
 
 

University of Birmingham

The next generation Birmingham Solar Oscillations
Network (BiSON) spectrophotometer
Hale, S. J.; Chaplin, W. J.; Davies, G. R.; Elsworth, Y. P.; Howe, Rachel

DOI:
10.1093/rasti/rzac007

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Hale, SJ, Chaplin, WJ, Davies, GR, Elsworth, YP & Howe, R 2022, 'The next generation Birmingham Solar
Oscillations Network (BiSON) spectrophotometer: a new miniaturised instrument for helioseismology', RAS
Techniques and Instruments, vol. 1, no. 1, pp. 58–64. https://doi.org/10.1093/rasti/rzac007

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 27. Apr. 2024

https://doi.org/10.1093/rasti/rzac007
https://doi.org/10.1093/rasti/rzac007
https://birmingham.elsevierpure.com/en/publications/25c30072-5eca-4403-b646-30c0b406dcbd


RASTAI 1, 58–64 (2022) https://doi.org/10.1093/rasti/rzac007 
Advance Access publication 2022 No v ember 2 

The next generation Birmingham Solar Oscillations Network (BiSON) 

spectrophotometer: a new miniaturized instrument for helioseismology 

S. J. Hale , ‹ W. J. Chaplin , G. R. Davies, Y. P. Elsworth and R. Howe 

School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK 

Accepted 2022 September 26. Received 2022 September 20; in original form 2022 August 12 

A B S T R A C T 

We describe a new spectrophotometer for the Birmingham Solar Oscillations Network (BiSON), based on a next generation 

observation platform, BiSON:NG, a significantly miniaturized system making use of ine xpensiv e consumer-grade hardware and 

off-the-shelf components, where possible. We show through system modelling and simulation, along with a summer observing 

campaign, that the prototype instrument produces data on the Sun’s low-degree acoustic (p-mode) oscillations that are of equal 
quality and can be seamlessly integrated into the existing network. Refreshing the existing ageing hardware, and the extended 

observational network potential of BiSON:NG, will secure our ongoing programme of high-quality synoptic observations of the 
Sun’s low-degree oscillations (e.g. for seismic monitoring of the solar cycle at a ‘whole Sun’ level). 

Key words: instrumentation: photometers – techniques: radial velocities – techniques: spectroscopic – Sun: activity – Sun: he- 
lioseismology. 
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 I N T RO D U C T I O N  

he Birmingham Solar Oscillations Network (BiSON) observes
coustic oscillations of the Sun-as-a-star, via a network of ground-
ased automated telescopes (Brookes 1974 ; Brookes, Isaak & van
er Raay 1978 ; Hale et al. 2016 ; Hale 2019 ). The observed modes
re of low angular degree, and provide data for characterizing the
olar activity cycle at the ‘whole Sun’ level (see e.g. Chaplin et al.
019 ; Howe et al. 2022 ), and the structure and dynamics of the deep
olar interior. The network is composed of six sites – Mount Wilson,
os Angeles, USA; Las Campanas, Chile; Iza ̃ na, Tenerife, Canary

slands; Sutherland, South Africa; Carnarvon, Western Australia;
nd Narrabri, New South Wales, Australia. Four of the sites are fully
utomated and use a 4-m observatory dome and a large equatorial
ount. Two of the sites, Mount Wilson and Iza ̃ na, collect light via
 cœlostat and so require observers. In this paper, we describe a
ew instrument based on a next generation observation platform,
iSON:NG (Hale et al. 2020c ), a significantly miniaturized system
aking use of ine xpensiv e consumer-grade hardware and off-the-

helf components (Hale 2019 ). 
The miniaturized system separates the collection optics from the

nstrument via an optical fibre, and so requires only a small amateur
elescope mount and small enclosure, which can be ine xpensiv ely
nstalled on the roof of existing infrastructure. Moving the instrumen-
ation off a mount and away from direct sunlight improves thermal
tability and robustness of the data. Use of off-the-shelf hardware,
here possible, simplifies the design, operation, and reduces cost in

omparison with bespoke construction. Ensuring that several sources
f similar or ideally identical components e xists remo v es a supplier
 E-mail: s.j.hale@bham.ac.uk 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
ingle-point failure, and helps maintenance requirements particularly
n long-term projects. 
In Section 2 , we give an o v erview of the operation of the

nstrument, and model the expected performance. In Section 3 , we
nalyse sources of noise that contribute to the e xpected o v erall white
oise background level, and in Section 4 describe how data are
cquired and recorded. Finally, in Section 5 , we show initial results
rom a prototype trial during 2018 at Iza ̃ na. 

 A  M I N I AT U R E  SPECTROPHOTO METER  

ll BiSON instruments are resonance scattering spectrophotometers
RSS). Light scattered from a potassium vapour cell is used to make
igh-precision photometric measurements of the Doppler velocity
f the solar surface, by observing fluctuations in the intensity of the
1 transition at 769.898 nm. The original BiSON spectrophotometer

s described in detail by Brookes ( 1974 ) and Brookes et al. ( 1978 ).
he design philosophy has changed little o v er the years, with
ifferences only in the type of chassis and style of magnet/o v en
ssembly. 

Fig. 1 shows an optical schematic of the new miniaturized fibre-
ed spectrophotometer. Over the next few subsections we describe an
nd-to-end system model, from the objective optics, through optical
ignal processing, to the final detectors. 

.1 Optical power budget 

e start by considering the power available at the entrance to the
nstrument. The solar constant is 1365 W m 

−2 , measured at the
op of Earth’s atmosphere, and the contribution to this near our
arget wavelength of 770 nm is 1.22 W m 

−2 nm 

−1 . To determine the
© 2022 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Figure 1 Schematic of a fibre-based BiSON resonance scattering spectrophotometer. The ́etendue and optical power (or power spectral density, as appropriate) 
is indicated at key points in the system by the orange markers. The green boxes indicate detector locations – two perpendicular to the optical axis detecting light 
scattered from the vapour cell, and one detecting the light transmitted directly through the cell. 
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Figure 2 Profiles of the SDSS i’2 filter, and the original RG9 + KG4 filters. 
The dashed vertical line indicates the 770 nm operational wavelength. 
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ower reaching the ground we must take into account atmospheric 
xtinction. 

At 770 nm atmospheric extinction is dominated by the contribu- 
ion of aerosols. The aerosol optical depth at the BiSON site at
as Campanas, Chile, is typically 0.03 mag per airmass, whereas 

he BiSON site at Iza ̃ na, Tenerife, can reach as high as 0.5 mag
er airmass during periods of high Saharan dust (Hale et al. 2017 ).
t one airmass with an aerosol optical depth of 0.03, the power

pectral density at sea level near 770 nm is 1.18 W m 

−2 nm 

−1 . If
e estimate six airmasses with an aerosol optical depth of 0.1, the

ypical maximum value outside of periods of high Saharan dust, this
educes the power spectral density at sea level to 0.67 W m 

−2 nm 

−1 .
hen modelling system response, we assume an optical power 

pectral density budget of 0.9 W m 

−2 nm 

−1 as a nominal mid-range 
alue. 

.2 Objecti v e optics 

 deep-red filter is the first element in the system, and is used
o relieve much of the infrared thermal load on the instrument. 
istorically, this has been a combination of a Schott RG9 at 
 mm thickness, and a Schott KG4 at 1 mm thickness, giving a
ombined transmission of 70 per cent at 770 nm. Schott KG4 has
een discontinued and is obsolete. The most common filter set in use
oday is the photometric system designed by Fukugita et al. ( 1996 )
or the Sloan Digital Sky Survey (SDSS). The SDSS i’2 filter is an
deal replacement, with a bandwidth of 695 nm to 844 nm providing
etter infrared rejection, and transmission at 770 nm of 98 per cent.
ig. 2 shows the profile of the SDSS i’2 filter, and the combined
G9 + KG4 profile. 
Objective lens L1 has 25.4 mm diameter and 30 mm focal length.

he solar field angle at perihelion is 0.542 ◦, and this is the
inimum acceptance angle required to view the whole extent of 
he solar disc. Lens L1 projects a 0.6 mm image of the solar disc
n to the end of an optical fibre with 1.0 mm core diameter. The
mage is larger than 0.3 mm predicted by first-order optics due
o the fast focal ratio and imperfect correction of aberrations, but
ell within the acceptance of the fibre. The lens clear aperture

s 22.8 mm collecting 0.37 mW nm 

−1 based on our optical power 
udget. 

The combined collection optics are small and light enough, and 
ave sufficient tolerance to guiding errors, to be used with any
ne xpensiv e amateur telescope mount (Hale 2019 ; Hale et al. 2020c ).

.3 Fibre coupling 

 off-the-shelf 1000 μm multimode fibre is used to couple the
ollection optics to the instrument. The numerical aperture is 0.39 
roducing an acceptance angle of 23 ◦, matching the cone of light
RASTAI 1, 58–64 (2022) 
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Figure 3 The potassium solar absorption line is shown with both zero line- 
of-sight velocity (solid line), and also red-shifted by 1600 m s −1 (dashed 
line) to demonstrate the effect on the scattering intensity. The two absorption 
components are split by a 0.18 T longitudinal magnetic field producing a 
separation of approximately 0.013 nm, or 5.2 km s −1 in terms of Doppler 
velocity. 

Figure 4 Magnetic field strength optimization. The crosses indicate the point 
of maximum ratio for each velocity and therefore the ideal magnetic field 
strength. The faint horizontal grey dotted line indicates the mean ideal field 
strength of 0.18 T. 
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roduced by the objective lens. The large core diameter was selected
n order to both impro v e the light throughput, and to prevent the focal
atio of the collection optics becoming unfeasibly small. 

The optical fibre scrambles the image of the Sun that is focused on
he input of the fibre by the collection optics. Since BiSON observes
he Sun-as-a-star this is a desirable addition to the design, as it
educes sensitivity to solar rotation, instrumental vignetting, and
lmost completely eliminates sensitivity to guiding error. Since an
mage of the Sun is focused on to the end of the fibre it is essential, as
ith all optics in a focal plane, that the fibre end remains completely

lean and undamaged. A piece of dust or dirt on the fibre end would
ause variable transmission across the input, and then motion of the
olar image due to guiding errors would cause different parts of the
olar image to be preferentially transmitted. The objective lens and
bre connection are sealed inside an optical tube assembly. 
The fibre output is collimated by lens L2, with the same properties

s the objective lens L1. The collimated beam through the instrument
as a diameter of 22.8 mm and divergence of 1 ◦. The power entering
he spectrophotometer is estimated at 0.34 mW nm 

−1 . Due to the
eam divergence there is some vignetting through the instrument, and
his is minimized by ensuring all components are as close together as
ossible. Since the beam is uniform after passing through the optical
bre, the small amount of vignetting is simply a loss of power rather

han a loss of information. 

.4 Optical signal processing 

he first stage of optical signal processing is an interference filter
ith 1.5 nm bandwidth. This is used to isolate the potassium D1

bsorption line at 770 nm from the nearby D2 absorption line
t 766 nm, which is heavily contaminated by atmospheric effects. 

The potassium vapour cell is placed in a longitudinal magnetic
eld that causes the line to be Zeeman-split into two components,
here the separation is dependent on the magnetic field strength.
he two components of the Zeeman split line interact only with
ircularly polarized light, and since the two components have
pposite circular polarization it allows the LCD rotator and fixed
uarter -wa ve plate to select which component should be observed.
plitting the lab reference-frame in this way produces two working-
oints of measurement, and so allows discrimination between red-
nd blue-shift. It also mo v es the measurements on to the steeper parts
f the wings of the solar absorption line, improving Doppler velocity
ensiti vity and allo ws measurement e ven during periods crossing
ero line-of-sight velocity. 

Lens L3 forms an image of the fibre at the centre of the vapour cell.
he requirements are that the focal length is long enough to ensure the
eam has converged sufficiently before entering the aperture in the
ide of the magnet, but short enough so as not to cause unnecessarily
igh magnification of the image. A large image and high divergence
ould increase the likelihood of direct scattering from the glass cell
 alls, which w ould easily obscure the signal from atomic scattering.
 focal length of 100 mm is used, producing a 3.3 mm diameter image
f the 1 mm fibre at the centre of the cell. The power entering the
ell is estimated at 0.08 mW, and is now effectively monochromatic.

The data product is an intensity-normalized ratio R formed from
he two instrumental passbands of light scattered from the vapour
ell, 

 = 

I b − I r 

I b + I r 
, (1) 

here I b and I r are the intensities measured at the blue and red
ings of the solar absorption line, respectively. This ratio is closely
ASTAI 1, 58–64 (2022) 
elated to the Earth–Sun line-of-sight velocity, and can be calibrated
ccording to Elsworth et al. ( 1995 ) and Davies et al. ( 2014a ). 

.5 Vapour cell and magnetic field strength 

he potassium D1 absorption line profile is shown in Fig. 3 , modelled
ccording to Underhill ( 1993 ). The solar line-of-sight velocity shifts
etween approximately −300 m s −1 to 1600 m s −1 o v er 1 yr, and
his gi ves lo wer and upper bounds on the acceptable magnetic field
trength. 

The lower limit to the applied magnetic field is set by the require-
ent that the red and blue components are both fully separated, and

l w ays on opposite sides of the line at all line-of-sight velocities.
he upper limit is set by the blue component moving completely off

he absorption line and into the continuum at maximum offset. The
otential range of magnetic field strength is therefore between 0.1 T
nd 0.3 T. 

Fig. 4 shows the predicted scattering ratio o v er a range of velocity
ffsets and magnetic field strengths, drawn symmetrically for com-
leteness. The ideal field strength maximizing velocity sensitivity
s 0.18 T, which splits the two components by 0.013 nm, or 5.2 km s −1 

n terms of Doppler velocity. 
Fig. 5 shows the magnet and cell o v en assembly. It is possible to

stimate the power reaching the scattering detectors by considering
he geometry of the cell, the scattering cross-section, and the
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Figure 5 An example BiSON magnet and vapour cell oven. (a) shows the 
magnet and yoke, with the cell o v en installed inside. (b) shows the cell o v en, 
including the separate cube and stem heaters. 
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ollection optics. The scattering intensity is maximized at a cell stem
emperature of approximately 80 ◦C to 90 ◦C, at which temperature 
he optical depth is approximately unity when measured from the 
ront of the cell to the centre (Hale et al. 2020a ). We first scale by, 

 1 = I 0 e 
−1 , (2) 

aking an assumption of single-scattering. This is acceptable since 
e require only a simple power estimate. We then scale by the

cattering cross-section, 

 2 = I 1 
λcs 

λbeam 

, (3) 

here λcs is the scattering cross-section of approximately 4 pm and 
beam 

is the incoming beam bandwidth of approximately 1 nm. The 
ell scattering is isotropic, and so if we assume a spherical cell we can
ake use of the inverse square law to calculate the power incident at

he collection optics, 

 3 = I 2 
d 2 

D 

2 
, (4) 
here d is the image diameter at the centre of the cell of approx-
mately 3.3 mm and D is the distance to the collection optics of
pproximately 9 mm. Finally, we need to scale by the aperture area, 

 det = I 3 
A 

2 
det 

A 

2 
beam 

, (5) 

here A beam 

is the beam aperture of approximately 20 mm and
 det is the detector aperture of 6 mm. The final intensity at the
etector, I det , is approximately 1.5 nW if measuring in the solar
ontinuum. The solar potassium absorption line has an absorption 
epth of around 77 per cent, and so the final value is between 0.35 nW
nd 1.4 nW depending on the line-of-sight velocity offset. We assume
 nominal 1 nW of scattering power. 

.6 Transmission monitor 

t is useful to monitor the light that is not scattered by the cell and
s transmitted directly through the spectrophotometer. This measure- 
ent allows the quality of beam polarization to be monitored, and

lso to estimate the daily atmospheric extinction coefficient (Hale 
t al. 2017 ). 

Lens L4 is a 50 mm focal length bi-conv e x lens positioned to focus
ight exiting from the cell into an image on the transmission detector,
ia a fixed linear polarizer and quarter -wa ve plate. We determined
hat the optical power entering the vapour cell is 0.08 mW, and this
an be also be considered to be the total light exiting the cell since
ery little power is removed from the beam by resonance scattering.
he power at the transmission detector is 0.07 mW when the input and
utput polarization of the whole system is uncrossed, and essentially 
ero when crossed. The filters and the photodiode are mounted with
 small wedge angle in order to prevent back-reflections into the cell.

 NOI SE  S O U R C E S  

he noise characteristics of RSS instruments have been investigated 
y several authors in terms of time-dependent effects on the science
xtracted from the observations – see e.g. Grec, Fossat & Vernin 
 1976 ), Brookes et al. ( 1978 ), Appourchaux ( 1989 ), Hoyng ( 1989 ,
991 , and Chaplin et al. ( 2005 ). Here, we consider the contributions
o noise on the whole envelope. 

.1 Atmospheric scintillation 

he effect of atmospheric scintillation on the measured intensity has 

 maximum of around 15 nW 

√ 

Hz 
−1 

(Hale et al. 2020b ), and this is
he dominant noise source. The −3 dB point (noise power reduced
o 50 per cent) typically occurs at around 5 Hz, and the −6 dB point
noise power reduced to 25 per cent) typically occurs at between 5 Hz
nd 15 Hz. The −10 dB point (noise power reduced to 10 per cent)
ypically occurs abo v e 20 Hz (Hale et al. 2020b ). 

BiSON instrumentation reduces the effect of scintillation noise by 
orming a velocity ratio from the measurements of the tw o w orking
oints on the solar absorption line. The level of noise reduction
s determined by how quickly the system can switch between 
olarization states – faster switching requires shorter exposure times, 
ith observation of each wing closer to being simultaneous, and the

nstrument ‘sees’ less atmospheric turbulence. 
The original Mark-I instrument switches at 0.5 Hz and little of

he atmospheric scintillation is eliminated. Newer BiSON instru- 
entation uses a bespoke Pockels-effect cell and drives electronics 

o achieve a switching rate of 90.9 Hz, with 15 per cent dead time
RASTAI 1, 58–64 (2022) 
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Figure 6 Scattering detector transimpedance amplifier schematic. 
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Figure 7 Measured scattering detector noise, along with the expected noise 
profile from SPICE simulation. The physical detector suffers from some minor 
mains pickup at 50 Hz, and a peak around 30 kHz due to powering the detector 
from an SMPS, but broadly matches expectation. 
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ue to stabilization delays and data readout within each integration
eriod. At this switching rate the atmospheric scintillation power has

ecayed below 10 per cent and is less than 5 nW 

√ 

Hz 
−1 

. 
We saw earlier that the new miniature instrument uses an off-the-

helf LCD to control polarization state. The LCD rotator requires up
o 27 ms to change state (submitted by Hale et al., in preparation),
nd so a switching rate of around 5 Hz can be obtained with
ead time of 20 per cent. This can be increased to around 10 Hz
ith 50 per cent dead time. Due to the slower switching rate we can

xpect the white noise level due to atmospheric scintillation to rise

o between 7.5 nW 

√ 

Hz 
−1 

and 10 nW 

√ 

Hz 
−1 

, depending on natural
aily variability. 

.2 Guiding noise 

n traditional BiSON instrumentation where the Sun is imaged inside
he vapour cell, an additional source of noise is caused by guider
rrors. Guider fluctuations cause the image of the Sun to mo v e around
nside the vapour cell, which changes the vapour optical depth seen
y the scattering detectors, and this in turn causes changes in the
easured velocity ratio. It is difficult to determine a quantitative
easure of this effect. 
As discussed earlier, the new instrument focuses an image of

he Sun on to the end of an optical fibre. The output of the fibre is
niform regardless of the absolute position of the image provided that
he image falls entirely within the core of the fibre. The constraint
n guiding accuracy is relaxed and guider noise is considered to be
liminated completely, so long as the error is not so large as to cause
ignetting. 

.3 Electronic noise 

here are two scattering detectors, one on each side of the cell
erpendicular to the beam. We saw earlier that the expected optical
ntensity is between 0.35 nW and 1.4 nW. The detectors use a
hotodiode with responsivity at 770 nm of 0.45 A W 

−1 . The expected
hotocurrent is of the order of 160 pA to 630 pA, which requires
igh amplification to raise the signal to a suitable level for the
nput to the digitizers. In comparison to the 5 min solar oscillations,
elatively high bandwidth of a few hundred Hz is also required due
o multiplexing multiple polarization states creating transient signal
tate changes. The amplifier schematic itself is relatively simple,
hown in Fig. 6 . However, with such high impedance circuits great
ASTAI 1, 58–64 (2022) 
are must be taken in the design and construction to ensure the
xpected performance levels are achieved. 

An amplifier with low noise characteristics was selected for
oth amplification stages. The input bias current typical value is

ust 0.2 pA, the input noise is 0.56 fA 

√ 

Hz 
−1 

, and it has a low
emperature coefficient at 2.5 pV 

◦ C 

−1 . It is a bipolar rail-to-rail
e vice allo wing the output stage to swing within 30 mV of either
upply rail and so maximize the signal dynamic range. A total of three
ifferent grounds are defined in the circuit to isolate the signal from
oise sources as much as possible. The sensitive high-impedance
onnection between the photodiode output and the inverting input
f the transimpedance amplifier is protected by a low-impedance
ignal guard ring. The soldermask is remo v ed from this section of
he board to a v oid creating a leakage bridge o v er the guard ring. This
s essential to limit noise, since even a 10 G � resistance across the
CB between a 5 V supply trace and a high-impedance input would
dd 500 pA of leakage current – equal to the signal we are trying
o amplify and three orders of magnitude higher than the input bias
urrent of the operational amplifier. 

The noise performance of the detector was simulated using SPICE ,
he industry standard electrical simulation tool (Nagel & Pederson
973 ; Nagel 1975 ). Fig. 7 shows the simulated detector in red, and
ata from the real detector in black. The real detector suffers from
ome slight mains pickup at 50 Hz, and the peak around 30 kHz is
ue to powering the detector from a switched-mode power-supply
SMPS). The noise level is minor and the performance matches
xpectation. The RMS noise amplitude is approximately 4.2 mV RMS .

he typical noise value of 100 μV 

√ 

Hz 
−1 

can be rescaled by the
mplifier gain enabling the noise equi v alent po wer (NEP) to be
alculated. This is the equi v alent signal that would be required
o produce the same output from an ideal noiseless detector. The

lectronic NEP is 0.07 pW 

√ 

Hz 
−1 

, several orders of magnitude less
han that due to atmospheric scintillation. 

The bandwidth −3 dB point (noise power reduced to 50 per cent)
ccurs at 239 Hz, producing a slew duration of about 4 ms which
s sufficient to pass the transient changes that occur during LCD
olarization state changes. 

.4 Photon shot noise 

he typical incident flux on the scattering detectors is of the
rder of 1 nW. For 1 nW of light at 770 nm this is equi v alent to
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Figure 8 Comparison of data from an observing campaign o v er summer 
2018. The power spectral density has been smoothed with a 50 μHz moving 
mean to aid clarity. 

Table 1. Velocity-calibrated white noise level and NEV for four BiSON 

spectrophotometers, and comparison with the miniature prototype instrument. 

Site FOM Background noise NEV 

(m s −1 ) 2 Hz −1 cm s −1 RMS 

Mount Wilson 82 .6 1 .6 14.2 
Sutherland 42 .9 4 .3 23.1 
BiSON:NG 19 .6 9 .9 35.2 
Narrabri 27 .9 10 .4 36.1 
Las Campanas 25 .0 13 .5 41.1 
Mark-I 5 .5 61 .6 87.7 
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pproximately 4e9 photons per second. The standard deviation of 
hot noise is equal to the square-root of the average number of events,
nd converting this back to po wer gi ves a value of 0.02 pW RMS . At the
etector output this is 0.03 mV RMS , two orders of magnitude smaller
han the electronic noise. 

.5 Thermal noise 

he performance of various stages of the instrument is sensitive 
o their operating temperature. We actively control the working 
emperature of the potassium cell stem and cube, the LCD rotator, and 
he two scattering photodiodes. The narrow-band interference filter is 
hermally stabilized on traditional BiSON instrumentation, in order 
o limit intensity changes resulting from mo v ement of the passband
nd spectral fringes. When the instrument is operated in a thermally 
ontrolled environment and separated from the collection optics in 
irect sunlight, precise thermal control of filters is not required. 
The vapour cell has the most significant thermal contribution to 

he noise. Variations in the vapour cell stem temperature introduce 
hanges in the vapour temperature, and this affects the scattering 
ntensity due to changes in the vapour optical depth. 

The temperature control system can achieve a mean stem temper- 
ture of 90 ◦C with a standard deviation of 0 . 7 × 10 −3 ◦C. Using the
apour cell model from Hale et al. ( 2020a ) this can be converted into
cattering intensity noise. Assuming a detector aperture of 6 mm and 
caling for a typical 1 nW intensity, the effect of thermal noise on

he vapour cell is 0.2 pW 

√ 

Hz 
−1 

, which is of a similar order to the
lectronic noise. 

 DATA  AC QU ISITION  

he data acquisition system is based around a number 24-bit delta- 
igma ( ��) analogue to digital converters. The ADCs are an 
ntegrated package containing a programmable gain amplifier (PGA), 
 second-order �� modulator, a programmable digital low-pass 
lter, and a micro-controller with several control registers. 
The �� modulator o v ersamples at high rate, and the rate is then

educed by the internal digital low-pass filter. This means that the 
igital quantization noise is pushed up to higher frequencies and 
hen remo v ed by the low-pass decimation filter producing an effect
nown as noise shaping. The ADC can be considered to be ef fecti vely
oiseless. 
Data are read-out by a Raspberry Pi single-board computer o v er

he onboard Serial Peripheral Interface (SPI) bus. The Raspberry Pi 
s a small single-board computer based around a Broadcom System- 
n-a-Chip (SoC) with an integrated ARM compatible CPU, and runs 
 version of the GNU/Linux operating system. An SoC paired with 
he integrated PGA, modulator, and low-pass filter, allows the whole 
cquisition system to be small and self-contained. 

The calibration of Doppler shift to velocity is discussed 
y Elsworth et al. ( 1995 ), with an impro v ed data pipeline that
ncludes correction for atmospheric differential extinction described 
y Davies et al. ( 2014a ). The subsequent concatenation of data from
ultiple sites is discussed by Chaplin et al. ( 1997 ) and Hale ( 2003 ,

019 ). 

 PRO  TO  TYPE  COMMISSIONING  

he prototype system was trialled at Iza ̃ na, Tenerife, o v er two site
isits in 2017. Light from the cœlostat supplying Mark-I was shared 
ith the new system. The instrumentation continued to run alongside 
ark-I capturing contemporaneous data through summer 2018. 
Fig. 8 shows the power spectral density of concatenated time series
rom each BiSON site for the summer 2018 observing campaign. 
pecifically, data from 2018 April 14 to 2018 August 26 were selected
ince this is the period where the secondary cœlostat mirror at Iza ̃ na
s mounted in the summer position. A 50 μHz moving mean has been
pplied to smooth the results and aid clarity. 

Table 1 provides a summary of the performance statistics from 

ach site. The ‘FOM’ is a signal-to-noise figure-of-merit. The signal 
s estimated as the mean power in the 2 mHz to 5 mHz band, and
he noise background as the mean power in the upper 5.5 mHz
o 12.5 mHz band. This is not perfect since there is, of course,
oise within the signal band, and the upper signal cut-off is not
recise. Ho we ver, this definition has become a network standard
etric and so it is used here for consistency and comparison.
he prototype instrument achieves a background noise level of 9.9 

m s −1 ) 2 Hz −1 , comparable to a noise equi v alent velocity (NEV)
MS of 35.2 cm s −1 , and this is similar performance to existing

ull-size BiSON instrumentation. 
The original Mark-I instrument has a much higher background 

oise level due to slower polarization switching rate, and so it ex-
eriences much higher scintillation noise. The poorer low-frequency 
erformance is due to the guiding accuracy of the cœlostat. The
ew fibre-fed instrument follows a similar low-frequency profile due 
o difficulty maintaining the solar image within the fibre core. In
arallel with work on the new instrumentation, the spectrophotometer 
t Mount Wilson was also converted to fibre and is now the
est performing in the network, indicated by the red line with
he lowest background white noise level in Fig. 8 . This can be
onsidered an example of what can be achieved when the noise
RASTAI 1, 58–64 (2022) 
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eduction techniques applied here are combined with fast polarization
witching, eliminating much of the atmospheric scintillation. 

 C O N C L U S I O N S  

he aim was to develop a miniaturized spectrophotometer that
equired only a small amateur telescope mount, and used off-the-
helf components where possible, in order to simplify the design
nd maintenance requirements but without sacrificing performance.
e have shown that the prototype instrument fulfils these aims, and

roduces data of equal quality that can be seamlessly integrated into
he existing network. 

Projects such as BiSON, and the extended observational network
otential of BiSON:NG, provide the necessary data that probes the
tructure and rotation of the solar core, and continue to impro v e our
nowledge of the dynamo that drives the solar cycle. Observation of
ranulation noise at different heights in the solar atmosphere, probed
ia different working points on the potassium D1 absorption line, is
argely incoherent, and frequency regions dominated by oscillations
re almost fully coherent (Lund et al. 2017 ). Contemporaneous
bservation from many sites allows exploitation of incoherence in
ranulation noise to beat down the observed noise level through
eighted averaging of multiworking-point data (Davies et al. 2014a ).
uch long-term synoptic observations of the Sun are important
or improving detection of very low-frequency modes and hence
onstraints on the structure of the deep solar interior. 

Following a period of reduced solar activity, it is important that
ong-term whole-Sun seismic observations continue as we progress
hrough Cycle 25 and into Cycle 26 in order to obtain the necessary
ata required to impro v e models of the solar dynamo. Determining
he accuracy of models and predictions is also important for assessing
he long-term impact on space weather. Refreshing and extending
he existing ageing hardware will secure the ongoing synoptic
rogramme of helioseismic observations of whole-Sun oscillations. 
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ll data are freely available from the BiSON Open Data Portal –
ttp:// bison.ph.bham.ac.uk/ opendata . Data products are in the form
f calibrated velocity residuals, concatenated into a single time series
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