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Optical Fibers in Spectrograph Design; A 
Technical Overview

• Spectrographs for Precision Radial Velocities

• Why fiber coupling is useful

• Properties of Fibers 
– Transmission

– Modal behavior

– Focal ratio degradation

– Scrambling

– Modal Noise
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Keck HIRES: a classic well designed cross dispersed echelle

2

Camera Entrance Pupil must 

be larger than Grating(s)

Thus spectral regions take 

different paths through 

camera and undergo 

different field aberrations
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Hobby-Eberly telescope HRS
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A “White” Pupil design based on UVES

Echelle

Cross disperser

M1

M2

Well defined pupil on Echelle AND on XD close the 

camera entrance.
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ESO HARPS

4

White Pupil on XD 

and camera entrance 

nearly co-incident 

minimizing camera 

size and aberrations.
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n1

n2

Sin = NA = {n1
2 – n2

2}0.5

Ray will reflect as 

long as sin < NA

n1 > n2

Basic principle of total internal reflection
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Some measurement terminology

• Far Field

– Light distribution in diverging beam from 

fiber

– Directly related to how spectrograph optical 

elements (collimator, gratings, camera) 

illuminated

• Near Field

– Light distribution over face of fiber

– Directly related to PSF imaged on detector

6
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Fiber Loss Mechanisms

• Light transmission

– P(z) = P(0) 10–( z/10)

– Loss (dB) = -10 log { P(z)/P(0)} = z

• Loss mechanisms

– Basic limit due to scattering (goes a -4)

– Metal impurities increase absorption in blue

– OH absorption in red

– Waveguide leakage
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Bend losses
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Fiber transmission
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Transmission of Polymicro FIP fiber

Internal Fiber transmission
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Waveguide loss: Schotz et al. (ASPC152, 1998) plot

http://www.google.com/imgres?imgurl=http://blogs.desmoinesregister.com/dmr/wp-content/uploads/2009/09/penn-state-shield-logo.png&imgrefurl=http://blogs.desmoinesregister.com/dmr/index.php/tag/penn-state-nittany-lions/&usg=__ZCFEPzAuK9cg-wm9PIPmOMQisY0=&h=332&w=492&sz=47&hl=en&start=8&um=1&itbs=1&tbnid=IqKIOTc5X7LDEM:&tbnh=88&tbnw=130&prev=/images?q=Penn+State+logo&um=1&hl=en&sa=X&rlz=1T4DMUS_enUS271US271&tbs=isch:1
http://www.psu.edu/


Optical Fibers in Spectrograph Design: A Technical Overview: Penn State: August 18 ,2010 

Fibers Modes

• Simple view of modes 

is rays at different 

angles

• In reality fiber is a 

waveguide where 

modes can interfere at 

fiber ends. 

12

From Ramsey, ASPC 3, 1988

From Grupp, A&A 414, 2003
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Fibers Modes

• Number of modes n = V2/2

Where V = d NA/

• Modal behavior responsible for 

– Focal Ratio Degradation

– Scrambling

– Modal Noise

13

d is diameter of fiber

is wavelength in units of d

NA is numerical aperture 
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Modes decrease rapidly with wavelength
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Focal Ratio Degradation (FRD)

• Basically modal dispersion

– Bending 

– Irregularities in core-cladding interface

– Variations is fiber diameter

– Small deformation at terminations

• FRD effects in spectrographs

– Loss in throughput resolution product
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Focal Ratio Degradation

From Barden & Ramsey, PASP 1980
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Sessions & Ramsey unpublished; HET MRS fiber cable test
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FRD  depends on bending but weakly on length

18

From Avila et al., SPIE 6269 2006
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FRD  depends fiber core size & Photonic promise
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From Avila et al., SPIE 6269 2006
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Early scrambling Characterization

20

From Hunter & Ramsey, PASP 102 1992
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Early Double Scrambler

21

From Hunter & Ramsey, PASP 102 1992
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Input & Output (ff) Images

m0 m3 m6
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Cuts across image demonstrates scrambling

24
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Scrambling Gain

25

From Avila & Singh, SPIE 7018 2008

G= d/D x [f/F]-1
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ESO Scrambling Gain Measurements

26

From Avila et al., SPIE 6269 2006

http://www.google.com/imgres?imgurl=http://blogs.desmoinesregister.com/dmr/wp-content/uploads/2009/09/penn-state-shield-logo.png&imgrefurl=http://blogs.desmoinesregister.com/dmr/index.php/tag/penn-state-nittany-lions/&usg=__ZCFEPzAuK9cg-wm9PIPmOMQisY0=&h=332&w=492&sz=47&hl=en&start=8&um=1&itbs=1&tbnid=IqKIOTc5X7LDEM:&tbnh=88&tbnw=130&prev=/images?q=Penn+State+logo&um=1&hl=en&sa=X&rlz=1T4DMUS_enUS271US271&tbs=isch:1
http://www.psu.edu/


Optical Fibers in Spectrograph Design: A Technical Overview: Penn State: August 18 ,2010 

Some conclusions on scrambling

• Bare fiber has a scrambling gain ~100

• Vibration can increase to ~ 800 with no 

light loss

• Optical scrambler can give reasonable 

gains at some throughput loss; 20-40%

• Don’t even think about pupil imaging

• Non-circular fibers in Chazelas talk?

27

(See Avila & Singh, SPIE 7018 2008)
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Modal Noise

Modal noise is proportional to S/n1/2

Ignoring dark current  we have S/N for a 

CCD:

S/N = S [S +R2]-1/2

With Modal Noise:

S/N = S [S +R2+S2/n]-1/2
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From Grupp, A&A 414, 2003
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Modes in Near IR
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Modal Noise Prediction
Baudrand and Walker (PASP 113, 851, 2001)

(S/N)limit = (N )0.784

Modal Noise Limited S/N 
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Will need vibrational modal noise elimination to work in H
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Modal Noise Experiment: J band

Ratio of 
consecutive Flats 

with no fiber 
disturbance

Ratio of 
consecutive Flats 

with fiber 
disturbance

Ratio of 
consecutive Flats 

with fiber 
disturbance and 

vibration
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PRVS Fiber Slicer Concept
Calibration 

fiber

Fiber 

Slicer

Fiber Pseudo Slit

Blank spacing fiber(s)

Note: Effective width of a circular 
fiber is ~80% diameter of the fiber

Geometrical 
packing fraction 

is 68%
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Fiber Slicer construction

• Use 1.1 core/cladding 

ratio fibers

– Minimize geometric 

packing fraction loss

– Risk of waveguide 

loss

• Keep length at 2 

meters or less
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Waveguide loss: Schotz et al. plot

http://www.google.com/imgres?imgurl=http://blogs.desmoinesregister.com/dmr/wp-content/uploads/2009/09/penn-state-shield-logo.png&imgrefurl=http://blogs.desmoinesregister.com/dmr/index.php/tag/penn-state-nittany-lions/&usg=__ZCFEPzAuK9cg-wm9PIPmOMQisY0=&h=332&w=492&sz=47&hl=en&start=8&um=1&itbs=1&tbnid=IqKIOTc5X7LDEM:&tbnh=88&tbnw=130&prev=/images?q=Penn+State+logo&um=1&hl=en&sa=X&rlz=1T4DMUS_enUS271US271&tbs=isch:1
http://www.psu.edu/


Optical Fibers in Spectrograph Design: A Technical Overview: Penn State: August 18 ,2010 36

Estimated Waveguide losses in slicer
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Preliminary Experimental results with 
~5% errors are consistent with above
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Preliminary Tests

FIA100140250 ; 3db/km @800 nm

FIP100120140 ; 5db/km @800 nm

FIP100110125; 6db/km @800 nm

Build 4 meter long cable with 
three sample 100 micron core 

fibers to test transmission
and modal noise

33

34

35

32

H-band frame

~1.68 micron
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