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The nature of the fiber noise with the FOCES spectrograph
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Abstract. The non-white noise noticed using the fiber-feolcEs spectrograph is recognized as the result of vignetting to

an uneven distribution of monochromatic light in the spectrograph beam behind the fiber exit. This phenomenon — that can be
assigned teveryfiber-coupled spectrograph with vignetting of the light path behind the fiber —is qualitatively and quantitatively
described and modeled. TB¢N ratio that seemed to be limited #4200 when surrounding the object exposure by two flatfield
exposures is shown to reach the theoretical limit (defined by the linear range of the CCD-dete&M) of500. This is
achieved by using multiple flatfield exposures in combination wifiber vibration devicellowing non-harmonic movement

of the fiber during exposure time.
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1. Introduction 600
Medium and high resolution spectroscopy has become a pre->90
eminent tool in answering astrophysical questions and probing
astrophysical models and theories. The enormous wavelength+00
stability and the large spectral coverage of echelle spectrg-
graphs that are coupled via an optical fiber to the telescope’s fa-
cus allows highly accurate work in many fields of astrophysics
using even small and medium-type telescopes. For example ra-2°¢
dial velocity determinations (see for example Liu et al. 1991),
stellar parameter work (see for example Fuhrmann et al. 1997; 100
Baumueller & Gehren 1997; Mashonkina et al. 1999) and nu- o
mourous other investigations can be carried out at telescopes of 40 5000 6000 2000
1...25mtype. Wavelength / [A]

FOCES, the fiber optical coupledechelle spectrograph at Fig. 1. Measured and predicted signal to noise. Upper full curve:
CENTRO A_‘STRONOMICO HI_SPANO ALEMAN on top of the Calar Expected photon noise; lower dotted curve: Measured noise.

Alto, Spain was built and installed at the 2.2 m telescope there.
For a description of thed¢Es layout and optical properties see
Pfeifer et al. (1998).

When the first scientific test observations withdEs were Mechanically stable design of the telescope module and the me-
carried out a limitation of the signal-to-noise ratig/) to Cchanical decoupling of the spectrograph itself whichis standing
~200 was noticed (see Fig. 1). This limitation$iN gave se- ©one floor beneath the telescope, this noise was blamed on the
vere restrictions to the spectrograph performance and is doBl2vement of the optical fiber connecting telescope and spec-
mented by Pfefer et al. (1998) and Fuhrmann et al. (1997). trograph, and namefiber noise

In his eforts to understand these restrictions Fuhrmann Framing each object exposure with flatfield exposures
(1998) showed that the non-white noise detected was relateken directly before and after object integration, and calibrat-
to the telescope movement. In fact it did not occur in test expBd the object frame using solely those two framing calibrations
sures where the guiding of the telescopewas stopped, andf@idlatfield correction, Fuhrmann reach8¢N ~ 250.
noise got worse with larger telescope movements. Due to the AlthoughS/N = 200 is good for many scientific purposes
it is very unsatisfying for high resolution (up 201/1 = 60 000)
e-mail: fug@usm.uni-muenchen.de stellar parameter and chemistry work. In addition it results in
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Table 1. Spectrograph settings.

Date CCD Slitwidth  Diaphragm Aa/2

May 99 Lor#lli  12Q 2004 60000
June 99  Site#ld 130 300x 42000
Sept. 99  Site#ld 130 3004 42000
Dec.99 Lor#lli 11 2004 64000

a loss of 30% of usable observing time as flat field exposu
have to be taken right before and after every object exposur
We use the knowledge about the modal distribution
monochromatic light after transmission through optical fibe
to show the nature of this noise and show ways of achievi
full signal to noise without losing time in taking flat field expo
sures during the astronomical night.
Baudrand et al. (1998) noted that the modal distribution
light leaving the fiber exit together with vignetting leads to a
additional noise in high-resolution spectra of fiber-fed spect
graphs. Further investigations of Baudrand & Walker (200
do not cover this type of noise, but another, yet not understoeid. 2. Echelle image on CCD.
type of noise occurring even if spacial filtering is omitted
Furthermore theféect described by Baudrand & Walker (2001) 1.10
is on a 3 times higher level as far 8¢N is concerned. While
they measure a limitation o/N ~ 450 atd = 9500 A our
spectra are limited t8/N ~ 150 in this spectral region. 1.00
Therefore we first describe a method for the accurate mea-
surement of the fiber noise in Sect. 2. Afterwards the distriby- °-2°
tion of light after being transferred through an optical fiber ig 090
described and shown in Sect. 3, followed by the presentatigon
of a model describing the measured noise. This model is theno g5
compared with our observations. Section 4 gives a short dis-
cussion of these results and states some rules for spectrograph &0
setup in order to minimize the fiber noise. In addition we briefly - S
discuss the results of Baudrand & Walker (2001). Finally we 8000 8020 8040 8060 8080 8100
show a method of avoiding this noise and achieving 8/l Wavelength / [A]
in Sect. . Th? procedure des.crlbed thereis m use at Calar ATHO. 3.0ne order of the extracted flat field spectrum.
observatory since early 1999 in several experimental states ant
confirms the results of Baudrand & Walker (2001) who devel-
oped some similar device. érences to their approach will
also be discussed in Sect. 5.
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2.2. Noise measurement

Figure 2 shows an image of the&es echelle order pattern
spectrumobserved with the Calar Alto Site#1d CCD. In or-
2. Observations, tests and measuring the noise der to measure the noise introduced by the fiber movement a
flatfield exposure (looked at as a spectrum) is reduced using a
flatfield exposure (looked at as a flatfield) of the same integra-

The observations and test exposures were obtained duringi@ time, but taken at a fierent telescope, thus fiber position.
observation run in June 1999 and in a special test session ditis results in a spectrum free of absorption lines. As shown
ing FOCES commissioning time in September 1999 on the 2.2 i Fig. 3 for one spectral order these spectra are indietd
telescope of the Calar Alto Observatory. The Lunar spectra pfél€ total spectral noise is measured in each order by taking
sented were obtained by Klaus Fuhrmann during a proceedtgample of 250 points in the order center and calculating their
observation run in May 1999. Table 1 shows the observatiogéndard deviation.

data and spectrograph settings for these observations. Dividing this noise by the mean flux of this sample leads
to themeasured @N. Finally each measure8/N — value is

1« we carefully avoided any vignetting between the fiber outp@ssigned the central wavelength of the range it was calculated

and the CCD to prevent spatial filtering of modes emerging from thigom. The shaded range in Fig. 3 shows the range where the
fiber”. Baudrand & Walker (2001). noise measurement calculation was performed.

2.1. Observations
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Table 2. Number of modes for dierent wavelengths and entrance
diaphragm diameters.

Diaphragm  13Q: 200u 300u
#/f 8 5 2.7

3000 A 8534 21715 72722
4000 A 4800 12215 40906
5000 A 3072 7818 26180
6000 A 2134 5429 18180
7000 A 1567 3989 13357
8000 A 1200 3054 10226
9000 A 978 2413 8080

Wavelength # of modes

changes in bending and positioning of the fiber, far below the
limit where degrading would occur, as evoked by even small
changes in telescope position due to guiding, lead to enormous
changes of the speckle pattern at the fiber exit.

Fig. 4. Speckle distribution behind a test fiber system. 3.2. Vignetting of the beam

The f-ratio of the beam leaving the fiber depends on entrance
3. Fiber modes and a statistical model of the noise f-ratio and degrading.

Before we start developing a model for the noise found with t 3) > (E) . (2)
spectrograph we will look at the distribution of monochromaticf /out  \ f/in

light after passing an optical fiber. Fiber feed and fiber casing are constructed in a way to pre-
vent any stress and sharp bending of the fiber. (ACES
fibers are covered by a Teflon tube surrounded by steel netting.)
Therefore we assume that for the modeifatatios (27 - - 8.0)

The propagation of monochromatic light through a long, thiof FOCEs fiber operation no significant degrading occurs. This
fiber fed with evenly distributed light leads to a non-uniforrmeans conservation of the inpfsratio at the fiber exit.
distribution of light at the fiber Xt As shown by Sharmaetal. ~ We again refer to Pféier et al. (1998) for details con-
(1981) the number of speckles or modes at the fiber end derning the optical layout and just state here that the light
pends on the diameter of the fibierthe f-ratio the fiber is fed cone leaving the micro-lens at the fiber exit is vignetted by

3.1. The fiber modes

with ‘% and the wavelength: the spectrograph entrance slit for high resolutidan/Q =
) 40000 - -60000) and largex(150um) entrance diaphragms.
M = 27r2(L) sird (arctar(l/ (zf))) 1) _ The area_su of the beam that is _vignetted _by an entrance
1 f slit of x um in the focal plane of a fiber fed with an entrance

Figure 4 shows the speckle distribution at the exit of a test ﬁb(z\ipph(;agn; OR um can be expressed by simple geomedrical
used with the BCES spectrograph. The fiber was fed with gonsiaerations.

HeNe-laser of 660 nm wavelength through a microlens inpgf = R2(2 arccos{é) _ sin(2 arccog(é))). 3)
system.

Due to the coupling of the 6¢Es fiber to the telescope’s We define the unvignetted fraction of light passing through the
cassegrain focus (see RAfer et al. 1998, for a brief descrip-SPectrograph’s entrance slit by:
tion of the fiber feeding geometry) the inptiratio depends R -S,
solely on the diameter of the entrance diaphragm precedingthé — mz
fiber input micro-lens system. For all three available entrance 1 X ) X

(2 arcco{—) - sm(2 arccofﬁ)))

apertures and at seven wavelengths we present the number &f 1 — o 4)

The latter equation is represented in Table 3 for the most com-

It is of great importance to point out here that the detail only used assemblies for diaphragm and slit width of the
distribution of modes at the fiber exit depends strongly on Spﬁécm spectrograph

tial assembly and bending of the 20-meter-long fiber. Slight A second source of vignetting that can be assigned to the
2 |t should be pointed out that this speckle distribution at the fib&IOCES spectrograph is related to tlwerfilling of the optical

end is not an fect of degrading and occurs in unbent, unstress@fating. Although less important, Fig. 5 shows that the grid is
fibers. overfilled by about 5% of the beam’s surface.

modes found at the fiber exit in Table 2.




4 F. Grupp: The nature of tiféber noise with the FOCES spectrograph

Table 3. Fractiong of light cone cut by an entrance slit of 110
130u and 15Qu respectively for dierent entrance diaphragms.

Diaphragm 13« 200u 300u

Fraction for slit width 11Q:  0.93 0.66 0.46
Fraction for slit width 13Q:  1.00 0.73 0.53
Fraction for slit width 15Q:  1.00 0.86 0.61

Fig. 5. Overfilling of the difraction grating by the beam.

3.3. Statistical model of the fiber noise

source of vignetting would (if not neglegible) result in a
higher noise in the model described below.

— 2 pixel resolution elemenFOCES is designed to image the
entrance slit on a resolution element of two pixel elongation
in the dispersion direction. This should be accounted for
when comparing calculated and measusgl.

Using the assumptions and simplifications described above we
are able to build a simple but powerful modelfiifer noise

For a given geometric assembly of telescope and fiber, this
means fixedf-ratio #/ f, slit width x and fiber diameter, we
are able to assigM spectral modes to a given wavelength
(see Table 2).

Due to vignetting not alM = M; 4 (1) modes reach the
spectrograph camera and CCD detector. A significant fraction
of modes is taken out of the light path by the entrance slit
cutting the beam in the focal plane of the fiber exit lens (see
Table 3).

Using these assumptions the mean number of modes reach-
ing the CCD is given by

M = Mg. (®)

Changing the modal distribution by changing the fiber position,

As noted first by Baudrand et al. (1998) the movement of fibeill lead to a statistical noise- caused by modes getting into
modes with the movement of the fiber itself together with vind out of the vignetted area. This is a statistical problem de-

gnetting of the beam may lead to fiber noise.

scribed by thébinomial distributionwith a standard deviation

In order to quantify this ect and allow predictions we o = VYV with V = My(1 - g) the variance of the binomial

have to make a few assumptions.

distribution, leading to

— Even distribution of specklett is assumed that the modal” = VM 9" 1-9). (6)
speckles are equally distributed over the fiber exit arlflinder the assumptions mentioned the number of unvignetted,

therefore over the fiber exit image on the spectrographs

fHonochromatic modes entering the spectrograph corresponds

trance slit. Figure 4 shows that this assumption is justifie§j o .4y 1o the number of photons reaching the CCD. Dividing
— Homogeneous intensity of the modes of one wavelemgthy, o ysise -, calculated in (6) by the number of unvignetted

addition to the latter we assume equally distributed inte
sity of all modal speckles over the fiber exit and (after imag

HodesM we get a measurable value. Thigise per signabe-
mes:

ing by the micro-lens) over the speckle images in the focal

plane.

_ T 1 1-
— Stationarity of the modal distribution during single flat field = — = T /TQ- (7)

exposuresWe assume the modal picture to be unchanged

M

on time scales of flat field exposing. Because we tumnggk choose this description abise per signainstead of the
off the telescope guiding and allowed some relaxation tiggmmonly usegignal per noiséo illustrate and check its sim-
before taking flat field exposures of 3.5 and 10 s, this asfe dependency on wavelength. Taking into account Eq. (1)

sumption is well justified.

— Statistically independent speckle distribution foffetent

we get:

telescope positiondVe assume the distribution of speckg ~ A (8)
les to change completely, and in a statistical manner, when

changing the telescope position by a significant angular dig- the measurable valvedepends only on the (known) geom-
tance. Simple tests with the laser illuminated fiber shoiry of the spectrograph feeding optics and the waveleagth
that a fiber movement of less than 2 cm changes the speckle

picture completely. Because it is impossible to reprodu
the exact fiber position when moving the telescope to di

ferent positions this assumption holds true.

‘?_.34. Checking the model
For a FOCES configuration with the 30@ (200u respectively)

— Only entrance slit vignettingDue to the large fraction of entrance diaphragm, leading tg f# = 2.7 (5.0) at the fiber
light cut by the entrance slit and the comparatively lowntrance together with a spectrograph slit of x5010u) we
fraction cut by overfilling the grating we assume that atiet from this geometry a fraction of the unvignetted beam
vignetting can be assigned to the entrance slit. The secdh@l (g = 0.66) — see also Table 1.
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Fig. 6.Measured and predicted noise. Upper full curve: total measurei). 7. Signal to noise dependency on the fraction of slit width and
noise; lower dotted curve: photon noise; full grey curve: measuratput aperture diameter.
fiber noise; dashed black line: model prediction.

Using Eq. (1) we get: 4. Discussion
o 1 As shown in Sect. 3 the propagation of light through optical
Ms-150r-300#/1-27(1) = 6.55x 107" X — (9) fibers together with beam vignetting in the spectrograph behind

the fiber exit leads to fiber noise.
This fiber noise can be predicted using the knowledge of
the geometry of the light cone coupling into the fiber, the fiber

_ ) i . _diameter and the fraction of vignetting in the light path of the
This leads to a functional dependency of noise per S'gnal""”t%pectrograph.

given by

. 1
My=11qr=2004#/f=5.0(1) = 1.95x 10 9% =

O x-150r=300# f=2.7(4) = 0.98x 107° x A [A] (10) 4.1. Spectrograph setup

The following considerations are carried out choosing a typi-
cal FOCES setting. For a practical reason the observer will be

It is now possible to check the measured noise (evaluated”ggreSted in how o adjust the spectrograph, namely slitwidth

described in Sect. 2.2 against the calculated noise emerg%\i‘@v\?niﬁn%e apﬁ(rjturr‘e ml?irderto cr)b:illphgtolot: reSlfiltt?,;,i;%ur?]J
from our model. In order to account for the “smearing out” 0 s IS dependency. [t IS appare atlarge s a

spectral information to a two pixel element, we have to correl%rtna” diaphragm diameter leads to less vignetting and therefore

theN/S data from Eq. (10) by Av(2). ow fiber noise. Lar_ge d@phragm together_thh narrow entraqce
, T syt leads to large vignetting and therefore increased fiber noise.
The pure fiber noise is evaluated from our measurements _ ) ) _
by subtracting photon noise from total noise according to: If f-ratio and diaphragm diameter are not independent, the
previous analysis should be repeated, looking at the influence
_ > > of the entrance aperture’s diameter on a constant, resolution-
Tfiper = o — O (11) . . . . .
measured ™ photorf determined slit width. We choose a slit width of 14t cor-
We present the results in Fig 6. Here the measured total ndiggPonding tot/A4 = 42000. In Fig. 8 we plot the influence

over 88 spectral orders reaching from 3900 A to 9400 A f§ the entrance diaphragm’s diameteriN, considering both

plotted in the uppermost full line curve. The expected photdﬁ influence on thd-ratio and on the ratio slit with to entrance
noise is shown as a dotted curve below. Note that photon nofrture. S

would allow aS/N ~ 500 aroundl = 7000 A, because the As FOCES in its /A1 = 42 000 setting is optimized to the
readout noise of cooled CCD-detectors can be neglected. Us@§#m diaphragm we conclude from this figure that, from the
Eq. (11) the measured fiber noise is displayed as a grey cui@int of fiber noise, using a larger diaphragm does not degrade
Finally the straight black line represents our model’s predit1€ noise very much. Nevertheless, throughput limitation for
tions. Measurement and prediction are in good agreenant 900d seeing conditions (see Hfer et al. 1998, Fig. 7) puts a
long as we keep to spectra of a certain minimum quality. Belgt#ong limitation on observing quality.

S/N = 100, Fig. 6 shows stronger fiber noise than predicted by

our model. This is due to the fact that Eq. (11) only holds trug 5 A short note on the Baudrand results

for large numbers. As soon as we are down to only a few hun-

dred photons per resolution element we cannot expect Eq. (The dfect described by Baudrand & Walker (2001) will be
to allow a realistic calculation afiper. briefly discussed at the end of this section. Their detailed very-

O x=110R=200#/ f=5.0(1) = 1.63x 108 A [A] .
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Fig. 8. Signal to noise dependenc on full input aperture treatment. Fig- 10. Signal to noise data for flat field exposure as it would be ex-
pected from pure photon statistics (full line) and meas\8¢&d for

0.0025 [T moved fiber (dotted line).
+ Baudrand & Walker (2001) 1
<& Prediction with g=0.9944 * . . . . . .
0.0020 L 1. The fiber is moved in a non-harmonic, i.e chaotic way. We
i . introduce afiber-shaking devicéetween telescope mod-
ule and spectrograph. Due to its double pendulum-like as-
g 0.0015 R sembly_the harm(_)nic m_oveme_nt of the primary motion is
i o 1 turned into chaotic motion. This movement, that is set to
i . 1 be fast compared to the guiding movement of the telescope
0.0010F o e and the image exposure time, leads to extreme and quick
. ] changes of the speckle distribution on the fiber exit. During
i an exposure we can subdivide the speckle information into
0.0005 L. I | | | |

a very large number of single speckle distributions. This
5000 6000 7000 8000 9000 10000 . .
Wavelength / [A] Ia}rge number of dfere_nt speckle sublmag_es makgs it pos-
_ o _ ~ sible to consider the integrated spectral information as an
Fig. 9 Baudrand data and a plot of our quantitative model with a vi- average of all sub-distributions. As the number is large, the
gnetting ofg = 0.9944. mean is well defined in a statistical sense and noise is ef-

fectively suppressed.
high signal to noise work shows a limitation 8N to values 2. Flat-field division is not done by a single frame, fiber-noise
>450 in the visual part of the spectrum. contaminated due to its short exposure, but by the average

This implies that there is almost no vignetting within the ©f N frames. Again the noise introduced by flatfielding is
light-path between fiber exit and CCD-camera. Figure 9 shows réduced due to the coadding of the spectral information in
the data given by Baudrand & Walker (2001) translated to these frames.

our N/S plot as black crosses. The second set of data plotiegl ;e 10 shows the measurgN ratio (dotted line) for a flat

in Fig. 9 is our model in which a fraction of 0.56% of the lightie|q “spectrum” with moved fiber and 10 flat fields used. The

path is assumed to fier vignetting. This very small fraction g, hected photon noise limitation is reached by using the tech-

could easily be explained as light lost at the grating or the Miques explained above.

age slicer. Including this artificial assumption, only a small but Concerning the results of Baudrand & Walker (2001) our

measurable remainder of the noisyNrest > 1500) could be (egt5 do not confirm any dependence of the result on the fre-

blamed on processes other than pure vignetting. quency of the movement. This might be due to the fact that
our device works in a double pendulum-like, chaotic mode. In

5. Removing noise restrictions. How to achieve fact the frequency we use to manipulate the fiber on a length
full S/N of ~2.5 m in length is only=1 Hz, the amplitude rises up to
~0.5m.

After having modeled and analyzed the nature and dependen-
cies of thefiber noisewe will now show a way of removing this

type of noise and its restrictions to spectral quality. Figure J?f
shows the theoretical photon noise expected for a well expogg
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