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ESO - European Southern Observatory
Karl-Schwarzschild Str. 2, D-85748 Garching bei München

Very Large Telescope

Paranal Science Operations

KMOS User Manual

Doc. No. ESO-264148

Issue 6.1.1, Date 2024-05-22

J. M. Corral-Santana (on behalf of the KMOS IOT)
Prepared . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Date Signature

E. Sani
Approved . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Date Signature

S. Mieske
Released . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Date Signature



KMOS User Manual ESO-264148 ii

This page was intentionally left blank



KMOS User Manual ESO-264148 iii

Change Record

Issue/Rev. Date Section/Parag. affected Reason/Initiation/Documents/Remarks

1.0 2013-12-15 all created - released
2.0 2014-12-21 all converted from Word format
3.0 2015-11-12 NCYCES keyword added,

darks removed from calibration plan,
recommended DITs

3.5 2015-12-18 mainly typos corrected and minor changes
3.6 2015-12-21 Sec. 3.4.5 Table 8, sky sequences updated
3.7 2015-06-20 Sec. 4.1.5 Paragraph added on flux calibration

3.8 2016-11-24 Sec. 3.4.5
Table 8, typo corrected for # science=3,
sky freq.=2

Sec. 4.1.5
Details on telluric spectral type and
HK flux calibration

3.9 2016-12-19 Sec. 7.3.2 Update table with no sky freq.
4.0 2017-06-21 Sec. 3.4.1 New feature in KARMA v2.7
4.1 2018-03-05 all Refer to p2 Tool

Sec. 4.1.5 Updated with response function

4.2 2018-11-24 Chap. 6
Tips on target allocation and optimal
background subtraction

Sec 8.3 New: response function per arm per grating
4.3 2019-06-17 Sec. 3.4.9 Details on rotator optimization and target priority

Sec 7.2.3 & 7.2.4 Correct keywords for GS
4.4 2019-09-01 Sec. 2.4 Includes categories of turbulence

4.5 2019-11-22 Sec. 3.4.8
Gratings transparency as a function of PWV
plus tips

4.6 2021-07-09 Sec. 3.2 added how to contact ESO for support
4.7 2022-05-12 Sec. 3.2 & 3.3 update of the limiting magnitude of the GS
5.0 2022-07-29 Sec. 4 P111 updates: tellurics without airmass constraint

all minor changes and typos
6.0 2023-01-10 Sec 4 P112 updates: only a telluric provided by the

observatory at average airmass and twilight
6.1 2023-11-22 Sec 3.4.2 P113 updates: minor update in the wording

Sec 7.3.1 Stare mode not allowed with nod-to-sky config.
Sec 7.3.2 Nod-to-sky mode not allowed with stare config.

6.1.1 2024-04-15 Sec 7.3.2 Nod-to-sky mode not allowed with stare config.
6.1.2 2024-05-22 Sec 4.1.5 & 7.4 KMOS_spec_acq_stdstarcipatt not allowed

with mosaic modes.



KMOS User Manual ESO-264148 iv

This page was intentionally left blank



KMOS User Manual ESO-264148 v

Contents

1 Introduction 1
1.1 Applicable Documents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Abbreviations and acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.3 Scope of this document . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.4 KMOS in a nutshell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.5 Integral Field Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Technical description of the instrument 4
2.1 Overview of the instrument . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Description of the instrument sub-systems . . . . . . . . . . . . . . . . . . . . 4

2.2.1 The pick-o� system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2.2 Integral Field Units and �lters . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.3 Spectrographs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.4 Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.5 Calibration Unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.6 Infrastructure and electronics . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Overall performances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.1 Image quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.2 Spectral bands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.3 Spectral resolving power . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.4 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.5 Recommended DITs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.6 Saturation and persistence limits . . . . . . . . . . . . . . . . . . . . . 13

2.4 The Exposure Time Calculator . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 Observing with KMOS 14
3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2 KARMA: the observation preparation tool for KMOS . . . . . . . . . . . . . . 14
3.3 Target acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.4 Observing modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.4.1 Nod to sky mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.4.2 Stare mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.4.3 Free-dither mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.4.4 Mosaic mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.4.5 Strategy for sky subtraction . . . . . . . . . . . . . . . . . . . . . . . . 20
3.4.6 O�setting and dithering . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.4.7 The in
uence of the Moon . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.4.8 The in
uence of precipitable water vapour (PWV) . . . . . . . . . . . . 25
3.4.9 Rotation Optimisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.5 Overheads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27



KMOS User Manual ESO-264148 vi

4 Calibrating and reducing KMOS data 28
4.1 KMOS calibration plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.1.1 Darks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.1.2 Flat �eld calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.1.3 Wavelength calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.1.4 Spectroscopic sky-
ats . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.1.5 Spectro-photometric calibration and telluric standards . . . . . . . . . 29
4.1.6 Attached calibrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5 Instrument features and known problems 35
5.1 Ghosts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5.1.1 Impact of ghost on science observations . . . . . . . . . . . . . . . . . . 37
5.2 Stray light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.3 Flexures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.3.1 Flexure of the bench and pick-o� arms . . . . . . . . . . . . . . . . . . 38
5.3.2 Flexure of the spectrograph . . . . . . . . . . . . . . . . . . . . . . . . 38
5.3.3 Impact of 
exure on science . . . . . . . . . . . . . . . . . . . . . . . . 38

6 Summary of hints and tips for preparing observations 39

7 Templates reference 40
7.1 Notes on some common parameters . . . . . . . . . . . . . . . . . . . . . . . . 40
7.2 Acquisition Templates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

7.2.1 KMOS specacq . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
7.2.2 KMOS specacq mapping . . . . . . . . . . . . . . . . . . . . . . . . . 44
7.2.3 KMOS specacq stdstar . . . . . . . . . . . . . . . . . . . . . . . . . . 45
7.2.4 KMOS specacq stdstarscipatt . . . . . . . . . . . . . . . . . . . . . . . 47
7.2.5 KMOS specacq sky
at . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

7.3 Science Templates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.3.1 KMOS specobs stare . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.3.2 KMOS specobs nodtosky . . . . . . . . . . . . . . . . . . . . . . . . . 52
7.3.3 KMOS specobs freedither . . . . . . . . . . . . . . . . . . . . . . . . . 53
7.3.4 KMOS specobs mapping8 . . . . . . . . . . . . . . . . . . . . . . . . . 55
7.3.5 KMOS specobs mapping24 . . . . . . . . . . . . . . . . . . . . . . . . 56

7.4 Calibration Templates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.4.1 KMOS speccal stdstar . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.4.2 KMOS speccal stdstarscipatt . . . . . . . . . . . . . . . . . . . . . . . 57
7.4.3 KMOS speccal sky
at . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.4.4 KMOS speccal dark . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
7.4.5 KMOS speccal calunit . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
7.4.6 KMOS speccal calunit
atnight . . . . . . . . . . . . . . . . . . . . . . 59
7.4.7 KMOS speccal wave . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59



KMOS User Manual ESO-264148 vii

7.4.8 KMOS speccal wavenight . . . . . . . . . . . . . . . . . . . . . . . . . 60
7.4.9 KMOS speccal linearity . . . . . . . . . . . . . . . . . . . . . . . . . . 60

8 Appendix 61
8.1 Rotator optimisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

8.1.1 Fits headers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
8.2 Total instrument transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
8.3 Response function per arm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65



KMOS User Manual ESO-264148 1

1 Introduction

1.1 Applicable Documents

[AD1] VLT-MAN-KMO-146606-002, KMOS KARMA user manual

1.2 Abbreviations and acronyms

AD Applicable Document
ESO European Southern Observatory
FWHM Full Width at Half Maximum
IFU Integral Field Unit
KMOS K Band Multi-Object Spectrometer
PAE Provisional Acceptance (Europe)
PSF Point Spread Function
RD Reference Document
RTD Real Time Display
TBC To Be Con�rmed
TBD To Be Decided
UT Unit Telescope
VLT Very Large Telescope

1.3 Scope of this document

The aim of the KMOS User Manual is to provide information on the technical characteristics
of the instrument, its performance, observing and calibration procedures and data reduction
from a user (astronomer) perspective.

1.4 KMOS in a nutshell

The K-band Multi Object Spectrograph (KMOS) is a second-generation instrument designed
for operation on the VLT. The key feature of KMOS is its ability to perform Integral Field
Spectroscopy in the near-infrared bands for 24 targets simultaneously.
The instrument design employs 24 con�gurable arms that position pick-o� mirrors at user-
speci�ed locations in the Nasmyth focal plane. The sub-�elds thus selected are then fed
to 24 image slicer integral-�eld units (IFUs) that partition each sub-�eld into 14 identical
slices, with 14 spatial pixels along each slice. Light from the IFUs is then dispersed by three
cryogenic grating spectrometers which generate 14x14 spectra with 1000 Nyquist-sampled
spectral resolution elements for each of the 24 independent sub-�elds.
The patrol �eld of the pick-o�s is 7.2 arcmin in diameter, which is the diameter of the un-
vignetted �eld at the VLT Nasmyth focus, thus minimising the thermal background in the
K-band. Each IFU has a square �eld of view of 2:8 � 2:8 arcsec; anamorphic magni�cation
in the IFU foreoptics ensures uniform spatial sampling of 0.2x0.2 arcsec whilst maintaining
Nyquist sampling (� 2 pixel) of the spectral resolution element at the detector.
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Table 1: KMOS main speci�cations
Wavelength coverage 0.8� m to 2.5� m
Spectral bands IZ, YJ, H, K, HK
Spectral resolving power R = 3400, 3600, 4000, 4200, 2000 (IZ, YJ, H, K, HK)
Number of IFUs 24
Extent of each IFU 2.8" x 2.8"
Spatial sampling 0.2" x 0.2"
Patrol �eld 7.2 arcmin diameter circle
Closest approach of IFUs � 2 IFUs separated by� 6 arcsec centre to centre of the

IFU, depending on the details of the con�guration.

The use of focal-plane pick-o�-arms allows considerable 
exibility in selecting targets and in
particular the important capacity to deal with strongly clustered or close-paired sources. In
addition to observing multiple individual sources, KMOS has the capability for integral �eld
mapping of contiguous areas in a 9-point or 16-point dither pattern. The spectral resolving
power of R� 3000-4000 is optimal for OH-avoidance in the J & H bands. A lower spectral
resolution mode is also available in the combined H+K band.
KMOS main speci�cations are summarized in Table 1.

1.5 Integral Field Spectroscopy

In traditional spectroscopy a slit or a single aperture is placed into the focal plane, which is
re-imaged through the spectrograph onto the detector. While this measure is necessary to
arrange detector space in dispersion direction to allow the spectra spread, the disadvantage is
that only a point or (in case of a slit) a line through the object is sampled at the same time.
To cover an object two-dimensionally requires several consecutive exposures with altered slit
positions. This method is not only time consuming, but also prone to errors in pointing and
in stability as all sorts of changes can happen while these lots of exposures are done.
Integral-�eld spectroscopy aims at addressing these problems by allowing spectroscopy of a
two-dimensional area of the image plane in a simultaneous way. As the spectrum of each
spatial element (also referred to as a "spaxel" to distinguish from the detector pixels) is taken
at the same time, the result is stable with respect to temporal changes. Furthermore e�ects
of pointing errors and atmospheric dispersion can be addressed later during data reduction as
no light is lost if the �eld covered is large enough. Each spaxel can be referred to as being a
slit. However, as the spectra of several adjacent spaxels can be added together, there are no
slit losses caused e.g. by bad seeing conditions.
There are di�erent techniques to realize an integral �eld unit ("IFU") technically, and in
KMOS this is performed by using image slicers (see Figure 1 for an illustration). With this
technique the image of the object hits a mirror array that dissects slices of the image to send
them to di�erent channels. Each slice is re-imaged onto a slit via a pupil mirror and imaged
along a row forming a large pseudo slit, with the dissection in the second dimension happening
by the detector pixels similar to a classical long-slit spectrograph. In the case of KMOS each
target is dissected in 14 slices, each dispersed on 14 pixels.
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Figure 1: Example of Integral Field Unit Spectroscopy. A 2-dimensional image will �rst be sliced,
the slices then dispersed on a common slit and �nally a 3D data cube is reconstructed from the
obtained spectra. In KMOS the image is sliced in14 elements instead of 6 as in this �gure.



KMOS User Manual ESO-264148 4

2 Technical description of the instrument

2.1 Overview of the instrument

From a hardware perspective the instrument partitions into the following key subsystems:

ˆ Pick-o� subsystem

ˆ IFU subsystem

ˆ Spectrograph subsystem

ˆ Detector subsystem

ˆ Infrastructure subsystems and electronics

The opto-mechanical parts of the instrument are all contained within a cryostat, operated at a
temperature of 120K, while the electronics are on the Nasmyth platform and inside the cable
rotator (CACOR; see Figure 2 and Section 2.2.6).

Figure 2: Schematic view of KMOS on the Nasmyth platform

KMOS has been designed to have e�ectively three independent modules, each of them com-
prising 8 pick-o� systems, a set of 8 Integral Field Units (IFUs), one spectrograph and one
2kx2k HgCdTe near-IR detector. The following section describes the di�erent sub-systems of
KMOS in the order they are encountered along the optical path going from the telescope to
the detector.

2.2 Description of the instrument sub-systems

2.2.1 The pick-o� system

The selection of the pick-o� �elds is achieved by means of 24 telescopic pick-o� arms, which
patrol the instrument focal plane of 7.2 arcmin diameter. Each pick-o� arm contains a pick-
o� mirror and associated relay optics, which are positioned inside the telecentric instrument
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Figure 3: Top: one of the pick-o� arms; Bottom: the full 24 pick-o� arms in the front end of the
KMOS cryostat.
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focal plane by means of an articulated arm. The pick-o� arms are arranged into two di�erent
planes ("top" and "bottom") of twelve arms each, so that adjacent arms cannot interfere with
each other. One of the planes is placed above the nominal focal plane and one below. Each
layer of twelve pick-o� arms can patrol 100% of the �eld. The two motions (radius and theta)
of the pick-o� arms are both driven by stepping motors, which are modi�ed for cryogenic
operation. Whilst the positioning of the arms is open-loop via step-counting from datum
switches, there is a linear variable di�erential transformer (LVDT) encoder on each arm which
is used to check for successful movement. In addition a hardware collision-detection system
is also implemented as a third level of protection which can sense if any two arms have come
into contact and stop the movement of arms within 10� m. All 24 arms can be commanded to
move simultaneously and a typical arm movement takes 120 seconds. The recon�guration of
all 24 arms from one science �eld to another requires typically 4 mins.

Figure 4: Top left: Optical path in the KMOS pick-o� system. Top right: one of the 3 front
segments showing the 8 pick-o� arms on top of the plate and the �lter wheel and mirrors of the
IFU sub-system underneath the plate. Bottom: One of three complete sets of IFU mirrors before
assembly.

2.2.2 Integral Field Units and �lters

IFUs contain the optics that collect the output beam from each of the 24 pick-o�s and reimage
it with appropriate anamorphic magni�cation on the image slicers. All the slices from a group
of 8 sub-�elds are aligned and reformatted into a single slit for each of the three spectrographs.
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Table 2: Characteristics of the KMOS detectors
Detector type Substrate removed Hawaii 2RG
Operating temperature 35K
QE > 90%
Number of pixels 2048 x 2048
Pixel size 18� m
Gain (e - /ADU) 2.08
Readout noise (e) 9 for short DIT

2.6 for long integration with Fowler sampling
Saturation (ADU) > 60,000 ADU
Non-linearity > 55,000 ADU
Persistence > 5,000 ADU
Hot pixels � 1% in detectors 2 and 3;� 3% in detector 1
Minimum DIT (s) 2.47

The IFU sub-system has no moving parts and has gold-coated surfaces diamond-machined from
aluminium for optical performance in the near-infrared and at cryogenic temperatures. Each
pick-o� arm contains a fold mirror located at the tip of the arm to divert the input beam
along the arm. A lens is used to collimate the beam and re-image the telescope pupil onto
the cold stop located in the arm. A roof mirror which moves in a direction opposite to the
fold mirror maintains the optical path length to the cold stop. A subsequent fold mirror then
directs the beam along the arm's rotational axis and away from the telescope and towards the
K-mirror assemblies. These are used to focus the pick-o� �elds onto the intermediate focal
plane and also to orient each of the 24 �elds correctly onto the IFU's image slicer. A set
of band pass �lters is used to select the appropriate waveband for each observation. As the
�lters are located in the converging beam produced by the K-mirrors, they are also utilised to
correct the chromatic aberrations (focus) induced by the collimating lens in the arm.

2.2.3 Spectrographs

The spectrograph sub-system is comprised of three identical units, which supply three de-
tectors sub-systems. Each spectrograph uses a single o�-axis toroidal mirror to collimate
the incoming light, which is then dispersed via a re
ection grating and refocused using a 6-
element transmitting camera. The �ve available gratings (IZ, YJ, H, K, HK) are mounted on
a 5-position wheel which allows optimized gratings to be used for the individual bands. A
'blank' position in the �lter wheel is used for calibrations.

2.2.4 Detectors

KMOS uses 3 Teledyne substrate-removed HgCdTe, 2kx2k, 18� m pixel Hawaii 2RG detectors,
one for each spectrograph. The detectors are operated at a temperature of 35K, while the rest
of the cryostat is at 120K. Typical characteristics and performances are given in Table 2.
Sample-up-the-ramp (non-destructive) readout is always used. This means that during inte-
gration, the detector is read out at regular short intervals without resetting it and counts in
each pixel are computed by �tting the slope of the signal vs. time. In addition, Threshold
Limited Integration (TLI) mode is used to extend the dynamical range for long exposure times:
if one pixel is illuminated by a bright source and reaches an absolute value above a certain
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