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A B S T R A C T 

Modal noise appears due to the non-uniform and unstable distribution of light intensity among the finite number of modes 
in multimode fibres. It is an important limiting factor in measuring radial velocity precisely by fibre-fed high-resolution 

spectrographs. The problem can become particularly severe as the fibre’s core become smaller and the number of modes that 
can propagate reduces. Thus, mitigating modal noise in relatively small core fibres still remains a challenge. We present here a 
no v el technique to suppress modal noise. Two movable mirrors in the form of a galvanometer re-image the mode-pattern of an 

input fibre to an output fibre. The mixing of modes coupled to the output fibre can be controlled by the mo v ement of mirrors 
applying two sinusoidal signals through a voltage generator. We test the technique for four multimode circular fibres: 10 and 

50 μm step-index, 50 μm graded-index, and a combination of 50 μm graded-index and 5:1 tapered fibres (GI50t). We present 
the results of mode suppression both in terms of the direct image of the output fibre and spectrum of white light obtained with 

the high-resolution spectrograph. We found that the g alvanometer mitig ated modal noise in all the tested fibres, but was most 
useful for smaller core fibres. Ho we ver, there is a trade-off between the modal noise reduction and light-loss. The GI50t provides 
the best result with about 60 per cent mitigation of modal noise at a cost of about 5 per cent output light-loss. Our solution is 
easy to use and can be implemented in fibre-fed spectrographs. 
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.  I N T RO D U C T I O N  

easuring radial velocity (RV) is one of the key techniques to detect
nd characterize extrasolar planets. To measure RV accurately, high-
esolution spectrographs (for instance, HARPS: Mayor et al. 2003 ,
PF: Mahade v an et al. 2012 , ESPRESSO: M ́ege v and et al. 2012 ,
ARMENES: Quirrenbach et al. 2012 , PARAS: Chakraborty et al.
014 , SPIRou: Artigau et al. 2014 , NIRPS: Bouchy et al. 2017 ,
EID: Allen et al. 2018 , and MAROON-X: Seifahrt et al. 2018 )
ave been deployed on the different telescopes. However, the current
eneration of RV instruments cannot achieve the required precision
10 cm s −1 ) to detect earth-like exoplanets orbiting sun-like (G-type)
tars (Fischer et al. 2016 ). To achieve such precision, it is important
o maintain prolonged and extreme stability and accurate wavelength
alibration of the instrument. A significant obstacle lies in stabilizing
he instrument’s illumination, particularly as its profile changes with
arying illumination conditions (Hunter & Ramsey 1992 ). 
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As a remedy, the current generation of seeing-limited RV spectro-
raphs use multimode (MM) fibres, in general, to feed the light to
he spectrograph from the telescope (Hill et al. 1980 ; Avila 1988 ).
n addition, utilizing the fibre ef fecti vely decouples the physical link
etween the instrument and telescope’s focal point, resulting in a
ubstantial impro v ement in detection sensitivity. A large core MM
bre is generally used to maximize the light gathered. Ho we ver,
ue to the finite modes in MM fibres and the potential for subtle
llumination changes, there is a concern about signal distortion by
he interference of the modes as they propagate along the fibre,
eading to the characteristic speckle associated with modal noise
Mickelson & Weierholt 1983 ). Modal noise, characterized by this
peckle pattern, arises from the interference of the finite modes in
he fibres. The amount of distortion depends on the wavelength of
ight, core diameter, refractiv e inde x, state of the fibre, and fibre
oupling and is also sensitive to environmental variation such as
emperature (Petersburg et al. 2018 ). Furthermore, the term modal
oise was introduced as the effect that distorts the signal and
ppears as amplitude modulation (Epworth 1978 ). When using a
bre to feed a spectrograph, modal noise can also be observed
s focal ratio degradation (Ramsey 1988 ). Recent studies found
© 2024 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, 
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hat suitable tapered graded-index (GI) fibres provide an alternative 
ay for efficient focal ratio reduction in fibre-fed spectrographs 

Choochalerm et al. 2021 , 2023 ). Floris et al. ( 2020 ) showed that
odal noise in GI MM fibres can be reproduced by geometrical- 

ptics-based models. The role of modal noise on the spectrograph 
erformance was e xtensiv ely inv estigated in Oli v a et al. ( 2019 ) as it
epends on the illumination of the source and in some cases the modal
oise is negligible. None the less, the modal noise has an adverse
mpact on the precision of RV measurements when left unmitigated 
Mahade v an et al. 2014 ). 

Over the years, various techniques have been proposed for miti- 
ating modal noise in MM fibres, including single-mode scramblers 
Spronck et al. 2012 , 2013 ), double-mode scramblers (Hunter & 

amsey 1992 ; Spronck et al. 2013 , 2015 ; Roy et al. 2014 ; Halverson
t al. 2015a ; Oli v a et al. 2019 ), rotating double scramblers (Raskin
t al. 2020 ), dynamical diffusers with integrating sphere and rotating 
irror (Mahade v an et al. 2014 ), hand agitation (McCoy et al. 2012 ;
ahade v an et al. 2014 ), mechanical agitators (McCoy et al. 2012 ;

etersburg et al. 2018 ; Oli v a et al. 2019 ), and photonic lanterns
Leon-Saval et al. 2005 ; Birks et al. 2015 ; Yerolatsitis et al. 2017 ;
ike et al. 2020 ). Nevertheless, the suppression of modal noise in
M fibres continues to pose a challenge, particularly for fibres with 

elatively small core diameters. 
Due to modal noise issues in MM fibres, single-mode fibres have 

een proposed as an alternative for next-generation RV spectrographs 
Crepp 2014 ; Blake et al. 2015 ; Crepp et al. 2016 ; Schwab et al.
016 ). Light in single-mode fibres propagates in a single spatial 
ode. This not only eliminates the modal noise issue encountered 
hen using MM fibres but also enhances the stability of the output

llumination. None the less, the performance of single-mode fibre 
pectrographs is limited (Halverson et al. 2015b ), due to the narrow
perational bandwidth in the optical range (typically 100–200 nm in 
he visible, Petersburg et al. 2018 ) and the interaction between the
undamental polarization modes (Monerie & Jeunhomme 1980 ). 

In this paper, we describe an off-the-shelf, easy-to-use technique 
o mitigate modal noise for small core (10 μm) MM fibres. We
av e inv estigated the ef fecti veness of our solution on a high-
esolution spectrograph, EXO-planet high-resolution SPECtrograph 
EXOhSPEC, Kawinkij et al. 2019 ; Lhospice et al. 2019 ; Jones
t al. 2021 ) using step-index (SI), GI, and tapered GI optical fibres.
he paper is structured as follows: Modal noise on EXOhSPEC 

s presented in Section 2 . The experimental set-up for our study
s described in Section 3 , while Section 4 co v ers our results
nd discussion. Finally, the summary of the study is presented in 
ection 5 . 

.  M O DA L  NOISE  O N  EXOHSPEC  WITH  

IBRES  

XOhSPEC is an actively controlled fibre-fed double-pass optical 
pectrograph with a spectral resolution of > 70 000 and is designed for
0 μm core fibre with 0.10 numerical aperture. It was built principally 
rom off-the-shelf components such as a collimator/camera lens, 
ross-dispersing prism, grating, and Complementary Metal Oxide 
emiconductor (CMOS) detector and has o v erall dimensions of 
pproximately 30 × 40 cm × 50 cm. The main instrument is 
urrently under development for the 2.4 m Thai National Telescope 
t the National Astronomical Research Institute of Thailand. A 

rototype of the instrument is at the University of Hertfordshire 
UH), United Kingdom, where new techniques are tested to impro v e
he performance and stabilization of the spectrograph. The aim of 
his project is to develop an efficient high-resolution spectrograph 
or exoplanet study as well as to reduce the size and cost with only
 modest impact on the performance. 

A schematic diagram of the spectrograph is shown inside a 
ectangular box in Fig. 1 . Additional details on the spectrograph
an be found in Jones et al. ( 2021 ). As mentioned the EXOhSPEC is
 fibre-fed spectrograph, the fibre link is required in order to achieve
he high-precision performance. Ho we ver, modal noise can limit the
ptimization of a fibre-feeding system for astronomical observations. 
As the instrument is designed for a 10 μm core fibre, a 10 μm core

horlabs SI MM fibre was set up in the first place for data acquisition.
he significant amount of modal noise on the UH prototype was
vident in our previous study (Jones et al. 2021 ). The extracted
pectrum of continuum frames showed apparently periodic features 
f substantial strength. The strength of wavy spectral features was 
ound to decrease as measurements shifted from redder (900 nm) to
luer (460 nm) wavelength regimes. This is because the number of
odes at the bluer end is relatively higher than the redder end and

hus the modes are averaged out at the bluer end. This observation
grees well with the previous studies (see Baudrand & Walker 2001 ).

A re-set-up of the experiment was required to test the impact of
bre mo v ement on modal noise. F or that, the fibre was disturbed
y manual shaking, stretching and squeezing as shown in Fig. 2 .
he spectrum of the white light was obtained through the disturbed
bre. For a preliminary assessment, the spectrum of white light was
xtracted using MaxIm DL. 1 The average counts of a user-defined 
ox with a height (i.e. along the dispersion direction) of 4000 pixels
nd a width (i.e. along the cross-dispersion direction) of 50 pixels
round a certain order are adopted for the spectrum extraction. The
xtracted spectrum is then fitted with a 4th order polynomial for
ormalization. The normalized spectra are displayed in Fig. 3 for 
ifferent fibre conditions. Looking at the spectra, we can see that the
pectrum changes with the change in the fibre’s state. In fact, the
 v erall pattern of modes between the same fibres taken after set-up
n different days is larger than differences that we can induce in
he fibres by shaking, squeezing or stretching. To make the speckle
attern stable and suppress this modal noise, we investigated the use
f optical reimaging agitation to mix the modes using a galvanometer 
s demonstrated in the following section. 

.  EXPERI MENTAL  SET-UP  

e investigated our galvanometer-based technique on the UH pro- 
otype of the spectrograph with fibres of different core sizes and
efractiv e inde x profiles. The core size and refractiv e inde x profile
f a fibre defines the number of modes, hence the amount of modal
oise for a fixed illumination. Moreover, we are interested in testing
oth MM SI and GI fibres. SI fibres are traditionally used in the
bre-fed spectrographs (e.g. Ishizuka et al. 2018 ; Petersburg et al.
018 ) because of its relatively high transmission in the blue region.
o we ver, with GI fibre, refocusing of the signal within the core is

ncreased because of the parabolic refractive index profile. Also, the 
ulse dispersion for a given distance is smaller in GI fibre than SI
bre. In addition, we adopted conventional circular core fibres for 
ur experiment instead of other types of fibre such as rectangular and
ctagonal core fibres as our main objective is to test the effectiveness
ur method in suppressing modal noise. 
RASTAI 3, 8–18 (2024) 
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Figure 1. Schematic layout of the experimental set-up to investigate the impact of modal noise on the spectra. The optical diagram of the EXOhSPEC 

spectrograph is also presented inside the box. The figure depicts the experimental set-up where the galvanometer was implemented to mitigate the modal noise. 
Two identical fibres (Fibre 1 and Fibre 2) were in use. Fibre 1 was coupled between the Tungsten lamp (a white light source) and the input of the galvanometer. 
The galvanometer randomizes the incoming modes and collimates light onto Fibre 2. Fibre 2 was from the output of the galvanometer to the spectrograph. 
Spectrograph is in use to obtain high-resolution spectra of white light. This set-up was termed the ‘GAL ON’ condition. In the ‘GAL OFF’ condition, Fibre 2 
was used to feed the spectrograph directly with the white light but without the galvanometer. 

Figure 2. Illustration of disturbing (left panel: stretching and right panel: squeezing) the fibre to study the modal noise on EXOhSPEC. The stretching and 
squeezing were performed by pulling the fibre in the opposite direction and by rolling the fibre with a diameter of 3 cm, respectively. A 10 μm core 0.1 numerical 
aperture MM SI fibre was used for this test. 
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.1 Description of galvanometer 

he galvanometer system consists of a Thorlabs GVSX02 dual-
xis galvo, and two fibre collimators (TC06FC-633). There are two
ovable flat mirrors in the galvanometer, Mirror 1 and Mirror 2. For

etailed configuration of the galvanometer, we refer to the catalogue.
he reflectivity of two mirrors is 95 per cent 2 at 635 nm. Fig. 4
resents a schematic of the galvanometer set-up. One end of Fibre
 is connected to a white light source. The other end is connected
o the input fibre coupler of the galvanometer. Light from the input
bre, Fibre 1, is collimated by the first collimator, directed to the first
ovable mirror Mirror 1, and reflected towards the second movable
ASTAI 3, 8–18 (2024) 

 https:// www.thorlabs.com/ catalogpages/ Obsolete/ 2023/ GVS302.pdf

t
 

s  

g  
irror Mirror 2. The reflected light from the Mirror 2 is refocused
o the input of Fibre 2 by the output fibre collimator. Fibre 2 is
onnected to the spectrograph. 

Both mirrors are mounted on motorized rotating mounts. Using
his configuration we are able to mo v e the two mirrors independently.
he mode pattern from Fibre 1 is mo v ed in X and Y and is collimated

o focus on Fibre 2. The modes of Fibre 2 are excited randomly and
ence, the output illumination pattern varies continuously throughout
n appropriately long integration time. As a result, the speckle pattern
s averaged out efficiently at the exit of Fibre 2. Thus, two movable

irrors mix the modes before recoupling the light from the input to
he output fibre. 

The mo v ement of the mirrors can be controlled by applying
inusoidal signals on two channels (CH 1 and CH 2) of a voltage
enerator. Controlling the frequency and amplitude of the signal, we

art/rzad059_f1.eps
art/rzad059_f2.eps
https://www.thorlabs.com/catalogpages/Obsolete/2023/GVS302.pdf
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Figure 3. Illustration of the modal noise impact on the white light spectra 
when a 10 μm SI fibre was shaken (upper panel) as well as squeezed and 
stretched (lower panel). The data for the two panels were obtained for the 
same fibre after set-up on different dates. 

Figure 4. Schematic layout of the galvanometer used for suppressing the 
modal noise. Two motorized rotating flat mirrors that are used to mix the 
modes can be controlled by altering the amplitude and voltage of the applied 
signal to each channel independently through a voltage generator. 
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an control the mo v ement of mirrors, hence the mixing of modes. CH
 controls the Y-axis mo v ement of the Mirror 1 and CH 2 controls
he X-axis mo v ement of the Mirror 2. 

The optimum amplitudes and frequencies for operating the gal- 
anometer were explored and this is discussed in Section 4 . Before
etting up the galvanometer the two mirrors were optimally aligned 
sing a fibre coupled laser by applying a small DC offset voltage
hrough the voltage generator to optimize the output for a given input
o the galvanometer. We set the frequency and amplitude of the signal
o each of the mirrors at 1 Hz and 1 mV, respectively, and changed
he DC offset voltage to find optimum settings of the galvanometer 
utput using a power meter. The DC offset voltages for the maximum
hroughput power were found to be −65 mV and 1.48 V for CH 1
nd CH 2, respectively. We repeated the test for dif ferent v alues of
requencies and amplitudes and found that the DC offset voltages 
emained the same. This indicates that there is no dependence of the
pplied frequencies and amplitudes on the DC offset voltage. Once 
he DC offset voltage is fixed at the beginning of the experiment,
t remains the same during the experiment. Furthermore, we have 
oticed no notable change in DC offset value in our day-to-day
xperiments. 

We determined the angle of rotation of two mirrors due to the
pplied signals to the voltage generator by removing the collimators. 
e calculated the angle of rotation of the two mirrors in response

o the signals applied to the voltage generator. The rotation of the
irrors due to applied voltage at CH 1 and CH 2 to be 36.6 and 51.8
rad mV 

−1 , respectively. Translating the rotation of the mirrors into
he mo v ement on the output fibre, we obtained 0.5 and 1.3 μm mV 

−1 

long X and Y-ax es, respectiv ely. F or the application of 1 mV to each
f the mirrors, the focal spot of the output beam would typically mo v e
1.4 μm. 

.2 Data acquisition 

e performed our experiment with four circular MM fibres. As 
entioned abo v e, the instrument is designed for a 10 μm core input
bre with 0.10 numerical aperture. We tested both 10 μm core
I (SI10) as well as GI fibres. A SI10 is commercially available,
o we ver, a 10 μm core GI fibre is not. Thus, we connected a 50
m GI fibre with a custom 5:1 tapered fibre (GI50t) i.e. waist
f the tapered fibre has a 10 μm core and so should behave
pproximately as a 10 μm core GI fibre. The tapering process was
erformed on a Thorlabs Vytran GPX3400 Glass Processor. The 
apered fibre generally converts the beam diameter of an input beam
o a small diameter and rejects relatively high-order modes. We refer
o Choochalerm et al. ( 2021 , 2023 ) for details on the transmission
roperties of tapered optical fibres. Additionally, we investigated 
ommercially available 50 μm SI (SI50) and 50 μm GI fibres for
omparison purposes. We did not test fibres having larger core 
iameters than 50 μm core as the modal noise reduces with the
nlargement of fibre core size. The additional details of the fibres
re listed in Table 1 . A white light source (tungsten lamp—Thorlabs
LS201L/M) was used to illuminate the fibre on test (see Fig. 1 ).
ollowing the procedure described below, we were able to test the
erformance of our method. 

(i) GAL ON: Two identical fibres, namely Fibre 1 and Fibre 2,
ere used. Fibre 1 established a connection between the white light

ource and the input of the galvanometer. Fibre 2 connected the
utput of the galvanometer to the spectrograph as shown in Fig. 1 .
he modes of second fibre were being agitated by the galvanometer. 
RASTAI 3, 8–18 (2024) 
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Table 1. Details on the adopted fibres for investigation. 

Fibre Core Numerical Number of Manufacturer Part 
type size aperture modes a number 

SI50 50 μm 0.22 988 Thorlabs FG050LGA 

GI50 50 μm 0.20 816 Thorlabs GIF50E 
SI10 10 μm 0.1 8 Thorlabs FG010LDA 

GI50t 10 μm 0.2 16 University of Bath b Custom 

Notes. 
a The length of each fibre is 5 m. The number of modes for each fibre was estimated 
using equation (1) of Petersburg et al. ( 2018 ) at 0.7 μm. 
b The fibre used for tapering was from University of Bath and it was tapered by Thorlabs 
Vytran Automated glass processing workstation (GPX3400). 
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(ii) GAL OFF: No galvanometer was inserted into the light path.
ibre 1 is remo v ed and Fibre 2 was connected from the white light
ource directly to the spectrograph. There was no agitation in this
ase. 

The goal of our two measurement setups was to compare the
odal noise between sets of spectra obtained both with and without

gitation and thereby verify the ef fecti veness of our method. The
ypical exposures were 0.4 s for 50 μm fibres (SI50 and GI50) and 5
nd 10 s for GI50t and SI10, respectively. 

.3 Spectrum extraction 

e performed data analysis in Python, correcting the raw data set
f the white light (image frames) for bias, dark, and flat before
xtracting its spectra. We utilized five bias (dark) frames for bias
dark) correction, respectively. We median combined the images on
 pix el-by-pix el basis and subtracted them from the image frames.
e obtained five frames of white light for flat correction at the

tart of each day’s data acquisition. After bias and dark corrections,
e median combined these frames on a pix el-by-pix el basis. We

moothed the combined flat frame by implementing a median filter.
e then divided it by its smoothed version for normalization. We

sed the normalized flat frame for flat correction. Finally, we used
he flat-corrected frame for spectrum extraction. We extracted the
pectrum of a particular order, which was at the redder side of the
etector, using the SpectrumExtractor tool. 3 The central wavelength
f our selected order was approximately 700 nm. We picked up
he order from the detector’s redder side because of the relatively
igh throughput at this wavelength range. In addition, as the redder
ide propagates a relatively small number of modes, the impact of
odal noise is higher on the redder side than the bluer. The same

pectral order was used for all the investigated fibres for comparison
urposes. A 4th order polynomial was found to be suitable to trace out
he dispersion axis without o v erfitting the data. An aperture window
f ( −6, 6) pixels was specified for spectrum extraction via sum
xtraction. 

.4 Measurement of modal noise 

o quantify the modal noise, various methods, for instance measuring
he centroid drift and RV error (Mahade v an et al. 2014 ; Halverson
t al. 2015a ; Petersburg et al. 2018 ), signal-to-noise ratio (SNR, Oli v a
t al. 2019 ) and barycentre precision of spectral features (Pike et al.
020 ) have been used. We used root-mean-square error (RMSE) to
easure the modal noise. The extracted continuum lamp spectrum
as divided by the fitted 4th order polynomial described abo v e for
ASTAI 3, 8–18 (2024) 
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F  

3  

a  
pectrum normalization. The deviation of the normalized spectrum
rom the ideal flat normalized continuum spectrum was measured by
MSE measurement using the following equation: 

MSE ( y, ˆ y ) = 

√ ∑ N−1 
i= 0 ( y i − ˆ y i ) 2 

N 

(1)

here y i and ˆ y i are the ideal and observed normalized flat values for
 th data point, respectively and N is the total number of data points.
he amount of modal noise is proportional to the RMSE value. The

imitation of using RMSE as a proxy for modal noise quantification
s the SNR of the extracted spectrum. Thus, for our analysis, we used
pectra from 100 pixels to 5000 pixels of an order because the SNR
s higher and more uniform. 

.  RESULTS  A N D  DI SCUSSI ON  

.1 Frequency of galvanometer agitation 

n order to efficiently use the galvanometer the optimum frequency
f operation was first e v aluated. For that, the frequency of the voltage
enerator was varied from 1 to 600 Hz keeping the amplitude fixed
t a certain value for all fibres investigated as shown in Fig. 5 . Based
n the size of the core of the fibre, we carried out our experiment
ith dif ferent v alues of amplitude. We carried out the test at two

mplitudes: 1 and 60 mV for SI50, GI50, and GI50t, and 1 and
0 mV for SI10. We extracted the spectrum for an order in each
ase as mentioned in Section 3.3 and e v aluated RMSEs following
he approach described in Section 3.4 . We found no clear evidence
f frequency dependence (between 1 and 600 Hz) on the RMSE
easurement for any of the fibres. None the less, applied frequencies

f 89 Hz to Mirror 1 (CH 1) and 97 Hz to Mirror 2 (CH 2) satisfying
he condition for fibre agitation frequency proposed by Baudrand
 Walker ( 2001 ). It states that the agitation frequency should be
uch greater than 1/ τ , where τ is the exposure time. Our values of

ntegration are 0.4–10 s, so values of frequencies (89 and 97 Hz)
l w ays exceed 1/ τ . Furthermore, it should be noted that we used
wo prime numbers to reduce the magnitude of possible resonances.
lso, operating the galvanometer at higher frequencies ( > 300 Hz)
ay reduce its longevity. 

.2 Amplitude of galvanometer agitation 

o find the optimum amplitude, we kept the frequencies of two
hannels constant for all fibres and varied the amplitude using a
oltage generator from 1 to 140 mV in steps of 20 mV for SI50,
I50, and GI50t, and from 1 to 40 mV in steps of 5 mV for SI10.
he variation of RMSE with amplitude is shown in Fig. 6 . It is evident

rom Fig. 6 that the RMSE decreases i.e. modal noise reduces with
pplied amplitude up to 20 mV for SI10 and 60 mV for all the other
bres. The modal noise and RMSE increase if the amplitude exceeds

hese values. Moreo v er, in the process of minimizing RMSEs, we
lso lost photons due to the motion of the two mirrors. These
otions cause an increase in focal spot size of the galvanometer

utput beam. The enlargement of spot size depends on the voltage
pplied. From our measurement (see Section 3.1 ), we found that the
pot size would be about 84 μm when 60 mV voltage was applied
o each of the mirrors. As this is larger than the core diameter, the
 v erall throughput of the instrument reduces. From the colour bar of
ig. 6 , the amount of loss at the RMSE minima is found to be about
0 per cent of the peak counts for SI50 and GI50, 50 per cent for SI10,
nd 5 per cent for GI50t. Thus, we can impro v e the RMSEs but with

https://github.com/indiajoe/SpectrumExtractor
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Figure 5. RMSE variation with applied frequencies to the galvanometer for different fibres (SI50, GI50, SI10, and GI50t, respectively) to find the optimum 

frequency for operating the galvanometer. We carried out our investigation for two amplitudes, 1 and 60 mV. The violet symbols correspond to 1 mV. The blue 
symbols represent 60 mV for SI50, GI50, and GI50t, and 10 mV for SI10 fibre. All plots are made on the same scale for relative comparison. 

Figure 6. RMSE variation with applied amplitudes to the galvanometer for different fibres (SI50, GI50, SI10, and GI50t, respectively) to find the preferred 
amplitude for operating the galvanometer. The applied frequencies were 89 and 97 Hz to CH 1 and CH 2 of the frequenc y generator, respectiv ely. The colour bar 
represents the normalized Analog-to-Digital Converter (ADC) counts corresponding to each RMSE measurement. See the text for details. All plots are made on 
the same scale for relative comparison. 
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 significant light-loss penalty in all fibres except GI50t. Therefore, 
here is a trade-off between reducing the RMSE and losing the light
or most fibres tested. To further our investigation, we obtained data 
t two amplitudes (15 and 25 mV for SI10, and 20 and 60 mV for
ther fibres) as discussed in the following section. 

.3 Investigating the efficiency of the galvanometer in 

itigating modal noise 

nce the optimum frequency and the operating amplitude of the 
alvanometer were set as previously described, we tested the ef- 
ectiveness of our technique for all four fibres. We carried out our
nvestigation 10 times and between each observation the state of the 
bre (Fibre 2) was altered. In order to alter the state of the fibre
nd consequently the mode pattern, we altered the fibre position and 
lso manipulated the fibre by stretching, squeezing, and twisting it. 
y doing this, we aimed to replicate all potential states of the fibre

hat might occur during actual sky observation in our laboratory 
etting. After changing the fibre state, we waited for 5 min before
tarting the exposure. Our results are displayed in Fig. 7 . For SI50 and
I50, there is no notable change in RMSEs between the ‘GAL OFF’

nd ‘GAL ON’ conditions. This could be due to several potential 
actors. For instance, SI50 and GI50 have a relatively high number 
f modes. Thus at any state of the fibre, the pattern of the modes is
veraged out and we see less effect of modal noise on the spectra. In
ddition, we adopted the RMSE measurement to quantify the modal 
oise and our method seems to be insensitive to differentiating the 
odal noise between the ‘GAL OFF’ and ‘GAL ON’ conditions 

or these fibres. For GI50t, the RMSEs reduce significantly in the 
GAL ON’ condition in comparison to the ‘GAL OFF’ condition. 
he modal noise is found to be suppressed by around 60 per cent on
verage in the case of 60 mV amplitude of the applied voltage. In
ddition, we derived SNRs of the white light spectrum for 10 different
ases as described abo v e for GI50t in ‘GAL OFF’ and ‘GAL ON’
with 60 mV) conditions following Stoehr et al. ( 2008 ). We found
n impro v ement of SNR of about 4 per cent on average for ‘GAL
N’. An impro v ement of SNR implies less modal noise. For SI10,
MSEs are randomly distributed for the ‘GAL OFF’ and ‘GAL ON’
onditions for different observations. This could be due to the fact
hat the fibre is not relaxed during acquiring the data. More on fibre
elaxation is discussed later in this paper (Section 4.5 ). The extracted
pectra in ‘GAL OFF’ and ‘GAL ON’ conditions for various fibres
re shown in Fig. 8 . Comparing the spectra, significant mitigation
f modal noise as well as a more symmetric modal noise pattern is
een. 

.4 Fibre images with ‘GAL OFF’ and ‘GAL ON’ 

o demonstrate the ef fecti veness of the galv anometer further, we
cquired images of the spatial distribution of light through our 
dopted fibres in ‘GAL OFF’ and ‘GAL ON’ conditions. For our
xperiment, we made a set-up for the microscope optical system, 
here a 20x objective and a ZWO ASI camera were implemented

s laid out in Fig. 9 . A 635 nm red laser was used to illuminate the
bre. The complete experimental set-up is similar to Fig. 1 except the
pectrograph (rectangular box) is replaced by the microscope. The 
alvanometer is operated at the optimum voltage and amplitude for 
arious fibres at the ‘GAL ON’ condition as mentioned in Sections
.1 and 4.2 . The exposure times were 0.5 s for SI10 and 0.04 s for all
ther fibres. The images of the near-field speckle pattern for different
RASTAI 3, 8–18 (2024) 
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R

Figure 7. RMSE scatter with and without galvanometer for different fibres (SI50, GI50, SI10, and GI50t, respectively). The circular symbols represent the 
‘GAL OFF’ condition. The other symbols correspond to the ‘GAL ON’ condition. Error bar at the top of each plot represents typical RMSE measurement error. 
We carried out our experiments for amplitudes, 20 mV (diamond symbols) and 60 mV (pentagon symbols) for SI50, GI50, and GI50t, and 15 mV (diamond 
symbols) and 25 mV (pentagon symbols) for SI10. The applied frequencies were 89 and 97 Hz to CH 1 and CH 2 of the frequenc y generator, respectiv ely. We 
repeated the experiments multiple times to confirm our results. In each observation, the position of the fibre was altered to make sure that the state of the fibre 
(mode pattern) was not the same, and then we waited for 5 min before taking the data. GI50, SI50, and GI50t are made on the same scale for relative comparison. 
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bres are displayed in Fig. 10 . Fig. 10 clearly shows that the addition
f the galvanometer significantly impro v es the speckle uniformity.
e note, ho we ver, a relati vely high background for GI50t. This ef fect

ould possibly be due to the fact that cladding mode suppression for
ther fibres was much better than the tapered fibre used for this test.

.5 Fibr e r elaxation 

e extended our investigation further to explore the effect of fibre
elaxation for SI10. The variation of RMSE with time for three
ifferent cases is shown in Fig. 11 . For the first case (‘Undisturbed’,
lue circles), the fibre was connected between the white light source
nd the spectrograph and allowed to rest o v ernight. No notable
hange in RMSE values with time was evident in this case. As
he fibre was rested o v ernight, it can be considered to be in a
elaxed condition, and thus, there is no distinct change in mode
istribution between exposures. In the second case (‘Disturbed1’,
ASTAI 3, 8–18 (2024) 
range symbols), the fibre was disconnected from and reconnected
o the fibre coupler of the white light source. Change in RMSE
alues were apparent in comparison to the former case. However, the
ariation of RMSE with time was insignificant. The reason for the
hange is probably due to the redistribution of modes because of the
hange in fibre coupling and external disturbance. In the third case
Disturbed2, green markers), the fibre was stretched along its length
nd then allowed to relax in the same condition. In this case, the
MSE was found to change significantly with time for the first 50
in. After 50 min, the change is insignificant. As the experiment was

arried out in a general purpose temperature controlled laboratory
nvironment, large temperature variations can be ruled out as a major
ontributor. Therefore, we believe that small stresses and strains
ue to externally applied forces are the reason for these changes.
hen the fibre was stretched, the applied external force disrupts

he mechanical equilibrium in the fibre and as a result, the RMSE
alue increases. When the fibre was allowed to relax, it tends to

art/rzad059_f7.eps
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Figure 8. Extracted white light spectra of an order in GAL OFF and GAL ON conditions for different fibres (SI50, GI50, SI10, and GI50t, respectively. Applied 
frequencies to the voltage generator were 89 and 97 Hz to CH 1 and CH 2, respectively. The applied amplitude to the voltage generator was 15 mV for SI10 
and 60 mV for other fibres. The spectral regime from 100 to 5000 pixels was considered for our analysis. Comparing spectrum in GAL OFF and GAL ON 

conditions, we can see that the spectrum are flatter when the galvanometer is on. The flat spectrum indicates the suppression of the modal noise. 

Figure 9. Illustration of microscope system set-up for imaging the spatial 
distribution of fibres modes. 
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ack to an unstressed and unstrained state at room temperature and
o RMSE decreases. Ho we v er, the final relax ed state and hence the
ropagating mode patterns depends on the incident electric field, 
avelength, fibre stresses and strains (Minardi et al. 2021 ). The
bserved variation of RMSE over time in the case of Disturbed2
ight not be as prominent in fibres with a large core. Due to the large

umber of modes, the mode pattern tends to average out quickly. It
s important to note that for small core fibre such as 10 μm fibre,
t is crucial to e x ercise additional caution against the mo v ement of
he fibre during the experiment. Additional experiments are required 
o fully understand this effect. Recent studies showed that thermal 
nd mechanical stabilization of an MM fibre can greatly impro v e
ts’ long-term stability (Redding et al. 2014 ; Liew et al. 2016 ;
ao et al. 2023 ). Furthermore, the most satisfactory explanation 
f our galvanometer-based modal noise mitigation method and fibre 
elaxation might be obtained using a comple x wav e-optics simulation
RASTAI 3, 8–18 (2024) 
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RASTAI 3, 8–18 (2024) 

Figure 10. Comparison of images of the spatial distribution of light in various fibres in ‘GAL OFF’ (top panel) and ‘GAL ON’ (bottom panel). Applied 
frequencies to the voltage generator were 89 and 97 Hz to CH 1 and CH 2, respectively. The applied amplitude to the voltage generator was 60 mV (15 mV for 
SI10). It is evident that the mode pattern is averaged out greatly in the ‘GAL ON’ condition. 

Figure 11. Variation of RMSE with Time to test the fibre relaxation for SI10 
with ‘GAL OFF condition’. The RMSE variation for three states of the fibre 
is presented. In the first case (circular symbols), the fibre was connected from 

the white light source to the spectrograph and allowed to rest o v ernight. This 
state of the fibre is labelled as ‘Undisturbed’. In the second case (pentagon 
symbols, ‘Disturbed1’), the position of the fibre was altered by a small amount 
i.e. the fibre was disconnected from the fibre coupler of the white light source 
and reconnected. In the third case (diamond symbols), the fibre was stretched 
along its length and allowed to relax at the same position. This state of the 
fibre was termed ‘Disturbed2’. It is evident that the RMSE value decreases 
with time representing the stabilization of the mode pattern. Error bar at the 
top represents typical RMSE measurement error. 
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odel such as COMSOL. 4 For such calculations, we need to treat
ach mode of the fibre independently with random variations of
hases and mode patterns. Therefore, the model calculation will be
omputationally e xpensiv e with significant computer time. Thus, the
etailed theoretical study is beyond the scope of this paper. 

.  SUMMARY  

n this paper, we have demonstrated the use of commercial off-
he-shelf components to mitigate modal noise for fibre-fed high-
esolution spectrographs. Our method uses a galvanometer designed
o randomize the mode distribution while the light passes through
t. The galvanometer uses two motorized rotating flat mirrors to mix
he modes. The mode mixing can be controlled by setting up the
requency and amplitude of the applied sinusoidal signal through a
oltage generator connected to each of the mirrors. To carry out our
xperiment, we used four different fibres: 50 μm SI, 50 μm GI, 10
m SI, and a combination of 50 μm GI and 5:1 tapered fibre. We
btained white light spectra using a high-resolution spectrograph
or our experiment and used RMSE measurement as a proxy
or modal noise quantification. We first investigated the optimal
requency and amplitude of signal applied for efficient operation
f the galvanometer. No significant frequency dependence on RMSE
alues was seen. However, the amplitude of the signal applied to the
alv anometer did af fect the RMSE and we used our measurement
o find the optimum amplitude and maximize the galvanometer’s
fficiency. Once the frequency and amplitude conditions were found,
e repeated our experiment multiple times both with and without

gitation by the galvanometer and showed that our technique was
apable of mitigating modal noise efficiently. Among all the tested
 https:// uk.comsol.com/ 
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bres, the GI fibre combined with the tapered fibre (GI50t) was 
ound to mitigate modal noise on an average by 60 per cent with a
utput light-loss penalty of only 5 per cent. In addition, we obtained
mages of the mode distribution for all fibres both with and without
alvanometer agitation. We found that the use of a galvanometer 
ignificantly impro v es the uniformity of light illumination at the fibre
utput. Our technique offers benefits o v er other methods because of
ts simplicity, cost-ef fecti veness, and ease of implementation. We 
o not need to mo v e the fibre during the observation. Thus, our
ethods is free from any mechanical agitation. It also does not 

ompromise the lifetime of the fibre which might be the case if
ntense mechanical agitation methods are employed. Ho we ver, there 
s a trade-off between impro v ement in modal noise and loss of light
hich limits the performance of the galvanometer and the throughput 

fficiency of the spectrograph. Additionally, we found that stressing 
he fibre with an external force can destabilize the spatial distribution
f modes especially in small core fibres such as 10 μm SI fibre. It
akes a significantly long time ( ∼1 h) for the fibre to return to a relaxed
tate. Therefore, such fibres need to be handled very carefully when 
sed for spectroscopic observations. 
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