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The observables 
Propagation of light wave from stable source at infinity: 
 
 
 
which is a solution of wave equations if: 
cn is the speed of light in a medium with refractive index n = n(k) 

 
Independent observables are: 
 
 
 
The distance between two spatial maxima of the light wave in a given medium 

and at fixed t is called wavelength and results to be: 
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General spectrograph layout

Telescope

Focal	plane

Objective

Detector	

Collimator

Disperser

Slit

The disperser separates (encodes) the wavelengths in angular 
direction. To avoid angular mixing, the beam is previously 
collimated. 



Multiple orders

• Many orders to cover 
desired λλ: Free spectral 
range Fλ= λ/m 

• Orders lie on top of each 
other:

  λ(m) = λ(n)× (n/m) 

• Solution:
– use narrow passband filter to 

isolate one order at a time
– cross-disperse to fill detector 

with many orders at once
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Resolving power and IP

Input spectrum

Slit/fiber illumination

Output spectrum CCD
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Monochromatic image of the slit

Main	dispersion	(echelle	grating)	->

Cr
os
s	d

is
pe

rs
io
n	
(p
ris
m
,	g
ris
m
,	g
ra
tin

g)
	->



The wavelength calibration
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The two main techniques ...

Simultaneous reference Self reference (iodine cell)

No differential IP changes allowed in time OR 
between fibres allowed

Not suitable for slit spectrographs

No losses, wide wavelength range 

IP modeling is POSSIBLE

IP may change may change with time as long 
as star and iodine affected identically

Suitable for any/slit spectrographs

Absorption, restricted wav. range

REQUIRES ‘de-convolution’
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 Calibration and RV-information extraction 
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CCF(vR ) = M(λ,vR )
λ

∫ ⋅ I(λ),  where   M(λ) = θi
i
∑ (λ − λi) ⋅ wi



Resolving power and IP

Input spectrum
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The wavelength calibration
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• Photon noise
• Pixels response, MTF, CTE
• Pixel geometry
• Illumination & IP changes
• Algorithms

• Photon noise
• Intrinsic line variation
• Blending
• Algorithms



Fiber-fed spectrograph

Guiding error: 
0.5’’ → 2-4 m/s
(e.g. in HARPS)

1 arcsec

Stored guiding image for QC

1. llumination effects on IP

Slit-fed spectrograph

Fiber entrance

Fiber exit

double scrambler

Δ RV

Δ RV



‘Scrambling’ properties of circular fiber

Chazelas et al. 2008, 2010



HARPS’ residual guiding effects

seeing = 1 arcsec



HARPS’ residual guiding effects

seeing = 1 arcsec



Near field 
from HPF@PSU

Far field 
from B. Chazelas, private communication



The HARPS/ESPRESSO double scrambler

32/54 ESPRESSO Project 

Table 8. Efficiency Budget for the Single HR mode Feedthrough of the Fiber Link Subsystem  

 

4.3.2 Optical!design!Single!UHR!mode!
For the single UHR mode Figure 26 show this system and the prescriptions of the lens are presented in 
table 9. 
 

Layout
Espresso Double Scrambler
17/10/2012
Total Axial Length:  206.28689 mm

 

Figure 26.- Optical layout of the Single UHR mode Feedthrough unit of the Fiber Link Subsystem 

 
Element Curvature 

Radius (mm) 
Separation or 

Thickness (mm) 
Material Diameter 

(mm) 
Object Infinity Infinity SILICA 0.07 
FT_D1L1 Infinity 7.12 N-BAK1 2.8 
FT _D1L2 1.60 2.77 N-PK52A 2.8 
 -2.70 6.53   
Pupil Image Infinity 126.70   
Window Infinity 10.00 SILICA 2.8 
 Infinity 38.72   
Fiber image Infinity 6.53   
FT _D2L1 2.700 2.77 N-PK52A 2.8 
FT _D2L2 1.60 7.12 N-BAK1 2.8 
Image Infinity  SILICA 0.07 
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• Octagonal-double scrambler-octagonal 
• Total efficiency: 72% absolute in F/4-beam (including giber-input optics 

F/8->F/4, 28m long fibers, scrambler, fiber-exit optics F/4->F/7.5) 
• FRD induces about 10% losses per fiber at F4->F4 
• Small lenses directly cemented on fiber tip: No need for AR coating, tele 

centricity ‘built in’, no problems with fiber termination, F-number 
matching ‘built in’ 

• Both fibers in same ferrule and cemented on same lens at fiber exit -> 
stability



F. Bouchy et al.: SOPHIE+: First results

Fig. 1. SOPHIE fiber links configuration. Octagonal fiber sections are
shown as triple orange lines between FC-FC connections, shown as
purple squares.

Fig. 2. Star-decentering effect on SOPHIE radial velocities as function
of the fiber illumination center of gravity for initial HE (blue open
circle) and HR (blue circle) modes and the new octagonal fiber links
in HE+ (red open square) and HR+ (red square) modes.

on the sky to estimate background pollution, especially in case of
moonlight. Figure 1 shows the SOPHIE fiber links configuration.

In order to quantify the effect of illumination and injection
variations onto the fiber input to the RVs, several tests were per-
formed on standard RV solar-type stars.

3.1. Star decentering

The tests of sensitivity to decentering effects were described
in Perruchot et al. (2011). Figure 2 (blue circle) shows the
RV change as a function of the fiber illumination center of grav-
ity for both HE and HR modes. The RV shift may reach up
to 25 m s−1 for large decentering. These tests also show that
HE mode has a sensitivity at least twice as larger as the HR mode
and a strong sensitivity to the decentering offset direction illus-
trating the gain provided by the double scrambler. The typical
accuracy of the SOPHIE new guiding system, implemented in
September 2009, was estimated to be better than 0.3 arcsec. This
corresponds to a smaller change in the illumination center of
gravity (0.09 arcsec for a seeing of 3 arcsec). Thus, guiding and
centering errors do not cause systematics larger than ∼1 m s−1

and ∼2 m s−1 for the HR and HE mode, respectively.
Considering that the output fiber corresponds to a slit resolu-

tion of 7.7 km s−1 (resolution of 39 000), the scrambling gain,
computed for a center of gravity displacement of 0.6 arcsec,
is equal to 260 and 130 for the HR and HE mode, respec-
tively. For comparison, the scrambling gain of HARPS fiber

Fig. 3. Star-defocusing effect on SOPHIE radial velocities for initial HE
(blue open circle) and HR (blue circle) modes and for the new octagonal
fiber links in HE+ (red open square) and HR+ (red square) modes.

link was estimated to be 400. Furthermore, the HARPS spectral
resolution (110 000) conducts to a 2.8 times smaller RV shift
for a given illumination center of gravity offset. The SOPHIE
HR mode is then at least four times more sensitive than HARPS
to the injection and illumination change onto the fiber near-field.

3.2. Telescope defocusing

To test the sensitivity to telescope defocusing on the fiber en-
trance, we adjusted the telescope focus in order to enlarge the ap-
parent size of the star image on the guiding camera. We explored
different values from the seeing (2.5–3 arcsec), corresponding to
the best focus, up to a full width at half maximum (FWHM) im-
age of 5.5 arcsec. Figure 3 (blue circle) shows the RV change
as a function of the apparent star image size introduced by the
defocusing. Both HE and HR modes present about the same sen-
sitivity with RV shift up to 15 m s−1 for large defocusing. We no-
ticed that for the largest defocusing, the shadow of the telescope
secondary mirror started to be visible in the guiding camera and
affected the guiding and centering system.

3.3. Atmospheric dispersion

The SOPHIE Cassegrain adapter contains an atmospheric dis-
persion correctors (ADC) to minimize as much as possible the
loss of star light due to differential atmospheric refraction at
the entrance of the fiber. This system is made of one parallel
plate for a zenith angle smaller than 11 deg and of four nor-
mal field bi-prisms covering zenith angles 11–30, 30–44, 44–54,
and 54–60 deg, respectively. The choice of the bi-prisms and
their angles is set automatically by the observing system as
a function of the airmass and the parallactic angle of the ob-
served target. The residual of the atmospheric dispersion after
correction is expected to never exceed 0.3 arcsec length up to
an airmass of two. To test the effect of a wrong or incomplete
correction of atmospheric dispersion on the fiber entrance, we
adjusted manually the angle of the ADC. We performed this test
at airmass close to 1.4 using the corrector number 4 covering
zenith angle 44–54 deg (airmass 1.39–1.70). For this corrector,
the amplitude of dispersion from 387 to 694 nm provided by
the bi-prism is 5 arcsec. By rotating the angle from its nominal
value, 0 deg, up to 315 deg, we then expect to change the appar-
ent size and orientation of the star image on the fiber entrance.

A49, page 3 of 11

Solution: Double-scrambled octagonal fibers
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Finite number of modes and coherence

From http://www.rp-photonics.com/
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Number of modes ‘transported’ by a fiber is finite:

Problem: The spectrograph IP depends on mode 
population

Solutions:
- Populate all modes (injection). Produce 

spatial and temporal ‘scrambling’
- Mix very different modes (image scrambler)
- Change the transported modes by shaking 

and moving the fiber

Still a problem:
- Little number of modes at IR wavelength (bad averaging!)
- Self-coherence of very coherent sources (e.g. LFCs!)

http://www.rp-photonics.com/


Beletic – High Performance Sensors for Exoplanet Astronomy – February 2011 19

e2v CCD (2K×4K) twilight flats in u*, g’, r’,i’ and z’ broadband filters

Fringes in the i’ band: 
full CCD (left) and region (right)

2. Flat-field (PRNU) effects

Solutions:
- Fast camera beam
- Stable instrument and CCD
- Deep-depleted CCD
- Frequent characterisation
- High SNR spectral flats



Beletic – High Performance Sensors for Exoplanet Astronomy – February 2011 20

3. Pixel geometry and block stitching

512 rows by 
1024 columns



Steinmetz et al., 2008
!

Spectral lines moving due to BERV changes!

Dumusque et al. 2015



Steinmetz et al., 2008
!

Spectral lines moving due to BERV changes!

Dumusque et al. 2015



Solution: Just ‘measure' pixel with FF!

Coffinet et al., in prep.

Before After
Residuals of LFC lines to wavelength solution [m/s] Residuals of LFC lines to wavelength solution [m/s]

GLS of ‘standard' star



4. CTE Problem

CTI vs Flux

Solutions:
- Recover original flux-pixel distribution by recursive correction on raw frame
- High-CTE CCDs (at least six 9’s, but difficult to get!)
- Possibly ‘pre-‘ or ‘post flash’ to increase number of electrons in pixel
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CTE Problem: solution
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5.  Calibration-source (bloody ThAr ;-)

Isolated lines are 
very rare!

Fit neighbouring lines 
simultaneously with 
multiple Gaussians

New ThAr atlas
-> Lovis et al. 2007



Various ThAr-lamp issues

Lovis et al. 2007



The search for the ideal source
!Cover full spectral range

!High spectral resolution (again)

!Equally dense and unresolved lines

!No blends

!Knowledge of theoretical wavelengths

!Stability (repeatability) of 10-11 over > 20 years

ThAr lamp Laser comb or etalon

Etalon raw frame
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The search for the ideal source
!Cover full spectral range

!High spectral resolution (again)

!Equally dense and unresolved lines

!No blends

!Knowledge of theoretical wavelengths

!Stability (repeatability) of 10-11 over > 20 years
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New ThAr atlas
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For LFC: See talk by Gaspare Lo Curto
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4 Design$architecture

The)RV)reference)module)proposed)is)derived)from)a)new)concept)that)has)been)successfully)evaluated)
on)HARPS:)The)stability)reference)for)the)radial)velocity)is)essen>ally)a)Fabry^Perot)etalon)housed)in)a)
temperature)controlled)vacuum)enclosure.)The)etalon)is)fibre^fed)by)a)bright)white)lamp.)A)symmetrical)
set^up)of)parabolas)couples)the)input)to)the)exit)fibers,)with)the)etalon)located)in)the)collimated)beam)
between)the)two)parabolas,)making)the)design)achroma>c.

Figure$4.1$FuncLonal$diagram$of$the$RV$reference$unit
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Differential short-term drift: <10 cm/s rms

Differential long-term drift: < 7 cm/s/dayGDD evolution in 2 years

Problem: FP is NOT an absolute reference
Alternative 1: Active control (with external source)
Alternative 2: Passive control (with external source) … ESPRESSO’s solution



Cersullo et al., in prep.

HARPS

HARPS CORALIE

CORALIE



ESPRESSO’s solution

      Fiber A     Fiber B

1.    ABS          ABS           General solution on both fibers

2.    FP            FP             Determine high-degree coefficient

3.    ABS          FP             Determine low-degree coefficients on A

                                       and establish reference spectrum for drift on B

4.    STAR        FP             Perform RV measurement and drift subtraction

    At present ABS = ThAr or LFC with partial wavelength coverage

Cersullo et al., in prep.



First ESPRESSO calibration frames a


