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Editorial

Liebe Leser des Spektrums,
liebe Fachgruppenmitglieder,

nach nunmehr einem Jahr halten Sie die neue
Ausgabe von Spektrum in Handen. Ende No-
vember vergangenen Jahres habe ich entschie-
den, die Ausgabe 2/2017 zu streichen, da sich
aus verschiedenen Grinden die Herausgabe
nicht realisieren lie3. Dafir ist das nun vorlie-
gende Heft dank der engagierten Autoren prall
gefullt. Ich hoffe, das Warten hat sich gelohnt.

Etwas untergegangen ist die Tatsache, dass
die Fachgruppe am Rande der BoHeTa 1992
ins Leben gerufen wurde und damit schon 25.
Geburtstag (!) gefeiert werden konnte.

Frihjahr hei3t auch wieder, dass die ASpekt 1
die Jahreskonferenz der Fachgruppe i néaher
rickt. Anmelden nicht vergessen! Wir sehen
uns in Frankfurt/Main.

Apropos Astrospektroskopie-Veranstaltungen:
Shelyak bietet wieder die OHP Spectro Star
Party im Juli an. Ich selbst war noch nicht da,
aber von den Teilnehmern hért man nur Gutes.
Nicht zu vergessen: Ernst Pollmann bietet sei-
nen Kurs in Wuppertal an.

Mit sternfreundlichen GriuRen,
Ihr Thomas Hunger

Dear readers of Spektrum, ‘
Dear members of the section group,

After a year now, you have the new issue of
Spektrum in your hands. At the end of last No-
vember, | decided to cancel the issue 2/2017 be-
cause of some reasons finally preventing the
publication in good times. However, thanks to
the dedicated authors, this new issue is now fully
packed with information. | hope waiting was
worth it.

Somewhat under the surface of common per-
ception the fact happened that the specialist
group was launched on the course of BoHeTa
1992. Thus the 25th anniversary (!) could be cel-
ebrated.

Spring also means that the ASpekt i the annual
meeting of the section i is coming closer. Do not
forget to applicate soon! See you in Frank-
furt/Main.

Speaking of astro-spectroscopic events: Shel-
yak again offers the OHP Spectro Star Party in
July. I myself never took part yet, but one hears
only good things from the participants. And, last
not least: Ernst Pollimann offers his seminar in
Wuppertal.

Clear skies.
Yours Thomas Hunger

Spektrum, Nr53, 1/2018
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Artikel

A compact Littrow-Echelle-Spectrograph Design

Daniel P. Sablowski
Leibniz-Institut fir Astrophysik Potsdam (AIP), An der Sternwarte 16, 14482 Potsdam, Germany,
Email: dsablowski@aip.de

Abstract

The article describes a design of a very compact Echelle spectrograph near Littrow configuration. This
system is advantageous to be connected directly to the telescope, since its small size will minimize
mechanical deformations. At the same time, the system provides moderate resolution and wavelength
coverage over the visible range of the spectrum.

Zusammenfassung

Der Artikel beschreibt eine Konstruktion fiir einen kompakten Echelle-Spektrograph nahe an der Littrow-
Konfiguration. Dieses System bietet Vorteile fur eine direkte Teleskopkopplung aufgrund seiner gerin-
gen GroRRe, welches mechanische Verbiegungen minimiert. Gleichzeitig erlaubt es mittlere Auflésung

und die Abbildung des gesamten visuellen Spektralbereiches.

Received: 2017-11-23, Revised: 2018-01-13, Accepted: 2018-01-25

1. Introduction

Spectroscopic systems directly linked to the tel-
escope are advantageous in terms of efficiency
over fibre-fed instruments. Furthermore, guiding
on an elongated slit is more error-tolerant for
tracking faults and, last but not least, without the
need of a fibre coupling unit it is cheaper and
easier to construct on a shorter time-scale.
However, in terms of stability it will not achieve
the accuracy of fibre-linked instruments.

Optical fibres are better suited in scrambling the
spatial fluctuations of the point spread function
at the telescope focal plane, which directly influ-
ences the spatial stability of spectral lines in the
focal plane of the spectrograph. Furthermore, fi-
bre-linked instruments placed at a stable posi-
tion (e.g., Coudé room) are free of any bending.
Additionally, since fibre-linked instruments are
not limited in size and weight, it can be placed
in a sealed, vacuumed or otherwise controlled
environment. This will enhance the precision in-
troduced against pressure and temperature
fluctuations which will cause e.g. a change in
the index of refraction of the air. The above-
mentioned effects can be reduced for direct-
linked instruments by taking calibration expo-
sures between individual science exposures
during the night. However, the long-term stabil-
ity of the zero-point calibration of the instrument
will never be conserved. Finally, direct-linked
systems can be used best for observations with
weaker claims on precision in wavelength sta-
bility, systems with lower resolution or disper-
sion, respectively, and budget-limited project.

The optical design of the Echelle system will be
described in the next section and followed by a
discussion of the performance. The paper is fin-
ished by a conclusion section.

2. Optical Design

Littrow based designs have the attraction of re-
duced number of optical components, since col-
limating elements are used for imaging as well.
However, for an Echelle [3] system with disper-
sion also in the direction perpendicular to the
Echelle dispersion, it is more challenging to find
a system which provides reasonable optical
guality and a small angle at the grating to be still
considered as a Littrow. That small angle in the
Littrow configuration offers the advantage of re-
ducing the overall size of the system compared
to other (classical, white pupil) designs.

There are two ways of arranging the grating:

The Atheta arrangementoo

sical case in which the grating is turned around
an axis parallel to the grooves to separate the
incident and diffracted beam. The second, the

Afgamma arrangemento has

put and diffracted rays but is turned around an
axis perpendicular to the grooves. This intro-
duces a tilt of the slit image on the detector.
However, if that angle can be kept small, the tilt
could be neglected. Otherwise it needs to be
handled from the data reduction routine to main-
tain the resolution.
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Based on experience with Petzval systems [2]
made of two off-the-shelf achromatic lenses, it
was intended to use such a system for collima-
tion and imaging. Furthermore, a resolving
power of around R = 10k was projected. A fur-
ther reduction of the size of the spectrograph
was achieved by using an Echelle grating with
a higher blaze angle (76°). Key was the reduc-
tion of the beam diameter and hence the opti-
cal aberrations providing higher spectral reso-
lution. However, to reduce the total angle at
the Echelle (if one works on theta rather than
gamma), a lower line density, i.e., shorter free
spectral range is preferable. We will show two
versions, differing in the parameters of the
Echelle grating. Version one has the before
mentioned 76° grating with 31.6 grooves/mm
and version two uses a grating with lower
blaze angle of 63° but a higher line density of
79 grooves/mm. A grating is often classified by
the tangents of its blaze angle, e.g., a grating
with a 63.4° blaze is called and R2 grating,
since tan(63.4°) °© 2.

The layout of version one is shown in Fig. 1. The
light transmitted at the slit passes a small 9 mm
achromatic lens (Edmund Optics 49-320) and is
reflected by a small mirror towards the second
achromat (Thorlabs AC254-200-A) of the
Petzval system. The cross-disperser, a coated
dispersive prism of F2 glass (Knight Optical
PEG2525) is used in double pass. To separate
the input and output, the incoming and dif-
fracted beam are slightly separated by the
Echelle grating. Hence, to reduce off-axis aber-
rations introduced by the first lens of the Petzval
system, the displacement and angle of the in-
coming beam as well as the angle at the Echelle
were optimized. The possibility of splitting the
rear lens of the Petzval system avoids further
off-axis aberrations for the central chief ray.
This last lens (EO 49-781) needs to have a
larger diameter due to the dispersion. The size
has to be greater in cross-dispersion which al-
lows to put the fold mirror in front of that lens
without vignetting the diffracted beam.

The image quality is demonstrated in fig. 2
where spot diagrams for three diffraction orders
(a-c) are shown. The box size is 50 ¢ m Three
wavelengths, middle (blue), upper (red) and
lower (green) of the diffraction order are shown.
The encircled energy for a central wavelength is
shown in (d). The blue line corresponds to the
point spread function and the black line shows
the diffraction limit. The tip and tilt angles of the
image plane were also free parameters in the
optimization process.

Fig. 1: Layout of version #1 with an R4 31.6 grooves/mm
Echelle grating.

For version two with an R2 79 grooves/mm
Echelle, same diagrams are shown in figs. 3
and 4. The image quality is comparable to ver-
sion one with slight differences coming from the
different angles at the Echelle grating.

The construction of the opto-mechanics is only
challenging for the rear part, i.e., the small lens

Spektrum, Nr53, 1/2018
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with the fold flat and the focusing unit for the
CCD which allows adjustment for tip and tilt.
The mirror mount for the fold flat has to fit in
front of the imaging achromat without vignetting
the diffracted beam. This mount has to be very
stable since it defines the input angle onto the
Echelle and will have direct influence to shifts of
the spectrum on the image plane.

(a_) _427.5 nm, 425_ nm, 4_30 nm

50.00

(b) 562nm,

®

50.00

(c_) 660 nm, 657 nm, 663 nm

@

(d) Diffraction Limit
| Version #1

50.00

Radius From Centroid in pm

Fig. 2: Spot diagram for three spectral orders (a-c) and en-
circled energy for central wavelength (d) of version #1.

Fig. 3: Layout of version #2 with an Echelle grating of 63°
blaze angle and 79 grooves/mm.
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(a) 428.5 nm, 425 nm, 435 nm

50.00

(b) 557.6nm, 552 nm, 567 nm

3

@

50.00

(c) 656 nm, 650 nm, 666nm

e @

(d) Diffraction Limit
Version #2

50.00

Fig. 4: Spot diagram for three spectral orders (a-c) and the
energy for a central wavelength (d) of version #2.

3. Optimized System

The image quality shown in the previous section
was based on off-the-shelf lenses. In this sec-
tion we will demonstrate the increase in image
quality by optimizing some parameters, e.g., ra-
dius of curvature of the optical components?. In
a first step all radii of the lenses are set to be
variable and a local optimization was performed
on that. Since the image quality of the central
diffraction order which is less affected by off-
axis aberrations will change little, only the qual-
ity for the upper and lower diffraction orders are
shown in figs. 5 and 6. Note that the size of the
box has decreased to 30 um.

A global optimization on glasses and radii of all
lenses yields a further improvement of the im-
age quality, which is shown in figs. 7 and 8.

1 Radius of curvaturef a simple lenss in fact the focal
length at a fixed index of refraction initially chosen.

The black circle in the spot diagrams shows the
Airy disc, i.e. the diffraction limit. Hence, the im-
age quality for the optimized systems are at dif-
fraction limit. This offers two main advantages:
Firstly, the system will work at maximum reso-
lution. Secondly, the fitting of spectral lines, es-
pecially the calibration lines, will be more robust
due to the homogenous intensity distribution of
the image of a monochromatic line. In diffraction
limit and for a slit, this is represented by a sinc-
function. The maximum of such a function can
be approximated well by a gaussian fit, which
most of the data reduction pipelines provide.

427.5 nm, 425 nm, 430 nm

Fig. 5: Spot diagram for upper and lower diffraction order
for optimized radii of lenses for version #1.

428.5 nm, 425 nm, 435 nm

Fig. 6: Spot diagrams for upper and lower diffraction order
for optimized radii of lenses for version #2.

Spektrum, Nr53, 1/2018
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427.5 nm, 425 nm, 430 nm

e o e

A KAF1603ME (9x9 € m| pi xel Si
widthof50e m was used for t
lations. The wavelength coverage from 400 to
700 nm is listed in tab. 2 and 3 for the two ver-
sions.

660 nm, 657 nm, 663 nm . |Lower]| Middlea [Upper o
S | [nm] [nm] [nm] =
o g
7 o
153 | 397.826 | 401.284 | 404.078 no
152 | 400.443 | 403.924 | 406.736 yes
151 | 403.095 406.599 409.43 yes
Fig. 7: Spot diagrams for upper and lower diffraction order 150 | 405.782 409.31 412.159 yes
for optimized glasses and radii of lenses for version #1. 149 | 408.506 412.057 414.926 yes
148 | 411.266 414.841 417.729 yes
428.5nm, 425.5 nm, 435 nm 147 | 414.063 | 417.663 | 420.571 yes
146 | 416.9 420.524 423.451 yes
145 | 419.775 423.424 426.372 yes
144 | 422.69 426.365 | 429.333 yes
143 | 425.646 | 429.346 | 432.335 yes
142 | 428.643 432.37 435.38 yes
141 | 431.683 435.436 438.467 yes
140 | 434.767 438.546 441.599 yes
139 | 437.894 441.701 444776 yes
138 | 441.068 444.902 447.999 yes
137 | 444.287 448.15 451.269 yes
136 | 447.554 451.445 454,588 yes
135 | 450.869 | 454.789 | 457.955 yes
Fig. 8: Spot diagrams for upper and lower diffraction order 134 | 454.234 458.183 461.372 yes
for optimized glasses and radii of lenses for version #2. 133 | 457.649 461.628 464.841 yes
132 | 461.116 465.125 468.363 yes
131 | 464.636 | 468.676 | 471.938 yes
4. Spectral Performance Analysis 130 | 468.21 472.281 | 475.569 yes
. . . 129 | 471.84 475.942 479.255 yes
In this section some parameters in dependence 128 | 475526 | 47966 482.999 yes
T%e tooIpSILENT [1] was usgd for these angal— 126 ) 483.074 ) 487.274 | 490.666 yes
yses. Firstly, the geometrical and overall optical 125 1 486.939 | 491172 | 494.591 yes
data of the two versions are summarized in tab. 124 1 490.866 | 495.133 | 498.58 yes
1. 123 | 494.856 | 499.159 | 502.633 yes
122 | 498.913 503.25 506.753 yes
121 | 503.036 507.409 510.941 yes
Version #1 #2 120 | 507.228 511.638 515.199 yes
Echelle grooves/mm 31.6 79 119 | 511.49 515.937 519.529 yes
blaze angle 76° 63° 118 | 515.825 | 520.309 | 523.931 yes
total angle 5° 117 | 520.234 524.756 528.409 yes
collimator 80 mm 116 524,718 529.28 532.965 yes
camera 80 mm 115 | 529.281 | 533.883 | 537.599 yes
f-ratio input 10 114 | 533.924 538.566 542.315 yes
X-disperser F2 prism 113 | 538.649 |543.332 |547.114 | yes
oixel number in X 1024 1536 112 | 543.458 |548.183 |551.999 | yes
pixel number in y 1536 1024 111 | 548.354 553.122 556.972 yes
110 | 553.339 | 558.15 562.036 yes
Tab. 1: Overall system data. 109 | 558.416 563.271 567.192 yes
108 | 563.586 568.486 572.444 yes
107 | 568.854 573.799 577.794 yes
8 ISSN 2363-5894, © Fachgruppe Spektroskopie in der VdS e.V. Spektrum, Nr53, 1/2018
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106 | 574.22 579.212 583.244 yes
105 | 579.689 584.729 588.799 yes
104 | 585.263 590.351 594.461 yes
103 | 590.945 596.083 600.232 yes
102 | 596.739 601.927 606.117 yes
101 | 602.647 607.886 612.118 yes
100 | 608.673 613.965 618.239 yes
99 614.822 620.167 624.484 yes
98 621.095 626.495 630.856 yes
97 627.498 632.954 637.36 yes
96 634.035 639.547 643.999 yes
95 640.709 646.279 650.778 yes
94 647.525 653.154 657.701 yes
93 654.487 660.178 664.773 yes
92 661.601 667.353 671.999 yes
91 668.872 674.687 679.384 yes
90 676.304 682.183 686.932 yes
89 683.903 689.848 694.651 yes
88 691.674 697.688 702.544 yes
Tab. 2: Wavelength coverage for version #1.

5 Lower|Middl|Upper o
o [nm] [nm] [nm] =
o g
o

56 392.76 402.71 411.17 no
55 399.902 410.032 418.646 | yes
54 407.308 | 417.625 426.399 | yes
53 414.993 425.505 434.444 | yes
52 422.974 433.688 442.799 | yes
51 431.267 442.191 451.481 | yes
50 439.893 | 451.035 460.511 | yes
49 448.87 460.24 469.909 | yes
48 458.222 469.828 479.699 | yes
47 467.971 479.825 489.905 | yes
46 478.144 | 490.256 500.555 | yes
45 488.77 501.15 511.679 | yes
44 499.878 512.54 523.308 | yes
43 511.503 524.46 535.478 | yes
42 523.682 536.947 548.227 | yes
41 536.455 550.043 561.599 | yes
40 549.866 563.794 575.639 | yes
39 563.965 578.25 590.399 | yes
38 578.806 593.467 605.935 | yes
37 594.45 609.507 622.312 | yes
36 610.962 626.438 639.599 | yes
35 628.418 644.336 657.873 | yes
34 646.901 663.287 677.222 | yes
33 666.504 683.387 697.744 | yes

Tab. 3: Wavelength coverage for version #2.

The resolving power and Nyquist sampling fac-
tor over wavelength for version #1 are shown in
figs. 9 and 10. The Nyquist factor is one in case
of a slit image of 2 pixels in size. It would be 0.5

in case of a slit image of only one pixel. Since
the sampling is high, which is advantageous for
line-profile analysis, it is also possible to mount
the grating in the opposite direction such that
the anamorphism decreases to values smaller
than unity. However, this will cause shadowing
and a decrease of efficiency for high total angles
but may be acceptable at the 5°-level here and
the brightness of the targets. The resolving
power will rise to R = 14.000 in average, which
is a significant enhancement and, as men-
tioned, it may be acceptable in terms of a de-
crease of efficiency.

The graphs for version #2 are shown in figs. 11
and 12. Flipping the Echelle grating in that con-
figuration will result in a resolving power of
6.600 in average and is not as significant as in
version #1 which is due to the smaller blaze an-
gle.

Another way of increasing the resolving power
is the reduction of the slit width. Small tele-
scopes working at f/10 with a focal length of
f=1200 mm will yield a seeing disc (assuming
40 seeing) ©m. ahAoshdt
would double the resolving power at equal effi-

ciency.
Using a telescope at f/10 with 250 mm aperture
diameteranda25e m sl it gi ves

the slit of only 40% instead of 70% for a 50 ¢ m
slit.

10980
. 10950
Q

10920

oo JFH HFLIIJI ““ o5 540 585 630 57/5/}

405 450

Wavelength [nm]

Fig. 9: Resolving power over wavelength for version #1.

Nyquist Factor

3.6

405 450 45 540 585 630 675
Wavelength [nm]

Fig. 10: Nyquist sampling factor (one means sampling of
two pixels) over wavelength for version #1.
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Fig. 11: Resolving power over wavelength for version #2.

Fig. 12: Nyquist sampling factor (one means sampling of
two pixels) vs. wavelength for version #2.

4. Conclusion

A compact design for a small-sized Echelle
spectrograph working near Littrow conditions
was presented. The optics for collimation and
imaging are based on a Petzval system made
from off-the-shelf components. The novelty of
this Petzval lens, adapted for that purpose, is

the fisplito rear 1|l ens.

ing path in front of the larger lens for the focus-
ing path. The potential of the system was also
demonstrated by a simple optimization on the
off-the-shelf components.

As already mentioned, the mechanics for the
small fold flat are crucial, since instabilities
caused by mechanical or environmental
changes can be directly translated to a change
of angles at the échelle grating and will cause a
movement of spectral lines. Hence, special care
should be taken when building these parts. Fur-
thermore, baffling of the focal plane is required

to avoid any ghosting and stray light from the
fold flat and input beam.

The performance for the R4 system (version #1)
is comparable to larger spectrographs working
with an R2 grating. However, the size and thus
the weight of the instrument is reduced signifi-
cantly, such that these systems can be mounted
to even smaller telescopes. Additionally, work-
ing near Littrow further reduces the footprint
size of the optical layout.

In case that the reader is interested in building
such a system, the author will be happy to send
further details on optical components used.
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