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HAWK-I as a CAD drawing attached to the VLT and in the integration hall in Garching

HAWK-I in a Nutshell

Online information on HAWK-I can be found on the instrument web pages, in Casali et al.
2006, and in Kissler-Patig et al. 2008.
HAWK-I is a near-infrared (0:9 � 2:5�m) wide-field imager.
The instrument is cryogenic (120 K, detectors at 75 K) and has a full reflective design.
The light passes four mirrors and two filter wheels before hitting a mosaic of four Hawaii
2RG 2048�2048 pixels detectors. The final F-ratio is F/4.36 (100 on the sky correspond to
169.4�m).
The field of view (FoV) on the sky is 7.50 �7.50 (with a small cross-shaped gap of � 1500

between the four detectors). The pixel scale is 0.10600 /pix . The two filter wheels of six
positions each host ten filters: Y, J, H, Ks (identical to the VISTA filters), as well as 6 narrow
band filters (Br, CH4, H2 and four cosmological filters at 0.984, 1.061, 1.187, and 2.090
�m).
Typical limiting magnitudes (S/N=5 in 3600s on source) are around J= 23:9, H= 22:5 and
Ks= 22:3 mag (Vega).
HAWK-I can be used in combination with the GRound layer Adaptive optics system Assisted
by Lasers (GRAAL), a seeing improver, whose ultimate goal is to enhance the instrument
image quality. Under most seeing conditions (100 in visible band), with the use of 4 lasers and
telescope correction GRAAL reduces the 50% encircled energy diameter by 12% in the Y and
21% in the Ks filters, respectively, over the entire FoV. That is, the FWHM of the PSF is
typically reduced from 0.5300 to 0.4200 in Ks band.
Observations with GRAAL require PHO, CLR or THN conditions.

http://www.eso.org/sci/facilities/paranal/instruments/hawki
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1288430
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1288430
http://www.aanda.org/articles/aa/pdf/2008/45/aa09910-08.pdf
http://www.eso.org/vista
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1 Introduction

HAWK-I does only one thing, but it does it well: direct imaging in the NIR (0.9 to 2.5� m) over a
large �eld (7.5'� 7.5'). It can be used in seeing limited mode, but also it can make use of ground
layer adaptive optics (GRAAL) achieved through a deformable secondary mirror and the laser guide
stars facility.

1.1 Science drivers

So far HAWK-I has been successfully used to study:

ˆ the properties of medium redshift galaxy clusters (see e.g. Lidman et al. 2008, A&A 489,981)

ˆ the outer solar system bodies (see e.g. Snodgrass et al. 2010, A&A 511, 72),

ˆ the very high redshift universe (see e.g. Castellano et al. 2010, A&A 511, 20),

ˆ exo-planets (see e.g. Gillon et al. 2009, A&A 506, 359),

ˆ the properties of Galactic stellar populations (see e.g. Valenti et al. 2013, A&A, 559, 98)
and star-forming regions (see e.g. Preibish et al. 2011, A&A, 530, 34)

The implementation of Fast Photometry (see Appendix F) allows high time resolution observations,
such as to follow the light curve of X-ray binaries, as well as to study crowded �elds through
holographic imaging techniques (see Schoedel et al. 2013, MNRAS, 249, 1367)

1.2 Scope of this document

The HAWK-I user manual provides a description of the instrument characteristics, as well as infor-
mation required for the proposal (Phase 1) and the observation (Phase 2 ) preparation. Guidelines
for the post-observation phase are also summarised.
The instrument has started regular operations in period 81 operating exclusively in seeing limited
mode until period P101. Afterwards, with the installation of the Adaptive Optics Facility (AOF)
on UT4 the instrument has been equipped with GRAAL, a seeing improver allowing to enhance
the instrument image quality. The system GRAAL + HAWK-I is o�ered since P102.
We welcome any comments and suggestions on the present manual; these should be addressed to
ESO User Support Department via https://support.eso.org..

1.3 Structure of this document

The document is structured as follows:

ˆ Part I provides a technical description of HAWK-I and GRAAL;

ˆ Part II details the instrument performance;

ˆ Part III describes the commonly used observing technique in the IR and provides guidelines
for Phase 1 and Phase 2 preparation;

ˆ Part IV contains collected useful reference material.
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1.4 More important information

One thing you must remember is:

ˆ Phase 1 constraints are binding.

All HAWK-I related manuals are available on the HAWK-I instrument web page together with the
most updated information of the instrument.
For both Service and Visitor mode Observing Block (OBs) should be prepared with the web-based
Phase 2 Proposal Preparation (p2) (p2).
Information on the preparation of Service mode observation with HAWK-I can be found here.
Visiting astronomers do not need to submit OBs in advance of their observations. However, they
should prepare them before arriving at the observatory or, at latest, at the observatory the nights
before their observing run. They will �nd further instructions on the the Paranal Science Operations
web page and the Paranal Observatory home page. In particular, visiting astronomers are strongly
encouraged to read this page.

1.5 Contact information

In case of speci�c questions related to Service Mode observations, the use of the pipeline, and the
proposal preparation (Phase 1) please contact the ESO User Support Department. For general
information on Visitor Mode observations please contact the Paranal Science Operation Team.

1.6 News

Please recall that the most up-to-date information on the instrument can be found on the HAWK-I
news web page.

1.7 Glossary

Active Optics: This is the active control of the primary mirror of the telescope. It is performed
by using a telescope guide star.
Adaptive Optics (AO): This is the correction of the wavefront errors induced by atmospheric
turbulence. The wavefront is measured from laser spots and the corresponding corrections are sent
to the deformable secondary mirror.
Laser Guide Star: The arti�cial star created by the sodium laser at an altitude of� 80-100 km.
Tip-Tilt Star: The star used to sense and correct the tip-tilt aberrations, which are not sensed by
the lasers. HAWK-I AO observations are only done in Tip-Tilt Star (TTS) free mode. Therefore,
a TTS is not required.
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1.8 Abbreviations and Acronyms

2MASS Two Micron All Sky Survey
4LGS 4 Laser Guide Stars
AO Adaptive Optics
AOF Adaptive Optics Facility
DIT Detector Integration Time
DMO Data Management and Operations Division
DSM Deformable Secondary Mirror
ESO European Southern Observatory
ETC Exposure Time Calculator
FC Finding Chart
FoV Field of View
FWHM Full Width at Half Maximum
GLAO Ground Layer Adaptive Optics
GRAAL GRound layer Adaptive optics system Assisted by Lasers
HAWK-I High Acuity Wide-�eld K-band Imager
NDIT Number of Detector Integration Time
NGS Natural Guide Star
NIR Near InfraRed
OB Observing Block
P2PP Phase II Proposal Preparation
PSF Point Spread Function
QC Quality Control
RTC Real Time Computer
RTD Real Time Display
SM Service Mode
TT Tip-Tilt
TIO Telescope and Instrument Operator
USD User Support Department
UT Unit Telescope
VLT Very Large Telescope
VM Visitor Mode
WF WaveFront
WFS WaveFront Sensor
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Part I

The instrument

2 Cold part: the imager

The HAWK-I instrument design is presented by Casali et al. 2006, and Kissler-Patig et al. 2008;
a summary is provided in the following subsections.

Figure 1: Cut through HAWK-I for an optical and mechanical overview. Blue: optical components;
black: cold assembly, �lter wheels, detector assembly; green: radiation shield; red: vessel structure,
cryogenic components, electronic rack.

2.1 Optics

The optical layout of HAWK-I is given in Fig. 2. The entrance window of the vacuum vessel is

Figure 2: HAWK-I optical layout.

used to image the pupil on the M3 mirror. A cold ba�e stops the light outside of the instrument
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FoV. The �rst folding mirror (M1) is used for beam accommodation. Then the camera consists
of one large spherical mirror M2 and two aspherical mirrors M3 and M4 allowing to adapt the
telescope beam to the requiredF/4.36. The two �lter wheels are located directly in front of the
detector mosaic. The size of the �lter needed to cover the whole FoV is 105� 105 mm. The beam
incidence angle versus the �lter is quasi constant for all points of the �eld to keep the spectral
�ltering uniform over the whole FoV.

2.2 Mechanics

HAWK-I is installed at the Nasmyth A of VLT-UT4 (Yepun), and centred on the Nasmyth adaptor
by the interface ange. The vacuum vessel is split into three elements:i) vessel from part, which
extends to the interface ange diameter;ii) vessel centre part, which o�ers all necessary supply
ports and mechanical connections to support the cold mechanics;iii) access to the detector, �lter
unit, �lter exchange, the connection of the closed cycle coolers, pre-cooling lines and electronic
cables.

2.3 Detectors

The HAWK-I detector mosaic (see Fig. 3) is composed of four 2 k� 2 k Hawaii 2RG arrays with
2.5� m cuto�.

Figure 3: HAWK-I detector mount.

3 Warm part: the ground layer adaptive optics system

GRAAL, the ground layer adaptive optics system of HAWK-I, is presented and discussed in Pau�que
et al. 2010 and Pau�que et al. 2012.
The adaptive correction (AO) is provided by the deformable secondary mirror (DSM), nearly con-
jugated with the ground layers of the atmosphere, at� -90 m. Therefore GRAAL is able to
compensate for the lowest layers of the atmospheric turbulence (up to� 1 km, depending on the
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spatial frequencies considered), carrying more than half of the turbulence variance. GRAAL is a
seeing improver, and does not provide di�raction limited images at the focal plane. To highlight
the advantage of combining GRAAL with HAWK-I a PSF is shown in Fig. 4 in AO open-loop
(uncorrected) and a closed-loop.

Figure 4: Observed PSF without (left) and with (right) GRAAL correction.

3.1 Introduction

The following section provides an introduction to the �eld of atmospheric turbulence. For further
reading, see for exampleAdaptive Optics in astronomy, Rodier 1999, Cambridge University Press,
or Introduction to adaptive optics, Tyson 2000, Bellinghan/SPIE.

3.1.1 Atmospheric Turbulence

The VLT theoretical di�raction limit is 1.22� � /D=0.07 00at � = 2:2� m. However, the resolution
is severely limited by the atmospheric turbulence to�=r 0 � 100, where r0 is the Fried parameter.
The r0 is directly linked to the strength of the turbulence and it depends on the wavelength as
� 6=5. For average observing conditions, r0 is typically 60 cm at 2.2� m.
Temperature inhomegeneities in the atmospheric induce temporal and spatial uctuations in the
air refractive index and therefore cause uctuations in the optical path. This leads to random
phase delay that corrugate the wavefront. The path di�erences are, to a good approximation,
achromatic. Only the phase of the wavefront (WF) is chromatic. The coherence time of the WF
distortions is related to the average wind speed V in the atmosphere and is typically of the order
of r0=V = 60 ms at 2.2� m for V = 10 m/s.

3.1.2 Ground Layer Adaptive Optics

A technique to overcome the degrading e�ects of the atmospheric turbulence is real-time com-
pensation of the deformation of the WF by AO. Very schematically, the wavefront sensor (WFS)
measures the WF distortions, which are processed by the real-time computer (RTC). The RTC
controls a deformable mirror to compensate the WF distortions.
A particular type of AO systems is the ground layer adaptive optics (GLAO), which relies on the
correction of the lowest layers of the atmospheric turbulence to improve the image quality delivered
to astronomical observations. A practical implementation of this type of AO faces numerous
di�culties. Indeed, in contrast with classical on-axis AO, GLAO requires excluding the highest
layers of the atmosphere from the correction brought by the system. This can be done by using
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i) Rayleigh guide-star, for limited telescope diameters, orii) with multiple Na-Laser guide star, for
larger telescopes. The combination of powerful laser sources at the Na wavelength and low noise
fast detectors makes possible today to implement GLAO systems on 8 m-class telescope.

3.2 Design of the module

GRAAL is a wide FoV GLAO system developed for an 8-m class telescope, with a free from optics
scienti�c FoV of over 10.50 . Its sky coverage exceeds 95%, and allows 100% sky coverage with a
slightly limited performance. GRAAL o�ers an improvement of about 40% on the K-band FWHM,
allowing routine observations with 0.3" FWHM (50% of the time with a seeing in the line of sight
of 0.95"). It also allows using the full potential of HAWK-I and its sampling of 0.100per pixel.
The UTs of the Paranal observatory have been designed such as to minimize the non-atmospheric
sources of image degradation, with for instance a closed-loop active optics during science obser-
vations. GRAAL therefore only corrects further these disturbances at higher temporal frequencies,
excepted in the case of very good seeing, where the telescope and enclosure residual seeing contri-
butions might become signi�cant in the PSF formation. GRAAL is based on a 4 Na-LGS (sodium

Figure 5: GRAAL focal plane illustration. The 4 LGS rotate with respect to the FoV and the lasers
are side-launched. The visible TT-star selection annuli is shown. However, HAWK-I is o�ered in
TTS-free mode only, so users can neglect that part.

Laser Guide-Stars) system, launched from the corners of the centrepiece of UT4. As shown in
Fig. 5, the lasers are pointed towards areas located outside of the science FoV (7.50 � 7.50 ), and
the light re-emitted by the 80-100 km altitude Sodium layer is collected by 4 WFS each with 40� 40
sub-apertures. The slopes provided by the WFS are combined to provide an estimate of the WF
error for the lowest layers; this shape is then removed from the actual shape of the DSM. The
AO-loop is closed at a 700 to 1000 Hz frequency.
The science HAWAII 2RG infrared sensors of HAWK-I is used to correct slow drifts between visible
WFS and IR imaging paths, coming from exures and uncompensated atmospheric dispersion,
taking the opportunity of continuous reading of the science detectors during integration.
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HAWK-I uses the adapter/rotator of the Nasmyth focus to derotate its FoV. On the opposite,
GRAAL LGS-WFS must derotate the pupil; therefore GRAAL includes an LGS-ring, a derotator
carrying the LGS-WFS, which counteracts the adapter's e�ect (to which is added the pupil rotation,
proportional to the elevation of the telescope). Therefore, to summarise GRAAL science mode is
based on the use of:

ˆ The 4 LGS projected on-sky with the help of 4 dedicated launched telescopes

ˆ The corresponding WFS located on a 120 diameter ring

ˆ The truth sensing realized by the telescope guide-probes, a 21x21 Shack-Hartmann sensor
already in operation in Paranal since the telescope installation for active optics control. Note
that the active optics control will be superseded by the fast AO loop, so that the active
optics sensor will be blind to all modes but the ones invisible to the AO system, the �rst of
them being the focus mode

ˆ SPARTA, an RTC platform sharing commonalities of hardware and software design with other
AO systems (GALACSI and SPHERE) and

ˆ the DSM

3.3 Wavefront sensors

The LGS sensor unit consists of 4 identical systems. Each one is composed of:

ˆ One small pick-up mirror placed with a �xed arm at 5.800from the optical axis on the Nasmyth
focal plane

ˆ One trombone allowing focusing on the LGS

ˆ One re-imaging objective composed of two lenses

ˆ One 40� 40 micro lenses array

ˆ One 240� 240 L3 CCD and NGC controller

Each pick-up mirror redirects the LGS light to a classical Shack-Hartmann WFS. The system
accepts focus variations from 80 to 180 km.
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Part II

Instrument Performance

4 Detectors

The naming convention for the four detectors is shown in Figure 4.
Note that quadrant 1,2,3,4 are usually,but not necessarily, stored in extensions 1,2,4,3 of the
HAWK-I FITS �le. Indeed, FITS convention forbids to identify extensions by their location in the
�le. Instead, look for the FITS keyword EXTNAME in each extension and verify that you are
handling the quadrant that you expect (e.g. EXTNAME = 'CHIP1.INT1').

Figure 6: HAWK-I detectors naming convention.

The characteristics of the four detectors are listed below:

Detector Parameter Q1 Q2 Q3 Q4
Detector Chip # 66 78 79 88
Operating Temperature 75K, controlled to 1mK
Gain [e� /ADU] 1.979 2.133 1.991 2.429
Dark current (at 75 K) [e� /s] between 0.10 and 0.15
Minimum DIT 1.6762 s
Read noise1 (NDR) � 5 to 12 e�

Linear range (1%) 60.000 e� (� 30.000 ADUs)
Saturation level between 40.000 and 50.000 ADUs
DET.SATLEVEL 25000

1 The noise in Non-Destructive Read (NDR) depends on the DIT: the detector is read continuously every
� 1.6762s, i.e the longer the DIT, the more reads are possible and the lower the RON. For the minimum DIT



HAWK-I User Manual Issue 116 10

(1.6762s), the RON is� 12e� ; for DIT=10s, the RON is� 8e� and for DIT> 15s, the RON remains stable at� 5
e� .

Figure 7 represents the quantum e�ciency curve for each of the detectors.

Figure 7: Quantum e�ciency of the HAWK-I detectors.

See appendix A for further details on the detectors features and relative sensitivity.

4.1 Threshold-limited integration

This integration mode is described in Fig. 8. Each rectangle represents a non-destructive reading
of the detector, that is, each readout still contains the ADUs retrieved in the previous ones. The
normal mode of operation of the HAWK-I detectors de�nes a saturation threshold for each single
readout by setting the keyword DET.SATLEVEL. All pixels which have absolute ADU values below
this threshold in all readouts are processed normally, that is their �nal value is just the output of
the �nal readout (the blue line in Fig. 8). However, pixels illuminated by bright sources (typically
bright stars) can exceed the saturation threshold before the end of the integration time. If this
happens, all the readouts above the threshold are ignored, and the remaining ones (the red boxes
in Fig. 8) are used toextrapolate the expected counts associated to these speci�c pixels to the
integration time (the red line in Fig. 8). This slightly alters the noise properties of the pixels and
may physically saturate them causing persistence, but at the same time it allows to exceed the
saturation level in the �nal FITS �le. The pixels that have been extrapolated can be identi�ed
because their values are above the threshold. Very bright stars, which are saturating within the �rst
non-destructive read, will be saturated also in the �nal FITS �le. By default, the DET.SATLEVEL
threshold is chosen to be approximately 60% of the full well.
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