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ABSTRACT

SPIRou is a near-IR (0.98-2.35um), echelle speotasimeter / high precision velocimeter being desig as a next-
generation instrument for the 3.6m Canada-Franceafialelescope on Mauna Kea, Hawaii, with the mgaals of
detecting Earth-like planets around low-mass stand magnetic fields of forming stars. The uniqoergific and
technical capabilities of SPIRou are described isedes of eight companion papers. In this pages, means of
controlling the instrument are discussed. Mosthefinstrument control is fairly normal, using dfietshelf components
where possible and reusing already available codtéhEse components. Some aspects, however, aeahalienging.
In particular, the paper will focus on the challeagf doing fast (50 Hz) guiding with 30 mas repbiity using the
object being observed as a reference and on thigratabilizing a large optical bench to a very higlecision (~1 mK).
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1. INTRODUCTION

SPIRou (un SpectroPolarimétre Infra-Rouge in Freochnfrared spectropolarimeter in English) isighhresolution,

near-IR spectropolarimeter being designed for thaada-France-Hawaii Telescope on Mauna Kea. Thersgeaph

will deliver a full spectrum over the range of 0:9&.35um in a single exposure at a resolving power of 80®, The

polarimeter will be able to measure the circulad &near polarization in the line profiles of a sceito a precision of
better than 10 ppm, relative to the unpolarizedioonm, with a relative accuracy of better than Hfally, the system
will be able to measure radial velocities (RVs}ofirces to 1 m/s or better.

Obviously, with the ability to measure RVs to thesel, one of the primary science goals for thérimaent will be to
find planets. In this case, the target populatidhlve Earth-like planets around low-mass stars.a@iditional, important
science goal for this instrument is to measurentagnetic fields of objects, especially in star forgregions where the
access to th& band allows objects embedded in dust to be obdef@ more on the science expected with SPIRou,
see Doyon R. et al., Paper # 8446-61 in this Cenfs# and Bonfils, et al. (2011)

Achieving the requirements for this instrument witesent a number of challenges in all parts ofrierument design,
including the control system. Where feasible, thetml system will be designed using off-the-stoelinponents for the
control hardware with preferences given to hardvenglar to what is already in use at CFHT so thstmuch pre-
existing code can be used as possible. Howevarvjthsany instrument of this complexity, some ne\f;tbe-shelf and

custom hardware will be required as will be some e unusual methods of controlling the hardwargispaper will

first give an overview of the instrument controsgm for all the various sub-systems in the insemtmThe overview
will be followed by more extensive descriptionstbgé guiding system and the thermal stabilizatiostesys being
designed for SPIRou as they present some partichidlenges for the designers.

The SPIRou project is being developed by manytirtgtins within the CFHT community and even by onstitution
outside of the CFHT community. The lead is beinkptaby Institut de Recherche en Astrophysique ahétblogie
(IRAP) in Toulouse, France with substantial conitibns from the Herzberg Institute of Astrophysje$A) in Victoria,
B.C., Canada, the Université de Montréal (UdeM)Mnontréal, Canada, the Université Laval (UL) in Qeélthe
Laboratoire d'Astrophysique de Marseille (LAM) inakéeille, France, the Observatoire de Haute-Pra/¢0¢iP) in
Provence, France, the Institut de Planétologie 'Astbphysique de Grenoble (IPAG) in Grenoble, Emnthe
Academia Sinica Inistitute of Astronomy and Astrgpies (ASIAA) in Taipei, Taiwan, and the Observedaile Geneve
(OG) in Geneva, Switzerland.

2. OVERALL INSTRUMENT CONTROL

The SPIRou instrument is composed of four main sygtems: the polarimeter/injection unit (Cassegrtaiit) that is
mounted at the Cassegrain focus of the CFH telesdbp fiber link, the spectrograph unit, and thkbecation unit. The
calibration unit has a further sub-system of a igien radial velocity source that couples into thain calibration unit
using a fiber-optic link. Of these four sub-systei have the need of control systems with theepsion of the fiber
link. A block diagram of the instrument is showrFigure 1.

The control software for the various sub-systembiwiSPIRou will be integrated as agents within NEO/Director
environment at CFHT. The NEO/Director environmesitai flexible command line interface that managestrob
software (agents) providing parsing for input te #tgents and a display area for output messagesiii®agent.

2.1 Cassegrain Unit Control

The Cassegrain unit is the system that receiveghefrom the telescope. Both the opto-mechanstalicture and the
control electronics (LCU; or local control unit) livbe attached to the bottom of the telescope &ira¢ the opto-
mechanical structure on the Cassegrain instrumemninting interface (Cassegrain bonnette) and thereldcs nearby
on the Cassegrain rotation plate also known a€#ssegrain environment.
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Figure 1: Block diagram of the SPIRou instrumenttoa system. The boxes filled with dots indicateolled devices.
The solid lines indicate fiber optic links. The Hadot lines indicate electrical connections.

The Cassegrain unit is composed of the injectidhaid polarimeter unit. The controlled devicestfas unit are:

An atmospheric dispersion corrector (ADC) compasEd counter-rotating prism assemblies.

An image stabilization unit (ISU), or fast guidand its associated detector. (See section 3.)

A neutral density filter wheel in the guide beanediso avoid guide detector saturation.

A calibration/injection wheel used to allow thedgjion of various calibration sources into therimstent.

Two rotating quarter-wave retarders to allow theedmination of the polarization state of the light.



» A Peltier cooler (thermoelectric cooler, or TEC)ctmol a cold stop which suppressédand radiation from the
telescope structure.

The motion control will be done with a Galil corltes, which can control up to 8 motors. Galil calers are
completely generic with interfaces to various mdiges specified by daughter boards (4 motors peghter board).
The software that will be implemented to contra thotors through the Galil controller will be angupded version of
the software used in ESPaDONS, a visible wavelepgttiecessor to SPIRou. In addition, the Cassegrairagent will
have a direct interface with the telescope corgystem to determine the current pointing of thesebpe, allowing the
correct rotation of the ADC to be calculated.

2.2 Spectrograph Unit Control

The spectrograph unit is the portion of the insteatrthat receives the light from the fiber, disperg, and images the
spectrum on the detector. Since a major emphas##tRou is high-precision RV measurements, it &eetial that the

spectrograph be as stable as possible. For thésmeany proposed remotely controllable deviceewensidered with

great care and eliminated from the design. Doitgye¢liminated the possibilities of unwanted motiartgéch can happen
more easily with motorized devices as well as \Aeighermal loads on the cryostat resulting ingbtential for relative

deflections of various optical components.

As a result, there are only three controlled systeiithin the cryostat:

* A Hartmann mask to be used primarily for initiaigaiment and integration. It may be removed after
successful integration. It will at least be discected from the cryostat wall to remove the heatl lohthe
motor and encoder wires.

* A Teledyne Hawaii 4RG detector for recording thectpum. It will be controlled by a cold Teledyne I€Sand
interfaced to a Linux detector control computemgsthe GigaBit Ethernet capabilities of the newetighe
SAM card located outside the cryostat.

» A thermal control system capable of maintaining ¢hgstat optical bench at a constant temperatuaelevel
of ~1 mK RMS. See section 4 for more details.

There will also be various environmental monitoridgvices external to the cryostat such as vibrasiensors and
external pressure monitors. The control of thesgesys will again be via a Galil controller with hay level agents
running under Director for instrument control.

There will also be an Allen-Bradley PLC system feonitoring the health of the cryostat vacuum anotrodling and
monitoring the helium compressors for the two CrgemPT90-UL single stage pulse tube cryo-coolers.

2.3 Calibration Subsystem Control

The calibration subsystem is a major contributogllowing SPIRou to reach the expected overall grernces by
providing precision wavelength calibration capai@fi and the possibility of allowing an RV referensource to be
observed simultaneously during observations. toisposed of three items: the calibration module,rtdial velocity
reference unit (RV reference unit) and two calilorafiber links.

2.3.1 Calibration Module

The calibration module provides light from diffeteselectable sources to feed two calibration fipere linked to the
Cassegrain unit (the calibration beams follow tlaens optical path as the stellar beams) and ther dthaéhe
spectrometer (links directly the calibration modtbethe spectrometer through the slicer unit to ionRV drift

throughout the night). The calibration module isnpowsed of four main subsystems shown in Figure 2:

e The light sources module: This module includes d¢hkbrations lamps, collimating and filtering ofgtiche
lamps power supply and mechanical supports. We fglarse 5 slots to meet the scientific requireméotts
instrument calibration. The 5 slots of the modulk lbe occupied by: one continuum lamp, two holloathode
lamps, one fiber link for the RV reference unitged on a Fabry Perot) and one spare.

» The reference fiber module and the Cassegrain filmule: These modules are moving slides that stiec
light source to be injected into each of the twiibcation fiber links (Cassegrain or Reference)vidong for all



of the anticipated SPIRou calibration modes. Thesedules include two short fibers, optics, and twtuators
(linear stages, sensors, motors, encoders andiamuantroller) to independently position with pisgon and
accuracy the Cassegrain and reference fiber injestystems in front of the selected calibrationdamlamps.

» The flux balance module: The output flux of theerehce channel needs to be controlled in intessitthat an
appropriate signal-to-noise ratio is achieved anréfference spectrum regardless of the exposueerteeded
for the target object. To achieve this requiremantariable neutral density system will be useds Bystem
will include a variable neutral density wheel plddeetween the output of the reference module févet the
reference fiber, a motion controller, an encoder amotor.

e Control Command part: The calibration module w#l dompletely remote controlled. We will monitortical
parameters to ensure the smooth running of the tmihelp anticipate maintenance needs, and tocdete
component failures. To manage all the hardwardefcalibration module, we use a Galil controlldneTmain
functions of the controller are: communication withe “calibration agent”, three axis motion corl&pl
(Cassegrain trolley axis, Reference trolley axigd a density wheel axis), temperature acquisitenmlpgue
input), and dedicated inputs and outputs to proviemote control of the non-motorized devices. (
commanding lamp power supplies and reading statddimit sensors).
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Figure 2: Block diagram of the calibration subsgste
2.3.2 High-precision Radial Velocity Source

SPIRou is designed to be stable at the level okMwithin any period of ~24 hours like HARPS. If hustability is
reached the daytime calibrations will be sufficiantd supplementary nighttime calibrations will betneeded to reach
1m/s accuracy. However, the instrument will be ped with an RV reference source that can be okserv
simultaneously with an astronomical target (1) foograms requiring very high RV accuracy and (2ydduce the
impact if the 1m/s stability is not reached inabdkervational configurations.

The preferred solution for this source is a thelynsiabilized Fabry-Perot source. A Fabry-Perotreets desirable
since it provides a great many, evenly-spaced linesach order with approximately the same intgnsithis is



contrasted to a hollow cathode lamp that has rahdpaositioned lines, many of which are blended hvéthuge range in
brightness. The bright lines are particularly pesbatic since they introduce scattered light intoghectrograph and can
cause persistence on the detector. Unfortunateyposition of the lines in a Fabry-Perot sourdypscally sensitive to
temperature variations, even if the Fabry-Perdopets athermalized, hence the source will be tladisnstabilized.

The control of the radial velocity reference istgustraightforward. Control of the input light soer a halogen lamp, is
needed, though in normal operation the lamp witha@ on so that it does not disturb the temperadtability of the
system. The pressure of the reference needs toobéared since the mechanism will be evacuateddwige thermal
insulation from the environment. The vacuum vessay be continuously pumped depending on the hoid possible
with the vessel.

Finally, the temperature of the components indigeMacuum vessel will be stabilized to a tempeeasamewhat above
the ambient temperature of the environment. Inctee of the RV reference, the environment willlee €FHT coudé
room with an ambient temperature of ~14°C with leamriations of <10°C and daily variations of €1°The
temperature will be controlled using a LakeShonregterature controller.

A block diagram of the RV reference system is showigure 3.
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Figure 3: Block diagram of the RV reference source.

3. GUIDING WITH SPIROU

To achieve the 1 m/s RV precision required by SRIRds necessary that the light from an obsemfgéct fill the fiber
in the same way on each return visit to the olfextny visits per object are needed to determineRt¥iecurve of the
object and find planets). Mainly, it is necessdrgttthe center of the star image falls on sameeptacthe fiber to high
precision. The requirement placed on the guidimdiBIRou is that the center of the star image failshe same spot on
the fiber to within 30 mas on each return visit.

The stability of the illumination of the spectroghais critical for obtaining very accurate radialacity measurements.
The centering of the stars at the entrance of ither has important consequences for the lightidigtion at the fiber
output. This illumination variation directly tramgés into the spectrum on the detector and theréfo spurious RV
variations® caused by the spectrograph geometrical field gredtare aberrations. To limit this effect, SPIRoili e
equipped with a fiber link using an octagonal flbethich scrambles the light in a ratio of a few hrewup to a
thousand to one. Despite this very good scramlifirggnecessary to place a tight requirement orgtkiding in order to
minimize this important source of error in the RVoe budget.

In using results obtained on SOPHI@n optical, radial velocity spectrograph with 8natcuracy at Observatoire de
Haute Provence, France) we show that, if the staentered on the fiber with an accuracy of 30 amsmaintains this



center, on average, to a precision of 30 mas Rk gtiiding contributes an error of about 0.17 Bkcause of the
different optical configuration of SPIRou, this samevel of guiding error should contribute aboutl0m/s to the RV
error. This is significantly smaller than the 0.&rallowed in the SPIRou RV error budget, allowpbgnty of margin.

If long integration times are possible (>5-10 més)t this level of centering repeatability can hebe achieved with
on-object telescope guiding as has been seen tisengESPaDONS spectrograph at CFHT (=50 mas for riutei
exposures). However, many of the SPIRou objectsatkfor high-precision RV measurements will betguiright. To
meet the requirements of the science goals for &RIR is necessary to achieve the 30 mas centeepegatability for
observations as short as 10 seconds, which williredast steering of the input star image.

There are a variety of sources within the telesceysem that contribute to the wander of the st@gie during

observations. Most are fairly low frequency, buteomajor contributor, windshake, occurs at the lawestural

frequency of the telescope which is around 3 HzwEdl correct this perturbation, it will be necassto sample and
correct at a frequency of at least 30 Hz, and 50wduld be better. Removing atmospheric tip/tilt Wbalso be

beneficial in improving the seeing, but removing #eeing is not necessary to achieve the re-cegterquirements and
so will be a secondary consideration.

Fast guiding, while not trivial, is something thas been done before. The challenge with SPIRouever, is that,
ideally, guiding would take place using the objecbe observed as a reference. However, this isghliso needed in the
spectrograph to do science.

Alternately, a star near the science object coeldiged, but needs to be fairly bright to provide thotons needed for
fast guiding and also needs to be fairly closehtdbject since the guider field-of-view will benited. Typically, the
objects observed with SPIRou will be the brightalsfect in the neighborhood, so offset guiding widit always be
possible.

The solution settled on for SPIRou is to use, H&RPS and SOPHIE, the object star as a referengediing off ~4%
of the light using a plate of glass that is uncoate one side. A diagram of the pickoff mirror i®®n in Figure 4.With
this solution, we will be able to achieve full cection to 50 Hz or more on brighter stars that héle short integration
times. On dimmer stars, full 50 Hz correction widlt be possible, but these stars will require ahmanger integration
time still allowing the system to meet the repetitgbrequirement. Offset guiding will only be usddr very faint
objects for which high-precision RV measuremengsrat possible.

N~

&

Figure 4: Field stop and guiding pickoff. The darka in the middle represents the uncoated poofitine mirrored
surface. This section is shown on top for clarity Wwill actually be pointed down to protect the rmircoating.

Since the guiding optics and detector will need&ooff of the telescope axis, it is also necessargnsure that the
guiding system has not drifted with respect to fiber input. While all efforts will be made to makke structure
mechanically stiff so that drifts at the 30 maselef4 um at the f/8 focus of the CFH telescope) do notugcfor an
instrument with the stability goals of SPIRou thi#l need to be verified. The guiding software wektimate from the
image the position of the hole at the beginninthefexposure.

Ideally an image of the star on the fiber wouldused for this verification, but that image is netdily available
without making other parts of the instrument muatrencomplex. In the case of SPIRou, the next miogioois place to
verify the centering of the guiding is at the fislp, which is necessary to limit the amount ofcttire and sky seen by



the fiber. The field stop is co-axial, mechanicallyth the fiber, so it should be less susceptiblenotion relative to the
fiber in a stiff mechanical system.

In view of the added expense required for a totaflparate viewing channel (especially the dete@nd) the added
complexity of two separate viewing channels ondhme detector, the two functions have been combre8PIRou.
The field stop will be a mirrored, plane-paralléhgs plate with a pinhole in the center the sizéheffiber projected
back to the f/8 focus. The other side of the p{fteing up) will be anti-reflection coated to reéughosting and improve
throughput. The areas of the field stop outsideagerture will be used for object acquisition.

This solution provides the complication that theecof the star image will be fairly dim at ~4% egftivity while the
edges of the star image will be brighter at >988#ecévity. Section 3.1 will give more details onet fast guiding image
acquisition, correction and control loop, includicgntroid measurements using these odd images sdtkeon 3.2 will
give more details on the centering verification almv guiding with SPIRou.

3.1 Fast Guiding

At the beginning of an observation, the whole fiefdview of the guider camera will be read for &irgtar acquisition.
After centering the target star, the window siz#é e reduced to a 32x32 area around the targettsaa will be used
for the image stabilization and centroid estimatidhe guider window will be continuously read amdet only when
the pixel signal reaches about half of the satomatvel. The window will be sampled every 2.5mmgs pixel rate of
500 kHz. The image used for the tip-tilt correctierobtained by differencing two adjacent co-adftaches composed
of the 4 frames taken over a 10ms interval. Thiknégue is called the Differential Multi-Accumulatéode’. See figure
5 for a simple timing diagram.
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Figure 5: Simplified timing diagram for the guideadout. Resets occur when the signal in the 32%B8&ow reaches half
the saturation value. This graph describes theefftial Multi-Accumulate Mode

For fainter stars, the flux is not enough for 1084mpling. More frames are needed for the co-aalids with a total
integration time of 80 ms interval needed for thmtiest RV target stars witd=11.5 magnitude. The co-add function
will be handled by the array controller. The co-eddrames will be saved for troubleshooting anddossible use in
correcting the RV measurements. All frames befoeeréset will be saved and stacked to determineghtoid stability
of the target star, the possible motion of thedfigiop relative to the guider, and the seeing ¢mmmdfor the observation.

The centroid algorithm of the tip-tilt image istaal to the tip-tilt correction. With 100Hz imagedke centroid needs to
be calculated quickly in order to minimize the tatg of the servo loop. Typically, curve fitting (@ssian or
Lorentzian) gives better centroid estimations bith whe possibility that the fitting could fail @onverge and a variable
calculation latency. A centroiding algorithm basau a center-of-mass calculation feeding a Gaussiawe fitting
routine to find the point spread function of theame is under development with simulated images.mpkas of
simulated images are given in Figure 6 for difféseeing conditions.

The detector, currently designed to be an engingeggiade Hawaii 2RG, will be read using either lal deledyne ASIC
controller or an Astronomical Research Corporat@mtroller depending on which one provides the besse



performance. The pixel data will be sent to a Limased PC (guiding PC) where the centroiding catms will take
place.

Figure 6: Simulated SPIRou guider images for an®&star with an 80ms integration time and thréedint seeing
conditions (0.65", 1.05", 1.45"). The top row ahetimages as observed, the bottom row are the sraftgr correcting for
the differences in reflectivity between the hole dme mirrored areas. The noise is amplified fer¢bnter section of the
bottom row since there is less flux.

The fast steering mechanism (ISU or image stabdiziinit) will be operated through a servo loop taimtaein a
stabilized image at the input of the polarimetégufFe 7 shows a block diagram of the ISU controblo

The mechanism, from Left Hand Design Corporatisncapable of tilting the optical correction plasée20 mm thick
fused silica window, about two perpendicular axBse mechanical assembly contains position sensatsaatuators
needed to accurately drive the plate to a given til

The control of the ISU is done using the servo irelectronics chassis (SCEC), also provided bfy Hand Design,
and is contained in a VME-6U 19 inch (483mm) wideumtable rack. The SCEC contains the position seordrol
board (SCB), the sensor demodulation electroniBd)Sand the power supplies needed to drive the arésh.

The guiding PC will be used to compute the centegrrors from the guide images, determine theiltidrrection
needed on the ISU, and send the necessary comredtiche SCEC. It will also keep track of the fiosi of the ISU.
The guiding PC will use a PowerDAQ PCI board teiface with the SCEC. The PowerDAQ board will comth¢éhe
SCEC by providing analog voltages proportionalite tlesired correction on each axis. The PowerDA& e also
capable of reading the outputs of the SCEC to deter the current ISU tilts.

3.2 Slow Corrections

For SPIRou, it is important that not only does gluéding system correct for telescope drift and fiasing, but that it
also keeps the star well centered on the fiberolimhately, an image of the fiber with the stami practically
available for viewing. The next best thing is amaga of the field stop which is what will be viewedth the guide
camera.

It is probable that the center of the field stophwiespect to the guide camera will not change nwitih time, or at a
very rapid rate. The changes that do take plack beildue to flexure in the instrument and tempeeathanges
primarily. Obviously, the position of the field gtoelative to the fiber is not immune to these @fgebut it is expected
that they will be smaller since the field stoplisser to the fiber than the guider and is also @axith the guider.

Since the rate of change of position is likely todmall and slow, it is not necessary to deterrttieecenter at the full
ISU loop rate. This means that many of the ISU ienegn be stacked together, greatly increasingitimalsto-noise on
the images. By allowing the center of the “hole”tive image to be a free parameter in a Gaussiait fhould be



possible to very accurately determine the centehefhole and the position of the star in the ladla rate of around 1
Hz.
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Figure 7: Block diagram of the Left Hand Design @ation servo control system for the fast steenmeghanism.

If it is found that the center of the hole has ntbbeyond a certain threshold, this information barfed back into the
fast-guiding loop to improve the centering of tharsin addition, these 1 Hz images from througlregiven exposure
can be stacked to provide information about theezerg of the star throughout the image and thealeeeing during
the observation.

Finally, it will be necessary to periodically upddhe telescope position to ensure that the IS4 doeexceed its range
of motion. The position feedback from the ISU vii# used to determine the average tilt of the ISEr @eriods of 1
second. This average tilt, properly scaled, wirttbe sent to the telescope control system to riwéelescope and
allow the ISU to remain near the center of itsétav

The overall control loop for the guiding is sumrmzed in the flowchart in Figure 8. The basic idedjsTake an image.
2) Find the centroid of the star. 3) Send guidingrs to the ISU. 4) Find the center of the stat hale if the signal-to-
noise ratio is sufficient. 4) If the hole centeishraoved appreciably, update the reference positiothe fast-guiding
loop. 5) Once per second, calculate the averagégosf the ISU and send this as a correctiorhitelescope.
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Figure 8: Flowchart outlining the control loop fguiding with SPIRou.

Figure 9 shows some results of a simulation dorgetermine the performance of the guiding systelne dpper set of
plots show that, with wind shake, the tip-tilt ®stis not able to keep the RMS center of the stdéiné hole to within

the 30 mas requirement for dimmer stars. This [®eted since the necessary integration times vifittmer stars will

not allow sufficiently fast correction to correarfthe wind. The lower set of plots in the figuteow, however, that
averaging the center over a longer period, 30 skconthis case, does bring the center of thewstar the center of the
hole to the necessary precision. Since dimmer stélrsequire longer exposures, this indicates tiat guiding system
will easily meet the requirements.



10 = 0.650 163 = 1,050 Q= 1.450
oS omeT T T T T s S os S e e e e
[ 20 ms £
40 ms
oaf  100ms 3 (s 3 0sf E
E oaf 3 g osf = g osf E
F i E i E A
E E 1 § E A 5 E
02f A 3 5 o2f . g o2f E
g E i LA LI
A 1 4 3
(315 A = o1l 1 oif E
A A A -
A .Y A
[ o a = a
0o 1 1 1 oo " I I 1 on 1 1 L
L] a 0 12 " L a8 10 12 " 8 B "w 12 14
Vagniwde (18] wgnilce (AR Vagrivugn (4
10 = 0.650 16 = 1.050 10 = 1450
010 T T T 010 T T 010 T T T
008 B 008 B oo8f- E
E el i E P 4 E 006 J
? F H F H F
g 004l 7 3 004 1 i v ]
A
002 B o0z B oozl E
boa A A A, A A oA A A A A LA A A, A
000 i i i 1 i L i 1 i 1 i 1 i L i 000 i i i 1 i i i 1 i L i L i i i 0.00 i i i 1 i i i 1 i i i 1 i i i
8 B 10 12 14 L] ] 10 12 14 L] a 10 12 1
Magnipde (AD) Magnivge (A Magniludo (AR

Figure 9: Results of a simulation of the guideffgrenance. The upper set of plots show the RMS afrtine tip-tilt
measurements for different stellar magnitudes. [dver set of plots show the RMS error of the stmter, as measured by
the 1 second stacked images, relative to the hwitecfor 30 seconds of images. The magnitude isn&Bnitude which is
about 1.5 magnitude higher than H magnituglg @n AB magnitude of 13 corresponds to an H magaitfd. 1.5). Wind
shake is present in all of the simulations.

4. SPECTROGRAPH THERMAL STABILITY

Even more important to allowing SPIRou to achieven/s RV precision is the stability of the spectaggr. One key
requirement necessary to achieve this precisitimeitsthe motion of the spectral lines on the detectust cause an error
of <0.5 m/s which corresponds to ~1/3000 of a pirghe dispersion direction and ~1/300 of a ppetpendicular to
dispersion. For thermal control this equates taiced) temperature variations on the spectrogragltapbench to a
level of ~1 mK RMS during a night of observations.

The basic concept for the spectrograph thermalrobigt to stabilize the temperature at a varietyaafations in the
spectrograph with increased stability as you geten to the optical bench.

The first level of thermal stability was achieveglfdacing the spectrograph in the CFHT coudé roesteiad of on the
observing floor of the telescope. The observingiflbas day to night temperature variations of 4-Bt@ yearly
variations of 10-15°C while the coudé room, whishri the center of the observatory building unthertelescope pier,
has daily temperature variations of <1°C and yewaanations of <10°C. This will keep the heat loawl the cryostat
fairly constant.

The next level of stability comes from a passivattghield around the optical bench within the ctgbsThis shield is
loosely coupled to the cooling system and is allbwe float with varying heat loads. This improvdability by
passively compensating for the heat loads on teetspgraph from the environment.



The third level of stability is an active heat $timside the passive heat shield. This heat shidéldbe strapped to the
cold buss of the system, and the temperature stibat shield will be actively controlled to a legE~10 mK in three
locations.

The final level of stabilization comes on the ogtibench itself. The bench will be strapped to ¢hkl buss and the
temperature of the bench will be actively contmblie 3 locations to a level of ~1 mK. In additidhe detector package
will be coupled to the optical bench using a copgigap, and its temperature will also be controtted level of ~1 mK.
This last control point is necessary since thealetds the one internal heat load that will bedudaring observations,
and it is also a variable heat load.

Figures 10 and 11 show a diagram of the spectragnafh the locations of the cold straps and the susament/control
points within the spectrograph, respectively.

This scheme will obviously not hold all parts oétbptical bench at the same temperature. Thistisegpired. It will,
however, hold the variations in temperature oftibach to the required ~1 mK level.

This paper will cover the control aspects requii@dthe temperature stability. For more on the alleaspects of the
temperature stabilization, see “Cryogenic mechamieaign: SPIROU spectrograph” which is Paper #8#41 in this
conferencé

Section 4.1 describes the solutions found for sgngémperatures to the needed precision. Sectdmdscribes the
solutions found to hold the temperature of theagbtbench to the necessary levels.
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Figure 10: Drawing of the SPIRou cryostat indicgtihe approximate locations of the cold strapsiendryostat.
4.1 Temperature Sensing

In controlling temperatures, or anything else foattmatter, it is necessary to measure the tempesato a higher
precision that the desired level of control. Totkis, one needs not only temperature probes oicserft quality, but, as
the needed precision increases beyond normal tatypermeasurements, the readout electronics neegictime more
sophisticated.



The active heat shield temperature probes need todalerately stable and be capable of measureméhtprecision <
10 mK. This level of precision and stability is gpeat in many normal RTDs. The type chosen for SRIf®o use in
three locations on the active shield are Omeganieraire-wound platinum RTDs.

For the optical bench, measurements with precisfodsmK are necessary. In addition, the sensord mede stable
with time and thermal cycling, so normal RTDs wilht be sufficient. In this case, standard platirRiDs (SPRT),
which are specially made platinum RTDs typicallgdisn temperature calibration labs, have the nacggsecision and
stability for the needs of SPIRou. The RTD chosanuke on the SPIRou optical bench is the Hartk@Bl@5Q glass
capsule SPRT.
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Figure 11: Drawing of the SPIRou cryostat with liheations of the temperature measurements indicated

The precision of any of these sensors is mainlyngtfon of the readout electronics. To achieventbeessary precision
for the optical bench, special low noise and lovit dlectronics need to be used. The solution fotmdio the high
precision temperature measurements is the IsoTectoK1500 thermometry bridge.

Even though the high precision is not necessaeyMitroK 500 will also be used to read the actikizlsl RTDs as well
as any other RTDs placed within the system, suandbke passive heat shield.

4.2 Temperature Control

The temperatures also need to be controlled, rebtmeasured. The normal method for controlling terapres is to
raise the temperature at the control points abbgenbrmal base temperature by a few degrees ussigtive heaters,
then regulating the temperature by controllinghibater current based on feedback from the temperataasurements.
PID-based controllers are quite good at handliegféledback loop for the temperature control.

The heaters chosen for SPIRou are all Minco polganiihermofoil heaters. 25 W heaters were chosethfoactive
shield since the mass of the shield will be moddyasmall. 50 W heaters will be used on the optimich since the
thermal mass of the bench is much greater. Inaaés, the heaters will be placed near the locatidghe temperature
sensor used to drive them.

The PID control of the temperature regulation igtreely straightforward and is well within the &tiées of many
common controllers. The biggest issue for SPIRaheésnumber of independent loops (7) that neecttodmtrolled. The



controller also needs to be able to read the dara the MicroK 500 which is able to communicate W&-232 or
Ethernet. The search for an appropriate solutiothfe PID controller continues.

5. SUMMARY

The design of the SPIRou control system is wellaaded and is set to meet the challenges posed loysatnment

required to measure radial velocity to a precigibr 1 m/s. There are some challenging aspectset@dontrol system,
such as the on-axis guiding with partial flexurenp@nsation and the extreme thermal stability necgskor the

spectrographic part of the instrument. Thanks &fhthrd work of the people in the many instituticostributing to the
SPIRou consortium, all the challenges, from the daue to the unusual, are being met to make SPIRme-@f-a-kind

instrument for the CFHT.

[7]
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