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IV. 1. Entanglement with the Fermi statistics

some definitions for qubits

single qubit: | 4)=al0)+ A1) wo-qubit |80 4)=afily) - ng =0l
two-qubit Bell's state By, = %QOO>+|11>) (Bell's states)
B, = %001 +[10))
By == (00)~[11)
5, ==(01)~10))
non-classical correlations in a Bell's state
B,, :LQOO> + ‘11>) mesure 0 on qubit A projects qubit B on 0
2 mesure 1 on qubit A projects qubitBon 1

correlations are stronger than any classical correlation (there is no hidden parameter shared by
the qubits which carries information on their correlation). Bell’s inequalities on correlation measurements
performed on various configurations assume this, and so are violated for Bell's states.

We will see that the Fermi sea ‘naturally’ generates such non-classical states.




flying qubits

two fundamental approaches for coding qubits

energy A
e )
- two levels : hed
gates are operated dynamically (rf, photons...) G | >
g 0
NMR spin, atoms, Quantum Dots, Super-
conducting qubits, ...
- two modes : polarisation | O
static gates are pre-defined t A
polarized photons ) ¥

electron in ballistic quantum conductors show a strong analogy with photons in optical medium:

quantum bricks are available to realize complex quantum gates:

- beam splitter, Fabry-Pérot, Mach-Zehnder interferometer
- phase shift induced by a gate or a static magnetic field

Fermi statistics gives noiseless electron sources (voltage bias contact) (unlike photon sources)
on demand single electron sources like single photon sources realizable using quantum dots
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entanglement without interactions
just look at the magic properties of the Fermi sea

(D<<I)

h

R o

o —»

electrons can be viewed as a noiseless
incoming stream of spin-singlet pairs. -

:

a weakly transparent barrierleadto @ === ------=-=-=----+ ---
generation of entangled electron-hole pairs

the rate of entanglement production is: Dﬂ

h

\

=2 GHz
V=100uV ¥~ Intel®: beware !

D=0.1

(A. V. Lebedev, G. B. Lesovik, and G. Blatter, Phys. Rev.
B 71, 045306 (2005).)
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:|:(1_D)bu blL +V2D(1_D)ﬁ(bm blR +b1R blL )+O(D):||O>out

redefinition of the left Fermi sea (for outgoing states) :

‘6>out :bTL+ bTL+ |O>out

00, =[0), 2D o5, b, 0, [0,
hole operators:  h, =b,  h, =-b,
0),,=[0),, +V2D0=D) = (b, 0, + b 0, )[0),

entangled electron-hole pairs
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detecting spin correlations in conductors is difficult
spin filters are not yet well mastered.

other approaches can use pseudo spins:

(C. W. J. Beenakker, C. Emary, M. Kindermann, and J.L. van Velsen, Phys. Rev. Lett. 91, 147901 (2003).
P. Samuelsson, E. V. Sukhorukov, andM. B uttiker, Phys.Rev. Lett. 91, 157002 (2003).
P. Samuelsson, E. V. Sukhorukov, and M. B uttiker Phys.Rev. Lett. 92, 026805 (2004).)

thanks to the noiseless properties of the Fermi sea :

two thermodynamically independent contacts
combined with electronic beams splitters

and coincidence measurements

Is sufficient to entangle electrons

without the need of interactions
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tWO'partiCIe inte rfe rence (P. Samuelsson, E.V. Sukhorukov, M. Buttiker)

(prior to entangled states) Phys. Rev. Lett. 92, 026805 (2004)
@ electrons are injected from (2) and (8)
(2) |
. at frequency eV/h and detected in a
o coincidence measurement in (5) and (8)
_ (8)
|
I
-7 1
N V2 U
\ / the two-particle probability to reach
/ \ \ simultaneously 5 and 8 is:
__!
l -
- 1/ 1/2 ,-‘J P :L i®4 5P +ei¢c el’q)DZ
] 2 42
1
/ :§(1+cos(q>A+q>B—q>C—q>D))
,1’1/ \0". \0".
(3) qy _ Q -
1 1
TI_ TI_
(7 A G R
-1 } L) \ -1 } g \
T1_ TI_
(note: the arbitrary phase associated with the emission of 4 ®, ®, 4
each particle by the reservoirs is the same for the two {S— - {S— -

paths and thus does not spoiled the two-patrticle inter-
ference effect. Only the relative phase between particle
matters. The only condition is that particle wavefunctions o
largely overlap when they meet at (L) or (R). one can add an AB flux through the loop: ®, +®, —-®. -®, + 27—

no single particle interference
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\
2 ]
_ e * * 2 exchange terms
' S ——276V‘s52 Sgr T 8s; 383‘ ( ‘ng )
-~ 1/2 f_,
/2

two-particle interference

the two-patrticle interference are expected observable
via current shot noise correlations:

aB —_27'[615(;

Say S5, (f —fa)] (Zsm;sﬂ; (fs= 1o )j

2

(not transmission products!)

e’ eV )
Sss :—277(1%0{03/4 +P,-D. -, +27TTAOB]J

- the two-particle quantum correlation indicates entangled state
- current correlations select the events where the particles
jointly appear at (L) and (R).



entangling Fermions emitted by thermodynamically different reservoirs

S

(1- D) \(D)
,-J ’ \ -

(1-D)\ / (D)

7
2 |
E. +el e . —>

O
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— + +
‘w>in =C, C

- reservoirs regularly inject
electrons at frequency eV/h

5 o= (pseudo-spin representation)

S o

0) (E N CT+(€)CT+(£)‘O>j

O<e<elV

W), =1-Dc’, +\Dc YW1-Dc!, +/Dc; )|0)

l:(l D)CTL lL+DC:ch—,R+'" ]|O>
NDU-D) (¢, + e e, )

for D << 1, left states are filled up to eV
+

0)=c, ],
+ 2y 2
=[0)+vD (et e, +er e, )|0) +0(DY)

® O ® O

wafWLAVBw;mL+a;m;M®m

entangled electron-hole pairs

O> (new vacuum)

out



analyzing the outputs

§oe (pseudo-spin representation)
S ,’ E PR l
., 0
(1- D) \ (D) COS& sin& D, =sin’ =%
----------------------- _ 2 2 2
- i S = p p 9
) - —sin—2%  cos—=% 1-D, =cos’ &
» : A 2 2 2
i R -
: / i .-
/ o 1
§ F | o -5

(1- D) / (D) _______________________ 6, =0 \/
’Ll’s ST
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analyzing the outputs

@ s o 1 (pseudo-spin representation)

S.~ 5 oo |
2 O

(1- D) \(D) Dy =sin” =
=7
’ . l"‘, l—DR:coszﬂ
’ \ = -

o /i ¢ .
'.f-’ L 2 \<//
(1-D) /(D)

/ \‘Oorl

S
W), =[0)+VD (e e, e, )[0) +8(D%)
@ measurement at (R) : L(Cl, te )(ci ¢, ,* c+’ c, )‘6’>

project the state at (L) : = % (Cl L T L )‘6>
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entanglement results from the fact that we no longer
know from which source comes the electron-hole pair

@ the joint probability to arrive in detectors (contacts) L(R),1 (1) is obtained from:

AN
\.

(1-D) \ (D)
®)

N\ - d
L R

d,
‘__n o\ 1 YRy
AN
/\ ;O
-~ o o )
d, . A L dy,
Ll / '

(1-D) /(D)

A

I -

1

S

N oa
/7

6, 6,
cos—=  sin—= d h
_ 2 1L — S T L
o g ) d,) "\n,
—sin— cos—=
2
cos& s1n& d c
_ 2 TR - S 'R
Sp = d Lle
—sin—& cos—=X LR R
PLT,RT :PLl,R1 :Dcosz(%j
PLT,RL :PLl,RT :DSinz(HL ;HR)

(for zero A-B flux through the loop)

While the case 6,= 6;=0 (or m) is trivial and classically expected, other cases like 6, = ;=172
Is not classically expected and results from quantum interferences between two possible

indistinguishable electron-hole pairs.

The system bears strong similarity with (1982) Aspect’'s photon experiment but here the Fermi

statistics allows to use simple sources.



difference between electron and photons and thermal effect:

thermodynamic sources of photons:

bosonic statistics and the fluctuations of the source prevent entanglement
using purely linear optiCS(W. Xiang-bin, Phys. Rev. A 66, 024303 (2002) )

What about thermal fluctuations for Fermions?

rate of entanglement production at zero temperature:

E:%D D <<1

the rate decreases and vanishes abruptly at a critical temperature ( C. Beenakker 2005):

14 1
D(1 - D)sinh? ¢ =—
(=D [ZkBTJ 4 06
0.5L.D=05
o5 0.4}
-~ ;
r.=——2" __ p«i £ 03¢
ky In(1/ D) & ool
o) om0
C.W.J. Beenakker, cond-mat/0508488 DE .

0O 01 02 03 04 05 06
kgT/eV

entanglement production in units eV/h for
various values of the transmission D

from . C.W.J. Beenakker, cond-mat/0508488
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Fabry-Perot

filter
+ &
N1
l I\
7 \l
" '\Nh I
I\ \.,/I:
— ] 1
7
! \) I'I |l
AR £ ) ! SIS
N - ,— \ "
N A ,
Ny
S oo 1
1
\I 1 1
1 |
W
N2 i

Possibility to test Bell ou Clauser-Horne inequalities using
the current-current correlations ( Chtchelkatchev, Blatter, Lesovik and Martin et al 2002)

S. (a,b)-S. (a,b)+S (a',b)+ S, (a'.b)~S, (a',=) =S, (—b)<0

m

. 0ab =79a'b' ==

S (a',—) noise when ’ T2
_ ) maximally violated for T

no filter in the upper arm 6., == and
“r4




V. 2. current shot noise cross-correlations
to test entanglement

@ (beam splitters (QPC) in real S o 1 (pseudo-spin representation)
word. Not ferromagnetic filters)

\S S o

(1-D)/ \ (D)
1,0 | \ - / |

\
P | o .
N \ 7T c,=(@0).0 (o))
T o, o, ; ‘ i <N“ @-N, @)V, G)-N,, (13))>
Ty . . 7 LY (v, @+N,, @)V, b)+N,, )
I X (" - . L
7 (t) . / _ a and b pseudo - spin polarizer direction
b (1-D)\, / (D) I q(2)
/ Clauser-Horne-Shimony-Holt form of Bell inequality:
s
,Ll/ B:‘CaE +Cﬁ'5 +Ca‘1§' _Ca'E' <2
@ N, =[dtl, 0y, N, =[dil, (&), N, =[dtl,(t) and N, =][dtl, (1)
0 0 0 0
<NL1' NRj>:SLi,Rj(a): 0) T+<1Li><1Rj> Tzq\i’j: T,
a -
current noise correlation average currents mea?_urement
ime
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current shot noise cross-correlations
to test entanglement

@ s o 1 (pseudo-spin representation)
\S .‘0’ E «> l

< ]R,u(t)
(1-D)/ \ (D)
IL,u(t) _ " \ ’—'
Ny '\ I_ -

,-J\ O ( ’ 1
|' 2 sk \ 7\ " <NL1 NR]>_SLiR](a):O) T+<1Ll><1Rj>T2 laj_Tal
6, Ol
- —7
.'_! o ox/ \‘,—_
1 |"
1,0 - / '
0 (1-D)\ / (D) Ipq(®) for — ¢ O >7 >> M
max(/ eV

A
’LL 5

@ CdB EE(HR,BL): SRl’LT +SRT,L¢ _SRL,LL _SRT,LT
ZSRi,Lj

L,j=1,!

‘E(HR,BL) -E8,.6) +E6,',6)) +E(9R',9L')‘s2 can be violated : 242
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(some) theoretical proposals

G o

I
' <& N\ 7\ -
6, Ol
- A
l'_ _,K o o 4 ‘, -
I / |’ =
e - / . .
C. W. J. Beenakker, C. Emary, M. Kindermann, and J. L. van Velsen

/7 Phys.Rev.Lett. 91, 147901 (2003)
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(some) theoretical proposals

‘ N\
-
\
P | ®) o
‘ h <
6,
- 2
1
_ ! O o
I
- /
’LL >
P. Samuelsson, E.V. Sukhorukov, and M. Biittiker
Phys.Rev.Lett. 92, 026805 (2003)

()
R=A+@-@-@*2m
e

242 2\/1 +cos’(@)
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sample realized at LPN Marcoussis
(D. Mailly, G. Faini)

12um average perimeter

@, = h/e for 4.6 Gauss

Orders of magnitude :

T =20mK

V =25uV (~250mK)

eV/h =6 GHz

For transmission D =0.1:

| =100pA andtt=1I/e ~ 0.6 GHz

S,~ (6 fA)?/ Hz easily measurable in d.c.

... to be measured in Saclay (P. Roche, F. Portier, J. Ségala, P. Roulleau, D.C.G.)
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other recent proposal :

a.c. modulation of the transmission: D — D + dD(t)

Veyp(t) = Veyp + 0Vieyp cos(wt + dcyp).

electron-hole pairs are photo-created
above the Fermi sea by aborption of
a quantum hv ata rate:

P. Samuelsson and M. Buttiker ) C___
cond-mat/0410581 v1 22 Oct 2004 o )

(c) OB E d) — —

experimentally feasible: Oe
LS S

shot noise of photo created electron-hole pairs observed by us L.-H. Reydellet et al, Phys.Rev.Lett.90, 176803(2004) )
Avantage : controlled rate, no d.c. bias voltage, less contacts, simpler geometry

Drawback : only 1/2 of photo created hole-pairs are useful, poissonian generation of el.-hole pairs
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V. 1. photo-assisted shot noise

high frequency magnetic induction electric field
to modulate the electronic phase :

¢ (t)=¢, cosat ¢(t)

photon absorption/emission probability :

o -l

P=J"(g,/@) ¢ =hle “a-c Aharanov-Bohm effect”

2

S, :% 4kBT(ZDn2j +2(2Dn(1—Dn)M >IN,/ @) (hot eVdC)cothmw:—eVdc

[=1,00 2 BT

(! ‘zero’ frequency shot noise )
=
g
important prediction ( G. B. Lesovik and L. S. Levitov, Phys. Rev. Lett. 72 (1994)
. =) :
and observation (R. J. Schoelkopf, A. A. Kozhevnikov, D. E. Prober, g || P Erpariment
and M. J. Rooks, Phys. Rev. Lett. 80 (1998) 2437 ) £ _
s | e 1,
—>» made ‘real’ the frequency ‘eV/h’ = j e de
=
(measured in a diffusive wire) £
(derivative of shot-noise) 5_ :
g Increasing
= T~ ac Power

D.C. Glattli, NTT-BRL School, 03 november 05 Voltage (LV)



later Pedersen et al. (98 ) : equivalent case of a-c potential
applied to one contact: V,_ (1) =V,_ cosat with p = Jl2 eV, /hw)

left reservoir is biased by a rf voltage

H, - H +eV _ sin(at)

. eVa—c COS(CLI)
; & ame CORKL)
ik; x ik;x how
mene 0
~ e a—c A e a—c A
a,(&) - J,( oo )a, (&) +J,( oo ) @, (xhw) + ... (note: simplified potential representation: due

to instantaneous screening by fast plasmons,
electric field vary smoothly over A.. Details
note: inverse frequency shorter than the coherent traversal are not expected to give significant changes)

time of electrons in the reservoirs : ~ W>v, /1,

2

S = % 4kBT(ZDn2j + 2(20,1(1 -D, )N > J eV, . | hw) (lhw* eV, )coth

[=1,00

Ihw* eV, }
2k, T

Yale'group have measured derivative of photo-assisted shot noise.

Here, complete (not derivative) shot noise measurement allow to access

the Fano factor (i.e. without d.c. current!)
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photo-created electron-hole pairs

an incoming electron is either un-pumped or pumped above de Fermi sea
EN E 2 Co > £
hv g
o> [N > > he—

— > —

—
fL(g) fR(‘g) fL(g) fR(g)

Co >

un-pumped electrons do not generate

noise (ground state) . he-> no current
e <o | no noise
h<-e |
| Co >
pumped electrons do generate noise 7 5
: : : <o
as e - h pairs are dissociated by the ! no current
elastic scatter. <o | e-h partition noise
—

D.C. Glattli, NTT-BRL School, 03 november 05



current of pumped incoming electrons .
17 =P (hv)

current of pumped incoming holes :

the two electron-hole shot noise
contributions give:

S, =2el,2, D(1-D)
2

=4 hy %Pl D(1-D)

while the mean current: [ =0
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\ Co £
hv g
> he—
L
—
/u(€) f2(&)
i e.>
. he> no current
e <o | no noise
h<-e |
: Co >
h<eo |
| no current
€ <o e-h partition noise
" he->



a complete formula :
S, =4hv|YIP|\Y D, (1-D,)  where P =J (eV,_ Ihw)
[ n

Pl X

[" —photon absorption  n" —electronicmode

-
~
~

ZDH (1=D, ) . FANO factor
S, =4G hv| ) [P |-
VAN

Levitov and Lesovik (PRL 94) S -
Petersen and Buttiker 98) 7777
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experimental observation of electron-hole shot noise

- 2 to 4 kHz cross-correlation voltage noise
measurements.

- calibration checked within 2% accuracy
using Johnson-Nyquist noise. Tn=0.5K

v, )=V, sinas

Tn=05K

- excitation frequency : 16 to 19 GHz (——» 10 correlator
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Non-transport shot noise measurement of the

FANO factor of the electron-hole partitioning

(no dc V bias, no current !)

current noise power is
expressed in units of
the equivalent noise
temperature :

S]
4G k,

T =

Noise

2.0
2.0,

S
4G k,

= T(Jf (a)+

B

L-H. Reydellet, P. Roche and D.C. Glattli

~ Fano factor

Phys. Rev. Lett. 90, 176803, (2003)
' ' ! ' ' ' ' ' 1

. .0,5. C

ll,Ol - l1,5l - l2,0l

transmission G/G0

““““““““““““

(1—J§<a>>j+§’j{—”[ZUf(a>j "

a=eV,./hv,Dn, T are known : perfect agreement without adjustable parameter
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V. 2. high frequency shot noise (detectable):

for simplicity : single mode conductor, two-terminal conductor and zero temperature :

S (@) = 2611—2(213,1 (1-D))eV -he) for hw<eV

=0 / / for hw>elV
/ / Expt.

partition available
noise energy 100
50 |-
Sl(w) %
= 0}
LA
= O 1.5GHz
50 ¢ 5GHz _|
S,(0) ) v 10GHz
0O 15GHz
-100 A 20GHz _|
| |
-200 - 0 100 200
Voltage (uV)
>
eV Q Schoelkopf et al., PRL 78, 3370 (1998)
21T
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in general, for all coherent conductors one expects:

S,(v)=S,0)(eV —-hv)/eV
=0 if el <hv

Observed in a diffusive conductor (Schoelkopf et al., PRL 78, 3370 (1998) )

Not yet observed in other quantum conductor.

Recent interesting prediction: C. Beenakker et al Phys. Rev. Lett. 93, 096801 (2004)
(also suggested in : Gabelli et al, Phys. Rev. Lett. 93.056801 (2004) )

sub-poissonian electron shot noise statistics can be transferred to

the statistics of photons emitted by the conductor in the external circuit.

‘low noise photons from low noise electrons’
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Al(?)
/. _
=" Z - =50 Ohms
hv
‘ R=R | AP
conductor S
rf transmission line

V. 3. Photon Noise emitted by a Conductor

( T.E.M. photons )

detector + Filter

w4
Ho
)&;;%x

g

( external circuit )

THERMAL AGITATION OF ELECTRIC CHARGE
IN CONDUCTORS*

By H. Nvguist

In what precedes the equipartition law has been assumed, assigning a total
energy per degree of freedom of kT, If the energy per degree of freedom be

taken
By (ehv/ 6T —1) (7)

where % is the Planck constant, the expression for the electromotive force
in the interval dv becomes

—— T T

7 ~N
E,tdy=AR,hd/ (17— 1)) (8)

~N——

formation is available this expression is indistinguishable from that obtained
from the equipartition law.

AMERICAN TELEFRONE AND TELEGRAPH COMPANY,
April, 1925,
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power emitted in the transmission line:

R*Z R*Z
A Al (T8 i et
C C T
pP= N(V) hv OV current noise power
\ at frequency v
TEM photon population

at frequency vV

NWV) -

5,(V)




guantum [> <] Al(t) i l%;lév > %
conductor (detector + filter)
- L@ [ > )E R a0 = Zc
AI(t) /v
T I, /\VA/\V/\/\ \/ﬂ iy VA /\VA/W\v \//W\“Av > =Ny
P_(t) AP(t) 1/0f
PT P({)=P+AP(t) - N=N+AN

0 >

(@pP))= (AN ))(av)avars

1>

Ny - (ar) |y

oton noise = noise of the current noise
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photon bunching is expected at low frequency v :

_~ € _ _ For hv << eV, many electrons
Sl(a)) - 262D(1 D)'(eV h V) for hv<el can emit similar photons which

therefore bunch.

=0 / '\ for hv >elV o
/ The photon population is
/ \ eV —-hv eV
partition available [ = >> 1
noise hv hv
energy
Si (W) <
| (-D)| |(D) ¢
S,(0) @_e_[/_ _______ G
oV
<>
0 + >
hv eV & | > 2
27T radiation is super poissonian (or ‘ classical ")
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sub-poissonian statistics is expected at high frequency !!:

S (w) = 2%1)(1 ~D).(eV =hv) for hv<eV

for eV/2 < hv <eV, an emitted photon
correspond to a single electron

the photon population is

eV —-hv
hv

~
~

<l

(D) ¢

[ y— >$h|/

—

=0 / '\ for hv>el
partition available
noise
energy
S ()
\
5:(0)
ov
<>
hv
0 | >
oo & —
| h 27T
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radiation is sub- poissonian (‘ non-classical )




non-classical photon emission using shot noise in a Quantum Point Contact
suggested in Gabelli et al, Phys. Rev. Lett. 93.056801 (2004) and theoretically
shown by C. Beenakker et al Phys. Rev. Lett. 93, 096801 (2004)

photon mode population N : ‘S ‘2 _ 4Z.R
21 —
_o(-D)eV -hv (R+Z.)
2 hv impedance matching

 quantum efficiency’

Var(N)—-<N >=<N>* ifeV>>hv (N>>1) super-poissonian photon noise
(like black-body radiation)

Var(N)=< N >=-2 < N if eV /2 <hv<eV (N<=l) Non-classical
3 g photon noise !

numerical factor, depends on exact shape of filter (here uniform over eV/2h bandwith)

ov

T

a
quantum [> <] Al(t) 0 v > L
conductor

V4
< (detector + filter)
R= G/ Iy
I_O '\M R — Z
V Load C
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are anti-bunched photons observable?

- first step (done) (LPA ENS and SPEC Saclay):

reliable measure of the photon statistics of coaxial TEM modes

( GHz Hanbury-Brown Twiss experiment)
Gabelli et al, Phys. Rev. Lett. 93.056801 (2004)

- next step (to be done) (SPEC Saclay)

impedance matching and detection

VNP AN DO €O MO Physics

A B. J. Gabelli et al., PRL. 93, 056801 (2004)
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Hanbury-Brown Twiss GHz Photon experiment

1) thermal source (black body)

T, variable
— hv A W
N, =fBE | T T £
kT, ) e =1 500
AN12 = Nl (1 +Nl) source A

AN: =N,(1+N,)

ANlANz = +i(N_A_ N_B)2

. . . " . source A
super-poissonian noise, positive correlations

2) coherent source (like LASER)

— RF Generator

2
ANT =N, Anritsu 69387B
-
AN =N, W
ANIANZ =0 Source B

Poissonian noise, no correlations
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source B

(vacuum)




stripline power divider source B

source — > D
A —w

sour

(vacuum)

Nl
source A > > |

™
v

ik

band Pass -
Filter G, P G, AR (¢)

300K Detector 1/v

source 3dB power divider 4’ %F ||
A > ||

50 Ohm s /’ spectrum
macro- G, 300K |0W pass Filter analyser
i <1 MHz

scopic .7 Tt Av
resistor K\/ 4| %F

N Y \
source s \

Buit-i . Detector 2 =
B 5glolr?m total gain G, G2 P2 GZAP2 (Z )

frequency range 1 to 2 GHz
hv=k, T - 15GHz = 75mK

temperature range 10 mK to 10K

ultra-low noise cryogenic amplifiers
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photon statistics at cell phone frequencies



A
Source EI
f 1/2

Source a Output 1

t i

— 5 2y - =
1.6-1.8GHz

‘/2 50dB 4

spectrum
analyser

300K

Source b
- _D— 1-ZGHz‘:\’
To Output 2 - J. 83
Zx 28dB / \
3dB splitter
source a>— % (—> Q s «
AN
source b ~
s*.-___?_Q_ml‘_(.__.d’&_l_K _______ ﬂ*_ ___________________________________________
“ GHz photon
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beam splitter ’

1 - 2 GHz cryogenic
radiofrequency amplifier
Ty ~ 4 and 6 Kelvin

hv =50 -100 mK

\

i A_‘_ & ]
et e

)




T » Variable

— hv 1
NA:fBE[ j: hv/ kT
kT, e -1 %SOQ

AN =N,(1+N,)
AN: =N,(1+N,)

AN,AN, = +i(N_A_ N_B)2

source A

super-poissonian noise, positive correlations

stripline power divider

source — ¥ D
A —w

ik

source
B Built-
TB in
50 Q
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Thermal photons : quantum regime N~1

J. Gabelli et al., PRL. 93, 056801 (2004)

1/2
%{ >0 P,
() 1/2
exp( hv j_l A
50Q

(vacuum)
Ty, =20 mK

source (a)

quantum cross-over @ To=hv/2 1 1
P =P, +=hv

0 1(kBT/hV)2 3 "2 (h'/j_
exp 1
k,T

Vv =1.7GHz

"V 38 mK
2

oV =0.1GHz

sensitivity :

T
ol'=—2_< mK forr=1s
Bose-Einstein distribution AOVT




Thermal photons : quantum regime N~1

J. Gabelli et al., PRL. 93, 056801 (2004)

= =l
— % ’
@ 1/2
expl M) 0 P,
ks Ty S00 (vacuum)
source (a) TSR
quantum cross-over @ To=hv/2 positive cross-correlations
(kT / hv) (k. T/ hv)
0 1 2 3 O 5 10 15 20 25
El 1 )
& [ [AN,AN,==N,'| &
N 4 )
H/\ /‘/
o A
< °c
%H B 4 . ‘ T
Y, ST=—2_ =10 mK (7]=1000s)
ok yovr
0 1 T(K) 2

Bose-Einstein distribution Superpoissonian correlations



sensitivity to different photon statistics?

2) coherent source

Source A: low phase noise RF generator - similar to optical LASER

source B

AN? =N RF Generator (vacuum)

: : Anritsu 69387B
N; =R, >
AN AN, =0 \ N,

1534V 2 source A > > z>

TN
Poissonian noise, no cross-correlations expected v
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1.5GHz coherent source : poissonian noise

RF generator 100 dB attenuation

Anritsu J\]\/\,

69387B

fE

|
|
source (a) |
|

coherent photons
like a LASER

guantum description of the amplifiers

Thermal
reservoir, Ty

; % 2
noise +T bm , bm

((aR ))=2nvRB

i3
>~ P,
12 7 p,

n Py out
| Amplifier >
A A+ G A A
aii’l > ali’l aoul 9 a

Photon creation
and annihilation a

operators
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G a, +\G-1b,

Tg=4K

N

(b)

~ 50

(APAP,) =0
— |a|/2
F=1+ Sty
hv

(AR ))=2F hvPB

(APAP,) =0




1.5GHz coherent source : poissonian noise

100 dB attenuation

I
I RF generator
. 1/2 2\ —

pnisu ) |3 —5 —% S p, (&R ))=2hvPB
I

I

I

I

69387B

|
| 1/2
source (a) | —»@ P, _
e ] (ARAP,) =0
(vacuum)
coherent photons To=4K
like a LASER Ny ~ 50

after amplification : Poissonian noise, no correlations

P
s I P>:(—A+k(T +T)A|/j
9] ., — < 1 s\ N
\;% o v=150GHz (AP ) 7
ﬁ ;2 F,=400 <AP1APz>=0
& %0 ~P
F ] ((aR)) = 2nv(F - B + 2k (T, + T, ) BV
o 30- N2
v 20 ] \\*
10 AP . AP, ] T
Ofsmerec s cecee oo oo 4 |Gignt Fano factor : F:]+2k3%=300
0,0 0.1 0.2 03 04 vV
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B. J. Gabelli et al., PRL. 93, 056801 (2004)

statistics of photons emitted by quantum conductor : new quantum noise problem
Fermi statistics regulates emission of photons having frequency close to eV/h
no experimental observation yet

including interactions is not solved

designed of a GHz photon Hanbury-Brown Twiss experiment

tested on thermal photon noise emitted by resistor at equilibrium
and on coherent microwave source

can be used to investigate non-classical statistics of microwave photons
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conclusion

shot noise probes two-electron physics

shot noise exemplifies beautiful aspects of the Fermi statistics

- (conductance quantization)
- noiseless electrons

- entanglement for free

- noiseless photons

shot noise allows to accurately investigate the effect of interactions:

- charge carriers (fractional : FQHE or doubled : S-N)
- correlated systems

not covered in this talk :

- full counting statistics

- photo-assisted shot noise correlations

- mesoscopic detectors of shot noise

- detector shot noise and decoherence of two-level systems.
- ... (probably endless)
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