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1 Abstract

Designing compact instruments is the key for the scientific exploration by smaller
spacecrafts such as cubesats or by deep space missions. Such missions re-
quire compact instrument designs to have minimal instrument mass. Here we
present a proof-of-concept for miniaturization of the Global Oscillation Network
Group (GONG) instrument. GONG instrument routinely obtains solar full-disk
Doppler and magnetic field maps of the Sun’s photosphere using Ni I 676 nm
absorption line. A key concept for miniaturization of GONG optical design is to
replace the bulky Lyot filter with a narrow-band interference filter and reduce
the length of feed telescope. We present validation of the concept via numerical
modeling as well as by proof-of-concept observations.

2 Introduction

Accurate mapping of solar surface magnetic and velocity fields is very important
for: (a) characterizing the large-scale spatio-temporal patterns related to solar
cycle and their interpretation in terms of the solar dynamo models [Hathaway,
2015, Charbonneau, 2010], (b) force-free extrapolations to model global corona,
[Mackay and Yeates, 2012, Wiegelmann and Sakurai, 2012], (c) evolution of
magnetic flux in solar active regions in relation to flares and CMEs [van Driel-
Gesztelyi and Green, 2015, Shibata and Magara, 2011]. However, from the
Earth-based observatories, or, from any single vantage point observation, we
can only see one side of the Sun. Solar rotation allows us to eventually see
the far-side, however, by that time the solar surface magnetic flux has evolved
[Sheeley, 2005]. A single vantage point observation also limits our space-weather
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modeling capabilities due to limited information about the surface boundary
conditions. This impacts the model predictions of the coronal and heliospheric
magnetic field and the solar wind parameters [Pevtsov et al., 2020]. Further,
the obscure view of the solar polar regions from the ecliptic prevents us from
mapping the high latitude magnetic fields, which are important for solar dynamo
studies.

Obtaining full disk measurements from different vantage points, accessible
via space missions, such as from Lagrange points (L4, L5) and/or polar orbits
can provide the missing piece of information about the solar magnetic and ve-
locity fields and help in understanding of the solar activity via better initialized
models [Gibson et al., 2018]. Solar Orbiter (SolO) mission [Solanki et al., 2020],
which will observe the Sun from out of the ecliptic, is a recent example.

Going to these new vantage points, however, can be very expensive and
it is highly desirable to have compact and light-weight instruments to obtain
the observations. While there are other compact instrument designs such as
magneto-optical filter (MOF) based concept [Cacciani and Fofi, 1978] or a tun-
able Fabry-Perot (FP) concept [Berrilli et al., 2011]. However, their operation
can add complexity, such as, strong magnetic fields in MOF can reduce the
magnetic cleanliness of the spacecraft environment, an important criterion for
complementary instruments such as in-situ magnetometer. While the accurate
tuning of FP pass-band can be quite challenging when sampling narrow photo-
shpheric spectral lines, especially in the presence of a large spacecraft velocity
relative to the Sun.

In this paper we describe present a concept for miniaturization of the GONG
instrument [Harvey et al., 1996, Harvey and GONG Team, 1998]. The GONG
technique is simple to implement and interpretation of observable in terms of
magnetic and velocity signals is straightforward. We discuss the miniaturization
concept design and present proof-of-concept by using numerical modeling and
obtaining sample observations at one of the GONG sites.

3 Brief description of GONG

The operating principle of GONG is described in detail elsewhere Evans [1981],
Brown [1981], Shepherd et al. [1993], Harvey et al. [1996]. In summary, GONG
employs a wide-field polarizing cube Michelson interferometer [Title and Ram-
sey, 1980] to perform phase-shifting interferometry and derives Doppler and
Zeeman shift of the solar spectral line(s).

In practice, the path difference of the Michelson interferometer is changed
from its nominal value in three steps, causing a phase-stepping of 2π/3 radians in
the sinusoidal fringe pattern of the Michelson interferometer. When these fringes
are superposed on a spectrally isolated (i.e., via a band-pass filter) portion of
the solar spectra containing the target absorption lines, the resultant intensity
is modulated. The phase of this modulation is proportional to the wavelength
position of the solar absorption line.

In case of GONG the phase-stepping is performed by means of a continu-
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ously rotating half waveplate (RHWP). The intensity on the detector is then
modulated according to the angle of the RHWP, which is given by the rotation
rate ω of the RHWP and time, t, at which the intensity is sampled.

I(t) = I0[1 +Mcos(4ωt− φ)] (1)

By sampling the modulated intensity signal at three Michelson phase-steps,
2π/3 radians apart, one can determine, I0, the mean intensity, M the modu-
lation amplitude, and φ the phase of the modulated signal. Of these, the I0
and M are related to the brightness and equivalent depth of the spectral line,
respectively, while φ is proportional to the Doppler shift of the line.

The expressions for phase, φ, and modulation amplitude, M , in terms of the
three measured intensities, I1, I2 and I3 can be written as:

tan φ =
√

3
I2 − I3

I2 + I3 − 2I1
, (2)

and

M =
1

I0

√√√√2

3

3∑
i=1

(Ii − I0)2 (3)

where, I0, is simply the average of the three intensities. The Doppler shift,
v, of the spectral line is is related to the measured phase, φ, as follows:

v = c
δφ

φ0
(4)

where, c is the speed of light and φ0 is the nominal phase difference corre-
sponding to the optical path difference between the two arms of the Michelson
interferometer.

To measure the line-of-sight (LOS) magnetic field, one simply measures the
velocity of the left- and right- circularly polarized, Zeeman-split σ− components
of the spectral line, and takes the difference. The velocity difference is directly
proportional to the LOS magnetic field, given by the expression:

Blos =
0.5∆v

4.67× 10−13geffλ0c
(5)

where, ∆v is the Zeeman splitting in velocity units (in m/s), geff=1.42 is the
effective Lande g-factor for Ni I line, λ0=6767.8 is the rest wavelength (in Å),
and c is the velocity of light (in m/s). For these values we get the relation,
Blos=0.37∆v.

To provide a perspective on the GONG instrument setup and its scale we
show an image of the actual GONG setup in Figure 1.
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Figure 1: The actual GONG optical bench setup with major components labeled
is shown. The two mirror turret system that feeds the telescope tube is outside
the housing and are not shown here. The size of the optical bench is 6 by 4
square feet. The light feed is a 1-m focal length telescope tube. The calibration
wheel assembly contains the optics for flat field, dark, a liquid crystal retarder for
polarimetry. The Lyot filter assembly is about a foot long train of birefringent
elements, a 5 Angstroms wide interference filter, and polarizing Michelson cube.
A rotating halfwaveplate is used to modulate the interferometer phase. The
imaging camera is housed in a rotating stage to compensate for solar image
rotation during the day.

4 Miniaturization concept for GONG

The key concept to make the current GONG design compact is to replace a
rather bulky Lyot filter [Lyot, 1944, Evans, 1949] with a narrow band interfer-
ence filter. This replacement of Lyot, not only reduces the system length (and
volume) but also saves a lot in terms of the mass of the system which is a crucial
design parameter for deep space missions. However, replacing Lyot filters with
interference filters comes with a small compromise. Lyot filters are known to
have a large acceptance angle as compared to the inteference filters. This has
two effects: (i) the pass-band of the interference filter shifts towards shorter
wavelengths with increasing angle of incidence, and (ii) the system throughput
of interference filter is smaller as compared to Lyot filter of same aperture size.

However, these two effects can be mitigated as follows. The pass-band shift
with field angle is a smooth function which can be modeled quite accurately
and calibrated using sunlight itself, i.e., by feeding the instrument a spatially
(or disk) averaged solar light, for example, by means of a small angle optical
diffuser. Since, every pixel in the detector field-of-view sees same disk-averaged
solar spectrum, the measured phase shift across field-of-view in the detector
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plane is then a measure of field dependence of narrow-band filter’s pass-band
shift. Such dependence can be measured accurately and modeled for post-facto
correction in the measurements.

The second effect of throughput limitation is more benign. GONG is not
a photon starved instrument. This is because the amount of solar radiation
through rather large passband (∼1Å) of interference filter is dominated by the
continuum radiation and is quite large than the typical detector pixel full-well
can handle. Calculations show that typical exposure times of couple of millisec-
onds are enough to fill the full-well.

4.1 Proof of concept: Numerical Modeling

We made a simple numerical model of GONG instrument to verify the perfor-
mance of commercially available interference filters. The instrument model was
made as follows: Let I(λ), P(λ), T(λ) be the solar absorption spectra, narrow-
band prefilter and Michelson interferometer’s transmission profile, respectively.

I(λ) is approximated with the quiet Sun disk-center solar reference spectra
from NSO Kitt Peak atlas. The wavelength range considered was ±20Åcentered
on the absorption line used in GONG, i.e., Ni I 6768Å.

The prefilter profile, P(λ), was approximated using the following equation:

P (λ) = Tmax
1

1 +
[

2(λ−λ0)
∆λ

]2n (6)

where, λ0 is the central wavelength of the pass-band and ∆λ is the full-width
at half maxima (FWHM) of the interference filter, which was set to 1Å here.
Further, n is the number of cavities in the interference filter, we have used n=1
here. Figure 2 shows the transmission profile of modeled interference filter with
two cavity design and pass-band of 1Å(the solid curve). For reference we also
show the computed transmission profile of the Lyot filter used by current GONG
instrument (the dotted curve).

Michelson transmission profile as a function of wavelength and phase delay,
dφ, is given as:

T (λ, dφ) = 0.5 [1 + cos(2π∆/λ+ dφ)] (7)

where, ∆ is the nominal optical path difference (OPD) of the Michelson inter-
ferometerfor the Michelson used in GONG this is taken to be ∆=1.5cm.

We can then simulate the intensity as measured by GONG, as follows:

Ii = Σ3
i=1I(λ)P (λ)T (λ, dφi) (8)

where dφi=i2π/3, for i=1,2 and 3, respectively. Using these three modeled in-
tensities together with Eqns [2]-[5], we can derive the phase shift of the solar
spectra. However, to create the magnetic maps of the Sun using Zeeman di-
agnostics we need two sets of these measurements, one each in left- and right-
circularly polarized light. So, this makes a total of six observables.
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Figure 2: The spectral profile, P(λ), computed as per Eqn.(6) for the interfer-
ence filter is shown with solid curve. The dotted curve shows the transmission
profile computed for the current the GONG Lyot filter.

In reality, I(λ) varies spatially across the solar disk due to changing physical
parameters. Here we just focus on changing velocity and magnetic field across
the Sun. We use full disk maps of line-of-sight velocity, Vlos, and magnetic field,
Blos, as observed by GONG, as the ”ground truth”. These “ground truth”
values, Blos(x, y) and Vlos(x, y), are then used to produce synthetic spectra,
Isynλ (x, y). Using these input spectra, synthetic observables are produced using
eqn.(8). Finally, from these synthetic observables we recover magnetic and
velocity field using eqns.[2]-[5].

The comparison of input “ground truth” with recovered values is made via
scatter plots as shown in the bottom panels of Figure 3. We find a good correla-
tion between the input and output values of the Doppler and magnetic signals.
These simulations suggest feasibility of replacing Lyot filter with a narrow-band
interference filter of similar bandwidth.

5 Proof-of-concept: Observations

For a quick demonstration of the proof-of-concept we replaced the Lyot filter
with narrow-band interference filter in the GONG setup. The demonstration
setup at GONG bench is shown in Figure 4. A lens shown on the right collimates
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Figure 3: Results of numerical simulations are shown here. Top panel shows
spectral profiles of the solar absorption spectra (FTS atlas spectra) and instru-
mental transmission profile, i.e., a product of narrow-band interference filter and
Michelson transmission profiles, at one of the three path difference setting of
the Michelson interferometer. Middle panel shows the simulated measurements
of the magnetic and velocity field of the full disk of the Sun. Bottom panel
shows the scatter plots between the “ground truth” GONG observations and
simulated measurements.

the primary solar image and through two single-cavity interference filters housed
in temperature controlled cells, mounted in tandem followed by polarization
analyzer and a Michelson interferometer cube. The beam passes through a
quarter wave-plate on the exit side of the Michelson cube (not seen here) before
entering a rotating half wave-plate assembly.

A full disk solar magnetogram was obtained on 25 April 2018 by using
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Figure 4: The proof-of-concept demonstration setup at GONG bench is shown.

the measurements taken with the proof-of-concept setup shown in Figure 4.
We compare these observations with a simultaneous magnetogram obtained by
GONG site at Big Bear, California, USA. Side-by-side comparison of the two
magnetograms is shown in the top panel of Figure 5. We compared the mag-
netic signals in the two magnetograms along the while line marked in top panel.
We emphasize in the left panels the magnetic flux over the active region located
near disk center, while similar comparison in the quiet region is shown in the
right panels.

A more detailed comparison of the magnetic signals is shown in Figure 6,
where we focus only on the strong active region fluxes. A scatter-plot in the bot-
tom panel shows that the magnetic field values compare well given the different
atmospheric conditions in the two sites which lead to different flux distributions
in pixels.

These proof-of-concept observations and our numerical modeling demon-
strates that using interference filters in place of Lyot filters is a viable alternative
that leads to miniaturization of GONG instrument design.

6 Discussion and Conclusions

We have demonstrated a miniaturization concept for GONG whereby we replace
the bulky Lyot filter element with a narrow band interference filter. This allows
one to design a very compact version of GONG optical design. Further, we have
verified the proof-of-concept with numerical simulations and test observations
to demonstrate proof-of-concept.
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Figure 5: Top row shows simultaneous magnetograms obtained from compact
magnetograph (CMAG) and GONG Big Bear site. Bottom panels show compar-
ison of flux values along the white line marked over the fulldisk magnetograms,
emphasizing active regions in left panels and quiet sun region in right panels.

State-of-the-art interference filters with pass-band as narrow as ∼0.1 nm can
be commercially obtained [Mart́ınez Pillet et al., 2011]. The interference filters
are very small as compared to the Lyot filter in size, only a few millimeters
in thickness. Such filters have flown in space instruments and are typically
designed with hard coatings on radiation resistant substrates.

On the other hand, the acceptance angle of bi-refringent filter is much higher
than interference filter. For example, for a 1 degree deviation from normal an-
gle of incidence the pass-band of field-widened [Title and Ramsey, 1980] Lyot
filter shifts only ∼20 mÅ, whereas for a high refractive index coating the corre-
sponding shift for interference filter would be ∼230 mÅ. Thus, using interference
filters would require slower optical beam and a good calibration of the wave-
length response of the instrument with field-angle. However, the advantages of
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Figure 6: Top row shows active region magnetic map by CMAG and GONG.
Bottom panels shows a scatter-plot of magnetic flux densities between the two
measurements, pixel-by-pixel.

a narrowband interference filter over Lyot filter, namely, much smaller size (sig-
nificant mass savings) far outweigh the acceptance angle disadvantage, which
can be accurately calibrated and modeled in the laboratory as well as in-flight
using solar light itself.

Additional simplification in the GONG design is also possible by replacing
the rotating half wave-plate (RHWP) with an electrically tunable liquid crystal
variable retarder (LCVR). Using LCVR one can avoid the complication of using
a mechanical system for precision rotation of the wave-plate, hence reducing the
complexity and cost in the design.
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E. Sanchis Kilders, W. Schmidt, J. M. Gómez Cama, H. Michalik,
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J. Bosch, A. Casas, M. Carmona, A. Herms, D. Roma, G. Alonso, A. Gómez-
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