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A B S T R A C T 

Among highly irradiated exoplanets, some have been found to undergo significant hydrodynamic expansion traced by atmospheric 
escape. To better understand these processes in the context of planetary evolution, we propose NIGHT (the Near-Infrared Gatherer 
of Helium Transits). NIGHT is a high-resolution spectrograph dedicated to surv e ying and temporally monitoring He I triplet 
absorption at 1083 nm in stellar and planetary atmospheres. In this paper, we outline our scientific objectives, requirements, 
and cost-efficient design. Our simulations, based on previous detections and modelling using the current exoplanet population, 
determine our requirements and surv e y targets. With a spectral resolution of 70 000 on a 2-m telescope, NIGHT can accurately 

resolve the helium triplet and detect 1 per cent peak absorption in 118 known exoplanets in a single transit. Additionally, it can 

search for 3 σ temporal variations of 0.4 per cent in 66 exoplanets in-between two transits. These are conserv ati ve estimates 
considering the ongoing detections of transiting planets amenable to atmospheric characterization. We find that instrumental 
stability at 40 m s −1 , less stringent than for radial velocity monitoring, is sufficient for transmission spectroscopy in He I . As 
such, NIGHT can utilize mostly off-the-shelf components, ensuring cost-efficiency. A fibre-fed system allows for flexibility as a 
visitor instrument on a variety of telescopes, making it ideal for follow-up observations after JWST or ground-based detections. 
Over a few years of surveying, NIGHT could offer detailed insights into the mechanisms shaping the hot Neptune desert and 

close-in planet population by significantly expanding the statistical sample of planets with known evaporating atmospheres. First 
light is expected in 2024. 

Key words: instrumentation: spectrographs – exoplanets – planets and satellites: atmospheres – planets and satellites: physical 
evolution – stars: chromospheres – infrared: planetary systems. 
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 I N T RO D U C T I O N  

v er recent years, sev eral e xoplanets hav e been found to undergo
tmospheric escape, losing their volatile upper atmosphere to space 
ue to strong heating and subsequent hydrodynamic escape (Lammer 
t al. 2003 ; Vidal-Madjar et al. 2003 ). The dominant source of heating
s XUV (X-ray and extreme UV) irradiation from the host star (Owen
019 ), but core-powered mass loss could also play a role for small
as-rich planets (Gupta & Schlichting 2019 ; Modirrousta-Galian 
023 ). The importance of atmospheric escape in a planets’ evolution 
s not fully understood, in particular because there is a strong lack of
bservations to support models (Salz et al. 2016 ; Mordasini 2020 ).
ass-loss rates estimated to date suggest that a significant fraction 

f low-mass planet’s atmospheres can be lost to space, especially for
eptune-sized planets (Owen & Lai 2018 ; Bourrier et al. 2018a ).
onsequently, hydrodynamic escape is believed to play a vital role 

n the formation of the hot Neptune Desert, eroding these worlds into
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heir bare rocky cores (Lecavelier des Etangs et al. 2004 ; Owen &
ai 2018 ; Bourrier et al. 2018a ; Attia et al. 2021 ; Koskinen et al.
022 ). 
The process of atmospheric e v aporation was first observed through

xcess absorption in the Lyman- α line by Vidal-Madjar et al. ( 2003 )
n transits of HD 209458 b. The depth of the absorption signature
as found to correspond to an atmospheric layer extending beyond 

he Roche lobe of the planet, thus leading to the conclusion of
n escaping atmosphere. Lyman- α pro v ed to be a good tracer for
ydrodynamic escape since upper atmospheres are mostly composed 
f light elements like hydrogen and helium. Since this first detection,
ther planets have been found to display strong excess absorption in
yman- α, e.g. HD 189733 b (Lecavelier des Etangs et al. 2010 , 2012 ;
ourrier et al. 2013 , 2020 ), GJ 436 b (Kulow et al. 2014 ; Ehrenreich
t al. 2015 ; Lavie et al. 2017 ; Bourrier et al. 2018a ; dos Santos et al.
019 ), or GJ3470 b (Bourrier et al. 2018b ). Ho we ver, using Lyman-

as a tracer for atmospheric escape comes with a few caveats.
irst, the Hubble Space Telescope is needed, as it is currently the
nly UV observatory with enough sensitivity, spectral co v erage, and
pectral resolution to observe this line. Observations are limited to 
earby planetary systems due to strong absorption by the interstellar 
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edium, Earth’s hydrogen geocorona, and Hubble’s own optics. A
ossible successor like LUVOIR or HABEX (LUVOIR-Team et al.
019 ; Gaudi et al. 2020 ) will likely only be launched in a couple of
ecades. 
To continue the study of extended and e v aporating atmospheres, an

lternative tracer at longer wavelengths and/or observable from the
round is needed. This tracer was found in a triplet of the metastable
elium state around 10 833 Å in the near-infrared (Seager & Sasselov
000 ; Oklop ̌ci ́c & Hirata 2018 ). It was observed in WASP-107 b
Spake et al. 2018 ; Allart et al. 2019 ; Kirk et al. 2020 ; Spake,
klop ̌ci ́c & Hillenbrand 2021 ), HAT-P-11 b (Allart et al. 2018 ),
ASP-69 b (Nortmann et al. 2018 ), HD 189733 b (Salz et al. 2018 ;
hang et al. 2022 ), and more recently in WASP-52 b (Kirk et al. 2022 )
nd TOI-560 b (Zhang et al. 2023 ), among others. This helium triplet
ro v es to be an excellent tracer of atmospheric escape, being much
ess sensitive to absorption from the interstellar medium, observable
rom the ground, and sensitive enough to trace the rarefied gas in
xtended atmospheres. 

To better understand the relation between atmospheric escape and
lanetary evolution, a large sample of helium observations is now
equired to: 

(i) study the structure of upper atmospheres and planetary winds
nd the dependence of mass loss on stellar and planetary properties;

(ii) investigate the temporal variability of atmospheric structure
nd mass loss; 

(iii) determine the role of atmospheric escape in planetary 
volution. 

everal high-resolution (HR) spectrographs dedicated to near-
nfrared observations and able to resolve the helium triplet have
een developed in recent years: CARMENES at the Calar Alto
.5 (Quirrenbach et al. 2018 ), NIRSPEC at Keck (McLean et al.
998 ), SPIRou at CFHT (Artigau et al. 2014 ), GIANO-B at the
NG (Origlia et al. 2014 ), and NIRPS at the ESO 3.6 (Bouchy
t al. 2017 ; Wildi et al. 2017 ), among others. Ho we ver, all these
nstruments are placed at highly competitive, 3.5 + metre class
elescopes. To allow for a significant increase in helium detections
nd long-term monitoring of exoplanet atmospheres, we propose the
ear-Infrared Gatherer of Helium Transits (NIGHT), a HR, narrow-
and spectrograph solely dedicated to measuring helium absorption
nd spectrally resolving the lineshape during exoplanet transits. A
revious surv e y-type instrument for e xoplanet helium absorption was
resented in Vissapragada et al. ( 2020 ), utilizing ultra-narrow-band
hotometry to detect these atmospheres. Ho we ver, their instrument
as not able to spectrally resolve the triplet, which is essential to the

tudies we want to conduct. 
Because of its specific science case, NIGHT can be optimized

n ef ficiency, allo wing for a surv e y on a smaller telescope than
he aforementioned instruments are placed on. Our initial aim is
o place NIGHT as a visitor instrument on a 2-m class telescope,
hile keeping in mind possible switches to other (larger) telescopes

ater in life. Next to being able to optimize for efficiency, the
arrow passband of NIGHT allows the use of mostly off-the-shelf
omponents, reducing instrument development time, complexity,
nd o v erall instrument cost. Altogether, the specialized science case
pens up opportunities and simplifications in design that have not
een exploited before in HR spectrographs for exoplanetary science.
n the following chapters, we first present the science requirements,
nd simulations leading up to technical requirements, followed by
he preliminary targets for our surv e y and instrument design. 
NRAS 527, 4467–4482 (2024) 
 SCI ENCE  A N D  T E C H N I C A L  REQU I REMENTS  

he top-level science requirements of NIGHT have been defined as
he following: 

(i) Observe helium transits of exoplanets with sufficient sensitiv-
ty, temporal, and spectral sampling to probe the dynamics of the
xtended atmosphere and its variability; 

(a) Detect 1 per cent peak excess helium absorption at 5 σ for
at least 100 planets; 

(b) Detect 0.4 per cent temporal variability in peak absorption
depth between two transits at 3 σ for at least 50 planets (similar
to the detection in Allart et al. ( 2018 )); 

(ii) Have two channels, one science, and one on-sky. 

urthermore, we would like to note that it is our aim to keep the
nstrument cost-efficient and compact. To define the technical re-
uirements of NIGHT, we used past detections of the He I triplet with
R spectrographs and the currently known exoplanet population as

eferences to estimate observable signals. Based on these estimates,
e could then define the instrument requirements allowing us to

ulfill the science requirements. We finally explored technical designs
o fulfill the requirements. 

.1 Wavelength band 

or the wavelength coverage, it is important to accommodate the
ull width of the helium signature and the surrounding continuum,
ccounting for its line-of-sight (LOS) velocity shift and the necessity
o access wavelength calibration source lines. In Fig. 1 , we show
 histogram of LOS velocities for all exoplanets known at the
oment of writing, as taken from the NASA Exoplanet Archive and
he Extrasolar Planets Encyclopaedia (Schneider et al. 2011 ; Akeson
t al. 2013 ). The LOS velocity has been computed by the addition of
he stellar system velocity and the planet ingress velocity. As can be
een, almost all velocities fall within a −100 to + 100 km s −1 range.
ig. 1 b further shows the modelled helium signature in both rest- and
hifted frame(s). The model of the helium absorption signature was
aken from Allart et al. ( 2019 ). Based on the expected LOS shifts,
e should have minimal spectral co v erage of 10 826–10 838 Å for
IGHT. Taking into account a maximum barycentric velocity shift of
0 km s −1 , this widens to a band of ∼10 825–10 839 Å. Adjusting the
avelength range for science alone is not enough. High-precision,

tabilized spectrographs need to be wavelength calibrated regularly
s environmental changes like pressure or temperature can alter
he spectral response, both on short and long time-scales (Pepe,
hrenreich & Meyer 2014b ). To calibrate the wavelength scale of
IGHT, we propose to use both: 

(i) A Uranium-Neon (Ur–Ne) hollow cathode lamp; 
(ii) Telluric absorption and emission lines (if strong enough, given

heir variability). 

oth hav e pro v en to be good calibration sources, providing precision
etter than 50 m s −1 (Figueira et al. 2010 ; Redman et al. 2011 , 2012 ).
he corresponding spectra of the telluric lines and Ur–Ne emission

amp can be found in Fig. 2 . To have a decent calibration, we estimate
 minimum of eight lines is needed. As such, to accommodate for
t least 8 Ur–Ne and eight telluric absorption lines, we propose a
pectral co v erage of 10 810 to 10 850 Å for NIGHT. If atmospheric
onditions allow, we also propose to use telluric OH emission lines
or wavelength calibration. 

https://exoplanetarchive.ipac.caltech.edu/
https://exoplanet.eu/catalog/
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Figure 1. Line-of-sight velocities histogram of known exoplanets and the helium absorption signature both in a 0 km s −1 rest frame and positive and negative 
100 km s −1 shifted frame. The model of the helium absorption signature was taken from Allart et al. ( 2019 ) and normalized at 1 per cent for visualization 
purposes. 

Figure 2. Calibration source lines from 10810 to 10845 Å. In purple, we find 
the Ur–Ne emission lines from the Redman et al. ( 2012 ) catalogue, and in 
orange the telluric absorption spectrum from Wallace & Livingston ( 2003 ). 
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Figure 3. A model of the He I triplet from Allart et al. ( 2019 ) at three different 
spectral resolutions, R = 80, 40, and 25 k. The convolutions illustrate that 
spectral resolutions of R = 40 and 25 k do not fully resolve the lineshape. 
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.2 Spectral resolution 

he spectral resolution of a spectrograph impacts to which degree 
ne can resolve individual features and/or lines in the spectrum, but 
lso the accuracy with which one can determine the depth or strength
f these signatures. The spectral resolution is often denoted in terms
f resolving power R : 

 = 

λ

�λ
, (1) 

here �λ is the smallest wavelength scale that can be distinguished 
t wav elength λ. F or the He I triplet, there are two aspects to consider:
) whether we can distinguish the two separate absorption features 
reated by the three lines (the two strongest, reddest lines are naturally
lended due to thermal Doppler broadening), and b) the accuracy of
he measured peak absorption for the strongest peak. To calculate the 
oppler broadening for a heated helium-dominated thermosphere 
e can use equation ( 2 ): 

λ = λ0 · 2 

√ 

2 ln 2 
kT 

m 0 c 2 
. (2) 
or a thermosphere with an equilibrium temperature of 5000 K (Salz
t al. 2016 ) and λ0 = 10 833 Å, this returns a Doppler broadening
f 0.275 Å. Following equations ( 1 ) and ( 2 ), this implies a minimal
esolving power R ∼ 40 000 to resolve the lineshape. Depending on
he line-depth of the He I lines, a higher spectral resolution might,
o we ver, be preferred. To demonstrate this ef fect, we sho w a model
f a detection made by Allart et al. ( 2019 ), with the CARMENES
pectrograph at R = 80 k in Fig. 3 . The 80 k resolution model is
onvolved at spectral resolutions of 25 and 40 k, to illustrate what
ould have been measured at lower spectral resolutions. We can see

hat the three models indicate different maximum absorption depths. 
lthough we would agree that at resolutions of R = 25 and 40 k,
ne can resolve the shape of the triplet to some extent, a higher
pectral resolution is required to fully resolve the two bumps at their
ypical thermal broadening. Spectral resolutions that fully resolve 
he shape of the He I triplet will also allow for impro v ed accurac y
hen temporally resolving changes in the absorption depth between 

ransits because we can be more accurate on the peak absorption. It is
MNRAS 527, 4467–4482 (2024) 
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M

Figure 4. Peak absorption offset in the percentage of total flux systematically 
induced by not being able to resolve the triplet. The horizontal axis indicates 
the spectral resolution R , the left vertical axis the pixel size in units of 
wavelength, and the right vertical axis the total number of pixels required in 
the 10 810–10 850 Å band. The red line shows the Nyquist threshold, where 2 
pixels sample each resolution element �λ. Abo v e this line, the spectrum 

is undersampled. As expected, for higher spectral resolutions, the offset 
decreases. Various markers are plotted for existing HR spectrographs at their 
corresponding spectral resolution and pixel size. The gold marker denotes the 
proposed spectral resolution and pixel size for the NIGHT spectrograph. 
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mportant to note here that, for now, we disregard the signal-to-noise
atio (SNR) on the spectrum. The precision on the peak absorption
epth will degrade with finer sampling as the flux per pixel drops,
ecreasing the SNR. 

.3 Spectral sampling 

ampling impacts the spectrum in a similar fashion but inherently
mpacts the maximum SNR on the spectral bins. A higher SNR
mplies smaller amplitude signals can be distinguished – in our
cientific case, it is essential to potentially reveal small amplitude
ariations in the absorption depth. As such, we w ould lik e to
inimize the number of pixels to increase SNR in single pixels,
ithout losing spectral information. The Nyquist–Shannon theorem
etermines the minimum sampling size of pixels – all spectral
nformation of a bandwidth-limited signal is conserved if at least 2
ixels sample a single resolution element (Shannon 1949 ). Ho we ver,
ost modern-day HR spectrographs opt for 3 pixels per resolution

lement to assure the shape of narrow spectral features is guided by
he instrumental point spread function (PSF) and not pixel sampling,
iding in data reduction. Also, narrow spectral lines are of Gaussian-
ike shape, implying they are not bandwidth-limited and there is no
harp 2.0-pixel sampling limit. 

To determine the ideal pixel sampling and spectral resolution for
IGHT, we convolved the model of the helium signature from Allart

t al. ( 2019 ) o v er a range of PSF widths and sampled it o v er a range
f pixel sizes. We then studied the systematic loss of absorption
ignal at the peak absorption signature between the original model
nd the convolved, resampled signatures (see Fig. 4 ). We determined
he level of peak absorption by fitting a Gaussian to the strongest
eak. 
From the contours in Fig. 4 , we find that spectral resolutions

bo v e R = 70 000 do not introduce significant absorption losses.
his is expected since the model signature is already significantly
roadened by thermodynamic effects within the planet’s atmosphere.
ushing the spectral resolution to higher values does not impro v e the
ccuracy and would decrease SNR for finer pixel sampling as we
eep the sampling per spectral bin fixed. Furthermore, we see that
NRAS 527, 4467–4482 (2024) 
elow the Nyquist threshold, finer sampling does not significantly
ncrease the accuracy. At R = 70 000, we find an offset at a level
f 0.05 per cent at Nyquist sampling, just a fraction of any to-be-
xpected photon noise. As such, we propose a spectral resolution
f 70 000–75 000 for NIGHT to fully resolve the He I triplet at its
ypical broadening. As for the sampling, Nyquist sampling would be
ufficient for the helium triplet, but we propose to increase to > 2.5
ixels per resolution element ( ∼0.055 Å per pixel) to sufficiently
ample narrow spectral lines. 

.4 Wavelength precision and stability 

R spectrographs for exoplanetary science have typically been
eveloped with mass determination through a radial velocity (RV)
ignature of planets in mind. This requires a high RV precision
hat in turn calls for high instrumental stability, especially when
iming at detecting tiny signals introduced by low-mass, long-period
lanets. F or e xample, the ELODIE spectrograph (Baranne et al.
996 ), which was used to detect the first exoplanet around a Sun-
ike star, 51Peg b (Mayor & Queloz 1995 ), was able to calibrate
avelengths to a precision of 15 m s −1 . This allowed for the detection
f hot Jupiters, massive planets close to their host stars. The latest
eneration of instruments like ESPRESSO (Pepe et al. 2014a ; Pepe
t al. 2021 ) aims at detecting rocky planets in the habitable zone of
olar-type stars, requiring an RV precision in the order of 0.1 m s −1 .
or atmospheric characterization of planets through transits, no such
xtreme RV precision or instrument stability as for ESPRESSO is
equired. 

To determine the required RV precision and stability for NIGHT,
e first need to understand how it will perform its measurements. In
rinciple, two measurements of the stellar spectrum are required; one
hen the planet is transiting; a second when it is out of transit. An
ut-of-transit measurement consists of multiple, stacked exposures
o increase the signal-to-noise ratio (SNR), creating a master stellar
pectrum. By subtracting an in-transit spectrum from the master
tellar spectrum and normalizing o v er the master spectrum, an
bsorption spectrum of the exoplanet’s atmosphere is generated
ollowing equation ( 3 ): 

 planet [ per cent ] = 

F out − F in 

F out 
. (3) 

he independent in-transit measurements are all individually com-
ared to the master stellar spectrum and are only stacked after having
een corrected for the changing orbital velocity of the planet. Fig. 5
hows an illustration of this process. 

The requirements on precision and stability can be derived from
ow precise the in-transit and out-of-transit spectra’s wavelength
olutions need to be calibrated to still lead to an accurate retrie v al
f the absorption spectrum of the planet’s atmosphere. In Fig. 6 , we
how a simulated measurement of a full transit. Our simulations show
hat spurious features are introduced in the final absorption signature
s a result of uncalibrated instrumental drift. If the stellar continuum
ould have been flat in our wavelength band, we would have not seen

ny artifacts. Ho we ver, stellar lines are present in both measurements.
o subtract these from the retrieved signature, they need to be well
ligned. An uncalibrated radial velocity drift over time can shift
tellar lines from their original location – leading to inaccurate
ubtraction and spurious features in the retrieved signature, like p-
ygni profiles. This, in return, will lead to inaccuracies in the shape of
he He I absorption feature and its absorption depth. To quantify this
f fect, we ran retrie v als, introducing a linear instrumental RV drift
 v er a transit. The resulting retrie v als were compared to an ideal case,
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Figure 5. A visual representation of the observations performed during 
exoplanet transit spectroscopy and how an excess absorption signature for 
He I is retrieved. Multiple measurements are performed while the planet is 
in transit. The measured spectrum ( F in ) is a multiplication of the stellar 
spectrum (F star ) and the planet’s absorption spectrum. Similarly, a master 
spectrum ( F out ) is measured from a stack of out-of-transit stellar spectra. 
The retrieved absorption spectra are computed with equation ( 3 ). After an 
RV correction (induced by the fact that the planet changes in LOS velocity 
during transit), the retrieved spectra can be stacked. 
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n-drifted scenario to put a requirement on wavelength calibration 
recision, and, with that, on wavelength stability . Similarly , we 
pplied the same method for a hypothetical resolution change of 
he instrument between in- and out-of-transit spectra. 

In Fig. 6 , we show the results of our RV stability simulations.
e can see that for ne gativ e drifts, the peak absorption offset grows
igure 6. On the left-hand side, we show a simulated transit in the planetary rest f
pectra. The transit takes 8 h and the planet has an RV of −5 km s −1 w.r.t. the star 
he right-hand panel), as a worst-case scenario. We applied an uncorrected linear in
his uncorrected drift introduces p-cygni profiles in stellar absorption lines that, as
anel shows the stacked absorption spectra. On the right-hand side, we find the off
ange of planet RVs at ingress. 
aster than for positive drifts. This is caused by the strong stellar
ilicon line moving towards the peak of the He I triplet. We also
ee that there is a strong dependence on the orbital velocity of the
lanet. We need to be most stringent on RV drift around an ingress
elocity of 5 km s −1 . At higher velocities, the stellar-line-induced p-
ygni profiles move significantly enough over the spectrum to mostly 
ancel out when stacked afterward. For lower velocities, the stellar 
ines mo v e less and create smaller of fsets. Gi ven the fact that we will
e looking for temporal variations at the level of 0.4 per cent in the
elium absorption signature’s depth (see Section 2 ) for a wide variety
f planets, it is important to keep inaccuracies as a result of limited
nstrument stability and drift well below this level. We decided to set
he threshold of acceptable inaccuracy as caused by radial velocity 
rift at a maximum of 1/10 th of the temporal v ariability le vel. This
mplies that the maximum acceptable, uncalibrated instrumental RV 

rift is on the level of ±40 m s −1 over a full transit, to account for
ll planet orbital velocities. We would like to stress here that we are
eing conserv ati v e in our requirements, as most planets will mo v e
uch faster and will thus be less affected than our extreme reference

ase. 

.5 Instrumental Profile stability 

esides radial velocity stability, the instrumental profile (IP) of a 
pectrograph can also vary o v er time. F or slit-fed spectrographs,
he IP or line-spread function (LSF) will strongly vary with the
eeing and centring of the target on the slit. We ran simulations for
ingle in- and out-of-transit spectra at different spectral resolutions, 
hich for one wavelength essentially sets the extent of the LSF. For

his grid of resolutions, we computed the offset in peak absorption
n the same manner as for the radial velocity drifts. The resulting
ontour can be found in Fig. 7 . From Fig. 7 , we can conclude
hat the maximum acceptable change in R is not compatible with
 slit-type spectrograph. To have decent efficiency, it is important 
hat a slit has an angular size of at least 0.7 arcsec on the sky. At
ny good site, seeing will likely be close to 1 arcsec. Ho we ver, if
n excellent conditions the seeing drops to a size smaller than the
lit size, the spectral resolution will see a jump – introducing an
ffset in the final retrieved helium absorption spectrum of the planet.
MNRAS 527, 4467–4482 (2024) 

rame. In the upper panel, we find a river diagram of 50 master-out corrected 
at ingress. These values were taken to amplify the effect of drift (as seen in 
strumental drift from 0 m s −1 up to 300 m s −1 toward the end of the transit. 
 a result of the uncorrected drift, are not divided out completely. The lower 

set at the peak absorption introduced by a linear drift o v er a full transit for a 

ite de G
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Figure 7. Simulated offset in the peak absorption depth for spectral resolu- 
tion changes o v er time. F or simplicity, we assumed a fixed spectral resolution 
for all in-transit spectra and a fixed spectral resolution for all out-of-transit 
spectra. The shaded area denotes the same 0.04 per cent requirement as for 
radial velocity drifts in Fig. 6 . The white band of low loss in the upper left 
region of the figure is a region that satisfies the requirement but is infeasible. 
It is introduced by stellar lines being blurred to a degree that it incidentally 
results in a proper planetary helium line retrie v al. As such, we discard this 
region of the parameter space. 
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s such, we can conclude that NIGHT will need to be a fibre-fed
pectrograph to keep slit sizes, and thus spectral resolutions fairly
onstant. Besides, we want to design NIGHT in a way that our in-
ransit and out-of-transit spectra are not shifted by more than 40 m s −1 

see Section 2.4 ). This can be achieved by putting (part of) the optics
n a pressure- and temperature-stable environment and/or calibration
echniques. Only relying on a simultaneous wavelength reference
nd not imposing restrictions on environmental stability could pro v e
ifficult, as the current design only accounts for two fibres. Since
e w ould lik e to measure a simultaneous sky reference besides the

tellar spectrum, we do not have the option to also continuously
easure a calibration source. We could choose an observational

trategy where we make a calibration exposure multiple times per
ight, but this would not guarantee the elimination of spurious drifts
n-between those calibration moments. A safer option is thermal and
ressure control. The exact precision with which we would need
o control the environment will be determined in a later stage after
 detailed thermal and pressure change analysis of our mechanical
esign. Ho we ver, gi ven the not-so-stringent stability requirement, we
xpect this to be less than for previously built HR spectrographs. 

.6 Fibre modal noise 

ultimode fibres can introduce a phenomenon called modal noise,
lso sometimes referred to as speckle noise. In a multimode fibre,
ight propagates through various paths and modes. These modes
epresent different spatial paths the light takes through the optical
bre. Each single mode has its own unique phase and angle of
ropagation. In multimode fibres, due to their large core diameter,
ultiple modes can be excited simultaneously. Modal noise occurs

ue to interferences between these different modes as light propa-
ates. These can be caused by bends, imperfections, and disturbances
f the fibre. As a result, for monochromatic light, intensity variations
re observed over the output of the fibre as different fibre modes
ome together and constructive or destructive interference occurs
ue to the different phase-offsets of the modes. This effect scales to
NRAS 527, 4467–4482 (2024) 
he power of 2 with wavelength and thus becomes increasingly more
roblematic for infrared instruments (Oli v a et al. 2019 ; Blind 2022 ).
lind ( 2022 ) shows that the number of modes that can be transported

hrough a circular fibre is equal to V 

2 /4, where V scales according to
quation ( 4 ): 

 = 2 πNA 

a 

λ
, (4) 

here NA is the numerical aperture, a the core radius, and λ the
avelength. 
Frensch et al. ( 2022 ) show that the NIRPS HR spectrograph

Bouchy et al. 2017 ) exhibits modal noise structures on the level
f 1.6 per cent RMS at 1.55 μm with their 29 μm few-mode fibre. By
he implementation of a fibre agitator, this level could be reduced to
ust 0.7 per cent. Modal noise structures can vary o v er time (Oli v a
t al. 2019 ), but in the case of NIRPS are stable o v er the time-scale
f a few hours (Frensch et al. 2022 ). 
In a worst-case scenario, modal noise signatures would fluctuate

ust enough that flat-fielding does not properly account for them.
s a result, modal noise appears as random spectral features. To

ssess whether modal noise might prohibit our study of time-variable
ignals in the helium triplet, we use equation ( 4 ) to scale the results
f Frensch et al. ( 2022 ) to our wavelength and a fibre core of 60 μm.
sing equation ( 4 ), a fiber core size of 60 μm, and an NA of 0.125, the

otal number of modes transmitted by NIGHT at 1.08 μm should be
qual to ∼473. Blind ( 2022 ) state that the NIRPS fibre carries 10 to 35
odes. Given NIRPS’s wavelength coverage of 0.95 to 1.8 μm, we

an assume NIRPS transmits ∼19 modes at 1.55 μm as the number
f modes decreases with increasing wavelength. This implies that
he NIGHT fibres carry around 25 times more modes. Goodman &
awson ( 1981 ) show that modal noise is inversely proportional to

he squared root of the number of modes and the signal-to-noise
cales linearly with it. As such, modal noise in NIGHT is expected
o be a factor of 

√ 

25 = 5 times smaller than for NIRPS. This would
mply a modal noise RMS of about 0.32 per cent excluding a fibre
gitator. This is just below the temporal spectral depth variations we
ill attempt to resolve. Ho we ver, there are three scenarios that could

urther reduce the magnitude of modal noise: 

(i) Natural seeing will help to spatially fill the modes at the
elescope focus, reducing modal noise o v er an exposure. 

(ii) The modal noise could vary quickly and will even out over a
ransit when spectra are added. 

(iii) The modal noise could be stable o v er a transit duration and
hen we perform flat-fielding or compute the absorption spectrum,

he modal noise divides out (or we can model it if it is stable). 

he real modal noise will have to be e v aluated when the instrument
s put into usage. We would also like to stress that since this is a
rototype, we will al w ays have the option of including a fibre agitator
like the one of NIRPS), which would reduce the modal noise. 

 PRELI MI NARY  TA R G ET  SELECTI ON  

ur aim with NIGHT is to observe dozens of transits per year,
equiring a significant fraction of observing time on any telescope.
o guarantee this time, a less-competitive 1.5- to 2-m telescope is
referred o v er, for e xample, a VL T -class facility. Besides, we propose
IGHT to be a visitor, fibre-fed instrument. This will allow us to
ptimize our observing program by catching opportunities whenever
hey may occur and maintaining the flexibility introduced by the
bre feed mechanism. To determine whether placing NIGHT at a 2-
 class achieves our science goals, we built an SNR simulator. This



NIGHT: Surveying helium in exoplanets 4473 

Table 1. SNR simulator input parameters and the resulting number of targets 
for NIGHT at a 2-m telescope. 

Parameter Value 

Atmosphere efficiency 60 per cent 
Telescope optics efficiency 70 per cent 
Fibre coupling efficiency 70 per cent 
Instrument efficiency 60 per cent 
Quantum efficiency 50 per cent 
Detector read noise 20 e −/pix 
Detector dark current 1 e −/pix s −1 

Targets Number 

Prime targets 16 
Time-variable targets 66 
Total targets 118 
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IGHT simulator allows adjusting telescope parameters like aperture 
ize and atmospheric and telescope efficiency, as well as instrument 
haracteristics like the slit/coupling efficiency and detector noise 
ev els. F or all e xoplanets from the NASA Exoplanet Archive and The
xtrasolar Planets Encyclopaedia, we created mock observations. To 
reate synthetic spectra, we used a MARCS synthetic photosphere 
pectral model (4500 K, 4.5 log g ) (Gustafsson et al. 2008 ), a
elluric absorption model (Wallace & Livingston 2003 ), and a helium 

bsorption profile model created with the EVaporating Exoplanets 
ode (EVE; Bourrier & Lecavelier des Etangs 2013 ) in Allart et al.
 2019 ). 

Building on the pretense of a 2-m telescope aperture and conser- 
 ati ve ef ficiency v alues and average detector noise characteristics as
isted in Table 1 , we used stellar J -band magnitude, transit duration,
nd stellar/planet radii to determine what SNR was achie v able for
nown transiting planets. Consecutively, we put a cut on the SNR to
etermine for which planets we would be able to observe temporal 
ariations of 0.4 per cent in absorption depth at 3 α between two
ndependent transits as per our science requirement (see Section 2 ).
his SNR value is ≈1073 per pix el, stacked o v er a full transit. As
f now, there are very few significant detections of strong temporal 
ariations in the absorption signatures of helium atmospheres, but 
iven the strong dependence on stellar XUV flux, the stellar wind, and 
ore generally the stellar environment, it is suspected that variations 

an be large o v er short time-scales, especially for younger systems
Lammer et al. 2009 ; Lecavelier des Etangs et al. 2012 ; Vidotto et al.
015 ; Vidotto 2016 ; Kubyshkina et al. 2018 ; Vidotto & Cleary 2020 ;
oppenhaeger 2022 ). 
Table 1 lists the resulting number of targets generated by our 

imulations on the full sky. Targets were pre-selected to have an 
rbital period < 30 d and to have a radius > 1.5 R ⊕, to filter out
ot and strongly irradiated, likely e v aporating, gas-rich planets. No 
tellar spectral type or stellar activity is taken into account for
ow. The targets are split into 16 prime targets (with a confirmed
r theorized exosphere), 66 time-variable targets (which meet the 
emporal requirement of 0.4 per cent absorption depth change at 
 σ significance between two independent transits), and 118 targets 
otal, for which we would be able to detect an absorption signature
f 1 per cent at 5 σ significance (SNR ≈708) in a single transit.
ote that the time-variable targets are a subset of the total amount of

argets, and the prime targets are a subset of the time-variable targets.
ore detections could be reached for low-SNR targets by stacking 

bservations from multiple transits, which could be interesting for 
argets that transit frequently. Stacking multiple transits will result 
n an impro v ed signal, but potentially limit temporal monitoring, 
epending on the exact time-scales involved with the short-term 

uctuations of these atmospheres. We w ould lik e to stress that
bsorption depths much deeper than 1 per cent are not unusual and
ave been detected many times (Allart et al. 2018 , 2019 ; Bello-
rufe et al. 2023 ; Zhang et al. 2023 ), and as such, our estimates

re conserv ati ve. Later on in this chapter, we will look at ho w the
elescope’s location influences the number of observable targets. 

Fig. 8 shows the insolation versus radius distribution of our targets.
nsolation is a measure of the amount of irradiation a planet receives
t the top of its atmosphere from its host star. This depends on the
eparation between the star and the planet and the stellar type. For
ydrodynamical expansion and escape induced by stellar radiation, 
e know that XUV flux is the main driver. We use bolometric

rradiation as a first-order proxy, as the XUV irradiation is unknown
or most planets. Our targets co v er well the edges of the hot Neptune
esert, co v ering a large range of insolations from 5 to 2 × 10 4 S ⊕ in

he sparsely populated area of the Neptune-size range. This region 
s especially interesting, as we expect Neptune-sized planets to be 

ost sensitive to atmospheric escape. 

.1 Telescope choice 

ince NIGHT will be a visitor instrument, we also analysed what
otential gains could be made in terms of the number of observable
argets by moving the instrument to a larger telescope. In Fig. 9 , we
an find the limiting magnitudes for three telescope apertures of 1.2,
.0, and 4.0 m in diameter, with the same 5 σ requirement as before.
he limiting magnitude depends on the duration of the transit, as

or longer transits more exposures of equal integration time can be
aken, boosting signal-to-noise by stacking the spectra. For a larger 
tatistical sample, a telescope aperture of 2 m or larger is preferred.
ome faded dots lie within the observable magnitudes but are not
art of the full target list. To determine the 5 σ threshold, we only
ake into account the duration when the planet is in full transit (after
ngress and before egress). As such, depending on the planet and
tellar radius, some targets close to the limiting magnitude did not
eet our requirement. 
It is important to realize that in this scenario, we assume similar

bre coupling efficiencies for all telescope apertures. This is an 
nrealistic scenario as the etendue increases for larger telescopes, 
nd as such, a fixed fibre size will have lower coupling efficiencies
n larger telescope apertures. We can make a comparison based on
he plate scale, which relates the angular separation on the sky to the
hysical size in the focal plane of the telescope, given by equation
 5 ): 

 ∼ 206265 

f 
, (5) 

here f is given in mm and p in ‘/mm. We see that the plate scale
s inversely proportional to the focal length of the telescope. Now
et us define s , the size of 1 arcsec in μm on the focal plane. We can
ransform equation ( 5 ) into equation ( 6 ): 

 = 

D 

206265 · F 

· 10 3 , (6) 

here D is the diameter of the telescope in mm and F is the inverse
f the f-number of the telescope. We can subsequently apply a
onversion factor of F-ratios from telescope to fibre: 

 = 

D · 10 3 

206265 · F 

· F fib 

F 

(7) 
MNRAS 527, 4467–4482 (2024) 
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Figure 8. An insolation versus radius plot for known exoplanets. The contours and black dots show the (density) distribution of all known exoplanets to date. 
The hot Neptune Desert clearly jumps out. We also highlighted the Savanna (Bourrier et al. 2023 ). All 118 NIGHT targets are plotted. Star-shaped markers 
denote time-variable targets, and the gold-bordered markers represent our prime targets. The marker colour shows the age of the stellar system in which the 
planet resides. For systems of unknown age, the marker is coloured black. 

Figure 9. Limiting magnitudes for a 5 σ detection of a 1 per cent excess 
absorption feature in the He I triplet versus transit duration. Limits are plotted 
for three different telescope aperture diameters. Small, faded, circular markers 
sho w all kno wn transiting planets with a period < 30 d and radius > 1. 5R ⊕. 
Circular markers show our 118 NIGHT targets, and the star-shaped markers 
denote our prime targets (16 total). As in Fig. 8 , the colour of the marker 
shows the age of the stellar system. 
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Assuming a constant F -ratio of the telescope and fibre, we find
hat the size of a 1-arcsec star (in a seeing-limited scenario) in the
ocal plane is proportional to the diameter of the telescope. This
alue is directly related to the coupling efficiency into the optical
bre as the size of the fibre preferably allows for most of the starlight

o pass through. For larger aperture telescopes, we could sustain a
imilar level of coupling efficiency by demanding a faster F -ratio.
nother possibility we considered was slicing the pupil of the input
NRAS 527, 4467–4482 (2024) 
bre, but given that this would significantly affect the instrumental
rofile (IP), we dismissed it as an option. Overall, we conclude that
t is preferred to optimize NIGHT for the largest fibre size we can
ccommodate while keeping the instrument reasonably compact to
eet our requirements and accordingly choose our telescopes wisely.

n this decision, we will need to make the trade-off between the
 xpected coupling efficienc y, deriv ed from the telescope parameters
iven by our spectrograph, and target brightness and visibility. 

.2 Observing program 

e performed a target transit visibility analysis of all temporal and
rime targets for the year 2024 for various sites on the Earth and
ound no clear preference for any specific location to conduct our
bservations. The results of this analysis for our time-variable targets
an be found in Fig. 10 . In general, we conclude that transits are rare
vents for the class of planets we target. Most of our targets transit
nly a few times a year, and for half of our targets only once. This is
ostly induced by requiring a good alignment with Earth nighttime to

atch a full transit (which was taken into account in our simulations).
ote that in these simulations, we only consider the time of transit,

nd ignore the required baseline. In case of a long transit that takes
p the entire night, we could al w ays opt for baseline measurements
he night before and/or after the transit. Mounzer et al. ( 2022 ) show
hat baseline measurements on consecutive nights still allow for very
ccurate retrie v als, e ven in the presence of tellurics. 

We expect that within one year of surveying, we can build up
 statistical, temporal sample of extended helium atmospheres for
0 to 40 planets, with at least two transits per target. We would
eed to be allocated about 70 nights per year for this surv e y to
cquire two transits per target. An example of a possible observing
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Figure 10. A world map showing for how man y e xoplanets of our time- 
variable target list (total: 66 planets), we can observe at least 2 transits in 
the year 2024 from various sites. To acquire these numbers, we made a 
conserv ati ve estimate: only transits that are fully visible in astronomical 
twilight from ingress to egress at airmass < 2 were taken into account. 
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Figure 11. A preliminary observing schedule for all targets listed in Ap- 
pendix A for MMO. Some targets of the full table are not included because 
they are i) not observable from this latitude, or ii) no two full transits are 
observable from this location in 2024. Our automatic scheduler code computes 
all observable transits for a given list of targets and location on the Earth. 
After, it filters for full transits < airmass 2. The transits are automatically 
scheduled such that no transits o v erlap and priority is given to targets with 
the least amount of full transits. The total observation time required includes 
an out-of-transit baseline of 50 per cent of the length of the transit duration. 

Table 2. Summarized requirements. 

Requirement Value 

Wavelength range 10 810-10 850 Å
Spectral resolution ( R ) 70 000-75 000 
Sampling (pixels/FWHM) at least 2 
Wavelength calibration Ur–Ne & tellurics 
Wavelength precision < 40 m s −1 

Nightly RV drift < 40 m s −1 

Slit type optical fibre 
Number of slits 2 (one science, one sky) 
Instrument frontend efficiency > 70 per cent 
Instrument backend efficiency > 60 per cent 
Telescope diameter 2 m 

Quantum efficiency > 50 per cent 
Read noise < 20 e −/pix 
Dark current < 1 e −/pix s −1 
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rogram can be found in Fig. 11 . This observing program is based
n the assumption that NIGHT will be placed at Mont M ́egantic
bservatory (MMO), a 1.6-m F/10 telescope. Depending on the 

otal time allocated to NIGHT, this number could increase to o v er
0 planets for one site in one year, with temporal data depending on
he achieved SNR for each transit and the strength of any temporal
ariations. The total number of observed atmospheres can be even 
urther increased by stacking multiple transits. Furthermore, if the 
cience case is expanded to monitoring stellar helium absorption, 
IGHT observations could easily fill up all available time on a 

elescope. Monitoring stellar helium absorption is likely useful to 
etter constrain the shape of the lines in out-of-transit spectra, and 
ith that, more accurately retrieve the planetary absorption features. 
otential temporal variations of the depth and shape of these lines

n the star itself can be better understood and possibly predicted if
onitored o v er longer baselines than just the transit. As such, we

im, as part of our strategy, to consider long-term monitoring of
tellar He I absorption. 

 INSTRU MENT  DESCRIPTION  

n Table 2 , all technical requirements are summarized. They are a
esult from all simulations and trade-offs presented in this work. 

.1 Spectrograph type 

or NIGHT, we considered various spectrograph types: 
A Fourier-transform spectrograph (FTS), a Virtual Image Phased 

rray (VIPA), and a grating spectrograph. An FTS was quickly 
iscarded due to the intrinsic multiplexing deficit, boosting our 
hoton noise. The VIPA has been proposed to be used in exoplanetary
cience HR spectrographs by Carlotti et al. ( 2022 ), but we dismissed
t as an option due to expected worsened radial velocity stability. 
he Fabry–Perot-like dispersion has strong thermal and pressure 
ependence, and besides, it has an intrinsically small free spectral 
ange (FSR). As such, a grating-based spectrograph was decided on. 

It has al w ays been our aim to design NIGHT as a compact, cost-
fficient instrument. To keep costs at an acceptable level, we decided 
o use mostly off-the-shelf optical elements. While this keeps costs 
ow, it also introduces less flexibility in the design. Having set our
equirements on spectral resolution and telescope size, our trade-offs 
or the optical design progressed in the following way: 
MNRAS 527, 4467–4482 (2024) 
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Figure 12. Optical design of NIGHT with an Echelle grating in a). In b) we find the optical design with a VPH grating in double pass. 
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Figure 13. Total transmission of the custom filters and echelle grating blaze. 
We can see that the peak transmission reaches close to 60 per cent, whereas 
it drops off to a minimum of about 20 per cent at the sides of the band. 
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(i) set slit and collimator size based on requirements; 
(ii) find an off-the-shelf collimator; 
(iii) find a suitable grating with the right dispersive power; 
(iv) find remaining optical components for the fibre injection and

amera. 

urrently, two designs for NIGHT e xist, the y are o v erall v ery similar
ut contain different gratings. One design utilizes an R2 Echelle
rating in 52nd order with 31.6 lines mm 

−1 , put 1 ◦ of f-Littro w to
entre the blaze on our passband. The second consists of a VPH
rating in first order with 1406 lines mm 

−1 used in double-pass by
he addition of a flat mirror. All other optical elements are the same
n both designs. 

Any grating-type spectrograph’s size is guided by the slit
ize, dispersi ve po wer, and collimator focal length, ignoring
opto)mechanical structures. Namely, given a certain dispersive
ower and slit size, this fixes the size of the collimated beam, and
ith it the size of the grating. 
While it may seem that there are quite a few free parameters,
ost are either fixed or related for a given spectral resolution, and/or

rating type. F or e xample, for an echelle type grating in Littrow
onfiguration, we can relate the maximum achie v able spectral reso-
ution R max to the telescope diameter ( D Tel ), the angle-of-incidence
n the grating ( β), the height of the grating ( h ), and slit size ( φ) in
rcseconds following equation ( 8 ) (Pepe et al. 2000 ): 

 max = 

2 · tan β · h 

φ · D Tel 
. (8) 

The angle β, together with the total amount of illuminated groo v es,
nd the spectral order observed determines the dispersion. We can
uickly see that two of the values in equation ( 8 ) will be more-or-less
xed, independent of how we design our spectrograph. These are the
lit size and telescope diameter. For example, for 1.2 arcsec on the
ky, a telescope diameter of 200 cm, a spectral resolution of 75 000,
nd a tan β value of 2, our grating will have a height of ≈22.3 cm.
ith the given angle of incidence on the grating (tan β is 2), this

ives a collimated beam height of ≈10.1 cm. 
Replacing the Echelle grating with a different grating type working

n first order with a (much) higher groo v e density, like a volume-
hase-holographic (VPH) grating, is also an option as long as
quation ( 9 ) satisfies the threshold on resolving power – the order m ,
imes the number of illuminated lines N : 

 = m · N, (9) 

since we would like to reach the same spectral resolution. For
oth of our designs, the collimated beam diameter incident on the
rating is similar, as pushing the groo v e density of the VPH to
NRAS 527, 4467–4482 (2024) 
igher values would result in too high losses. Please see Fig. 12
or reference. Although the design is currently undergoing a design
e vie w (DR), further testing in our optical lab of an off-the-shelf
PH manufactured by Wasatch Photonics will inform us if a double-
ass VPH performs up to expectations. To our knowledge, this
rating type has never been used in double-pass to achieve a spectral
esolution of R = 75 000. The manufacturer is able to produce the
ustom VPH grating for NIGHT with our specifications. Echelle-type
pectrographs regularly reach these resolutions but are frequently
ross-dispersed due to the o v erlap of spectral orders. In first order,
his is not a significant problem because the FSR is much larger.
amely, the FSR is given by: 

SR = 

λ

m 

. (10) 

For the Echelle grating in 52nd order, this implies an FSR of about
1.2 nm, centred on our wavelength band. This implies that many
igher -, and lower -orders will be o v erlapping, requiring additional
custom) filters in the front-end of NIGHT – increasing cost and
educing efficiency. A single narrow bandpass filter would not be
ufficiently blocking all wavelengths for which the detector is sensi-
ive, as to why we require three separate filters. The accumulation of
hree custom filters and the expected Echelle diffraction efficiency
an be found in Fig. 13 . It consists of a long-pass filter to block lower
rders, a short-pass filter to block higher orders and heat radiation,
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Figure 14. Total transmission of the custom VPH Dickson grating designed 
by Wasatch Photonics in double pass (ignoring losses at the flat mirror). 
Because no custom bandpass filters are required and the grating has a higher 
dif fraction ef ficiency than a typical Echelle grating, the total transmission 
o v er the entire NIGHT passband is higher than for the Echelle layout at an 
average of about 71 per cent. Note that we use a different wavelength scale 
than in Fig. 13 . 

a  

c  

p  

a
(
o  

d
e
s  

a  

E

4

B
S
c
w  

c  

p  

o  

I  

m  

t
l  

w  

l
a
o  

w  

m
M  

m
d
i  

o  

fi  

Figure 15. The PSF at high and low resolution at three different wavelengths 
for both fibres in the echelle design. This is the PSF at the image/detector 
plane of the instrument. The low-resolution PSF is sampled at the pixel pitch 
of the proposed detector for NIGHT. In the lower panels, we show the 2D 

extracted PSF, stacked over the pixel rows. Note that for both fibres, the 2D 

PSF is very similar in shape and the lines overlap. 

t  

o
W
e
t  

f  

F

p  

l
n  

P
d

e
e  

J  

a  

e
s  

p  

t  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/4467/7330794 by U
niversite de G

eneve user on 24 April 2025
nd a narrow bandpass filter to block the surrounding orders. For
omparison, the e xpected efficienc y of the VPH grating in double
ass can be found in Fig. 14 . Because no additional narrow bandpass
nd long-pass filter are required, the higher peak diffraction efficiency 
compared to an Echelle grating), and the much broader FSR, the 
 v erall transmission is higher. In terms of transmission, a VPH in
ouble-pass is preferred for NIGHT, but further testing is required to 
stablish whether no residual optical effects are introduced by this 
et up. Independent of the grating, both designs will work, albeit with
 lower transmission than set by our requirements in the case of the
chelle solution. 

.2 Optical performance 

oth optical designs of NIGHT were optimized with Zemax Optic- 
tudio. All lenses and fold mirrors were chosen as off-the-shelf 
omponents from Edmund Optics. The bottleneck in our design 
as the collimator. From Section 4.1 , we recall that the size of the

ollimated beam would need to be ≈10.1 cm. Of f-the-shelf, of f-axis
arabolic mirrors typically only go to a 10 cm diameter for a focus
f F/8 or slower, which would just not accommodate our beam size.
t is important to have an F/8 beam or slower for the collimator to
inimize optical aberrations. In terms of lenses, only very few off-

he-shelf doublets exist that accommodate our beam size. The only 
ens that we found that did not introduce too many optical aberrations
as a F = 1900.2 mm doublet from Edmund Optics. The long focal

ength of this collimator has the advantage that it reduces optical 
berrations but has the disadvantage that it increases the total size 
f the instrument. Through the placement of three fold mirrors, of
hich two in double-pass, we were able to keep the size of the instru-
ent fairly compact. To quantify the expected optical performance, 
CMC tolerance analysis was run on both optical designs, both for
anufacturing and assembly tolerances. The merit function that we 

efined in Zemax OpticStudio computed the total enclosed energy 
n a pixel of 18 μm in the dispersion direction, with some constraints
n the placement of the optics, for two 60 μm 0.125NA circular
bres as entrance slits (one science fibre, one sky fibre). The fibre
ype was chosen as it is the largest fibre that will allow us to meet
ur spectral resolution requirement with the given beam constraint. 
e ran a least-squares optimization algorithm to maximize the total 

nclosed energy – pushing the spectral resolution while allowing 
he spectrum to spread o v er more rows of pixels. The point-spread
unctions (PSFs) of the optimized echelle design can be found in
ig. 15 . 
From the PSFs, we find that we are at near-diffraction-limited 

erformance and reach a spectral resolution of R ∼ 70 000. PSFs
ook slightly elongated in the non-dispersion direction since we did 
ot optimize for enclosed energy in this direction. From the extracted
SFs, we built a PYTHON -based instrument simulator. The resulting 
etector image can be found in Fig. 16 . 
From this simulated detector image and synthetic spectra, we 

xtracted spectra by stacking the illuminated rows. The resulting 
xtracted spectra can be found in Fig. 16 . We can see that for a
 -band magnitude of 8, in a 5-min exposure, we can easily extract
n absorption signature of 3 per cent. Of course, typically many
xposures are stacked, increasing the signal-to-noise ratio of the 
pectra – allowing us to meet our science requirements and surv e y the
lanets, as highlighted in Fig. 8 . The instrument simulator confirms
hat with the current optical design, we meet our requirements on
pectral resolution and sampling with values of R = 70 000 and
MNRAS 527, 4467–4482 (2024) 
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M

Figure 16. On the left-hand side, we show the full-frame ray trace from both fibre feeds of the Echelle spectrograph on a 1 × 1 K detector. The upper spectrum 

shows the stellar spectrum and the lower a Ur–Ne calibration spectrum. The zoom-in shows the intensity in logarithmic scaling to impro v e the visibility of 
the Uranium lines in the calibration spectrum. On the right-hand side, we show the extracted spectra from two simulated exposures – one out-of-transit and 
one in-transit. The synthetic spectra consist of a MARCS photospheric model of a 4500 K, log g = 4.5 star, a telluric absorption spectrum, and a re-scaled 
WASP-107 b helium signature. The WASP-107 b signature was re-scaled to 3 per cent peak excess absorption. We assume a J -band magnitude of 8, an integration 
time of 300 s, and a telescope size of 2 m. The telescope and instrument efficiencies/characteristics and detector properties are taken from Table 1 , Figs. 13 and 
15 . 
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.9 pixels/FWHM, on the bandwidth (10 810 to 10 850 Å), and are in
he range of SNRs we expect. 

.3 Detector 

bo v e 1 micron in wavelength, few detectors with a decent quantum
fficiency (Q.E.), and low dark noise exist. Silicon-based CCD
etectors become transparent abo v e 1 micron, and even with a thick
ubstrate, 1.08 microns is not feasible with a Q.E. of a few per cent.
xperiments with Indium–Gallium–Arsenide (InGaAs) detectors
ave shown good Q.E., but too high dark current for HR spectroscopy
n an astronomical context (Nelson et al. 2006 ; Schindler, Wolf &
rabbe 2014 ; Sulli v an, Croll & Simcoe 2014 ). Cryogenically cooled
ercury–Cadmium–T elluride (HgCdT e) detectors supply good Q.E.

 > 50 per cent) and low dark noise ( < 1 e-/p s −1 ) and are widely used
n the field of near-infrared spectroscopy (Finger et al. 2008 ). Well-
nown detector arrays are, for example, the HAWAII-RG series
anufactured by Teledyne, which comes in 1 × 1 k, 2 × 2 k, and 4 ×
 k formats. Older models include the discontinued HAWAII series
anufactured by Rockwell. Newly built, science-grade detectors

all outside of our current budget. Ho we ver, gi ven the narro w
avelength range, only a small (part of a) detector array is needed
f about 650 × 25 pixels (see Fig. 16 ). As such, some engineering-
rade C detectors suffice our requirements, depending on the exact
eficits. The fact that we only require a small detector footprint of
 high-performance IR detector is what keeps the cost of NIGHT
ffordable. Two engineering-grade detectors are currently being
ested for cosmetics at the Department of Physics at the University
f Montreal. We aim to cryogenically cool the detector with an
nfrared Laboratories Dewar, either liquid nitrogen or Stirling engine 
ased. 
NRAS 527, 4467–4482 (2024) 
.4 Timeline 

he NIGHT VPH grating and HAWAII detector are currently being
ested at the Department of Astronomy at the University of Gene v a
nd the Department of Physics at the University of Montreal. After
hese tests and a final design re vie w, we are planning to acquire all
omponents to build the spectrograph this year (2023). We are aiming
or first light during the second half of 2024. 

 C O N C L U S I O N S  

e have researched the feasibility of realizing a compact, cost-
fficient, HR spectrograph named NIGHT, optimized to spectrally
nd temporally resolve excess absorption in the He I triplet at
083 nm during exoplanet transits. 
By using past detections of a helium signature at high spectral reso-

ution and the currently known exoplanet population, we set technical
equirements for the instrument and designed a spectrograph from
ostly off-the-shelf components. NIGHT is a stabilized, fibre-fed

pectrograph at a spectral resolution of R ∼ 70 000. The spectral
ange co v ers the 10 810–10 850 Å; band and it will be wavelength-
alibrated using Ur–Ne and telluric lines to reach 40 m s −1 precision.
s of now, the grating type for NIGHT remains under study with

wo possibilities: an echelle type grating with custom order sorting
lters or a VPH grating in double-pass. Ho we v er, we hav e set the
ther optical components and these are readily available off-the-shelf.
etector testing is currently underway at the Department of Physics

t the University of Montreal and we hope to have all components at
he Observatory of Geneva before the end of 2023. The first light is
imed for the year 2024. 

Based on our simulations for target selection, we estimate that with
IGHT on a 2-m class telescope, we could surv e y and temporally
onitor o v er 100 planets. With the current design of NIGHT, we



NIGHT: Surveying helium in exoplanets 4479 

s  

f  

w
s
o
t  

a  

d  

s
d  

s
m
w
w
t
a

A

T
F
c
t
t
C
a
9  

F
T
R
F
t  

w
c
u
t
f
a
o  

L  

t

D

T
t

R

A
A
A
A
A  

A  

B
B
B
B
B

B
B
B
B  

B
B
B
B
B
B
B
B
B  

C  

C
C
d
D
D
D
D
d
E
E
E
F  

F  

 

F
F
F  

G
G
G
G
G
G
G  

H
H
H  

H
H
H
K
K  

K  

K  

K
L
L  

L
L

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/4467/7330794 by U
niversite de G

eneve user on 24 April 2025
hould be able to detect an excess absorption signature of 1 per cent
or 118 targets in a single transit at 5 σ significance. This number
ould naturally increase with newly disco v ered planets and by 

tacking multiple transits. With the same aperture size, NIGHT could 
bserve potential temporal variations in the shape and extent of 
hese atmospheres at the level of 0.4 per cent in absorption depth
t 3 σ significance in between two transits for 66 planets. Besides the
edicated NIGHT surv e y, its fle xibility as a visitor instrument on a
mall telescope makes it an ideal follow-up instrument for helium 

etections made with the Hubble Space Telescope and JWST , or even
imultaneous observations. NIGHT also introduces the ability to 
onitor targets for extended periods of time after an initial detection 
ith a more competitive ground-based HR spectrograph, covering 
ider science cases, like NIRPS. NIGHT will thus allow increasing 

he statistical sample of extended atmospheres around exoplanets 
nd monitoring their temporal variability. 
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Table A1. Time-variable targets for NIGHT resulting from our SNR simulations, sorted to right ascension. 

Name a Ra [ ◦] Dec [ ◦] mag J SNR 

b period [d] r [ r ⊕] I [ S ⊕] c Spec. type T 1–4 [h] Reference 

HD 1397 b 4 .45 − 66 .36 6 .4 3648 11 .54 11 .5 356 .0 G5 III/IV 8.6 Nielsen et al. ( 2019 ) 
HD 3167 c 8 .740 4 .380 7 .5 1665 29 .840 2 .9 17 K0 V 4.810 Vanderburg et al. ( 2016b ) 
HD 5278 b 12 .550 − 83 .740 6 .9 2219 14 .340 2 .4 132 F V 4.800 Sozzetti et al. ( 2021 ) 
K2-222 b 16 .460 11 .750 8 .4 1073 15 .390 2 .4 94 G0 4.390 Mayo et al. ( 2018 ) 
WASP-33 b 36 .710 37 .550 7 .6 1146 1 .220 17 .9 11540 A5 2.850 Collier Cameron et al. ( 2010 ) 
HD 15337 c 36 .870 − 27 .640 7 .6 1142 17 .180 2 .4 8 K1 V 2.250 Gandolfi et al. ( 2019 ) 
HD 15337 b 36 .870 − 27 .640 7 .6 1211 4 .760 1 .6 162 K1 V 2.490 Gandolfi et al. ( 2019 ) 
WASP-99 b 39 .900 − 50 .010 8 .4 1113 5 .750 11 .4 679 F8 5.260 Hellier et al. ( 2014 ) 
HD 17156 b 42 .440 71 .750 7 .1 1593 21 .220 12 .3 93 G5 3.140 Fischer et al. ( 2007 ) 
HR 858 d 42 .980 − 30 .810 5 .5 3719 11 .230 2 .2 217 F6 V 3.430 Vanderburg et al. ( 2019 ) 
HR 858 b 42 .980 − 30 .810 5 .5 3305 3 .590 2 .1 990 F6 V 2.710 Vanderburg et al. ( 2019 ) 
HR 858 c 42 .980 − 30 .810 5 .5 3424 5 .970 1 .9 512 F6 V 2.900 Vanderburg et al. ( 2019 ) 
TOI-257 b 47 .520 − 50 .830 6 .5 3112 18 .390 7 .2 186 F8/G0V 6.480 Addison et al. ( 2021 ) 
HD 23472 c 55 .460 − 62 .770 7 .9 1129 29 .620 2 .1 23 K3.5 V 2.940 Trifonov, Rybizki & K ̈urster ( 2019 ) 
V1298 Tau b 61 .330 20 .160 8 .7 1087 24 .140 10 .3 35 K0 6.420 David et al. ( 2019 ) 
KEL T -7 b 78 .300 33 .320 7 .7 1216 2 .730 17 .9 2939 F 3.510 Bieryla et al. ( 2015 ) 
TOI-431 d 83 .270 − 26 .720 7 .3 1510 12 .460 3 .3 27 K3 3.240 Osborn et al. ( 2021 ) 
pi Men c 84 .300 − 80 .460 4 .9 4546 6 .270 2 309 G0 V 2.950 Gandolfi et al. ( 2018 ) 
KEL T -2 A b 92 .660 30 .960 7 .7 1559 4 .110 15 .1 1617 F8 5.170 Beatty et al. ( 2012 ) 
HD 63433 c 117 .480 27 .360 5 .6 3729 20 .550 2 .7 35 G5IV 4.070 Mann et al. ( 2020 ) 
HD 63433 b 117 .480 27 .360 5 .6 3334 7 .110 2 .2 146 G5IV 3.220 Mann et al. ( 2020 ) 
HIP 41378 b 126 .620 10 .080 8 1385 15 .570 2 .9 – F6 4.860 Vanderburg et al. ( 2016a ) 
55 Cnc e 133 .150 28 .330 4 .8 3478 0 .740 1 .9 2665 G8 V 1.580 McArthur et al. ( 2004 ) 
MASCARA-4 b 147 .580 − 66 .110 7 .8 1248 2 .820 17 .2 5531 A7 V 3.960 Dorval et al. ( 2020 ) 
HD 86226 c 149 .120 − 24 .100 6 .8 1882 3 .980 2 .2 449 G1 V 3.120 Teske et al. ( 2020 ) 
HD 89345 b 154 .670 10 .130 8 .1 1402 11 .810 7 .4 234 G5 5.730 Van Eylen et al. ( 2018 ) 
KEL T -11 b 161 .710 − 9 .400 6 .6 3045 4 .740 15 .1 1433 G8/K0 IV 7.140 Pepper et al. ( 2017 ) 
KEL T -24 b 161 .910 71 .660 7 .4 1576 5 .550 14 .3 751 F5 4.300 Rodriguez et al. ( 2019 ) 
HD 97658 b 168 .640 25 .710 6 .2 2391 9 .490 2 .1 180 K1 V 2.850 Howard et al. ( 2011 ) 
HIP 57274 b 176 .170 30 .960 7 1753 8 .140 2 .4 316 K4 V 3.080 Fischer et al. ( 2012 ) 
HD 106315 c 183 .470 − 0 .390 8 .1 1257 21 .060 4 .4 83 F5 V 4.640 Crossfield et al. ( 2017 ) 
HD 106315 b 183 .470 − 0 .390 8 .1 1151 9 .550 2 .4 240 F5 V 3.780 Crossfield et al. ( 2017 ) 
HD 108236 f 186 .570 − 51 .360 8 1102 29 .540 2 23 G3 V 3.270 Bonfanti et al. ( 2021 ) 
HD 108236 d 186 .570 − 51 .360 8 1189 14 .180 2 .5 68 G3 V 3.850 Daylan et al. ( 2021 ) 
HD 108236 e 186 .570 − 51 .360 8 1234 19 .590 3 .1 59 G3 V 4.200 Daylan et al. ( 2021 ) 
HD 118203 b 203 .510 53 .730 6 .9 2413 6 .130 13 .2 903 K0 5.710 da Silva et al. ( 2006 ) 
TOI-2076 b 217 .390 39 .790 7 .6 1330 10 .360 3 .3 48 K 3.330 Hedges et al. ( 2021 ) 
HD 136352 b 230 .440 − 48 .320 4 .3 6813 11 .580 1 .7 112 G4 V 3.940 Udry et al. ( 2019 ) 
HD 136352 c 230 .440 − 48 .320 4 .3 6123 27 .590 2 .9 35 G4 V 3.250 Udry et al. ( 2019 ) 
WASP-38 b 243 .960 10 .030 8 .3 1098 6 .870 13 .8 502 F8 V 4.660 Barros et al. ( 2011 ) 
HAT-P −2 b 245 .150 41 .050 7 .8 1341 5 .630 10 .7 730 F8 4.290 Bakos et al. ( 2007 ) 
HD 149026 b 247 .620 38 .350 7 .1 1624 2 .880 8 .3 1586 G0 3.240 Sato et al. ( 2005 ) 
HD 152843 b 253 .780 20 .490 7 .9 1534 11 .630 3 .4 256 G0 5.530 Eisner et al. ( 2021 ) 
HD 152843 c 253 .780 20 .490 7 .9 1618 24 .380 5 .8 – G0 6.360 Eisner et al. ( 2021 ) 
Kepler-410 A b 283 .150 45 .140 8 .4 1096 17 .830 2 .8 160 F8 4.540 Van Eylen et al. ( 2014 ) 
Kepler-21 b 287 .360 38 .710 7 .2 1706 2 .790 1 .6 3021 F6 IV 3.590 Howell et al. ( 2012 ) 
HD 183579 b 293 .290 − 54 .530 7 .5 1602 17 .470 3 .6 58 G2 V 4.360 Palatnick, Kipping & Yahalomi 

( 2021 ) 
KEL T -20 b 294 .660 31 .220 7 .4 1377 3 .470 19 .5 4362 A2 V 3.580 Lund et al. ( 2017 ) 
HAT-P −11 b 297 .710 48 .080 7 .6 1100 4 .890 4 .4 101 K4 2.360 Bakos et al. ( 2010 ) 
HD 189733 b 300 .180 22 .710 6 .1 1725 2 .220 12 .7 356 K0-2 V 1.800 Bouchy et al. ( 2005 ) 
HD 191939 b 302 .030 66 .850 7 .6 1297 8 .880 3 .4 99 G8 V 3.080 Badenas-Agusti et al. ( 2020 ) 
HD 191939 c 302 .030 66 .850 7 .6 1564 28 .580 3 .2 21 G8 V 4.460 Badenas-Agusti et al. ( 2020 ) 
HD 332231 b 306 .740 33 .740 7 .5 1836 18 .710 9 .7 98 F8 6.160 Dalba et al. ( 2020 ) 
KEL T -9 b 307 .860 39 .940 7 .5 1477 1 .480 21 .2 44900 B9.5-A0 3.920 Gaudi et al. ( 2017 ) 
AU Mic b 311 .290 − 31 .340 5 .4 3680 8 .460 4 .1 22 M1VE 3.500 Plavchan et al. ( 2020 ) 
AU Mic c 311 .290 − 31 .340 5 .4 4220 18 .860 3 .2 7 M1VE 4.500 Martioli et al. ( 2021 ) 
MASCARA-1 b 317 .550 10 .740 7 .8 1285 2 .150 16 .8 8111 A8 4.050 Talens et al. ( 2017 ) 
HD 202772 A b 319 .700 − 26 .620 7 .2 2014 3 .310 17 .3 3440 F8 5.630 Wang et al. ( 2019 ) 
HD 209458 b 330 .800 18 .880 6 .6 1861 3 .520 15 .6 768 G0 V 3.070 Henry et al. ( 2000 ) 
K2-167 b 336 .580 − 18 .010 7 .2 1638 9 .980 2 .8 – F7 V 3.270 Mayo et al. ( 2018 ) 
K2-39 b 338 .370 − 9 .020 9 .1 1081 4 .610 6 .3 1356 K2 8.180 Van Eylen et al. ( 2016 ) 
HD 213885 b 338 .980 − 59 .860 6 .8 1351 1 .010 1 .7 3254 G 1.550 Espinoza et al. ( 2020 ) 
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Table A1 – continued 

Name a Ra [ ◦] Dec [ ◦] mag J SNR 

b period [d] r [ r ⊕] I [ S ⊕] c Spec. type T 1–4 [h] Reference 

HD 219134 c 348 .340 57 .170 4 5126 6 .760 1 .5 62 K3 V 1.660 Motalebi et al. ( 2015 ) 
HD 219134 b 348 .340 57 .170 4 3863 3 .090 1 .6 176 K3 V 0.940 Motalebi et al. ( 2015 ) 
HD 221416 b 353 .030 − 21 .800 6 .6 3481 14 .280 9 .2 174 K0 IV/V 8.490 Huber et al. ( 2019 ) 
DS Tuc A b 354 .920 − 69 .200 7 .1 1604 8 .140 5 .7 145 G6 V 3.180 Newton et al. ( 2019 ) 

Note. a Prime targets in bold. b Note that this is the achie v able SNR per pixel based on the total collected flux at the detector. It is achieved by stacking all frames 
through an entire transit. It also includes detector noise. c Note that for some planets, we do not know the insolation. This is a result of not knowing the stellar 
bolometric luminosity and/or stellar radius. 
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