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Abstract—The paper describes the Sun-Terahertz space experiment, planned for 2025—2027 on board the
Russian segment of the International Space Station. The goals of the experiment are to obtain data on the
Sun’s terahertz radiation, as well as to study solar active regions and solar flares. The scientific equipment of
the Sun-Terahertz consists of eight detection channels, which are sensitive to radiation of different frequen-
cies in the range of 0.4—12.0 THz. The purpose of this work is to check the compliance of the actual spectral
characteristics of scientific equipment with the calculated ones in the operating frequency range of 0.4—
20 THz using auxiliary equipment and the developed methodology.
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INTRODUCTION

The Sun is a source of electromagnetic radiation in
a wide range of frequencies and energies. Currently,
ground-based and exoatmospheric observations of
radiation are carried out in almost the entire solar
spectrum (Kinnison et al., 2020; Howard et al., 2013;
Domingo et al., 1995; Davila et al., 1996) with the
exception of radiation in the terahertz range, since it is
almost completely absorbed by the Earth’s atmo-
sphere, except for a transparency window with a cen-
tral frequency of about 30 THz (Kaufmann et al.,
2015). The Sun-Terahertz space experiment is aimed
at studying solar flare radiation in the terahertz range
(Kalinin et al., 2021). The main goal of the experiment
is to obtain new experimental data for the develop-
ment and further development of models of the phys-
ical mechanism of the occurrence of powerful solar
proton flares and their prediction (Kaufmann et al.,
1985, 2001, 2003, 2004; Kaufmann, 1996; Krucker
etal., 2013; Luthi et al., 2004; Makhmutov et al.,
2003; Makhmutov et al., 2011). The Sun-Terahertz
space experiment will study the Sun’s terahertz radia-
tion in order to determine the physical nature of solar
flares and develop a method for predicting them.

The study of solar flares at different frequencies
allows us to investigate processes occurring at different
levels of the solar atmosphere. For example, data on
submillimeter solar radiation make it possible to study

the processes of acceleration and transfer of energetic
electron flows in the lower layers of the solar atmo-
sphere from the transition region to the chromosphere
(Wedemeyer et al., 2016). Some flares have a second
spectral component: instead of the expected decrease
in gyrosynchrotron radiation fluxes with increasing
frequency, their growth is observed at frequencies of
212, 405 GHz and higher (Kaufmann et al., 2004;
Krucker et al., 2013). Obtaining new experimental
data, especially in the terahertz range of waves of the
order of 1—10 THz, will make it possible to study the
characteristics and physical nature of this feature of
the frequency spectrum and determine the frequency
at which changes in the slope of the spectrum occur in
various solar flares.

EQUIPMENT FOR THE SUN-TERAHERTZ
EXPERIMENT

The Sun-Terahertz scientific apparatus (Fig. 1)
consists of eight detection channels (detectors) sensi-
tive to radiation in the vicinity of frequencies of 0.4,
0.7, 1.0, 3.0, 5.0, 7.0, 10.0, and 12.0 THz.

Each radiation detector consists of the following
components:

— An optical telescope (Kvashnin et al., 2021) that
concentrates radiation into a receiver.
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Fig. 1. Photograph of the Sun-Terahertz scientific apparatus: view from the front panel. Shown are the telescope entrance win-

dows, small and large mirrors.

— A system of successive filters that passes radia-
tion in a given frequency range for each receiver, which
consists of a low-pass filter LPF 23.1
(https://www.tydexoptics.com/pdf/ru/THz_Low_-
Pass Filter.pdf) and a band-pass filter BPF
(http://www.tydexoptics.com/ru/products/tgc-ustro-
jstva/thz_band pass_filter/) and thus ensures selec-
tivity;

— An optical chopper that modulates the radiation
in the input window of the receiver with a frequency of
10 Hz (Philippov et al., 2023a).

— Areceiver, in the body of which an optoacoustic
converter (OAC) “Golay cell” and an amplifier are
placed (Kaufmann et al., 2014; Kropotov and
Kaufmann, 2013; Philippov et al., 2023b, 2024a,
2024b).

The scientific equipment electronics unit is a set of
electronic boards that provide: power supply, amplifi-
cation of OAC signals, digitization, primary process-
ing and transmission of data to the ISS, etc. (Philippov
et al., 2023b).

The onboard implementation of the Sun-Terahertz
space experiment is planned for 2025—2027.

The auxiliary equipment used in the experiment
includes a single-channel detector model and a black-
body simulator (BBS) (Philippov et al., 2023b).

SENSITIVITY OF RECEIVERS OF THE FLIGHT
MODEL OF SCIENTIFIC EQUIPMENT

Using a single-channel layout for the receiver a
series was conducted measurements of the peak-to-
peak noise signal (with an aluminum plug installed in
the input window of the receiver under test) at differ-
ent room temperatures. The data are presented in
Table 1. In the first column is the measurement num-
ber, in the second column the average temperature on
the OAC case, in the third column the average ampli-
tude of the receiver noise signal. The last line (1-7)
shows the results obtained from a set of seven mea-
surements.

As can be seen, the correlation between the tem-
perature on the OAC case and the noise signal ampli-
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tude (with temperature changes in the range of 4°C) is
absent, therefore, further the receiver’s own noise,
caused primarily by the amplifier, will be considered
constant within the operating temperatures of the
OAC, and the measured average value of the receiver’s
own noise: Ug (noise) = (38.42 £ 21.77) mV.

Thus, it is possible to estimate the minimum signal
to which the equipment receivers are sensitive as the
value Ug (noise).

CHECKING THE SPECTRAL
CHARACTERISTICS OF THE DETECTOR
USING A SINGLE-CHANNEL LAYOUT
AND BBS IN THE RANGE OF 0.4—-20 THz

In this experiment, the dependence of the receiver
output signal at a fixed temperature of the BBS emitter
was investigated: 7,, = 873 K for cases of single and
double installed LPF 23.1 filters.

The essence of the method is to measure the ratio
of the receiver signal swing for a single LPF 23.1 cutoff
filter at the maximum high temperature that the BBS

can support for a long time (Us (873 K)) and the
receiver signal swing for a dual (two consecutive sets)

LPF 23.1 cutoff filter (U, (873 K)).

Since the receiver signal is proportional to the mag-
nitude of the input radiation flux, it can be assumed
that the ratio of the receiver signal amplitude will be
equal to the ratio of the calculated radiation fluxes for

a single (@ (873 K)) and a double cut-off filter LPF
23.1 (@ (873 K)).

The optical paths of the detectors include: a tele-
scope with two mirrors, a cutting filter LPF 23.1, a
bandpass filter BPF, and the spectral characteristics of
the input window OAC also have an effect. The result-
ing spectral characteristic of the optical path is
obtained by multiplying the spectral characteristics of
transmission and reflection (for mirrors). Spectral
characteristics as a dependence of the transmittance or
reflection coefficient on the radiation wavelength were
obtained at Tydex, LLC. Transmission spectra
LPF 23.1 cut-off filter and bandpass filters BPF 1.0—
BPF 12.0 were measured using a Bruker VERTEX 70
spectrometer, and the spectra of bandpass filters BPF
0.4 and BPF 0.7 were measured using a Menlo Sys-
tems TERA K8 spectrometer (Kropotov et al., 2023).
To reduce the influence of instrumental noise, mea-
surements are taken four times and then averaged at
each point. Thus, the initial spectral characteristic is
obtained. Next, the original characteristic files from
the wavelength grid are converted to a frequency grid
with a step of 0.01 THz (intermediate values are
obtained by linear interpolation) in the range from
0.01 to 2000 THz.

The level of instrumental noise of the measuring
equipment is estimated as follows: the sections of the
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Table 1. Measured values of the noise signal peak-to-peak
for the receiver No. GC00284 at different OAC case tem-
peratures

Me;lsllrlrrlir;ent T, °C Ug (noise), mV

1 21.92 £ 0.27 38.75 £ 21.91

2 22.55+0.27 38.69 +22.14

3 23.15+0.25 38.50 + 21.76

4 23.69 +£0.22 38.77 £21.84

5 2422 £0.24 38.82 +22.04

6 25.07 £0.30 38.15+ 21.59

7 25.96 £0.21 37.99 + 21.64

1-7 24.14 £ 1.23 38.42 +21.77

spectra in which the spectral transmittance (or reflec-
tion) coefficients of the studied samples tend to zero
are considered. Among the values close to zero, there
are also negative values, which are a consequence of
instrumental noise or bias in the amplification stages
of the measuring equipment. Characteristic value:
5x 10~* rel. units.

Since the spectral density of the radiation fluxes of
the quiet atmosphere of the Sun increases with
increasing frequency, the multiplication of small val-
ues of the spectral transmittance coefficient, which is
instrumental noise, by large values of the radiation
flux densities can make a significant contribution to
the error in the calculated solar radiation fluxes. To
reduce this effect, each spectral characteristic under-
goes additional processing: the value 5 x 10~* is sub-
tracted from each point, after which all negative values
are set to zero.

Returning to the method of measuring the ratio of
signal peak-to-peak values for single and double
LPF 23.1 filters in the optical path of the detector: to
compensate for the temperature effect of the OAC, all
measured values should be reduced to the same tem-
perature on the OAC body according to formula (1)
(Philippov et al., 2024b)

Us (T, T
Ug (Tbb,TGZ) = —1G (YbbA;I)’ (1)
—YgAlg

where (T, 750,) is the measured receiver signal swing
(mV) at the BBS emitter temperature: 7, and tem-
perature 7, on the OAC body, mV; Ug; (T, T5;, ) is the
temperature-corrected receiver signal swing (mV);
AT =Tg, — Ty T, = 25°C; vg = (—3.52 £ 0.06)%
per 1°C.

However, as shown in Table 1, the receiver’s own

noise is almost independent of temperature. Thus, to
increase the accuracy of the calculation, the signal
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amplitude should be conditionally divided into two
components: the useful signal and the characteristic
constant noise signal, and a temperature correction
should be made only for the difference between the
useful and noise signals. Formula (1), taking into
account the noise component of the signal, takes the
following form:

Ug (Ty, 1) — v6ATGUg (noise)
1=v6ATs
whereUg (noise) = (38.42 £ 21.77) mV.

Standard deviation 6 U (7,,,,7,) receiver signal

amplitude at temperature 7, = 25°C on the OAC
body is converted from the standard deviation

oUg (T, T, ) signal amplitude at temperature 7g;; on
the OAC body similarly:

oUs (Tiw, Ti2)
_ oUg (Tiw, Ts1) — Y6AT50 Ug (noise) (3
1 =v6ATs .

It should also be noted that in addition to the fact
that the BBS emitter is not a black body (the blackness
degree in the terahertz wavelength range is not less
than 0.88), it is necessary to take into account the air
gap (approximately 0.6 m) between the BBS emitting
element and the input window of the receiver, since
terahertz radiation in the range of 1—10 THz experi-
ences significant attenuation (from 100 dB/km to
more than 100000 dB/km depending on the fre-
quency) due to absorption by air molecules (Cui et al.,
2011; Yasuko and Takamasa, 2008).

The radiation flux from the BBS passing through
the receiver input window Fg (W), is equal to

Us (Tbba Tcz) =

, (2

R (Top) = Sl Id r(v,Ty)

t(v)a(v)dv, 4)
where S, is the area of the telescope entrance window
(S, = 3.84 x 1073 m?); v is the radiation frequency
(Hz) (v, = 0.01 THz, v, = 2000 THz); d (V) is the
spectral coefficient of diffraction losses on the tele-
scope mirrors; r(V, Ty, ) is the spectral density of radi-
ation per unit area in the frequency range (v; dv),
W/(m?Hz); ¢(V) is the transmittance of the detector
optical path: telescope, filter system and OAC input
window; a(Vv) is the spectral coefficient that deter-
mines absorption of radiation in air.

Figure 2 shows the transmission spectra of the opti-
cal paths of the detectors at 0.4, 5.0, and 10.0 THz
using a single cutoff filter LPF 23.1 (blue curve) and a
double filter LPF 23.1 (red curve), taking into account
the absorption of radiation in air.

Preliminary conclusions can be made that for
channels at 0.4, 0.7 and 1.0 THz, when using a double
filter LPF 23.1, the transmittance is reduced by about

70%, but the selectivity of the channels by radiation
frequency increases sharply. Therefore, for these
channels it is possible to use the double filter LPF 23.1
as a standard in the scientific instrumentation. For
channels at 3.0, 5.0, 7.0 THz, using a double LPF 23.1
filter would not be advisable, but possible. For chan-
nels at 10.0 and 12.0 THz, due to the extremely low
transmittance and its shift to the nontarget frequency
range, the use of a double LPF 23.1 filter is impossible.

Table 2 shows the results of measurements of the
signal amplitude of the receiver with single and double
cutoff filters. The first column shows the channel
numbers. The second column contains the measured
value of the receiver signal amplitude (U5, mV) at a
BBS emitter temperature of Ty, = 873 K, a single
bandpass filter and temperature on the OAC case of
25°C. The third column contains the measured value

of the receiver signal amplitude (U(l}, mV) at the BBS
emitter temperature of 7, = 873 K, a dual bandpass
filter and a temperature of 25°C on the OAC case. The
average values obtained during the experiment nor-
malized to a temperature of 25°C according to formula (2)
were taken as the measured values of the signal ampli-
tude. The fourth column shows the signal swing ratio
with a single LPF 23.1 cutoff filter installed to the sig-
nal amplitude with the dual LPF 23.1 filter installed.
The fifth column shows the ratio of the radiation flux
from the BBS calculated using formula (4) with a sin-
gle LPF 23.1 cutoff filter installed to the radiation flux
with a double LPF 23.1 filter installed, calculated in
the range 0.01—2000 THz. The sixth column shows
the ratio of the calculated values of radiation fluxes
from the BBS at a temperature of 7,;, = 873 K and a sin-

gle LPF 23.1 filter installed. @ (873 K)is the radia-
tion flow from the BBS entering the OAC, calculated
in the frequency range 0.01—-20 THz. @ (873 K) is
the radiation flow from the BBS entering the OAC and
calculated in the frequency range of 0.01—2000 THz.

The value of @y (873 K)/®y (873 K) is close to
unity (0.98—0.99), thus, according to the calculation,
for each channel the scientific equipment is sensitive
only to radiation lying in the approximate range of
0.01—-20 THz. The remaining radiation from the BBS
is almost completely scattered by the elements of the
optical paths.

The ratio of the signal amplitudes agrees with suf-
ficient accuracy (within the standard deviations) with
the ratio of the incoming radiation fluxes. In this
regard, it can be concluded that the actual spectral
throughput characteristics of optical paths do not
contradict the original measured and calculated
parameters.
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Fig. 2. Transmission spectrum of optical paths of detectors with a single LPF 23.1 filter (blue curve) and a double LPF 23.1 filter
(red curve) installed, taking into account absorption in air: (a) at 0.4 THz; (b) at 5.0 THz; (c) at 10.0 THz.

Table 2. Results of measurements of the receiver signal swing with single and double cutoff filters

Page 50of 7 26

@y (873K 2
“harnel | e B13TO) mV | U, (873 K), mv Ug /U CD?{( (573 K))/ q;)‘l ( (887733 112))/
I 5296.68 £90.40 | 493.25+90.87 10.74 £ 2.17 1144 + 1.04 0.98 £ 0.09
2 3084.88 £ 5713 | 202.86 % 87.55 16.19 +7.27 10.32+0.92 0.98 +0.09
3 3919.08 % 161.89 | 324.04 % 10L11 12,09 +4.27 8.03+0.71 0.98 +0.09
4 9139.36 £75.83 | 894.55 % 81.84 10.22 4 1.01 8.64 +0.76 0.98 £ 0.09
S| 1201699 +80.87 | 1572.68 +34.85 7.64 +0.20 7.52+0.66 0.98 +0.09
6 |1216482+5L14 | 1249193517 9.74 +0.32 9.53+0.84 0.98 £ 0.09
7 923231412032 | 68111 +26.37 13.55 +0.70 13.01 % 119 0.99 +0.09
8§ | 1101404410275 | 491.95+106.63 | 22.39+5.06 17.28 + 1.70 0.98 +0.14
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CONCLUSIONS

This paper provides a brief description of the scien-
tific equipment for the Sun-Terahertz experiment
planned on board the Russian segment of the ISS. The
main objective of the experiment is to study the Sun in
the terahertz radiation range.

A method for checking the compliance of the cal-
culated characteristics of the optical paths of scientific
equipment with experimental data was developed and
tested. This technique is suitable for testing OAC
Golay cell based receivers in any target frequency
range.

As calculations show, scientific equipment is sensitive
to radiation in the frequency range of 0.01—20 THz,
which satisfies the conditions of the upcoming exper-
iment. Taking into account the approximate (within

the standard deviations) equality of the ratios Ug / Ué
and @y (873 K)/®y (873 K) we can conclude that the

ratio @ (873 K)/®g (873 K) is also calculated cor-
rectly.
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