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5 sens

ected senses

Humans feel their environment through their senses
Vision is the most used in daytime situations.
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-7000 years -3000 years
Qil lamp

=
W 1880
Incandescent lighting

Lighting has been an essential component of survival, security and well-being of
the human species since the dawn of humanity.

4
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Photometry

Photometry is the science of the measurement of light, in terms of its perceived
brightness to the human eye.

Wikipédia (June 28, 2019)
To do photometry, you need :

Wy,

~

eyes One brain
(eventually)

source

S\ B =
&: £ i" Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 8



(2%

A

VVVVYVYYVYY

saElN= le cnam
The candela, the most human of the Sl base units

Outlines

Quantities and units in photometry

First measurements

Towards the candela, 6t Sl unit

Radiometry, a new way for the candela

Vision and V(A) curve

1979, new definition and introduction of K_,
Photometry widens to meet new societal needs
» Luminous efficacy and energy saving

» Non visual functions of the retina

The candela, one of the 7 Sl units... why?

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 9
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Quantities and units in photometry

Photometric quantities are :

Flux, in lumen [Im], llluminance, in lux [Ix],
Intensity, in candela [cd], Luminance, in [cd-m™2].

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 10
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First measurements
Until the XVIIe century, no need

Jeune fille lisant une lettre a la bougie, J-B Santerre (1658-1717)

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019
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First measurements SumlN= e cnam

Flams haven’t the same colour,
notion of street lighting emerges,
it is necessary to set up the
metrology in order to ensure
quality and efficiency of public
lighting

A%
Q‘ Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 12



First measurements SumlN= e cnam

Theory

Pierre Bouguer (1698-1758)

TRAITE E
DOPTIQUE = dz

SR L4
GRADATION DE LA LUMIERE:
Ouyrage pofthume de M. Bovcver, de I'Académie
Royale des Sciences , 8Ge.

Et pustif par M. PAbbé DE LA CAILLE, de la méme
Académic , &e.

E E/4
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First measurements

First photometers

Extracted from “manipulation de physique”
A. Leduc, 1895

, v Fig. 171. — Photométre de Foucault. 1854
| . Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 14



First measurements SumlN= e cnam

Measure, it’s compare

G ={G} [G]
A\ Re / \

Physical Units

quantity Numerical

Value

What is the
reference?

v Fig. 71. — Photométre de Foucault.
Qa\
Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 15



First measurements sxmilN= e cnam
First standard
Standard lamps

Vernon Harcourt
lamp

Hefner Lamp

© PTB © NIST
1890
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» Towards the candela, 6" Sl unit
fro Louis Jules Gabriel Violle (1841-1923)

L] L] ,
s . »,

‘Qh NG .. ,.'.‘ -

1881, new proposition

© Archives CNAM

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 17



Towards the candela, 6th S| unit

The violle and the « bougie décimale »
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L. Violle proposes the use as standard of the amount of light
emitted by 1 cm? of platinium at its freezing temperature (1 768 °C).

0
3
3

Based on physical properties

Independant of the properties
of the light source

Adopted en 1889 by the
International congress of
electrical measurement, that
defines the « bougie décimale »
as 1/20 of a violle.

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 18



Towards the candela, 6t" S| unit s#ElN= e cnam

ssssssssss

1900 : the « black body », the ideal standard

Radiance from the black body
depends only of its temperature

hc? 1
A5 e hc/(AKT) _ 1

LAT) =

with :

A, wavelenght of the radiation
T, black body temperature

¢, speed of light

h, Planck constant Max Planck
k, Boltzmann constant

Photo collection particuliére D. J. Lovell

\ \ \
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Towards the candela, 6th SI unit

First definition of the candela
CIPM, 1946

B Definitions of photometric units (PV, 20, 119-122)*

Resolution

4. The photometric units may be defined as follows:

New candle (unit of luminous intensity). — The value of the new candle is such that the

brightness of the full radiator at the temperature of solidification of platinum is 60 new candles
per square centimetre.

New lumen (unit of luminous flux). — The new lumen is the luminous flux emitted in unit solid
angle (steradian) by a uniform point source having a luminous intensity of 1 new candle.

The 2 definitions were ratified in 1948 by the 9" CGPM, which gave the name candela to
% the « new candle » and lumen to the « new lumen »
% >

L f
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Towards the candela, 6th SI unit

First mise en pratique of the candela

Black body at Platinium freezing temperature

Lentille
|
Diaphragme I Pri
risme
]

Diaphragmes —

Couvercle de silice

Cylindre de

silice fondue ey

Creuset protecteur ¥ Thorine calcinée
arine pure Thorine fondue broyée

Creuset thorine pure . PI (280
atine 9)

Radiateur intégral Thorine fondue broyée

Bloc de thorine

Debure M. et Leroy N. - Revue d’optique théorique et instrumentale 31, 12 (1952)

\ ‘ A\
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Towards the candela, 6t Sl unit SEmlN= le cnam

Freezing temperature of Platinium

«"'The candela is the luminous intensity, in the perpendicular direction, of a surface of
1/600 000 square metre of a black body at the temperature of freezing platinum under a pressure of
101 325 newtons per square metre.”» XlllEme CGPM, 1968

» If the feezing platinium temperature varies, the radiation emitted
by the black body varies and the candela varies !!

Temperature [°C]
A

1775 -
0,23% | :
1770
P ()
—/\—._ o o
1765 >
1940 1960 1980 2000 2020 years

\4
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The candela, the most human of the Sl base units

Outlines

Quantities and units in photometry

First measurements

Towards the candela, 6t Sl unit

Radiometry, a new way for the candela

Vision and V(A) curve

1979, new definition and introduction of K_,
Photometry widens to meet new societal needs
» Luminous efficacy and energy saving

» Non visual functions of the retina

The candela, one of the 7 Sl units... why?

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019
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Radiometry, a new way for the candela saElN= le cnam

Radiometry to rescue photometry

Radiometry is the science of measurement of radiant energy (including light) in terms
of absolute power. Radiometric techniques characterize the distribution of the
radiation's power according to the wavelenght.

Radiometry is distinct from quantum techniques such as photon counting.

Magnetic

Electric field —,

-

‘W/

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 24
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Radiometry, a new way for the candela samlN= e chnam
Visible

Electromagnetic waves with a wavelenght between 380 nm and
780 nm are what we call the visible light

380 nm 780 nm

Violet Blue Green Yellow Orange Red

At
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Radiometry, a new way for the candela saElN= le cnam

Spectral power distribution of light sources

Spectral power distribution describes the light spectrum of a light source
It shows which radiations are present, at which wavelenght, in which proportion.

He-Ne Laser White light source
Power Power
(W) (W)
e —— e ——
Wavelenght (nm) Wavelenth (nm)

\A
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Radiometry, a new way for the candela samlN= e chnam

First bolometer

Samuel Langley

Lim;
/
absorber Thermometer th teq by
er,
\ T,
|
g'pttl'calp Spectral h '\n' K hermal sink
' radiation celeetivelevins Thermal lin Thermal sin -
\\ \ \
‘h.’ Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 27
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Radiometry, a new way for the candela

LLLLL
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Electrical substitution radiometer

vvvvvv
vvvvvv

- Correction Coefficient Rel Unc
» N— Reflectance factor 0,9943 5.10%
¥ ‘ Spatial uniformity 1,0018 1.103
e  — Pulsation 0,9986 5.10%
Wire heat 1,0004 2.10*
' _ Thermal equivalence 0,9970 1,5.10°3
: Total correction 0,9931 2,0.103
F. Kurlbaum Angstrom
Thermometer
Optical Absorber P Themal sink
radiation Electric
V 1980
L
e . Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 28



Radiometry, a new way for the candela samlN= e chnam

Cryogenic radiometer

ﬁﬁ Vacium chamber
: Liquid Helium
Tank (5K)

T. Quinn J. E. Martin
Thermometer
Cavity
Laser Window Absorber \ T
beam 1

P .
POptic Electric Thermal sink

‘ 1985
%«a\
\ gl i Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 29



Radiometry, a new way for the candela samlN= e chnam

cryogenic radiometer

20 T T T H ' T : ; : — i

" International comparison of cryogenic radiometers A 476 nm
% 15 CCPR reference value = weighted mean y A 488 nm
: ' |

§ \ _ | A514nm
g 10 1 0568 nm
L

8 5 N ﬂ T “I’[ 9633 nm
14 -

a LLI H ; % |lo | ®647 nm
3ol e Sl o %
N i I i
2 f )

o gl -

&

&

=.10

£ 7

[a]
15

=

Al

R S — — — S — e — e —

CSIRO NPL HUT SP IFA° MSL BNM PTB NRC NMi ETL KRISS DFM IEN NIST PTB BIPM
INM  -R- VSL (a} (a) -T-

Relative agreement of + 5:10* at NMl level

v 1985
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Radiometry, a new way for the candela saslN= le cnam

Dispersion and uncertainty / %

cryogenic radiometer

0,6
0,5 :
Absolute measurement on laser is good.
0,4 But transfer to incoherent light needs improvement
0,3
0,2
0,1
0 T e 1 f T

350 450 550 650 750 850 950 nm

0,1

Justervesenet
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— Predictible Quantum Efficient Detectors ( PQED)

Physica Seripta, Vol. 18,471-475, 1978,
Silicon UV-Photodiodes Using Natural Inversion Layers

T. E. Hansen
Central Institute for Industriay Research, Forskningsvn 1, Oslo 3, Norway

Received March 11, 1978

Abstract layer. Because of the finite widths of the surface deplet
Sthicon UV-photodiodes using napura inversion layers. T.E, Hangen Te8i0N and the oxide, Qar will o induce 2 charge Qg on 1
(Central Institute for Industrial Research, Oslo, Norway), omer surface of the oxide, Chatge neutrality in the syst(
Physica Seripta (Sweden) 18,471-475, 197, requires . . 2
: ; - Antireflection oxide
The natura] inversion layer occuring in lhermallyox;dized P-type silicon Oy + O + Qp + Oc =0 (
is employed to make Photodiodes. The induced Ap-junction implies 9
high electric fields at fhe silicon surface and in the depletion layer, which In strong inversion the energy bands are 5o strongly bey )
nsen aid the collection of Photogenerated carriers wigh short penetration (Fig. 2(b)) that the surface potentiaj ®, fulfils the conditio
T. a depth. Thus, the effect of high surface recombination is counteracted | S I
and an efficient photosensitivity is prediced at UV- and blue-wavelengths. kTN, . 2
Induced junction photodiodes fapy been fabricated and characteriged. D520, = 25 Ya @ nduced n-invarson hy"
> Photosensitivity in the 200-500 5 Tange is comparable or beter 7 0n

+--an what is commercially available in UV-enhanced silicon photodiodes, where Dy, represents the bulk Ferm; Potential, This conditior

implies that the concentration of electrons in the inversion

holes. At the onset of strong inversion, with @ equal to 2y, d !"wm p - subs'rile

The problem in making  silicon photodiodes with efficient  the induced charge Oy in the depletion layer is taken to reach

high-cnergy photons are absorbed within 5 very shallow layer the inversion layer charge 0, Then, Qs may be determined
near the surface, For example, the penetration depth in the using step junction theory . di,'usim
200-350 nm range is less thap 10am [1], Therefore, most = —gn, = — Vi E
of the photogenerated carriers may be lost by surface recom- 8 = —¢ A = a6y, G)
bination, In diffused photodiodes additional losses arise from In order to calculate Oy, we equate the potential drop across
recombination at defect centers introduced during the high-  the System in Fig, 2 ¢o zero. Using the neutrality condition
concentration donor (or acceptor) diffusion Pprocesses, (1) to eliminate Qg we end up with [2],

In the present Paper we describe photodiodes which employ a4 Cox
the naturg] inversion layer which may occyr on p-type silicon Op = =0 ( 1— ——) 0y (I + M) @)
[2]. The fixeq Positive surface state charge Q,,, which js inherent 2xg 2exg
to thermally-oxidized silicon, induces 4 n-type inversion layer 7y, charge 0, in the inversion fayer must be negative, Conge. 8
onlightly-doped P-type substrates [3]. Thus, a shallow P~ quently, in order to produce inversion the surface state charge 197
“rnction s formed without any diffusion procegs, The con- Qg must fulfil] the condition
~-guration is shown in Fig. 1. The inversion layer js contacted / Y .
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INSTITUTE OF PHYSXCS PUBLISHING
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Prospects for improving the accuracy of
silicon photodiode self-calibration with

custom cryogenic photodiodes

Jon Geist', Giorgio Brida® and Maria Luisa Rastello’ N
1 Sequoyah Technology LLC. 4410 Winding Oak Drive, Olney. MD 20832, USA ewst’ r D } 2 O 1 3 - 2 0 1 6

2 Jstituto Elettrotecnico Nazionale, strada della Cacce 91. 10135 Torino, ltaly

E-mail: jon.gcisl@im.org

Published 7 February 2003
Online at stacks.iop ‘org/Met40/S 132

Abstract

This paper considers the possibility of improving the accuracy of the

ictable quantum efficiency method (self-calibration) by using custom
photodiodes at cryogenic temperatures. The photodiode quantum deficiency
is panilioned into nine terms assoc {ated with different phenomenological
loss mechanisms. The size of each term is estimated for operation of the
photodiode at 72K and 16V reverse bias. Requirements for high-accuracy

of the phnloscmmcd
carriers that recombine 10 the silicon substrate, S is the
The original self-calibration procedure (1] was not UPumllﬂd fractional contribution of the dark current to the photocurrent

1. Introduction

R T B

S
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Radiometry, a new way for the candela samlN= e chnam

Relative standard uncertainty

Progress in radiometry

Radiometry allows measurement of
optical power at each wavelength

1,000%

0,100%

0,010%

0,001%

1900 1920 1940 1960 1980 \ 2000 2020 2040
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the new way...

| [cd]

e

«The candela is the Iluminous intensity, in the
dZ perpendicular  direction, of a surface @ of
1/600 000 square meter of a black body at the
temperature of freezing platinumny

1948 : IX¢me CGPM

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 35
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Radiometry, a new way for the candela samlN= e chnam

the new way...

| [Cd] diaphragm E [|X]

V

P, [W]

«The candela is the Iluminous intensity, in the
dZ perpendicular direction, of a light source fthat
generates an illuminance of 1 Ix at Im distance, that
is accessed by radiometry

XXX : xxx°me CGPM

At
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Radiometry, a new way for the candela samlN= e chnam

the new way...

| [Cd] diaphragm E [|X]

R Sl

d? S S

\4
Q‘ Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 37
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Radiometry, a new way for the candela samlN= e chnam

dZ

| [Cd] diaphragm

) S \ﬁ
; — N\

" Py [W]

S

)
P, W]

If we can establish the link between lumen and watt,
%,:' we have the candela
=\
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The candela, the most human of the Sl base units

Outlines

Quantities and units in photometry

First measurements

Towards the candela, 6t Sl unit

Radiometry, a new way for the candela

Vision and V(A) curve

1979, new definition and introduction of K_,
Photometry widens to meet new societal needs
» Luminous efficacy and energy saving

» Non visual functions of the retina

The candela, one of the 7 Sl units... why?

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019
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Vision and V(M) curve

Lens

3 ~\
& ‘ ") Source : 2?7?

Human eye

Optical
nerve

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019
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Vision and V(\) curve sEilN= e cnam
Cones (LM S)
We have 3 family of cones.

Light that reaches the retina generates 3 signals in
the cones, that depend upon the wavelength

Fundamentale sensitivity

Apax =440 nm
Amax = 540 nm

Apax =570 nm

400 nm 700 nm

\

-\
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Vision and V(A) curve sxmilIN= 1e cnam
Individual variations

HS YY

AP nasal:

We dont have the —
same repartition of RIS
cones, but the visual
system adjusts the
sensitivity by adapting
the gain

Hofer, Carroll, Neitz, Neitz,
Williams, JNeuroscience 2005

Figure 4. Fake color images showing the amangement of L (red), M (green), and § (blue) cones in the retinas of different

‘ human subjects. All images are showntothe same scale.
%
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Effet of optical radiation on the visual system

&)
P, W] ®

a
O 0,8
[
4
% 0.6
C
< /
¢ 0 ?
o}
()
o 02
(a'

0

400 500 600 700 A (nm)
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Vision and V(L) curve

Experience for the measurement of brightness of
a monochromatic radiation

Method : Direct comparison

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 4






Vision and V(L) curve

Experience for the measurement of brightness of
a monochromatic radiation

Method : Direct comparison

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 4



Vision and V(A) curve saElINZ le cnam
Effet of optical radiation on the visual system

Result

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 47



Vision and V(\) curve SxslN= e cnam

Luminous efficacy of monochromatic light on the
human visual system

1 —
[%]
(%)
)
c
)
<
.90
—
o
©
S
2
>
()
2
)
£
3]
o
0
400 500 600 700 A (nm)
' s R
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Vision and V(\) curve LIN= lecham

CIE Photometric strandard observer

6th session of CIE, Geneva, 1924
K. S. Gibson : [
l
I
|

LE.S. mean values, adopted 1918

— — — Proposed revision by Gibson a(;d T¥nd‘allli E .
. . LS . 510-560, 620-690, and 720 mu (See Table
Visibility function - oL o ol oo du

—

—

]

A\ I

/il 5 o4
'/ DIRECT-COMPARISON

ﬁ METHOD ¢

| \

,’ ; g L 5? b
R j
|

|
x]100

X
=1
=)

00

g
o
x_l
5
8

a5

— ]

o T—
B
| _+—
| 1 1+

ends), 1922

I/ ® Hyde, Forsythe, and Cady, ?\
29 observers (100n ends), 1918

.50

[0
o
™~

RELATIVE ,VISIBILITY

observers (i-41onends), 1917

: FLICKER METHOD )11 5 \\ \
© Coblentz and Emerson, 125 % ﬁ\’

¥
[

l N / O Nutting, 21 observers (S on ends), \\ 2 \ \
[ ' / 1914, revised data

25 j,",l ,9 y i O Reeves, 130bservers, 1918, revised data §\{ \ \ .25
7/ I

/ QO 1Ives, 18 observers, 1912

1»\
s So, 20 observers (Japanese), 1920 =
i 1( '/ @ 3 1\ *

== — 1Ives, tri ission of physical ph ter .
solution, 1919 > * >

= 1 T
450 500 550 600 650 700 750
WAVE LENGTH millimicrons

Fig. 1. Values of Relative Visibility.

& 272 observers (UK, Japan, US)
S\
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Vision and V(\) curve SxslN= e cnam

CIE Photometric strandard observer
V(A) curve

/ Amax = 555 nm
1,0

0,8 +

0,6 +

04 1

0,2 +

0

400 500 555 600 700 A (nm)

A%
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Vision and V(A) curve SxslN= e cnam

V(A) filter

g
\&.’ ¥ i Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 51



Vision and V(\) curve sEilN= e cnam

V(A)
Remember ?

SCORE: 00040 HIGH SCORE: 0 LIVES:3

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 52



Vision and V(M) curve

Irradiance (W-m=2-nm-1)

V(A)

Spectrum of solar radiation

1.5

0.5

UV | Visible | Infrared »

Sunlight without atmospheric absorption

V(A)

5778K blackbody

Sunlight at sea level

HO
Atmospheric
absorption bands

KO cq

1000 1250 1500 1750 2000 2250 2500
wavelength [nm]

500 750
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The candela, the most human of the Sl base units

Outlines

Quantities and units in photometry

First measurements

Towards the candela, 6t Sl unit

Radiometry, a new way for the candela

Vision and V(A) curve

1979, new definition and introduction of K,
Photometry widens to meet new societal needs
» Luminous efficacy and energy saving

» Non visual functions of the retina

The candela, one of the 7 Sl units... why?

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019
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1979, new definition and introduction of K, s#ElN= e cnam

Back on the candela

diaphragm
| [cd .
, e S Py [W]
B ]
e (;) Ir\\
2

P, W]

A%
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1979, new definition and introduction of K, s#ElN= e cnam
Introduction of K,
diaphragm
| [cd]

Y =

P, [W] | 780

380 480 580 680 780

\} Wavelenght (nm)
| ' Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 56



1979, new definition and introduction of K, s#ElN= e cnam

Km
Maximum luminous efficacy

Luminous efficacy 1
[Im-W-] 683 Im-W-
600 +
A, .x =555 nm

450 |
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300 | Vimax = =540 THz
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1979, new definition and introduction of K, s lN= e cnam
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Definition of the candela

| [cd] .
é P, S, "

LY

Amax

«The candela is the luminous intensity, in a given direction, of a source that emits

monochromatic radiation of frequency 540 THz and that has a radiant intensity in that
direction of 1/683 watt per steradiany
1979 : XVI‘me CGPM

%
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1979, new definition and introduction of K, sEilN= e cnam
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Definition of the candela

| [cd] .
;n Px S; c

LY

Amax

«The candela, symbol cd, is the S| unit of luminous intensity in a given direction. It is
defined by ftaking the fixed numerical value of the Iluminous efficacy of
monochromatic radiation of frequency 540 THz, K4, To be 683 when expressed in the
unit Im-W=1, which is equal to cd-sr-W™!, or cd-sr-kg~'-m2s3, where the kilogram, metre
and second are defined in terms of h, c and Ave»

2018 : XXVI‘me CGPM
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The luminous efficacy of monochromatic radiation of
frequency 540 x 1012 Hz, K4, is 683 Im/W.

Mole
Candela (1971) Meter

(1979) (1983)

2 1 3
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The candela, the most human of the Sl base units

Outlines

Quantities and units in photometry

First measurements

Towards the candela, 6t Sl unit

Radiometry, a new way for the candela

Vision and V(A) curve

1979, new definition and introduction of K_,
Photometry widens to meet new societal needs
» Luminous efficacy and energy saving

» Non visual functions of the retina

The candela, one of the 7 Sl units... why?

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019
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Luminous efficacy and energy saving samlN= e chnam
Luminous efficacy of a light source [Im-W-1]

T—» Electrical power
P, =U-l[W]
Luminous (Dv .
efficacy n =P— Luminous flux
e D [Im]

Luminous efficacy is crucial for energy saving
\,
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Luminous efficacy and energy saving samlN= e chnam
Case of incandescent lamp

Luminous efficacy

@, 480

=12Im-W-

=
I
I

P, 40

Luminous flux [Im]
®=480 Im

3,00E+12

2,50E+12
< 2,00E+12
£
= 1,50E+12

S 1,00E+12

Electrical power [W]
/ P=40 W

5,00E+11

0,00E+00

1500 2000 2500 3000 3500
1 (nm)
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Luminous efficacy and energy saving samlN= e chnam
Case of LED lamp (type UV-Blue)

Luminous efficacy

@, 470

n= =79 Im-W-
Pe 6

Luminous flux [Im]
ch: 470 Im

3,00E+12

2,50E+12 .
Electrical power [W]

P=6W

T 2.00E+12
= 1,50E+12
S 1,00E+12

5,00E+11

0,00E+00
0 500 1000 1500 2000 2500 3000 3500

1 (nm)
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Luminous efficacy and energy saving samlN= e chnam

200
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Lumineux efficacy(Im/W)

W
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Luminous efficacy [Im-W-1]
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c
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Luminous efficacy and energy saving saElN= le cnam
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(LED - Luminous efficacy — Flicker) & metrology

https://www.richtek.com

3 00B+12 Tek Stop e ||
5 N Totf/\LERi:urrent e * 4 s
2,50E+12 \i PN Al
| \' N | / | \"‘ g /[
a 2,00E+l R [ FIN 4 Ch4 Mean
\E S ! r B 100.6mA
N 1 Y 14 4
= 1,50E+12 V1 e
Z @ o : 175 7
= 1,00E+12
Ch2 Mean
5.00E+11 ! ‘ ] 2133V
0,00E+00 RN - ! v
0 500 1000 ) .
1.00V 4M2.00ms A Line S 154V
E———— . Ch4| 50.0mAQH 29 Jun 201¢
H47.80% 17:38:12

3 CIE Technical Committees created over the last 5 years
» 1-83 Visual Aspects of Time-Modulated Lighting Systems
» 2-76 Characterization of AC-driven LED products for SSL applications
» 2-89 Measurement of Temporal Light Modulation of Light Sources and Lighting Systems

®
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Going beyond lighting, the non visual functions of the retina
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Non visual functions of the retina wxlN= e cnam
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Colour of sun

© F. Viénot

- —

Paris - 23/11/2005 - 09:30  Paris - 23/11/2005 — 11:45  Paris - 23/11/2005 13:00  Paris - 23/11/2005 - 15:15  Paris - 23/11/2005 — 16.45  Paris - 23/11/2005 17:40

Along the daytime, sun colour evolves. It is orange in the

morning, white at noon, yellow in the afternoon and red in
evening.

This is our daily since be start of humanity.

\ L Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019
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Non visual functions of the retina sxmilN= e cnam
A 4th familly of photosensitive function on the retina

Melanopsin, photopigment inhibitor of melatonin
(hormone that regulates sleep—wake cycles)

Mel(A) A,.,=470 nm
S(A) Amax = 440 nm
M(A) Amax = 540 nm

L(A) Amax =570 nm

1998
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Non visual functions of the retina sxmilN= e cnam
A 4th familly of photosensitive function on the retina

Melanopsin, photopigment inhibitor of melatonin
(hormone that regulates sleep—wake cycles)

25 -
Melatonin
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Non visual functions of the retina sxmilN= e cnam
Spectral radiance of sun light

9
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Non visual functions of the retina sxmilN= e cnam
Sunlight — Melanopsin — Circadian cycle

Day Py, (W]
/ A Blue spectrum Melatonin
V | IV\‘\ | Melanopsin ‘ « off »
o B W exited Cortisol
- «on»

A [nm]

Evenmg

Py (W]

Red spectrum ) -
P Melatonin

«won»

jm Melanopsin ‘
— _ —) — X
/\¥ \\”‘T/ not exited Cortisol \\\\ it

« off » &

A [nm]

\ ‘ A\
\ )
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Non visual functions of the retina SumlN= e cnam

Evening

P; [W]
I HED spectrum Melatonin
Melanopsin « off? »
\ = p
i ? -
/ exited : Cortisol
<+ N - ) «?»
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! Halogen spectrum Melatonin
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Non visual functions of the retina sxmilN= e cnam
Sunlight — Melanopsin — Circadian cycle

Recommendations (1/3)

One hour of daylight per day at noon

\ ‘ '\
\ )
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Non visual functions of the retina sxmilN= e cnam
Sunlight — Melanopsin — Circadian cycle

Recommendations (2/3)

T

f. M;"ﬁkf‘ s '—":i" ’d" ]

Cold white, Tc = 6500 K (morning) Warm white, Tc = 2800 K (evening)

Match interior lighting with daylight
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Non visual functions of the retina SEmlN= le cnam
Sunlight — Melanopsin — Circadian cycle

Recommendations (3/3)

Avoid LED screen in evening

\4
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Non visual functions of the retina SxslN= e cnam
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Sunlight — Melanopsin — Circadian cycle

International Standard

Responses to Lig
Systeme CIE de métrologie des rayonne

m

ht
enl§ opt

CIE-System fiir die Metrologie optischer Stra

iques dédi
eeeeeeeeeeeeeeee (iPRGC)
eeeeeeee g o hlung fir ipRGC-beeinflusste Antworten auf Licht

CIE S 026/E:2018

f Optical
CIE System for Metrology ©
Radiation for ipRGC-lnfluenced

Recommendations (4/3)

CIE S 029/E:2018
CIE System for Metrology of Optical
Radiation for ipRGC Responses to light

Use appendix 3 of Sl brochure when talking about sensitivity to light of Blue
light, Circadian, Erythemal, L, M, S-cones, melanopic, rhodopic, etc...
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The candela, the most human of the Sl base units

Outlines

Quantities and units in photometry

First measurements

Towards the candela, 6t Sl unit

Radiometry, a new way for the candela

Vision and V(A) curve

1979, new definition and introduction of K_,
Photometry widens to meet new societal needs
» Luminous efficacy and energy saving

» Non visual functions of the retina

The candela, one of the 7 Sl units... why?

Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019
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The candela, one of the 7 Sl units... why?

Humans have created the International system of unit. As a reward, they must
have a piece of themselves inside. This is the candela! The candela is the unit

that represents the world of sensorial measurements. <oft
e .
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Gaél Obein,
Associate professor at CNAM
@ : 0158808788, gael.obein@lecnam.net
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