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ABSTRACT. We discussthe design of aninexpensive, high-throughput CCD spectrograph for a small telescope
By using optical fibers to carry the light from the telescope focus to a tabletop spectrograph, one can mimmize
the weight carried by the telescope and simplify the spectrograph design We recently employed this approach
in the construction of IntroSpec, an instrum ent built for the 16 inch Knowles Telescope on the Harvard College

CAIN pus.

1. INTRODUCTION

The widespread availability of affordable, ugh quality com-
mercial CCD cameras for astronomy now makes it possible for
educators and amatewr astronomers to conduct sophisticated
observing programs with small telescopes and limited re-
sources. In recent years the potential for building inexpensive
CCD spectrographs around these cameras has beenrecognized
by several companies and individuals (e.g, Glumac & Sivo
1900, Observations of the spectra of stars, planets, and nebulae
open up an exciting new realm of inquiry for beginming as-
tronom ers, and the design and construction of the spectrograph
itself can provide students with a handson education in the
principles of optics and engineering Here we describe one
approach to designing and building a simple CCD spectrograph,
based on IntroSpec, an educational instrum ent we recently built
for the Harvard Astronomy Department.

We had four design goals for IntroSpec: (1) sufficient spectral
range and resolutionfor a variety of projects in optical astronomy,
(2) high throughput to enable observations of nearby nebulae
and variable stars (3) simple controls and a durable design st
able for student operation, and (4) a smell telescope-borne
weight We decided on a spectral range of ~4500-5300 A at
~6 A resolution This wavelength range includes many im-
portant spectral features: H, Fe, Mg, and Na absorption lines
(prominent in stellar atm ospheres), molecular absorption bands
from CH, and NH, (visible in planetary atmospheres), aswell
as H, N, and O emission lines (cheracteristic of ster-forming
nebulag). Spectral coverage extending ~1000 A farther to the
blue would be vseful, but most inexpensive CCD clups have
poor UV response Our chosen resolution of 6 A allows de-
tection of most of the commonly observed features in this
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spectral range and 1s adequate to resolve the closely spaced
emission lines of He and [N n]

We were able tomeet our design goals on a budget of slightly
under $5500, of which ~$4000 went into buying a midiange
Meade CCD camera and paying for the ttme and materials of
a skilled machinist (C. B. H).® Below we describe how
IntroSpec’s design was tailored to the specific challengesposed
by our budget and perform ance requirem ents. Section 2 reviews
the general optical design constraints on any sumilar spectro-
graph, while § 3 examines the specific choices we made for
IntroSpec, with special attention to the instrument’s fiberfed
design.

2. OPTICAL DESIGN

We begin with a brief review of the layout of a generic
spectrograph, then consider how to optimize its optical design.

2.1. Layeut ef 2 Generic Spectregraph

Figure 1 shows the light pathin a stmple CCD spectrograph
The aperture accepts light from a small portion of the telescope
focal plane that may contain the image of a star or a portion
of an extended nebula. This light is collimated with a lens,
producing a parallel beam. The beam travels to a diffraction
grating, which disperses the light into a spectrum described by
the grating equation (&.g, Schroeder 2000)

mh = d(sinf + sin#f,), {1y
where m 15 the diffraction order, A is the wavelength of the
light, disthe grating line spacing, and @, and#, are the incoming
and outgoing angles of the light with respect to the normal to
the grating suwface (see Schroeder for sign conventions).

A reflection grating such as that shown in Figure 1 folds the
light path as well as dispersing the light. In this case the angle

’ These mmbers do not inchide an expemsive but desirable accessory: a
He-NHe lamp for wavelength calibration We purchased ore from Omel for an
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Frg. 1 —Schemate of the optics in a stmple spechograph with a reflection
grating Bacause the angle befween the grafing nomal and the camera's ophical
axis () 15 smaller than the angle between the grating nommal and the colli-
mator’s optical axs (), the diameter of the momoelomatic collimated beam
leaving the grating has a larger diameter than the meident beam (anamorphic
magnification).

between the incident and diffracted beam typically must be
greater than 30° to allow the camera optics to stay clear of the
collim ated beam heading toward the grating The grating normal
generally points closer to the camera axis than to the collimator
axis (Schroeder 2000), leading to anamorphic magnification a
geomefrical expansion of the dispersed collimated beam along
the dispersion axiz described by AM = cosd,/cosh, (see
Fig 1). Anamorplic magnification increases the spectral res
olution by the sam e factor that the collimated beam 15 expanded
but requires a larger camera acceptance aperture to avoid vi-
gnetting Camera-collimator angles exceeding 457 are rarely
used for this reason.

The light dispersed by the grating is & superposition of col-
limated beams of different colors, all traveling at slhightly dif-
ferent angles. The camera lens focuses each color onto a lo-
cation on the CCD chip determined by its incoming angie,
thereby forming a spectrum. This focusing process is exactly
analogous to the way a telescope focuses incoming parallel
light beams from stars at different angles on the sky onto dif-

ferent positions on the telescope focal plane: in the spectro-
graph, sach point along the spectrum is an image of the Lght
from the spectrograph entrance aperture at a different wave-
length. A higher dispersion grating increases the anpular spread
between collimated beams of different colors, spreading the
cotresponding im ages farther apart. For a detector of fixed size,
higher dispersion yields higher spectral resolution at the ex-
pense of reduced spectral coverage.

2.2, Setting the Relative Scales of the System

Independent of the grating choice or the absolute scale of
the spectrograph, we wish to specify the relative focal lengths
of the spectrograph optics so that the im age of the spectrograph
entrance aperture is correctly sampled by the CCD pixzels. The
width of this im age in the dispersion direction defines the spec-
troscopic resolution element. Oversampling the image wastes
CCD pizels and decreases spectral coverage, while undersam-
pling 1t degrades spectral resolution In the Nyguist sampling
limit, ~2 pixels per wavelength allow one to recover the peak
and valley of an oscillating waveform. Typically, finer sampling
up to 3—4 pixels per resolution element is advantageous in
professional instruments with large CCD clups. However, for
an economical instrument, CCD pixels for spectral coverage
are at a premiwm, and one may prefer samplingnear the Nyquast
limit With Nyquast sampling IntroSpec’s design target of 6 A
resolution combined with 2300 A spectral coverage requires a
CCD chipwith2 = 2300/6 = 767 pixels. We chose this com-
bination of spectral resclution and spectral coverage knowing
that the largest CCD within our budget had 768 pixels in the
long dim ension.

Once the desired sampling is chosen, the ratio of the focal
lengths of the collimator and camera lenses, f , and f . 15
determined by the diameter ratio of the spectrograph entrance
aperture and its image. For Nyoquist sampling, the image of the
spectrograph entrance aperture must be reduced to ~2 CCD pix-
els, or ~20 pim for a typical amatewr CCD camera. The spec-
trograph entrance aperture has generally been sized to the ex-
pected diam eter of a stellar image at the telescope’s focus, which
is determined by atmospheric conditions and the telescope optics
This choice maximizes the contrast between the object and the
background sky light For the 40 cm £/10 Enowles Telescope at
Harvard, the local 3" seeing cisk makes a 100 wm image at the
telescope’s focus, implying that £ /. must equal ~3 to re-
duce the image to ~20 pm. For a 20 cm #10 telescope, similar
seeing would make a 50 pum point-source image, reqUUInE an
Sl ratio of ~2.5. However, a larger entrance aperture (im-
plying hagher £ /f. . to aclueve the same resolution) might be
desirable for a 20 cm telescope to allow for image shafts due
to imperfect guiding.

The acceptance angles of the collimator and camera lenses
can also be estunated approximately independently of the ab-
solute scale of the spectrograph The collimator must be fast
enough to accept an /10 light cone from the telescope from
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TABLE 1
Cnoosing THe Camexa Lens ann Dirractios GraTing

Camera Focal Colhmator Colbmated Bearn  Gratmg Fnbng  Special 2 Pixel Spectral

Length Focal Length Diameter* Dematy” Range* Eeschition Anamorphie

{Trm) {Tomm) (o) (lines mm ") [¢.] (L) Magmfication
R s 175 1715 200 2161 56 1.20
- | R 250 250 &00 287 59 1.13
BY. o 425 425 300 2636 69 1.05

* The clear apertares of the ophcal element: 1mstbe lager than the nomumal collmated beam diamefer for the rearons
dizcusred m § 22,

* Conunorly avalable gratimg mbling closest fo the ideal grating mbhng for the mdicated £, . The ideal vakie may be
estimated to within ~5% from ABAN | where Af 1= the angular diameter of the CCD chip atf | (in radians) and Ak
15 the preferred wavelength wsohition (m millimeters). We assume that the grating 15 used mn fiost ondex

< Spectral range caleulated by deternmming the wavelength falling at each end of the CCD chip, nsmg the grating

aquation

every point within the spectrograph entrance aperture Thas
aperture typically takes the form of a long slit to enable spatial
sampling perpendiculer to the dispersion direction. The camera
must be faster than the collimator: if £ /f.,_ ~ 5, each mono-
chromatic beam intercepted by the camera has a focal ratio of
~ff2 and is elongated in the dispersion direction by anam orphic
magnification (see § 2.1). These beams must be accepted over
a field of view that 15 extended in both the spatial direction
(because of the slitlength) and the dispersion direction{because
of the anpular divergence of the different wavelengths in the
spectrum; § 3.3).

23. Setting the Absolute Scale of the System

We have some flexibility in choosing the overall dimensions
of the optics, limited by financial constraints and the desired
spectroscopic performance. We must balance two considera-
tions. First, larger optics and their mounts are generally more
expensive, although the economies of mass-produced com-
mercial optics cen bend this rule. Second, to maintain a given
spectral range and resolution on a fixed CCD form at, one must
keep the product of the grating dispersion (ruling density) and
the focal length of the camera constant. The grating cost goes
up nonlinearly with the ruling density, so the grating cost and
availability must be balanced against the cost of the optics,
particulazly the camera lens.

The widespread availability of commercial 35 mm format
single lens reflex (SLE) photographic lenses suggests an at-
tractive solution These lenses are inexpensive, offer excellent
image guality, heve sophisticated antireflection coatings, and
are designed to work over a film format of 24 = 36 mm. CCD
chips in typical amateur cemeras fit easily within this format
Many photographic lenses can produce images of ~20 pm
diameter, or about 2 pixels for @ CCD camera with ~10 pwm
pizels Excellent used lenses can be obtained for less than $100,
particularly if an older manual focus lens 15 selected.

To mimimize vignetting, ow design for IntroSpec calls for a
camera lens faster than £/2 (§ 2.2), so an £/1 4 lens is a good
choice. Commercial 35 mm SLE lenses as fast as £/l 4 are
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typically available with focal lengths between 35 and 85 mm,
with 50 mm being by far the most commen. These focal lengths
pair conventently with readily available diffraction gratings to
meet our goals for spectral coverage and resolution Table 1
describes three combinations of gratings and lenses with focal
lengths between 35 and 85 mm. We assume a cam era-collim ator
angle of 36° a central wavelength of 5650 A end a 69 mm
CCD chip with 768 pixels (as found in InfroSpec). All of these
lens-grating combinations approxim ately satisfy our design tai-
gets of 6 A resolution and 2300 A spectral coverage. Giv-
en the ease of obtaining both 50 mm focal length lenses and
G600 lime mm ' gratings, we selected this configuration for
IntroSpec. The spectrograph would have been somewhat
smaller had we used & more expensve 35 mm focal length
camera lens, but as Table 1 demonstrates, vignetting due to
anamorplic magmfication would be slightly greater.

3. INTROSPEC
3.1. Optical Fibers Ease Design Constraints

IntroSpec’s despgn follows that of the generic CCD spectro-
graph in Figure 1, with one key difference: the spectrograph
does not mount directly to the telescope. This change reflects
the optical design constraints outlined in § 2, which led us to
prefer moderately large optical elements (a 50 mm focal length
camera lens and a 250 mm focal length collimator), implying
anl instrum ent whose longest dimension exceeds0 5 m. A com-
mercial 40 cm telescope can support neither the size nor the
weight of such an instrument. Instead of sacnficing optical
performance, we opted for a bench-mounted, fiber-fed design.
Light from the telescope enters a set of optical fibers at the
telescope’s focus, and from there the fibers carry the light to
IntroSpec, which sits on a table. Because IntroSpec’s weight
is removed from the telescope, it can be packaged in a heavy
metal box with an easy-to-remove lid which protects the in-
strument while keeping it accessible to students. IntroSpec’s
wavelength calibration is stable because the mechanical flexure
encountered in a telescope-mounted spectrographis eliminated.
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Fig, 2 —0Overview of IntioSpec. See § 3.2 and Table 2.

3.2. General Overview of the Insirument

Figure 2 and Table 2 provide an overview of IntroBSpec.
Optical fibers are coupled to the telescope via a guder/telescope
attachm ent, further discussed in § 3.6. The fiber train consists
of six fibers, each of which accepts light from a different po-
sition on the telescope focal plane; these are bundled in several
layers of protective coverngs (Sechon 3.4 discusses the tech-
nical aspects of working with fibers in more detail) Upon
entering the spectrograph enclosure, the fiber train loops around
alarge black spool for strain relief, then the fibers are channeled
into the fiber output, from which the bare fiber ends emerge
itv avertical stack (Fig 3). The base of the fiber output assembly
15 adjustable to permit focusing the collim ator lens. Each optical
fiber 15 an indspendent spectrograph entrance aperture; by
stacking these apertures perpendicular to the dispersion axis
we obtain six parallel spectra on the CCD chip (Fig 4).

IntroSpec uses two fibers of each of three diam eters: 100, 200,
and 300 pum. The seeing disk at the Knowles telescope 15 well
matched to a 100 pm fiber, and this fiber diameter provides the
highest spectral resolution, ~8 AFWHM L arger fibers gve the
user the choice of trading off spectral resolution in exchange for
gathering additional light from an extended sowrce such as a
nebula. Larger fibers are also more forgiving of guiding errors
when spectral resolution is not crtical. The different fiber di-
ameters allow students to learn about the instrum ent and to make
the connection between fiber smze and spectral resolution For
point sources, one fiber can be used to acquire the target spectrum
and the second fiber of the same diameter can be used to acquire
a sky spectrum for background subtraction.

From the collimator on, IntroSpec looks much like the ge-
neric spectrograph of Figure 1. The collim ator lensis a 50 mm
diameter achromat with £, = 250 mm, yielding & collimated
beam diameter of 25 mm with an /10 input light cone. We
selected a 583 line mm ' grating blazed' for peak efficiency
at 5610 A Richardson Grating Laboratory offers this grating
in sizes up to ~50 mm square. The prating face 15 precisely
aligned to the rotation axis of a rotation stage, permitting mi-
crometer adjustment of the grating angle to wary the spectral
range. With a camera-collimator angle of 36° IntroSpec’s de-
sign range of 45006800 A corresponds to an 8° angle between
the grating normal and the camera axis. At this rotation angle,
the anamorphic magnification factor is 1.1, so the monochro-
matic outgoing beams are oval in shape with dimensions
~25 % 218 mm.

These beam s travel ~90 mm from the grating to the camera
lens, where the dispersed colors slightly overfill the 38 mm

* The maled diffraction gratngs typically nsed n astomonoeal metiments
ate blazed fo maxnmozs the amount of light m the desired diffraction order A
blazed reflechon grating has a mangular gioove pmofile, with the eflectve
surface of the gwove melined to the grating suiface by an angle Jmown as
the blaze angle. The blaze angle 15 chosen much that sivple geometncal re-
flechon from the groowe face send: hght not mbo the central maxmmm bat
instead into the chosen diffraction cwder, coincident with the desied peak-
efhciency wavelength In the case of transmussion gabngs, the blazs angle »
clhiosen much that hglht geametacally wefracted from the groove face & com-
cident with the desned peak-efficiency wavelength in the selected diffrachon
orer We chose a reflection grating for IntioS pec becanse reflechon gratings
are samew hat less expemsmve than bansmession gratings and the folding of the
Light path i converent.
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Fi. 3 —Fiber ontpat assembly. Three panrs of fibe s with diameters of 100,
200, and 300 pm are ananged vertically, with the sinallest ibers at the center
and the largest fibers at the top and botiom. The ends of the fber are ahgned
precisely m six V-giooves; the V-grooves are bead blasted but not anodized
(see § 3.4)

maximum aperture of the camera lens, a 50 mm focal length
f/l1 .4 Nikon lens (see the discussion of wignething in § 3.3).
The lens focuses the spectrum onto a Meade Pictor 416 XT
CCD camera, containing a 768 x 512 KAF-0400 chip with
9 pum sguare pixels Attaching the Nikon lens to the Pictor 416
XT required machining a special connector made from a Nikon
bayonet mount and & Meade CCD camera mount. Finally, the
cord shown exiting the spectrograph enclosure to the front right
in Figure 2 connects the CCD camera to the Meade Pictor
control box (not shown) for data and power transfer

33. Image Quality and Vignetting

We have modeled IntroSpec’s optical performance using
the commercially available optical design and analysis code

L ] 1 e ®
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ZEMAX. The optical prescription for the collim ator aclwom at
if wncluded in the lens cetelog supplied with ZEMAX. The
precise optical prescription for the Nikon lens is not available,
so for this lens we have substituted the scaled prescription for
a 100 mm focal length, £/l 4 double Gauss lens from a com-
pilation of lens designs by Smith (1992). The Nikon lens used
in IntroSpec 15 also of the double Gauss design and should
perform similarly.

Chur ray traces for the model IntroSpec give images with rms
image diameters bebween 12 and 30 wm across the target
45006800 A wavelength range when the cemera lens is
stopped down to f/1 8. The performance is considerably worse
when the lens 15 opened to its full £/1 4 aperture. Our laboratory
tests show that the actual Nikon lens produces CCD images
with FWHM diameters of ~20-25 pm when the grating is
illuminated with collimated light, in good agreement with the
ray traces.

Cur ray traces also allow us to estimate the vignetting in the
camera lens as a function of wavelenpgth As shown in Fig-
ure 5, when the camera lens is stopped down to £/1 3, the on-
axis (5650 A} beam is unvignetted, and ~68% of the extreme
(4500 or 6300 A) beams are transmitted.

3.4. Throughput and Optical Fiber Losses

We estimate IntroSpec’s total throughput at about 12% at
5650 A Throughput 15 lower at the ends of the spectral rangs
because of vignetting in the camera lens, the decrease of the
grating efficiency off the blaze peak, and the wavelength de-
pendence of the gquantum efficiency of the CCD camera.

Table 3 lists the individual throughput of each of IntroSpec’s
optical elements, not including losses due to guiding errors or
the fimte apertures of the fibers. With lupgh-quality components,
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Fig. 4 —CCD image of spectra from Inhel pec’s six optical fibers. The flbers have been illunmmated with a merenry-neon calbhration lamp, which emuts a
muvber of nanow ermssion lines. Here the camera lens was opened all the way to £f1 4, and a small ameunt of light in a diffase halo 15 visthle mmoundimg the

boghter lines
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TABLE 2

Purcnasen Parrs List

3pechiograph

Hewpart PACOSE cemented achiomat, 2 inch diameter, £ = 250 mum

Hewpart LH-200 2 inch diametsr lere monnt

Fachawdson Gratmg Lab 588 line nun ' reflection grating, 50 = 50 = 6 nun blazed at 561 nm

Hewpart 481-A Fotaton 5tage

Hikon £71.4 £ = 50 mun photographoe lens
Meade Pictor 416 T CCD camera
Meade 12 V DC o 115 AC adapter

1.25 inch CCD bamrel fiom Meade Customer Service
Swrphos bayoret mount (fiee fiom photography shop)

Guadar

TFivo Mewpart PACO40 precizion aclwomatic doublats, 254 mm diameter EFL = 508 mm
Onon Sims Ploss] evepiece, 1.25 meh diamneter, £ = 26 mom

Meade 2 inch diagomal mumror He. 929

Fiber Traim

Folymeem FVP senes multimode step-index fiber, core diameter 100 ard 300 pm
Fibergnide SF5200 240T nmlimnds step-index fiber, core diameter 200 wm

M M Newman 20 gage FTFE standard wall Teflon tobmg

Bally Fibbon Malls Pattern 8444 0.5 ich fubular nylom webbing

Note.— All other parts were made m the mackine shop o the lab.

the lens and grating efficiencies are hard to improve. However,
current versions of the Meade Pictor CCD cemeras use CCDs
that have quantum efficiencies of ~50% at 5650 A, noticeably
higher than the 35% quantum efficiency of the older model in
IntroSpec.

Achieving the optical fiber throughput shown in Table 3
requires some attention to minimizing fiber losses. IntroSpec
uses multimode, step-index fibers with a pure fused silica core
and doped fuged silica cladding because this type of fiber pro-
vides the best overall throughput for the wawvelengths of interest
in astronomical spectroscopy

Fiber losses come from three main sources end reflection
losses, internal transmission losses, and focal ratio degradation.
End reflection logses are simply the Fresnel reflection losses
encountered at every material interface; for fused mlica, the
refractive index 15 ~1 45 at the center of the IntroSpec pass
band, resulting in a loss of ~3.5% at each fiber end These
losses are hard to avoid because it 15 usually not practical to
apply antireflection coatings to the tiny fiber ends Internal
transmission losses can be estimated using data from the fiber

TABLE 3
Estmaten InThoSrec THROUGHPUT
AT 5650 A
Optical Element Transroessiom
Fibers ... 060
Collimator lems ... .. 097
Graling o ..o i 030
Cameralexs .......... 085
CCD i 03s
Total thaoughpat .. ... 01z

manufacturer and vary according to the OH content of the fused
silica and the material preparation For the 10 m long fibers
used in IntroSpec, internal transmission losses are neghgible
in the 45006200 A range, although transmission losses be-
come more important below 4000 A A discussion of the in-
ternal transmission of modern fused silica fibers can be found
in Lu et al. (1998).

Focal ratio depgradation is the major controllable source of
fiber losses. If a fiber 15 manufactured to lugh standards and
not pinched in use, a light cone incident on the fiber axis exits
the fiber with approximately the same focal ratio with which
it entered. (The fibers we have chosen accept a numerical ap-
erture of 0.22, corresponding to a focal ratio of ~£/2.2, much
faster than the required f/10)) Howewver, stresses that locally
deform the fiber will scatter light into a faster cone, resulting
in focal ratio degradation This degradation in turn leads to
reduced system throughput if the optics are not enlarged to
capture the faster cone of light. Owr tests have shown that even
if fibers are carefully mounted, protected from stress, and prop-
erly aligned, focal ratio degradation will scatter about 25% of
the light incident at /10 outside an £/10 light cone. Accounting
for reflection losses at both ends of the fiber the total fiber
throughput under ideal conditions i then about 70% at £/10.
Focel ratio degradation is much less important for input beams
significantly faster than £/10. We recommend avording fibers
with core diameters smaller than 100 pm because they are more
difficult to handle and are more prone to focal ratio degradation

3.5. Mounting Optical Fibers

The most common sowce of excess focal ratio degradation
ig external stress due to inappropriate fiber mounting tech-

2002 PASPE 114:577-585



Fig. 5. —Optieal hght path from the collmator to the focal surface for two
wavelengths, near 5650 A in the top panel and near 6300 A in the bottom
panel. The camera lens 15 stopped down to £l 8 Approsimately 32% of the
Light is lost to vignetting at 6300 A

nigues. For example, if the fibers are bonded into an oversized
ferrule with a circumferential epoxy bond, the epoxy shrinkage
upon curing can introduce serious stress A much better tech-
nigue is to bond the fibers onto precizely machined V-grooves
(long grooves with a V-shaped cross-sechonal profile) with
sm all beads of silica-filled epoxy. Mixing epoxy and silica half
and half by weight reduces the epoxy shrinlcage, and the viscous
mixfure does not completely surround the fiber (Fig 3).

To machine the V-grooves, we use a 45 double angle cutter
in an B-8 or 34 inch straight shank stub milling m achine arbor
Cutters with noticeable radii on the cutting teeth should be
avoided, because a large radiug will dishwb the fiber alipnm ent
by allowing the fiber to contact the groove bottom. After the
grooves are cut, we lightly bead blast them with glass beads;
this process rem oves burrs that may stress or scratch the fibers
and also creates a good swface for bonding,

Stress along the lenpth of the fiber can be mimmized by
enclosing each fiber in a loogely fithng sleeve of Teflon tubing
{(in addition to any plastic buffer the fiber m ay already be coated
with); for convenience and extre protection we also bundle

2002 PASE, 114:577-585
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these tubes within a larger fabric sheath Sewveral stages of strain
telief at both ends of the fiber train protect the fibers from
accidental tugs and maintain a large bend radius.

Accurate fiber alipnment and polishing 15 also critical, to
avoid both focel ratio degradation losses at the entrance fiber
face and misdirection of the exiting light at the exit fiber face.
Baoth the entrance and exit ends of the fibers must be polished
flat to a good optical finish, and the polished ends must be
perpendicular to the fiber axes (which are aligned perpendic-
ular to the focal plane using the precisely machined
V-grooves). We used a fiber-polishing machine built for an
earlier project; a similar machine could be constructed for
~$300 in parts. The machine consists of a flat glass disk
attached to an aluminum turntable rotating ona 72 revolution
per minute motor A rigid arm holds a brass cylinder pei-
pendicular to the glass disk. The brass cylinder has
V-grooves cut along its length, and the fibers are temporarily
attached to the V-grooves with Duco cement for polishing A
large drop of Duco cement covers the end of each fiber, which
protrudes by ~2 mm (most of this will be polished away).
We attach disks of hgh-quality self-adhesive abrasive paper
in successively finer grades to the turntable, and the brass
cylinder contaiming the fibers is swept across the abrasive
paper. The sequence beging with 30 pm gt paper and ends
with 0.3 pum grit paper. A thin solution of dishwashing soap
in water provides adeguate lubrication; clean water is used
to rinse off grit residue before mowving to the next smaller
grit (the motor is isolated from water spillg). Finally, we in-
spect the fiber ends under a microscope to verify that ne
scratches remain The Duco cement can be removed with
acetone to release the fiber from the polishing cylinder

3.6. The Manual Guider

Acquining and tracking astronomical targets requires some
techrnicue for wiewing the focal plane In a professional in-
strum ent ths function 15 usually perform ed by a sensitive, high
frame rate slectronic camera In IntroSpec we have provided
optics that allow the observer to visually momnitor and correct
the telescope tracking while viewing a 12° field of view imaged
around the spectrograph entrance aperture.

Figure 6 illustrates the primary components of the guider
A flat metal mitror intersects the focal plane of the telescope
at & 45° angle. The mitror 15 machined in two pieces, and the
fibers protrude through the mirror at the intersection of the
focal plane and the mirror’ s surface. All the light that does not
enter the fibers strikes the mirror and is reflected by P0° into
the eyepiece extension Inside the extension, two matched
achromatic lenses relay the image of the telescope focal plane
to a 26 mm Plossl eyepiece. The observer guides the telescope
by centering the object of interest on one of the fiber ends so
that most of the light disappears down the fiber

The guder also serves as the mechanical interface between
the telescope and the fibers, incorporating m echanisms for eye-
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Frg. 6 —Gmderftelescope attachment. Top: Lines drawn over the photo show the positioms of the ophical comporents and the path of the hght The small screw
between the wlay lenses allows them to shde forward or baclward as a umt fo forus. Boffom: Inmer guider assenmbly, with the Meade diagomal nuner and the
ayeplece exterrion removed to reveal the split numor in the central piece. The fibers are mot easily vistble m the photo, but they protmde shghtly from the
V-groowes, with thewr polished surfaces fush to the focal plane of the telescope (18, af a 45% angls from the oy surface).

piece rotation, strain relief, and fiber alignment To mimmize
weight, nearly all of the parts were made from aluminum,
including the mirror We finished the mirror in two steps, first
removing machining matks with a fine grit paste on a turntable
and then polishing with white rouge compound and a hard felt
wheel mounted on a lathe. The two halves of the mirror were
registered with pins, allowing us to disassemble the mirror to
mount the fibers in internal V-grooves without disturbing the
polished swface.

4. CONCLUSION

IntroSpec saw first light on 1999 March 17 and 15 now in
regular use in & Harvard astronomy course for nonm ajors. Stu-
dents perform projects such as comparing the spectra of the
two stars in Albireo. Even under a bright wben sky, we have
successfully used IntroSpec to observe objects ranging from
stars and planets to emission nebulae and binary accretion sys
tems. Figue 7 shows a few spectra taken with IntroSpec along
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Fig. 7—35pecta faken with Intol pec at the Knowwles Telescope. Approsimate expomure times: Algol 30 5, Aldebaran 3 5, Jupiter 3 5, Satoem & 5, Mia 30 5,
amd Onon Nebula 600 5. Observatiors were taken on different mghts with vanable (but never photometne) sky condibons. Al specha except Onon were faken
with the 100 pm Sher for maxiram spectral 1esclation (~6 L), for Orion we bimed the CCD by 2 but still wsed the 100 pn fber because of readout glitches
in the 200 g fiber spectmm The resulting spectral msohition of ~12 & just suffices to distinguish the W n line at 6548 & fiom He at 6563 A The sawtooth
stmefare m Mia's spechum 15 cansed by absorphon bands of Te) and other molecules m it outer envelope.

with their exposure times. We have also used IntroSpec to
demm onstrate to students how & spectrograph works, the instr
ment’s easy-to-remove top cover allows students to peer di-
rectly inside. In another article (Kennappan & Fabricant 2000)
we provide a brief introduction to amatewr spectroscopy with
low-budget spectrographs like IntroSpec, including basics of
data analysis and interpretation as well as a variety of spec-
troscopy project ideas.

IntroSpec was designed and built at the Harvard-Smithsonian
Center for Astrophysics, with financial support from Harvard

College and the Harvard Astronomy Department arranged by
Jonathan Grindlay and Ramesh Narayan We thank Professor
Grindlay for his participation in planmng and commissioning
the instrument. The Knowles Telescope where IntroBpec 15 used
was generously donated by C. Harry and Janet Knowles. We are
grateful to John Geary, Steve Amado, Joe Zajac, Douglas Mar,
John Roll, Warren Brown, and Amta Bowles for adwice, re-
sources, and techmical assistance during IntroSpec’s construction
phase. We also thank Tom Narita, John Raymond, Dimitar Sas-
selov, and the students, friends, and family who helped with
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