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les ordres de grandeur
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La temperature

Mmesure et controle




comment refroidir ?

en utilisant un liquide froid




comment refroidir ?

La liquéfaction des gaz
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Fig. 1—CAILLETET'S APPARATUS FOR LIQUEFYING GASES.

1877 : Cailletet et Pictet liquéfient 'oxygene (-183 °C) et 'azote (-195°C)



comment refroidir ?

La liquéfaction des gaz

Scientific-web.com l

1898 J. Dewar: liquéfaction de
’lhydrogene (-250 °C)




comment refroidir ?

La liquéfaction des gaz

1908 K. Onnes:
| liqguéfaction de U’hélium (-269 °C)
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hélium superfluide

superfluidite : la viscosité devient nulle

les atomes forment soudain

- un condensat quantique.
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hélium superfluide

Recipient
en verre
dont le fond

est une
ceramique
poreuse




hélium superfluide

Une soucoupe remplie
d'helium superfluide




Uhélium superfluide

mouvement perpetuel



hélium superfluide
superfluidite : U'explication

les atomes forment soudain un condensat quantique.



utiliser Pheélium pour aller sous 1K

Les cryostats a dilution
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utiliser Pheélium pour aller sous 1K

Les cryostats a dilution

1.5
TK) 1
//
5 e = A trés basse température,
nsteie compostlion 2 phases coexistent
0 ’'une 100% 3He et l'autre meélangeée

0 20 40 60 80 100

: 3 : 4 .
proportion de *He dans un mélange *He+*He (%)



utiliser Pheélium pour aller sous 1K

Les cryostats a dilution
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utiliser Pheélium pour aller sous 1K

Les cryostats a dilution
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utiliser Uhélium pour aller sous 1K

Les cryostats a dilution

To pump
From 1.5 K
condensor T Almost pure 3He

Main flow
impeda
impedance po—_—
Heater
>90 % %He* by
o — still 0.7 K
heat exchanger é < 1% “He
Dilute phase
Secondary
flow impedance —= 2
e
Hoak Heat exchangers
flow
Concentrate phase * * Dilute phase
A 100 % °He
Phase boundary — | _ . i s
5% 0.01K
Dilute phase ——= o2 % "He

Still

Continuous
heat exchanger

Step
heat exchanger

Mixing chamber



utiliser Pheélium pour aller sous 1K

Les cryostats a dilution

Record : T=1,7 mK (Univ. Lancaster)
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recherches recentes

1. le record du froid

2. refroidir et voir la quantique

3. mesurer la température a petite échelle
4. refroidir pour mesurer dans l’espace

5. le froid pour observer le vivant
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1. le record du froid
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Polarized Nuclei in Normal and Superconducting
Rhodium
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We performed SQUID-NMR measurements on a rhodium single crystal at
ultra-low nuclear-spin temperatures. With initial polarizations up to p=0.95,
the antiferromagnetic tendency was clear, but surprisingly no indication of
actual nuclear magnetic ordering was obtained. The lowest nuclear tem-
peratures achieved were below 100 pK, whereas the lowest directly measured
temperature was 280 pK. Double-spin-flip and evidence for triple-spin-flip
resonance lines were detected, yielding direct information of the interactions
between the nuclear spins. The superconducting transition of rhodium was
observed with the critical values, T.,=210 uK and B_.(0)=3.4 uT. For the
first time, measurements with substantially correlated nuclei were performed
in the superconducting state, where the effect of the coherent electron system
on the spin-lattice relaxation rate was studied. The spin-lattice relaxation
time was longer in the superconducting state at all temperatures and dis-
played a strong dependence on nuclear susceptibility.

1. INTRODUCTION

1.1. Background

Studies of nuclear magnetic ordering in metals have become
experimentally feasible by the development of advanced cooling techniques,
and thereby the spontaneously ordered phase of the nuclear spins has been
observed in a few metals in the nano- and microkelvin regime.' The start-
ing point for the theoretical understanding of nuclear magnets is usually

*E-mail: tauno.knuuttila@hut.fi
tPresent address: VIT Automation, Measurement Technology, P.O. Box 1304, FIN-02044
VTT, Finland.

Knuuttila et al. J. Low Temp.
Phys. (2001)
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Refroidissement des noyaux du
Rhodium a T=0,25 nK



utiliser Phélium pour aller sous 1 mK

La desaimantation adiabatique

1. On applique un champ au metal.
Ca oriente les spins de ses noyaux

. On evacue la chaleur puis on isole

3. On eteint le champ : les spins se
desordonnent, mais pas d’échange de
chaleur avec l’extérieur. Pour permettre le
desordre, le metal doit pomper de la chaleur
sur lui-méme : il refroidit.

N




utiliser Phelium pour aller sous 1 mK

La desaimantation adiabatique

On « refroidit » les spins des noyaux des
atomes du Rhodium.
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2. mesurer la température a petite échelle



LETTER

doi:10.1038/nature12373

Nanometre-scale thermometry in a living cell

G. Kucsko'*, P. C. Maurer'*, N. Y. Yao', M. Kubo?, H. J. Noh®, P.

variations on scales is

K. Lo*, H. Park"** & M. D. Lukin'

Sensitive probing of temp

an outstanding challenge in many areas of modern science and
technology'. In particular, a ther capable of

temperature resolution over a large range of temp as well

gradient control and mapping at the subcellular level,
bling unique p ial applications in life sciences.
bd Many, isi approaches to local temperature sensing' arebemg
plored at present. These include scanning probe microscopy'”,

as integration within a living syslcm could provide a powerful new
tool in many areas of biological, physical and chemi

Raman spectroscopy'’, and fluorescence-based measurements using
icles'"'*and organic dyes'*'. Fluorescent polymers'* and green

Possibilities range from the temperature-induced control of gene
expression®* and tumour metabolism® h) the cell-selective lml-

P
fluorescent proteins'* have recently been used for temperature mapping
within a living cell. However, many of these existing methods are

such as low sensitivity and systematic errors
due to ﬂuc(ua(ions in the fluorescence rate'*, the local chemical

**and the opncal properties of the surmundlng medium'.
gh

ment of disease™ and the study of heat dissi ini limited by drawback
circuits'. By combining local light-induced heat sources with sensi-

tive nanoscale thermometry, it may also be possible to engi

biological p at the subcellular level**. Here we d Moreover, alth
anewapproach to le th y that uses coh mani-

pulation of the electronic spin associated with nitrogen-vacancy

colour centres in di: d. Our technique makes it possible to detect

temperature variations as small as 1.8 mK (a sensitivity of 9 mK Hz ™)
in an ullnpun bulk diamond sample. Using nitrogen-vacancy centres
ind d nanocrystals (; ds), we directly the
local thermal environment on length scales as short as 200 nano-

ds based on green fluorescent
proteins rely on cellular lransfecuon" that proves to be difficult to
achieve in certain pnmary cell lypcs Our new approach to nanoscale
thermometry uses the q | spin d with nitrogen-
vacancy colour centres in diamond. As illustrated in Fig. 1b, in its
electronic ground state each nitrogen-vacancy centre constitutes a
spin-1 system. These spin states can be coherently manipulated using
microwave pulses and efficiently initialized and detected by means of

metres. Finally, by i ducing both di; dsand gold nano- laser illumination (Supplementary Information). In the absence of an
particles into a single human embryonic fibroblast, we d external magnetic field, the precise value of the transition frequency
a c
10 @ Infrared
@ Raman
CdSe quantum dot
L]
¢ 1
‘E_’ Green fluorescent protein
2
8 Liquid crystal
e 0.1 | L]
b E‘ SThM
.4 °
Excited state E Nanodiamond
£ Seebeck
0.01
14 Bulk diamond
5 0.001 "~ Projected nanodiamond
Ground state 0.01 0.1 1 10
Sensor size (um)
Figure 1 | Nif le th y. a, Schematic excited state. At zero magnetic field, the | = 1) sublevels are split from the |0)

" cy-based
image depicting nanodiamonds (grey diamonds) and a gold nanoparticle
(yellow sphere) within a living cell (central blue object; others are similar) with
coplanar waveguide (yellow stripes) in the background. The controlled
application of local heat is achieved by laser illumination of the gold
nanoparticle, and nanoscale thermometry is achieved by precision
spectroscopy of the nitrogen-vacancy spins in the nanodiamonds. b, Simplified
nitrogen-vacancy level diagram showing a ground-state spin triplet and an

state by a temperature-dependent zero field splitting A(T). Pulsed microwave
radiation is applied (detuning, ) to perform Ramsey-type spectroscopy.

¢, Comparison of sensor sizes and temp ies for the nitrog
vacancy quantum thermometer and other reported techniques. Red circles
indicate methods that are biologically compatible. The open red circle indicates
the ultimate expected accuracy for our measurement technique in solution
(Methods).
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conception d’un thermometre
nanomeétrique dans une cellule
vivante.



mesurer la tempeérature a petite echelle
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mesurer la tempeérature a petite echelle




mesurer la tempeérature a petite echelle

« Un centre NV »
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mesurer la température a petite echelle
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On mesure la frequence a laquelle
le spin du centre NV résonne par le
changement de fluorescence
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mesurer la tempeérature a petite echelle

on peut mesurer localement la tempeérature.

On distingue des difféerences de température de 0,1K
sur quelques um

exemple d’application : traitements contre le cancer
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3. refroidir et voir la quantique
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ARTICLE R) Chock for updates
 https://dol.org/10.1038/s41467-021-26457-8 [el

A macroscopic object passively cooled into its
quantum ground state of motion beyond
single-mode cooling

D. Cattiaux1, |. Golokolenov 1, S: Kumar‘, M. SilIanpééz, L. Mercier de Lépinayz, R. R. Gazizulin 1, X. Zhou 3,
A. D. Armour?, O. Bourgeois', A. Fefferman’ & E. Collin® '™

The nature of the quantum-to-classical crossover remains one of the most challenging open
question of Science to date. In this respect, moving objects play a specific role. Pioneering
experiments over the last few years have begun exploring quantum behaviour of micron-
sized mechanical systems, either by passively cooling single GHz modes, or by adapting laser
cooling techniques developed in atomic physics to cool specific low-frequency modes far
below the temperature of their surroundings. Here instead we describe a very different
approach, passive cooling of a whole micromechanical system down to 500 uK, reducing the
average number of quanta in the fundamental vibrational mode at 15 MHz to just 0.3 (with
even lower values expected for higher harmonics); the challenge being to be still able to
detect the motion without disturbing the system noticeably. With such an approach higher
harmonics and the surrounding environment are also cooled, leading to potentially much
longer mechanical coherence times, and enabling experiments questioning mechanical wave-
function collapse, potentially from the gravitational background, and quantum thermo-
dynamics. Beyond the average behaviour, here we also report on the fluctuations of the
fundamental vibrational mode of the device in-equilibrium with the cryostat. These reveal a
surprisingly complex interplay with the local environment and allow characteristics of two
distinct thermodynamic baths to be probed.

! Univ. Grenoble Alpes, Institut Néel - CNRS UPR2940, 25 rue des Martyrs, BP 166, 38042 Grenoble Cedex 9, France. 2 Departement of Applied Physics,
Aalto University, FI-00076 Aalto, Finland. IEMN, Univ. Lille - CNRS UMR8520, Av. Henri Poincaré, Villeneuve d'Ascq 59650, France. # Centre for the
Mathematics and Theoretical Physics of Quantum Non-Equilibrium Systems and School of Physics and Astronomy, University of Nottingham, Nottingham
NG7 2RD, United Kingdom. Zemail: eddy.collin@neel.cnrs.fr

| (2021)12:6182 | https://doi.org/10.1038/541467-021-26457-8 | www.nature.com/naturecommunications 1

Cattiaux et al., Nature Com., 2021
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mesure du mouvement quantique
d’un objet jusqu’a 0,5mK
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on refroidit un objet a 0,5 mK
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on mesure comment il bouge en comptant le nombre de phonons
(vibrations collectives des atomes

0.8
0.6+

0.4-

0.21

1 10 100
nombre de phonons

(vibrations des atomes) la température décroit :
les phonons disparaissent

a 0,5mK, plus aucun mouvement collectif : le systeme a atteint
son « etat quantique fondamental »
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4. refroidir pour mesurer dans l’espace
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Planck 2013 results Special feature

Planck 2013 results. I. Overview of products and scientific results
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mesurer le fond diffus

ee COSMologique grace a des

bolometres refroidis a 0,1 K



Le fond diffus cosmologique

Accélération de
I'expansion de l'univers
S a Formation de
co:ggtl‘ogli‘;fﬁtse Ages sombres 5|5 jes, planétes...

Inflation
cosmique

quantiques

Premieres étoiles
(population Iil)

Expansion de l'univers

13,7 milliards d'années

Rayonnement fossile datant du moment ou l'Univers s'est suffisamment refroidi pour que la
matiere sorte de l'état de plasma et que les photons puissent nous atteindre (ce qui revient a dire
que l'Univers devienne transparent) : a eu lieu 380 000 ans apres le big bang



Le fond diffus cosmologique
mesure par le satelllite Planck




Le fond diffus cosmologique
mesure par le satelllite Planck

Pour mesurer le fond, on
utilise des bolometres
stabilisés a une température
de 0.1 K. Leur rechauffement
permet de mesurer le
rayonnement.
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Le fond diffus cosmologique
mesure par le satelllite Planck
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Fig. 7. The impressive stability of the HFI thermal stages during operations. Shown is the temperature evolution of the bolometer stage (top), the

1.6 K optical filter stage (middle) and the 4-K cooler reference load stage (bottom). The horizontal axis displays days since the beginning of the
nominal mission.







Le fond diffus cosmologique : image de la plus vieille lumiere qui existe,
trace fossile de la premiere lumiere qui a pu se propager librement
dans l'espace, environ 380 000 ans apres le big bang.
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Cryo-electron microscopy of viruses
Marc Adrian, Jacques Dubochet, Jean Lepault & Alasdair W. McDowall

European Molecular Biology Laboratory, Postfach 10.2209, D-6900 Heidelberg, FRG
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virus susp can be prepared for observation by

Thin vitrified layers of unfixed,

cryo-electron microscopy in easily controlled conditions. The viral particles appear free from the kind of damage caused
by dehydration, freezing or adsorption to a support that is encountered in preparing biological samples for conventional
electron microscopy. Cryo-electron microscopy of vitrified specimens offers possibilities for high resolution observations
that compare favourably with any other electron microscopical method.

ALL biological specimens are damaged during preparation for
electron microscopy. For particles in suspension, damage is
caused by dehydration, adsorption onto the supporting film and
by the attempts of the electron microscopist to increase the
contrast. Chemical fixation, metal shadowing and negative stain-
ing are excellent methods, but they all rely on changing the
specimen in order to make it more suitable for observation. As
a result electron microscopy has become a highly successful
science, but the material obscrved is generally very diffcrent
from the original \ample

Cryo-clectron microscopy has long been scen as a potential
method for preserving the specimen in a state closer to its native
state'. The value of the approach was demonstrated by Taylor
and Glaeser®, who showed by electron diffraction that the peri-
odic order of frozen-hydrated catalase crystals can be preserved
down to less than 3 A resolution, whereas it is destroyed in
air-dried specimens. Another turning point was the discovery
that pure water or any aqueous solution can be cooled rapidly
enough to prevent formation of ice crystals™. Based on this
phenomenon, we have developed a simple method for prepanng
and observmgfmzen hydrated speci from native biol
suspensions®

Methodology

The preparation and observation of frozen-hydrated biological
particles involved the following operations: (1) forming a thin
layer of the suspension; (2) cooling it into the vitreous state;
(3) transferring it into the microscope without rewarming above

Fig. 1 Thin layer of vitrificd suspension of
unstained and unfixed adenoviruses type 2, pre-
pared by the bare grid method. A 5-ul drop of
suspension containing about Sx 10! particles
per ml in hypotonic solution was put on a clean
uncoated 200-mesh copper grid (Science Ser-
vices, Miinich) pretreated by glow discharge in
air’. The grid was held by a tweezer mounted
on a guillotine and was observed with a sterco-
scopic microscope at X20 magnification. Most
of the liquid was removed by touching the grid
edge with a blotting paper. In the next few
seconds, evaporation caused the liquid layer,
spread over the grid holes, to break. When
about half of the grid holes were still filled, the
grid was allowed to fall free from a height of
6 cmintoa 1.5-cm deep liquid ethane container,
cooled close to solidification temperature by
liquid nitrogen. The grid was transferred to
liquid nitrogen, mounted in a cold stage
PW6591/100 (Philips) and rapidly introduced
into a Philips 400 electron microscope where
it was kept below 110K during observation. A
dozen grid squares were filled with a layer of
Electron diff confir-
med that the specimen was vitrified. The micro-

the devitrification temperature ( T, = 140 K); and (4) observing
it below T, and with an electron dose low enough to preserve
the structure of the specimen

As discussed below, all these operations are easy to perform
and take about the same time as the very simple negative staining
procedure. Apart from the requirement for a cooled specimen
holder, operating contamination-free below 140 K, there is no
need for special instruments or installation.

The formation of a thin layer of aquecous suspension may
initially seem difficult, considering the high surface tension of
water, which tends to minimize the surface to volume ratio. This
difficulty can be overcome, however, when the appropna(e
surface property is given to the supporting film**. A stable
thin layer forms readily in the absence of a supporting film when
the liquid is stretched over the holes of a hydrophilic surface.
In practice, we put a drop of solution on a clean uncoated
200-600-mesh copper specimen-supporting grid, remove most
of the liquid with blotting paper and then freeze. On most
specimen grids at least some squares are filled with a film of
adequate thickness (<3,000 A). Better results are obtained if
the layer is allowed to become thinner by evaporation while
being observed under a low-power microscope. The specimen
is frozen after a few seconds, when many grid squares have the
right thickness. We refer to this method as the ‘bare grid
method’. Figure 1 shows a specimen of adenovirus prepared in
this way. An aliernative way of preparation, referred to as the
‘perforated film method’, consists of mounting the specimen
across the holes of a hydrophilic carbon film. As with the bare

graph was recorded with 80 kV electrons at x12,500 magnification, with a total dose of 10e A2 and ~8 pm underfocusing. The layer is
~1,200 A thick. Note the uniform distribution of the viruses and their well defined shape. The superposition of the upper and lower side of
the viruses makes the surface structure difficult to interpret. Spikes are visible in favourable cases (arrow). Ice contaminants on the surface

are marked (I).

©1984 Nature Publishing Group

Adrian et al., Nature 1984

IE)

Heidelberg, Allemagne

1984

¢

=

une technique de cryogénie pour
observer des virus avec un
microscope



Le froid pour observer la biologie

Le probleme :

en microscopie électronique, les électrons
détruisent les cellules organiques et
brulent tout.

Si on protege avec de l’eau, on ne peut
plus travailler sous vide.

idée : geler. Mais la glace ordonnée diffuse
le faisceau. D’ou la technique de
vitrification inventée par Dubochet.




Le froid pour observer la biologie

* 1. on dissout l’échantillon dans l’eau puis on le
répartit sur une grille métallique fine
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(u 2. on plonge dans l’éthane a -190°C
@/ ETHANE  entouré d’azote liquide.

\ 3. U’eau se vitrifie autour de l’échantillon en
— une structure desordonnée qui ne diffuse plus
LIQUID & s55 ) les électrons. On maintient ensuite froid
NITROGEN - l’échantillon dans le microscope.
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Premieres images de virus
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Jacques Dubochet Joachim Frank Richard Henderson

Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Chemistry 2017 was awarded
jointly to Jacques Dubochet, Joachim Frank and
Richard Henderson "for developing cryo-electron
microscopy for the high-resolution structure
determination of biomolecules in solution."
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Qu’avez-vous retenu 7




La temperature

Cachez vos notes, et tentez d’écrire en quelques mots...

10u 2 un truc que vous un résultat
ordres de avez retenu sur la de recherche
grandeur physique associee recente




