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Telescopes and Instrumentation

The Visible and Infrared Survey Telescope for
Astronomy (VISTA): Looking Back at Commissioning

Jim Emerson’
Will Sutherland’

T Astronomy Unit, Queen Mary University
of London, United Kingdom

The ESO near-infrared survey tele-
scope, VISTA, is about to enter opera-
tion. Dry runs for VISTA’s Public
Surveys have been in progress since
November 2009 and the full surveys
will begin soon. Some points from the
VISTA commissioning are outlined.

Introduction

VISTA, the Visible and Infrared Survey
Telescope for Astronomy, is a 4.1-metre
wide-field survey telescope, equipped
with a 1.65-degree field, (67-Mpixel) near-
infrared (NIR) camera, for performing
extensive surveys of the southern skies
with sensitivity matched to the needs

of 8-metre-class telescopes. Over its first
five years of operations, the majority

of VISTA’s time will be used for six ESO
Public Surveys (Arnaboldi et al., 2007).
NIR imaging surveys particularly target
the cold, the obscured, and the high
redshift Universe, to generate science
directly and also in order to select objects
worthy of further study by the Very Large
Telescope (VLT).

Details of the design of VISTA were given
in Emerson et al. (2004), a progress
update in Emerson et al. (2006), pictures
of the NIR camera in The Messenger
(131, 6), the site in issue 132 (p. 55), the
primary mirror (M1) installation in issues
132 and 133 (p. 6 and 67 respectively),
the camera being lifted up through the
azimuth floor (138, 2) and the first release
of images was also described in The
Messenger (138, 2). Here we outline some
interesting points from the commission-
ing period.

Figure 2. A view of VISTA’s camera on the telescope
with all the electronics boxes mounted (with their
back covers off in this image). The open lifting hatch
can be seen on the right, with the yellow crane
above. The white circle at the top serves both as a
Moon screen, and as a screen for taking linearity
sequences and instrument health monitoring frames.
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Early work

The only change from the system de-
scribed in Emerson et al. (2004) was that
a Z filter was added in the camera, as
the Raytheon Vision Systems IR detec-
tors were measured to have a quantum
efficiency (QE) that was still good even
at a wavelength as short as Z (0.88 pm)
— where QE ~ 70 %.

Commissioning generally went smoothly,
with no major problems requiring redesign
or re-manufacture, although most tasks
tended to take rather longer than antici-
pated. It was heartening that there were
no fundamental problems, but frustrating
that many individually small problems

Figure 1. VISTA’s camera is shown being mounted
onto the telescope. The camera (black) has been
lifted from the ground floor through a removable
sector in the dome floor, using the enclosure crane
(yellow at top) and the lifting arm (blue). The enclo-
sure is rotated to place the camera behind the
telescope (this picture). Next the camera is moved
into the M1 hole and bolted to the Cassegrain
rotator, and finally the electronics boxes are fitted.

each took time to solve. Here we focus
on some points that arose, but the
emphasis here on problems that were
solved should not obscure the fact

that VISTA now works very well, as the
images from the press release in Decem-
ber 2009 (ESO Press Release €s00949)
and the image of part of the Orion Nebula,
on the front cover, demonstrate.

Credit: S. Beard

Credit: S. Beard



Figure 3. M1 after coat-
ing in protected silver in
the VISTA coating plant.

Figure 4. The VISTA tele-
scope shown from the
front at low elevation.

To start with, construction went smoothly,
and the enclosure was ready for the
telescope structure, which was installed
during 2006. In early 2007, we had a

run with dummy masses in place of the
mirrors, and a small 20-cm telescope
mounted on the Cassegrain rotator, look-
ing up through a hole in the top-end
structure (designed for this reason). This
run was useful to debug the telescope
software, build a preliminary pointing
model, and showed that the basic track-
ing and slewing performance were good.

Shortly afterwards, the secondary mir-
ror (M2) arrived and was successfully
coated in protected silver. VISTA's cam-
era was flown to Chile in January 2007
and checked out for performance on site,
using a small “spot projector” mounted
in front of the window. There had been
no damage in transport, and the process
of mounting the camera onto the tele-
scope was subsequently tried out suc-
cessfully (see Figure 1). Figure 2 shows
the back view of VISTA, with the camera
and its electronics boxes mounted on
the Cassegrain rotator.

Primary mirror (M1) polishing

So far so good! However the time taken
to complete the polishing of M1 then
prevented VISTA being delivered on the
timescale expected at that time. This
4.1-metre f/1 mirror is the most highly
curved large mirror ever polished and this
task proved to take much longer than
anticipated. The fast mirror means that it

is highly aspheric, with departures from
the best-fit sphere of around 0.8 mm;

this means that small polishing tools were
needed, different for different zones on
the mirror, which increases the polishing
time. This was a known difficulty from
early on, but it appears that the time-
scales were underestimated by the man-
ufacturer. The lateness was especially
frustrating as the very first thing the VISTA
project did after securing funding was

to purchase the M1 blank in 2001 and the
shaping of the blank was complete by
April 2003, so it was highly regrettable
that completion of M1 took so long, and
that the manufacturer’s polishing time esti-
mates only converged to the actual time
so very near to the end. However, the
quality of polishing finally achieved was
high. To claw back some time, the M1
was not shipped by sea, but instead was
flown from Moscow to Antofagasta in

an Antonov transport plane, arriving at
VISTA during Easter 2008.

The coating plant provided with VISTA
then produced a very high quality and
stable coating in protected silver (see
Figure 3), enhancing VISTA’s sensitivity
compared to a conventional aluminium
coating.

Camera on sky

As soon as the M1 mirror had been
coated it was installed in the telescope,
and a test camera containing a Shack-
Hartmann system was used to set up

an initial pointing model and active optics

settings. It soon became apparent that
the system showed some trefoil (a third
order optical aberration). It was suspected
that this was associated with the M2
axial definers, and this was confirmed by
mounting the M2 and its cell rotated

by 180 degrees, which changed the sign
of the trefoil. Then, the M2 manufacturers
came to Chile, disassembled and in-
spected the M2 cell. They found nothing
wrong, and it was carefully reassembled,
in parallel with VISTA’s camera being
mounted in place of the test camera (see
Figure 4). It was expected that the active
support forces on M1 would be able

to compensate for the effect of the trefoil
on M2, and this indeed proved to be

the case. It is still unclear how this trefoil
arose. Measurements at the factory
showed trefoil was not present there,
when tested with similar support forces
to those when mounted on the telescope.
It is not possible to rotate M2 relative

to its cell to see if the trefoil is due to the
cell or the mirror itself. As the system
image quality now comfortably meets its
specification of 50 % encircled energy
diameter of 0.51 arcseconds, the trefoil
has been accepted, though it would be
good to understand its origin and then
hopefully get rid of it at source, rather than
correcting with M1 forces.

The camera first observed the sky on
23 June 2008 with the auxiliary CCDs
(for autoguiding and wavefront sensing),
and with the IR detectors on 24 June.
The first images were recognisable with
the expected setup parameters, and

the image quality was improved over the
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subsequent nights with various adjust-
ments to the many M1 and M2 positions
and forces. The pointing and tracking
was good. Figure 4 shows VISTA from the
front with all components present and
working. No mechanical adjustments
were needed to the camera, a tribute to
the engineering done by the camera
team led by the Science and Technology
Facilities Council (STFC) run Rutherford
Appleton Laboratory.

The camera background was checked
and the non-linearity of the detectors
measured robustly. At this stage, image
data was not being archived by ESO,

so it was written to 250 GB USB disks
which were taken back to the UK in hand
baggage for analysis in the UK. There
were occasional problems with the IRACE
number-cruncher workstations over-
heating causing data outage; once traced,
this was simple to solve.

Active optics

Over the following months the active
optics corrections for achieving the best
image quality were all generated for
various azimuths, altitudes and tempera-
tures, and the autoguiding and wave-
front sensing software was stress-tested
and made more robust. This was quite

a lengthy process, since there are numer-
ous correction terms, and the many
Zernike polynomials and mirror modes are
measured in detector coordinates, but
require de-rotating into telescope coordi-
nates to apply corrections to M2 posi-
tion and M1 forces; thus, getting all the
signs and phases right was quite time-
consuming. Also, there were some com-
plications: we found a small astigmatism
co-rotating with the camera, possibly
due to a thermal gradient; this was fixed
in software by adding an M1 active force
pattern that co-rotates with the camera.

Focus gradients across the very large
detector plane were also complicated, and
we eventually decomposed these into
three problems: one was a subtle soft-
ware error (dependent on radial position
of the wavefront sensor stars), another
was a real focus gradient “fixed to the tel-
escope”, and thirdly a smaller focus gra-
dient “fixed to the camera”. The gradient
“fixed to the telescope” was quite large,
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and required a 1.3-mm lateral movement
of M1 to align it to the Cassegrain axis;
this should have been simple, but in prac-
tice there was not quite enough clear-
ance in the M1 axial definers, thus requir-
ing removal of the M1 to adjust the three
axial definers. There was considerable
worry here about whether the calculated
sign was correct, and fortunately it was.
The small camera focus gradient is still
present at the time of writing, but is soon
to be eliminated with a new shim between
the camera and Cassegrain rotator. The
co-planarity of the 16 detectors appears
to be excellent, so once M1 and the cam-
era are one-off aligned to the Cassegrain
rotator axis, the active optics system
automatically keeps M2 collimated, giving
good images across the entire field.

Filter wheel

At first, changing the filters was very reli-
able, but by October 2008 it was noticed
that the 1.37-metre diameter filter wheel
(the only moving part inside the cold
camera) occasionally failed to reach its
demand position. Many experiments
were done looking at the software and
electronics, but the intermittent problem
gradually became more and more fre-
quent. By February 2009 there was
nothing for it but to take the camera off,
warm it up, open up the cryostat and
look at the parts. Surprisingly it was found
that a jacking screw (used for assembly
and disassembly) had worked loose and
had unscrewed itself enough to foul the
filter wheel, scraping off a ring of paint
and some metal swarf. There were flakes
of paint all over the filters themselves,
explaining why the flat fields had been
becoming unexpectedly variable. The fil-
ter trays were removed and the filters
cleaned, the debris was cleaned out of
the rest of the camera, and the offending
jacking screw removed. No damage to
the filters or detectors resulted, and the
motor drive also proved resilient. The
opportunity was taken to change the
order of the filters in the wheel to a more
efficient one for the selected ESO Public
Surveys, and to fill the one remaining
empty filter tray with two paired half-sets
of narrowband filters at 975 and 985 nm
which were available. After the camera
was pumped and cooled down again,
VISTA was back on sky in March 2009.

The filter wheel has worked well ever
since.

Unfortunately soon after this, one of the
three closed-cycle coolers on the camera
had a major breakdown; the required
spare parts turned out to be very similar,
but not quite identical, to those held in
the Paranal stores; hence getting these
parts from Europe caused another minor
delay.

Azimuth and M2 support oscillations

An annoying problem was that, under
certain reproducible conditions (where the
azimuth axis was moving very slowly),

the azimuth drive servo loop went into
oscillation, exciting an 11.6-Hz resonance
in the telescope structure and turning

the images into “sticks”. This was fixed by
installing an electronic notch filter in

the servo, after which there were no more
azimuth oscillations.

Another problem was intermittent small
(~ 1/2 arcsecond) ~ 2 Hz oscillations

of the hexapod which controls the posi-
tion of the secondary mirror, which

was small enough to go unnoticed until
the focus gradients were sorted out.

This was affecting one-third to half of the
data taken, and making it very hard to
demonstrate the intrinsic image quality of
the system. After considerable analysis
and experimentation, in August 2009 new
servo parameters were identified and
these oscillations ceased. After this, it was
possible to reliably achieve the required
image quality of the final system, and

to demonstrate that the 50 % encircled
energy distribution was comfortably
within the 0.51-arcsecond specification.

The future

The above is only a selection of (perhaps)
interesting points, and a fuller descrip-
tion of commissioning will be presented
at the 2010 SPIE meeting in San Diego.
Much software-related work was also
done, both to improve the system, and
to ensure that the observing overheads
were minimised.

VISTA is now working very well, pro-
ducing images with the depth and quality



Credit: ESO/J. Emerson/VISTA. Acknowledgement: CASU

expected, with minor improvements being
worked on to further enhance its relia-
bility. The VISTA ZUKs 1 x 1.5 degree
image of the Orion Nebula in Figure 5, of
which the front cover image is a only

a small part, indicates how impressive its
wide-field views are.
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The Visible and Infrared Survey Tele-
scope for Astronomy (VISTA) will

be mostly dedicated to the execution
of ESO public surveys, requiring large
amounts of service observing time.
VISTA Science Verification (SV) thus
differs from that usually implemented
for other VLT instruments. VISTA SV
consisted of two self-contained mini-
surveys: a Galactic mini-survey in the
region around the Orion Belt stars;
and a deep extragalactic mini-survey
of the nearby spiral galaxy NGC 253.
ESO astronomers used these mini-sur-
veys as benchmarks to optimise the
survey operation procedures, minimise
overheads, and experience the full
end-to-end process of survey data
acquisition. The raw data and associ-
ated calibrations from both mini-sur-
veys were released in December 2009,
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and the reduced images and catalogues
will soon be available, enabling the first
exciting science with VISTA.

Introduction

In the Commissioning—Science Verifi-
cation—-Paranalisation cycle of VLT instru-
ments, Science Verification is typically
executed five to two months prior to the
start of operations of a given VLT instru-
ment. In the case of VISTA and its cam-
era VIRCAM (Emerson et al., 2004), its
start of operation is equivalent to the start
of operation of an entire new telescope,
a new instrument and a new schema for
operations (Sciops 2.0). For ESO service
mode operations, the execution of the
VISTA public surveys represents a chal-
lenge, since they require the definition

of several thousands of observing blocks
(OBs) that need to be managed, sched-
uled and executed in the most efficient
way. The service mode operations for
public surveys use a new version of the
Phase 2 Proposal Preparation tool (P2PP)
and a new Observing Tool (OT); see
Arnaboldi et al. (2008). The creation of
OBs for public surveys also requires

a new tool called SADT (Survey Area Def-
inition Tool) for the definition of the sur-
vey geometry, e.g., filled field positions (or
tiles) at a given position on the sky or
large areas of several degrees, and the
sequence of “pawprint” offsets required
for the homogeneous coverage of the
VISTA camera focal plane (the 16 detec-
tors in the VIRCAM focal plane are non-
contiguous, see Figure 4 of Emerson et
al., 2004), and for finding the necessary
guide and active optics stars for each
pawprint. In addition, VISTA has a differ-
ent dataflow and quality control (QC) with
respect to the other VLT instruments.
Finally VISTA and its camera VIRCAM are
expected to produce an order of mag-
nitude more data than all the other VLT
instruments combined.

The VISTA SV was therefore a funda-
mental part of the procedure for verifica-
tion of the end-to-end system for the
VISTA telescope + VIRCAM camera +
Quality Control + Archive operations.
While the individual components could be
tested through previous verification

and commissioning activities, VISTA SV
has enabled ESO to carry out the full test

of the integrated system, tools and inter-
faces across departments, in a “survey-
like” operation mode for the first time, and
proves that ESO has a robust system in
place.

The VISTA SV projects — the Galactic
and extragalactic mini-surveys

SV consists of the execution of two self-
contained mini-surveys, one Galactic and
one extragalactic, which were defined

by teams of astronomers from ESO and
the community. The execution of two
mini-surveys in a single time allocation of
two weeks allowed ESO to optimise

the survey operations procedures, expe-
rience the full end-to-end process of
survey data, and fulfill the goals of the sci-
ence verification policy by providing the
community with a complete and scientifi-
cally exciting set of new data.

The VISTA SV Galactic and extragalactic
science cases are briefly described.

The Galactic survey project — Orion

Participants:

— ESO: Fernando Comerdn, Gaitee
Hussain, Monika Petr-Gotzens,
Suzanne Ramsay, Thomas Stanke,
Paula Teixeira

— External: Juan M. Alcald, Cesar
Bricefio, Mark McCaughrean, Joana
Oliveira, Loredana Spezzi, Elaine
Winston, Maria Rosa Zapatero Osorio,
Hans Zinnecker

- QMUL/VISTA/CASU: Jim Emerson,
Will Sutherland, Mike Irwin,

Jim Lewis, Simon Hodgkin, Eduardo
Gonzalez-Solares

The Orion star-forming region had been
identified as an ideal VISTA SV target

to study several aspects of star formation,
early stellar evolution, and the interplay
between OB stars and their immediate
environment. In particular, an area of ap-
proximately 30 square degrees in the
region of the Orion Belt, roughly centred
at RA = 05h 32m, DEC = - 00° 18,

was chosen for a deep VISTA survey
making use of all VISTA broadband filters
(Z, Y, J, H, Ks). Orion is the closest

giant molecular cloud at an average dis-
tance of ~ 400 pc, and has been actively



forming stars within at least the last

10 Myr (e.g., Bally, 2008), which is about
the timescale on which giant planets

are thought to be formed. The VISTA-
Orion survey area includes a number of
stellar groups of different ages, among
which are: very young (~ 1 Myr old) stellar
clusters, sometimes still embedded in
the molecular cloud material (NGC 2024,
NGC 2023, NGC 2068 and NGC 2071,
see Figure 1); the intermediate-age clus-
ter o Ori (age ~ 3 Myr); parts of the

older stellar OB associations Ori OB1b

(~ 5 Myr) and Ori OB1a (~ 10 Myr); as well
as the recently identified stellar group

of almost 200 pre-main sequence (PMS)
stars around the B-star 25 Ori (~ 10 Myr).

One of the main goals of the Galactic
VISTA SV project is to detect the

young stellar and substellar populations
present in the survey area, to a depth
that goes significantly beyond current
limits, and hence to investigate the
substellar initial mass function (IMF) down
to 10-20 M,,,,- This study will probe
environmental effects and possible non-
universality on the very low-mass end

of the IMF. With targeted survey sensitiv-
ity limits of Z = 22.7 mag, Y = 21.0 mag,
J =20.2 mag, H = 19.2 mag and

Ks = 18.4 mag, objects with masses as
low as 12 M, and as old as 10 Myr

can be uncovered. At somewhat younger
ages, e.g., 5 Myr, a 10 M, object is
expected to show a brightness of

J = 19.4 mag and Ks = 18.0 mag at the
distance of Orion (according to the
DUSTY evolutionary models of Chabrier
et al., 2000). The use of all VISTA
ZYJHKSs filters allows an optimal photo-
metric selection of candidate pre-

main sequence Orion members. Com-
plementary data, for example from
Spitzer and X-ray surveys, also provide
helpful additional indications for the youth
of individual candidate PMS objects.
Since variability has been recognised to
be another indicator of youth, a small
subset of the survey has also been
designed to study photometric variability
on timescales of days in the field of the
stellar aggregate around 25 Ori.

Additional goals of the survey include:

— A comprehensive spectral energy
distribution analysis to search for opti-
cally thick discs and a further analysis
of their evolution over a timescale of

Figure 1. This image shows a roughly 16 x 16 arc-
minute area of a VISTA tile taken on the Orion cloud
B, observing the cluster NGC 2071. The centre of
NGC 2071 shows up in scattered light (blue reflec-
tion nebulosity). Star formation activity is seen in the
immediate surroundings of the cluster. The image

is a colour-composite made from observations using
the VISTA Z (blue), J (green), and Ks (red) filters.

The image is tilted at position angle 15 degrees from
north.

1-10 Myr, the range of ages of the pop-
ulations present in the VISTA-Orion
survey. Understanding the evolution of
accretion discs can provide strong
constraints on theories of planet forma-
tion, and measuring the lowest mass
at which young objects harbour circum-
stellar discs is crucial for determining
whether planets can form around low-
mass brown dwarfs.

— Detection of scattered light emission
from the discs/envelopes of protostars
detected by Spitzer observations in

the Orion Cloud B. A wavelength cover-
age from the Z- to Ks-band of such
structures is very useful for models of
circumstellar envelopes, as they provide
a direct estimate of the outflow cavity
opening angles and orientations.

— Photometric variability of very low-mass
stars and brown dwarfs.

Observing strategy for the Orion survey

The survey consisted of observing 20
contiguous tiles covering a total area

of ~ 30 square degrees, and with each
tile being tilted by a position angle of

15 degrees. Each tile has a size of approx-
imately 1 by 1.5 degrees and defines a
fully covered area stacked from six VISTA
pawprint positions. Furthermore, the
tiles overlap by 60 arcseconds in the
X-direction (i.e. along the shorter side of
the tile) and by 100 arcseconds in the
Y-direction. The creation of observation
blocks for the survey area was facilitated

The Messenger 139 — March 2010 7
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by the mandatory use of SADT, which
has been specifically developed for the
preparation of extensive survey obser-
vations, and by using a newly designed
P2PP.

In detail, the following strategy and re-

spective OBs were adopted:

1) Deep imaging at Z, Y, H, J, Ks for
each tile was accomplished by creat-
ing two OBs (per tile) that were con-
catenated, i.e. enforcing their execution
in immediate consecutive order. The
first OB defined KsJZ imaging with typ-
ical total exposure times per pixel in
the stacked final tile of 96 s (Ks),

128 s (J), 900 s (Z) and two jitters per
pawprint position, except for Z-band
observations that use three jitters.

The second OB defined HYYZ imaging
with typical total exposure times

per pixel of 96 s (H), 240 s (Y), 48 s (Y),
48 s (Z). Short exposures for Y- and
Z-band with shorter DITs (Detector
Integration Times) were performed in
the second OB in order to have non-
saturated images for the moderately
bright objects. The OB execution

in concatenation took approximately 2
hours and was motivated by the fact
that young low-mass objects are known
to be possibly variable on timescales
of several hours to days. Hence, an
almost simultaneous observation of a
tile in all VISTA broadband filters can
obtain the true shape of the spectral
energy distribution of the sources.
Since most regions in the Orion survey
area do not show a strong nebulous
background and little crowding, the sky
was estimated from the science ex-
posures of the tile itself. Tile 4, how-
ever, contains NGC 2024, which has
extended nebulosity. Therefore, for
this tile the sky subtraction strategy
was to use the concatenated observa-
tions of Tile 4 with an offset sky field,
east of NGC 2024, and with the Tile 8
observations to the north of Tile 4.

2) Shallower, repeated imaging of Tile 19,
centred on the stellar group of 25 Ori
were executed in order to search
for variability of sources. An observa-
tion at J- and H-band (one short OB
with alternating H and J observations
with NDIT x DIT = 3 x 4 sec (H) and
2 x 8 sec (J) was executed at least once
per night. But typically, two epochs
per night were taken with a minimum

8 The Messenger 139 — March 2010
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separation of one hour in time between
these two.

3) To improve the sensitivity for observa-
tions at Z- and J-band of Tile 16, which
contains the well- studied cluster o Ori,
some additional OBs at Z- and J-band
were prepared. These observations
were used as fillers, i.e. were carried
out only in case additional time was
available, e.g., a few minutes (or tens of
minutes) at the end of the observing
night when it was not reasonable to
start deep observations on a new tile.
The settings used for these observa-
tions were NDIT x DIT = 3 x 30 sec (£),
8 x 4 sec (J), with three jitters per
pawprint position.

The extragalactic survey project —
NGC 253

Participants:

— ESO: Valentin Ilvanov, Emanuela
Pompei, Steffen Mieske, Thomas
Szeifert (Chile), Magda Arnaboldi,
Giuseppine Battaglia, Wolfram
Freudling, Eva Hatziminaoglou, Michael
Hilker, Harald Kuntschner (Garching),
Ingo Misgeld, Palle Mgller, Mark
Neeser, Nadine Neumayer, Kim Nilsson,
Marina Rejkuba, Jorg Retzlaff,

Remco Slijkhuis, Bram Venemans,
Bodo Ziegler

— External: Enrica lodice, Laura Greggio

- QMUL/VISTA/CASU: Jim Emerson,
William Sutherland, Mike Irwin,

Jim Lewis, Simon Hodgkin, Eduardo
Gonzalez-Solares

The scientific project of the extragalactic
mini-survey investigates the mass
assembly history of a spiral galaxy in the
context of the cold dark matter (CDM)
structure formation scenario. This goal is
achieved by using the abundance and
properties of galaxy satellites, i.e. their
mass function and metallicities, the
detection of the brightest stars (super-
giants, Asymptotic Giant Branch [AGB]
and Red Giant Branch [RGB] stars) in the
galaxy halo and in the stellar streams,
and the detection of globular clusters and
ultra-compact dwarfs in the galaxy outer
halo. This information maps the galaxy
assembly history, and the underlying
galaxy mass distribution for a nearby
edge-on spiral galaxy. Observationally,
this project requires deep imaging in the

Z- and J- broadbands, plus the NB118
narrowband. The deep narrowband im-
aging is required to map the opacity

of the halo, as well as to probe the star
formation rate at a redshift of 0.84 for Ha
emitting galaxies.

The target of the extragalactic mini-survey
is NGC 2583, a barred Sc galaxy, seen
nearly edge-on, in the Sculptor group at
the distance of 3.94 Mpc (Karachentsev et
al., 2003); see the VISTA image in Fig-
ure 2. It is one of the best nearby exam-
ples of a nuclear starburst galaxy. A
wealth of data is available in the ESO
archive: narrowband Ha, and (shallower)
broadbands from the MPG/ESO 2.2-
metre Wide Field Imager (WFI), and imag-
ing and spectra of the nucleus obtained
with SOFI and ISAAC. The deep image

of Malin & Hadley (1997), reaching

28 mag arcsecond?, shows the presence
of an extended asymmetrical stellar halo
plus a southern spur. A very small portion
of its stellar halo has been studied for
distance determination, and the accurate
distance (D = 3.94 Mpc) to the galaxy has
been determined by resolving and detect-
ing the RGB tip stars at / = 23.97 + 019 in
the outer disc observed with the WFPC2
camera on board the Hubble Space Tele-
SCope.

Complementary to the deep J and Z
exposures, shallow Y, J, H, Ks images

of NGC 253 are also required. The primary
goal of a shallow survey is to model the
disc and bulge components of NGC 253
and, together with the deep imaging
data, to detect any signatures of an ex-
tended thick disc component. With

the addition of optical data obtained from
the WFI, along with a robust bulge plus
disc decomposition, one can estimate
the mass via luminosity and a colour-
based mass-to-light ratio. Both the disc
model and the large number of observed
wavebands are also used to search

for possible substructures in the disc and
halo of NGC 253.

A summary of the scientific projects cur-

rently underway with the NGC 253 data-

set is:

— Morphology of spiral arms and disc;

— Nuclear young massive star clusters
and OB associations;

— Streams and satellite galaxy properties;

— Detections of globular clusters, ultra-



compact dwarfs, dwarfs in the galaxy
halo and their physical properties;

— Detection of RGB stars in the NGC 253
halo, their magnitudes, metallicities and
spatial distribution;

— High-z galaxies and the extinction in
NGC 253 halo by counting background
galaxies.

Observing strategy

The geometry for the survey consisted of
a single tile rotated at position angle

52 degrees so that the major axis of the
galaxy was parallel to the shorter side

of the tile: the wide VISTA field-of-view and
the adopted orientation of the camera

allows the survey of about 50 kpc above
and below the galaxy disc. With this
camera orientation, the disc of NGC 253
is centred on detectors 10 and 11 for
pawprints 2, 4 and 6, so that the other
three pawprints (1, 3 and 5), and their jit-
tered exposures can be used to create
an offset sky image for data processing.

The following observing strategies were
adopted: 5.8 hrs in NB118 (NDIT x DIT =
1 x 300 sec), 9.6 hrs in Z (NDIT x DIT =

3 x 60 sec) and 24 hrs in J-band (NDIT x
DIT = 5 x 45 sec) to detect the tip of

the RGB stars. We used a sequence of
six pawprint exposures nested within a
sequence of five jitter offsets. Such a
strategy was adopted to ensure the best

Figure 2. A VISTA image of the spiral galaxy

NGC 253, located in the Sculptor Group, is shown.
This true-colour image consists of co-added VIRCAM
tiles in the J-band (red), narrowband 1.18 microns
(green), and Z-band (blue). This 200-Megapixel
image tile has a physical dimension of 1.21 x 1.49
degrees, and impressively demonstrates VISTA's field
of view (with the detector gaps filled in the tile).

The long axis of the camera is aligned at position
angle 52 degrees, and north is to the left and east is
up. The inset shows a zoom of the north-eastern
spiral arm of NGC 253. Complementary to the
extremely large field of view attainable with VISTA, this
image shows the good image quality achieved
during the VISTA SV. Data processing and tile crea-
tion courtesy of CASU.

sky subtraction: the presence of an ex-
tended disc covering several detectors
would prevent simple sky subtraction
using images from different jitter expo-
sures, because the disc is both bright
and extended. Having adjacent pawprints
made it possible to subtract the sky. This
approach had an impact on the data
reduction and identified the need for the
definition of a sky template.

The shallow observing strategy included
short observations in Y; J, H and Ks

to study the morphology of the disc, the
bar and the nuclear regions, and the
mapping of the thick disc. Here the imple-
mented strategy tested a possible sky-
offset sequence. A concatenation was
made with three OBs, the first and the
third were centred on the galaxy with the
assumption that they would cover two
parallel stripes. The second OB was a
single pawprint observation of an offset
sky. This approach failed because of

a mistake in implementation of the SADT
definition of some tiles, which was then
solved in the official SADT release for the
Phase 2 call. The observing strategy
was changed on-the-fly and shallow ob-
servations with the correct coverage
were obtained using the same observing
strategy that had proved to work for the
deep survey.

The definition of the geometry of the mini-
surveys via SADT, and the Phase 2 OBs
are available on the VISTA SV web page'.
VISTA SV — input requests from the Pls

On the basis of the Public Survey
Panel’s recommendation, the Principal
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nvestigators (PIs) of the public surveys
were invited by the ESO Director General
during the Phase 2 workshop to submit
their OBs for targeted observations

(up to two hours duration) with observing
modes that were not covered by the
VISTA SV observing strategies. Details of
the VISTA public surveys can be found

in Arnaboldi et al. (2007). Public survey
Pls Minniti (VVV), Gioni (VMC), Jarvis and
Dunlop (VIDEO and UltraVISTA) requested
short observations during the VISTA SV
for their dedicated tests. More informa-
tion on the observing strategies and the
associated data products are also availa-
ble on the VISTA SV web pages'.

VISTA SV — visitor mode observations

Observations were carried out in visitor
mode and the observers were Arnaboldi,
Hilker, Petr-Gotzens and Rejkuba from

15 October to 3 November 2009. Support
astronomers were Szeifert and Ivanov.

A complete observing log is available from
the VISTA SV web pages'. The weather
conditions were good for most of the
nights with typically clear or photometric
atmospheric conditions and seeing

< 1.2 arcseconds. Four nights were lost
due to weather and technical problems.
The galaxy NGC 253 was observed during
the first half of the nights at airmasses
less than 1.5. Orion was then observable
during the second half of the nights, after
it had risen above airmass 2.0.

Pawprint-level data products for about
60 % of the observations of the extra-
galactic mini-survey, and 10 % of the Ga-
lactic mini-survey were produced at

the Paranal Observatory, in parallel with
the observations. The reductions were run
on the offline machine with the VIRCAM
pipeline version 0.9.6. The reduction
blocks were manually adjusted in order
to use the latest calibrations available,
and include the offset frames for sky sub-
traction. The OB-level data products
consist of stacked jittered images for each
pawprint, associated photometric cata-
logues, confidence maps, as well as offset
sky images. These reductions enabled
the ESO astronomers involved in the user
support and science operations to gain
experience with the VIRCAM pipeline and
data processing, and to investigate some
validity ranges of the different parame-
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ters, i.e. de-striping, and the best obser-
vational strategy for offset sky observa-
tions. At the same time important VIRCAM
template parameters and instrument char-
acteristics were measured as described
below.

Reductions of SV data beyond the
pawprint level — production of tiles, mo-
saics and band merging of the cata-
logues — are on-going activities coordi-
nated in ESO Garching by the SV team
Pls, Arnaboldi and Petr-Gotzens, and in
CASU by Irwin.

VISTA SV — feedback to science opera-
tions and user support

The observations carried out during the
VISTA SV provided very useful tests

on the Phase 2 tools and the science op-
eration in service mode. The results

of these tests and the actions taken are
briefly described.

The ESO astronomers verified the con-
sistency between the definition of the sur-
vey geometry of executed OBs and the
acquired frames via the astrometry cali-
bration applied by the VIRCAM pipeline to
the OB data products. Important SADT
input parameters, e.g., the tile overlaps,
tile orientation on the sky and the combi-
nation of six pawprints into a tile, were
verified with the corresponding data prod-
ucts. The new concepts of the schedul-
ing containers implemented for the first
time in the P2PP version for surveys were
tested and executed during the VISTA SV.
OBs were defined using Time Link, Con-
catenation, and Group scheduling con-
tainers. The implementation at the P2PP
level is working well.

The VIRCAM templates allow the use

of multiple filters in a single OB. The nest-
ing of different filters, different pawprint
sequences and jittering offsets needed to
be verified during SV. All available config-
urations were used and most of them
successfully executed. In the case of
problems, they were either documented
or actions taken to solve them before

the Phase 2 call. The overheads for OB
execution were measured during the
ESO commissioning run in July 2009 and
implemented as part of P2PP for the
verification of the OBs carried out by the

user support astronomers. The over-
heads were tested during the execution of
the SV OBs and further verification is
expected during the regular service mode
operations, with more robust statistics on
a larger number of OBs.

The VIRCAM detectors were tested for
persistence, linearity and saturation level.
Results based on the observations of
bright stars in the Orion survey indicate
that only a very low level of persistence is
measured. For a star with K = 2.2 mag
(HD 36558) a persistence signal of 1.5 ¢
above the background was detected

1 minute after the saturation occurred. No
persistence at all is measurable after 2
minutes. Filters were checked for fringing
and none was detected. Linearity and
saturation tests were carried out during
the VISTA commissioning, and the related
information is available from the CASU
web page?.

The intensity of the sky background

was monitored during the evening twilight.
A long sequence of observations was
acquired in J- and Z-band for the

NGC 253 mini-survey, and the frame se-
guence shows a strongly decreasing
background as a function of time from the
evening twilight for the J-band, and

a shallower decrease in the Z-band, see
Figure 3.

Feedback to the VISTA Data Flow System

To ensure an early feedback of the VISTA
SV results into the Vista Data Flow Sys-
tem (VDFS) , a two-day meeting of the
ESO SV team and CASU representatives
was organised at ESO on 25-26 Novem-
ber 2009. In the current setup, the

VISTA raw data reach CASU one week
after they are ingested into the ESO
archive; all the data taken with VISTA are
processed by CASU, and then trans-
ferred to the other VDFS component, the
VISTA Science Archive (VSA) at the Wide
Field Astronomy Unit (WFAU) in Edin-
burgh. An important aspect of the opera-
tions is that the night logs are very impor-
tant for the processing of scientific data.
Therefore channels for the information to
flow both from ESO to VDFS components
in the UK and vice versa need to be spe-
cifically established, and some areas for
improvement were identified.
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Figure 3. Background flux vs. twilight time distance:
J-band (left panel) shows a rapid decrease in back-
ground flux within the first hour from the evening
twilight, while the effect is smaller for Z-band (right
panel). These measurements were made on raw
images, but in all cases DIT and NDIT values were
the same.

VIRCAM detectors have about 1-10 %
deviation from linearity and saturate

at about 24 000-37 000 ADU. To ensure
the use of VIRCAM detectors in the line-
arity regime, VISTA users are advised

to adopt short integration times, e.g.,
DIT < 10 s for H- and Ks-bands. Science
operations in Paranal have implemented
a careful monitoring of flats in the dif-
ferent bands taken at sunsets, as they
can easily be outside the linearity regime.

Both the astrometric and photometric
calibration were discussed at length

by the ESO and CASU astronomers. The
astrometric calibration implemented

by the VISTA pipeline seems to work well
in the Orion fields, but had some prob-
lems in the case of the NGC 253 bright
disc. Since it depends on the 2MASS
catalogue, when the reference stars are
affected by spurious detections because
of crowding of bright extended objects
in the field, the astrometric calibration
computed by the pipeline is not correct.
SV data uncovered this problem and
allowed more robust quality checks on the

2MASS star catalogue to be established.
An updated version of the VISTA pipeline
now handles the astrometry correctly.
JHKs photometry and zero points are
computed for each detector by compari-
son with 2MASS photometry for the
same stars. The Z- and J-bands can be
calibrated from the linear relation with
2MASS J-H colour, and the independent
zero point calibration via standard fields
taken during the night.

Publications of VISTA SV data and next
steps

The raw data and master calibrations

of the two mini-surveys executed during
the VISTA SV were published on the
dedicated VISTA SV pages' and became
available worldwide on 21 December
2009. They can be downloaded via the
ESO archive web pages; users should
be reminded of the large size of these
images!

The VISTA SV team is also planning to
publish the data products produced

by the VDFS pipeline and the advanced
data products, e.g., complete mosaicked
pawprints into tiles and band-merged
catalogues, as soon as these are scientif-
ically validated. Access to these data
products via the ESO archive will provide

At = # from evening twilight (hours)

the astronomical community at large
with a set of VISTA data ready for scientific
exploitation.
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A breakthrough in the development

of sodium laser guide star technology
at ESO was made in 2009. The laser
research and development programme
has led to the implementation of a
narrowband Raman fibre laser emitting
at the wavelength of the sodium lines
at 589 nm with demonstrated power
beyond 50 W. Fibre lasers are rugged
and reliable, making them promising
candidates for use in the next genera-
tion of laser guide star systems, such
as the Adaptive Optics Facility planned
for installation on VLT UT4 in 2013.

Introduction

Laser guide stars (LGS) can be used

as reference beacons for adaptive optics
(AO) and significantly enlarge the sky
coverage of AO on optical telescopes.
Sodium LGS are obtained by illuminating
the natural layer of atomic sodium in

the mesosphere at 80-100 km altitude
using a wavelength of 589 nm (the sodium
D, lines) and causing it to fluoresce.

In this way, an artificial “star” can be pro-
duced that is a useful alternative to a
natural guide star where none exists at
that sky location. AO uses the laser guide
stars as reference sources to probe
atmospheric turbulence and provide feed-
back to deformable mirrors in order to
compensate image blur effects induced
by this turbulence. Sodium LGS produce
less focus anisoplanatism (cone effect)
than Rayleigh LGS and they can probe
the entire extent of the atmosphere
(Ageorges & Dainty, 2000).

Several large telescopes are equipped
with AO and LGS facilities, and future
Extremely Large Telescopes will require
LGS-AO for some operational modes.
ESO installed its first laser guide star
on the Very Large Telescope (VLT) Unit
Telescope 4 (UT4; Yepun) for the NACO
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and SINFONI instruments (Bonaccini et
al., 2003), and in 2013 the installation

of a further four LGS is planned as part
of the Adaptive Optics Facility (AOF;
Arsenault et al., 2006) project. Future ex-
tremely large telescopes such as the
European Extremely Large Telescope
(E-ELT) will also require multiple laser
guide stars (currently 6-8 are envisaged),
and it is essential to provide reliable,
compact, low-maintenance laser sources
at a reasonable cost to meet the needs of
these telescopes.

To produce sufficiently bright guide

stars, lasers at 589 nm with powers of
around 20 W Continuous Wave (CW)

and extremely good beam quality are
needed. The brightness of the guide star
depends, amongst other things, on

the detailed atomic physics of the sodium
layer. As this has not been well mod-
elled, extensive design simulations of the
mesospheric sodium return flux have
been undertaken (Milonni et al., 1998;
Drummond et al., 2004; Holzldhner et al.,
2010). For the AOF multiple laser guide
star facility, this has resulted in specific
requirements on the optical characteristics
of the laser, as summarised in Table 1.

Firstly, to facilitate efficient optical pump-
ing and achieve small LGS sizes, the
emitted laser-beam wavefront error has
to be better than 70 nm root mean
square (rms), with a goal of 25 nm rms.
Secondly, a highly polarised output

is needed to produce circular polarisation
and perform optical pumping of the
mesospheric sodium atoms, which further
enhances the resonant backscatter
signal. Circular polarisation is obtained
by, for example, inserting a quarter-wave
plate in the launch telescope system.
Finally, re-pumping of the sodium atoms
is extremely advantageous (Kibblewhite,
2008) for the LGS return flux and is
achieved by emitting two identical laser
lines at the centres of the D,, and the

D,, sodium lines, with an intensity ratio of

10:1. These requirements on the laser
and the launch equipment are stringent.
For routine operation at astronomical
observatories, the laser should also be
rugged, turn-key, remotely operated
from the control room, and require little
maintenance. These laser characteristics
have been specified for the AOF, but
they are also relevant to the E-ELT base-
line requirements. It must be mentioned
that special formats of pulsed lasers
may become useful in the coming years
to reduce or eliminate the effects of

spot elongation (Beckers, 1992; Beletic
et al., 2005) in large aperture telescopes
and to determine the rapidly varying
sodium profile precisely, but have not yet
been pursued.

Dye lasers provided the first generation
of 589-nm lasers to the astronomical
community. They were the only possible
choice at the time when Keck and ESO
decided to build their laser guide star
facilities. One model of a 589-nm dye
laser was built by the Lawrence Livermore
National Laboratory for the Lick and
Keck Observatories; a different dye laser
model was made for ESO by the Max-
Planck-Institut fur extraterrestrische
Physik in Garching (Rabien et al, 2003), as
part of the LGSF project (Bonaccini

et al., 2003). Although extremely useful for
pioneering LGS-AO techniques and

for conducting the first LGS-AO observa-
tions, this class of laser has the draw-
back that it requires high maintenance
and preparation time before an observing
night, which, at astronomical observato-
ries, creates manpower loads with a
considerable footprint on the observatory
operation. These considerations make dye
lasers possibly undesirable candidates
for multiple laser guide star systems. Fur-
thermore, dye lasers are limited to stable
gravity vector installations.

When the first conceptual design of the
AOF multiple laser guide star facility
was conceived at the end of 2005, off-the-

Table 1. Laser optical characteristics
specified for the VLT Adaptive Optics
Facility.

Parameter Value

Format CW (continuous wave)
Wavelength 589 nm

Power (laser device/in air) 20 W/16 W

Linewidth <5 MHz

Polarisation Linear, Pol. ratio > 100:1

Wavefront error (rms)

Sodium D,, re-pumping ratio’ 12%

<70 nm (< 25 nm goal)

D, re-pumping denotes blue-shift-
ing a fraction of the D, line laser
power by 1.71 GHz in order to boost
the sodium fluorescence efficiency.



shelf solid-state lasers at 589 nm, with
the characteristics listed above, did not
exist and ESO therefore launched an
internal research and development (R&D)
programme to support the goal of
achieving second generation laser char-
acteristics: turn-key, compact, solid-state
CW lasers at 589 nm to be used rou-
tinely, requiring limited maintenance, and
sufficiently ruggedised to be mounted
next to the laser launch telescopes on
the altitude structure of the telescope.

This R&D programme, which reached

a successful conclusion at the end of
2009, has resulted in the demonstration
of progressively increased laser output
power in the last two years, reaching up
10 50.9 W CW output at 589 nm and a
measured linewidth of 2.3 MHz. During
the course of this development, we

have capitalised on a significant industry
trend towards increasing use of high
power fibre lasers in multiple industry
segments, while developing a unique and
innovative narrowband Raman fibre
amplifier technology as a solution to those
laser problems that are specific to guide
stars and therefore could not readily

be solved by recourse to the commercial
sector. In the final year of the programme,
we have made this technology availa-

ble to industry and an industrial consor-
tium has been able to independently
demonstrate a 20 W class 589-nm laser
based on the ESO narrowband Raman
amplifier technology.

Laser technology background

With the operation and experience of the
ESO LGSF, it has become clear that new
laser sources had to be developed for
the next generation instruments or tele-
scopes, that meet stringent requirements
concerning reliability, compactness, and
turn-key operation at astronomical sites.
When we started the R&D activity, sum-
frequency solid-state lasers combining
1064-nm and 1319-nm lasers were being
pursued independently by the US Air
Force and by the Gemini project together
with Coherent Technologies as the indus-
trial partner. In both cases these are
solid-state lasers with free-space optics
and bulk optical tables full of components
that must remain aligned during tele-
scope operation. A broad exploration of

Courtesy of S. Seip

the technology readiness levels of differ-
ent laser technologies was performed
at the beginning of the R&D phase, visit-
ing different institutes and several laser
companies in Europe and in the US, and
studying the vast laser literature.

Control Electronics
Power and Cooling

Optical Fibre
Laser 1178 nm | |

589 nm Visible
Light Generation

Figure 1. VLT UT4
(Yepun) shown with

the LGSF laser beam
propagated at Paranal.
The Galactic Centre

is visible over the dome.
The photograph, taken
in 2007, is a 5-s expo-
sure during full Moon.

We decided to explore the technology
of lasers at 1178 nm, to be frequency
doubled to 589 nm in nonlinear crystals
using Second Harmonic Generation
(SHG), shown schematically in Figure 2.
We studied ytterbium fibre lasers care-

Figure 2. The laser scheme is shown. A fibre laser
at 1178 nm feeds a compact second harmonic
generation unit based on nonlinear crystals, which
converts two photons at 1178 nm into one photon
at 589 nm.
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fully, but it seemed at that time very

unlikely that they can ever lase directly at

1178 nm, while suppressing the ampli-

fied spontaneous emission at shorter

wavelengths, in particular to 1064 nm.

VECSELSs (Vertical External Cavity Sur-

face Emitting Laser, also called Optically

Pumped Semiconductor Lasers) were

considered and discussed with Coherent

Inc. in Santa Clara, but their technology

readiness was low for our application.

We therefore further explored the boom-

ing fibre laser technology for the following

reasons:

— fibre lasers are alignment-free, being
long waveguides with the photons con-
fined to the fibre core;

— their output optical beam quality is
diffraction-limited in single mode fibres
at the powers of interest to us;

— the heat is distributed along the fibre
volume, hence there are no overheating
locations in the fibre laser creating strain,
lifetime, or beam optical quality issues
at the powers of interest to us, contrary
to other known solid-state lasers such
as VECSELSs or waveguide amplifiers;

— there is a robust industrial base for
fibre lasers, and they are commercially
available (at other wavelengths than
1178 nm) with powers even higher than
required;

— fibre lasers can be rack-mounted and
located further away from the com-
pact 589-nm SHG unit using the fibre
laser output as relay. Thus it is pos-
sible to create compact laser heads,
where the 589-nm light is produced,
that are mounted directly on board the
laser launch telescope;

— fibre lasers are simple and contain
very few components, hence are gener-
ally more reliable and also intrinsically
cheaper than other lasers.

Fibre laser technology has made very
fast progress in recent years, with Raman
fibre lasers used in the telecom indus-
try, and ytterbium lasers used in the
material processing and the car industry,
among others. This development has

led to the availability of in-filore compo-
nents such as fibre Bragg gratings (FBG,
equivalent to free-space mirrors placed
inside the fibre), fibre couplers (equivalent
to free-space beam splitters), and wave-
length division multiplexers (WDM, equiv-
alent to free-space dichroics). In the
broad technological class of fibre lasers,

14 The Messenger 139 — March 2010

Bonaccini Calia D. et al., Laser Development for Sodium Laser Guide Stars at ESO

we further narrowed down the technology
to Raman fibre lasers, because existing
rare-earth doped fibre lasers have low
gain at 1178 nm. In contrast to rare-earth
doped fibre amplifiers, such as the well-
known EDFAs (erbium-doped fibre ampli-
fiers), Raman fibre amplifiers take ad-
vantage of a nonlinear conversion process
in the fibre which converts “pump energy”
from the laser at short wavelengths to
the signal wavelength via optical phonons,
rather than via atomic transitions. As
shown below, however, we had initially to
overcome several technological problems.

Broadband Raman fibre ampilifiers (RFA)
are extensively used in the telecom-
munications market. Our challenge was
to achieve narrowband fibre Raman ampli-

Nonlinear optical effects in optical fibres

Sufficient optical intensities can momen-
tarily modify the optical properties of

a medium so that its behaviour depends
nonlinearly on light power. This circum-
stance can be expressed mathematically
by expanding the susceptibility ¢, which
describes the dependence of the optical
polarisation of a medium on the electric
field, in a Taylor series. The second-order
term ¥ is responsible for second har-
monic generation and sum-frequency gen-
eration (SFG) that are used for frequency
conversion in materials such as lithium
tri-borate (LBO). However, the silica glass,
of which optical fibres are made, obeys

a structural centre symmetry, implying that
%@ vanishes, and thus x is the first non-
zero nonlinear expansion term (3 is a
complex third-order tensor; Boyd, 2003).
In the particle picture, ¥ effects describe
the interaction of four different photons.

Nonlinear effects due to ' can be con-
ceptually divided into parametric effects,
including the Kerr nonlinearity (index
variation of the glass due to high electric
fields that can induce self-focusing and
self-phase modulation), four-wave mixing
(FWM) and non-parametric processes

in which light energy is exchanged with the
glass, such as stimulated Raman scatter-
ing (SRS) and stimulated Brillouin scatter-
ing (SBS). While we exploit SRS in Raman
amplification, SBS and FWM are unwanted
effects. Brief explanations of these effects,
important for the LGS development, are
presented.

fication with powers of about 40 W CW
at 1178 nm. As an illustration, the power
density in a 5-micron core fibre at

40 W exceeds 2 x 108 W/cm?, giving rise
to nonlinear effects due to the interaction
of the electromagnetic radiation with

the glass. Today, other laser technologies
such as the photonic crystal ytterbium
lasers/amplifiers, VECSELs, and bismuth-
doped fibre lasers have risen in tech-
nology readiness level to become poten-
tial laser sources at 1178 nm, both CW
or pulsed. Furthermore, new fibre lasers/
amplifiers allow novel sum-frequency
photon combinations to reach 589 nm,
using fibre lasers with rare earth dopants
such as thulium or neodymium; however,
these developments have yet to be fully
demonstrated.

SRS

Stimulated Raman scattering is the non-
linear effect at the core of our RFA technol-
ogy, producing a frequency shift, in this
case of the 1120-nm photons of the pump
fibre laser to 1178 nm. SRS is a combi-
nation of the Raman inelastic scattering
process with stimulated emission, which
amplifies the optical signal with low noise
and distributed amplification along the
fibre. The pump photons undergo inelastic
scattering with the glass molecules of

the fibre core, exciting vibration states and
creating “optical phonons”, which divert
part of the photon energy so that the pump
photons at 1120 nm are shifted to longer
wavelengths, known as the Stokes shift.
The extent of the wavelength shift and the
efficiency of the Raman process at a given
light intensity are related to the material
composition and the index profile of the
fibre core.

SBS

Stimulated Brillouin scattering limits the
output power of the RFA, depending on its
emitted linewidth. It arises from the inter-
action of photons with acoustic phonons
generated in the fibre core. In a simplified
model of SBS via the electrostrictive ef-
fect, a travelling acoustic wave is created
that carries forward a periodic variation

of refractive index in the fibre core, produc-
ing, in effect, a long optical grating that
reflects part of the signal back towards the
seed laser (see Figure 3). The grating
modulation is amplified progressively to-
gether with the Raman signal. The onset of
SBS with increasing power is very sudden,



and its threshold depends on the fibre
length and core material, the fibre acoustic
waveguiding properties, the laser wave-
length, the optical power and, importantly,
the bandwidth of the radiation. Linewidths
less than a few tens of MHz lead to low
SBS thresholds: a standard RFA at 1178 nm
is limited to output powers of only 2—-4 W!
Valuable experience was gained with
mitigation of SBS during the LGSF project,
where SBS can occur in the 27.5-metre
fibre relay to transfer the Parsec dye-laser
beam from the optical bench to the launch
telescope, and we developed special
photonics crystal fibres to suppress SBS
(Hackenberg et al., 1999). In the RFAs
described in this article, we employ novel
ESO-proprietary SBS suppression tech-
niques that push up the SBS threshold by
more than an order of magnitude.

FWM

Four-wave mixing, or self-modulation, is
induced by the Kerr effect in the interaction
between the photons at different frequen-
cies and the medium. Repeated beating
effects between the generated photons at
different frequencies create strong line
broadening. In optical amplifiers, this effect
leads to a mixing of the signal with optical
noise and hence broadens the laser line.
Counter-propagating the pump laser limits
FWM effects in the RFA, and that is the
solution adopted. FWM is a phase-sensitive
process and can be effectively suppressed
by a phase mismatch between the photons
at different wavelengths (Boyd, 2003).

Laser Signal

¢=r.—_ e
Reflected

Stokes Lightwave

Figure 3. Schematic illustration of the SBS effect
is shown. In the fibre core, the forward signal

is amplified via SRS. The travelling acoustic wave
created by the interaction of the photons with
the acoustic phonons creates a periodic refrac-
tive index pattern, which extracts energy from

Frequency
Controller

the forward signal photons to create phonons,
sending back and amplifying a fraction of the
lower energy SBS “Stokes” photons, shifted in
wavelength to the red. The SBS at high powers
can be very effective and send back > 99 % of
the forward signal.
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Figure 4. A schematic of the 5689-nm
fibre laser and its control is shown.
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Technical approach

We have pursued 1178-nm narrowband
Raman fibre amplifier technology
(Bonaccini et al., 2006; Feng et al., 2008).
The RFA output radiation is frequency
doubled in a commercially available, com-
pact resonant cavity producing a 589-nm
beam. Second harmonic generation
(SHG), or frequency doubling, is a para-
metric nonlinear process by which,

using suitable nonlinear crystals, two pho-
tons are combined into one with twice
the energy, or half the wavelength, of each
of the fundamental frequency photons.

A schematic of the 589-nm laser is shown
in Figure 4. All subsystems of the lasers
except the RFA are commercially available
off-the-shelf. A commercially available
1178-nm seed, frequency stabilised by a
wavemeter with an absolute error of less
than 10 MHz, feeds, via a single-mode
fibre, an 1178-nm high power RFA, whose
output is frequency doubled in a com-
pact SHG resonant cavity containing an
LBO nonlinear crystal. The 1178-nm
narrowband RFA source has been the
core of our research.

Nonlinear effects such as Stimulated
Brillouin scattering (SBS) and four-wave
mixing (FWM) (see insert) were limiting
the laser linewidth to tens of GHz for the
powers of interest, while we aimed at

a few MHz laser linewidth. The invention
achieved at ESO, and being patented,
uses SBS suppression methods, pushing
the SBS threshold power up by an order
of magnitude. The FWM is limited by

the properties of the fibres and by coun-
ter-propagating pump and radiation
signals. As a consequence, very little line
broadening is observed in the optical am-
plifier, even at full power.

The high-power fibre components needed
for the RFA at 1178 nm had to be pro-
gressively developed with the laser indus-
try, such as in-line wavelength division
multiplexers, free-space isolators, in-fibre
isolators, couplers and high-power 1120-
nm polarisation-maintaining (PM) pumps.
To minimise the R&D risk, we have fur-
thermore followed two paths in parallel:
an in-house development of RFA based
on fibres that do not maintain optical po-
larisation (non-PM); and, in parallel, via
contracts with industry, the development
of RFA based on PM fibres. Both amplifier
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Output Beam
1178 nm

1178 nm

Figure 5. The layout of the Raman fibre amplifier is
shown. The output from a high power pump fibre
laser at 1121 nm is coupled via a fused glass optical
fibre coupler into a fibre spool, where it amplifies
the output of a low power seed laser at 1178 nm by
the nonlinear optical process of Stimulated Raman
Scattering.

technologies have different pros and
cons for the RFA and pose different risks.
Today we can say that both approaches
have been highly successful, meeting
and exceeding their goal targets. PM RFA
solutions are to be preferred because
they are simpler to implement and are
thus becoming commercially available.

Besides developing the RFA and inte-
grating them in the laser system at our
labs, we have explored the scalability

of power, successfully developing coher-
ent beam combination (CBC) schemes.
In the following sections we report the
results obtained with the single RFA and
with coherent beam combination.

Bonaccini Calia D. et al., Laser Development for Sodium Laser Guide Stars at ESO
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Raman ampilifier results

We have progressively increased the
achieved RFA power once the right meth-
ods to overcome SBS were found,
following the progressive availability of the
necessary fibre components. From 4 W
output power at 1178 nm in November
2007, we moved to 39 W in August 2009,
maintaining a linewidth below 1.5 MHz
and an all-fibre system. In August 2009
we had reached 39 W CW with a single
non-PM RFA system developed in-house,
together with a novel 150-W fibre laser
pump at 1120 nm (Feng et al., 2009); see
Figure 6. Using an adaptation of the
technology developed at ESO, MPBC Inc.
in Canada had produced 44 W with a
single PM RFA by the end of 2009. These
RFAs give ample margin to reach 20 W
at 589 nm — the laser power specifi-
cation for the AOF with four LGS and the
E-ELT LGS system — with adequate
linewidth. These results represent both

1120 nm Pump power (W)

Figure 6. The 1178-nm RFA output power as a func-
tion of the pump power at 1120 nm is shown. The
maximum value obtained is 39 W. The onset of SBS
(black curve, right axis) is seen as return light going
back toward the optically isolated seed source. The
RFA optical conversion efficiency is 28 % and its
wall-plug efficiency 5 %.

record power and intensity output from a

narrowband RFA at spectral power densi-
ties well in excess of those normally toler-
able in non-SBS-suppressed systems.

The spectral properties of the RFA
output are shown in Figure 7, which indi-
cates a very clean spectrum with more
than 45 dB emission above amplified
spontaneous emission and a linewidth of
below 1.5 MHz, measured at 39 W.

The 1178-nm laser beam is collimated and
mode-matched to a compact resonant
cavity (Figure 8). Frequency doubling

RFA Emission Spectrum

RFA Emission Line at 1178 nm

Intensity (arb. unit)

FWHM = 1.5 MHz

Figure 7. RFA emission
linewidth, measured

with a scanning Fabry
Perot (left, linear plot),
and an Ando spectrum

analyser (right, log plot)

are displayed. The right
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plot shows that there

is a single laser emis-
sion line, no residual
pump signal at 1120 nm
present and no second
order SRS Stokes.




is performed by slightly modifying a com- M1 Figure 8. Layout of the
mercially available SHG unit. The SHG V2 B s
is a very compact bow-tie cavity config- RS IS . shown.

uration with a 30-mm long LBO nonlinear : ‘

crystal (see Figure 10) and a control
system based on the Pound-Drever—Hall
technique. LBO is well known to be

able to handle very high laser powers
without lifetime issues. Optical conversion
efficiencies up to 86 % have been
achieved (Taylor et al., 2009), thanks both
to the diffraction-limited beam quality

of the single mode RFA (ensuring a good
mode-matching capability) and the

RFA low intensity/phase noise behaviour.
28 W CW at 589 nm have been obtained M4 M3 ‘
(Feng et al., 2009) with a single RFA and ° R ARRCSCRRTEIERRRE T 2
SHG in September 2009 (Figure 9 and

10), with excellent beam wavefront quality.
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Figure 9. Plots of laser output power at 589 nm (yel- Figure 10. Photograph of the compact bow-tie SHG
low curve, left axis) and SHG efficiency (black curve, cavity with the 30-mm LBO crystal mounted in its
right axis) are shown as a function of the 1178-nm temperature controlled oven (centre). The 1178-nm
power entering the SHG cavity, obtained with the laser beam enters from the left side into the crystal;
single RFA. the generated thin yellow beam is visible to the right,
exiting the crystal.
589 nm
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Figure 11. Left: The output laser beam
- intensity profile taken at 589 nm in
high power operation is shown. The
wavefront error measured with an

. e L . : L ] . . : ; . interferometer is 11 nm rms. Right: line
profile at high power, measured with
the optical spectrum analyser.
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The output beam quality has been meas-
ured at high power using a Phasics SID4
interferometer. The wavefront error meas-
ured over the 1/e? diameter was below
0.018 waves, or 11 nm rms (Figure 11),
well below the 70 nm rms specification.

Power scaling

During the development there was the
risk that a single RFA would not reach suf-
ficient power levels. In order to mitigate
this risk, we developed coherent beam
combination (CBC) of 1178-nm laser
beams. By coherently combining the out-
put beams of different RFAs, the power
can be scaled. We have demonstrated
that two or more RFAs of equal power
can be coherently combined at near-unity
combination efficiency, in free space
using bulk optics (see Figure 12) via the
colinear interference technique, or
directly in-fibre without free-space laser
beams. We employed a phase control
loop acting on a fibre stretcher on one of
the RFAs and a 50/50 beam splitter. The
loop controls the piston term of the
wavefront phase in the fibres at a band-
width of several tens of kHz. A woofer/
tweeter technique was used, cascading
two different fibre stretchers, to com-
bine ample phase range to cope with

the large phase changes during the laser
warm-up with high bandwidth.

CBC has been demonstrated in-house
both with bulk optics and, via research
contracts with industry, in-fibre (in-line),
using 50/50 fibre splitter components
(couplers). It has thus been demonstrated
for the first time that CBC with narrow-
band RFAs is possible and indeed
extremely efficient. We note that this result
is very encouraging and applicable to

a wide realm of laser light combination.

We have used CBC with stable output
power and efficienc