UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATION

ﬁINTERNATIONAL ATOMIC ENERGY AGENCY ﬁ,
INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

LCT.P, P.O. BOX 586, 34100 TRIESTE, ITALY, CABLE: CENTRATOM TRIESTE

H4.SMR/984-21

Winter College on Quantum Optics: Novel Radiation Sources

3-21 March 1997

Superradiant laser

M. Kolobov

Department of Physics, University of Essen, Germany

MAIN BUILDING STRADA COSTIERA, |1 TEL. 2240111 TELEFAX 224163 TELEX 460392 ADRIATICO GUEST HOUSE V1A GRIGNANO, ¢ TEL.224241  TELEFAX 224531 TELEX 460449
MICROPROCESSOR LAB. VIa BEIRUT, 31 TEL. 224911 TELEFAX 224600 TELEX 460392 GALILEO GUEST HOUSE V1A BEIRUT, 7 TeL.2240311 TELEFAX 1240310 TELEX 460392



Superradiont  Llaser

Frilz Honke .
Caysden fﬁ!j_ﬂr-/ e
Chude abre
Hcoborh @'ozwf/’mj/ /Bris
Sorge  Keynoud

Murek  Kas Worsa w

MK



Pfqyfzw

S, A Pt rodle foon
2. Deseriotion 4/ e moaed o
e SYplrre oiont Loser /fﬁ[ /
7. quxo'/z'ﬂ//f o/ mot, o gf e SRL
4. cgf/mﬂ’{/] pfgz:méec ond CowSrINFe
of He motion
5 Admissilo m/yaﬂ/m‘f}/,r’c/ 000 Ty
6. Zv# eogpera %’1/,'9/4 . guomtym fotorions
7 [fadio! av/opm%‘z/,f/ .
o) quondm Ao tvosioms
£ ) onclysisc g/ He oFomic
Lot Spore
8. Spontontars enmission
9 ShiHed /myz/é/fz}/ SOt s

SO, (opilusions



5}//34//0'0{’092{’5

S’W/‘/o’o&'d/y(f = (’&/éz# ve .9'04///0/7!&?.!’
omiseidn | Dicke | /954  Gross, Marcehs, SH2.
iloroction of N wo - ovel ovims
/z}m'//alj gxe fed/ / wih o ss'/r//Z
/ /ﬂﬁ/oéd// ma? g of plocy romagnerse
0l

71
/

4 ~w?  Lppridh 4N

/950/&/7 Srtistess (’éré 70
COPeron? /e



Comar L0505

[Xﬂ/f/p//fﬂf ot ond moneatlerve
priecces o Losers; N dar- bel

oumse o /’m//zd/z« + coseren? pump
2 Riech , Atorz

laser /9, 07 Zoller , 1952 /

4

spon o/éf%g

(0octive o omne ”ﬁ/)fm rors

N
e 5 o 5 S )
G257

Inttracttns Do 7 and ) L
are  collertive

Y. /g, -5,/ # *éf%% ‘éfé}}

Spont.  emissirr L ool ve
% - p A
R J//Z' - 175

/e yptra 7ors ,;/ ol ool
1SV /S



Lesulls of norca Corrlve  wtoworion.
wdiotion of e Kowow ser

oosn it tve  Hhe Aoty of
Supe ol aome

1) mlor z}/r’éﬂs‘,}} T~N

2 / bpow' b B ~ come#
/ /}2/&/0&/)0?/)/ &% 4 /

3] photen sFishcs - photaanen?
s SHASACS

M"_J\ — D— 1) (['4/___ s d:f/@
% i RIR)> = s 1)
+ cons/ /( 0/2/0%/0/ “feo /Y // 5&7 #

7 ﬁ"*z’y — (s @l

/p”, /é%: = (/&;/ élw(//ﬁ/‘f/‘/) -

<i> poise  SpeLIusr

Y2 )

/ Up ‘0 52% of
', Shot- el
v



S z;aé//o'o//mf bser

Wit shol Jagptn Wl He forkes
of He lser oo /;/ o

Ao presse s o Gcer ore
oor?s ve 24

N tae- ol orome /W/z?

/2 Sonon ('m//r;/ g

oclie modle - Lser
pam'z/e wode - o/ e aéa%

(oser /9, o)

panp [2) p

/ ASSIE /fﬁ/

The Homilonan b Ko crtweton
/9,'('////6

7Z/= 17/[_Q @0'50;) + 17, 0’% —0@/%
y z%/ﬂ//vg —/’3;1/

{2 - é’?‘?é”f/ﬂa/ Yl %?é/ ,

2

0__.._.



. Jiz - m//:/ g constan’s

a0 ond 4 £ - omihioFow ovd enFion
a/)m'n/ﬂ/r /ﬂf S aslr  ond
PSSV Mo A2

[0 a"lj:-///'f/J: 7z
§- 257 Al -

colloctive orfomie gperrors
, polri 207 0ns

- otbetve vt ons of
(% /ﬁ/Z/eZ

’./ A’// /‘f/ 0///,'-%

Ho:sen /ﬂ/f bgua Aows /i/‘ oo

s =(I)[#5 7
and //ﬂrﬂﬂdé /-—- L a?@/'/? éﬁza/ Ay ,/ﬂ/ a, e ,

a = //z‘/ H o %/70/,73’/,,,
£ = //////{]fﬂf/i//”



/0

7, o/
/ﬂ%fr = k7 7}7""%’ fal‘?‘/ ’

W) - - g 4+ 24 //77 -
7—2 t'/'/' B / 7

roto wotion Foms Wi [mzvs'/ww{ s
quetr LU n /wyg Ve / e s

T f = ond 74 /4/
[ 79 7;/7_/ = <qf gl =4y
Qulpr = <G 1> = <l etV =7
Thoso /ores geaarree yhat

[, oHY ][, 447 -2

/%’ﬂfz?//t' !//)///M//wz p/ %’f /m_m'nf W&é

b= (W[4 4]+ [ r -
o 2 R LA

Ve dssume dot g » 4 et
40 and obh:r



o fBr o/ /? 4
./::f— 2;‘*’@’{/7%}?}/((/ y

£ /;y 2di0lod, ‘m/él ;/ﬁ//&.rs’ e

wolloctive otomie  polriarion
o Lo O Jonsow

Now wp subodfvte &% w2
ho  Hosenborg  apvotions for 5

Lor ._02‘0»:/9/! ,f .5; = ;‘-'///, _g} / -
:Fﬁé‘?-‘g’/* 12 9 S '/9/‘5/;/:

= ——.Q/f‘;;—d;j-fﬁa‘g/ - ,Z./— %% +/%Z//
07,,’/ g = f - colbbotsve
dome  wlozatiom e

S -25-%) b
4/‘2‘5;/ - ‘?/‘57/

73

/.

/
ponlptnr “orm /77///4)9%0'/ Ao
V /R



- , /
Uretori 7 &/ 000rarors /s meiriany .

7 cap wr¥e /.g st
d/ Se £ focauwce /

ond S,  commste
Thon 0 bme Fo  coliiute
£ /ﬂ/é Bor wi he /&7///»%

SR IY TR
= V9% Y s

Tece e féf/’f_{’ ore ey Ly~



otal 5o of %3‘("/15?7 - /07%}7
opuotions  JSor A
syppodiond Lo ser

'22 = /Izo'fdl _‘Qﬁz-w/-"/‘g‘g/ —‘/{}'_‘;;//
& = mel55) 28,y 5 - VT 4G

R A KRN A AW
S = 2 (505) 5 T g 25 ) .
S, = R [o59%)- 155G (S 55)

_3;_-.— 2 'gz*ga/"‘//z /0"5;"‘0-/75/ ;o

-;_-%25‘/2 - gO'%‘/ZZZo



M%Meﬂ%mﬁﬂ

@) aasianctg  upotr o /é{(‘é # ,//
B of He tom
£ g

fa - & Zo ,// -—)é-"%// /'
3 '/ e o/w/m/af_f

Q=-5¢
C, =2 8.8,

2 S
[3:{/%}'5\754"5!;

commute  with e Aomilioniony
ond r’imﬂ/d/e ore constnrts of He

nobioy - comenotion & L =
tonsorvotion & te mmber of oS ;

(y ono/ C; o e Lo, ﬂ/éfa/&/_r
¥ e goup Yz)

[Ce, 5] =7



wo  sholll [’d/f/}fé avrsolime 7o
7/4@ S‘ﬂ”/(’éff/”/ A'ﬂ/// , /V))...{

Jé-,o;o” > X=Xsd¥

X - cloge,col +orm
IV - 0/,10/07/&/‘- volos o’ [////z'//a%‘wy

Yo withiy cowctione of wbtse
ordpr L/

’
é

G35 | G-Z5f-an

0.0 - perots mj oM

//m'.c‘f///é m&/omwf v 504/ /SD'@’M'@{‘/ZS’

j0 4 ﬁ// sely ozmﬁé% Ao othssccol
sdlutions S, must sv/,'p/é« v 24

regu e ments / af quonim - mockonicot
o1 g7 |

4 ho modriwe S Sormed from .5/_//1/
st So wonnomtive  formKan



2) 2.8 =N 4

lhese ey //y/pg/ Hhrep
Schwortz’  inegualities
9 <GS & £
More over ey et some

/

pelriotions  on’ He (’M/SWD;‘{‘V/'I}
OO WIS Ly, O

Firel , W2 op wrte  ly, Oy OF
_ 2 _
(:?=2//'5 ; 4:7}.5.—? .

e p,'/imfa%m; L iofz3 & 5
mus? Lo ol ond nonneparsye
ond  sa/isty bbby =7

7,
(‘2:4343‘421 4:/2{:{‘4?-

Fom I we z}zmoa{'a/c’éﬁ’ ﬂ/@'}f
ther 7

/ >
S <L 2GS

2



More oy ot ! tor grven G and
N o IS allmed {0 wnge wirhis
on  oamics bt rogon. 10 Arnd
his mgion we #r/e 42
thoroctlrictic  payromal of §

Ly // = //-/z 4 -4/‘//“'{‘/ )

ond uso Hho Mwtoy Sormulb s

| Vostomcks | Shré, <) 70 ewpress
“Hhe mﬂ/,’/x/'z:.w;/r of “Hs
/Qﬂgd////ﬂ/ﬂz'ﬂ/ il and o5

e 154« Sl -

whore /‘:‘/-Z-’_z‘.?_:! . DL r &L

V44 f/p/% o /fé /mm/ Z’//‘a.a/, VY7

oo me Ao,

T Hrwe roofs & LY are wel
ﬂ/f/g /;/ e s Z/zm%

/ 2
~_ 4. £ Sl /L
A= #2773 T/& 7



/'A/'S‘ ff'l/!.{'
_’/*_é/‘?_ 2/‘3 - Atf/'ff ?fg

In  odlioy 0/99%/}/ T4e
Larmitz crferion | Nbrokr £/
2 he | polgpmio? Y, B
we find Cthot ol wote 4
ae  mmegatie oty

r?< O

NI
Jnee Mo oomicr, S wyion of
he cogperdtivily  ppametr s ss

//ffr"—fr-’j/y RN re 42
/2

< r <1

(‘3_/ r) =

(,3,1//_/ .—.-//f{'/‘szr-y/ﬂ , g <y < /£



G (r) =

(1+6r2—2r%/9, 0<r<1/2,
r?, 1/2<r<1,

cf(r)=(1+6r’+2r%/9, 0<r<1.

1.0

0.75 t

(’0&%/ Vréy //

Z/P/Df/
/ LU P f/, f

\

!

/

cooperativity parameter cy
< =
o o

’6//_2;" ///Jc/r c;éf /‘f

+
Cs

A C3—

] ;
- -—
/tf‘"

I?Wém
L

0.0 .
0.0 0.25

0.5

0.75

participation parameter r




“

ut/ z‘w/:m?%'m? : quamyry ,%c//mf ons
Introde  vae  dimencontbse oo metrs
c= % - dmrsiontbss (’M///y S /«%

"“’/
. ’A;ff s - g/éa{m oYy 9@7/% ,
> = Y — A owl o
g

5/0/20/70// clossicnl  solorons ,;.-, o

2
S/W= 2 /fc Gl = BlE , W=
G LE S p /5/‘/’{7322‘»
G=-N/LLe |

L+

4
a/?

/1/
254
0




bty i
0/3// afﬂ //-f ,/1/// ,

74/0 ol wm/ IO L N Y
pa//: a/ //w//m/, ons “ane acoupd? of

‘5’/?. // f / /7/ —> j;_ / //9 / //0/7%%’%&/(5’

Yerm
We /Dﬂr/ﬂmf /Ao /-;///J er 7/0'/?5’/9/‘/)?

/// Ja//B W

ond oftan 75’4 /. near Y //@ ‘

Py/m/,m /&r 2 /// a;m/
g // / |
L nd /é{ / //7/9//7/ - ﬂ/n;?//% /zw.c)//

ol = 185 Y~ fol?

j considor how B oo oo
Lm o # ,

/. .
(j >/ or /12/ 2> &,



Wo  colouthls no conetstion fowetions
g7 4,5 — o) 1609 /0"

/ﬂ/ &> J
47 - o Lwmowdd o Ko toger

~ . o5 5 sise

/0/2 /o‘z./ffff (/- 542 /? ,

= -/-ff

g2y ~ 2wvE

75/6 d/flﬁ/ Syl //z/g/Io/ o0 Spfc’f//?w/

(Yl ()5} =)o ""’/// ,/f;ﬁ’
—/}5 L s et ,

F4C-2p

_{ /- < -
5,/5 / ’ VI 27p/_0—/
he Py ;,7 /Z/x/c’/ 2z
p>2, o=L Al ,74///;//%



The squaeing net, on

4 ry/éé?zﬁgq 7 )

P T
%% S L LLLLINRRRNN

S(c,p)

0.5




Fordiol o0poY,; V,}d/y

e §7§)/ﬂ/}f o auatsions  of mortos

/ﬂ/ SHL  fos o /sw'///'fﬂér !fﬂﬂéry ,
Hom o solubon” S4, o) for

Vv ootoms in ful  coopemtiv, sz,
. e, 5’;:/’\7/ _(‘:::/&’2/ __”;:/73 , e

on  construct  THo OoHPr soluioms
ac  follows :

SH=LLL, veSpp, ofy-ea), o=2L

J

‘gl%:%// ) %%:;‘;/‘/) 'g:o :51'47’/ e *—(J

¢ =/ 0 P 0y -
‘5;2(9 = '1"-.:;7‘] / 5;/;/:-72“:";// g//?—‘ﬁ,/_’i/) e =~L,

Smte———

We regaire 2 SE =N  owd o

N =rN . <l new coltione ane

constructed  #rom sotutions Jor
smator number of ofeme Ly
ful  coopertiviTy



07 e=-+1 e Ko 42

o)  ECFIME
4 ) 4- /{”y/s', Gr=a51r) e
(ALY ﬁwo@(}// ;

For ¢ = -/

/

) lhaps < 5t< s

<1< 42,

f) y -=//+fy/.? , G =<',_/r/

£ /
T///!Z /&//"f/‘ //.&1//’0@ r7 )
/

5¥0r§’aﬂ%y 2 s ons

Rostalod poia mers N=rN, P=p/r ,

“g/i‘frﬂéé—fz fz/'/: —’/z/ﬂ'g;




NI —23 -
Hrnprd 170 ,——/f.ffrf/;’zrfzﬂs

7%8 / e w' i ond e 5’9"///&2?
9/)2[7/////7/ /ﬁ/ /j&’/rf'ﬁ/ z'ﬂgpémrf v i
are  whited Fo e Jfor S

(MMM'/X// 4 .C’/#p/! wcol: 7%

= F e/ (51l )
¢ G Y% T oot 2/5"

4 \% ~ 1 /’7 ? , /l7 =V
S22 2 '/22
o[, --—/f/4//%w// S f
L _ £ SH s
= s Aﬁ#‘l ,

F- 25

5/"7‘/ = jz"'/* /_f,; 2 "/_7/;;2 )

Al idal Spuerziny for a0, ot/




.%10;{//5: kY ,J Als o V ~ 24 -
"Hil Loy comoz

- o

,!’_/' fr;— -+ r/_i} } ord :); - :%: @re Il
onts-Herm. 70 /FM/&/&/& oA e W 7z
Vs) ;i O ond 0 am e (osimir
operators of Uf3) , commute w7

ol gnerotors | [0, , $ J=2.
he ofomie Hilbert some .

C’N e -
S SHats /Af@/ij)z /4,;‘»/ L, K=

moy b6 spllA .t /n%@/ma/ gy ces
the (osimir gpemtors / T 18 7
subeppces ). Foch irosons subipone
/;s/j z///;y/ﬂf/ .¢/9m//:¢a/ & & Youny
a wmpP

*~

—
”'ﬁ-—J ff"l ll'l
”.L____.”' K—e— [} ~——3
e & = m,-m,
. y = 1y -y
< /772 >
< - /77_( > ”—14”2*”3 ’5/‘/



—

The bosis stbs an & govem narant
subspace  ore reprsentd by Yourg
trbowz .

tey

-{ !!ll

\\\\, L
I

!Qle

LSS PN R

e dimens, on. o/ A o gien o .c(/&{c/oae
(8 qx/ﬂ/ 70 ) Lo, Raraly 257 )

5./: jf @,‘d/&z#_{)/&'_,%&é +2/ Y4

tanct on m{? & & and &,
T -bpz colamns /aé/s', ngr  elvar ¥,

@/yszr with e, ly ond G,=4,
O =4y have Hhe Same oimens.ons,

Howerver | phys cally A HanS

- z
. VgD Sf

N D Q-0.G-s. J-3

Y
£ 12

Q=4 =0, =3

1o

uncamental sw/g/pagy ¢



Som;clpes; ol Lt , NS R

he Sown //&' e  COrOSp ondt, ng
40 e 4pplr /aWé/, ond A///
boundo ries  of COp -

—— —
" “'D__ d)_{-f /-’V,
it \, 6/! e /"“JZ = & )

i | & = 0
o Gyeri 0¢ret

Loconse wed I
Qrome

Zy A

/7&‘&/ /&//ﬁ ;*/.//M'J/////,
JEDIESEN Lot ene
D - br olimrs o /Démm//}
//m/?z/&w/ . The (f’mﬂk Aop’ Abes pézz
pulsiale  HJose Sbes. //7(5/—

N-3my = Q,+28, otoms are /z'/oﬁ//p,%
for the evoluton .



,5'/0&0/0/7&&1/5' O SSOn I

From o  ugper lw! 2 70 el s
wi'th e /87/6’/5 , /?((/?, &, .

/{.7!"2/’2/:;0 = ~fe */7_:/{—,);/‘%
/‘g’/”%’ = el -/g'/?'/{@/:.yyzﬁ )
(Bl =~ 1S

| /Zg’/'%o =7,
(B IY%a = 5 G245 5%)

AN L v,1/2, cpond. em. ~ N,

/&r N»4 Jf’/é mey (M/’ o ourselne s
0 / - 7,
Howeover  po? 7@24 Hrs Lt //fdﬂ/z‘?
,{4 Y from #he onsed,
Spons emission  Hemks Jf3 Symmery.

A
""S.;afdz‘g;o*‘g:/f// yz:"’-&é;/j'



5/0/ ionogy soly, :M , o) =0,

Oy o =0 ; =0 #Vo/{;a
/1// Hoo /ﬂ/ % r‘ o oto.n" rmo
Londitsons pmf az/.r'(/ /9/%9@/ Y/
conserv, & G ,C5 ; thow LA / »2.

Sinw = ¢ oot arn for o

/ Sromw Aot = 0/
W) 2 gpfee) 2 e pTifpe) = 2

(%) e%ﬂ/ o /1 Ly

//'*// ‘v ;

(z WV? /M/;&ép“('o/
fZ/Z@ 5‘;//0/?: .?:,:2:“ .2:?_—2' _:-7

oo cap Lo viowed ae  Vor dmy
colutione wih ool o0 perts Vir4.
vh  Soml /90/// catlr M’///é &

z //’fjéﬂf Al R

0:01,/57,/ .




Stationary intracavity field intensity and partici-
pation parameter vs pump strength p without and
with spontaneous emission
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Squeezing spectrum for the amplitude quadra-
ture component without (dots) and with (solid)
spontaneous emission for the "alpha” solution:
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