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Abstract. Systematic uncertainties in the flux calibration are becoming the limiting fac-
tor for the scientific yield of current and future optical surveys. Type Ia supernova (SN Ia)
cosmology programs, where an improved calibration directly translates into improved cos-
mological constraints, are greatly impacted by this. Current methodology rests on models
of stars. Here we show how to obtain flux calibration that is traceable to state-of-the-art
detector-based calibration. We present the SNIFS Calibration Apparatus (SCALA), a color
(relative) flux calibration system developed for the SuperNova Integral Field Spectrograph
(SNIFS), operating at the University of Hawaii 2.2 m (UHS88) telescope. The SCALA cal-
ibration unit is fully deployed since 2015. We show that we can determine the light emit-
ted by SCALA with a long-term repeatability better than 1%. We describe the calibration
methodology developed to control for system aging and we present measurements of the
SNIFS throughput as estimated by SCALA observations.
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1. Introduction

The requirements posed by modern cosmology
on precision and accuracy puts more stringent
constraints on the ability to convert instrumen-
tal signals onto a physical flux scale. One im-
portant case is the use of the distance-redshift
relation of Type Ia supernovae (SNe Ia) to de-
rive the properties of the Universe, such as
the dark energy equation of state parameter,

w. In this case, an accurate “absolute color”
calibration is what matters most, as one ob-
tains the cosmological parameters by compar-
ing the luminosity of a given restframe wave-
length region (usually the Johnson B-band) of
the SN Ia spectral energy distribution (SED),
at various redshifts. Beyond the establishment
of an absolute color calibration, existing SN Ia
cosmology data consist of imaging through
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~ 5 filters whose responses as a function of
wavelength must also be established in order
to transfer absolute color calibration to SNe
at different redshifts. The mapping of stan-
dard star fluxes to SNe when using filters is
not unique; the signals to be compared are in-
tegrals of standard star or SN fluxes over a
bandpass. SNe have complex spectra over the
wavelength ranges spanned by broadband fil-
ters. In addition, bandpasses may change with
time. Furthermore, any ground-based instru-
ment that uses these standards will also need
to correctly account for atmospheric extinc-
tion across their bandpasses. That low- and
high-redshift SNe are usually observed with
completely different telescopes, instruments,
and filter sets adds to the difficulty. Thus, it
is not surprising that measurements based on
current SN Ia cosmology samples are domi-
nated by calibration systematic uncertainties,
directly impacting the error on the measured
value of w (Betoule et al.[2013], 2014)).

There have been several attempts in the
past to establish an accurate and reliable cal-
ibration system to be used as reference by
every observer. For the optical wavelengths,
the early work in this direction were reach-
ing calibration accuracies around 2% and were
based on comparisons of the Sun, or bright
stars such as Vega, to calibrated light sources —
laboratory-calibrated lamps (Stebbins & Kron
1957 |[Hayes||1970) or blackbody sources set-
up in situ (Oke & Schild |[1970; [Tig et al.
1977) — placed at a distance. Another cali-
bration effort was based on using theoretical
models of stellar spectral energy distributions
(SEDs), e.g. for three hot DA white dwarfs lo-
cated in the Local Bubble (Bohlin|[1996|2014;
Rauch et al|2013)). This provides high inter-
nal accuracy, but its absolute color accuracy
is difficult to evaluate independently of stellar
models. Any error in the model of the color of
these standard stars will directly propagate to
the flux calibration applied to the SN fluxes.
Flux calibrations from both of these systems
have been transferred to observations of sec-
ondary standard stars. Observations of an ex-
tended network of primary and secondary stan-
dard stars on the model-based system, known

as CALSPECE] (Bohlin|2014), provide the cal-
ibration of the instruments mounted on HST.

A more recent approach for physical cal-
ibration proposes to transfer a high precision
detector-based laboratory calibration to a light
source used to illuminate a telescope and its
attached science instrument (Stubbs & Tonry
2000). Such transfer is achieved by sequen-
tially observing several quasi-monochromatic
light sources with a telescope and then com-
paring the amount of light measured by the in-
strument with a calibrated detector that con-
tinuously monitors the emitted light. At op-
tical wavelengths, NIST-calibrated (National
Institute of Standards and Technology) silicon
photodiodes are commonly used as the detec-
tor. When the calibrated instrument is a spec-
trograph, the consequent observation of stan-
dard stars provides a calibration network inde-
pendent of the white dwarf models, after mea-
suring and correcting for atmospheric extinc-
tion. This can, hence, be easily used by any ob-
serving program.

During the past decades several calibration
devices were built based on the detector labo-
ratory calibration approach, they mostly differ
on aspects concerning their configuration, the
light source selected and the instrument to cal-
ibrate (ITC) with the telescope system. Such
experiments are listed in Table [T] and briefly
described below. Common to all projects is
the calibration to a primary laboratory stan-
dard. All except one project — NISTstars — re-
fer to the Primary Optical Watt Radiometer
(POWR), which is operated by NIST. This pri-
mary standard relates the optical to electrical
power using a monochromatic source, via the
optical / electrical heating of a cryogenic light
trap. NIST then transfers the flux scale to pho-
todiodes of type Hamamatsu S2281, which are
then used by the different projects to calibrate
their systems.

Collimated Beam Projector (CBP) for
DECam, LSST and Pan-STARSS: For
DECam and LSST CBP, the monochromatic
light of a tunable laser is used to illuminate
an integrating sphere (IS). The homogeneously

U'http://www.stsci.edu/hst/
observatory/cdbs/calspec.html
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illuminated exit port is used to illuminate a
2D pinhole array. These holes together with
collimating optics create a grid of artificial
planets which are then observed by the ITC.
The flux emitted by the system has been cal-
ibrated in the lab against a monitoring photo-
diode mounted within the IS. The main dif-
ference between the DECam CBP (Coughlin
et al.|2016) and the LSST CBP (Ingraham et al.
2016) listed in Table [T]is in the type of colli-
mator. The DECam CBP uses a photographic
objective as collimator while the LSST CBP
uses a fully reflective Schmidt telescope de-
sign. In both cases several relative pointings
of the CBP and ITC are needed to sample
the complete entrance pupil. The Pan-STARSS
CBP (Tonry et al|2012), the second calibra-
tion device deployed for Pan-STARSS, uses
the monochromatic light of a tunable laser to
feed a fiber bundle which illuminates a pro-
jection telescope. A calibrated photodiode is
placed in the telescope beam to measure the
photon flux. The beam is slightly unfocused to
cover ~1/3 of the Pan-STARSS field of view at
a time.

DECal & calibration device for Pan-
STARSS: A flat field screen, illuminated by
monochromatic light, is used to measure the
filter curves of the ITC. The flux level emit-
ted by the screen is monitored by a photodi-
ode. As the screen provides diffuse illumina-
tion, corrections such as star flats are needed to
account for the enhanced scattering within the
ITC. The difference between the two projects is
the used light source. In DECal (the other cal-
ibration device used for calibrating DECam) a
monochromator lamp setup is used (Marshall
et al.|[2013)), while in the first calibration de-
vice deployed for Pan-STARSS a tunable laser
is used (Stubbs et al.|2010). The diffuse illu-
mination covers the complete entrance pupil of
the ITC. A prototype of the DECal system was
previously deployed at the Swope telescope
at Las Campanas Observatory for the calibra-
tion of the photometric equipment used in the
Carnegie Supernova Project (Stritzinger et al.
2011)). For this purpose filter curves were cali-
brated with a repeatability of ~ 1%.
NISTstars: An artificial star is created by a
broadband light source placed at a distance

of > 100m [Deustua et al.| (2018)). The emitted
flux is measured with a spectrograph flux cal-
ibrated against a black body light source op-
erated by NIST. The ITC for NISTstars is an-
other spectrograph, which observes this artifi-
cial star. A correction has to be applied to the
measured flux to account for the atmospheric
absorption between the artificial star and the
ITC. A direct measurement of the attenuation
is performed by using a red HeNe laser. The
wavelength dependence is accounted for by at-
mospheric models. For this project the illumi-
nation of the artificial star covers the complete
entrance pupil of the ITC.

StarDICE: Similar to NISTstars an artificial
star is created by a remote source (Regnault
et al[2016). Here the source is composed of
several narrow band Light Emitting Diodes
(LEDs). The emitted flux is obtained from
careful lab calibrations of the LEDs relative
to a NIST photodiode. Further measurements
of the ITC throughput are needed (telescope
and filter throughput). The atmosphere in be-
tween ITC and artificial star is accounted for by
modelling and additional information obtained
from the atmospheric physics department at
Haute-Provence Observatory. The complete
entrance pupil of the ITC is covered.
SnDICE: Here a LED light source is placed
close to the ITC (Regnault et al.[2015). The ge-
ometry of the light source is in between a dif-
fuse source, like a flatfield screen and a colli-
mated beam, like for a distant source. The flux
scale of the LED source is carefully calibrated
beforehand in the lab and monitored with cali-
brated photodiodes. For this project several rel-
ative pointings of source and ITC are needed.
ACCESS: The Absolute Color Calibration
Experiment for Standard Stars (Kaiser et al.
2010) was based on a telescope with imag-
ing and spectroscopic instruments launched by
a rocket into a sub-orbital trajectory. Within
each flight the telescope was supposed to be
for ~ 400 s at an altitude of more than 100 km.
The telescpoe plus instrument were meant to
be carefully calibrated before and after each
launch via a artificial star source relative to a
NIST primary standard. Prior to the launch and
while parachuting to the ground an on board
calibration device would monitor changes of
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the instrument. For this purpose the on
board calibration was planned to use flux
stabilized LEDs to illuminate the instruments
via diffuse reflection off a screen mounted in
the telescope cover. The mission, currently
stopped, was designed to provide calibrations
for Vega and Sirius as well as other standard
stars between 6th and 10th magnitude.
Altair & ORCASat & ORCAS: A high al-
titude balloon or small satellite (respectively)
carries an IS illuminated by laser diodes. The
emitted flux is measured via a local NIST
photodiode (Albert|2011) . As the source is at
large distances from the ITC, which is on the
ground, the source looks like an artificial star
and illuminates the complete entrance pupil.
The balloon continuously sends its position
to the ground, so that the ITC can track the
artificial star. In this case, the ITC calibration
includes also the atmospheric absorption,
as the balloon / satellite is high enough in
the atmosphere. The orbits planned for the
satellites ORCAS and ORCASat are different:
ORCAsat is in a low earth orbit, which makes
it move in the sky too fast for most telescopes
on the ground to track it. ORCAS (Peretz et al.
2019) will have a high elliptical Earth orbit or
an L2 halo orbit such that ORCAS will move
very slowly on the sky, such that it can be
tracked by the ITC.

Each solution from this list has its advan-
tages and disadvantages, e.g., the calibration
devices placed at large distances from the ITC
suffer less from stray light created within the
calibration device itself, as the beam is colli-
mated and is, therefore, similar to the celestial
observation. However, these ground-based de-
vices need to take into account the atmosphere
between ITC and calibration device which is
not negligible and adds to the final systematic
calibration error.

We find imaging devices as well as spec-
trographic devices among the project ITCs. In
the case the standard stars are calibrated using
spectrographs (so spectroradiometrically), the
calibration is corrected for instrumental and at-
mospherical artifacts and can be used by every-
one. In the case of imaging systems, the cali-
bration incorporates integration over the instru-

ment passband (the passband here includes at-
mospheric transmission as well as the instru-
mental transmissions, filter curves and detec-
tor sensitivities). To use these calibrations at
other instruments requires the precise knowl-
edge of the wavelength dependence of each
component.

In this paper we describe the first re-
sults of the SNIFS Calibration Apparatus
SCALA, our contribution to this general effort.
SCALA, previously described in [Lombardo
et al.| (2017), [Kiisters et al. (2016)), Lombardo
et al.|(2014), builds on the past experience, de-
scribed above, and provides an alternative ap-
proach. SCALA is an in-situ flux-calibration
device developed for the SuperNova Integral
Field Spectrograph (SNIFS, Lantz et al.|2003),
mounted on the University of Hawaii 2.2m
telescope (UH88) on Maunakea. SCALA is
aimed at calibrating the instrumental response
of the “telescope + SNIFS” system to <1%
precision. The advantage in calibrating SNIFS
with such precision is that it is an integral
field spectrograph, thus allowing us to pro-
duce spectrophotometric calibrated spectra of
standard stars. Additionally the high eleva-
tion of Maunakea, provides less overall at-
mospheric extinction, low absorption due to
atmospheric water, and the existence of a
well-defined inversion layer that further sup-
pressed extinction from aerosols — the most
time-variable broadband atmospheric extinc-
tion component. These effects are accounted
for and corrected nightly from standard stars
observations (Buton et al.|[2013)). Therefore,
the resulting physical calibration can be di-
rectly transferred to standard stars. These can
then be used in a completely general fashion
by any telescope, whether in space or on the
ground.

In this paper we discuss the concept
and design of SCALA (Section E]), and the
data obtained using its calibrated photodi-
odes (Section [3). In Section [4] we discuss in
detail the key pre-commissioning and post-
commissioning tests conducted to measure the
performance and stability of the system. The
second post-commissioning run additionally
commissioned an aperture mask. We explain
the calibration methodology that was imple-
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mented, and show the first throughput mea-
surements in Section [5] and [§] The origins of,
and limits on, potential sources of systematic
uncertainty are discussed in Section[7} Some of
the SCALA systematic uncertainties have al-

ready been described in detail in
(2016), hereafter K16.

2. SCALA concept

SCALA (Figure[T) is meant to provide a better
than 1% precision relative flux calibration (the
type of calibration that mostly impact SN Ia
cosmology) of the “telescope + instrument”
system response, in such a way that this sys-
tem can then be used to refine the standard star
network. SCALA is an in-situ flux-calibration
device designed to produce a uniform illumi-
nation of the focal plane, i.e., a flat-field, while
monitoring the light emitted using a calibrated
photodiode. In the following subsections we
will briefly describe SNIFS and then we will
focus on the design of the calibration device.

Fig.1. SCALA attached at the ladder of the
dome of the UHS88 telescope. The projector
modules with the three mirrors and the IS hold
in front of them are visible in the image, below
SCALA is located the lamp+monochromator
system and the electronics boxes.

2.1. SNIFS

The SuperNova Integral Field Spectrograph
(IFS) SNIFS (Lantz et al.[2003), located at the
bent Cassegrain port of the UH88 on the sum-
mit of Maunakea, is composed of three chan-
nels: two spectroscopic (blue and red, respec-
tively) and one imaging. Each spectrograph
camera holds a E2V 2kx4k CCD. The dual-
channel spectrograph simultaneously covers
3200-5200 A (B-channel) and 5100-10 000 A
(R-channel) with line spread functions having
FWHM values of 5.23 A and 7.23 A, respec-
tively. The spectrograph samples a 6.4 x 6.4”
field-of-view through a combination of a mi-
crolens array made of 15x15 lenses followed
by a collimator, a grism and a camera. Each
of the 225 0.43” x 0.43” spatial elements of
the microlens arrays that segment the focal
plane and are subsequently dispersed is called
a spaxel.

The imaging channel has a 9.4’ x 9.4’ field-
of-view, covered by two 2k x4k E2V CCDs.
It is equipped with a filter wheel composed
of ugriz (SDSS) filters, a pinhole grid and a
multiple-band filter. In regular SNIFS observa-
tions, the filter wheel is set on the multiple-
band filter and the images are used for guid-
ing and relative flux calibration during non-
photometric nights (Da Silva Pereiral [2008).
The multiple-band filter produces observations
of different areas of the sky in distinct bands.
We use the imaging channel for aligning the
telescope with SCALA and for testing poten-
tial sources of systematic uncertainty in the
SCALA system (more details are presented in

Lombardo et al.| (2017)).

SNIFS data reduction was summarized
by [Aldering et al.| (2006) and updated in
Section 2.1 of |[Scalzo et al.| (2010). The flux
calibration was developed in Section 2.2 of
Pereira et al.| (2013)), based on the atmospheric
extinction derived in Buton et al.[(2013). The
SNIFS data used in this paper are reduced
according to the initial steps of the SNIFS
pipeline, e.g. bias removal and wavelength cal-
ibration, but then stopping the pipeline reduc-
tion before flat fielding and flux calibration. By
processing our data in this way we can reduce
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the possible systematic difference between the
processing of calibration and science frames.

2.2. SCALA design

SCALA (Figure [T)) consists of 18 f /4 (i.e. fo-
cal length of 80 cm) parabolic mirrors with
diameters of 20 cm each, distributed over the
entrance pupil in a nearly hexagonal arrange-
ment. Integrating spheres fed by a wavelength-
tunable light source (from UV to IR) illuminate
the mirrors producing 18 collimated beams
with opening angles of 1°, thereby forming a
uniform planet” rather than a star. To moni-
tor the stability of the light source, as well as
the flux produced by the device, two Cooled
Large Area Photodiodes (CLAPs) are installed
in front of two of the 18 mirrors, in such a
way that they can measure part of the reflected
light. These photodiodes are the flux standards
meant to transfer NIST calibration to the light
source (SCALA light-beams).

The lamp system of SCALA is composed
of an APEX-Illuminator with a 150 W Xe
lamp, for the wavelength range 3300-7020 A,
and a halogen lamp used between 7020 A and
10000 A. These lamps illuminate a monochro-
mator (Cornerstone 260, Newport) used in the
configuration with two gratings, of 1200 I/mm
and blaze wavelength of 3500 A and 7500 A re-
spectively. The two gratings are selected sepa-
rately depending on the wavelengths range to
calibrate. The line spread function of SCALA
is set by the dimensions of the entrance and
exit slits of the monochromator and it has
a FWHM of 35A, which provides a good
balance between spectral resolution and light
level. The lamp system is also equipped with
order sorting filters, with cut-on at 3090 A (F1)
and at 4950 A (F2), to prevent the light, that
will be dispersed as second order, from en-
tering the monochromator. Weak second order
light starts appearing from 9000 A and stays
subdominant until 9700 A. We conservatively
limit our calibration range up to 9000 A. A
double monochromator is planned as upgrade
to the SCALA device in order to reduce these
types of systematic effects as well as stray
light from the monochromator (Kiisters et al.,
in prep.). In Table [2] the different configura-

tions of lamps, gratings and filters, used in the
wavelength range during regular calibration,
are shown. For gratings and filters the value
reported are the blaze and cut-on wavelengths
respectively.

Table 2. Configurations of lamps, gratings and
filters, used when operating SCALA for differ-
ent wavelength ranges.

Wavelength Lamp Grating Filter
Range blaze cut-on
[A] [A] [A]
3200 — 4500 Xe 3500 none
4500 - 5220 Xe 3500 3090 (F1)
5220 - 6240 Xe 7500 3090 (F1)
6240 — 7020 Xe 7500 4950 (F2)
7020 - 10000  halogen 7500 4950 (F2)

A Ceramoptec (Optran WF1) fiber bundle
brings the light from the monochromator to the
six integrating spheres (ISs), by splitting into
six different arms. The fibers inside these arms
are composed in such a way that each arm has
33 fibers distributed across the exit slit of the
monochromator to guarantee a homogeneous
sampling of the entire slit. Each IS of SCALA
has three exit holes which in turn illuminate the
three mirrors that are placed in front of them,
forming a projector module (1 IS + 3 mirrors).
A projector module, hence, generates three
uniform and collimated beams, as detailed in
Lombardo et al.[|(2017), based on the concept
developed by |Vaz (ZOllﬂ The six projector
modules together, then, generate the final il-
lumination of the UH88 telescope, by cover-
ing 17% of the primary mirror. We designed a
mask which has to be mounted at the top of the
telescope to cover the non-illuminated regions.
With the mask mounted, the standard stars ob-
served illuminate the same region of the pri-
mary mirror calibrated with SCALA. Note that
the mask is only necessary when recalibrating
standard stars — wavelength-relative through-
put measurements can be made without it.

2 http://hdl.handle.net/1721.1/65435
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3. The laboratory-reference system

The reference system continuously monitors
the light produced by SCALA. For this task
we use two CLAPs (Cooled Large Area
Photodiode), which were, in turn, directly cal-
ibrated to photodiodes calibrated by NIST.
The two CLAPs have been produced by the
DICE team (Regnault et al. [2015) and also
have been used by their calibration experi-
ments, SnDICE and SkyDICE. These photo-
diodes (Hamamatsu S3477-04) are very sta-
ble and highly sensitive (0.5 A/W at 9600 A).
Their calibration precision is 0.7% or bet-
ter in the wavelength range of interest. They
have a sensitive area of 5.8 x 5.8mm? and
are equipped with a two-stage Peltier cooler,
which keeps them at a temperature of —14 °C.
These devices are small and compact enough to
be held by a U-shaped structure that is mounted
in front of our beams without obscuring the
light from the integrating sphere. This struc-
ture allows their installation in front of any
SCALA projection mirror. During operations,
one photodiode is used to continuously mon-
itor the light emitted by SCALA. The second
photodiode is used for calibration and as a re-
dundant monitoring system.

The data obtained from the photodiodes
include three measurements for each wave-
length scanned during the telescope calibra-
tion procedure: before and after the light ex-
posure we expose the photodiodes for about
2 s with the monochromator’s shutter closed
to measure the background level, and between
these we perform the light exposure of vari-
able lenght with the monochromator’s shutter
opened. The photodiodes continuously mea-
sure with a frequency set at 1 kHz during these
three phases (Figure [2). The two background
exposures, performed with the monochroma-
tor shutter closed, track the dark current of the
photodiode and the background ambient light,
and their potential time variation. The dark cur-
rent that the photodiode experienced during the
light exposure can hence be measured and sub-
tracted, by averaging these two background ex-
posure, achieving a random error < 0.2% for
calibration of most wavelengths for nighttime
photodiode data.

The element ultimately setting the expo-
sure time for the SCALA wavelength observa-
tion is, therefore, the shutter of the monochro-
mator. CLAP data are thus not only used as
light monitor, but also as an independent mean
to measure the exposure time, with a precision
better then < 0.01% for our shortest exposure
times.

10000
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=
3
3
3

Signal [ADU]

5000

4000

3000

0 25 50 75 100 125 150 175
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Fig. 2. Example of the data obtained from one
CLAP for a SNIFS blue-channel exposure.
Notice the different exposure time for each
wavelength, depending on the light level and
SNIFS transmission, and also the presence of
~ 25 background exposures before and after
observing each wavelength. The outliers in the
data are cosmic rays, which are subsequently
removed by the analysis software.

4. SCALA relative light output
characterization

A precise flux calibration of the “telescope +
SNIFS” system can be obtained only after per-
forming a precise characterization of the cal-
ibration device itself. We divided this process
in two steps: 1) measurements in the lab of the
response as function of wavelengths of each
SCALA component, 2) measurements of the
fully integrated system in-situ. Consistency be-
tween the two approaches will verify that the
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SCALA output and monitoring is understood
at the component level.

Laboratory measurements  Relative color
response measurements of the individual
SCALA components (six ISs, six fiber bundle
arms and 18 mirrors) were performed in the lab
with specific test benches. Each response curve
was measured at the same time as a fixed ref-
erence, in such a way that systematics effects
due to, e.g., temporal variation of the light sys-
tem, would not affect the final results. For more
information on the different set-ups and strate-
gies adopted for this characterization phase,
please refer to|Lombardo et al.[|(2017).

The single color responses were then nu-
merically combined to mimic the fully inte-
grated system by calculating the quantity:

Pi ji(D) = 77D - T15,(A) - Ty (D) (1

where P; ;i (1) is the relative response of one
of the SCALA beams when using the i-th fiber
bundle, j-th integrating sphere and k-th mirror,
all taken with respect to the reference beam.
The sum over all 18 beams is used as an esti-
mate of the total light expected to be produced
by SCALA.

Commmissioning in-situ measurements
During the two commissioning phases in 2014
and 2015 we measured the SCALA beam
transmissions again, but now using the fully
assembled and mounted set-up. We held the
reference CLAP photodiode stationary, to al-
ways monitor the same SCALA beam, and
then moved the other CLAP sequentially to
the 17 remaining beams. For each one of these
we observed a series of monochromatic lines,
thereby obtaining the relative wavelength re-
sponse of the 17 beams with respect to the ref-
erence beam. The normalized sum over these
relative measurements provides the color of the
SCALA light that illuminates SNIFS.

We express the wavelength dependence of
the SCALA light output, E, as follows:
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Fig.3. The quantity E; is shown in the top
panel. In green is the wavelength depen-
dence of the SCALA relative light output es-
timated from the laboratory measurements. In
blue is that measured from the commission-
ing in May 2014. Both have been normalized
with respect to their average to compare their
color trend. The bottom panel shows the ra-
tio between the laboratory measurement and
the 2014 commissioning measurements. The
dashed lines represent the +1% range around
the averaged ratio of 1.000 (full line). The
dotted lines are the measured standard devia-
tion of 0.4%. The vertical gray band delimits
the region where weak emission lines of the
Xe lamp are located (4500-5000 A). The mea-
surements have been performed with the Xe
lamp and therefore they only go up to 7000 A
(Lombardo et al.[2017)

where C7 is the n-th flux measurement by the
reference CLAP corresponding to the flux, C,
measured by the test CLAP in the i-th beam for
the SCALA line centered at A.. D, and D; are
the factors to convert the reference CLAP and
the other CLAP measurements, respectively,
from ADU to W, obtained by weighting the
photodiode calibration curve — provided by the
DICE team — by the SCALA line profile. E;
is therefore the number of times the light mea-
sured by the reference CLAP should be multi-
plied to represent the total SCALA output. If
all beams were identical to the reference beam,
E, would be equal to 18 for every wavelength.

The comparison between these three mea-
surements of the total SCALA color re-
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sponse (summed over the 18 beams) are
shown in Figure |3| for the lab (computed from
Equation [I) vs 2014 commissioning and in
Figure [] for the two commissioning in 2014
and 2015 (computed as in Equation [2). The re-
sponses of ISs, mirrors and fiber bundles mea-
sured in the lab are each scaled by the respec-
tive IS, mirror or fiber bundle response of the
reference beam, thus mimicking the in-situ set-
up wherein responses are measured relative to
the reference CLAP. The sums over these 18
response is shown in Figure |3| and it is com-
pared to the commissioning measurement in
2014. The measurements have been normal-
ized to their average values since we are only
interested in comparing their color trend and
not their absolute values. These averages are
computed on the wavelength range shown in
the plot and are 19.12 and 18.95 for the lab and
2014 curves respectively (this offset is within
the errors).

As can be seen in Figure [3| (bottom panel)
the component-wise measurements and the in-
situ in 2014 match well within the errors (shad-
owed area around the line), for the entire wave-
length range measured, showing a scatter of
0.4%. The agreement of the curves, together
with the consideration that they have been
measured with independent setups, demon-
strates the success of our method and that we
are able to reconstruct the wavelength behav-
ior of the SCALA light output with a precision
better then 1%, by monitoring only two of the
SCALA beams at a time.

An evolution of the system response on
longer time scales has been observed when
comparing the two in-situ commissioning mea-
surements. In Figure [ a difference is appar-
ent at bluer wavelengths between the 2014 and
2015 data. These curves (left and right pan-
els) are normalized with respect to their av-
erage values of 20.09 and 19.46 for the 2014
and 2015 measurements respectively, com-
puted over the full wavelength range. One
known difference was that the SCALA mir-
rors were cleaned before performing the mea-
surements in 2015. The reference mirror was
cleaned more thoroughly with respect to the
others, due to easier accessibility. Hence, a rel-
ative difference between the different beams

and the reference beam is expected. From
4700 A the two curves match again with a scat-
ter of 0.5%.

The variation in the trend at the bluer wave-
length end could be due to a more accentuated
degradation of the reference beam with respect
to the others. More specifically, a comparison
between the responses of the beams belonging
to the same IS as the reference beam do not
show a deviation in the blue end, excluding a
different degradation of CLAP1 with respect to
CLAPO. Instead a color trend appears when the
other beams are included in the comparison.
This suggests that we measure an evolution of
the reference IS and/or fiber bundle arm with
respect to the others. One of the beams illumi-
nated by the same IS as the reference beam is
plotted in Figure [ with black circles with the
name “single beam 2015, normalized with its
average value of 0.70. Its wavelength trend is
mostly smooth and achromatic, suggesting that
the two CLAPs did not degraded differently.

We thus conclude that we understand how
the SCALA components combine to the full
system. We also find that the relative system
throughput can change on longer time-scales,
and that E; should be remeasured in connec-
tion with any extensive calibration campaign.

5. Calibration strategy

We turn now to the description of the strat-
egy adopted to use SCALA to calibrate the
“telescope + SNIFS” system.

5.1. SNIFS data

The SCALA passband has a nearly triangular
shape with a FWHM of 35 A. We have verified
that selecting a separation of 500 A between
the SCALA wavelengths observed within one
SNIFS exposure yields negligible cross talk
issues and overlaps between adjacent wave-
lengths (K16). We also avoid crowded images
or long exposures with SNIFS, by limiting the
number of wavelengths observed per exposure
to 4 for the blue channel calibration (3300 A
- 5000 A) and to 10 for the red one (5000 A -
10000 A).
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Fig. 4. The quantity E is shown in the top panel for both figures, the SCALA relative light output
from the commissioning in May 2014 is in blue and the latest commissioning in May 2015 is
in red. Both are normalized to their average values to compare only their color trend. One of
the mirrors illuminated by the same IS as the reference for the 2015 SCALA relative efficiency
measurements, normalized by its average value, is shown using solid black circles. The bottom
panels show the ratios between the two sets of commissioning measurements. The dashed lines
represent the +1% range around the averaged value computed for the measurements from 4700 A
to 10000 A, where a gray offset is present. The full line, around 0.995, is the average and the
dotted lines span the standard deviation interval (+0.005). The quantities in the left panel refer to
E; measured with the Xe lamp while the right panel shows the measurements with the halogen

lamp. (Lombardo et al.|[2017)

A typical SNIFS exposure, after processing
as in Section [2.1] is shown in Figure [5] for an
observation of SCALA by SNIFS in the blue
channel. A SCALA observing sequence that
calibrates the full SNIFS wavelengths range
with a chosen wavelength sampling (from 30 A
on) therefore consists of multiple SNIFS expo-
sures, each containing four or ten monochro-
matic lines, depending on the SNIFS channel.
The exposure time for each wavelength ob-
servation was set such that we obtain a cor-
responding S/N >100 per spaxel. The overall
time required for a complete SNIFS calibration
is 8 hrs with typical exposure times from 30s to
180s per wavelength. However, it is also possi-
ble to choose a coarser wavelength sampling of
150 A, to obtain a calibration of SNIFS in less
then 2 hours.

5.2. Observation of SCALA

During 2015 we observed in the nights from
the 3rd till the 7th of June several standard
stars and our calibration device with the newly
commissioned entrance pupil mask installed.
Dividing the nights in blocks of standard stars
and SCALA observations allows to track pos-
sible evolution of SNIFS during the night and
verify its repeatibility.

The night was subdivided into 5 sections:
a ~2 hr SCALA calibration sequence start-
ing from 3330 A with steps of 180 A was per-
formed before twilight, when the influence of
ambient light in the dome was already much
suppressed, then the dome was opened and
regular SNIFS standard star observations were
performed for ~2 hr. Subsequently the dome
was closed again and another SCALA cali-
bration sequence was observed with the same
steps but starting at 3390 A this time. After
that, standard stars were observed until morn-
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Fig.5. Example of the wavelength-calibrated
spectrum obtained from the average on all the
spaxels of SNIFS for the blue channel. This
is a typical exposure showing the 500 A sep-
aration between the different wavelengths ob-
served (the same as in Figure[2) and the nearly
consistent number of electrons per wavelength
due to a careful selection of the SCALA ex-
posure time for each wavelength. The charac-
teristic triangular shape and 35A FWHM of
the SCALA line profile is also evident. This
SNIFS exposure shows the same wavelengths
observed by CLAP in Figure

ing twilight, after which a final SCALA cal-
ibration sequence starting from 3450 A was
made. Adding together all the SCALA cali-
bration sequences performed during the night
we obtain a complete SNIFS calibration sam-
pled with 60 A steps, which translates into 111
measurements on the “telescope + SNIFS” in-
strumental response. Furthermore, to ascertain
the stability of the “telescope + SNIFS” system
during the night, we repeated the observations
of a set of SCALA lines during each sequence.
The comparison between these repeated obser-
vations is discussed in the systematic section.

6. Throughput measurements and
other uses

The ultimate goal for SCALA is to provide pre-
cise measurements of the “telescope + SNIFS”
system throughput. The throughput measure-
ment is accomplished by comparing the obser-
vations of SCALA made by SNIFS, with the
reference light recorded by the CLAP accord-
ing to:

J Isnirs (4 spOE'(DdA G
Cr(/lc) : Dr(/lc) Es(/lc)

where Isnips(4, spx) is the SCALA line inten-
sity centered at A, observed by SNIFS in each
spaxel, spx, in electrons and E’(1) is the energy
of the photon for the wavelength A; C; is the in-
tegrated light measured by the reference CLAP
(over the SCALA line exposure time); D; is the
factor to convert the reference CLAP measure-
ment from ADU to W, as in Equation [2} E(A.)
is the SCALA light output relative to the refer-
ence CLAP from the 2015 measurements as in
Equation[2]and shown in Figured] (without nor-
malization this time); G is the geometrical fac-
tor that accounts for the different dimensions
of the CLAP and SNIFS and also their differ-
ent fields of view. The geometrical factor, G,
is determined by multiplying the ratio of areas
of the CLAP (5.8 X 5.8 mm) versus area of a
SCALA mirror against the ratio of the solid an-
gles of the SCALA beam (1°) versus that of a
SNIFS spaxel.

By averaging the throughput measure-
ments over all spaxels in SNIFS, we obtain
the mean throughput shown in Figure [§] This
curve combines the data from the three blocks
of SCALA-calibration-sequences. Once the
SCALA throughput datacube has been built it
can be directly applied to the standard stars dat-
acube generated by the SNIFS pipeline, thus
providing newly calibrated standard star spec-
tra.

There are several additional possible ap-
plications for SCALA: it can be used to di-
rectly quantify the zero- and second-order light
in the spectrograph for estimating whether it
contaminates the first-order light, to perform
a stray light study in the telescope optics, to
measure cross-talk between spaxels by observ-

T(Ac, spx) = 3)
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Fig. 6. The nighttime throughput, 7'y s, of the
telescope plus SNIFS, averaged over all SNIFS
spaxels. The blue and red circles represent the
throughput measured by illuminating the blue
and red spectroscopic channels, respectively,
and the telescope with SCALA. The data in-
clude all measured wavelengths and extends
above 9000 A, the maximum wavelength con-
sidered in this paper for calibration.

ing individual SCALA wavelength exposures,
to obtain the filter+CCD curves for the SNIFS
imaging channel filter set.

We have also tested performing SNIFS
throughput measurements with reduced expo-
sure times, and during daytime. These changes
would allow daily determinations of the
telescope+SNIFS throughput. Even though, in
this case, the statistical precision would be
lower than usual and there might be some am-
bient light contamination, the overall result
still showed a smooth, high-precision measure-
ment.

Therefore, SCALA can also be used for
fast estimation of throughput changes, e.g., be-
fore and after cleaning of the optics, or filter re-
placement. Moreover, due to the 1° angular ex-
tent of the SCALA calibration beam as seen at
the focal plane of the telescope, such a device
can also be used by other instruments mounted
at the telescope having wide fields of view.

7. Systematic errors

In this section we carefully examine the vari-
ous sources of uncertainty. The known or po-
tential sources of systematic uncertainty are
summarized in Table 3l Some of these errors
are correlated, thus, the net systematic uncer-
tainty will be much less than the quadrature
sum of the values listed in Table Bl The final
error, will be presented by Kiisters et al. (in
prep).

Our calibration precision can only aim at
being as good as the reference system used:
the CLAPs are calibrated by the DICE team
(Regnault et al.[2015) and have uncertainties
— mostly dominated by the NIST photodiode
calibration uncertainties — around 0.74% be-
tweeno3200 and 3400 A, then < 9.32% up to
4700 A and <0.18% above 4700 A. In this we
have assumed that the 20 uncertainties quoted
by NIST are Gaussian, so we can convert them
into 1o uncertainties.

From the elements composing Equation [3]
the biggest contribution to the error is due
to the E; term. This particular set of mea-
surements has been performed in rather dif-
ferent conditions than the usual ones, mak-
ing it subject to several sources of contami-
nation: they can have residual ambient light
contamination not properly corrected by the
CLAPs background measurements (they were
measured during daytime), and finally, wave-
length uncertainty caused by the monochro-
mator reproducibility (as these lack associated
SNIFS observations to provide precise wave-
length measurements) and reproducibility of
the photodiode position for each mirror when
cross-calibrating each beam will add to their
final total error.

7.1. Systematic errors in the E term

Ambient light contamination  For these
daytime measurements there are two cases
that can occur: diffuse and scattered ambient
light that smoothly drifts with time, and scat-
tered ambient light that quickly varies on a
time scale of seconds, probably modulated by
clouds crossing the sky. The former case, ap-
pearing on time-scales longer than individual
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SCALA line exposures, can be accurately ac-
counted for using the CLAP background mea-
surements and constrained to an error <0.4%.
In K16 we confirm that most ambient light
variations are slow, but that occasional faster
modes exist, e.g., due to clouds. Such fast vari-
ations, with non-optimal background removal,
are all found to be strongly correlated between
the two CLAPs. Thus, taking this correlation
into account we found that the total error on
E, (which is a ratio between data from the two
CLAPs) can be constrained to 0.5%. Ambient
light is not a concern during nighttime mea-
surements, where CLAP dark current varia-
tions can be reconstructed to better than 0.2%
of the faintest (longest exposure) line emitted
by SCALA.

Wavelength uncertainty on SCALA relative
output  SCALA produces monochromatic
light through a monochromator and for the
SNIFS system throughput estimation we use
the wavelength calibration from SNIFS data
to evaluate the central wavelengths observed.
The monochromator wavelength uncertainty
is, however, present in the determination of the
SCALA relative output E; since these mea-
surements are not accompanied by SNIFS ex-
posures. We used the SNIFS wavelengths cal-
ibration to verify the stated wavelength preci-
sion, by comparing the central SCALA wave-
lengths estimated from a set of SNIFS expo-
sures with the ones requested to the monochro-
mator. They follow a linear trend, that can be
fitted for the blue and red wavelength. The
residuals of such fits, after the subtraction of a
20-point running average, show standard devi-
ations of 1.51 A and 1.01 A for the blue and red
channels, respectively. When recomputing E;
using a wavelength that is artificially increased
(or decreased) by one such standard deviation,
we find the same result within 0.021% (in the
worst case).

Reproducibility of the SCALA relative out-
put  We have tested the reproducibility of
the SCALA relative output in 2015, by repeat-
ing the measurement of one of the 18 SCALA
beams after four days of operations. The mean

reproducibility is excellent, having a mean of
0.999 and a standard deviation of 0.008. The
ratio between the two sets of measurements
shows a 0.8% difference for blue wavelengths
(< 4700 A), likely due to a change in the sys-
tem on time scales of a few days. Relative evo-
lution of the IS and/or fiber bundle arm belong-
ing to the reference projector module with re-
spect to the other SCALA modules, as men-
tioned in Section[d] is a possible cause. As each
beam ratio has a similar amplitude, the final
error, after combining all beams, is 0.7% for
wavelengths < 4700 A.

7.2. Other possible systematics in
‘telescope + SNIFS” system
calibration

As the SCALA beams have different relative
color efficiencies, they will weight the reflec-
tivity of the corresponding regions of the pri-
mary mirror differently. To estimate the poten-
tial size of such an effect might have, we use
twilight sky images taken with the pinhole ar-
ray in the SNIFS imaging channel. We mask
the full-aperture pupil image in such a way so
as to reproduce the SCALA illumination pat-
tern. Then we 1) use the single SCALA beam
responses to scale the corresponding beam pat-
terns and sum over the full pupil image, 2) we
take again the initial pupil masked image and
sum over the pupil image and then scale it for
the E;. The ratio between these two quantities
provides the systematic error due to the non-
uniform illumination of the entrance pupil of
the telescope generated by SCALA and turns
out to be < 0.09%.

Another important factor to consider for
systematic error concerns the stray light by
the SCALA illumination within the telescope.
The well-collimated beams of SCALA are de-
signed to minimize the amount of scattered
light. However, the beam aperture is still 1°,
so rays far off axis might be a source of
stray light within the telescope or SNIFS. To
study this question we mounted smaller aper-
tures in the IS output ports, thus reducing the
SCALA angular extent to half its original size.
We observed a set of monochromatic SCALA
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Table 3. List of systematic uncertainties that contribute to the total uncertainty on the throughput

measurements.
Systematics or|T
Ambient light in SCALA relative output (daytime clouds) < 0.5%
Ambient light in SCALA relative output (daytime clear) < 0.4%
Ambient light in nighttime CLAP data <0.2%
Wavelength uncertainty on SCALA relative output < 0.021%

SCALA relative output stability

Inhomogeneous color illumination of the entrance pupil

Stray light in 0.5° beam

CLAP integration over time error
Optical cross talk in SCALA
Optical cross talk in SNIFS

SCALA and SNIFS reproducibility

CLAP calibration

< 0.7%for A < 4700 A
<0.02% for A > 4700 A
< 0.09%
<051%
<0.07%
<0.05%
<0.1%

0.3% for A > 4000 A
2% for A < 4000 A
0.74% for A < 3400 A
0.32% for 3400 < A < 4700 A
0.18% for A > 4700 A

lines with and without beam reducers using
the spectroscopic channels of SNIFS. The ra-
tios between these measurements show a mean
ratio offset from 1, thus confirming finding
some amount of scattered ligh. However, any
wavelength dependency to the scattered light is
small (well below 1%). A linear fit from blue to
red wavelengths has range of +0.51% over the
wavelength range of interest, with a borderline
significance of 2.9 0. There are ongoing tests
and SCALA system upgrades (Kiisters et al.,
in prep.) planned to verify and reduce potential
stray light observed by the CLAPs themselves
and not by SNIFS, due to their different field of
views. This situation might cause an important
bias in the “telescope+ SNIFS” system calibra-
tion.

Optical cross talk for SCALA observations
is another possible cause of systematics. There
are two possible sources of cross-talk: the
photodiode might receive scattered light from
other beams, or ,in the SNIFS datacube part of
the light belonging to one spaxel might be col-
lected in another spaxel, and, because of the
geometry of SNIFS optics, such light would be
displayed in other wavelengths. In the second
case the effect is negligible, since the light from
another spaxel is <0.1% of the light integrated
in the monochromatic line K16. The cross talk

due to scattered light from another beam hit-
ting the calibrated photodiode has been already
described in K16 and turns out to be <0.05%.

We also tested the “telescope+SNIFS” sys-
tem stability through the night, as the through-
put measurements were performed by putting
together blocks of observations of SCALA per-
formed in between standard stars observation
during the night (Section [3)). For each of the
three SCALA observing block sequences dur-
ing June 7, 2015, we observed a set of lines
in common and we estimated the through-
put values associated with them (according to
Equation [3). The comparison of these values
(the ratio between one against the other two)
was centered around 1.001 with standard devi-
ation of 0.3% in the 4000-9000 A wavelength
range. In the 3300-4000 A region we find a 2%
offset for the last SCALA sequence. The origin
of this difference is unknown. Repeated obser-
vations of this wavelength region may be able
to reduce the net calibration error. But for now
we take the full amplitude of the offset as a sys-
tematic uncertainty. Above 4000 A the repro-
ducibility of our system is very good and is not
a limitation.
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8. Conclusion

The description and first results obtained with
the SNIFS Calibration Apparatus, SCALA,
were summarized in this paper and fully
shown in [Lombardo et al| (2017). SCALA
is built as part of a Nearby Supernova
Factory effort to reach a better than 1% color-
calibration with the SuperNova Integral Field
Spectrograph (SNIFS). It belongs to a global
effort in astrophysics that has tried to link
the telescope+instrument calibration to labo-
ratory flux standards. Such devices are neces-
sary to improve the cosmological constraints
from observations of SNe Ia, since system-
atic uncertainties on calibration are soon lim-
iting factors when comparing SN Ia distances.
SCALA generates 18 beams, which are colli-
mated at the 1° scale and illuminate the focal
plane of the telescope uniformly. The SCALA
light source system, lamp+monochromator,
produces monochromatic light with a triangu-
lar line profile and a FWHM of 35 A

The flux calibration of a NIST photodi-
ode has been transferred to two photodiodes
used as reference system (Cooled Large Area
Photodiodes, CLAPs). SCALA is meant to
transfer the NIST flux calibration to the UH
88+SNIFS system, and use this calibrated sys-
tem to determine a NIST-traceable flux calibra-
tion of the standard star network. As SNIFS is
an Integral Field Spectrograph, a SNIFS recal-
ibrated standard star spectra could be used by
any other astronomical observer.

All the color responses of the SCALA
components (6 ISs, 6 fiber bundles and 18 mir-
rors) were singularly characterized in the lab.
Their integration into the final in-situ system
results in the transmissions of each SCALA
beam. During commissioning we again mea-
sured the transmission of the SCALA beams,
in the fully deployed set-up. The normalized
sum over these measurements provides the
color of the SCALA light output that illumi-
nates SNIFS. Comparing this quantity with the
independent component-wise measurements,
we showed that we can reproduce the color
trend of the total light generated by SCALA
at a level better than 1%. By repeating the
in-situ measurements after one year, we saw

that both commissioning measurements, from
2014 and 2015, agree very well for wave-
lengths above 4700 A, but disagree at bluer
wavelengths, hinting at a color evolution of the
system. It is therefore essential to repeat the 18
beams characterization before recalibrating the
standard stars — the ultimate goal for SCALA.

In the 2015 commissioning, we mixed ob-
servations of standard stars with observations
of SCALA, from which we calibrated the
”SNIFS+UH 88” system with a sampling of
60 A. During the same night we performed
three SCALA calibration sequences (at twi-
light, middle of the night and after sunrise), and
standard stars in the remaining available time
slots. By combining these three SCALA ob-
servations, we produced a throughput curve of
the ”SNIFS+UH 88” system. We also give up-
per limits to the main systematics affecting our
measurements, which are all < 0.7% over the
wavelength range of interest (4000-9000 A).

One of the factors, that still needs to be
verified, is the out-of-band emission from the
monochromator, which could lead to contam-
ination larger than 1-2%. This scattered light
would be observed by the reference photodi-
ode and integrated over its range of sensitiv-
ity, while the spectrograph would disperse the
light over its spectral range, yielding to a neg-
ligible contamination in SNIFS (a 0.05% con-
tamination from an entire line). Future work on
SCALA and its upgrades will have to measure
and reduce this effect before applying the final
calibration on the standard star observations.

The standard star observations taken along
with SCALA (Section [5.2) will be presented
in Kuesters et al., in prep. Also, a number
of upgrades to SCALA are underway which
should enable calibration at the sub-percent
level. Once the fundamental flux calibration
is accurately established, and spectroscopic or
imaging instrument will benefit by observing
these improved standard stars.
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