• Operates day or night
• Can point within 12 degrees 

of sun 
• JPL developed 

superconducting nanowire 
single photon counting 
detector 

DSOC Major Components

Flight Terminal

OCTL Uplink

Palomar 5 meter Telescope

April 27, 2015 Interplanetary Network Directorate Strategy 
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FOM DSOC Starshot
requirement

kbits x 
AU2/sec/kg

Ø 300
Ø 1.2 

Mbits/sec/29 
kg at 2.62 AU

Ø 7 x 1010

Ø ~1 
bit/sec/1 g 
at 4.24 ly

kbits x 
AU2/sec/W

Ø 2500
Ø 1.2 

Mbits/sec/4 
W at 2.62 AU

Ø 7 x 109

Ø ~1 
bit/sec/10 
mW at 
4.24 ly

Artist conception of planet around Proxima Centauri
NASA/JPL-Caltech (Spitzer artist conception)

Still need 7-8 orders of magnitude 
increase in communications FOM 
over DSOC

Deutsch, Nature Astronomy volume 4, 907 (2020)

Figures of merit:

https://www.nature.com/natastron?proof=t


Optical communications parameters:

Subset of parameters for laser communications (see 
Lubin, Messerschmidt and Morrison, 2018, 2020):

Dsail = diameter of light sail (assume it is used to focus 
light towards Earth) or other on-board aperture

Adishes = effective collecting area of telescopes near or 
on Earth (including efficiencies)

𝜈 = frequency of light

∆𝜈 = bandwidth of light/signal modulation

Pemit = power emitted at Proxima

B = bits per photon detected

https://arxiv.org/pdf/2001.09987.pdf



Order of magnitude improvement (power): Require 7 over DSOC

Change in assumptions from DSOC to 
Starshot

Parameter Orders of magnitude gained 
from DSOC to Starshot

DSOC estimate for bandwidth is 
conservative à Optimize signal encoding 
and detection 

B = Bits per photon 1-2

Effective collecting area for DSOC is 10 
m2 à Design low cost 1 km x 1 km 
receiving station

Adishes 4-5

Use 2.2 meter diameter light sail to direct 
the light towards vs. 0.22 meter DSOC 
aperture à Design transmitter optics

Dsail 2

Increase on-board power from 10 mW to 
100 mW à Power generation/storage

Pemit 0-1 (extra)

Total 7-10

Challenge = mass



Future: Square kilometer optical 
receiver
• 1 meter apertures x 106

• Narrow bandwidth filters/spectrometers
• Signal level ~ 1 photon/second
• à Noise level < 1 photon per second
• à Dark counts per detector/mode < 1e-6 photons/sec
• Only superconducting nanowire detectors are close
• Possible dominant source of noise – dark matter 

interactions
• Imaging and spectroscopy of exoplanets 



BREAKTHROUGH 
STARSHOT

COMMUNICATIONS SYSTEM

Breakthrough Starshot 
COMMUNICATIONS SYSTEM

CONCEPT IMAGE BY MICHAEL STILLWELL

Breakthrough Starshot aims to demonstrate proof of concept for ultrafast light-driven 
nanocrafts, and lay the foundations for a first launch to Alpha Centauri within the next 

generation. Along the way, the project could generate important supplementary benefits to 
astronomy, including solar system exploration and detection of Earth-crossing asteroids.

PHASE 1: CONCEPTS & ANALYSIS
Pre-proposals due Jan 4, 2021 (5pm PST)

PROPOSAL INFORMATION

Breakthrough Initiatives and Interplanetary 
Initiative at Arizona State University co-hosted a 
Breakthrough Starshot communications workshop on 
May 8-9, 2020. This workshop gathered experts to 
exchange ideas and help create a new era of 
interstellar exploration. 

The two-day workshop set the stage for the RFP by 
generating a few system reference models and 
approaches and identifying enabling technology 
challenges. Participants collected ideas, alternate 
assumptions, and associated risks and mitigations. 
All participants were educated on the architecture 
and needs and ultimately created a document that 
collects and organizes ideas for downlink systems.

WORKSHOP REPORT

Objective: 

Develop and assess approaches and related technologies for the 
Starshot Communications Sailcraft and Ground Station Transmit 
and Receive Systems with performance that meets Breakthrough 
Starshot requirements.

Key Dates:

• RFP Release: December 1, 2020

• Pre-proposal white papers due: January 4, 2021

• Invitations to propose Issued: January 11, 2021

• Full proposals due: February 7, 2021

• Selections: February 14, 2021

PROPOSAL INFO

FAQ

UPLOAD PROPOSAL

Workshop Topics
Photon Sources • Detectors • Quantum Sensors/Entanglement • Gravitational Waves • Neutrinos• X-rays • Coherent THz • Filters • 

Information Theory • Antennas/Collectors/Sails • Power Generation • Metamaterials/Phased Arrays • Optics • Pointing/Attitude Control

Workshop Scope
The Starshot communication subsystem is comprised of downlinks, optional crosslinks, and optional uplinks. The downlink returns data from a 

sailcraft at 4+ light years in the direction of Alpha or Proxima Centauri to an Earth-based ground system. The optional crosslink exchanges data 
between two or more sailcraft in a pipeline of sailcraft destined to pass Alpha or Proxima Centauri. Sailcraft will be launched weekly, so they will 

be spaced lightweeks apart. The optional uplink will send data from the Earth to the sailcraft. Starshot’s baseline architecture requires only a 
downlink at this stage, but an uplink and crosslinks are under consideration. 

Starshot proceeds from the determination that using lasers to propel sails to relativistic speeds does not violate known physics. Similarly, 
communication schemes must be based on known physics. Any approach will require significant extrapolation of current technologies (either 
due to natural progression of technology or specific to this project) and/or development of completely new technologies, as well as scaling of 

manufacturing costs.Technologies required onboard the sailcraft have to be developed before launch, while technologies required for receiving 
stations could benefit from an additional 20+ years of technology advances and development. With multiple launches, ongoing improvements 

and technology diversity is feasible.

Reference Materials
A concise summary of the most severe technological challenges encountered in a Starshot downlink: 

"Technological Challenges in Low-mass Interstellar Probe Communication"

STREAMING TALK

Based on this paper being presented at the workshop

Modeling and numerical evaluation of a StarShot downlink, including support for a swarm of probes and a full range of receive-aperture-area to 
transmit-power tradeoffs: 

"Challenges in Scientific Data Communication from Low-Mass Interstellar Probe"

STREAMING TALK

Based on this paper

Spreadsheets

MODELING CALCULATIONS

A spreadsheet that allows anybody to repeat the modeling calculations in the foregoing for different parameter values:

LEARN MORE

Documentation on using the spreadsheet

The Starshot Communication Downlink

POWERPOINT DOCUMENT

The Breakthrough Starshot System

DOCUMENT

ASU Breakthrough Starshot communications workshop
 May 8-9, 2020

Breakthrough Starshot communication workshop_ASU Day
1_Part 1

Breakthrough Starshot communication
workshop_ASU_Day1_Part 2

ASU Breakthrough Starshot communications RFP meetings
 Dec 8, 2020
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H O M E  A B O U T  W O R K S H O P  R E S O U R C E S  PA R T I C I PA N T S  C O M M I T T E E  C O N TA C T

Goals for Phase I R&D activity:
• Develop/refine theoretical concepts and/or system 

designs for sending and receiving data transmissions 
from Alpha Centauri A/B/C to Earth with data 
transmission rates that meet Starshot requirements.
• Develop/design subsystem components capable of 

meeting the size, weight and power requirements for 
the on-board transmitter for the Starshot
communications system.
• Develop/design subsystem components for a 

receiving station for the Starshot communications 
system that meet cost and performance requirements.



Starshot communications 
workshop and status
• Workshop May, 2020 (zoom)
• RFP December, 2020
• Phase I R&D underway – to be completed this year
• Kickoff meeting September, 2021
• Over 80 participants at the workshop and kickoff 

meetings
• Presentations from groups and updates
• https://www.starshot-asu.com/

https://www.starshot-asu.com/phase1

