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By tar the most active ﬁeld of phy5|Cs with mter‘fclces & &
applications to many domains : mathematics, chemistry,
biology, geology, medicine, engineering, industry, every day

life..

Quantum matter is a pleonasm, since matter, its structure 7
and many of its properties are implicitly quantum
manifestations/processes
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Quantum mechanics, atomic and nuclear physics explained the ’j:
periodic table
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H' Periodic Table of the Elements © www.elementsdatabase.com
3 m hydrogen B post-transition metals
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Big Bang Nucleosynthesis (BBN) of light elements

HISTORY OF THE UNIVERSE A

Accelerators
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E = Energy of photons (units GeV = 1.6 x 10~19 joules)

black
hole

The concept for the above figure originated in a 1986 paper by Michael Turner.

Dark energy
accelerated
expansion

Cosmic Microwave Siruclu.re
Background radiation formation
is visible

iverse

Particle Data Group, LBNL © 2015 Supported by DOE
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Heavier elements

Stagesin star lifetime: |:> g |:>

Yellow

star Red

giant Red
supergiant Massive red
supergiant

CoreTemperature: 15X 107K 2 X 108K 7 X 108K 3% 10°K
Primary Nuclear “He + 12C Proton-neutron
Reaction: 'H fusion “He fusion 12 +12¢C exchange reactions
12C a2 'I6O
Elements Formed: He C, O, Ne, Mg Na, Si, S, Ar, Ca Fe, Ni

~ 99,9 % of matter in universe is made of hot plasma

Supernova

1% 101K

Multiple neutron
captures

Elements with
Z>28
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Heavier elements

. Proton Y Rayon Gamma

‘ Neutron

Triple alpha chain

Gamma ray 2
Neutrino H e ‘

Proton-proton chain

CNO cycle (for hotter and
more mdssive stars)
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Heavier elements

Helium-ca pture reactions
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Capyright © 2004 Pearson Education, publishing as Addson Weslay.
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Fusion of two neutron stars producing a
supernova wWith r-process

25001 Lightcurve from Fermi/GBM (10 — 50 keV)

5; | KiloRova
Z

2250

5 Discovered in 2017 : GWI708l7 by
S gravitational wave astronomy.

o Birth of multi-messenger astronomy !
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Heavy elements - R-Process
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Matter elements are mclmly big bang relic and star dust V3

z Big . Dying . Exploding Human synthesis
“ Bang low-mass = massive Mo stable isctopes ﬁ
fusion stars stars

iﬂ preseen Cosmic “ Merging i Expludmg ﬁ--ﬂﬁmﬁﬁﬂ

] ray neuton  white -
ﬂﬂnm fizsion stars " dwarfs cAL S Py B G AR

R T B e e T
wdﬁmﬂauim 5I'| "J Gr Mn -FE Lo Ni -Gi-.r ud m.ﬁmuﬁnuuﬁnunﬂmnﬂau

BSigs o BRI e a g e Hiagd EE -f"z?"-"'zr'-"’:'m ':m

B2FH paper - Review of Modern Physics 1957 , M. Burbridge, G. Burbridge, W. Fowler, F. Hoyle
g 1983 Nobel Prize : W. Fowler
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HYDROGEN BURNING ———=
I
H' =22 He*

B*FH paper :
schematic diagram of
nuclear processes

g
x
2
=
&3

Isotopes
(m:g) ! fission
Elements " (U, Th,ete)

== Main Line: [}.burnir ~—= Equilibrium: e-process

—= Less Frequent Pmcmu == Alpho Capture: «-process
<73 Neutron Copture:r- Ma - — —= Modifying Process: p-

SS
= = Catalytic Process: CN, Ne Na cycles [——= Alpha decoy or Fission
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Element abundances in solar system
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data from : http://iopscience.iop.org/article/10.1086/375492/pdf
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; Mimicking the energy production in stars ?

The fusion reaction considered in the controlled production of thermonuclear energy

is the following : d+1-> (3,5 MeV)+n (14 MeV)

| g of d+t fuel produces Charged alpha particles stop in the plasma and
the energy equivalent hot. The neutrons come out of the plasma, deposi
energy in the blanket they heat. They are then ca
by °Li nuclei to regenerate tritium.

n+°rLi>o+t

to 8 tonnes of oil !

eat blanket containing
°Li

Heat extraction

Heat is extracted from the blanket by the

T e exchanger. Heat can then be converted
ritium extraction

f.'_
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into electricity in a turbine. J
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D-T TOKAMAK fusion reactor protoypes

TORE JET ITER
SUPRA (Culham, Cadarache)
(Cadarache) Angleterre)
Puissance de fusion - 16 MW 500 MW
Volume du plasma 30 m*® 100 m” 840 m”
Grand rayon du plasma | 2,40 m 3am 6,20 m
Petit rayon du plasma 0,72 m 1,25 m Z2m
Hauteur du plasma 1,4 m 4.2 m 6,80 m
Durée de maintien des |6 minutes <1 minute De 6 minutes

plasmas

a 16 minutes

.



2 ITER
" Tokamak , toroidal

chamber with magnetic
coils
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Invented by
Igor Tamm
Andrei Sakharov
Oleg Lavrentiev

/ in the 50's
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inal power in 2035,

V@ITER plasma in 2025
7

step : industrial prototype

MO , 1200 MW, , 500 MW_
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La prochaine génération :

ITER

[g=n |
Puissance
reacteur
1000
100
MW, - couverture tritigéne
" 10 JET _ ITER = 9
INTEGRATIOMN
1_lpiasma de puissance +
1000 robotique, technologie
tritium. . .
100
KWy, Plasma des temps longs +
-I- L I. b
- ore supraconducteur, composants face au

plasma auto refroidis mais aussi
chauffage, diagnostics...
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Bosons and fermions
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Bose—Einstein
Condenstate

Bosons : spin is integer multiple of h  (Bose-Einstein condensation, superconductivity,
superfluidity, laser; interaction messengers) 14
Fermions : spin is half-integer multiple of H  (atomic shells , atomic forces, conductivity ....)
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Cold atom magnetic trap
Toffe-Pritchard magnetic trap
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pinch coils
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i Spin Polarization

r 4
CCD-Camera  [erc ekt

4

. ¥ AR Slowing Beam 2
e a0 . Feeman-Slower 2
Collimation Zone MOT-Beam 4
Detection MOT and _
Magnetic Trap
W. van Drunen, N. Herschach, G. Birkl, W. Ertmer : TU Darmstadt ¢




Evaporative cooling

Atoms
inside the trap
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Bose-Einstein condensation (BEC)

low density gas of
Rubidium atoms (bosons)
at very cold T

b AN

At 200 nK Rb atoms start
condensing into BEC

RN

At 50 nK BEC s almost
pure

£ 2001 Nobel Prize -
» E. Cornel y
C. Wieman

Intially observed with 2000 remaining atoms, but more recent
W. Ketterle

/_ ~ experiments achieve more than a million atoms J //
27 /
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Exercise
e Show that the average de Broglie wavelength of atoms, is given by :
hc
X=
V3mc’k T

where K is Boltzmann's constant.
hint : At thermal equilibrium, the average Kinetic energy of atoms is

=3/ 2Ol

e Knowing that fhic = [97 MeV fm and mc® = A x 931 MeV', compute the
de Broglie wavelength of 200 nK and 50 nK #’Rb atoms.

AN

SRR

\\

- e Conclude

i

;, :

?

e

P 5

; / > V4
e e



Solution of exercise

s h S, )
p_mV_X E—2mV —sz

X— h 7 fic Ac=197 MeV fm
mv 3mc’kT k=0.8610"""MeV K

200 nK and 50 nK #Rb atoms
A(200nK )=96nm A(50nK)=192nm

De Broglie wavelength much bigger than atom size
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Bose-Einstein condensation
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Rb bosons Rb bosons

L RN,

AN

K fermions

K bosons

BEC observed
for bosons only

ﬁ © Massimo Inguscio, University of Florence
b — — e e — —
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Interference of two BEC

Interference pattern of two sodium
BEC when made to overlap.
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Bragg diffraction of cold atoms.

Cold atoms localized
in an optical lattice

4 and set free. ,_;?‘
7 Atom waves from S
regular lattice form ;
a : .
z a Bragg diffraction
v,
pattern. /
© R. Godum, V. Boyer, D. Cassettari, G. Smirne, Oxford %
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Young fringes of de Broglie atom waves
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Cold atom cloud above a plate pierced
with two slits. After behing released,
fringes dre observed on detection plane
localized on the other side of plate.

© F. shimizu, University of Tokyo
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Optical tweezers

Optical Trap

handles
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Real Experiment Schematic Representation



Polarized-He3 MRI lung imaging

Polarized-He3 obtained by optical pumping

M. Leduc and P. Jean Nacher

Healthy patient

patient showing
ventilation
obstructions

34
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Superconductivity

positively charged lattice ions

1972 Physics

Nobel Prize

Cooper pair moving through lattice
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Type I and 11 superconductors

o
3

Typel

Magnetic field

o
7]

Temperature Tc:

Type II may be used in

, e Vortices in Type-11
technological applications

superconductors
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Superconductivity applications

’
MRI Scanner Cutaway é

Scanner

MRI magnets
up to Il T
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Research on superconduc’cmg materidls

OO0 | -_ ______________ A U~ e A e - L .
; : : HgBaCaCuO @ 30 GP:L g HyS @ 155 GPa .

(11 e S AR - TlBaCaCuO ..... A <>HngBaCaCu0.,..,...§ ............. T _
é ~ BiSrCaCuO 9 _ : : | &= lia. CFy
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2, U I R R ............. R R R R /' ------- ik #0000 80000 o - o | ol REERERR A —
& ! : LaSrCuoo RbCSCsn . : Iron-based
ne was dlso ¥ :
/found‘to be E
superconducting =
O

20lg at 17 K o < liq. H

Nature 556,43-50 (2018)
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1900 1940 1980 1985 1990 1995 2000 2005 2010 2015

Year
The theory of high-temperature superconductors is still an outstanding challenge |
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Superﬂwdﬁcy of e

35 : Viscosity drops to zero and heat capacity
melting curve ,
raises.

Mine 15

C, [J/gK] |

He-l 10l

00 10 20 30 40 50 6.0 : ;
T/K et N
Phase diagram of liquid “He 1o As 20 s 30

Lev Landau , 1962 Physics Nobel prize

/\

’ A Leggett, V. Ginzburg, A /\br 0550 _,:}"
i

A 3 ’ ICS
;.;E":
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Superfluidity of "He | 7
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v
Dripping off a cup after being lifted above
the container surface level - Superfluid He

Fountain effect produced by flows through adsorbed surface film.
| heating. LHe flows through
/ > Lino r\nwrfph at the battom AP s oy o

,-"’:- ,-f. il i i ji-( e >,



6uper€lwd|ty of 3He

40
Solid 3He
Melting curve

30 i
s
= £ D. Lee
Tt 1 @249 R Richardson
9 ~ D. Osheroff
“ 10 -PHASE 1996 Physics

Normal Fermi liquid 3He Nobel Prize
0 1 I |

) 15 2 25 3
Temperature (mK)

*He is a fermion but at low enough T, *He atoms pair (like Cooper pairs) but in S=I pairs.
As a consequence three phases (A, A, B) dre observed with different physical properties.

S



Superconductivity and superfluidity in neutron stars

A NEUTRON STAR: SURFACE and INTERIOR
. - ‘.ris ___‘Spaghetti’

Homogeneous|

Supertluids and superconductors
dare dlso foreseen in astrophysical objects
under extreme conditions !

A /\ = ATMOSPHERE
1 ENVELOPE

g G i
B Neutron Superfluid

Neutron Superfluid + A
Neutron Vortex  Proton Superconductor [l

43
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helium-ll
vessel

beam pipe heat exchanger pipe

superconducting coils

vacuum
vessel

spool piece
superconducting
bus bar

iron yoke

quadrupole .
non-magnetic
collars

radiation screen

thermal shield

auxiliary
instrumentation bus-bar tube

protection diode feed-throughs

Application of superfluidity

Cooling of LHC superconducting
magnets

120 tonnes of superfluid *He
at 1.9 K to cool LHC
superconducting magnets.
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Quantum phase transitions in BEC

Atoms from a BEC in magneto optical trap are transferred to an optical lattice created
by standing waves of laser light.

WeakK potential strength

High potential strength
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Quantum phase transitions in BEC

O M. Greiner et al, Munich atoms undergo repulsive interaction

>
Vo

{
Superfluid Insulator Superfluid
coherent state at high potential coherent state
at low potentia strength restored ”
strength

46 /



Quantum phase tmnsmons in BEC

Momentum distribution for different potential depths of a 3D lattice:

0 Erecoi
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Quantum F;hCISe transitions in

Superfluid with Insulator with
thermal superflow thermal boson-
fluctuations /" number fluctuations

Strength of periodic potential



For further reading :

_ o The new physics for the twenty-first century : edited by Gordon Fraser,
Cambridge University Press
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