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A B S T R A C T 

The Birmingham Solar Oscillations Network (BiSON) observes acoustic oscillations of the Sun. The dominant noise source is 
caused by fluctuations of Earth’s atmosphere, and BiSON seeks to mitigate this effect by combining multiple rapid observations in 

alternating polarization states. Current instrumentation uses bespoke Pockels-effect cells to select the polarization state. Here, we 
inv estigate an alternativ e off-the-shelf solution, a liquid crystal (LC) retarder, and discuss the potential impact of differences in per- 
formance. We show through electrical simulation of the photodiode-based detectors, and assessment of both types of polarization 

device, that although the switching rate is slower the off-the-shelf LC retarder is a viable replacement for a bespoke Pockels-effect 
cell. The simplifications arising from the use of off-the-shelf components allow easier and quicker instrumentation deployment. 

Key words: instrumentation: detectors – instrumentation: photometers – Sun: helioseismology – techniques: radial velocities –
techniques: spectroscopic. 
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 I N T RO D U C T I O N  

he Birmingham Solar Oscillations Network (BiSON) is a ground-
ased network of solar observatories, consisting of six sites measur-
ng acoustic oscillations of the Sun (Hale et al. 2016 ; Hale 2019 ). The
nstrumentation makes high-precision measurements of the Doppler
elocity of the solar surface by making use of spectrophotometry –
hotometry of a spectral line. BiSON observes the D1 transition of
otassium, which has a central wavelength of 769.898 nm. 
Photometry from the ground is challenging due to fluctuation

f Earth’s atmosphere, known as atmospheric scintillation, which
ypically becomes the dominant noise source. In order to limit the
ffect of this source of noise, it is necessary to restrict detector-
xposure times to generally < 10 ms (Osborn et al. 2015 ). Measure-
ent of scintillation at the BiSON sites has shown that the −3-

B point typically occurs at around 5 Hz, and −10 dB occurs
bo v e 20 Hz (Hale et al. 2020b ). 

The BiSON spectrophotometers mitigate this problem by rapidly
witching the measurement wavelength between the red and the blue
ings of the solar absorption line, and then normalizing by the sum of

he intensities at the two working points to form an intensity ratio, R , 

 = 

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. It is this ratio
easurement that is then inte grated o v er an acquisition period of 4

. The typical instrumental velocity sensitivity is 3000 m s −1 per unit
atio (Elsworth et al. 1995 ). The level of reduction of scintillation
 E-mail: s.j.hale@bham.ac.uk 

s  

a  

c

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
oise is dependent on the switching rate, where higher switching rates
roduce better noise suppression but are more difficult to achieve. 
Wavelength selection is controlled through polarization switching.

oth polarization states are multiple x ed through a single detector in
rder to a v oid differences in noise, gain, or sensitivity. The detector
as both a high gain requirement, and also a relatively high bandwidth
equirement (in comparison to the few mHz solar oscillations) due to
he transient signal changes. The original detectors used in BiSON
nstrumentation in the early 1990s were designed and adjusted
mpirically to achieve optimization. In Section 2 , we take a formal
pproach to performance analysis through circuit simulation using
PICE, the industry standard electrical simulation tool, to determine
etector noise lev els, frequenc y response, and slew rate. In Section 3 ,
e look at methods of electronically controlling light polarization

tate. Existing BiSON instrumentation uses bespoke field-widened
ockels-effect cells. Many solar Zeeman spectropolarimetry projects
av e mo v ed to using off-the-shelf nematic liquid crystal (NLC)
ariable retarders in order to impro v e both switching rate and
echanical reliability (see e.g. Zangrilli et al. 2006 ; Beck et al. 2010 ;
arrington et al. 2010 ; Jaeggli et al. 2010 ; Mart ́ınez Pillet et al. 2011 ;
uo et al. 2017 ; Parejo et al. 2019 ; Ren, Han & Guo 2020 ). Ho we ver,
LCs are typically much slower to transition between states than
ockels-effect cells. A ferro-electric liquid crystal (FLC) polarization
odulator (Gandorfer 1999 ; Roelfsema et al. 2010 ; Rebolledo, Kyle
 Phipps 2018 ; Iglesias & Feller 2019 ) can achieve switching rates

omparable to a Pockels-effect cell, but has the disadvantage of being
onsiderably more e xpensiv e than NLCs. Here, we look at only the
ore affordable NLCs as potential replacements for our Pockels-

ffect cells. Finally, in Section 4 , we discuss the impact on BiSON
pectrophotometer design and configuration (Hale et al. 2022 ),
nd the mo v e from Pockels-effect cell to NLC-based polarization
ontrol. 
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Figure 1 Transimpedance amplifier stage. 

Figure 2 Low-pass Bessel filter stage. 

Figure 3 A photodiode can be modelled from a set of discrete components. 
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Figure 4 Scattering detector noise analysis. Typical and worst-case perfor- 
mance is shown for the OSD100-5T photodiode based on the data sheet 
specification, and also for comparison the typical performance of a diode 
with a sensor of half the diameter. 
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 DETEC TO R  SIMULATION  

he detector schematic is shown in Fig. 1 . The circuit uses a
ransimpedance amplifier for initial photocurrent-to-voltage conver- 
ion, followed by a second-stage voltage amplifier for additional 
ain. The scattering detectors receive between 0.35 and 1.4 nW 

f light depending on atmospheric conditions and the line-of-sight 
elocity offset of the spectral line (Hale 2019 ; Hale et al. 2022 ). The
ransimpedance amplifier requires a 100 M � gain resistor to convert 
 few hundred pA of photocurrent to an output of a few mV. The
econd-stage boosts this to a few hundred mV. The signal is then
assed through a four-pole low-pass Bessel filter, shown in Fig. 2 ,
hich remo v es high-frequenc y noise and also pro vides a little more
ain to boost the output dynamic range to between 0 and 10 V. The
nal signal is subsequently fed into a voltage-to-frequency con verter , 
nd the output pulses sent to a set of counters for acquisition and
ost-processing. 
When simulating this circuit, the photodiode is broken down 

nto an equi v alent circuit of several discrete components (Graeme 
996 ), shown in Fig. 3 . The model is simplified by ignoring both the
eakage current and noise current, since the photodiode is operated 
n the low-noise photovoltaic mode of amplification, and in a high-
ain environment the diode intrinsic noise becomes insignificant in 
omparison to that from the rest of the system. The series resistance
s not stated by manufacturer, and so this has been assumed to be low
t 10 �. The photodiode has a maximum junction capacitance of 2500
F, and the shunt resistance is typically 15 M �. The final photodiode
odel is that of a signal current source, a parallel capacitance, a

arallel shunt resistance, and a series resistance. We can use this
odel along with SPICE (Nagel & Pederson 1973 ; Nagel 1975 )

imulation to analyse the performance of the BiSON detectors, 
etermining noise levels, frequency response, and finally slew rate. 

.1 Noise performance 

n a high-gain environment, the noise level is generally dominated by
ohnson–Nyquist thermal noise from the gain resistance. Over a 5- 
Hz bandwidth at room temperature for a 100-M � gain resistor this
roduces 0.09 mV RMS of thermal noise. The detector has a combined
ain of 62.4 after the initial current-to-voltage conversion, and so 
his means we can expect to obtain around 5.6 mV RMS of noise just
rom Johnson noise alone. 

Another important source of noise in the circuit is produced 
y the operational amplifiers. The input bias current can become 
uite significant depending on the o v erall gain of the system. The
nput bias current is also temperature dependent, and so a low
emperature coefficient is crucial for long-term stability. Fig. 4 shows 
he results of the noise analysis, using both typical and worst-case
hotodiode parameters provided by the manufacturer data sheet, 
nd also for comparison a smaller photodiode. The noise level is
ohnson–Nyquist limited, typically 8.4 mV RMS . Assuming a typical 
etector voltage output of 1 V, passing the noise through equation ( 1 ),
nd applying a velocity sensitivity of 3000 m s −1 , this results in an
lectronic velocity noise level of the order of 2 cm s −1 RMS. The
ine-of-sight velocity component due to oscillations of the Sun is of
he order of 1 m s −1 and this is superimposed on the much larger,
p to 1.5 km s −1 , components due to Earth’s rotation and the solar
ravitational redshift (Elsworth et al. 1995 ). 

.2 Fr equency r esponse 

he SPICE simulation of frequency response is shown in Fig. 5 ,
ncluding separately for both the amplifier-stage, and the filter-stage. 
ue to the very high gain of the initial transimpedance amplifier
RASTAI 2, 142–147 (2023) 
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Figure 5 Scattering detector frequency response analysis. The response 
of the initial twin-amplifier stage, and the low-pass filter stage, are shown 
separately. The heavier weight black line shows the response of the whole 
detector. The input signal is 200 pA of alternating photocurrent. The arrows 
indicate the −3-dB point for each response curve. 
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Figure 6 Scattering detector transient response analysis. The transient 
response of the system is shown when stepping between 25 pA of photocurrent 
and 500 pA of photocurrent. 
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he bandwidth is just 239 Hz. The bandwidth of the Bessel low-
ass filter is actually higher at 5.6 kHz than the bandwidth of
he first stage amplifier, and so the filter is doing nothing except
roviding additional gain. It is possible that the filter was designed
efore the required gain and bandwidth were known. Since we know
he total noise is dominated by the bandwidth-limited first stage
ransimpedance amplifier, the detector design could be simplified by
emoving the filter completely and increasing the gain of the second
tage amplifier, eliminating more than half of the components. 

.3 Slew rate and transient response 

 transient can be considered an ideal square wave. The response
f a circuit at high frequencies affects its processing of short-time
vents. Johnson & Graham ( 1993 ) describe a rule of thumb for the
aximum practical frequency component as, 

 knee = 

0 . 5 

t r 
, (2) 

here t r is the desired rise time of a 10 per cent to 90 per cent
ransition, and f knee the inflection point or ‘knee’ in the frequency
pectrum abo v e which frequenc y components are insignificant in
he determining the shape of the signal. If we require a 10 per cent
o 90 per cent rise time of 0.5 ms, then this suggests a bandwidth
equirement of 1 kHz. We know from the frequency response analysis
hat the bandwidth is 239 Hz, and so we can expect the rise time
o be longer than 2 ms for a 10 per cent to 90 per cent transition.
ig. 6 shows the SPICE transient response analysis. The simulated
hotocurrent is stepped from 25 to 500 pA, resulting in a rise time
f 2.5 to 4 ms depending on the acceptable per cent of completion. 
In the next section, we look at two methods of electronically

ontrolling light polarization state, and the slew rates that can be
chieved. 

 E LEC TRO-OP TIC  L I G H T  M O D U L AT I O N  

.1 Pockels-effect cells 

ost BiSON instrumentation uses Pockels-effect cells constructed
sing potassium dideuterium phosphate KD 2 PO 4 (KD ∗P), which
elongs to the tetragonal crystal system (Phillips 2011 ). This crystal
xhibits birefringence and is normally optically uniaxial; ho we ver,
ASTAI 2, 142–147 (2023) 
hen placed in an electric field it becomes biaxial. The KD ∗P
rystal is z-cut, which means that the two faces of the crystal are
ormal to the crystallographic z -axis. The on-axis rays through the
pectrophotometer are parallel to the crystallographic z -axis, and the
eam propagates in the positive z -direction. The cell acts as a linear
etarder to a beam passing through the Pockels cell parallel to the
ptical axis. An electric field can be applied via transparent electrodes
pplied to the input and output faces of the crystal. The retardance
aries linearly with the voltage applied across the electrodes, and at
pproximately 2300 V the retardance reaches 45 ◦ and the Pockels
ell behaves like a quarter -wa ve plate. When combined with a
inear polarizer this causes one of the polarization components to
e retarded by 90 ◦ in phase (a quarter of a wavelength) in relation to
he other component, producing circularly polarized light. Circular
olarization is considered to be left- or right-handed depending
n direction of rotation of the electric field vector of the wave.
f the electric field across the cell is reversed then the retardance
ecomes −45 ◦ and the opposite handedness of circular polarization
s produced. 

The switching rate of a Pockels cell was tested by monitoring the
hange in light intensity between crossed polarizers. In industry, it is
ypical to quote the slew-rate of a device as the time taken to transition
rom 10 per cent to 90 per cent of the final value. Here, we quote
ime taken from the instant the change is commanded to when the
utput reaches 90 per cent and 99 per cent of the final light intensity.
he switching rate for transitions in both polarization directions is
hown in Fig. 7 . Power is supplied via a bespoke high-voltage supply.
he driver has a ‘shape’ control that smooths the applied square-
a ve v oltage transitions and so helps to relieve mechanical stress on

he crystal, at the expense of a slightly longer transition period. At
inimum smoothing the switching time to 99 per cent of the final

ntensity is approximately 0.2 ms. With maximum smoothing the
witching time is approximately 0.8 ms, and this is broadly symmetric
n both directions. The instrumentation is typically operated with
aximum smoothing to extend the life of the crystal, and so the

witching time is considered to be nominally 1 ms. 
Both the field-widened Pockels cell and the required high-voltage

omputer-controlled driver are bespoke devices that are difficult to
anuf acture. Whilst commercial Pock els cells are available, their

ntended use is with highly collimated beams and so they have
mall apertures and very limited field of view. We will now look
t a commercial alternative that is a potential off-the-shelf direct
eplacement. 

art/rzad008_f5.eps
art/rzad008_f6.eps


BiSON detector bandwidth and polarization 145 

Figure 7 Pockels-effect cell switching rate. The driver has a ‘shape’ control 
that smooths the transition and helps to relieve mechanical stress on the crystal 
at the expense of a longer transition period. The arrows indicate the time at 
which the stated percentage of the final value is reached. The dashed vertical 
lines indicate the switching command trigger point. 
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Figure 8 Liquid-crystal switching rate at room temperature. Top panel: High- 
to-low voltage transitions. Bottom panel: Low-to-high voltage transitions. The 
arrows indicate the time at which the stated percentage of the final value is 
reached. The dashed vertical lines indicate the switching command trigger 
point. 

Figure 9 Temperature dependence of the LCD switching rate. The black 
dashed vertical line indicates the switching command trigger point. The 
dashed horizontal line indicates the 90-per cent complete point. 
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.2 Liquid crystal retarder 

any nematic crystal organic molecules are uniaxial with one long 
xis and two others of equal length, similar to a cylinder. In the
ematic phase, the cylinders have no preferential order, but they self-
lign with their long axes approximately parallel and this creates an 
ptical anisotropy. When an electric field is applied the molecules 
ilt and align to the field, and so changes in the field strength cause
hanges in the ef fecti ve retardance. The dri ving signal is typically
etween 0 and ±25 V, considerably lower, more convenient, and 
afer than the ±2300 V required by a Pockels-effect cell. 

Ho we ver, LCD retarders are typically slower to switch between 
tates than a Pockels-effect cell. Switching rate is affected by both 
he size of the difference between applied voltages, and the crystal 
emperature. When switching from a low voltage to a high voltage, 
he liquid crystal becomes under tension and the change occurs 
apidly. In the reverse direction, the rate is limited by how long it
akes the cell to ‘relax’ back to its natural state and this is determined
y the liquid viscosity, and so by the temperature. The low-to-high 
oltage transition is much faster than the high-to-low voltage 
ransition. Higher temperatures and larger voltage differences allow 

or faster switching. The o v erall change in polarization varies 
lightly with temperature, and so it is important to calibrate the 
ontrol voltages at the intended operating temperature, and then 
nsure stability at that temperature. 

Fig. 8 shows the time for both ±λ/4 and a ±λ/2 transition at room
emperature with times to 90 per cent and 99 per cent indicated.

hen considering ±λ/4 switching, the fast direction (low-to-high 
oltage) takes between 15 and 26 ms. Switching in the slow direction
high-to-low voltage) takes between 67 and 120 ms. The transition 
etween 3 λ/4 and λ/4 requires control voltages of 1.78 and 4.03 V,
espectively. 

The switching time can be reduced by adding a fixed quarter- 
ave plate and instead operating the LCD between zero- and half-
ave retardance, which requires control voltages of 25.0 and 2.32 V, 

espectively. This configuration reduces the fast transition to just 1 
s and the slow transition to between 41 and 71 ms. However, this

emains much slower than a Pockels-effect cell. 
The slower transition rate can be impro v ed by heating the liquid

rystal. Fig. 9 shows the high-to-low voltage switching time from 

ero- to half-wave for a range of temperatures. Table 1 shows the
witching time for both the 90 per cent and 99 per cent transition
ompletion points. At 50 ◦C, the switching time is between 16 and 27
s. There is little impro v ement abo v e 50 ◦C and so this is the ideal
perating temperature with respect to switching rate and maximising 
he life e xpectanc y of the crystal. 

A transition time of 27 ms is longer than that achieved with a
ockels-effect cell. We discuss the potential impact of moving to 
CD-based polarization control in the next section. 

 DI SCUSSI ON  

he noise characteristics of resonant scattering spectrophotometers, 
uch as those deployed by BiSON, have been investigated by several
uthors in terms of time-dependent effects on the solar oscillation 
odes extracted from the observations – see e.g. Grec, Fossat & 

ernin ( 1976 ), Brookes, Isaak & van der Raay ( 1978 ), Appourchaux
 1989 ), Hoyng ( 1989 , 1991 ), and Chaplin et al. ( 2005 ). Here, we
ave considered electronic and atmospheric effects on the whole 
requenc y env elope. 

It is known that atmospheric scintillation is the dominant noise 
ource in BiSON raw data (Hale 2019 ). The BiSON spectropho-
ometers mitigate noise from atmospheric scintillation by rapidly 
witching the measurement wavelength between the red and the blue 
ings of the solar D1 transition of potassium, with polarization 

witching rates targeting 100 Hz. The data acquisition system applies 
 5-ms exposure time for each polarization state, and a 0.5-ms
tabilization delay between transitions, producing a switching rate 
f 90.9 Hz. This is repeated for 340 cycles giving a total acquisition
eriod of 3740 ms, of which 3400 ms is exposure time. The values are
hen read out and the cycle repeated with a 4-s cadence. There is 15-
er cent dead-time due to stabilization delays and data readout within
RASTAI 2, 142–147 (2023) 
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Table 1. LCD switching rates at a range of temperatures. 

Switching rate (ms) at temperature ( ◦C) 
Temperature 21 25 30 35 40 45 50 55 60 65 70 

90 per cent 42 34 28 24 22 18 16 15 15 14 14 
99 per cent 74 57 48 42 43 31 27 26 27 27 25 
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ach 4-s integration period. We found here that the scattering detector
mplifier rise time is longer than expected, and requires up to 4 ms of
tabilization time resulting in some polarization state mixing between
ata channels which is reducing the instrumental sensitivity. 
When using NLC-based polarization switching, the much longer

ise time of up to 27 ms requires a slower switching rate to a v oid un-
cceptably high dead-time. If we accept a 20-ms stabilization period,
hen a switching rate of 5 Hz can be achieved with 20-per cent dead-
ime. This can be raised to 10 Hz with 25-ms stabilization and 50-
er cent dead-time. Measurement of scintillation noise at the BiSON
ites has shown that the −10-dB point typically occurs abo v e 20
z (Hale et al. 2020b ), and so it would be acceptable to reduce the

witching rate a little if necessary. Whilst < 10 ms is ideal, up to 50 ms
s acceptable. Ho we ver, the NLC performance remains slo wer than
deal switching rates. An FLC would be able to achieve performance
qui v alent to a Pockels-effect cell, but at the requirement of a much
arger budget than NLC. 

A prototype fibre-fed spectrophotometer based largely on off-the-
helf components, and using NLC-based polarization switching, has
een tested at the BiSON site in the Canary Islands (Hale et al.
022 ). Whilst noise levels are, as expected, slightly higher than
he best BiSON sites, the results are in-line with average network
erformance. The off-the-shelf nematic LCD retarder is a viable
eplacement for a bespok e Pock els-effect cell. The simplifications
rising from the use of off-the-shelf components allow easier and
ower cost instrumentation deployment, as utilized by BiSON:NG,
he next generation observing platform for BiSON (Hale 2019 ;
ale et al. 2020a ). Increasing the number of contemporaneous
bservations from many sites allows noise to be beaten down by
ombining many incoherent measurements of the observed noise
evel (Lund et al. 2017 ), and this produces an o v erall impro v ement
n noise level for the network as a whole. 
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