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Serge Haroche v David J. Wineland

[
.y »

College de France,

. L NIST
Ecole Normale Supérieure

University of Colorado

The Nobel Prize in Physics 2012 was awarded jointly to Serge Haroche and
David J. Wineland "for ground-breaking experimental methods that enable
measuring and manipulation of individual quantum systems"
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Co3aaHue oTaernbHOM KBAHTOBOW CUCTEMBbI

VNOHbI B NOBYLLKE DOTOHbI B A4enke
CkaHupyeTtcsi (hOToHaMMU CkaHupyeTtca Pnabeprosckumn atomamu
lonin a trap Photon in a cavity

1 2.5 MHz

n=51
51 GHz
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Cos3gaHue otaenbHOW KBAHTOBOW CUCTEMbI: MOH B JTOBYLLKE

Be* 2

F=1,m.=1
1.25Hz2

F=2,m.=2"J

*Trapped ion: Paul & Dehmelt nony4yunu
Hobenesckyto npemuto no gpusmnke B 1989 “for
the development of the ion trap technique”.

*Trapped atom: Cohen-Tannoudji Hobenesckas
npemust no domnamke B 1997 «for the development
of methods to cool and trap atoms with laser
light».

JlazepHoe (JonnnepoBckoe oxnaxaeHue) 1975:
Hansch and Schawlow (HenTpanbHble aToMbl) U

Wineland and Dehmelt (noHbl). B 1978
aKcnepuMeHTanbHasa peannsaumsa Ha Mg*un Ba®.

«[leTekTnpoBaHne OCyLLIECTBNSETCA Yepes
NornoLeHne unn ncnyckaHme ooToHOB,
OBYX(OTOHHbIE Nepexoabl, NpssMoe HabnogeHne
CCD (change-coupled device) kamepon nnu
KBAHTOBbLIE CKaYKW.



HoGeneBckas npemus

no cpusuke 2012 rooa

Co3fgaHue oTaernbHOM KBAHTOBOW CUCTEMbI: MOH B NOBYLLKE

$2.5 MHz

Be* 2S,,

F=2,m,=2

F=1,m=1
1.25 GHz

can be localized in space to within a
few nanometres.

Coherence times ~ ten minutes have
been observed for superpositions of
two hyperfine states

*Trapped ion: Paul & Dehmelt nony4yunu
Hobenesckyto npemuto no gpusmnke B 1989 “for
the development of the ion trap technique”.

O 00000 0 O©

JInHenHagqa kBagpynosibHas MOHHas NoBYLLKa
Poul Trap
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Cos3gaHue otaenbHOW KBAHTOBOW CUCTEMbI: MOH B JTOBYLLKE

Fig. 2: Image of the fluorescence
emitted by three trapped Be* ions
(National Institute of Standards
and Technology image gallery).

*Trapped ion: Paul & Dehmelt nony4yunu
Hobenesckyto npemuto no gpusmnke B 1989 “for
the development of the ion trap technique”.

*Trapped atom: Cohen-Tannoudji Hobenesckas
npemust no domnamke B 1997 «for the development
of methods to cool and trap atoms with laser
light».

JlazepHoe (JonnnepoBckoe oxnaxaeHue) 1975:
Hansch and Schawlow (HenTpanbHble aToMbl) U

Wineland and Dehmelt (noHbl). B 1978
aKcnepuMeHTanbHasa peannsaumsa Ha Mg*un Ba®.

«[leTekTnpoBaHne OCyLLIECTBNSETCA Yepes
NornoLeHne unn ncnyckaHme ooToHOB,
OBYX(OTOHHbIE Nepexoabl, NpssMoe HabnogeHne
CCD (change-coupled device) kamepon nnu
KBAHTOBbLIE CKaYKW.



Fig. 3: Principle for sideband
cooling (see text).
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Sideband cooling — oxnaxxgeHne Ha DOKOBbIX YacToTax

cnonb3ya nasepHoe n3nyyeHne MOoXxHo:
*[lpmnBeCTU BCIO CUCTEMY B COCTOSIHUE C
MWHUMAnbHbIM V.

*Co3pgaTtb xopollo onpegeneHHoe PokoBcKoe
COCTOSIHME.

*Co3aaTb KOrepeHTHYIO KOHTPOMUPYEMYIO
cynepnosnumio PoKOBCKNX COCTOSTHUN.

*Ecnn aoBa noHa pasgensitoT ogHy
BUOpaLNOHHYIO MOAY, TO KBAHTOBOE COCTOSIHME
OLHOIO U3 HNX MOXET ObITb CKONMMPOBAHO HAa
ApOron NOoH.

*Co3gaHune CNOT.

v =[Ljo)

W, = Ot‘ ¢>\ 0)+ IB‘TN o) E;:;zigmpyrommm

W, = a‘ ¢>‘ O> + ,B‘\L>‘1> = ‘¢>(a‘ O> + ,B‘l>)
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HabnogeHne KBaHTOBbLIX CKaYKOB

VOLUME 57, NUMBER 14 PHYSICAL REVIEW LETTERS

6 OCTOBER 1986

Observation of Quantum Jumps in a Single Atom

J. C. Bergquist, Randall G. Hulet, Wayne M. Itano, and D. J. Wineland
Time and Frequency Division, National Bureau of Standards, Boulder, Colorado 80303

(Received 23 June 1986)
1=2.3 NS 70[ .
"‘ e
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FIG. 1. Simplified optical energy-level diagram for Hg | M % "VLWE‘J 1 ‘m 4(’&‘! w W\w " {
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Co3gaHne oTaenbHOM KBAHTOBOW CUCTEMbI. (DOTOH B Si4ENKe

*[logaBrneHne nany4yeHusi, korga pasmep
SYEenKn npubnuxaeTca K AnnHe BOSHbI
ﬂ?;:)g;ﬁl;l;/m (1983) Kleppner; DeMartini; Photon in a cavity
*PesoHaHCcHOe ycuneHune nanyyeHus (1983)
*Masep Ha oguHo4yHoM atome Walther (1865)
*Masep Ha aByx boToHax Haroche (1987)

= 10
*Cnocob n3MepsTh YMCro POTOHOB B SYEIIKe, Q=4x10
He paspyluas kBaHToBoe cocTosiHue (1990) T.=130 ms
Nb
2.7 cm
0.8 K
40S1, 61.41 GHz n=51
P
&3’2 51 GHz
39S, Rb, n=50
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MwuKpoBonHoBas s4enka

Nb

2.7 cm

0.8 K
Q=4-10%0
130 ms
40 000 km

R,

v=51 HGz

Fig. 4: Experimental setu} to study yhicrowave field

states with the help of circular Rydberg atoms (see text). 1790 m=49 Rb 125 nm

CosfgaHue 1 geTekTupoBaHue ‘¢>(I =50) u ‘T>(I =51)

[nnornbHbIN MOMEHT aTOMa U3MEHSIETCA U3-3a
OnHamMmunyeckoro agogpekta LLtapka
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3mepeHne yncna gooToHOB B OCLMUNNATOpPE

VOLUME 65, NUMBER 8 PHYSICAL REVIEW LETTERS 20 AUGUST 1990

Quantum Nondemolition Measurement of Small Photon Numbers
by Rydberg-Atom Phase-Sensitive Detection

M. Brune, S. Haroche, V. Lefevre, J. M. Raimond, and N. Zagury @

Département de Physique de I'Ecole Normale Supérieure, Laboratoire de Spectroscopie Hertzienne,
24 rue Lhomond, F-75231 Paris CEDEX 05, France
(Received 18 April 10on

A(e,N)=(8/2) {11 +4E*(r)d*N/Rh262]11/2 —1}

Lasers R, Cavity R, R ¥
E() 1.C. 'S
A — w]e ('l) — — _02
B — z Z
€ 59 EH\
_ L o, (b)
L f - :
(b) =
0.5
(a) ~ ~ N=13
. E Z
FIG. 1. (a} QND setup for measuring the photon number N n 3
in a cavity: The atomic beam B, prepared by lasers in Rydberg (c) (d)
level f, cr ccessively the field zone R, the cavity, and
f 055¢5 su _y : y,’ ) FIG. 3. Evolution of photon-number distribution 2,(N) in a
the zone R; before detection by the IC COUI‘ItC{'. The Va“.a“on simulation of the f{ax,vx} measuring sequence. (a) Initial dis-
of the field intensity along the beam path in the cavity is tribution (n=0, coherent field with N =10); (b)-(d) P,(N)
. . . . after n=3, 5, and 20 detected atoms, respectively (g=r,
shown. (b) Diagram of lCV:ClS & f’ _and £ _The cavity field, de ©o=0.157). Note the different vertical axis scale in each part.
tuned by & from the e— i transition, shifts ¢ by an amount The full horizontal scale in each part is from N =0 to 30. Col-
proportional to N. The R |-R: fields induce an f—~+ e transi- lapse into the V=13 Fock state is clearly observable.

tion.



2
/\/\/\ ¢, (1) =1/2-d,,Ec’, (t)exp(-I(E, — E, — o)t);
~ ® ¢ (t)=i/2-d,Ec, (t)exp(i(E, - E, — o)t).
1 Beegem yactoty Pabu u paccTpomky

Q=0 Ef +(E, ~E,~w)’, A=E,~E,—w.

Niwem pelleHne B cregyouem smae
c', (1) =(a exp(iQt/2) + b, exp(-iQt/2))exp(—-iAt/2);
c', (t) =(a,exp(iQ2t/2) + b, exp(—iQt/2))exp(i

.+ C' '12E°sin(Qt/2)jexp(—></2);
) Q

c',(t)= (c'z (O){cos(Qt [2)—i Q&«Qt / 2)} +c',(0)i dzgleO sin(Qt/ 2)) exp(MZ);

PeweHne

¢, (t)= (c'l (0)< cos




yacTtota Pabu n paccrpoinka
/\/\/\—’ Q) Q:\/\d12E0\2+A2, A=E,-E, -

1 PeweHne npn HayanbHbIX ycnosusx ¢, (0)=0; c',(0)=1.

¢ (t) = i%sin(ﬂt/Z) exp(—iAt/2);

c,(t)= {cos(Qt 12)—1 %sin(@t / 2)}exp(iAt /2);

MHBepCMﬂ 3dCeJyiIeHHOCTU U I/IHFI,yLl,I/IpOBaHHbIﬁ MOMEHT

W ' 2 ' 2 AZ_‘dleo‘z -2 2 .
(t)=lc, () —fc. ()| = o sin®(Qt/2) +cos*(Qt/2);

P(t)=c,c,d,, +x.c.=c",c',d,, exp(-i(E, — E)t) +x.c.=

2 Re(%du(cos(ﬂtm) Fi %sin(QtIZ)Jsin(QtIZ) exp(ia)t)j



U3amepeHue uncna poTtoHOB Yepe3 aTOMHO-NOseBYHO CBA3b

Quantum Nondemolition Measurement of Small Photon Numbers by Rydberg-Atom Phase-Sensitive

Detection

M. Brune, S. Haroche, V. Lefevre, J. M. Raimond, and N. Zagury

Phys. Rev. Lett. 65, 976 (1990)

. Q. _ % _
. (0=c, (i 2 ce(t>—cos( : j
Cf(t):Ce(t)i%; c, (t) = isin(%]-

[Tocne npoxoxaeHnst A4enKkn ¢ YMCnom OOoTOHOB N,
npegnonarasi, Yto a4enka sBnsaeTcsa 2n Ans gaHHOM

CKOPOCTHU 2
c.(t) = cos(%j exp(— i g tn ];

A
. () = isin(%);

e, (0) = %(1_ COS( g At N j]
o tedt]
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3mepeHne yncna gooToHOB B OCLMUNNATOpPE

| 1013
>ﬁ 3]
L |
5
0
(a) 0, (b)
0 3 |1 o 3
O O b
E}?__ﬂfwvw\(\hﬁ__. @1_,\/\,\/\/\,\/\,\,\,\,

(c) (d)

FIG. 2. Transition probability from f to e plotted vs «o for
=2r. (a) Monokinetic atomic beam (velocity vo) and field in
I N state. (b)-(d) Transition probability averaged over the
om velocity distribution, the cavity sustaining (b) a Fock
ate, (c) a coherent, or (d) a thermal field. Mean photon
imber in all cases: N =3. Arrows indicate values ¢o=N¢ for
=0 and 3. In each part, the full vertical scale is from O to |
id the full horizontal scale is 24r.

—a?12 _.n

B (N)
P (N)

-0.5
. N N=13
Z Z
J_‘\",_,..\ =
— HI-—N
(c) (d)

FIG. 3. Evolution of photon-number distribution P,(N) in a
simulation of the {ax,vx} measuring sequence. (a) Initial dis-
tribution (n=0, coherent field with N =10); (b)-(d) P,(}V)
after n=3, 5, and 20 detected atoms, respectively (¢=r,
wo=0.157). Note the different vertical axis scale in each part.
The full horizontal scale in each part is from N =0 to 30. Col-
lapse into the V=13 Fock state is clearly observable.

)= ZeTaW - KorepeHTHOe cocTosiHue
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Survival of excited Rydberg atoms moving in
a gap between mirrors, plotted as a function
of the wavelength for spontaneous emission in
the vicinity of the cavity cutoff.5 The signal
comes from excited atoms detected at the
cavity exit. The atomic wavelength A is varied
by applying a small electric field to the atoms.
The sharp increase in survival when the ratio
A12dis 1 is caused by the inhibition of
spontaneous emission. Figure 3

Two-photon Rydberg maser.'® The maser
operates between two levels, e and /, of the
same parity in rubidium. a: The cavity, tuned
to exactly half the frequency of the e-f
interval, enhances the two-photon process
and inhibits the usually dominant one-photon
emission toward the intermediate level /. b:
Plot of the ratio of the lower-state population
to the upper-state population as the cavity is
tuned across the two-photon resonance. The
peak indicates two-photon maser

operation. Figure 6

M. Brune, J. M. Raimond, P, Goy.
L, Davidovich, S. Harcwhe,
Phys. Rev. Lett, 59, 1899 (1987).

R. G. Hulet, E. S. Hilfer, D.
Kleppner, Phys. Rev. Lett. 55,
2137 (1985).

Physics today6 26 (1989)

S. Haroch and D. Kleppner
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OnTtnyeckue 4yachl

*OnTn4eckne 4Yackl MOryT co3gaBaThb ABa BUAa BbIXOAHOIO cuUrHana:
[MocnegoBaTenbHOCTb (FPEDEHKY) UMMYNbLCOB C YacToTaMu OT BUAUMOro A0
NH(ppaKpacHOro gnanasoHoB UK NMMNYMbCHbIN curHan npu 11Ty dasoso-
KOrepeHTHbIN C ONTUYECKON rpeDeHKoN.

*OnTnyeckune yacbl Ha noHe *°Hg* nnun Ha nape noHos %’Al* (1S,—3P; ~
267nm) & °Bet

*Mlcnonb3yeTca meTod co3gaHus YacTOTHOW rpebeHku, NpeanoXeHHblin Hansch
n Hall (Hobenesckaa npemus 2005).

cnonb3yst onTUYECKN CTaH4apT YaCcToThl yaarocb U3MEpPUTb:
» 3amearieHne BpeEMEHM NPU CKOPOCTM HECKOSTbKO KMITOMETPOB B HYac
* I3mMeHeHune rpaBnuTaunoHHOro noteHunana Ha pacctosHum B 30 cm.



OnTmnyeckue yacsol
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2TA|+ gBe"'
s - P N
2P, A=313nm
A =267.0 nm 2p —— T= 8._2 ns
Coulomb il 1‘ cycling
interaction transition
E g
T
Q
» ©
F=1 28p
e i
F=2
- —

FIG. 1 (color online). Transfer of the 2 Al™ clock state to Be™
for detection. Quantum state transfer proceeds according to
numbers 4. 5. and 6 in shaded boxes, which denote correspond-
ing steps in the text. Dotted lines denote the first vibrational
excitation of the in-phase axial mode. The dashed line represents
the virtual level of the °Be" stimulated Raman transition.

X2
1070 nm Lol

fiber laser /2

Clock servo

1
L

Frequency
recording

FIG. 1 (color). Setup for comparing the frequencies of the two
Al™ clocks. The 4th harmonic of a fiber laser is locked to the Al™*
1S, <3P, clock transition in the Al-Mg apparatus with a fixed
offset frequency (applied to AOMI). Another laser beam derived
from the same laser probes the clock transition in the Al-Be
apparatus, where the laser frequency is locked to the clock
transition in a separate digital feedback loop that controls
AOM2. The record of frequencies applied to AOM?2 represents
the difference in clock frequencies. Beam splitter (BS); acousto-
optic modulator (AOM); frequency doubler (x2).
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(°P ) =2ns

Fofom—n
Pz Foo

2

J 6.9 GHz «(D,) =90ms

2 =
D F=3

282 nm

FIG. 1. Partial energy level diagram of 'Hg™ with the tran-
sitions of interest indicated.

1ns

e LCT LU L]
(Clock Output)

time

—_—

PLL 1
%=Bﬂ

by
$ [1=tgnt, [ )—»@i—@:rﬁznf,
IHHI PD 1

I(f)

Femtosecond Laser +
Microstructure Fiber

1 S

f,

y f

) PD2 g' Clock Output
OpicalStnders () |- g DY
fo

PLL 2
fo=of,

!

Fig. 2. Schematic of the self-referenced all-optical atomic clock. Solid lines represent optical beams,
and dashed lines represent electrical paths. Photodiodes are designated by PD. The femtosecond
laser, having repetition rate f, combined with the spectral broadening microstructure fiber
produces an octave-spanning comb of frequencies in the visible/near infrared, represented by the
array of vertical lines in the center of the figure. As shown above this comb, the low-frequency
portion of the comb is frequency-doubled and heterodyned against the high-frequency portion in
PD 1, yielding the offset frequency f, that is common to all modes of the comb. Additionally, an
individual element of the comb is heterodyned with the optical standard laser oscillator (f,,, = 532
THz) that is locked to the clock transition frequency of a single ™®Hg " ion. When detected on PD
2, this yields the beat frequency f,. Two phase-locked loops (PLL) control £, and f, with the result
that the spacing (f) of the frequency comb is phase-locked to the Hg" optical standard. Thus, f,
is the countable microwave output of the clock, which is readily detected by illuminating PD 3 with
the broadband spectrum from the frequency comb. See the text for further details.
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bparnHckum B. b.

SOVIET PHYSICS JETP VOLUME 26, NUMBER 4

CLASSICAL AND QUANTUM RESTRICTIONS ON THE DETECTION OF WEAK D,
BANCES OF A MACROSCOPIC OSCILLATOR

V. B. BRAGINSKII

Moscow State University
Submitted May 3, 1967
Zh. Eksp. Teor. Fiz. 53, 1434—1441 (October, 1967)

SOVIET PHYSICS JETP VOLUME 30, NUMBER 4 APRIL 1970

QUANTUM PROPERTIES OF A MACROSCOPIC OSCILLATOR

V. B, BRAGINSKII and V. S, NAZARENKO
Moscow State University
Submitted May 5, 1969
Zh. Eksp. Teor. Fiz. 57, 1421-1424 (October, 1969)

The behavior of a macroscopic mechanical oscillator having a long relaxation time, located in a gas
thermostat or in a light beam, is considered. It is shown that under certain conditions such an oscil-
lator behaves like a quantum system. Relations are obtained for the lifetime of the oscillator in the
allowed energy levels. It is shown that the action of a directed light beam on the oscillator leads to a
“heating” of the vibrational degrees of freedom. A theoretical limit is found for the Q of a macro-
scopic mechanical oscillator.

SOVIET PHYSICS

JETP

A Translation of Zhurnal é‘k.rperimema."'nm' i Teoreticheskoi Fiziki

Editor in Chief—P. L. Kapitza, Associate Editors-M. A. Leontovich, E. M. Lifshitz, §. Yu. Luk'yanov

Editorial Board—E. 1. Andronikashvili, K. P. Belov, A. 5. Borovik-Romanov (Editor, JETP Letters), V. P. Dzhelepov, N, V.
Fedorenko, E. L. Feinberg, V. A. Fock. V. N. Gribov, R. V. Khokhlov, 1. M. Lifshitz. 5. Yu. Luk'yanov, A. M. Prokhoroy,
D. V. Shirkov, G. F. Zharkow (Secretary)

Vol. 34, No. 3, pp. 463-676 (Russian Original Vol, 61, No, 3, pp. 873-1272) March 1972

VERIFICATION OF THE EQUIVALENCE OF INERTIAL AND GRAVITATIONAL

MASS

V. B. BRAGINSKII and V. I. PANOV

Moscow State University
Submitted April 5, 1071
Zh. Eksp. Teor. Fiz. 61, 873879 (September, 1971)

An experiment is described which establishes with 0.9 x 10~* accuracy (95% confidence) that the ratio

of the inertial to the gravitational mass is identical for and A torsion balance with
characteristic oscillation period of 5 hours and 20 mlnutea a.nd relaxation time exceeding 6§ x 107 sec
was used. Simulative effects which limited the achi were analyzed, The result 0.9x107%

is close to the ratio of the strengths of the weak and strong interactions.

Unperturbed measurements of the n-quantum state of an
harmonic oscillator

V. B. Braginskil, Yu. I. Vorontsov, and V. D. Krivchenkov

Moscow State University
(Submitted August 1, 1974)
Zh. Eksp. Teor. Fiz. 68, 55-60 (January 1975)

The fundamental conditions of an essentially unperturbed measurement of the n-quantum state of an
harmonic oscillator with the aid of an electron beam are analyzed. The limits of sensitivity of the
measurements and the probability of perturbing the oscillator are determined.
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