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Abstract: Recent solar flare observations reveal the presence of THz components having a few orders of magnitude higher amplitude than
the radio frequency and microwave radiations in the solar flare spectrum. This feature makes it remarkably beneficial for the detection of
solar flares of low magnitudes such as Geostationary Operational Environmental Satellite (GOES) Class C, and M flares. Hence, space
agencies including National Aeronautics and Space Administration (NASA) and European Space Agency (ESA) are gearing up with THz
instruments for solar flare observations. In line with this, Laboratory for Electro-Optics Systems has completed the development of a
photometer that operates in continuum THz band, from 1.5 to 15 THz. The entire electro-opto-mechanical design was carried out to
realize a compact, light-weight, and power-efficient photometer to meet the size, mass, and power constraints posed by inherent
resource limitations of experimental satellite platforms such as Nanosatellite, Microsatellite, and Polar Satellite Launch Vehicle’s
4™ Stage Orbital Platform (PS4-OP). A Cassegrain optical configuration was designed to collect the sun radiation with an aperture
effective area of 0.0027 m? with ceramic low-pass filters and resonant mesh filter for selective perception of THz radiation, rejecting
the huge background of visible and near infrared with a spectral selectivity of 107:1. Sensitivity of the photometer was estimated to
be 41.5 K/mV in 1.5-15 THz band by calibration using a blackbody radiation source. The radiometric resolution of the payload is
125 solar flux unit (SFU) (1 SFU=1 x 10722 Wm™2Hz™!). The payload was successfully developed and space-qualified for its

deployment in Nanosatellite or PS4-OP platform.
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1. Introduction

Solar flares are violent eruptions of radiation caused by the sudden
release of magnetic energy linked to sunspots. It is commonly understood
that the effects of a solar flare are always detrimental to mankind.
Increased X-ray and extreme ultraviolet (UV) emission during the
solar flare events leads to modification of the electron density profile
in the lower ionosphere due to enhanced ionization [1, 2]. These
effects called sudden ionospheric disturbances [3] stimulate global
positioning system malfunction [4] and disturbance in radio and
wireless communication services [5, 6]. The stream of protons ejected
from some of the very energetic flares can cause severe damage to
unshielded satellites since these high energy protons are highly
penetrating.

Solar hyperactivity results in solar proton events [7, 8], which raise
the risk of computational and memory errors in on-board processors,
failure of space instruments, and health risks for astronauts [9, 10].
The Earth’s magnetic field is also impacted by solar disturbances,
which can result in geomagnetic storms, which are brief interferences
of the magnetosphere brought on by space weather disturbances
linked to solar flares, coronal holes, or coronal mass ejections.
Geomagnetic storms can cause disruptions in the power grid lines [11]
and increased corrosion rate in the oil and gas pipelines [12]. Given
that geomagnetic storms follow solar flares by 2-3 days [13, 14], the
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best course of action is to carry out continuous monitoring of solar
flares in order to provide an early warning system that could protect
not only infrastructure and resources but also precious lives.

Recently, a new component in THz was discovered in the solar
flare spectrum, having higher peak amplitudes typically, few orders of
magnitude higher than the microwave and radio frequency (RF)
emission [15]. In addition to the RF and microwave radiations of
the solar flare spectrum where the flux shows a positive slope at
lower frequencies and a negative slope at higher frequencies,
certain bursts have a separate spectral feature in the sub-THz
regime wherein the flux increases with frequency. These radiations
are attributed to be incoherent synchrotron radiation emitted by the
high energy electron beams accelerated in the magnetic fields
associated with solar flare. Another model suggests free-free
emissions from the high temperature (10*~10° K) plasma of solar
flux ribbons [16]. However, no firm conclusion on the real origin
of the THz is arrived yet and systematic observations are required
to unravel the mystery of origin of THz and sub-THz radiation in
solar flares.

The THz components in the solar flare spectrum have a few orders
of magnitude higher amplitude than the RF and microwave radiations
[15] which makes it beneficial for the detection of solar flares of low
magnitudes such as C, and M flares of Geostationary Operational
Environmental Satellite (GOES) Class. Ground-based observatories
are envisaged for solar flare observation in 0.2, 0.4, 0.84, 1.4, and
30 THz [15, 17-19]. Subsequently, THz photometers in 3 and 7 THz
ranges were developed for solar burst observation from stratospheric
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balloon platforms [20]. However, no reports are available on observation
of solar flare in the continuum THz band.

In Laboratory for Electro-Optics Systems (LEOS), Detector
Development Division has been involved in the development of
broad band THz detectors since 2015 under a technology
development project [21, 22]. Further to the successful development
of THz detector technology in-house, the development of a
photometer for solar flare transient burst observation is taken up
in line with the progress made by other space agencies as
mentioned above.

This paper presents the development and space qualification of
a THz photometer for observing solar flare bursts from a spaceborne
platform in the continuum band (1.5-15 THz).

2. Design of THz Photometer

The spacecraft interface and payload’s optical, mechanical, and
electrical configurations have been designed to meet the limitations
of the Nanosatellite platform, including:

1) weight less than 5 kg

2) center of gravity within 50 mm from the payload mounting
interface

3) maximum power consumption 8 W.

The primary challenge is suppressing the solar emission in visible and
infrared regions without much attenuation to the THz radiation, which is
found to be a very weak signal (0.67 mWm™2 at 3 THz, whereas the total
solar irradiance is 1378 Wm™2). Planck’s radiation law is used for
estimation of the solar irradiation in outer space. The majority of the
solar emission (99.5%) falls in the shorter wavelength region
(<5 pm) with a peak at ~500 nm. Planck’s radiation law [23, 24]
was used for estimating the spectral radiant emittance of the
blackbody in Wm™2sr~'THz .

2hf? 1

¢ (L)
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e\"") —1

L(f,T) = 6

where

f = frequency,

h = Planck’s constant

T = temperature

¢ = speed of light in vacuum

kg = Boltzmann’s constant

Radiant emittance M (T) is the integral of L(f, T') with respect to f
for the given temperature of the Sun photosphere. Considering the trans-
mission spectrum of the THz window, 7(f) the radiant emittance is
obtained as:

mn = [anL ﬁ "G
1

1.5 kT
The optical power received by the detector ¢, is further estimated as:
Gder = M(T) Apy Qget i 3)

where Ay, = area of blackbody and g4, ;;, = solid angle subtended
by the detector. It is clear from Figure 1 that, as compared to the
visible-infrared regime, the emission of radiation in the terahertz
range is very low. This proportion turns out to be approximately
0.2 ppm in the case of 3 THz. The uncooled THz detector used

Figure 1
Solar spectral emission at airmass zero (AM0) condition
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in the photometer is sensitive to the broad spectrum of solar radi-
ation, right from visible, infrared, and terahertz, and it makes the
measurement quite challenging in the presence of the background
solar radiation.

To accurately measure the THz radiation emitted by the Sun,
specialized filtering techniques with spectral selectivity as high as
107 are needed to suppress the visible and infrared regions, while
detecting the THz radiation in the designated band of frequency.
This is particularly true for thermal detectors, whose spectral
response spans a large range from UV to THz.

A cascade of technologies was used to achieve high spectral
selectivity. It includes micro-roughening of reflective optical
components and the adoption of resonant mesh filter [25] for selection
of THz radiation band. With this combination, the transmittance of
UV, visible, and near-infrared radiations is suppressed to < 1% for
wavelengths up to 5 pm as shown in Figure 2. Further band rejection
is achieved by the usage of ceramic low-pass filter with cut-in at

Figure 2
The reflectance of the roughened metal mirror and the
transmittance characteristics of the resonant metal mesh THz filter
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21 pm (off-band transmission 0.1%) and germanium window for further
blocking the short wavelength radiations.

Because of'its compact size and ease of integration with the detector
system, the front-end optics is designed with a reflective optical system
based on the Cassegrain configuration. To achieve an [FOV of + 1° with
detector size of 2 mm X 2 mm, an optical design consisting of a primary
concave mirror measuring 75 mm in diameter and a secondary convex
mirror measuring 20 mm in diameter was implemented leading to
100 mm effective focal length. Aluminum alloy, AA6061-T6, was
used for fabricating the mirrors, and the assembly consisting of the
telescope, detector, and the THz filters was then evaluated for optical
performance, field of view, and focal length.

Modulation of the optical radiation is achieved by integrating a
resonant fork optical chopper (CH-10 from Electro Optical Products
Corporation (EOPC), USA). This resonant fork modulator ensures
jitter-free operation while tuned at 20 Hz with high stability (better
than 0.005%), matched to the optimum operating frequency of the
detector.

Compared to the continuum spectrum, solar emission at the THz
spectrum is extremely low, making it very difficult to design front-end
electronics for signal processing to meet the dynamic range requirement.
Such deeply buried signals can be extracted from noisy ambient
environments only by lock-in amplifier-based electronics [26]. A
dynamic range of up to 110 dB was reached by designing and
integrating a very small lock-in-amplifier with sensor electronics. The
output of the front-end signal conditioner is an analog voltage,
proportional to an incident THz radiation. This voltage is converted
to digital by a 16 bit sigma-delta analog to digital converter (ADC)
at 128 Hz rate so that the on-board microcontroller (Atmega328P)
could process it further. Figure 3 shows the instrument architecture
block diagram.

Figure 3
Internal architecture of the photometer
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The payload uses a serial peripheral interface (SPI) for
communication with the on-board computer of the Nanosatellite.
Additionally, for interface with other platforms such as PS4-OP [27],
a serial communication protocol based on the RS485 interface was
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also implemented. In order to perform autonomous measurement of
the sun pointing angle, a Dual Axes Micro Sun Sensor was deployed
on the front face of the photometer. The Micro Sun Sensor provides
the exact angle between the optical axis of the THz photometer and
the sun rays. This feature enables cosine correction to compensate
for the output variation with sun angle within the FOV.

The electronics circuit consists of lock-in-amplifier,
microcontroller, 16-bit ADC, sensor output processing unit, power
distribution system, and digital interface circuit where accommodated
in a single printed circuit board while the chopper driver was made
as a separate one.

Multiple factors were considered while designing the instrument to
keep it light weight and low power. Cassegrain telescope was chosen due
to its inherently compact design. The telescope mirrors (both primary and
secondary) were made of aluminum. The telescope barrel and the spider
for secondary mirror, and the mechanical housings were light-weighted
by design and fabricated using precipitation hardened aluminum alloy
Al6061-T6. Instead of a conventional mechanical chopper, a resonant
fork optical modulator was chosen that significantly reduced the
weight of the system. All these efforts could finally keep the weight
of the entire payload within 1.5 kg.

Payload configuration was designed to keep the heavier
components and systems of the instrument at lower region in order
to have the center of gravity close to the base. The electronic cards,
DC-DC convertor, and harness were contained in the mechanical
housing that forms the base of the payload, while the light-weighted
telescope which is, by and large a hollow structure, was mounted on
top as shown in Figure 4 and this approach resulted in maintaining
the center of gravity of the payload within 50 mm from the base as
required by Nanosatellite platform.

Figure 4
THz photometer payload realized

Adoption of commercial off-the-shelf components provides the
designer with freedom to choose electronic devices of tiny foot print,
low power, and high performance. Usage of a microcontroller instead
of the traditional space-grade field programmable gate array (FPGA)
has significantly reduced the circuit complexity and power
consumption. Usage of a resonant fork optical modulator significantly
reduced the power consumption as compared to conventional optical
choppers based on brushless DC/synchronous motors. With all these
efforts, the power consumption of the payload was limited to 4.5 W.
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3. Photometer Characterization

The cumulative noise of the instrument, which comprises of
contributions from electronics, mechanical (vibrations from resonant
fork optical modulator), and detector noise, was measured over a
period of time and follows to the Gaussian nature with a standard
deviation of 30 pV,,,. Figure 5 shows the temporal fluctuations in
the output of the THz photometer while tested with a 1073 K
National Institute of Standards and Technology calibrated blackbody
(Model SR-20, Make CI systems, Israel).

Figure 5
The output of the THz photometer when tested with
1073 K blackbody
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Further, to evaluate the sensitivity of the photometer to temporal
variations in solar flux, laboratory tests have been carried out using a
blackbody radiation source with an off-axis parabolic collimator
(divergence * 0.25°) as an artificial sun. The THz photometer was
calibrated against blackbody at various temperatures and 41.5 K/mV
sensitivity was observed as shown in Figure 6.

Figure 6
Calibration of THz photometer using blackbody radiation source
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The radiometric resolution of a photometer is given by:

_ 2kgAT
=

AS (4)

where A, is the effective area of the telescope aperture and kj is the
Boltzmann’s constant. AT is the minimum resolvable excess temper-
ature transient, which in turn is obtained as the product of photometer
noise and sensitivity and is 1.24 K for the present case. The effective
area of the telescope aperture is given by:

Ae = NTransmission X< APrimaryOptics (5)

Where N angmission 15 the optical transmittance and Apyiparyopics 18 the
physical area of the primary mirror. The primary mirror area is
0.0044 m?, and the transmittance is 60% considering the efficiency
of all the optical components. The effective area, A,, is 0.0027 m?.
The radiometric resolution of the instrument in terms of solar flux
unit (SFU) is 125 SFU (1 SFU=1 x 102> Wm2Hz!).

Table 1 lists the technical specifications of the photometer.

Table 1

Specifications of the THz photometer
SI. No.  Specification Value
1 Operating frequency Continuum (1.5-15 THz)
2 Resolution 125 SFU
3 Field of view +1°
4 Optics configuration Cassegrain
5 Detector type LiTaOj3 based uncooled

pyroelectric THz detector

6 Detector frequency range 0.1-30 THz
7 Weight 1.5 kg
8 Size (mm?) 140 x 142 x 156
9 Power requirement 9-18 VDC
10 Power consumption 45 W
11 Communication SPI/RS485
12 Data update rate Up to 10 samples/second
13 Location +Ve yaw panel
14 Orientation —Ve pitch (Sun pointing)

4. Space Qualification of the Package

It is proposed to fly the THz photometer instrument in a suitable
space platform such as a Nanosatellite, PS4-OP, or Microsatellite. The
objective of the first flight is to calibrate the instrument in the
continuum THz band (1.5-15 THz spectral range) from outer space
and to study the solar flare burst during the mission period. PS4-OP
and Nanosatellites provide excellent platforms for carrying out
demonstration of new technologies while providing experimental
support for innovative technology development before it can be flown
in a more serious mission. Test Plan Committee of Polar Satellite
Launch Vehicle (PSLV) project has formulated a detailed
qualification plan for the payloads to be flown as part of the PS4-OP.
Test conditions as applicable to Proto FM (single flight model) were
adopted for qualifying the THz photometer. Details of the
environmental tests are provided in Figure 7.

Qualification of the photometer was completed as per the
environmental test levels for PSLV components and subassemblies
suggested by Test Plan Committee of PSLV project. Payload
performance was satisfactory throughout the qualification program
and passed all the tests. The root mean square noise and signal to
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Figure 7
Test matrix adopted for qualification of THz photometer
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noise ratio remained unchanged during all levels of space qualification
exercise.

5. Conclusion

A THz photometer was designed and developed for observation
of solar flare in continuum THz band of 1.5-15 THz at LEOS and is
qualified for space deployment. The instrument is capable of detecting
solar flares of intensity as low as 125 SFU, which corresponds to GOES
Class C and higher magnitude. Currently, developed THz photometer,
by studying the solar flare in continuum THz band from a satellite
platform, will unravel new insights into complex and still
mysterious emission phenomena during solar hyperactivities.
Further, due to the higher magnitude of the THz signals as
compared to the RF and microwave counterparts, deployment of the
instrument for solar flare detection can generate early warning
signals on the potential threats posed by solar storms well in
advance (3-5 days) for safeguarding space infrastructure as well as
astronauts. It is planned to deploy the payload in an experimental
space platform such as Nanosatellite, PS4-OP, or Microsatellite for
calibration against quiescent sun background and to detect any flare-
induced THz signatures during the mission span in comparison with
the GOES flare classifications.
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