F}"(JS;CS S_é é - Q«.«an‘]"«m 0?"‘""5‘ T
Z_QC’MQ 15 - —ffe :5;17»-93 Cqmmfv\js Moafal

A‘J?W\ ihhrﬁcl“;v:\ (4//% 0‘{-\ ?«ML&J -pfe’a(
._IZL ’pﬂﬂaﬁawu HM;/J’VII“W\ OICSG“JL?'S (['KO @J'UV"\/ 0"(1 MM e]kg;fomaone.%‘t ‘{)l’t/cl/ CM(/ UL&*«/“
|1J'-/0.~/im .|'3 o“le “winimad Cou(),/»’g g H@wu{?ﬂm T}\ d(p 5&1'\/60(’!%»)» picJ-w.—l/

N _ A A P 7+

H = 4 zm‘ (1:9 %4@5)) + L&Y + “f\’o( é(‘ +1)

/
QA:]- AF (Ab"" + Aom-Flld ”o\‘mr’li-m“um\ QF‘ ( Gdf  He; l;,.“"‘ﬂ)

Hoo  £5,83 cc t il Gunintecd condindts b o o el moclloss, \)y 15
clechoshdis inkeschisn, beboun oimo and binding b e nuchus, Bt P Gueim vecds
phobd Lr b domveree B it Gulomb G gl . As in owr cfiscussion f &
Smichosial] Heoes, whn Mo midin o Hi Skns is ponrdordi, p con meke 4
milhily  erpongiin (f Ha Chacge/Fil] iderntin Tl epuivilply i focna on wedd i,
od He M w23 a, (. Bhe Bday)  Aler sak n exprasn, e Gon express
dfz U"W\}M ayg

]:\I: J:\l,\a- He +/:\*A|:

A

Hk - ?4:/2%3 T %(AS)) = 2 Eudan| = Abmic  He e
A"Im\'o %wjo& L—u-oa.) (ylmé/ ~€a6 iv\oe«,pb. Wnl"oumj SAE]
HF = % '#&)k [&:Ma%"‘i) . }(‘;‘az ﬂ,_,@/ [A«;/M

o= -T BEQR) . Dol ikeedin Hemllonon
J—*eir [a’l‘v‘m:c tric ﬂ?(—\r(z E(R} QMW Lbe Lol @ abrmi @pk,

OC PW% [mlur'eg'/" /s OML Cagn 0/’\ Ul%( “’f-w—fwo@ q‘fml ! u%« d{ara S 30(/2.17,
inkra clgon  between  mods % wq e Aromadin Iae)w b Jeve s /j) and . Aot
i3, £ sbsf'w\ shalo lg) o~ led> 7+ sﬁos (CA%A quL Prabqb"l, JU> i ¢k S‘c,,LSF«:c_e



Ivan H. Deutsch

Ivan H. Deutsch
15


TW‘D'[%I ahrn ?V\J“—r‘«cj“mo with W Lol
A

b~ Ey Il +E.loel + Zﬂ‘m GG~ (c/{._g @] + d.e [3><el> E(\%)

= TG, + %fwmw be, —(L,6. +d.6) E@
N(’JQ: ID"'&W J& 2 Pd"ﬂ"' '—N—fjﬂjw Lo no %{j’ o J‘aﬂmj a’\U{ vaed il M/kj
Pacli, Piw—vtaﬁﬂu—;-\ repre-%luiwm, widl ¢l abmic errgy 2ere %_-\r»(] desresn )J)d-'e7.

Akl A
New E@= Elr)+ Ew
Rskae -f:-u; QP Ntﬂa‘Hw ‘A‘F Comp ]

.-‘-
R = 2 Tokq, oy (®) &y, = E9R)

le, M H
mak Fonc ban (@ abrad Pd.noL'w\

S G Tl = Siwr e (or domwnd ko )

>

_"}: A /\‘I‘/\
= e = 5O, 4 Zﬁoaqu +

"I-EZ/’{:%RM éw(ﬁ —\-t_%z 6{ (r—|— Lt%ﬁ) O\FMO‘ + fg“\ag,\

—

\_/'v
“Co-ro"‘al-wn' JVrM cgwmtw_ wal-wl'vva Wm_g

who g = = W R DTRG, s e ahomoplii ol rery

Ve nebte Vcoratabrg sl Mcube ritebin arrpeds b He ndbion w ser
K Semiclassicd  modd of Reby  oscilladiy 11“6 rrgped B Vresoned ! andd
torbicresomat ! tespectively | To Sec do, g0 b Ko Cinkreokin pichere! b oo
evolbe i dume Acerrdie fo e Lo erlibion

bolt) = G, Gl = g e T

A ()

L A (e Al /\ !(Uk‘\‘é) )t
® H %@E/\ Fn % © Y *LC>+ Z(Jgﬁmam - 74k
;/ﬁ,__\_)

/

CO- ro‘]'a\tL*;vD (:Y‘C.?av\d--w”\~ ) COW‘L"’-V’OI"‘\_/-/"Z. (af\‘f'i l"eSonwa\‘)




[_mr‘vnq‘\’s picl'wra: EL-m‘-.Jvr\ Protereq

K m
’ - . N A r N
Absorphin.: Agp Oy Ewssion: é\:— S 4‘

\ \3‘) le> M led l 3> /
—
Co- ro‘l‘o\‘!“fng terms

TI\C f‘QSam*-n”" 7'_(‘/'"’\3 Crn G Ce-\2 Ch{’/'&a' W[% Ohe &/WL«/L}_ P)"OM.

_IZ( W]-resanm”t (Com?w-rd-«*{wa mes\) art ncas*sw;lﬁ "v:rlwé pramm" 'MJI‘ a(hn"“ Consevve
Cruryq in ot NN T %’0‘ e Viecrss Ly v | bl Cronlimea)

£,
E.j‘ 9& Emission anh a)‘JScrpAN\ qé a  Virtwed pluﬂéw\

f3> {e> 19
m Protegs [MJMD P o ?Z-)//f n 34 @'{wu«\./ chia ety (Lo-ml? SAA] :b‘hﬂofw«éz,‘lém//

m C.o-uw\Jvr— l"‘O"’\‘VLL;'\a {f/r"w)o e heﬁlfﬁiut Com)o@re./ fo diﬁ r‘eSO*mwj_ Cr- r‘a/zﬂ—a +Efm5",

H'o/m}H‘Oan,r\ Yg\(‘ ‘I—L\IO“}GV&? 6{’|'0m in+¢rac+ior\ wa WJ-MM ﬁq,_[o( \n %( OK,/)G’Q a/t«\.ﬂ//

PO"‘a'I'l'n% wave approximad'{cﬂsi

S+ A At A A * T
H = FRCAN "'%:J‘T% Og O + %it[ﬂzuqh& + Gy, Og &)

C’avﬁ-«a QED + Jagnis - Cavmings

An impaterit pocedigm in gt opbics i3 e study of o tur-laed abwo inberachn with
ore wode  of Ho cl&c’h’omaﬁn["ic Lol Such & mmodel is relevet in O’CScri]:}na, e inder g chen
o o 4w [evel abm wiHh modo in an electronantic cavity, When @ prficuler mode  of

of ¢ Cavity e M L) Ntar a Ym-lod resmince of F atom,




C)ﬂc lfomaam,  C Ca 1/\."-7/ U 14\

R atom inside ,

\ g = Cavity QED

Tn prckice, dlar are Fplly bun pundgns in whed ve cxplre candy RED: Suprconducting
cavities ond  dickchic  cavilio.  Suprcorcdaching Cavitics are losy at opficel  frpuinss, bt
e M fockr s exhemdy }\7/; = rE/ microvart M %‘M, one i dor Canty
QED 5 o sl et cunihy ol tom w ahnic diph resonans Qe Hat

hao  micro e LV"’W& Beaune esegy bl O en o scok ke ’,la , Ho s 1\09:&%

be W princink guodrr  wambees =b  Rydbeey lendy"

Eﬁ 3«5;2 Hare(,‘c (NOLI.:,I P“i%e/ ’)0[15: mut}l,'o‘{m a‘.{'om_s b};h’\;S_O) /Q;4T>
[eS= lh:ﬂ, L=T> (Qif:v&f Wi SANE ey /o = 51 GHz,

Photons bounce back and forth inside

a small cavity between two mirrors for
more than a tenth of a second. Before it
disappears the photon will have travelled
Rydberg atoms - roughly 1,000 times a distance of one trip around the Earth.
larger than typical atoms -

are sent through the cavity one by one.
At the exit the atom can reveal

the presence or absence of a photon
inside the cavity.

superconducting/

niobium mirrors

S’an‘ aJZrm,o J'{"W% CA«N‘Z
~ "I‘n Pr‘o’ﬂ* ?«M ‘ﬂ(cﬂ

2.7¢cm

oO— >

microwave photons

H’é‘raala Co\vﬂ‘af "525'}' m;rror_s ever PFDJNJJ~ H‘0‘|7M }!"("c"'{wz X CaV{L} T,_.qv = 0, I3 :<<‘m-l.r.
Cévw’-—a Q =T, = 427( ,DID

cay

£ P}noJ'"V\ bovrerg ‘»S-Af/}ioy\_s °['—w.o bl lost (J-n\,\,-.[o 4@000 Rim = Cath Civcum, oa-rm)



\

TO P"’k" an ap‘l‘n'Caf vm:mlt1 o Qons.a(ws A L-?A vaw Fql;.aa, P&f'o-ll- Cav, ‘l‘a,
\‘\/{'H an aJrM ‘I‘f‘qp/uy( ;’ruidQ. A C“Wvl'a- TeSance In Md( vese, Jor an o'o‘HCJ Wsiv’*ﬁ\
ey | M Ij)=afw\ qw««/ swte, 1= drst exekd sthe of Gn Akl cdmn [ G, RL),

Nere Wt f'olu e alom

U{- e H‘Msmlp"j I'?",

To He bt dale o nw a pawewm reafiW o Can/.n}v QED ey

Com on df scene — Crendt QED" wth caperconducling  Qircuds (G:V'V;l\) an
ere o wih Relbery abms | O phobns are snicomssss v 10 6Ha The ‘qubd”
Ore S Veroscpric sdty of currot across a sm,oufcono(chwj Joge phsim L)vchm‘n

VA micve waves cam be jn @ Sfrip line Ca/\nlt), compatble wlA  “on chip” the m{ojfj.

\ A “ ”
10 um Cooper-pair box “atom
10 GHz in .

Implementation of Cavity on a Chip

" L§c=

Niobium films

1
H, = hw, (aTa + 5)

6 GHz:




Mo{f“ flc&r\‘f{v/ ‘\%ig s c:xHo/J ?4"6 SD S’o{i)e,/conaﬂuoavj Q&W'W w- A
Imfz( o()n{)a'el éfn‘/@m\qb . a é

o adisnbe of Hog s
that  dta 0|Epr@ memed  Con e

QU&F [ﬂ(rvj ‘{]3 %wa 50n;n: 250 pm
ordirs oo Copliiy  om s 3 whn  Compre) b akwd.

E’om Cur Z/—yMJ eXpresSion *Qr K gbon - Lt Q«r% ‘n M &+ Rl\/ﬁ/ b o 3‘,% w‘,.,((/ ,C7 w,

'_‘ = QG (Q')Ce = 'l\-QO\O\ —\-"La(dﬂ'{."'a@)

J;\ NS - CQ"\M Lo}
a ) 40‘1. i

Whee hg= - T U R) Jomko, s e cuplin bt A K cunky ek
Sben o b Y‘QJ‘

Vo chodeiskis f e alom-phdon syrbn b o siogle ellbromagrbic ok, grocnd by
Hio oo vrag \A‘\rsi* stdid 1n a semend popor ) Gompecison o Quandigm 2nd Semilhsaiid
Radikin m,” by E. T TJepes + Fuv M/ Prec. TEEE 51 g5 (1903)  Ths

5 o of i met bt paradumy i guedhom o oad s ner ke = (%
Jaynio = Cumming sl

m :)-OL\I}W—CMM;AJS qu/aéfr (Df‘eSSev( SJ’XA)

7; w\z&«sL—J Vl’[( A)"""""’” gar-rneJ Lﬁ Jl« Dlam— Cummiv\a_g mu, C'a'n_s".'Ay p.'mL d"* ef'&ensﬁ«b ot
“Hm U:‘(‘)W‘a”m’l"‘\jo H@m} I}%\iqn, T[ege are JLL 'puna fmﬁ‘—nﬂ"“fw\ versim dﬁ VA Gt"[‘a-m— {M-W “O{V‘(S:Seo/

sttz, "VQMAJ m PL M}c/q.s:r}cdz MoM. T, cenobmsed- matfe }ol.as*(c_c} ML W-pwh.;&

O(QSCr‘n'Liv\) PL\ﬂJMSl—I- dl'pqll "na‘l—f‘fv( Qsi;whse Qre L'mw ol N\ PO/W’.VLUMS.//




The Bl + Space b joint a"‘om—l—PLov'-M Sysenn Z{:ﬂ%m®jﬁ’di

/A}m 1032, Spemme La €l3>, |<:>§ ,
Z’ngl./: 5'37@ o do f?;c’crfan/ SPMMJ Ay. {\“5 I n=0,1,23% -. ?

7‘[ Spennad by glg)@n) , l€>®lv\>§ sfly,m, [e,nd [ h=0,),2,~~5

_—
= Yhare >tars”

3@""2:”;‘91 Frt\-‘w_ 5 @& imraf+9~t CO'\S‘crvco{ ?Man"')’)'a LA TZL 588‘]“""'\

Considsr: N_= Ko 5 & = arlXel Totd  # of ek in Fild + abem
A A A A A A A
[Q/ Nr]: [HA+ HF-'- l-llﬁl:) NT] = fHAF, NT] = [J‘:‘E}(a04++5\+6“—\ ) a+§ s 6:-6:‘]
- al ¢+ 8 [6,6,6) + (ah ata)e + ' [6, a6
9 B,;al@ + a[g%,%gbr [_,w,;/a)o_ +a( C/); _])

= [I/‘\];]QJ: O =P MQ +o (0 Xertehion in H 535% (S Conserved
Thia is a veflebon of Ao RWA L did g a0 addbond symmcey on H sgshm .
Thuo NT is a “@ool Gt noder . Tl Hem, [bon  maleiy is o Block - Dy agmd i g
2x) sibspers g, len> 3D Ne=n b n=p onby o s KE)

We=o: >, Mesle D10 16053 Mo=2: flg, 2>, D3 | e

]

i Mot
R adh | - - - -
[}

l |"[h= [:\J 'S hraio
ST ' $19, 75, e, h—l)ﬁ




<ﬁ,h| ﬁljh> = h‘l‘—wc ) <‘3h‘~|| H'IC h*-/> (1’7‘3 + (n-1) Jh_a)(, = —"LTA +h7l\'£1>C
e nl mg;@—#g n-l AR = #\)Wg_

P\CJ

= t [—Au\w J_%’ ]’@"‘Q TP(H}J — Q‘V"'” e,

l9,n>

Mw[o | - —f’ o S +*ma [0 o]

Do g h it Gebd? D= 19,0

Bl 2 Reb Banilbmion ! H o= -82 8
n a?ab/ H'me\u“"\qr H ——O_
° M =2 > = e, n-1>

W;’M PaL» ‘C‘rz%ucncv, Qn ‘Zﬂ‘}-
Figidsa:  Eroy™nfieo, -p 2 & [82enagRy 1) = e (B> + el Dlon >
> [ = sm (&) [en-1> — cas(@{\_\fjl n>
Dressed Skal=r tan Bh = 23‘)?

E T E 4 -
4,5 s Lo o
[3/2>/ )C, |> "< I 2J2 ‘kg/ 13,73__1& RS +z(zf2
>
ﬁé\)(_ ‘)\‘a)c
> o> [L
l3/|>) l?.,O) —Q,‘]> 2-&%’ [3,0 '—'F’_éxf_qb__ k@‘l
Koo -
(4 o) T lo) 9 o >

ms c"wj:] SPCL-}TM is kmn‘m a9 J/L \\J;tjhcg C"\Mmiﬂj_s [‘q”{"é"" !

—]Zl AM 5k JpQ.erm/ w i C"‘\*1I/€v»‘_a ?20 has an 363»\4.0 Syw_wl sct cq/ﬂ\ Mﬂ—:@g
/f»w-&. Ui{ resred skl Aw @ ninepray C‘mﬁfwj 3/'4«/) S”ocde‘




\/ac,uum Ralb: @Cil\qun/)
Su\\oi:p_sg_ ot Fime "l:::ol e o\*‘aww (S In J{Q excitd sl {C> w, 20 W’ZHL'M v Y

C«AAJF]/. (\/éCulm.m 10>) hﬂw C‘MA}, resonanwu [S chosen eruf to Jzﬁ aJ'awn{( S onancd
é‘,)c: Uca =5 A: Q. H‘ow o/oea d’l\e 5:7530\44 evplve ?

TK« inhd sat ’2?(0)>= /€,O> is not an QigtnshAs o e Hem; Homian . m,
e Jork avtrm/w 535%6%&14 as o on-J-wv\ af s . Be—mm le, o> hao CK«JHZ— ™y
@(Cluw:y\) {7" 75 WLU "'ﬂ‘r-% d’gg U;O»u.o—- O«W\m&,?ﬁ H‘tm{/JM% a—JQﬂ o ]3, 1>

_me/uv&/—-wisﬂﬂa

T = FHE e = B 1 cos(gt) 145 s sin [4t) [
:b lfL_E[E§>:COS(3'{') e,D> — S'M(j"eJlg,f]_>

—m'/v' IS /{mw—m a9 Uvo\cmwm E\Li ZDSciUC\'Hm” /% w Shkoded ind éﬁ‘ i K
Vacawm . Tk abrm W/?- emits o photon inds Ko Cavhy  and Hon  reabsards

| I fo/‘ er Wu‘% °c4 c A ACuyum ab; Qe c 7w (‘)’;_@2
|+ af:ern'c man y 7ﬂ-.} ,2’3)% V. fQ 'Z-u.w\'a \70{"3

o> Y
D —s— | .
l5) —— $ $ ':i N—

E @ L= i 2 t=2m

T M (mmﬁUt) ex e budion o{ e gy hoderie,, He ahvn  and e Fhondrmn Ly
s G of e H«/Imwk ot W"I’w«\ opFi S .




CON{‘J'q QED
d

Uf( UWA C‘«mm'mfj %M i Qq lesoJ Wﬁwy\ S;QLsfeam ,,«{fycr.’f)vﬁta‘y\ ov[\ dto

o-/!lw'\ W Cau/vzvvzj ; T r”eoﬂ Sjslbﬂ\!/ Here is a(waaj a@(y B Qx«vmfl/@), ™"
an opticed  syshm, P ol can  Spmbancouws Jecuﬂ ad Hoside | ad o plofm <ay
(Céﬁ oal a-q)( OZL C—wvl? (W 17\ Q(OSorLcJ eSS JAL mf/‘/‘dv“)

D1 -

M, = =Rkog,

¢ Moa a |+ hg(G.a+0.a)

Two-avel atom  Electromagnesc field  Interaction

4 4%
for- Jva)o,'“% Ao C= F?ry_«; = Qo%wa.{/.%‘ \Mlm, C>> 1 on & sk
@‘0& ta JKF “S’J\fa\@ Q«fﬂv? V&@’mz(’(’ W'%Mz e, Cay M "”I@%ﬁ \Vac quw) Qa.é)/
OSci”aL‘aM [39-4\/2_ ﬂe_ Sjgl’oﬂ ’&44%/_

Comparison of cQED with Atoms and Circuits

Parameter Symbol Optical cCQED | Microwave Super-
with Cs atoms cQED/ conducting
Rydberg circuit
atoms QED
Dipole moment d/ea, 1 1,000 20,000
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Atom lifetime 1y 60 ns 30 ms >2us
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Critical atom # Ny=2yk/g? 6x103 3x106 6% 10"
Critical photon # my=y2/2g2 3x10+4 3x108 109
# of vacuum Rabi | ng,.,;=29/(x+Y) 10 5 100
oscillations
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FIG. 2. Intracavity photon number 7 vs probe frequency 0
for four values of N and with w¢=w,. Curves in (a)-(c) and
curve i in (d) are theoretical fits to the data including fuctua-
tions in atomic number and position. Curve ii in (d) is from Eq.
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