Chapter 2

Amateur
Astronomical
Spectroscopy

The goal of astronomical spectroscopy is to produce a wavelength calibrated line
profile of the spectrum of an astronomical object, usually a star. From this line
profile of the spectrum image, wavelengths can be measured as well as equivalent
widths. Stellar and supernova classifications can be done. Doppler shifts can be
measured and radical velocities calculated. Elemental lines can also be identified
and their strengths measured. All these data can be gleaned from a single image of
a spectrum. No wonder spectroscopy is so powerful.

This chapter will discuss the equipment used and techniques for producing a good
astronomical spectrum image. Chapter 7 will discuss the software and processing of
the spectral images in detail. While certain combinations of equipment will produce
better results than others, when starting out with low-resolution spectroscopy almost
any combination can be used to produce good first results. Low-resolution work will
not provide accurate wavelengths no matter how good the technique. It can be used
to identify major elemental lines and even classify supernovae. To determine accu-
rate wavelengths, high-resolution must be used. There is still a great deal that can be
before going to high-resolution spectroscopy, however. It is suggested that one start
with low-resolution spectroscopy and master that before trying higher resolution
work. Part of this is because probably 75 % of the effort is in the software process-
ing. Most of this is the same regardless of resolution. Obtaining low-resolution
spectra and processing them is an excellent way to learn spectroscopy. The other part
is one can start with low-resolution spectroscopy for a few hundred dollars. Venturing
into high-resolution will require several thousand dollars worth of equipment.
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Telescopes and Mounts

As mentioned earlier almost any telescope can be used, reflector or refractor, ALT/AZ
or Polar mounted and a variety of focal lengths. For low-resolution work on bright
stars, exposures will be is the sub-second range so tracking is not important. For high-
resolution work and where fainter objects are imaged, time exposures will be required.
A solid aligned mount is required for high-resolution work. Computerized ALT/AZ
telescope will also work fine. The biggest disadvantage of the ALT/AZ mount is a
clearance problem when using a LISA or Lhires III or even an ALPY 600 spectro-
graph. This is especially a problem when observing near the zenith, which is where
the best observations are. A Polar mount will allow a large area beneath the telescope
when observing near the zenith. For a mount a tripod will work, but if it needs to be
set up each observing session, that effort can get old fast. A better approach is some
kind of permanent mount. Using a permanent pier and Polar mount, once adjusted,
will save many hours and make the observing sessions much more pleasurable.

Naturally the larger the aperture the more light (more photons) is available to be
spread out into a spectrum and thus shorter exposures can be used or fainter stars
observed. For the equipment listed, a 16" aperture is about maximum for optimum
spectroscopy. Larger instruments can be used, but there is a fast diminishing of
returns. The Lhires III is optimized for a 12" aperture. The Star Analyser is sup-
posed to work best at f/5, but experience shows it works well at f/10 too and prob-
ably most focal lengths. The Star Analyser can also be used directly on a telephoto
lens of a DSLR camera. The Lhires III works well at f/10 or {/6.3.

At the Hopkins Phoenix Observatory a simple, but permanent roll-off-roof
observatory is used. The observatory is 8-foot square and 7-foot high with a fixed
pier with polar mount and 12" LX200 GPS telescope. This observatory is used for
high-resolution work with the Lhires III (Figs. 2.1 and 2.2).

Fig. 2.1 Hopkins Phoenix observatory
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Fig. 2.2 Permanent pier and 12" LX-200 GPS telescope

A simpler setup was developed for low-resolution work with an 8” LX90 tele-
scope and Star Analyser. No observatory. The exact dimensions of the following
are not critical. A 1-foot deep 2-foot square hole was dug and filled with concrete.
A 4-foot long by 12-inch diameter cardboard Sono tube was then inserted into the
concrete. A 5-foot long 3-inch diameter steel water pipe, threaded at the upper end
was inserted into the center of the Sono tube and also filled with concrete. A 3 inch
threaded pipe flange was then screwed onto the top of the pipe. A 10-inch square
by quarter inch thick aluminum plate was then screwed to the flange. The LX90
wedge was then attached to the aluminum plate. This has proved to be an excellent
arrangement. Once the wedge was aligned the telescope can be installed and
removed easily. This arrangement requires little setup time. An extension cord pro-
vides AC power to a power strip to power the telescope and computer. If the tele-
scope is to be used for several nights, it is left on the wedge. To protect it from the
weather a 20-gallon commercial black plastic garbage bag is installed over it with
a rope tying it at the base (Figs. 2.3 and 2.4).
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Fig. 2.4 Wedge and pier



Astronomical Spectroscopy Equipment 49

German Sheppard guard dog Blackie stands guard over the equipment (Fig. 2.5).

Fig. 2.5 8" LX90 telescope on pier

Digital Cameras

When starting out with low-resolution spectroscopy most any digital camera can be
used including DSLR and web cam cameras. A 16-bit monochrome camera will
produce an optimum results (best sensitivity, dynamic range and resolution) and is
essential for quality high-resolution work. An 8-bit monochrome or 24-bit color
camera will work for low-resolution spectroscopy, but they will have a dynamic
range of only 256 whereas the 16-bit cameras will have a dynamic range of 65,536.

CCD Versus CMOS

A digital camera has a small chip that is a CCD (charge coupled device) or CMOS
(complimentary metal oxide semiconductor) chip. The CMOS chips work well, but
the CCD is the preferred type of sensor for most astronomical work. Both CCD and
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CMOS work by the photoelectric effect where photons knock off electrons in a cell.
The CCD chips are more sensitive in the longer wavelength infrared region. This
region is where a lot of work is done on the hydrogen alpha and helium I lines. The
CMOS chips are popular in DSLR and other non-astronomical digital cameras.
They have a higher data transfer and lower noise that is needed for general camera
use. The CCD excels for astronomical use with its better long wavelength response
and higher sensitivity to low light conditions.

The CCD and CMOS chips contain rows and columns of pixels in the form of a
matrix. Each pixel detects and reports the intensity of photons hitting it. New cam-
eras can have over 1,000 rows and 1,000 columns for total number of pixels greater
than one million. When photons hit the pixel, electrons are knocked off and fill a
pixel well. The charge in the pixel well is then read and converted to an Analog to
Digital Unit (ADU) count. The well is then emptied and ready for the next expo-
sure. Color cameras have 3 or 4 different colored filers over the pixel matrix. For
this reason color cameras have much lower resolution than that of a monochrome
camera with the same total number of pixels. The filters also reduce the amount of
light each pixel receives so the color camera is also less sensitive than a mono-
chrome camera (Fig. 2.6). The following image shows a section of a CCD chip
pixel matrix.
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Fig. 2.6 CCD chip pixels

Each of the white squares is a pixel well. For color CCD chips it takes 3 or 4
pixels to produce one color point. Typically the maximum ADU count for a color
pixel with a color CCD camera is 256 or 8 bits. Monochrome CCD chips use each
pixel for a spot or point. This means the monochrome CCD chip has a resolution
of 3 or 4 times that of a color chip of the same size. In addition, monochrome CCD
cameras typically are 16 bit cameras and produce pixel ADU counts of from 0 to
65,535 meaning they have a much greater intensity dynamic range.
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While most any CCD camera can be used with a Star Analyser spectrograph, it
is essential that a 16-bit monochrome camera be used for high-resolution work. The
Meade DSI Pro II and Orion G3 monochrome cameras both have the same CCD
chip. The DSI series is no longer available, but the G3 is available now and has a
built in regulated and adjustable TEC cooler. The pictured DSI camera is a DSI Pro
II monochrome camera (Fig. 2.7).

DSI Series and Orion StarShoot Cameras

Fig. 2.7 Meade DSI Pro series

One can tell the difference between the DSI Pro and DSI Pro II by the color of the
case. The DSI Pro is black and the DSI Pro II is blue. The DSI Pro II also has a
bigger CCD chip. The Pro series are monochrome cameras and the DSI without the
Pro are color cameras. The Pro series has a sensitivity 230 % and resolution 400 %
more that the Color DSI Camera. The Pro series comes with a sliding filter bar. It
is best to replace that with a low profile adapter and dark slide, as seen above, avail-
able from ScopeStuff (http://scopestuff.com/). The Orion G3 is a better buy now
and can be found on sale from Orion for $399 (Fig. 2.8). ATIK also has good cam-
eras, but tend to be more expensive (Fig. 2.8).


http://scopestuff.com/
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Fig. 2.8 Orion StarShoot G3 camera

ATIK 314L+ CCD Camera

Another popular CCD camera with a bigger chip for spectroscopy is the ATIK
314L+. At over $1,600 it is a bit expensive compared to the DSI and Orion series.
Another drawback is the larger chip requires a bigger camera and camera space is
limited on the Lhires III. Some observers have been able to use them, however. It
may require a smaller guide camera so all the cameras can fit. The ATIK 314L+
uses a Sony ICX285AL CCD chip (Fig. 2.9).

5T-4 compatible

autoguide port
1.25"
nosepiece
12.1 mm center + 12 VDC/ center + 12
VDo

Fig. 2.9 ATIK 314L+ monochrome CCD camera
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Table 2.1 shows the specifications for the CCD chips used for the Meade DSI series
cameras as well as the Orion StarShoot camera and the ATIK camera.
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Figure 2.10 shows the spectral response curves for the Meade DSI series and Orion
StarShoot cameras. Figure 2.11 shows the spectral response curve for the ATIK camera.
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Fig. 2.10 DSI and Orion Star Shoot CCD spectra response curves
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Fig. 2.11 ATIK 314L+ ICX285AL CCD spectra response curve
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Both a prism and/or diffraction grating can be used to produce a spectrum of the
visible region of the electromagnetic spectrum. Prisms were used for early spectros-
copy, but in order to have sufficient resolution, the prism-based spectrographs tend
to get very big and thus usually will only work with large telescopes. Diffraction
grating spectrographs can be made much smaller and are more suitable for smaller
telescopes. A good example is the Lhires III. The Lhires III uses a Littrow design
where the light passes through the same lens twice, first as a collimator and then as
a focuser, in a folded optical arrangement.

A diffraction grating is a glass plate or film that has many parallel lines scribed
on its surface. The number of lines per millimeter (I/mm) is one factor that deter-
mines the possible resolution of the spectrograph. The more line per mm the higher
the possible resolution. For the discussed spectrographs the number of lines vary
from 100 to 2,400 I/mm. There are two types of diffraction grating, reflection and
transmission. In addition the transmission gratings can be used with or without a
slit. For those observers in light polluted areas, a slit will essentially eliminate the
sky background. Using a slit with a grating enables one to do good astronomical
spectroscopy from urban backyards.

In this chapter, the Star Analyser, DIY (Do-It-Yourself), ALPY 600. LISA,
Lhires IIT and eShel spectrographs will be briefly discussed. In Chaps. 3, 4, 5 and
6, the Star Analyser, DIY, ALPY 600, and Lhires III spectrographs will be dis-
cussed in detail.

Star Analyser Spectrograph

The Star Analyser spectrograph has a 100 I/mm blazed transmission grating. Note
the Rainbow Optics spectrograph is very similar and most of what is discussed
regarding the Star Analyser also applies to the Rainbow Optics unit. Both of these
spectrographs are used for low-resolution work. Both the Star Analyser and the
Rainbow Optics unit have a resolution of 200 or less. The Price of the Star Analyser
is under $200 US$ whereas the Rainbow Optics spectrograph is around $250. Both
of these spectrographs are normally used in a slitless mode. More information on
the Rainbow Optics spectrograph can be found at:

http://www.starspectroscope.com/

and the User Manual for the Star Analyser at:

http://www.patonhawksley.co.uk/staranalyserusermanual.html (Fig. 2.12).


http://dx.doi.org/10.1007/978-3-319-01442-5_3
http://dx.doi.org/10.1007/978-3-319-01442-5_4
http://dx.doi.org/10.1007/978-3-319-01442-5_5
http://dx.doi.org/10.1007/978-3-319-01442-5_6
http://www.starspectroscope.com/
http://www.patonhawksley.co.uk/staranalyserusermanual.html
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Fig. 2.12 Star analyser spectrograph, credit: Shelyak instruments

DIY Spectrograph

The Do-It-Yourself (DIY) spectrograph has an 1,800 I/mm reflection grating and is
fiber optic coupled. The DIY Spectrograph has been available on eBay off and on for
$200 USS$. This includes everything needed to produce a spectrum line profile except
a means of coupling to a telescope to use starlight for the spectrum (Fig. 2.13).

Back View

Fig. 2.13 DIY spectrograph
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ALPY 600 Spectrograph

In February 2013 Shelyak Instruments announced a new low-resolution spectrograph
called the ALPY 600. ALPY is not an acronym, but was conceived in Europe in the
Alps. The ALPY 600 uses a grism arrangement. The grism consists of a 600 I/mm
transmission grating with a small prism in front of it. This arrangement increases
the resolution. The ALPY 600 has a resolution of over 500. The unit can be used
with or without a slit. The basic unit has a rotating plate on the front of the spectro-
graph that allows a slitless mode and several different slit selections. The selectable
positions are a 25 mm hole, 50, 100 and 300 mm wide slits plus a 3 mm hole clear
position for slitless mode. The unit can be used on a telescope or on a bench via a
fiber optic cable. The unit is designed to provide a spectrograph in price and per-
formance between a Star Analyser and LISA spectrograph. The system has three
modules. A basic module can be purchased first at minimal cost and other modules
added as desired. The other modules consist of a guiding module and wavelength
calibration module. The price of the ALPY 600 Is $825 USS$ (shipping and
exchange rate). All three modules can be purchased for around $2500 US$. The
guiding and imaging CCD cameras are not included. User Manuals for the ALPY
600 Modules can be found at (Fig. 2.14):

r ¢ Alpy guiding
(" goptional module
\ A

Atik3d 14+

Fig. 2.14 ALPY 600 spectrograph, credit Shelyak instruments

Basic Unit:
http://thizy.free.fr/shelyak/alpy/DC0O016A_Doc_Alpy_600_EN.pdf
Guiding Unit:
http://thizy.free.fr/shelyak/alpy/DC0017A_Doc_Alpy_Guiding_EN.pdf
Calibration Unit:
http://thizy.free.fr/shelyak/alpy/DCO018A_Doc_Alpy_Calibration_EN.pdf


http://thizy.free.fr/shelyak/alpy/DC0016A_Doc_Alpy_600_EN.pdf
http://thizy.free.fr/shelyak/alpy/DC0017A_Doc_Alpy_Guiding_EN.pdf
http://thizy.free.fr/shelyak/alpy/DC0018A_Doc_Alpy_Calibration_EN.pdf
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LISA Spectrograph

Shelyak also has a low to mid-resolution 600 1/mm reflection grating slit type
spectrograph called the LISA, Long Imaging-slit Spectrograph for Astronomy. The
resolution is between 600 and 1000. The price for the LISA, less CCD cameras and
white calibration unit, is around $4,800 USS$. The white calibration unit is an addi-
tional $500 USS. The LISA User Manuals can be found at (Fig. 2.15):

Fig. 2.15 LISA spectrograph, credit: Shelyak instruments

http://thizy.free.fr/shelyak/Lisa/DC0O015A%20LISA%20Pack%20User%
20&%20Reference %20Manual %20%28EN%?29.pdf

and
http://thizy.free.fr/shelyak/Lisa/DC0012A%?20-%20LISA%20User%20Guide %
20-%20En.pdf

Lhires III Spectrograph

For mid-resolution and high-resolution spectroscopy a Lhires, Littrow High
Resolution Spectrograph, III with both 600 and 2,400 1/mm reflection gratings
spectrograph will be discussed in detail. The Lhires III is optimized for the 2,400 1/
mm grating, but 150, 300, 600 and 1,200 1/mm gratings are available optionally at
around $500 USS each. The Lhires III has a resolution of over 17,000 with the
2,400 I/mm grating. The Lhires is available, less CCD cameras for $4,800 USS$.
This is perhaps the best choice for high-resolution spectroscopy. The LHIRES III
Spectrograph User Manual can be found at (Fig. 2.16):


http://thizy.free.fr/shelyak/Lisa/DC0015A%20LISA%20Pack%20User%20&%20Reference%20Manual%20%28EN%29.pdf
http://thizy.free.fr/shelyak/Lisa/DC0015A%20LISA%20Pack%20User%20&%20Reference%20Manual%20%28EN%29.pdf
http://thizy.free.fr/shelyak/Lisa/DC0012A%20-%20LISA%20User%20Guide%20-%20En.pdf
http://thizy.free.fr/shelyak/Lisa/DC0012A%20-%20LISA%20User%20Guide%20-%20En.pdf
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Fig. 2.16 Lhires III spectrograph, credit: Shelyak instruments

http://thizy.free.fr/shelyak/LhiresIII/DC0004 A %20-%20Lhires %20111%20
User%20Guide%20-%20English.pdf

eShel Spectrograph

The top of the line spectrograph from Shelyak is the eShel unit. This is an eschell
type spectrograph that uses higher order spectra for a wider coverage of the spec-
trum. This is a fiber optic coupled spectrograph. The price of this spectrograph
varies from $15,000 to $25,000, which is way out of reach for most amateurs and
thus will not be discussed in detail. The eShel Spectrograph Users Manuals can be
found at (Fig. 2.17):


http://thizy.free.fr/shelyak/LhiresIII/DC0004A%20-%20Lhires%20III%20User%20Guide%20-%20English.pdf
http://thizy.free.fr/shelyak/LhiresIII/DC0004A%20-%20Lhires%20III%20User%20Guide%20-%20English.pdf
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Fig. 2.17 eShel spectrograph, credit: Shelyak instruments

http://thizy.free.fr/shelyak/eshel/DC0010C%20eShel %20Installation%20& %20
Maintenance%20Manual.pdf

and
http://thizy.free.fr/shelyak/eshel/DC0O009B %20eShel %20User%20Guide.pdf

There are some procedural basics that apply to both low and high-resolution
spectroscopy. High-resolution usually requires exposures in several minutes, even
for bright stars, whereas low-resolution exposures are typically in seconds or
milliseconds.

It is suggested that when starting out in spectroscopy that the observer try visual
astronomical spectroscopy to get familiar with the spectral orders. This is done with
low-resolution spectroscopy and will be discussed with the Star Analyser. Colorful
spectra will be seen which can be inspirational.

When a spectrum is created there will be multiple versions of it on each side of
the zero order spectrum or star image. Each successive spectrum will be fainter.
There will be first order, second order and so on spectra on each side of the zero
order spectrum. Normally the first order spectrum should be the spectrum used as
it will be the brightest spectrum. For the Star Analyser spectrograph the transmis-
sion grating used is blazed in such a way as to make the first order spectrum on one
side of the zero order spectrum much brighter than the first order spectrum on the
other side. If in doubt which is which, look on both sides of the zero order spectrum


http://thizy.free.fr/shelyak/eshel/DC0010C%20eShel%20Installation%20&%20Maintenance%20Manual.pdf
http://thizy.free.fr/shelyak/eshel/DC0010C%20eShel%20Installation%20&%20Maintenance%20Manual.pdf
http://thizy.free.fr/shelyak/eshel/DC0009B%20eShel%20User%20Guide.pdf
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and use the brighter one. Rotate the image so the zero order spectrum so to the left
and the first order spectrum is to the right. This will produce the proper order of
shorter (blue) wavelengths to the left and longer (red) wavelengths to the right.
With color cameras this is obvious, but not so with monochrome cameras.

Note: In this Book, most spectra images are monochrome. Some spectrum process-
ing software allows a monochrome spectrum’s calibrated line profile to display a
synthesized color spectrum based on the line profile wavelength calibration.

Spectral Order

As mentioned earlier and because a diffraction grating will produce multiple spec-
tra, the Star Analyser transmission grating will produce spectra on both sides of the
zero order and on just one side with the Lhires III reflection grating, it is important
to use only the first order spectrum and in the case of a transmission grating, the
brighter first order spectrum. With the Lhires III and 2,400 1/mm grating only the
first order spectrum will be seen, however, if other gratings are used, e.g., the 150 I/
mm, 300 /mm, 600 I/mm or 1,200 I/mm gratings, higher order spectra can be seen,
but will be dimmer. It is important to use the first order spectrum as it will be the
brightest. The following Figure shows the spectrum image at the top with the zero
order spectrum in the middle and the two first order spectra on each side with the
brightest one to the right. The corresponding line profile of the image is seen below
the spectrum image (Fig. 2.18).
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Fig. 2.18 Zero and first order spectra
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Exposure

What exposure should you use? There are several factors involved, the brightness
of the object, the telescope aperture and the camera sensitivity. There are two points
to consider, the saturation point and linearity break point.

Saturation

The saturation point is a function of the dynamic range of the CCD. For a 16-bit
CCD the saturation point is 65,535 counts or 2”16 and for 8/24-bit CCD cameras
it’s 255 counts or 2/8. Each of those actually has one more count, but that is zero.
Exposure beyond the saturation point will not produce any more counts. Saturated
spectral line profiles will appear with a flat top. While this will not hurt the CCD
camera, it should be avoided. Note, the zero order spectrum may be saturated, but
because it is not used for any intensity work it is not a consideration.

Linearity

For the best result the exposure should produce a first order spectrum pixel peak
ADU count with a high value, but within the linearity range of the CCD. The point
where linearity breaks is different for each CCD camera. Typically the break point
is around 45,000 ADU counts for a 16-bit camera and 200 for an 8/24-bit camera.
To determine a camera’s linearity break point a simple experiment can be done. Set
up a fixed light source that produces a peak ADU count of 10,000 for a 16-bit cam-
era and 50 for an 8/24-bit camera. Ideally the light source should be producing a
continuous spectrum, such as with an incandescent light. Increase the exposure
times and note the peak ADU counts. Plot the exposure time vs. ADU counts. The
plot should be a straight line (linear) until the break point is reached. At the break
point the line will show a knee and further exposure time increase will not produce
a corresponding linear ADU count (Fig. 2.19).
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Fig. 2.19 Linearity break determination

Hot Pixels

For exposure times of one second or less, the image should not have any hot pixels.
For longer exposures, they can be a problem. A hot pixel is one that has been turned
on completely to saturation due to thermal noise and not photons. If the hot pixel
occurs within the spectrum image, there will be a large spike in the line profile. These
are obvious and can be deleted in the line profile. However, it is better to eliminate
as many hot pixels as possible by using a dark frame. To create a dark frame cover
the CCD or telescope so no light gets to the CCD chip. Take an image. The exposure
should be at approximately the same CCD temperature as the spectrum exposure and
the same exposure length. The dark frame is then subtracted from the spectrum image
file. The spectrum image is then ready for spectroscopy processing (Fig. 2.20).
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Fig. 2.20 Hot pixels and dark frame subtraction

Pixel Maps

Remember a CCD camera detector is composed of rows and columns of pixels in
the form of a matrix. When an exposure is taken, each pixel charge is read and
converted to a corresponding ADU count and assigned a matrix coordinate (Y-row
and X-column) with that value. A pixel map showing the ADU counts of a specified
area of the image can be produced with most imaging software and with the RSpec
spectrum processing software. For the first example, the pixel Y =197, X=532 has
an ADU count of 16,433. In the second example a map is not produced, but a read
out of the maximum pixel ADU for a selected area of the image can be seen. The
important thing here is to adjust the exposure so that the maximum pixel ADU
count for the first order spectrum is less that the 65,535 (216 for 16-bit detectors)
saturation count and ideally within the linear region of the CCD detector.
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Most image processing software programs allow a means of examining the pixel
map. The AutoStar Suite has an Image Processing section that can be used to exam-
ine the pixel ADU intensity counts (Figs. 2.21 and 2.22).

Fig. 2.21 Pixel map area selection with AutoStar image processing
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Fig. 2.22 AutoStar suite image processing pixel map



66 2 Amateur Astronomical Spectroscopy

Other software also provides means to examine the pixel ADU intensity counts.
The spectrum processing program RSpec as an option to show the pixel map and
intensity ADU counts for a spectrum image (Fig. 2.23).
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Fig. 2.23 RSpec pixel map

The image processing portion of the Orion Camera Studio software allows
examination of the spectrum image when the cursor is positioned (Fig. 2.24).
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Fig. 2.24 Orion camera studio pixel count

The spectrum processing program VSpec has a means of examining the pixel
ADU intensity counts similar to the Orion program (Fig. 2.25).
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Fig. 2.25 VSpec pixel count
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Dark Frames

A dark frame is an image taken at a specific exposure and temperature with no light
falling on the CCD chip. Since no photons are hitting the detector, any pixels that
show an intensity ADU count are hot pixels or bias pixels. The hot pixels will
appear as bright points in the image. When a spectrum image is taken at the same
exposure time and temperature, the same pixels will be hot pixels. The dark frame
can be used to subtract those hot pixels (and bias pixels). This can be seen very
nicely on long exposures. Before the dark frame subtraction, the image may have
multiple bright points. While the hot pixels that are located far from the spectrum
are of no concern, any hot pixels lying on or near the spectrum can make the
spectrum appear to have an emission line at that point. It is therefore very important
to subtract the dark frame. Note, there is also a bias frame, but when subtracting the
dark frame, the bias frame is included and thus also subtracted.

With typical low-resolution spectroscopy images that are no longer than 1.0 s,
dark frames are usually not needed. Since high-resolution imaging requires expo-
sures in minutes or longer, dark frames should be taken. As noted above, the dark
frames should use the same exposure time and approximate temperature of the
detector as when the spectrum image is taken. These can be taken before or after
the wavelength calibration and spectrum images. The dark frame is then subtracted
from the spectrum image prior to the spectrum processing. For the best results, but
not always needed, several dark frames of the same exposure and temperature are
taken and then averaged. The averaged dark frame is then used. These dark frames
can be reused if the CCD temperature and exposure times are the same.

Flat Frames

Flat frames are used to calibrate the CCD or CMOS detector for uniform sensitivity.
The sensitivity from pixel to pixel can vary. This is true for both CCD and CMOS
detectors. The CCD chips use a common Analog to Digital Converter (ADC) to
convert the electric charge to a digital number. CMOS chips have an ADC on each
pixel. While the CMOS arrangement provides a faster readout time, it also intro-
duces a variation in the ADC gains from pixel to pixel. Correcting the pixel-to-pixel
sensitivity if very important for astrophotography and photometry. It is of lesser
importance for spectroscopy. With astrophotography slight imperfections in the
optical train and of course the famous dust donuts, faint donut shaped objects in the
image, can ruin the image. Flat frames can be used to correct those problems. With
photometry, doing a flat frame correction can increase the accuracy of the magni-
tude determination. The value of flat frame correction for spectroscopy is debat-
able. Many observers skip using flat fields particularly for low-resolution work.
Because there is a slight variation in the pixel-to-pixel sensitivity of a CCD or
CMOS chip, a pixel map that corrects the variation can be used. This will calibrate the
chip so all pixels appear to be of uniform sensitivity, i.e., the same light produces the
same ADU count for each pixel. Unlike dark frames, flats are much more complex.
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To keep things straight some definitions are in order. First, the flat image taken
is called the raw flat image. That image must have a corresponding dark frame
subtracted. The resulting image is then the flat field. If the flat field is examined
using a pixel map all the pixels will be seen to be about the same ADU count, but
the values will vary. What is wanted is a flat calibration frame (Fig. 2.26).

Fig. 2.26 Raw flat image

The following Figure shows a pixel map of the raw flat image where pixel inten-
sity ADU counts vary around 40,000 (Fig. 2.27).
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Fig. 2.27 Raw flat image pixel map
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A calibration flat frame is created by first calculating an average value of all
pixel ADU counts. That average number is divided into each pixel’s intensity ADU
count. This produces a new pixel map with all the ADU counts around 1.00. The
following Figure shows the flat frame pixel map. This is a pixel map of the normal-
ized image and is the flat frame that is used to calibrate an image. This is the cali-
bration flat frame. The calibration flat frame is then divided, not subtracted, into the
spectrum image. Dividing each of the spectrum image’s pixels by a number around
1.00 will make a small correction in the count and adjust the pixel map for uniform
pixel sensitivity (Fig. 2.28).

281 282 283 284 285 286 28
169 1.09 1.08 1.09 1.09 1.09 1.09 1
170 1.00 1.00 1.00 1.00 1.00 1.00 1
171 1.09 1.09 1.08 1.08 1.08 107 1
572 1.00 0.99 0.99 0.99 ] et 0.99 0
173 1.08 1.09 1.08 1.08 1.08 1.08 il
174 1.00 0.99 1.00 1.00 1.00 0.99 1
175 1.06 1.08 1.08 1.08 1.08 1.08 1
176 n.99 1.00 0.98 1 0.99 0.99 1
177 1.08 1.07 1.08 1.08 1.08 1.07 1
178 0.98 0.99 0.98 D.99 1.00 0.98 1
179 1.08 1.08 1.08 1.08 108 1.07 1
180 1.00 599 4590 )R] ), 0.99 1
181 1.08 1.09 I (E 1Ll 1.08 1.08 al,
182 0.99 [=99 1.00 D.98 1.00 1.00 1

Fig. 2.28 Flat frame pixel map

RAW flat frames are taken by uniformly illuminating the CCD chip with a con-
tinuous spectrum from an incandescent light. Do not use a fluorescent light. With
high-resolution spectroscopy because CCD sensitivity is wavelength dependent,
several raw flats should be taken with the grating set for different bands. Take flats
every 500 A from 4,000 A up to 8,000 A. These are raw flat images. Exposure times
should be used so that the pixel intensity ADU counts are about 50 % of the satura-
tion count. For 16-bit ADC cameras the count should be between 25,000 and
45,000. For 8-bit ADC cameras the counts should be around 125.

The raw flat image must have dark flats of the same exposure time and tempera-
ture subtracted from each raw flat image. The results will still not be ready to be
used, however. Most imaging programs handle the flats by normalizing the image.
This is done by taking the raw flat image pixel ADU count average for the whole
chip and dividing that number into each pixel ADU count. This produces a pixel
map with ADU counts around a value of 1.00. This is the real calibration flat frame.
This map is then divided into the main images (after darks have been subtracted
from the main image) to correct all the pixels for varying sensitivity. To take a raw
flat and divide it into the main image without the darks or normalizing it is very bad
and will produce an image that is severely corrupted.

The value of the extra effort to take and use flats for spectroscopy can be debated.
A similar averaging calibration without flats can be done two ways, movement in
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the slit and binning. The spectrum image is typical a dozen or more pixels in height.
This and any movement back or forth in the slit of the star image will increase the
number of pixels and height of the spectrum image. Since the line profile sums
these column ADU counts, any small variations tend to average out (Figs. 2.29 and
2.30).
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Fig. 2.29 Spectrum and line profile without flat frame correction
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Fig. 2.30 Spectrum and line profile with flat frame correction
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Note, some imaging processing programs make this very simple, but be careful
that you know for sure what is happening. For example some programs allow you
to load the spectrum image and do a calibration by loading a dark frame and flat.
The question is which flat, the raw flat image, flat field or calibration flat frame?
Usually the flat is the raw flat image. Some imaging programs do all the work for
you and you just need to take the raw flat and the program makes and uses the cali-
bration flat. Experiment to make sure you know what is going on.

Image Rotation

As with low-resolution spectroscopy it is also very important that the spectrum
image be horizontal for high-resolution work. The orientation of the spectrum
should be adjusted by rotating the spectrum imaging camera. With low-resolution
work rotating the grating with respect to the camera is needed. If an important
image is produced and later found to have a titled spectrum, it may be too late to
correct the spectrum at the spectrograph. In such a case most spectrum processing
software allows the image to be rotated with software. This is a last resort and while
this rotation does work, it can trim the spectrum and produce strange artifacts.
Additionally it is very important to make sure the longer (red) wavelengths are to
the right in the image. If reversed the spectrum imaging camera should be rotated
180°. It is also possible to rotate the spectrum 180° with software, but best to have
the orientation correct when imaging the spectrum. The following Figure shows an
extreme of a high-resolution spectrum image tilt (Fig. 2.31).

Fig. 2.31 Spectrum image orientation

Background or Sky Subtraction

For spectra of astronomical objects it is important to subtract the background or sky
from the image. Most spectrum processing software has this option. A specified
number of pixel rows above and below the horizontal spectrum delimiting lines are
used to sum pixel columns in those rows and then subtract that number from the
sum of the pixel columns delimited by the horizontal lines. This reduces the “floor”
of the line profile. Typically 10 pixels above and below are used. It should be noted
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that the background subtraction should not be used for the neon line calibration.
This is for two reasons. First there should be no background or at least an
insignificant background. Second the pixels above and below the delimiting lines
for the neon spectrum are still the neon spectrum and will result in eliminating or
seriously diminishing the neon lines in the line profile.

Horizontal Binning

A spectrum’s signal-to-noise can sometimes be improved by using horizontal bin-
ning. With the RSpec program this is where adjacent pixels to the right in a row are
averaged to create a new pixel value. The degree of binning can be selected.
Usually Bin 2, Bin 3, Bin 4, Bin 5 or Bin 6 are available for use. While binning will
reduce the wavelength precision with high-resolution images slightly, it may still
be of value in reducing the spectrum noise. Low-resolution images with a Star
Analyser will show smoother profiles and no significant change in resolution.
For the best wavelength calibration with high-resolution images, the minimum or
no binning should be used. The following Figure shows an example of Bin 2 hori-
zontal pixel binning. The numbers in the boxes (pixel cells) are intensity ADU
counts (Fig. 2.32).
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Fig. 2.32 Horizontal binning (Bin 2)
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