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Hardware
m Watec 902H2 ult. Computar HG2610AFCS-HSP F/1 2.6mm fl

m The Imaging Source DMK 33GX249, 1920x1200,
Kowa LM16HC f: 16mm F/1.4 Field of view horizontal: 39°

m 2nd camera with transmission
grating for spectroscopy
Thorlabs 600 L/mm
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Starting point

= Video camera with wide angle lens
® Transmission grating
— mounted perpendicular to optical axis!
= Problem:
— Moving meteor
— Curved spectra with nonlinear dispersion
— Cannot be stacked
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Spectrograph, theory

m Video camera with transmission grating in front of lens

= Grating equation:

— m*A*G=(sina-sinf)*cosy

— m: grating order, G: grating lines / mm |

— A wavelength |

— a, B: angle of incidence, transmitted beam < | |
y: cross, out of plane angle v %

m Inverse dispersion per pixel: > ‘
dMNdx = (cos B cos y)/(m*G*)*p (p: pixel size) A

— Example: f=7 mm, p = 8.6 ym, G: 600L/mm 3 = 0 - dN/dx = 2.1nm/pixel
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Vector theory wavelength calibration

m Grating in front of lens perpendicular to optical (z-)axis

= Unit vector (A B C) for py
Incident direction

m Diffracted beam
A'=A+mAG (x-axis)
B'=8B (y-axis)
C'=sqrt(1 — A2 - B"?)

m Spectrum on CCD plane

— Nonlinear dispersion
— Hyperbolic curvature

m  Spectrum straight linear in A',B'

Image plane

arf ik, &0
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Gnomonic and orthographic projection

m= Gnomonic, TAN = Orthographic, SIN
— R = f*tan(p) — R =f*sin(p)
— Great circles - straight — Great circles —ellipses
— Optimum for path, radiant — Latitude circles = straight
— Latitude circles - — Optimum for spectroscopy
hyperbola

— ) =
7/) RN A = : .
LN N > & - = |
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Calibration spectrum HeNe laser

m HeNe laser A = 633 nm, f =4 mm, grating 300L/mm
m Fit with polynom r=r"*[1 + 3.94E-07*r'2 + 2.01E-12*r'4]

m  Fit center X,, Y,

2014/12/07 19:38:88.888 UTC 00088 MO0000 003 Spektro Malenfeld

00089 MOD00D 003 Spektro Nalenfel

Composite spectra original

After applying transformation
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Orthographic transformation, original
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Orthographic transformation, result
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Extraction of spectra

22222222222222222222222222
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Full processing, using different software

= Image extraction with VirtualDub

® preprocessing:
— Background subtraction (IRIS)
— Image transformation (ImageTools by Peter Schlatter)
— Stacking of spectra (IRIS)

m Extract spectrum, calibrate wavelength (SpectraTools)

m (correction of instrument response, I1SIS)
— Grating efficiency
— Camera spectral sensitivity (lens, CCD) — Instrument response

— Atmospheric transmittance
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Meteor spectrum processing

®  Moving meteor requires special treatment of spectra
— Nonlinear curved spectra, dispersion varies with meteor position
— Linear spectra after orthographic transformation
— Standard spectroscopy software only partially useful
— Combination of different software required
m New approach: processing spectra with Python script

— One script for laser calibration and spectrum extraction
video file - plot of wavelength calibrated meteor spectrum

m For info see:
https://meteorspectroscopy.orq/2020/03/27/meteor-spectra-analysis-
new-version/ (see more under recent posts on this page)
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Why Python

m it contains all the necessary tools to do the analysis
— Image processing
— Astronomical packages (FITS-format)
— Fitting algorithms (peak positions, least square fit)
— Plotting

m it finds widespread use in the astronomy community
(replaces IRAF, MIDAS)

m itis free
m it runs on different platforms
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| aser calibration

m Script for least square fit of laser spectra
— Set initial parameters
— Load image
— Mark different orders
— Least square fit
— Save results to *.ini file

2018/10/29 20:38:88.888 UTC MAI_2 00002 Spektiro Maienfeld
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Run calibration

m Mark laser lines:

500

m Fit equation:
— Calculate in polar coordinates

— Radial transformation to orthographic projection
r=r *(1+a3*r'? +a5*r'4) (includes lens distortion)

m Results:
— X00, y00: coordinates of optical axis
— rot: angle of rotation of spectra
— dispO: dispersion [nm/pixel]
— a3, ab: radial transformation parameters
— rmsx, rmsy: fit errors
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Meteor spectra processing with Python

m Processing:
— Image extraction from video file
— Preprocessing with dark subtraction
— Image transformation (and flat field correction)
— Stacking (tilt, slant correction)
— Wavelength calibration
— Plotting raw spectrum, save data
m Spectrum analysis
— Instrument response
— Line intensities (Na, Mg, Fe- ratios)
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Preprocessing with Python

m Before background subtraction m After background subtraction
with moonlight
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Orthographic transformation, original
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Orthographic transformation, result

Martin Dubs, Meteor Spectroscopy Falera 2022 page 20



Fachgruppe Meteorastronomie

Flat field correction

m Record flat field and subtract
offset

[l image Tools, x: 195, y: 219, |: 0.30882 =

Input File |181014\ight fit

I~ Bob doubler

(3] [etoiaofsetit
Image manip.
Apply Flat

Output File [181014\Iighl_minus_oﬁset.ﬁ!

m Flat field after edge exclusion

and distortion correction

Martin Dubs, Meteor Spectroscopy Falera 2022

W image Tools, x: 329, y: 251, 1: 0.97031

Input File ‘181014\Ilght.ﬁt

rFlat processing
™ Uniform

™ Mirror x

™ Mirror y

™ Invert

[~ Average

¥ Edge_sxcl |10
v Gaussian

Sigma ’57

[¥ Corr. dist.

I Bob doubler

[H [isioitometi
Image manip.
Apply Fla

Qutput File |1 81014¥lat_o_g5_corr fit
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Registering and stacking spectra

m Select O order for registering m Select range of rows for
spectra addition

Start File: D:\DatenD\Python\200810\mdist4 rectangle at [315, 515] with size (18, 19) m Start File: D:\DatenD\Python\200810\r_add13 Tilt 0.0 Slant [0.0 Apply m

selected lines from 509 to 519
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Tilt and slant correction

500
400

m Tilt correction

) —

m Slant correction

h _

Martin Dubs, Meteor Spectroscopy Falera 2022
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Extract raw spectrum

000000000000

i . 220327
‘ Tools
| 220327r_add14 dat
|
|
|
|
15
|
lIEJ.I.'J
|
800.0 ]
|Xe
AN | Cursor Position
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Wavelength calibration

m Select known lines, assign wavelength (O for zero order)

- O X

. M_SPEC, Version: 0.9.28, D:\DatenD\meteor-synthetic_spectra, Image: tmp.png

File View Tools Options Help
Setup] Video converswon] Distortionw Registration] Calihrat\on] Instrument Response | Laser Calibration  Spectral analysis

Calibration
Process folder |test Raw spectrum

220327\_add14 dat 220327\ r lac 14, dat

969.1 Save table

Load Table - Polynomial degree: ’E‘

Plot Spectrum
220327\r_add14.dat

Load Spectrum |l Plot Spectrum [l Save Spectrum

v Grid lines | Auto scale [~ MNorm scale

lambda min: |0 max: 1918
Title  Plot width 1000 height |400
[220327\_add14.dat |

[UiNidelog offset 1.0

File 220327r_add14.dat loaded
spectrum 220327\r_add14.dat plot saved as
220327\r_add14_plot.png
File 220327\r_add14 dat loaded
100.86 331 0.00 zero

" . P
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Calibrated spectrum

m After linear or polynomial fit - calibrated spectrum

W 220327r_add14cal2.dat — x

Tools

520220327 _023708_MAI_2

200
150
I
10.0
0.0 _} " L N " o ‘mm MWA\
0.0 2000 400.0 600.0 800.0
A [nm]

Imax: Cursor Position: - Scale Factor 1.0
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Plot final spectrum

m Select range, set title etc.

520220327_023706_MAI_2

777401
1.0
0.8 I
J0001
| 529495 Fe
0.4 552 84 Mg
0.2 | J
0.0, A WMM%M’JJ WW-%\\WMV LW’LJL‘\,‘
) 5475 |\r|g | 209 Na |
300.0 400.0 500.0 }.LE[EU-U] 700.0 800.0 900.
nm
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Results

m See;
http://www.meteorastronomie.ch/ergebnisse spektroskopie.html
or http://www.meteorastronomie.ch/intranet/medienarchiv.php

ERGEBNISSE:

Spektrum

13. September 2020  Martin Dubs published his practical script (Python) for the analysis of
Script for analysis meteor spectra.

Additionally, the corresponding description is available too.

30. Juni 2020 % Analysis
Summary January-

June

13 April 2020 MAI MAI & Analysis
short and bright Spectra

31. Dezember 2019 % Analysis
Summary January-

December

Martin Dubs, Meteor Spectroscopy Falera 2022 page 28
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Improvements since last meeting

Flat field (see above)

Instrument response, atmospheric extinction
Improve spectral resolution, HD-Video camera
Synthetic spectrum
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Instrument response (IR)

m Camera sensitivity depends on wavelength
m Recorded signal influenced by grating efficiency, lens transmission

m Also depends on atmospheric transmission, may be included in
instrument response

m IR = signal / (incident power/nm), related to quantum efficiency
m Corrected spectrum S = (measured) Intensity / IR

Martin Dubs, Meteor Spectroscopy Falera 2022 page 30
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Determination and use of instrument
response

m  Spectrum of known object (Sirius)
® IR = measured spectrum / reference spectrum (from calib. library)

m Meteor spectrum, wavelength calibrated
m Corrected spectrum = meteor spectrum / IR
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Reference spectrum

m Sirius, large variation from frame to frame

. M_SPEC, Version: 0.9.23, D:\DatenD\meteor-spectrum-response, Image: Test DMK\20210301\UFOSiriusm_peak.png - O X
File View Tools Help

Setup|Video conversion Distonion[Registration Calibration | Instrument Response | Laser Calibration

Parameters
temporary image folder
tmp\m_
Process folder
Test DMK120210301
Distorted Image Base: |UFOSiriusm
v Apply distortion
[~ Background subtraction
I~ Color processing
[~ Bob Doubler
Number of background images: |0
Index of start image: |1

Number of distorted images: (60|

Apply Distortion [EECESHTATELEE

Results

60 images processed of 60
process time for single distortion:  0.89 sec

Martin Dubs, Meteor Spectroscopy Falera 2022 page 32



Fachgruppe Meteorastronomie

Reference star with background subtraction

um-response-0.9.2 ¥ correct bac

kground Titt 0.005 [ stant [0.0

Martin Dubs, Meteor Spectroscopy Falera 2022 page 33



Fachgruppe Meteorastronomie

Instrument response from reference star

. M_SPEC, Version: 0.9.23, C\Daten\PyCharm'm_specall, Image: tmp.png — O X

File Wiew Tools Options Help

Setup] Video conversion] Distortion] Fiegistration] Calihration] Instrument Response] Laser Calihration]

Instrument response

~Reference Instrument response
1 "

Load Spectrum

responset 210301 r_add60_bg_gaussTcalCMN.dat

responset A0V_nmM.dat

Load Reference

filter_response

responseiresp_Sirius030TM. dat

|resp0nse‘uresp_SiriusUBM .dat Save response

response Response Folder

Lambda min, max 350 750

| min, max -0.1 2 [ Autoscale

Response correction

responsetresp_Sirius0301M dat Load Response

responsetresp Sirius0301N . dat ”
Save response: responseiresp Sirus0301.dat
spectrum normalized to peak intensity =
0.75106

saved as
responsetresp_Sirus0301M datLoad response:
responsetresp_Sirus0301M. dat
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Response correction

. M_SPEC, Version: 0.9.23, Ch\Daten'\PyCharm\m_specall , Image: tmp.png

File View Tools Opticns Help

Setup] Video con\rersionw Distortion] Registration] Calihration} Instrument Response | Laser Calibration

Instrument response

Reference Instrument response

oad Spec
response\210301\r_add60_bg gauss1 |LCiCigitl DA DatenDymeteor-spectrum-calibration-009.2484210617 r_add 10cal2CN.dat
response\VA0V _nmhd.dat Load Reference D:\DatenD'\meteor-spectrum-calibration-0.9.20210617\r_add10cal2CH_F.dat

Divide s Smooth response JRUKTO]
responseiresp_Sirius030TM. dat

responsetresp_Sinus0301._dat Save response

response Response Folder \ _-——————_____‘

Lambda min, max kt: | 750

| min, max 0.1 1.5 [ Autoscale

Response correction

|response‘uresp_Sirius[]B[H N_dat Load Response

|D:‘\DatenD‘umetet}r—spectrun‘b—caIihratit} Load Spectrum

|D:‘»DatenD\metem—spectrum—calihr Save flux

D:ADatenD\meteor-spectrum-calibration-0.9 2412~
10617'r_add10cal2CN_F .dat saved

Load response: responseiresp Sirus0301N. dat
Load response: responseiresp_Sirus0301MN dat
D:\DatenD\meteor-spectrum-calibration-0.9.24\2
10617'r_add10cal2CN_F .dat saved

Load response: responseiresp_Sirus0301MN dat
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Atmospheric correction

m Depends on air quality and zenith distance, details see:
https://meteorspectroscopy.org/2021/09/26/atmospheric-extinction-python-processing/

transmission_atmos.dat

e Ta R s
A =

D:/DatenD/meteor-spertrumdatectiod

—

I e

0.8

[ Di/Dajenlimetesr-spetiium-lalestt

'D:/DatenDéretetr-Spec

trum-latesttO1 45

i

--*""”'/ D:/DatenD/ tromJatestt01_90.dat
//Atmnspheric transmission correction

-

400.0

\

0001

\

Il‘{

0.4

Input File fesponseiresponse venusM. dat Load File

\

Atmospheric transmittance

Elevation [*]:

AOD 0.1

30.0
Height Obs. [m]

0.2

AN

0.0

v Save as response v Plot transmission

0.0

500.0 700 0 800 0
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Characteristic meteor spectra

m Catalogue of meteor spectra: V. Vojacek et. Al.
http://adsabs.harvard.edu/abs/2015A%26A...580A..67V

Mormal @
Fal=15 Mapoor @ spectra
FB mr ‘ url:Elﬂ:a.II’It}l' .........
Ma enhanced @
AN, Ma rich 7
il .x Nal frea g
1 rons =
iy - ’E
BB - e e o B0% g i
. 1 - g . o1 \
i -\.1 # 1% E Mzl NIl
e ..:.,.-:_.... \ﬁﬁ Mg | Ml
Y A 5000 !
LA .-"'.' 0 — L : ! I
' L %- o - s 2008 000 =000 5000 2000 2000

LA

; " Y 4 AN 4 Fig. 5. Spectrum SX 1837 of a bright Perseid. The meteor had a maxi-
Mg | =2 200 408 60 Bl MNal-=1 mim brightness of =92 mag. Becanse the specira were oversaturated

on the video frames around the brightness maximum, one frame of the

. . sequence was chosen. The brightness of the meteor in this frame was
Fig. 8. Classification of meteor spectra. The ternary graph of the _;1_5 mag. N

Mg I(2), Na I (1), and Fe 1 (15) multiplet relative intensities. Every
group of meteoroids is represented with a different symbol.
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Synthetic meteor spectra

Calculation of spectrum for plasma temperature, element abundance
Inclusion of Planck continuum and molecular nitrogen band

Fit of linewidth, abundance, plasma and continuum temperature
Instrument response function applied to synthetic spectrum

Martin Dubs, Meteor Spectroscopy Falera 2022 page 38
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Synthetic meteor spectra

m Calculation of spectrum for plasma temperature, element abundance
m After fit of linewidth, abundance, plasma and continuum temperature:

. M_SPEC, Version: 0.9.28, D:\DatenD\meteor-synthetic_spectra, analysis\M20220101_043057_MAI_2.dat, analysis\M20220101_045057_MAI_2_fit_tel.inf - m} ®

File View Tools Options Help

Setup] Video conversian] Distortian] Registrat\on} Calibration | Instrument Response | Laser Calibration | Spectral analysis]

Spectrum

analysis\M20220101_045057_MAI 2

Response|responseiresponse_ex.d Fe I
Parameters 100°
VWavelength range |350.0 | 900.0 analysis\[M20220101_045057_MAI_2.dat

Sigma | 0.962 I fit Sigma0 0.7
Continuum Temp. | 5289 W fit 80 q{Q
Plasma Temp. | 3743 [ fit ¥ Show sum cont

Threshold [0.0001 & Show residual fei

Elements factor fit ma

Cont 1.00e+00 |6.815e-02 ¥ 60 ©
Fel 1.62e+00 |1.393e-01 v
Mgl  7.58e-02 |9.005e-01 W
Mal 1.13e+03 |1.089e+0(W
Cal 1.16e+02 |1.185e-01
Call  1.95e+01 |2.701e-02 v
Crl 6.73e+01 |6.635e-02
Mnl  1.95e+01 |-2.277e-0.¥
ol 7.76e-10 [3.773e-01
il 4.64e-12  |3.550e-02 v
v MN2I 1.00e+00 |1.5458-02
NIST/N214000

I 1

EEEL T
#t_cont 5280.3331 147.3485%
2.8%)

Ht_el 3742 .9717 0.0000 (
8.08%)

# rms: B8.823352, t: B.66sec

EURC U

40 ©

<l

EU

<l

20 =)

<l =l
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Synthetic spectra applied to Geminids

m My results 2021 compare with Abe, Maeda:

https://www.researchgate.net/publication/344481278 Sodium variation in Geminid
meteoroids from 3200 Phaethon

100 2017 (n=65)
02018 (n=84)

Fa I
100

50 =
o o
-1
10
20 ﬂ‘" & & ﬂﬁ v C r ."(

a Mg -2 S &£ FH PSS &Y FH S Nal

&
“ - - . . . Fig. 5. Temary plot for Na I (1), Mg 1 (2), and Fe 1 (15) multiplets in 149
" :b - N - . Ma I Geminid metoor spectra. The 2017, 2018 Gemindds are indicated by blue circles

ig 2

and red squares, respectively. The solid curve &s a theoretical reference line for
the choadritic (Cl) meteor ablation. The velocity (in km s7%) are marked with
numbers. The excitation temperature changes along this theoretical line. For
speeds larger than 40 km s~°, the lne ratios should not change substantially,
The initial velocity of the Geminids is about 35 km s™". Four classifications, Na
free, Na-poor, Fe-poor and lron were shown, (For interpretation of the refer-

. ences to codor in this figure legend, the reader is referred to the Web version of
Martin Dubs, Meteor Spectroscopy Falera 2022 this article.) page 40
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Python meteor spectrum processing

= Python: https://www.python.org/
(https://www.anaconda.com/download/#windows)

m  Spectrum processing manual:
https://github.com/meteorspectroscopy/meteor-spectrum-
calibration/blob/master/doc/M spec%20Python%20manual.pdf
summary:.
https://meteorspectroscopy.orq/2020/03/27/meteor-spectra-analysis-
new-version/

m Scripts and demo spectra, latest version:
https://github.com/meteorspectroscopy/meteor-spectrum-calibration

Martin Dubs, Meteor Spectroscopy Falera 2022 page 41
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Conclusion

m  Grating mounted perpendicular to camera axis
= Orthographic image transformation gives linear spectra!
m Python script gives fast spectrum analysis
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Testrun m_spec.py

Install Python from Anaconda

Download meteor-spectrum-calibration from Github
Edit Anaconda prompt (set working directory)

Run m_spec.py with: python m_spec.py

— m_set.ini for calibration

— Run calibration

— Run meteor spectrum example

m Results, logfile
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Download Anaconda

m https://www.anaconda.com/download/
m Select the 32 or 64 bit version, depending on your computer.

m Python 3.6 — 3.9 have been tested with my script
-

Anaconda Distribution

Download &a

For Windows
Python 3.9 « 64-Bit Graphical Installer « 594 MB

Get Additional Installers

K
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Download from Github

0 metearspectroscopy/meteor-=, X +

I <« il ‘Q‘ 9D & https://github.com/meteorspectroscopy/meteor-spectrum-calibration wee ﬁ‘ In O & ﬂ é’ 3
o Search or jump to... Pull requests Issues Marketplace Explore
6 meteorspectroscopy / meteor-spectrum-calibration  Private OWatch v | 0 VStar 0 | FFok 0
<> Code lssues 1 Pull requests Actions Projects Security Insights Settings
P master ~ P 2branches (2 tags Go to file Add file ~ About oy

No description, website, or
@ martinmeteor Delete M_spec Python manual_V0& BJ Clone @ tO,DECS pmv{ded.
HTTPS 55H GitHub CLI

calib inchude laser calibgg https://github.com/metecrspectroscop EJ [ Readme

doc Delete M_spec Pytt  Use Git or checkout with SYN using the web URL. 8 MIT License
M Kojiico Add files via upload .
O LicENsE S Z) Open with GitHub Desktop Releases
[ M20181014_023817_MA.. corrected damaged [3] Download ZIP 4\;\_,‘ © 2 tags
[ Martinpng added menu and new plot options 5 months ago Create anew release
™ PySimpleGULpy include laser calibration into script 2 days ago
M PCARBAC e e N Packages
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Install Anaconda, run script in shell

Copy Anaconda prompt to Desktop (move to start, copy from there)
Adjust working directory
Run with: python m_spec.py > Anaconds 3.9 Prompt latest

Alternatlve use Spyder {(base) D:\DatenD\meteor-synthetic_spectra>python m_spec.py
before | used Pyzo B

f-
‘\_/} Alarm & Uhr Farben

Terminal Sicherheit Details “organgerversionen
- Anaconda3 (64-bit) A Allgemein Werknipfung Optionen Schriftart Layout
Anaconda Navigator (Anacorda39) F') Anaconda 3.9 Prompt latest
Neuy
r
— ﬁnaconda Powershell Frompt (Anac... Ziekyp: Anwendung
eu
Zielort: System3Z2
Anaconda Prompt (Anaconda39)
Ziel: |1|:|a 35" Scripts“activate bat ?':'-ﬁnacandallﬁ‘
~ Jupyter Notebook {(Anaconda39)
. Neu
. Reset Spyder Settings (Anaconda39) Ausfuhren in: D:\Daten[}\meteor hetic_spectra ‘
Neu
g}g Spyder (Ar.aconda39) Tastenkombination: |I{eine ‘
- Neu
° Ausfihren: Momales Fenster &
- AnyDesk
Kommentar: |Fnacu:unda Prompt (Anaconda3d) ‘
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