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B engt Strömgren, at Yerkes Observatory in the 
mid-1950s, reportedly described to his col
leagues the potential of using a fiber optic 
bundle as an image slicer for a stellar spectro
graph. Unfortunately, at the time, fiber optic 
properties were less than adequate for such 
an implementa t ion . It 

wasn't until 20 years later, 
during the communication indus
try's push for the production of 
low loss fibers and the resulting 
growth in fiber optic technology, 
that the use of fibers at the tele
scope became a distinct possibility. 

In 1978, Roger Angel and his 
collaborators at the University of 
Arizona's Steward Observatory 
performed the first successful cou
pling of a spectrograph to the focal 
plane of a telescope via an optical 
fiber. They obtained spectra of 
several bright stars, a galaxy, and a 
quasar with a spectrograph fed by 
a single 20-m fiber. Multi-object 
observations with fiber optics fol
lowed in 1979 by John Hill, also at 
Steward Observatory. By the early 
1980s, several groups were experi

menting with telescope-spectrograph fiber couplings. 
Today, many of the world's major astronomical 

observatories have fiber-optically coupled spectro
graphs as par t of their i n s t rumen ta t ion arsenal . 
Consideration for fiber optic coupling now often plays 
a role in the design of new telescope facilities. 

Fiber optic benefits 
The advantages of fiber optic cou
pling are numerous . First, fiber 
optic coupling allows a spectro
graph to be removed physically 
from the telescope. Classically 
m o u n t e d spec t rographs suffer 
from gravity-related flexure as the 
telescope and spectrograph track 
the targets across the sky. The min
imization of such flexure is often 
costly, unless the spectrograph can 
be removed and placed in a gravi
ta t ional ly stable env i ronment . 
Instrument expense can then be 
invested in the optical performance 
rather than in the mechanical sup
port of those optics. Additionally, 
once a spectrograph is removed 
from the telescope, it can be 
housed inside an environmentally 

Above: View of the robotic s tages and gripper (right) that posit ion the f iber opt ics in the multi-object spectrograph, Hydra. 
The wide field corrector of the WIYN te lescope and the wavelength calibration assembly (left) are a lso shown. 

Left: Detail o f the image. 
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Figure 1a. View of f ibers in a multi-object spectrograph. The f ibers are magnetically mounted and are posit ioned by a robotic gripper. 
Micro-prisms, mounted on each fiber end , direct the light into the fiber. 

Figure 1b. Sample data frame from a multi-object spect rograph. Spectra run vertically. Bright spectra on either s ide are wavelength calibra
t ions. Circ led regions indicate emiss ion l ines in the observed spect rum. Horizontal l ines point out features from the night sky spect rum. 

stable environment instead of 
being left at the mercy of the 
nighttime conditions of vari
able wind, humidity, and tem
perature. This results in the 
ability to produce relatively 
inexpensive but highly stable 
spectrographs. 

Second, the ability of multi-mode fiber optics to scram
ble the spatial information of the image further enhances 
the stability of the spectrograph. Classical spectrographs 
use either a circular hole or a slit as an entrance aperture 
through which the stellar image is projected by the tele
scope. Unfortunately, the Earth's atmosphere is turbulent 
and causes this stellar image to wander about the image 
plane (called seeing), which results in a variable illumina
tion of the spectrograph optics and image motion on the 
instrument detector. Irregularity in the telescope's tracking 
performance can also lead to similar variations in how the 
instrument is illuminated. This leads to systematic errors in 
the recorded data. The level of such errors is quite low typi
cally and has been acceptable for many applications of 
astronomical spectroscopy. However, many new frontiers 
in astronomy (e.g., radial velocity searches for extra-solar 
planets and radial velocity monitoring for stellar oscilla
tions similar to the solar five-minute oscillations) demand 
significantly better stability. The use of multi-mode fiber 
optics effectively eliminates seeing and tracking errors by 
removing the spatial variability of the wandering stellar 
image. Systematic errors as a result of seeing variations in 
most classical spectrographs limit velocity measurements 
to the 1 km/sec level. Fiber-fed spectrographs of similar 
design, on the other hand, can easily produce precisions of 
10 m/sec, a factor of 100 improvement. Specialty spectro
graphs, incorporating fiber optics in a slightly different 
manner, have pushed velocity measurements to 
1 m/sec. Such spectrographs take full advantage of this 

image scrambling in addition 
to the fact that they can be 
housed off the telescope and in 
a controlled environment. Two 
such instruments are the Fiber-
Fed Echelle at Palomar 
Observatory and the Advanced 
Fiber Optic Echelle (AFOE) at 

the Whipple Observatory on Mount Hopkins in Arizona. 
Third, fiber optics allow light to be gathered from 

different locations and brought together into the same 
instrument. This has led to the significant use of fiber 
optics for the simultaneous observation of large num
bers of target objects. It also allows fiber bundles to 
serve as an image slicer as suggested by Strömgren. 
Multi-object spectroscopy (MOS) is the most prevalent 
application of fiber optic technology in astronomical 
spectrographs. Many telescopes are capable of deliver
ing a substantial field of view (one-half to a few degrees 
diameter) at their focal surface. Unfortunately, classical 
spectrographs tend to have a much smaller field of view 
through which spectra can be observed, typically only a 
few arc-minutes. This means that even if a large num
ber of galaxies are imaged simultaneously in the tele
scope's focal surface, the spectrograph can only observe 
one or a few of them at any given time. Many problems 
in astronomy suffer from small number statistics as a 
result of this inability to observe large samples of 
objects in a short amount of time. For example, the 
study of clusters of stars or galaxies requires observa
tions of hundreds to thousands of objects to get a clear 
picture of the ongoing dynamical process inside the 
cluster. Additionally, faint objects often take hours of 
observing time on large telescopes just to build up suf
ficient signal in the spectrum from which the desired 
piece of information will be extracted. Most classical 
spectrographs just aren't capable of producing the 
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amount of data required for these types of studies unless significant expendi
ture is made (e.g., Diemos, the wide-field imaging spectrograph currently under 
fabrication for the Keck telescope). 

Fortunately, by using a large number of fiber optic feeds, each input end 
placed at the focal surface position corresponding to the location of the imaged 
target star or galaxy and each output end lined up along the spectrograph slit, 
the spectrograph can then record simultaneously the spectrum of the light col
lected by each fiber without the need for ultra-wide field optics. Data collection 
now becomes restricted by the telescope field of view (or how many objects of 
the desired type are imaged simultaneously by the telescope), the number of 
fibers one can place along the spectrograph entrance slit, and the size of the two-
dimensional detector recording the spectra. Most current generation fiber-fed, 
multi-object spectrographs can observe 100 to a few hundred objects in a time 
comparable to what it used to take to observe just one of those objects. Needless 
to say, this application has opened up significant opportunity in astronomical 
research. Instead of being restricted by a lack of access to sufficient telescope 
time, astronomers are now receiving a wealth of data that is limited by the 
amount of time required to analyze such enormous quantities of information. 

Figure la shows fiber optics positioned in a target pattern on the fiber-fed 
MOS instrument, called Hydra, in use on the 3.5-m WIYN telescope at Kitt Peak 
National Observatory. A sample data frame (see Fig. lb) displays nearly 100 
spectra from a study of galaxy redshifts. Similar instruments currently exist at 
the European Southern Observatory, La Palma Observatories, Anglo-Australian 
Observatory, Cerro Tololo Inter-American Observatory, Lick Observatory, 
Palomar Observatory, Las Campanas Observatory, and several others. 

Some instruments presently under development, push the MOS concept to 
its extreme as part of the effort to map out the structure of the universe. The 
Anglo-Australian Telescope is in the commissioning phase for the 2dF instru
ment which views 2° of sky and has up to 400 fibers for target observation at the 
prime focus of their 4-m telescope. Under construction is the Sloan Digital Sky 
Survey, which will use a 640-fiber plugboard on a 3° field-of-view, 2.5-m tele
scope located at Apache Point Observatory in southern New Mexico, for the 
eventual observation of over 1 million galaxies and quasars. And a very ambi
tious group of astronomers in China is currently developing a plan to construct 
a 4-m, 5° field-of-view Schmidt telescope to feed 4000 fibers. 

Important fiber optic properties 
Insertion of a fiber optic into the optical train of an astronomical instrument 
isn't without its penalty. There are three primary fiber optic properties of con
cern for astronomical spectroscopic applications. 

Transmission 
The first and foremost property is the transmission of the fiber optic. Although 
some exploratory uses of fibers in the infrared are currently underway, the 
majority of applications have been in the optical bandpass in which the blue-
ward end is defined by the atmospheric transparency cutoff at about 3000 A and 
the red end typically defined by the sensitivity dropoff of CCD (charge coupled 
device) detectors at about 1 µm. It is the astronomer's deepest desire to have 
100% detected quantum efficiency throughout this entire window. Of course, 
this is a currently unrealistic dream. Instruments, however, should strive to pre
serve throughput efficiency as much as possible, especially when critical observa
tions of the faintest objects can go at the rate of only tens of photons detected 
per hour. An inefficient instrument can be severely restrictive in its application. 

In the optical, two types of fiber optic materials are currently in use: "wet" or 
high-OH silica, and "dry" or low-OH silica glass. Figure 2 shows the spectral 
throughput of a 25-m cable for both types of fibers. In most cases, where the 
spectrograph is removed from the telescope, fiber cable runs are 10 to 50 m. The 
"wet" fibers are better transmitters of blue light since the presence of OH tends 
to help anneal Si-O bonds that may have been broken during the fiber drawing 
process. Such broken bonds increase the scattering processes, causing transmis
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Figure 2 . Spectral t ransmiss ion for 25-m length of 
"wet" and "d ry " fiber. 

Figure 3. Focal ratio degradation as a function of input 
focal ratio. 

Figure 4 . Radial scrambling as a function of input focal 
ratio. 



sion losses to increase toward the blue wavelengths. 
This is one reason why the "dry" fibers show markedly 
worse transmission blueward of about 4000 A. There is 
a preference, however, to use the "dry" fibers for obser
vations toward the red end of the window where the 
OH in "wet" fibers causes significant absorption bands. 
In cases where one has a detector sensitive in the 1 to 2 
µm window, the "dry" fibers are an absolute necessity 
over the "wet." 

We are continually searching for that "perfect" fiber 
that transmits with minimal loss across the full extent 
of the optical window. Bathing a "dry" fiber in hydro
gen after it has been drawn improves the blue perfor
mance to a level that can come close to that of the "wet" 
fiber. Unfortunately, the longevity of this improvement 
is currently under suspicion. 

Focal Ratio Degradation 
An additional impact of fiber optics on the perfor
mance of a fiber-coupled spectrograph is the extent to 
which the transmitting fiber preserves the input focal 
ratio. Most telescopes image with focal ratios between 
f/8 and f/15. Optimal performance of an astronomical 
spectrograph, with respect to its throughput and resolv
ing power, is achieved when the collimator of the spec
trograph matches the focal ratio of the telescope. 
Unfortunately, fiber optics tend to scatter the propagat
ing cone of light into a wider angled cone, which means 
that the spectrograph must use a faster collimator to 
minimize throughput loss. This comes at the expense of 
the resolving power unless one increases the size of the 
grating and spectrograph optics and can fabricate a sig
nificantly faster camera to keep the spectral image 
matched to the detector pixels. Since most spectrograph 
cameras are already working at f/1.5 to f/2, increasing 
their size and speed becomes a daunting and expensive 
challenge. 

Astronomers have termed this property as focal ratio 
degradation (FRD). The amount of FRD is a function 
of the input focal rat io as displayed by Figure 3. 
Degradation is minimized when the fiber is illuminated 
at fast focal ratios. This fact has led many groups to 
implement their fiber feeds at the prime foci of the tele
scope where focal ratios are typically in the range of f/2 
to f/3. This is potentially risky since the focal ratio is 
also close to the numerical aperture of the fiber, and 
any further scattering of the beam may lead to leakage 
of light from the fiber resulting in a loss in transmission 
efficiency. In situations where a fiber is imaged by a 
slow beam, such as f/15, microlenses are often used to 
decrease the focal ratio before it enters the fiber. 

Image Scrambling 
The fact that multi-mode fibers scramble the spatial 
information contained in the input image is of great 
value for many demanding astronomical applications. 
There are, however, limitations that must be considered 
for optimal use of this property. 

Image scrambling can be separated into two compo
nents, azimuthal and radial. Azimuthal structure in the 

ou tpu t image is un i form as a result of efficient 
azimuthal scrambling by the fiber. Radial scrambling is 
substantial, but incomplete. Where focal ratio degrada
tion is minimal {i.e., fast input focal ratios), the amount 
of unscrambled light can be on the order of 10-20%. At 
input focal ratios greater than f/6 or f/7, radial scram
bling effectively becomes complete and the output 
image is uniform regardless of image location or shape 
at the input end. This is shown in Figure 4. 

The pupil is also scrambled by the fiber optic, but 
again not completely. Variations in the atmospheric 
degradation of the image are translated into zonal illu
mination fluctuations within the spectrograph. This can 
result in velocity errors in cases where the spectral image 
is dominated by aberrations from the spectrograph 
optics, as is often the case. Dual fiber scramblers have 
been implemented in situations where velocity stability 
is of the upmost desire {e.g., the AFOE instrument men
tioned above). Such a scrambler images the pupil of the 
first fiber onto the second fiber. By mixing angular and 
spatial modes, the result is nearly perfect scrambling, 
but at the cost of some throughput efficiency. 

Interferometric application of fiber optics 
Stellar interferometers can benefit from the use of sin
gle-mode fibers. Interferometry involves the collection 
of stellar light by two or more telescopes, which is then 
combined in a fashion that preserves the optical path 
length difference between those telescopes. Interference 
fringes formed by the recombined beams provide infor
mation regarding the spatial extent of the object under 
observation at a level that is not resolvable by normal 
ground-based imaging techniques. 

The use of fiber optics as the medium for transmit
ting the light, as opposed to air-filled or evacuated tun
nels, has several virtues. Throughput efficiency can be 
enhanced by e l iminat ing the numerous mi r ro r s 
required for tunnel systems. Stability and interference 
fringe contrast are improved over tunnel systems as a 
result of the elimination of tunnel-related turbulence 
and thermal effects. Implementation costs can also be 
significantly reduced since the tunnels are no longer 
required. 

Unfortunately, the image coupling efficiency with 
single-mode fibers is quite low and strongly dependent 
on the effects of the earth's atmosphere on the star's 
image. Such seeing effects are reduced significantly by 
observation in the infrared instead of the optical band
pass. Consequently, fiber-fed interferometers are fabri
cated for wavelengths longward of 2 µm and quite often 
use fluoride glass fibers. 

Several groups are actively exploring such interfero
metric instruments. Of note is the Infrared-Optical 
Telescope Array (IOTA), an interferometric facility 
located at the Whipple Observatory on Mount Hopkins 
in Arizona. The Fiber Link Unit for Optical 
Recombinat ion (FLUOR), developed at Meudon 
Observatory and Kitt Peak National Observatory, is 
currently in use at IOTA to obtain actual stellar mea
surements. 
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Future expectations 
Classical spectrographs will never 
be replaced fully by fiber-fed sys
tems because of the likelihood that 
slit-fed instruments will always out-
perform those with fibers when it 
comes to observing the faintest of 
objects where raw throughput is the 
primary instrument design driver 
(as in the Diemos ins t rumen t ) . 
However, in most other spectro
scopic applications the potential 
virtues of a fiber optic feed often 
outweigh any negative aspects. As 
such, fiber optics are now a routine 
componen t in many of today's 
astronomical instruments. 

An excellent example of fiber 
opt ic exploi ta t ion lies in the 
Hobby-Eberly Telescope, which is 
scheduled for first light in 1996 at 
McDonald Observatory. The low 
cost of this 11-m telescope arose 
from design constraints allowed by 
the decision to keep the telescope 
special purpose (not a do-all tele
scope) and by the ability to keep 
heavy instruments off the telescope 
s t ructure by feeding them with 
fiber optics. 

Other ongoing efforts include 
the evaluation of potential benefits 
of fiber optic feeds for stellar pho
tometers and of fiber optic arrays 
for spectroscopic imaging of spa
tially resolved astronomical targets. 
Explorations have also been made 
in infrared applications, but routine 
infrared use, other than interfero
metric, is still in its infancy. 

Further reading 
An overview of astronomical appli
cat ions of fiber optics can be 
derived from the following sources: 

S.C. Barden, "Fiber optics in astronomical appli
cations," Proc. SPIE 2476 (1995). 

P.M. Gray, "Fiber opt ics in a s t r o n o m y II," 
As tronomica l Soc ie ty of the Pacific 
Conference Series 37 (1993). 

S.C. Barden, "Fiber opt ics in astronomy," 
As tronomica l Soc ie ty of the Pacific 
Conference Series 3 (1988). 
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