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Light waves

Lan the same happen with Matter?



Because light behaves as a
wave it can be reflestad,

refractad, diffracted,
or interfere with @ach other.




Raflection

Reflection occurs when incoming |'|3ht strikes an o\:i')ect and then bounces of¥.

quht waves obcy the Law of Reflection when reflected off of any surface.
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Your Face Virtual Image

Liaht rays being refleeted off the mirror's surface and
nto \’lDur E\fes_



Your Face Virtual Image

L'ght rays be]ﬂg reflected off the mirror's surface and

nto your eyes.



Refraction

Refraction occurs when a |}9ht wave changes its speed

while it is passes from one material to another.

The Hlusion of 3 straw in a Bla-ss of water created by the refraction of 1‘|5Ht in water,



The illusion of a straw in a 31355 of water created by the refraction of l]_ght N Water.



Diffrastion

Diffraction occurs when |}9h’c waves bend around an

object and change direction.

Ditfraction can also occur wWhen wWaves pass through

Narrow oPenings.

Light diffraction through clouds.



Diffraction can also occur when waves pass through

NArrow oPemngs.

Light dif¥raction through clouds.



Interferenca

Interference occurs when two or more Waves overlap

and combine to create a New Wave.

Waves can combine n either constructive interference or

destructive nterference.
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ah

Light waves

Lan the same happen with Matter?



I-Can the same haPPen With matter?? -I



A bit of a detour...

Back in 1924..

Albert Einstein

Plarek's Law and the J\lf‘.l.l‘csé LIPLHIN. Cuanta (1%

Pespected Sr | howe wentured f0 send o the acompaming artick fir your perued and
agiricr. o Wil see that | ke tricd to dedwee o csefTeiont . in Flandk's b independent of
clmsinal dectrodyramics



Satyendranath BoSe Albert Einstein

Planck's Law and the Hypothesis of Light Quanta (1224)

Reepected Sir, | have ventured to send you the accompanying article for your Pcruea| and
opinion. You Wil see that | have tried to deduce the coefFicient . n Planck’s law 1nclePenc|ent of

classical electro&ynamics...




Let us consider three identical Particles which can be distrbuted in

tWo energy levels.
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Classical statistics
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Quantum statistics
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S consider three identical Part'ucles which can be distributed In

neroy levels.

Classical statistics

HE= E
: L

Quantum statistics




Maxwell-Boltzmamn

f(B)=——
e




Classical statistics .

E
1

Quantum Statistics
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Bose-Einstein f ( E) i
(E-n)/kgT

e —1




Bose—Finstein

Maxwell—Boltzmann

Fermi— Dirac




RoSe-EinStein CondenSation

Bose-Einstein condensate (BEC) is a state of matter made
up of atoms that have been cooled down to their absolute

lowest points, close to absolute zero.

A BEC is a3 couP|e of billionths of 2 dﬁgree warmer than absolute

zero, Where atoms meld together to form one "superaatom".




RoSe-EinStein CondensSation

Bose-Einstein condensate (BEC) is a state of matter made
up of atoms that have been cooled down to their absolute

lowest Po'nnts, close to absolute zero.

A BEC is a couple of billionths of 2 Aegree warmer than absolute
zero, where atoms meld together to form one "super-atom’




« Bosons do not have a restriction in the number of particles
that can occupy a particular quantum state.

* When temperature T goes to zero, the Particles will 0CCUPY
the lower energy states.

« BEC is characterised by the Macroscopic occupation of 3
particular quantum state: the ground state.

» De Broglie's Wavelength s comParaHe to the interparticle
distance:

2 1/2
PAYp = 2.612... N — [ 2T
kaT

I: uhat abaut photons 71 ]




what about photonS 77




Why so much interest?

Bose statistics a\oqg with the quantised energy levels allows 2 macroscopic occupation

of an energy level at finite temperature.

The first condensate was achieved in a diluted Vapour of akali atoms in 1995 (2001
Nobel Prize). A BEC shows well-known superﬂuid ettects (2002 Nobel Prize)

Alkali atomic gases  show less Interactions, allow]ng us to treat the system in 3

simpler way.
P Y




Phase TransSitions...

@ \_/ &0

O

1 00°C

S uperfluidity: Het

The study of the dransition in Gpid hefum con be considered = the Frst chmeruaton
of Bec.

Wi the digrart we ean see bod the Fe | phise & enterded 2o dbsdute



IransSitions...
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“condensation”

-/ Gas
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: “deposition”

Temperature .




IransSitions...
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© uperfluidity: Hel

The study of the transition in |'|qu'k:| helium can be considered as the first observation
of BEC. »

In the diagram we can see how the He | Phase is extended to absolute zero.

Solid He

Upper A point
(T = 1.76°K, 29.8 atm.)

A—line
Liquid Hel

Liquid Hell Critical point

A point (T = 5.20°K, 2.264 atm.)
(T = 2.1720K, 0.0497 atm)
LT Fees

0 1.0 20 3.0 4.0 5.0 6.0
TeK)

The phase diagram of He*.
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Upper A point
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The phase diagram of He*.









Properties
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The He | phase is called 3 SUPCF‘HUH because its Pecuhar characteristics:

« the abihty to flow through m]croscopic passages With Nno
aPParent fr'sct]or\-,

o the quantisation of vortices:

e and the ab]hty to support four wave modes.

As in the case of suPerconAuctN'\ty, the Phenomenon of suPcrﬂu]Aity
is a manifestation of the quantum mechanical effects at 3 macroscopic

level.

In 1928, Fritz London su_qgeste& that the transition from He | and He || was an
cxamP|e of BEC.
Tisza used Londons idea to Aeve\oP 3 Phenomenolqgiaal model based on two fluids

in order to describe liquid helium.



26

The Particles in a

- The more heat particles have, the more energy they
have. AS particles cool, they loSe energy and Slow
down.

- When particles loSe energy, they move leSs and
start to collect and clump together.

- BoSe-Einstein condensation begins to happen at
Super cold temperatures, just Shy of abSolute zero.

- AbSolute zero iS the coldest temperature known to
man, when particles give off almoSt no heat.

- When a gas iS cooled near absSolute
zero, it begins to act like a Superfluid.
The atoms in the gas come together
into a Single blob.



High
Temperature

Low
Temperature

Bose-Einstein
Condensation

Zero
Temperature:
Fure Bose
condensate




How do we deScribe a REC?

Quantum Fleld Theoky
Many by

0. ((g,7) = ([wie.r, A])



Quantum Field Theoky




I the second quantisation formalism. the many—bo&y Hamiltonian
can be Written as:

N . h2 -
H = /d‘o’r\IlT(r,t) [——VE—I—VTMP(I') U(r,t)

2m

1 A
_1_5 /d3rd3r1qu(r’ t)\I;T(r”t)V(r —_ r’)\:[/(r, t)\IJ(r’,t)

Mean—field approximation (Bogoliubov)

Ulr, t) = W(r,t) + o(r, t)






Gross-Pltasvskil Baquation (GPE)

2
ihop) = (—h—w + Virap(r) + Ch I%/JIQ) W

2m

ArNh%a
m

Where ¢, = NU, =

Optics link:
GPE-Y Beam N 3 medium With third order suscept'\bihty



Gross-Pltasvskil Baquation (GPE)

2
ihOp) = (—h—vi + Vrap(r) + Ch, ]W) 0

2m

4rNh%a

sssssss b
m [ ——
vt o
b L o
[T S T ]

GPE-Y Beam n 3 medium With third order suscePt]b]hty

Where ¢, = NU, =

Optics link:

Hydrodynamics link:
The GPE can be written as the equations that describe the
hyarodynamic theory of superﬂu'ﬂs.



Statistical Mechanics

It is Poss]b|e to obtain the GPE us'xng rguments from

statistical mechanics.
A Acscription can be obtained from:

Rogel-Salazar, Eur. J. PhyS. 34, pp 247-257 (2013)
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Atom Optics



Atom Optics

Creation of the condensate

« Take a collection of hosons at room temperature and put
them in 3 m;ur‘r:‘to-nPt'u:i trap.
4
* Laser cool them to Approx. 20 mi and compress.
» Trarefer them to a time erbitng poterttial trap (TOF)
* Evaporative cool to * 130rK
* Result - Condensate + Excited states
* BEC has heen achieved with seweral bosons: Bb, Na, Li

Atom Laser?l

The exstic quantum phenomence of Bose-Einstein
condmsation & the main ngredent foe a new kind
of "aser” hased on atoms rather than photons.

i 3 comvertional laser, photorts shaee the same wave Function (hosoret].
. ; . .
Lager Tght b the Prﬂpert\:l of keing moroeromatic

3 BEC all the atore hawve the same energy ard trerefore the same &
Broghe wanckngth,

i e keep this property when output couplng the atoms Lom the
cordemaate, we would has'w_'all\;l hae hjl\’ oroeromatic matter waves.

1 Abom lasers and opblcal lagers
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Creation of the condensate

« Take a collection of bosons at room temperature and put
them n a ma_gneto—oPtical trap.

» Laser cool them to approx. 20 mK and compress.

e Transfer them to a time orb]t'ung Potent'ual trap (TOP).

» Evaporative: cool to ~ 170k

« Result = Condensate + Excited states

» BEC has been achieved with several bosons: Rb, Na, Li




Atom Laser?l

The exotic quantum Phenomenon of Bose-Einstein
condensation is the main ingredient for a new kind

of “laser” based on atoms rather than Photons.

In a conventional laser, photons share the same wave function (bosons)).
Laser |'|3ht has the property of being monocromatic.

In a BEC all the atoms have the same energy and therefore the same de
Broglie Wavelength.

£ we keep this property when output couphng the atoms from the

condensate, We Would bas'ucally have h]ghly monocromatic matter waves.



1 Atom lasers and optical lasers 3 Atom-laser gallery
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Non-linear proceses

4 Four-wave mixing
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Final remarks

There is a clear analogy between the geﬂera| behaviour of oPtical

lasers and atomic ones.

This is due to the Possibiht\] of ha\ﬂng a macroscopic occupation
of the single Particle states 'oY the atoms.

n the mean-field approximation, the Aynamice of the condensate
are described by the Gross-PitaevsKii equation.

Studies related to the quantum effects In the condesate are
being carried out, e quantum state engineering quantum Phase
transitions, low—&imensionahty egects, etc.

br J Rogel-Salazar
j.rogd@her‘ts.ac.uk
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