
E2. DESIGNING A SPECTROGRAPH

Designing a Spectrograph for Observation of
Microparticles in the Ionosphere
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Abstract—In this report the development of a spectrograph
for confirming the size of the particles in a particle cloud is
described. With the wavelength dependency of Mie-scattering, it
can be determined if the particles are of the desired size. There
is a significant trade-off effect between size and resolution of
an optical system. The spherical aberrations that arise due to
the focal length being short compared to the lens diameter are
reduced by using lens combinations called achromatic doublets,
both as collimating and focusing lenses. The manufactured spec-
trograph has a resolution of about 10 nm that is approximately
as expected from the optical design. But the spectrograph suffers
from stray light. This remains to be reduced with aperture stops,
non-reflective interior and fore-optics.

ABBREVIATIONS
CAD Computer Aided Design
CU Common Unit
FFU Free Flying Unit
FWHM Full Width Half Maximum
PMSE Polar Mesosphere Summer Echoes
REXUS Rocket Experiment for University Students
SCRAP Scattering of Radar Waves on Aerosols in

Plasmas
SU Specific Unit

I. INTRODUCTION

THIS project is part of an experiment project called
SCRAP [1] at the Space and Plasma Physics group at the

School of Electrical Engineering at KTH. This section begins
with a short scientific background that subsequently leads to an
introduction of the SCRAP experiment, with special emphasis
on the parts relevant for the design of the spectrograph. The
section ends with a description of the scope and structure of
the report.

A. Scientific background

In the Ionosphere, atoms and molecules are ionized by the
sun and create plasma. An important property of plasma is the
number density of electrons [2]. This property is changed if
small particles are suspended and get charged in the plasma.
A radar phenomena called PMSE - Polar Mesosphere Summer
Echoes, is due to ice-particles that get charged in the meso-
sphere plasma. These large charge carriers, compared to ions
and electrons, become unevenly distributed due to effects of
turbulence in this region of the atmosphere. Accordingly this
introduces local irregularities of the electron number density
in the plasma which is observable as PMSEs [3]. However, the
exact connection between the particle size and material and its
resulting radar backscatter is still an active field of research.
The SCRAP experiment will contribute to the understanding of

so called dusty plasmas, by gathering data of radar scattering
of a particle cloud in plasma, where the size and type of the
particles are known.

Fig. 1. SCRAP experiment event timeline in seconds [1].

B. SCRAP
SCRAP - SCattering of Radar waves on Aerosols in Plas-

mas - is an experiment that is part of the REXUS 17/18
programme. The Swedish National Space Board and The
German Aerospace Center together with the European Space
Agency provide an opportunity for students to conduct ex-
periments on a sounding rocket or a balloon under the name
- REXUS/BEXUS. The SCRAP experiment is going to be
carried out, using a sounding rocket, from which two Free
Flying Units (FFUs) are going to be ejected at a height of
about 85 km above Esrange (Kiruna). The two FFUs that are
ejected have one major function - to create a particle cloud
of metal dust. As the creating of a particle cloud is priority,
the payload in the FFUs will to a greater part consist of metal
particles. These should all be of spherical shape and of the
same size of about 1 micron. The particles should leave the
FFUs at a certain point (see Fig. 1) and in a fashion that
makes the cloud uniform and that does not cause the particles
to agglomerate (stick together). Different methods have been
tried in a vacuum chamber and the best working method
appeared to be to eject the particles with gun powder [4]. A
radar from Tromsø will be used to observe the particle cloud
by measuring the backscatter signal-to-noise ratio. Another
important task of the FFUs is to measure the scattered sunlight
by the particles with a spectrograph. Based on analysis of this
spectrum, one can distinguish whether the particles still are of
the same shape and size as measured before the experiment.
In turn, this assists to verify if the particle ejection was
successfull or not.
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C. The FFU-mounted spectrograph

The FFUs will each consist of two cylindrical parts - the
Common Unit (CU) and the Specific Unit (SU). The CU
carries a parachute and localizing devices to help find where
it lands. The SU contains the ejection equipment which will
take most of the space in the FFU. The blue box in Fig. 2
contains the spectrograph.

Fig. 2. The Specific Unit of the Free Flying Unit [1]. The blue box contains
the spectrograph.

A spectrograph is an instrument that uses a dispersive
optical component to split up incident electromagnetic waves
into its consistent wavelengths. From a measured spectrum, it
can be ensured that the observed particles are of the desired
size and shape. When light hits a particle, the light is scattered
in different directions. The intensity of the scattered light
varies with angle and this angular dependency varies with
wavelength. The scattering is also dependent on size and
shape of the particles [5]. The angle will be known when
the exact geometry for the experiment is known - the rocket
trajectory, which direction the FFUs will be ejected and how
the particle cloud will move. A model of the spectrum from
light scattered on a given particle can be calculated with Mie-
theory [5]. A tool for this purpose has been developed in [4].
To distinguish the size with the help of the spectrograph, one
has to fit experimental spectra to different modelled spectra.
This is possible if the spectrograph has a spectral resolution to
make the typical peaks of the spectrum identifiable. There was
a clear tendency of width of the peaks in the spectrum. An
example of the spectrum from scattering on a spherical particle
of 3 microns at an angle of 108◦ is shown in Fig. 3. The Full
Width Half Maximum (FWHM) was used to determine the
width of the peaks, which yields a width of approximately
30 nm, which consequently was chosen as a requirement on
spectral resolution of the spectrograph.

D. Scope and structure

The goal of this project was to decide the requirements of a
spectrograph, and most importantly to design and manufacture
a working prototype to test if it met the requirements.

Fig. 3. Scattering intensity from a spherical particle of 3 microns at an angle
of 108◦ as a function of wavelength.

This report is aimed to chronologically outline the steps
of developing a spectrograph. In Sect. II relevant theory is
described as to conclude which optical components were to
be chosen. At first the simple early design with two biconvex
lenses as in Fig. 4 is described, and after that how this design
is adjusted considering aberration. Then it is presented the
diffraction grating and how this component is central for the
geometry of the design of the spectrograph. Following the
decisions about the design of the lens system is the manufac-
turing process, described in Sect. III. With the manufactured
prototype the remaining Sect. V and Sect. VI presents the
results from testing the spectrograph and discusses the results
respectively. In Sect. VII the result of the project in a whole
is concluded.

II. OPTICS

A. Paraxial optics

In the case of an optical system, light will travel through
different uniform mediums with different indices of refraction.
When light reaches a new medium, Snell’s law can be used
to calculate the deflection of a light beam:

n1 sin θ1 = n2 sin θ2 (1)

The different refractive indices are represented by n1 and n2
respectively. The angles of the incident and the refracted light
θ1 and θ2 are measured from the normal of the surface. With
the approximation that the lens is thin as well as the paraxial
approximation, e.g. angles in Snell’s law are considered small
so that sin θ1 ≈ θ1. This leads to the Thin Lens Equation:

P =
1

f
= (n− 1)

[
1

R1
− 1

R2

]
(2)

The formula describes the power of the lens as the inverse
of the lens focal length. An optical system described with the
thin lens equation results in that an object point on the optical
axis is also imaged as a point. Optical systems that are closer
to the paraxial approximation, e.g. have long focal length with
respect to the lens diameter will be target of less aberration
than an optical system with shorter focal length with respect
to the lens diameter. The spectrograph had to fit in the FFU
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as mention earlier and a first simple design was proposed as
in Fig. 4. The design would use two biconvex lenses with 30
mm focal length and a slit in front and a reflective diffraction
grating in between the lenses at an angle.

Fig. 4. Early proposed spectrograph design.

B. Aberrations

The sketch shown in Fig. 4 of the simple lens system was
made in an optical design software ”OSLO”. The program
provides an easy way of changing properties of the lenses and
viewing the output on the image plane. The software considers
aberrations while ray tracing. When trying the design with
biconvex lenses the aberrations were unacceptable.

Aberration is - roughly said - reality’s deviation from the
paraxial approximation [6]. In the case of this spectrograph,
the two aberrations that are important to reduce are chromatic
and spherical aberration. Spherical aberration is a result of the
spherical shape of the lens surfaces not being the ideal shape.
The rays that are close to the edge are deflected more than
rays closer to the optical axis which makes the image blurred.
With a lens that has about the same focal length as diameter,
spherical aberration is a major issue.

There are ways to reduce aberrations. Spherical aberra-
tion can be reduced by having aspherical lenses. Another
possibility is to use several spherical surfaces that cancel
out aberration. A simple example of this is the achromatic
doublet. It is a common way of reducing the spherical and the
chromatic aberration. It is a convex and a negative meniscus
lens with different refractive indices put together as in Fig.
5. Two identical achromatic doublets were chosen instead of
the two biconvex lenses drawn in the first design sketch. The
specifications for the achromatic doublet (#47-633 in Edmund
Optics Catalog [7]) are listed in table I.

The final design made in OSLO with achromatic doublets
is shown in Fig. 6. In this design, the spectral range was 275
nm and reached from 450 nm to 725 nm.

Fig. 5. Schematic drawing of the achromatic doublet #47-633.

TABLE I
SPECIFICATION FOR THE ACHROMATIC DOUBLET

Property Element A Element B
Name N-BaF10 N-SF10
Diamater 25 mm 25 mm
Radius of surface 1 21.17 mm 16.08 mm
Radius of surface 2 16.08 mm 118.66 mm
Refractive index 486 nm 1.68000 1.74643
Refractive index 587.6 nm 1.67003 1.72828
Refractive index 656.3 nm 1.66578 1.72091

Back focal length 23 mm
Total thickness 14 mm

Fig. 6. The final design of the spectrograph. The light enters from top left
through a slit and is collimated by the first lens. The cone of light from the
diffraction grating widens with the distance and that is why the second lens
is put as close to the grating as possible to make this incident beam of light
as small as possible. This is to minimize aberration.

Now the resulting imaging quality was analyzed in spot
diagrams as in Fig. 7. A spot diagram shows how big a point
source of one wavelength would look like on the image. The
figure shows a spot diagram of the focused image in the
middle and spot diagrams where the image plane is offset
by a millimeter in each way. In the right part of the figure,
wavelengths with a separation of 10 nm are represented by
separate spots in the best focus, but become not distinguishable
as the defocus becomes closer to 1 mm and above. As long as
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the manufacturing errors are less than this defocus marginal
allows, the spectrograph would be able to reach a spectral
resolution of about 10 nm. As the goal was to reach a spectral
resolution of at least 30 nm, this was considered sufficient and
lenses were ordered.

Fig. 7. The figure shows three spot diagrams with three spots each represent-
ing wavelengths 450 nm, 700 nm and 710 nm. The narrowly separated spots
on the right side are fully separated in the best focused plane as shown in the
middle of the figure. The upper and bottom spot diagrams show a defocus of
1 mm and -1 mm respectively. The defocus of 1 mm is on the upper limit to
still be able to distinguish these wavelengths in a spectrum.

C. Diffraction grating

The size constraints made it necessary to only consider
reflective diffraction gratings. These gratings are like a surface
with a saw tooth shape. Corresponding points on adjacent
teeth are at a grating-specific distance d from each other.
The grating spacing d, is an important specification of the
diffraction grating. If the incoming beam of light is seen as a
bundle of an infinite number of individual light rays, then light
rays that hit adjacent corresponding points on the grating travel
different distances and thereby get out of phase with each
other. The wavelength that is equal to the difference in distance
divided by an integer m, has constructive interference in this
direction and this is the m’s maximum for this wavelength. But
when light hits the diffraction grating, they do not only reflect
in one direction, but create new spherical wave-fronts and
different wavelengths thus get maxima in different directions.
The Grating Equation describes the path difference between
rays incident at an angle θi that hit the grating at a distance
d apart and that are reflected at an angle θm:

d(sin θi + sin θm) = mλ (3)

When deciding the geometry for the spectrograph, the angle
of the diffracted light needed to be calculated. Equation (3)
was rearranged to get an expression for the angle at which
the grating should be put. The angle between the optical axes
should be the sum of the angle of the incidence ray and the
diffracted ray. An angle of the second optical axis at about
40◦ from the first optical axis was approximated as an angle
where it would be possible to construct the system without the
lenses interfering with each other or not leaving any space for
lens mounting material. The first maximum is the strongest
and is the one to be used, that makes m = 1. To find the
incidence angle where the sum makes 40◦, different θi were
tested. A 25 x 25 mm diffraction grating with grating spacing
d = 1

600mm was chosen (#43-743 in Edmund Optics Catalog

[7]). This gives:

θi + θ1 = arcsin

(
λ

d
− sin θi

)
+ θi

= arcsin

(
550 · 10−9

0.00167 · 10−3
− sin 10◦

)
+ 10◦ = 40.24◦

(4)

The equation gives that the diffraction grating should be at
an angle θi = 10◦ to make the angle for the geometry 40◦.
This leads to the next step of developing the spectrograph -
the manufacturing.

III. MANUFACTURING

A. 3D-modeling

A quick way of prototyping is with a 3D-printer. The
Siemens CAD software NX was used to make the 3D-models
for printing. The model should have a possibility to adjust the
lens position. Therefore the lens mounts, the spectrograph box
and the slit were modeled as separate pieces as shown in Fig.
8.

Fig. 8. From left to right the 3D-models of the lens mount, the spectrograph
box and the slit are shown.

The lens mount was modeled as a small box of 31 mm x
31 mm x 16 mm with a room for the lens inside and with
an opening that was 23 mm in diameter, see Fig. 10. This
made the protrude lens mount protect the lenses from scratches
during handling. The box was printed divided in two pieces
that were secured together with metal screws, with the lens
inside.

The spectrograph box was created with the final sketch in
Fig. 6 as construction drawing. The box was designed to have
an opening from above to be able to adjust the lenses and to
have room for the camera sensor.

The slit was manufactured with two 3D-printed pieces with
a 6 mm hole in the middle. Two slices of a very thin copper
sheet were put in the middle of this hole to create a slit that
could effectively and precisely be adjusted.

The 3d printed prototype prepared for testing is shown in
Fig. 9.

B. Robustness

During the rocket launch the spectrograph will be exposed
to forces that the mechanical design needs to withstand. The
vertical acceleration will reach up to 20 times that of normal
surface gravity. The lens weighs 20 grams but will exert a
force on the lens mounting as would it weigh 400 grams,
that is about 4 N. The centrifugal force F = mω2r will
be 0.04 N due to the rotation of 4 Hz, but is small in
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Fig. 9. The spectrograph prototype ready for testing.

comparison. The forces can be modeled with a finite element
model. The model used for the 3D-printing can be reused but
needs to be approximated by a mesh of tetrahedra. To calculate
the approximately exerted forces the model was divided into
48000 tetrahedra. In this model, only vertical forces were taken
into consideration, and the box’s surfaces perpendicular to the
hole are all considered fixed. The maximal force (red in Fig.
10) turned out to be about 23 kPa which intuitively is much
below a pressure where the plastic lens mount would brake.

Fig. 10. Forces exerted on the lens mount are ranging from 0 (blue) to 23
kPa (red).

IV. SENSOR AND IMAGE ANALYSIS

A. Aptina image sensor

The spectrograph uses an Aptina monochrome CMOS dig-
ital image sensor model MT9P031 [8]. The size of the sensor
is 5.7×4.28 mm2 with 2592 × 1944 pixels that make up
a 5 MP sensor. The efficiency of the sensor varies with
wavelength. From 470 nm to 750 nm the efficiency decreases

almost linearly so that the efficiency is only about 40%
for wavelengths of 750 nm compared to the efficiency for
wavelengths of 470 nm [9].

The sensor is connected to a demo card that facilitate
the retrieval of the sensor data on a computer for analysis.
The sensor can with the demo card together with a provided
software transfer images over an USB-cable. The raw format
provides an output of 12-bit per pixel. The software offers a
possibility to compress image files and for the experiment a
compression to 8-bit per pixel was chosen.

B. Image analysis in Matlab

Matlab treats images as matrices where a 8-bit monochrome
image of 2592×1944 pixels is a 2592×1944 matrix and every
element is a number between 0 (black) and 255 (white). An
average of the middle 400 pixels vertically takes away most of
the noise when plotting the intensity over the whole width of
the sensor. The intensity unit is arbitrary but the wavelength
scale needs to be fitted horizontally. This is done by making
plots of light sources with a known spectrum and customizing
the scale so that peaks end up on the correct wavelength.

V. RESULTS

The testing of the spectrograph should determine the general
functionality of the spectrograph and specifically how well the
real spectral resolution agree with the expected of about 10
nm. This could for example be done by checking the width
of the thinnest spectral lines. If there would be two different
spectral lines in the light source at a distance from each other
of about 10 nm, this would be the ultimate test for showing
if the spectrograph actually reaches the expected resolution.

A. Setup of testing

The darkest possible surrounding was used for making the
testing. This was in a cupboard in the laboratory basement.
Tests were made with slit widths between 0.11 mm and 0.75
mm. A background image was taken with the tested light
source while the slit was covered. Directly afterwards, an
image with the slit open was made and the background was
subtracted from this image.

A LED-lamp, argon lamp and a fluorescent roof lamp was
used to give a reference spectrum.

B. Test results

1) Led lamp: The testing of the spectrograph started with
one picture made in a well lit room with a mobile phone as
light source. The exposure time was set to 0.0056 seconds.
The resulting spectrum can be seen in Fig. 11. The scale was
customized so the peaks correspond to the peaks in Fig. 16
and covers a range from 440 nm to 700 nm.

2) Argon lamp: The testing of the argon lamp was made
with the setup stated in V-A, except for the first displayed
spectrum in Fig. 12 where no image of the background light
was taken and thus not substracted. The exposure time was
set to 0.125 seconds. The scale was set to the same as for the
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Fig. 11. Spectrum of a test with a mobile LED light with an exposure time
of 5.6 ms.

Fig. 12. Spectrum of a test with an argon lamp with an exposure time of 125
ms and a slit width of 0.11 mm.

LED-lamp, e.g. 440 nm to 700 nm. The spectrum in Fig. 12
and Fig. 13 was achieved with a slit width of 0.1 mm.

The spectrum shown in Fig. 14 had a slit width of 0.75 mm
and an exposure time of 2.67 s.

3) Fluorescent lamp: The testing of the fluorescent lamp
was made mostly as stated in V-A but with the difference that
the cupboard doors were open and the roof fluorescent lamps
were turned on together with the argon lamp. The exposure
time was set to133 ms. The resulting spectrum is shown in
Fig. 15 and was fit to a range from 450 nm to 710 nm.

VI. DISCUSSION

A. Comments on testing

Though the background image was subtracted from the
spectrum, this did little to make the spectrum clearer. There
was still light coming in to the sensor that entered through the
slit but at too steep angles for it to be focused. Angles are too
steep if light that comes through the slit hits the spectrograph

Fig. 13. Spectrum of a test with an argon lamp with an exposure time of 1
s and a slit width of 0.11 mm.

Fig. 14. Spectrum of a test with an argon lamp with an exposure time of
2.67 s and a slit width of 0.75 mm.

wall or the edge of the lens. Fore optics and a an non-reflective
surface on the inside of the spectrograph would help to reduce
this effect.

B. Test results

1) Led lamp: The test with a LED-lamp was as stated
above conducted in a well lit room with a mobile phone as
light source. This should be considered as poor experimental
conditions, but the resulting spectrum was a characteristic
intensity curve of a LED-lamp as can be seen when comparing
to a test in Fig. 16 of 12 different LED-lamps, conducted at
an experiment at Standford [10]. The LED-lamp was close
and gave a strong light in comparison to the fluorescent roof
illumination. In the spectrum in Fig. 11 there is a peak at 550
nm which does not have a corresponding one in the LED-test
in Fig. 16. This can come from the fluorescent roof light that
has a major peak at 550 nm as can be seen in Fig. 15.

2) Argon lamp: The tests with the argon lamp were the
major part of the testing but a part that gave most unclear



E2. DESIGNING A SPECTROGRAPH

Fig. 15. The spectrum from the argon lamp and the roof fluorescent light
with an exposure time of 133.4 ms and a slit width of 0.11 mm.

Fig. 16. Spectrum of 12 different LEDs made at an experiment at Stanford
[10].

results. The argon spectrum, unlike the LED spectrum, has
discrete strong lines and the spectrum should thus only have
thin peaks and otherwise remain low. The sensor is more sen-
sitive on shorter wavelengths in the visible region IV-A, which
is a possible explanation to why the intensity is generally
decreasing with longer wavelengths. The fitting of the test
result to the reference spectrum in Fig. 18 [11], did not have
an apparent solution. There are visible peaks but they did not
fit well to the reference spectrum. More references of argon
spectrum should also be looked at, so that it can be ruled out
that the problem lies with the reference spectrum.

What should also be considered is the difference between
the spectra in Fig. 12, 13 and 14. Fig. 12 and 13 have the same
slit width but different exposure time. The difference between
them could also be - and most probably is - explained by
that the slit was in slightly different positions in the different
tests. This would cause the image to become unfocused, which
is what the wider peaks could be interpreted as in Fig. 12.
In the subsequent Fig. 14 the slit width is 0.75 mm which

should result in a bigger spot on the sensor. The peak could
be interpreted as partly overlapping strong lines, where the left
part of the peak (≈ 680 nm) is only the result of one strong
line, and the right part of the peak is where the image of two
strong lines overlap and thus give a stronger intensity. If the
sensor would be moved slightly to catch longer wavelengths,
it could be verified if the peak goes down again to the intensity
of a single strong line at longer wavelengths.

Fig. 17. The ensquared area of the argon spectrum is magnified to the right.
The circles in the magnified part mark identical ”cracks” in the strong line
plateaus.

If one looks closely on Fig. 17, there are some black spots
in the otherwise so straight lines. In the right part of the figure
there is a magnified version of the ensquared area and it turns
out that both lines have exactly the same black spots, with
examples marked in circles in the image. Similar black points
are clearly shown in all the images made on the argon light. A
probable cause to this is roughness on the slit edges. As these
black spots are small in comparison to the spectral resolution,
it seems that the hand-made slit does not cause any problems.

Fig. 18. Spectrum of an argon lamp from [11].

3) Fluorescent lamp: The test with the argon lamp was
difficult to fit to the reference spectrum. To be able to deter-
mine which wavelength those strong lines have, a test with
both the argon lamp and another light source was conducted.
Fluorescent lamps have a characteristic spectrum as shown in
Fig. 19 [12]. It was easy to fit the intensity curve in Fig. 15 to
the reference spectrum. The peaks all agree to corresponding
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peaks in Fig. 19. The distance between the two strong lines
around 700 nm is about 10 nm and there is still some marginal
before these two strong lines would be undistinguishable.

Fig. 19. Spectrum of a fluorescent lamp from [12].

What can also be noticed in Fig. 15 is that according to the
fitted horizontal axis, the spectral range is 260 nm and ranging
from 450 nm to 710 nm. The spectral range taken from the
optical design software OSLO, mentioned in II-B, is 275 nm
from 450 nm to 725 nm.

C. Project Outcome

1) Requirements: The procedure of determining the re-
quirements needs to be taken under serious consideration.
The requirements need to be set not only from looking
at a spectrum from a successful particle ejection, e.g. no
agglomeration, but from a comparison between a spectrum
from a successful particle ejection with possible spectra of
unsuccessful particle ejections. Also light intensity from the
particle cloud as a whole should be analyzed as another
possible factor to distinguish whether the particle ejection went
successful or not.

2) Designing and construction of the spectrograph: The
spectrograph reached the requirements and followed the pre-
dicted specifications from the optical design software OSLO
well. Testing is was however problematic.The optical compo-
nents in the prototype developed in this project were movable
so to adjust the focus. Characteristic strong lines were off-set
in the resulting spectrum between the tests as the movable
sensor moved around. A test where only one parameter was
changed, e.g. the slit width, was difficult to perform because
the slit was inevitably moved when changing the slit width.

The design of the actual FFU-mounted spectrograph still
needs consideration. All the components need to be rigidly
fixed and the spectrograph itself needs to be fastenable in the
FFU.

It is necessary to adress and design fore-optics as to widen
the vertical angle of view and to let more light in through the
slit.

VII. CONCLUSION

The development of an optical tool that was to be able to
perform a certain measurement was outlined from beginning to
a working prototype. How the requirements were determined
was briefly presented. Emphasis was made on making a
chronological description of the used methodology. Discussion
was presented with the outcome that the spectrograph followed
the requirements of having a resolution better than 30 nm. The
spectral resolution was specified from the tests as about 10 nm
which agrees well with the prediction from the optical design
software.

The design of the spectrograph has to be improved to have
fixed distances and a non-reflective interior. New tests should
then be made while just varying one parameter at a time.
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