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This Is about taking pictures of
darkness, or. ..



"Hunting photons with a spoon”



Radiometry



Radiometry vs. photometry

Holst [1998] defines the term radiometry, as the

“energy or power transfer from a source to
a detector”
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Radiometry vs. photometry

Holst [1998] defines the term radiometry, as the

“energy or power transfer from a source to
a detector”

while photometry is defined as

Unfortunately the term photometry Is often used
iInstead of radiometry



Radiometry

“Mathematics is often called the queen of the
sciences. Radiometry should then be called the
waiting maid or servant. It is not especially elegant;
It IS not very popular, has not been trendy; but it is
essential in almost every part of optical
engineering.” Wolfe [1998]
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Solid angle

The solid angle (2 sweeps out the area A on the
unit sphere (4m)

Think of it as a 3D generalisation of the radian
(arc length on the unit circle)



Flux
Photon flux:
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Radiance

Also known as radiant sterance
In energy units:
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Spectral radiance

Also known as spectral radiant sterance
In energy units:
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Spectral radiant emittance

Also known as spectral radiant exitance

0P {photons}

M =54, =

S m?

Flux per source area.

What you get from a calibration source.
In energy units:
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Spectral Irradiance

Also known as spectral radiant incidance

0P {photons}

By = — —
AT 9A
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Flux per detector area.

What you get on a detector (or whatever)
In energy units:
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Transmittance

T=]]7x(\) =T.1.7% ...
VX



Irradiance
At apperture:
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At Image plane (assuming circular apperture):
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Photometric units

O, = Ky / o V(A) M, (A)dA [Im]

80nm

£
e =

Photopic

S o
o

b
B

K]
w
=
o
o,
]
It}
i
L
=
}_
=L
ot
L
o

=

035 04 045 05 055 06 065 07 075
WAVELENGTH {pm)

scoptic—rods photoptic—cones After Holst [1998]




Photometric units

Wavelength | Photopic
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Photometric units

Im
cd/m? or nits
[uz Or Im/m?

[uz Or Im/m?

uminous flux
uminance

uminous emmitance
IHlumniance




The foot-lambert

A foot-lambert or footlambert (fL, sometimes fl or
ft-L) 1s a unit of luminance in U.S. customary
units and some other unit systems. A
foot-lambert equals 1/7 candela per square foot,
or 3.426 candela per square meter (the
corresponding Sl unit).

L[] = {;_%} ~ 3.426 {ﬁ}
v



The Rayleigh



The Rayleigh (1)

Consider a cylindrical column of cross-sectional
area 1 m* extending away from the detector into
the source.

The volume emission rate from a volume
element of length d{ at distance [ Is

e(l,t, \) photons m~3s~*. The contribution to L., is
given by:

[, 1, A

S m? ST

photons
47



The Rayleigh (2)
Integrating along the line of sight [ [m]:
AL, = / e(l,t, \)dl
0
This quantity is the column emission rate, which

Hunten et al. [1956] proposed as a radiometric unit
for the aurora and airglow.




The Rayleigh (3)

In Sl-units the Rayleigh becomes
[Baker and Romick, 1976]:

hot
1 [Rayleigh] = 1 [R] = 10" { pIoom }

s m? (column)

The word column denotes the concept of an
emission-rate from a column of unspecified
length, as discussed above. It should be noted
that the Rayleigh Is an apparent emission rate,
not taking absorption or scattering into account.



The Rayleigh (4)

However (unfortunately. . .)

“the Rayleigh can be used as defined without any
commitment as to its physical interpretation, even
though it has been chosen to make interpretation

convenient.”

Hunten et al. [1956]

And then there Is the clarifications by: Baker
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1995]
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By now you should realized
that. . .



... God said:

Go to, let us go down, and there confound their
language, that they may not understand one
another’s speech. [Bible Gen11:7]



... God said:

Go to, let us go down, and there confound their
language, that they may not understand one
another’s speech. [Bible Gen11:7]
And there was: stilb, Rayleighs, footlamberts, Irradiance,
spectral-radiant sterance, lumens, lux, candela, radiometry,
nit, luminance, illuminance, emittance, apostilb, phot, skot,
lambert, foot-candle, photometry, DIN, ASA, 1SO...
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and now. ..



The 47 confusion



The 47 confusion

Therefore, we propose that photometric
measurements of the airglow and aurora be
reported in terms of 47 B rather than the surface
brightness B itself. Further, we suggest that 47 B
be given the unit “rayleigh” (symbol R),
. Hence

1 R = 10° quanta cm~2 (column) ™" s~ .

Hunten et al. [1956]
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Can we agree on this?

The apparent radiance (L) can be obtained from
the column emission rate 7 (in Rayleighs)
according to Baker and Romick [1976]:

10'°T [photons
Ly = 47 2

S 1IN~ ST



Can we agree on this?

The apparent radiance (L) can be obtained from
the column emission rate 7 (in Rayleighs)
according to Baker and Romick [1976]:

1—
K 47 s m?

B 10'°T [photons
ST

Oris it:



Still confused. ..




Signal
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Where are my photons?

« Transmittance (atmosphere, optics, filters. . .)
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Where are my photons?

« Transmittance (atmosphere, optics, filters. . .)
» Apperture of the optics

« Area of detector (pixel-area for imagers)

* Number of photoelectrons collected in a pixel

ﬁe; — QE()\)E%tmtApix [6_}



Where are my photons?

« Transmittance (atmosphere, optics, filters. . .)
» Apperture of the optics

« Area of detector (pixel-area for imagers)

* Number of photoelectrons collected in a pixel

ﬁe; — QE()\)E%tmtApix [6_}



Noise
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What Is noise?



Some peoples noise are other
peoples signal



Notation

(X)? | variance of X
(X)) | standard deviation of X

X mean value of X

Photon arrival is Poisson distributed
It can be shown that for a Poisson distributed
signal variance is equal to the mean




CCD principle of operation

After Janesick et al. [1987]
E UNIS 2011-11-15-p. 38
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What Is the SNR of an ideal
photon detector?



CCD-noise sources



CCD noise

Megon) = (e + (ne)? + (002 [erurs]



Shot Noise

n:) = CTEY ((n22 + () =




CCD Nolse sources

-'l_ Phatan
Noise

1 Dark Current
I Noise

I Reset Noise

Amplifier Noise

5

i/f Noisa

— 1 Quanfization
— J Noise

After Holst [1998]
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Pattern Noise




CCD Noise

<neECD> ~ ﬁe§ T ﬁeg T <n€77>2 [GIEMS}



Signal-to-noise ratio for a CCD

« Measured signal-to-noise ratio:

DN [ ﬁe_
INR _ s1gna ~ ~
cen DNnoz'se <TL - >
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Signal-to-noise ratio for a CCD

» Measured signal-to-noise ratio:

DN [ ﬁe_
INR _ S1gNa ~ ~
cen DNnoise <TL - >

e thus for a CCD:

SNRoop ~ l

« and for an ideal photon detector:

SNRideal = \ﬁ



Threshold of detection

The threshold of detection is usually defined as
SNR = 2 while the Noise Equivalent Exposure
NEE, Is obtained when SNR = 1. For a CCD the
maximum signal, or Saturation Equivalent
Exposure, SEE Is obtained when the charge well
capacity n_- |e~|, is reached. This occurs when:

€Emax

In most cases the maximum charge-well capacity

DN sgg |counts|, is matched to the maximum
ADC output DN 4z



Dynamic range (1)

The Dynamic Range Is defined as the peak
signal divided by the RMS noise and the
DC-bias-level, (if any). The minimum ADC
output, is subtracted in the case of a signed

Integer output. DR Is usually expressed In
decibels.

DN — DN in

DNpc + DN g — DN i



Dynamic range (2)

An approximate theoretical value for DR Is
obtained by dividing the maximum signal by the
total noise

n- —n. -

DR ~ 201logy, e?aw L [dB]
n

€tot >



ICCD
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—— Fiberoptic Taper

—— CCD Window

—l—._._'--._'_._

CCD Array

After Holst [1998]
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SNR for a CCD

» Measured signal-to-noise ratio:

DN g onai
N _ S1gna ~
S RCCD DNnoise




SNR for a CCD

» Measured signal-to-noise ratio:

DNS?J na
SNRCCD — gnal ~

DNnoise <

* For an ideal photon detector:

SN. Rvideal = 4 /N



SNR for a CCD

» Measured signal-to-noise ratio:

DN [ ﬁe_
ONR _ S1gna ~ ~
cen DNnoise <n - >

* For an ideal photon detector:

SN. Rvideal = 4 /N

 and for a CCD:

SNRcop =~ il




SNR for an ICCD
Noting that for an ICCD:

B , 10107
Nes o ™~ QEpc()‘)TtthFOApin [eRMS}
#



SNR for an ICCD

* The signal-to-noise ratio for an ICCD can be
estimated as:

€~ .pe
SNRicop ~ =

2 ﬁe_+<ne_>2
_ _ | d r
kMCP(neJ,pc T neg’pc) ! §2



SNR for an ICCD

* The signal-to-noise ratio for an ICCD can be
estimated as:

€~ .pe
SNRicop ~ =

2 ﬁe_+<ne_>2
2} I d r
kMCP(ne;pc T ne;pc) ! §2

» As seen, increasing the gain of the image
iIntensifier makes the CCD noise-sources
negligible, but Increase the SNR
beyond that. For very high gain, we see that:

TL

SNRccp &
\/2 nein =+ nejm)




SNR for an emCCD

The signhal-to-noise ratio for an
electron-multiplication CCD can be estimated as:

o=
SNRemCC’D ~ L

Please note:
For an EMCCD k., = v/2 while ky;cp (ICCD) Is

taken as v/2 here, which is somewhat too good to
be true. In real cases ky;cp > 1.6



SNR example: CCD vs. ICCD

t=16.7 ms, T=0.5, f/3.9, ALIS CCDCAMS5, PAI ICCD

Ideal CCD (a)
ALIS CCD (b) ——

PAI CCD (e)

100000 le+06 le+07 1le+08

Column emission rate Rayleighs 557.7 nm
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SNR vs. of integration time

T=0.5, f/3.5, ALIS CCDCAMS5 557.7 nm

1 MR (a)
10 kR (c)

1 kR (d) ——

—

i

0.1

/

'0.001

0.01

//

Integration time [s]

1000 10000
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Where are my photons?

« Transmittance (atmosphere, optics, filters. . .)
» Apperture of the optics

« Area of detector (pixel-area for imagers)

* Number of photoelectrons collected in a pixel

ﬁe; — QE()\)E%tmtpr: [6_}

10107
ﬁe; ~ QE()‘)TtmtApiw—Q [6_}
16./2



SNR and on-chip binning

4
/

bin 1,1 (a)

bin 4,4 (c)
bin 8,8 (d) ——

d

/
g
/

10000 1le+06
Column emission rate Rayleighs 557.7 nm
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SNR: CCD, ICCD and emCCD

t=1/25 s, T=0.5, f/1.6, bin=1x1

Ideal SIO03AB (a)
SI003AB (b)

Ideal PAI CCD (c)

PAI ICCD (d)

Ideal CCD201-20 (g)
CCD201-20 (h)

bin 2,2 CCD201-20 (h)

Ol [ ] [ ] [ ] [ ] [ ] [ ]
1000 10000 100000 1le+06 le+07 1le+08 le+09

Column emission rate Rayleighs 557.7 nm
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When do we need EM-gain?



Fast: ~ 2900 photons/pixel

EM ON vs. EM OFF at 10 MHz

Ideal CCD201-20 ——
EM OFF 10 MHz CCD201-20
EM ON 10 MHz CCD201-20

100
photons/pixel (assuming 90% QE)

UNIS 2011-11-15—p. 63




Always for high temporal
resolution



Slow: ~ 42 photons/pixel

Slow readout EM ON vs. Conventional Ampl.

Ideal CCD201-20 —— -
1 MHz Con. CCD201-20
EM ON 1 MHz CCD201-20

10 100
photons/pixel (assuming 90% QE)

UNIS 2011-11-15—p. 65




Not always for low temporal
resolution



Intercalibration



Intercalibration

This Is the process of intercalibrating calibration
sources and to transfer absolute calibration

Information between different instruments and
research groups.

Hans Lauches intercalibration photometer (responsible
person: 1981-1999 Lauche, 1999-2011 Widell, SSC,
2011- Brandstrom, IRF)

UNIS 2011-11-15—p. 68



The European Rayleigh

CALIBRATION SOUAC

(INTEANATIONAL STAND ARD |
“_,,' .-""‘;’ ;/‘ &l oot andl ;

UNIS 2011-11-15 - p. 69



Intercal. procedure

» Calibrators are compared at calibration
workshops using a calibration-photometer
with 7 filters and a reference source.
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» Calibrators are compared at calibration
workshops using a calibration-photometer
with 7 filters and a reference source.

 Last known absolute callibration of the
calibration equipment against a national
standard (NBS) was done by [Torr and Espy,
1981].




Intercal. procedure

» Calibrators are compared at calibration
workshops using a calibration-photometer
with 7 filters and a reference source.

 Last known absolute callibration of the
calibration equipment against a national
standard (NBS) was done by [Torr and Espy,
1981].

« Known calibration workshops at the optical
meetings were: Aberdeen 1981, Lindau 1983,
Lysebu 1985, Saskatoon 1987, Lindau 1989,
Wien 1991, Lindau 1999, Stockholm 2000,
Oulu 2001, Kiruna 2006, Andgya 2007 and




Intercal. workshops

Number of participating calibrationsources in intercalibration workshops 1981-2011
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Sodankyla 2011
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and the FMI-sphere

UNIS 2011-11-15—-p. 73



To be done here

After Sigernes et al. [2008]



Intercal. results
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Wavelength [Angstrom]
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ratio [%]

o

Intercal. errors

Confusogram of calibration ratios [1985,1999,2000,2001 to 2006]

| |
y275 1985
y275 1999
& y275 2000
275 2001

11614 1985
11614 1999
11614 2000
11614 2001
920b 1985
920b 1999
920b 2000
920b 2001

5000 5500 6000
Wavelength [Angstrom]
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Calibration issues



Calibration

Calibration is the process of answering the
following two basic questions:

1. What physical value does the pixel represent?
(absolute calibration)

2. How is each pixel mapped to the observed
object? (geometrical calibration)



Abs. calibration (ALIS)

"

-25000 -20000 -15000 -10000 -5000 . A
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Challenge

Read the “28. Appendix” and compare to
Sigernes et al. [2008]. You might also want to
compare to Torr and Espy [1981]

Calculate R /A for the IRF-UJO-Y275 radioactive

source around 5577 A using the result in “28.

Appendix” and compare to latest intercalibration

result from Sodankyla. (That source is marked
15 plm




ALIS
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ALIS 2009-2012
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Spectroscopic imaging

A bt Ll pgolipe, |,

4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000
Wavelength [A]
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Selectable common

Approximate field of view at 110 km
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Scientific results and capabillities



Auroral tomography
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Fine structure of diffuse aurora ALIS-FAST




Fine structure of diffuse aurora ALIS-FAST
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Auroral electron spectras,

from tomography,

400 600 800 1000
time after 23:20:00 UT (s)
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Auroral electron spectras,

Characteristic energy (keV)

from tomography,

Iog10 electron energy flux

N-S distance

N-S distance

500 1000

time after 23:20:00 UT (s)
8446 A
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Oxygen scaling facto

500 1000
time after 23:20:00 UT (s)
6300 A

400 600 800 1000
time after 23:20:00 UT (s)

and from spectroscopic
ratios (right panel).
time after 23:20:00 UT (s) time after 23:20:00 UT (s)

After Gustavsson et al. [2001b], Phys. Chem. Earth 26.
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Reconstruction of auroral electron spectra
and emission intensities

Energy flux |
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Tima Sergienko etal.
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filter/expose sequence

Filter/exposure sequence: sync—rapid—aeronomi
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Field aligned currents from EISCAT and ALIS data
ALIS: Parallel arcs drift through EISCAT beam
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Field-aligned currents
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Field-aligned
current calculated
from electron
spectra x 500
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conductance and drift
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Scaling
behavior of
auroral
luminosity
fluctuations
observed by

ALIS

Irina Golovchanskaya
et al., 2008
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Daylight aurora

28—-Apr—2000 SEA=0.6°

19:08:34 19:08:34

After Rees et al. [2000], GRL, 27.
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Radio-induced optical emissions



RIOE

ALIS made the first unambigous observation of
high-latitude RIOE 1999-02-16

17:40:15 17:40:35 17:40:55 17:41:15 17:41:35 17:41:55
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17:43:55 17:44:05 17:44:15 17:44:25 17:44:35 17:44:45

After [Brandstrom et al., 1999], GRL, 26.
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Tomography of RIOE
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ALIS made the first tomo-

R graphic estimate of volume
distribution of RIOE.

After Gustavsson et al. [2001a], JGR

ﬁ 106, 29
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Electron Gyroharmonie Effects in Tonization and Electron Acceleration
during High-Frequency Pumping in the Ionosphere

E. GLl.E.tavse.m_.l'* T B. La::},fsa::r:_.2 M. Keosch,® M. T, Rietveld,*" A Staen_.":: B.UE. Bri‘jnds-tf‘rjmf and T, Ase’

LN
o
(=)

altitude (km)

U
U
i

!
il
i,

! 00 :
L ] L - - —- 1500 1510 1520 1530 1540 1550 1600
1800 1810 1820 1830 1840 1850 1900 Time (UT)

Time (UT)

UNIS 2011-11-15—p. 99



Auroral arc modulation caused by
powerful HF ionosphere heating
Tima Sergeinko et al.
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Meteor research



A strange meteor trall

(I'eft) 53 A (right)

After Pellinen-Wannberg et al. [2004, GRL 31], GRL 31.
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Polar-Stratospheric clouds
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After Enell [2002], IRF Sci. Rep. 278
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Future plans and challenges



Small structure
The aurora is extremly rich in small structure

“With respect to understanding the
dynamic coupling between the
magnetosphere and the auroral
lonosphere the observational bias toward
bright aurora is physically unjustified”
[Semeter 2001]
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We do not understand:
» Creation of narrow arcs
 Diffuse aurora
 Pulsating aurora

* The role of the ionosphere In the
magnetosphere-ionosphere coupling

« How are different scales related to each
other?

Thus we need instruments measuring different
scales with high temporal and spatial resolution,
e.g. Polar/VIS, ASC, ALIS, ASK



ALIS 2010-2014

» Electrodynamics of auroral structures: get
most out of EISCAT-UHF

* ALIS/EISCA]

* Improve tem
 Review whic

IREIMEI
noral resolution: EMCCD

N sites to use

 lonospheric sounding rockets?

 Collaboration for development of methods

and models

o Calibration!!!

» Improve access to data



In particular

we will work to answer the following specific
guestions:

1. What is the temporal and spatial scale
distribution of small (less than a few km)
auroral structures?.

2. What are the temporal and spatial variations
of the primary particle distributions causing
small auroral structures?

3. What is the detailed 3D electrodynamics of
small auroral structures?

4. How does ionospheric feedback influence
auroral structure?



and now. ..



My brain hurts!

— Are you the brain specialist? — My brain hurts!

http://www. mascom
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http://www.mwscomp.com/mpfc/gumbrain.html
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The end!
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THE END!
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