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The Possibility of Chaotic Laser Oscillation

Fumiyoshi KUWASHIMA, Hiroshi INASAWA, and Iwao KITAZIMA

(Received Feb. 28, 1995)

The chaos laser light has irregular temporal output and broad spectrum. The chaos occurs
above three variables. We study some properties of single-mode unidirectional two level ring
laser characterized by a homogeneous broadening. First we determine the various classes of
stationary solution. Treating the laser equation as three variables and three 1-order nonlinear
equations, we find the chaos above the chaos threshold in the bad cavity limit. The analytic
linear stability analysis of the stationary solution leads to the conclusion that in the bad
cavity limit the second threshold will exist and the chaos threshold too. It is a salient
property that they occur at high intensity. Next we consider a single running mode in a
ring gas laser where inhomogeneous Doppler broadening is dominant. The analytic linear
stability analysis of the stationary solution leads to the conclusion that in the bad cavity
limit both the second threshold and the chaos threshold exsit ; a salient property is that
they occur at low intensity in inhomogeneously broadened media while they occur at high
intensity in homogeneously broadened. But the bad cavity condition is necessary to obtain
the chaos laser light. Naturally the laser is classified by medium constants. The laser near
this condition have already beee obtained. But it is not necessarily useful. In this paper we
suggest that multimode oscilllation + delayed feed back is effective to occur the chaos in the
laser far from this condition. And the experimental results will be also reported.
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7 AR TIERERI TR CEBNER SN HEIR, SRICTFRIFRE TS & Rbh
Tz, Lo, A A (chaos) LW BEUZ LY | WISHEDED 2 T b FSEEEES K

LT TTRZERRIRE L T2 FM oo TE T,

Table T\~ ¥ & JICBENRITI SBRADOKEZ FICAN TS, B IZKET LV HDELL
ThHD, BEBRLV—F—KThHY, 1958 42 A Shawlow & C.Townes [1] =& b BT
B, 1960 4E4- Maiman [2] DEBRICL D, AT — L —H — 2883 Lie, BoOWIIN AR

+ WFIHH
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JETC, 1975 41T H.Haken [3] I X » CHEFARANS FRIS I, 1982 41 C.O. Weiss DEBRIZ &
T, He-Xe(3.51 u m) L —¥F—TZkL LI,

T BRI L BT IE, ROAY MUEREL, BEIfIC . ZeRsich A o —
L2 b (incoherent) 2276 ThH 5, FIMELIMEITI 7 o RO TP ML TEY ., Z2E TV
5 LR CERFE RO TH D, RIIBEHEICITS , MHEROS A F 3 v o ATFTH 5,

T L —F—SIRERS A &0 5 BT OB 3 0 | Bk & 2EHRSE (cavity) 12
£ D57 4— Ry 7 (feedback) DEME 12 L v Bask o, BEMICHEEMICH2E L
> b (coherent) THRELII R E | HAIMREIEZFL, RERNE T, 5ZRICKFHRETD
Do TOWE, 3WOIERIENEELEE LR LTWB,

BBV —F - B A AL, L —F-RIRREEL 0 b 1 H5E SRR Sl Tk
IR LD 74— Py 7 THETSD, R FUWTERANCIEA Y | BRI
I —b > FThBD, SBRMIZIIESkae— L2 FCh B, BT —F -
D EFOR, FNTH BRI NITHEFIZROET, BERUICELVTWS, AILEER
RIRFRTH Y 2R OTAHRALAEZREELCOND, SEIZZ DL —F—HF AR TRI L
THIz,

Table I Some properties and situations of thermal light, laser light,and laser chaos light

temporal spectrum coherence intensity K, distance
equilibri.
I thermal temporal weak © near
light ‘AVOV&VAAPAQL space equilibri.
;- i micro random
incoherent | fluctuation nonlinear
before 1960 spont.emission v w disorder
1T laser light temporal strong 0 far from
ther.1958 space. equilibri.
A.Shawlow 1 deterministic
C.townes o , coherent
exp.1960 W W regular order nonlinear
Maiman stimul.emission + feed-back
111 laser chaos temporal V 0 more
light /\ A /‘/\ 1 strong far from
5 partial deterministic | equilibri.
ther.1975 \‘\/ \'/ % coherent
H.Haken
spatial macro irregular nonlinear
exp.1982 “ “ 1 fluctuation
C.O. Weiss | stimul.emission - feed-back coherent

SE2E. B

BERRIPTZEE LTI 1975 4E Haken [3] 1I3B—IEA Y B—F — FL —F— 0D CW FiRMEE)>
HAEV Y Q fEDIHIREZZAF (bad cavity condition) D FCh A A0 ATHELERANTFHIL.
WERDT — VY EFADHEENE DFEEL R OH Uiz, iM%, T.Yamada, R.Grabham [4]
KOED T N~ T INHER I T I8 DT MIOWT, HEBEAZ LIEHEEIZOWTIE
L.A.Lugiato, L.A.Narducciet al. [5] {2 & D I FARBBET HBEROEFOREOETIZOWT
HRREREITOR Y, £ < OHERWDIZENITh, THL5HiX, 19854 Acherhalt,Milonni,Shih
6] 2 EIz ko THREWE ST,
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b T 2 MR TR T — R TR0 O, BRI — AR Y >
REOFEEEZ DL, V- OEKFENTETRGBTIL,
E =kP—KE
P =y ES—v. P (1)
S =y (A+1) =S —v,/AEP

BL, 7o BERER, ), HEEMER, o HRBEKX, S, REFSEBSAEE (Gt
NIGA=F) Thd, LB LHENBEE -
E(Z,t)=E)N(Z, t)e “+ EM (Z,1) e“* (2)
, P(Z,t)=PI(Z t)e ™+ PH(Z t)e™t (3)
ELTWD, 2T, ECNZ, 1), EM(Z, 1) 13 e tot ([T THawo < W (LT 2 EHERIE
T, POXZ t) , PH(Z,1) IZ90WTHRETH B,
So BRALSE S L FHELDEMNEL L, K1) DV—F—RTFRLEENEL, HeD
BRSO BRI BN D,
=T, () ROEFHEERD, TDEDLY THROREZEMEFR S,
(a) CWHR & % —RifE
(A1) So BE—FME (1 st threshold) S, LY /hEnLx

5=5,, EC'=0, PO=0 (4)

TEEREFRELED, fav—Ly MeBKRKEET 5,
(7) 8> Sy D& X

S=Sc1, P\)= P, EC)=E,, (5)

CTRERREL 2D, 7+ T 7 ¥ — (attractor) IXREREIR L A2V, 2 —L 2 MeRKX LD,
(b) B2/ LAREK &5 —RifE
R.Graham, H.Haken (1968) [14] I L VFEAENTZL S 1T,

S>> Sco=(1+ Ac)Sc1> S (6)
{BL Sop 185 2 B (2nd threshold) TH Y.

Ac=4+3c+2y/2(1 +€){2+ €) (7)

=771 ®)

’C“g DL EL T T F — [ IRERBAEE (limit cycle) &2V, BV ATR (self-pulsation)
BEZB,

357-: ch g
€— 0 )
DLE, Tizbb
TL =Y ' (10)
DL x .
Scz = 9501 (11)
L2y

ex1 (12)
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DLE, Thbb
YRy (13)
DL x
S ~ 1350, (14)
LB,

TR EEIIREDO L —F - T T D R TE P, LB DL —F—TIXEERT
BT D DRAFRETH > 7,
(c) HARRELHFAMNE

SoIcEEY EF TV E T ADNEE D,

A= S0/ Scn (15)

LB E
A-1>0 (16)

DHEPAT, CW BiIREZT50, TI TS 2 EFTwE,
K>+ (17)
&5 bad cavity condition DT T

AsAp= et RES 74) (18)
Yi(k =y =)

&9 4 ZBUE (chaos threshold) % A BEX B &, 7 b7 & — 1% &bl (strange) 7 b
Sy H—LRh, L—F T A RAB (chaotic) BRI LR D,

VIFE=&
YRy, K=3L (19)
DL x
A=21 (20)
Lile B,
LxL, 22T (Ap)min BIMFELT
Kmin =€+ 1+ /4(e+ 1)(e + 2) (21)
DL xE

(Ar)min=4+3c+ 2y/2(1 + €)(2+ €) (22)
LY 2R [3) L —F9 B,
HoT, CW L EELARIIBS 2 EAHET, “0ro A 1

A=13 (e=1) (23)
&ﬁT¢6$K&6DL#b\:@iif@%%@V—f—fﬁ£ﬁ$ﬂﬁﬁbéo
T T, RE—HERY DL—F—ZONWTERTHD, TR Y DE—F— FL— —

f:isl« VTR, R/l 3—= 7 (hole burning) FIRITL Y. E— F5¥B (mode splitting) 24T
EINDHZ LIZL Y, B2 (2nd thr.) 2MEF$ 5, B,
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Sco = 2 ~ 38 (24)

& 725, ¥7- bad cavity condition DT T (Ar)min PFEL Z4LAY 55 2 BE (2nd thr.) &—

B3 WY}
(A7) min =2~ 3 (25)

L7725, :
T AUEHEFARICIT 1971 4E1Z Casperson & Yariv [15] 124 Y $EEHE TR b, FEERIZ
1% 1978 44T Casperson 124 ¥, He-Xe(3.51 um) L —¥F—it &k ¥ EHENT,

iz, L—F—EERIC LAV —F-0NEET D, L - - OREEEORNMILD
L —F —D4¥¥E% Table I1 {2777, Bad cavity condition {23726, classIV ~ classl &
DERIZHTT B,

ClassIV DLV —F—iX, &> 71,7 £72>THY. bad cavity condition M7z LI VY, &
Tyl by bk ICHSTRNE WA, E, S, P OYNGRBENEL, ThThAEHLRY Ul
RBLIROT, 3ERFL 2B, ZOE %L —F 12k He-Ne(3.39 1 m), HeXe(3.51 i
m), FIRHFRERSHS, ZNLEEMETECHTRET (v OET) EONQOMIRESTHE
BEBDT, k2 +q EWMETORES ThD, > THFRIREELRLI V., LoLT
NoOV—F - IHEVFRLIIBZR,

ClassIll D L—HF —i3y, > k > q) £72o T\ 572® bad cavity condition &7z S72V>,
Fi oy BREWD P BAECHEEL, E & S KRBT S, Ei k>y) LW OFKHEDID
S DRFIEL, EbobhéniE SHE EXETLLIICRY, ANTERILD, I
T E & SO2EHFERD, ZDEHRV—¥F—{ZIIRb, YAG, Nd*, glass, CO,,
semicond.laser-+saturable absorber 2% %,

ClassII DV —H¥—X, v >y >~k &Y vy & k28 class IIT ZIIANED Y, EiZ bad
cavity condition D>HIRED D, ZOHREDL 4 BREWD P BRHESBEL, EL SD2F
PoIL72D, EDNTS 3> ~k DEEIZEY, S OEEPDLES E EEALRD,

BtkiZclassl DV —F—I k v,y £72Y bad cavity condition %535 < Bz L — ¥ —
LB, TOREX M by BRENVEDSH P LB WEL, E DHRO—EHR L LT
WROFES L LD,

ZI TV —F TR BUAANDREEL LTI dasslV DLV —F—i3 & >,y D,
K>71 4+ £V 9 bad cavity condition &z L9 <, BT A ABMELL EICEiEE Eifh
LV, L XBOMARD T T DR OBER, 4y 1L EAEGLD FH (life time) DFELT,
HFEVEZ LN, k X cavity NIZ photon D A 5 BFfHE] (photon life time) DL & 72 5 D
T, ZAUII S —DEFRREE LTI LILL > TRKELTE D, FHIE 5 LHERBROEENR
KETHEIKRT D L) 228 (gain) OKE WL —F —DclasslV IZAD I L1723, classll]
DU —F—IHTNBRE L VO EEEFIA L THNEMZ D ZLIc &Y, B2 3&LT &
FRCHET D, HNEIZ DI (a)loss modulation, (b)delayed feedback, (c)signal injection,
(d)saturable absorber DFEA 72 EDHERBH Y, YEEL —F— CO, V—F—-ETHWDS
F R QAY

ClassIl & TF classl DV —F — I BB TIIRVD T, v AFE— FRIREI¥S T
&2 & Y Ruelle Taken route D & 9 {2 2 DD EEEORRIREAEE (limit cycle) #1ED ., HAX
AT 5D TRV EEZ LD,

LbaE sl
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Table I1  Classification of lasers by medium constants

class I class 11 classlIII class IV
KL YLYy/ YLy~ K YLK >y K267
Dye He-Ne(0.6328[um]) |Rb, YAG, Nd°, glass|He-Ne( 3.39[um] )
Ar* CO; , semicond. |He-Xe( 3.51{um] )
Laser + Sat.Abs. FIR gas laser
single mode | S,E : same time scale damp.relax.osc bad cavity
condition
higher higher sensitive for higher
instability instability an external force instability
N=1 E N=2E,S N=2, S E N=3 (ESP)
P,S:adiabatic P:adiabatic P:adiabatic adiabatic
elimination elimination elimination elimination x
L E>S 1 S>E

1) £>51 +7 &\ 5 Bad cavity condition [3f# 4 D
L= —TOH A ARBEDOBUHZRG 2 HIMT H8EL 2> TNDH I L,

2) AR OL—F—TIRRAC/ IV ATEROSE 2 BIENE 1 BUED 2 ~ 3{EFIZET
L. bad cavity condition T TH 24 ZADRMUE (Ar)mm 7556 2 BUEE TIET 45,

3) Ky1,y PORABRIZ L - Tl —F—% bad cavity condition > DFEHE & BIfE X T,
ADDT T AT, TNENDOREE L —F —RE LTORDIBUVICTHOVWTERELT,
LA EDFEF, bad cavity condition 2>HBEWER 2L —HF — BID classll O Art, He —
Ne (63284 ) L —#—=°_ class] D Dye L — ¥ — Tidh AR BEIIRETH 555,

(1) classII izt L TI3RAE2 B — F—LLECBWEX® N =3 L L7 LT, ARSI LD
TA4— I REeEZDT L,

(2) classl {2 LT, 3%F— FLALD%E — FEMEATV > Ruelle-Taken Route DX %
THOTAHZA~ELS T ERHEDLEEZLTND,

U EDI A FARZEHULTRI 24, L —F—DHE%E 3ERO—FEMODHR L

LTHD L AAANEE D, ZIUII bad cavity condition &9 FfFDMFL, ZOFMFORE
LTS TL—¥ -2 U7z, B, bad cavity condition IZV N —F — T A AT 7%

DT, HEDFATIIAR, £2Z T, bad cavity condition £ ¥\ L —F—{ZDVT,
#71 + 2E— F(multimode) &) HETHARFE I THEZRIT L THI,

LRI S
EERIVFIZE S LTI, RANCEBANC L —F — DA ZAREERIT > oDik C.O.Weiss 5T
HY. He-Ne L —H¥— (3.15 um) THEHHEIEER (periodic doubling route), MR
(intermittency route) 72 ¥'IZ & B A ARELE W LTz [7), TOHK, & LT HeNe L—¥—
[8] . CO, L—¥— (9] [10] [11] |, ¥#f&L —+ — [13] . FIR L—¥— [12] HTHERHITON
TW5,
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ClassIV @D L —4 —|3 bad cavity condition Z7= LB VD T, HEMBEEICI AR EZE T
LBV, 7o classlV IZHBEER3 LW ZE THAARZREILBVE S XD,

U Telasslll ~ 1 DL —F—XHBEEMN 2 T 1 20T, MEHFEEZHAVCERE
Z3L Rz LI oy, T h2mz TE mELZ XLV, Classlll DL —
W= TRIANCER L WO BFEREFRA LT, SANZNMZ D OB THA RIS, Bl ZIHEER
i# (delayed feedback) 2 5 HREICL>THAF RIS,

FAUIKT LT classll O L —F —IADTEETRODOT, #HEMNZ D DL TIIAA A
12570, £ TEE— F(multimode) {2 LT, #/1&MZ 5Z T Ruelle Takens route D5t
BTDHIETHFRIIRDZDOTIIR N EEZ 20T, He-Ne L—F— % classll DL —#F— &
LTHW, 2E— RE&, BIEmELZHAWT, ¥4 ADORBAEOFREHIZ OV TER L TH,

3.39 4 m DXL EFE (high gain) THDH D3, 0.6328 4 m DHIX1.1526 L m DK LFE L 25
DT AINX —HEA~FE S DO THER D20,

HTPEEET 4 ~ 1057w ~ 1 us), k& ~ 10%(Tphoon ~ L t'8), v ~ 10° L2 BDT
classll DL —HF—|Zi2 5,

IDOL—YF— I NE2M2TH, HATERTR2VOT, ZRFET T A RIT2 580,
FNT ZBE—FRIRE, ANENMADILICEY, BRHER 3D HCTEHZ&ICLY, IA4R
PRITEEZHATHS,

M,

Internal Mirror
He—-Ne Laser External
Mirror

Fig.1 Experimental setup for temporal behavior observation

3-1 ZR®

FEHRE Figl RO Fig.2 (T77,
FETRRIBIEOREDRHL, » 7% — FL—F— % LT NEC ® Glg-5000 #fiv>, %
F— FL—%—% LT, NEC O Glg-2034 iz, XHAOBRBIZPMT{T-77,
Glg-5000 I3tRdsf 20cm T, Glg-2034 ITHIREER 50cm DL —F —Th b, 7= XIME
FEOMBIIRHEZ THEIR L TORVDT, 4% AL 28 X TEERALE 25 LEHR
HLHLEDbND, ZOEERII Figl 17T,
AEERIEESEREEE THOV LD LR UL —F —TfTo7, FOL—F—Dk%2 77
7Y~ —x 4 1l (Fabry-Pérot etalon) (SA2) ##L T, 74 44— F(PD18S)T
BHLz, o7y 7Y Ro—xruiiartue—F— (FPZ1CV) ([CL0ES 2
MICEZ D, ZHUTBEORUIHIE L TEANEDD, TOBEIEE L L TR LEE, =
AU DEIPELDEFEHC, AL nAI—TOREIbL LTS, iU Lo CEBEHEIE
DD, RBE—E— FL—¥F—DOBEERIL5.94mA & LTS, £F— NL—3—Ti
BEREEZ N7z,
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—] il
LHe—Ne Lase;] J ] 1] PD1S
Single—-mode :
Gl1g5000 External
& N)(li rror FP '——
Multimode Resonator
Glg2034 /\ K
EX-TR
Controller
FPZ1CV
Fig.2 Experimental setup for spectral analysis
3-2 ERER
Fig.3 (ZWHEEIE 2 079,
N TN MANY NN aay Fig.3 The laser output of a He-Ne laser under
. various conditions (5 ms/div)

HEEN
T )

bR SR G I
'.“l’.... (a) Multimode laser oscillation without external
.-.‘innnn mirror, 5 modes, L=50cm

HEENEEEEEEN
TV P P 0 I Y
' WJ*'V’IY}NJ&M ﬂ.}u Mm,ﬂm‘ﬂl“ (b) Multimode laser oscillation with external

Lu]‘_ dECTE ] T mirror (R = 95 % ), A L = 10em, L=50 cm
A ] ] S o
ENEEENEEEN

(¢) Singlemode oscillation with external mirror
(R=95%), A L= 25m, L= 20cm
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a) TIIFMAEE R ANRWEE— FL—F—DHAZR LTS, BEEEELTWD,
b) IS ATz, ZH9TDZ EILD, 25— FL—F-OHNBMLIELNL TS,
c) TIHH—F— FL —F —[ZAMFEEE ANZBIZRT A, b) I _TRL i3 b iguy,
THIZE ST, - FERIRLABEL - THAARBES N EEZ LD,  ABEITE

IR U E TR NS5 ®BESY LT TV o I ERAVETHD, TAHSELELITE Y
TWBDT, FEfrEx BRod 506 kEZERbng,

Fig.4 X TF Fig.5 |\ Z BRI 2T, Figd 38— — FL— ¥ — 2 KEEK 5.94mA & L
THWRORERER ThH 5,
a)iX 7 4 — K3y 7 it XORBERE TH D, B—F— FL—F—DIXF72056,
AT 1 AOBBER LW THIN 2RKHTND, ZIUIEDOHIZLYZE— MY
W <HRICR > T LE-TEEZ NS, Ll FILTHAEBEMIZII D20,
b)IXTF T U IZL DT 4 — Ry 7 it OB ThH 5, a) i~ TRIREIR D HE
ZTWBDHY B,
)X U AR ENHEIL LTI 4 — K37 DTz E ORIRBBERETH D, 20
EEIXb) &L 0 BICEBEAE &, IRITERIZ > TV D,

T CHHMEERA 5.94mA & LRI a e L TATHLERRICE, RV BIERLA
Rinods, BITEEEAE BT & FICOWTOERBIISHORE L Bbivs, oINS RRE
AL (HEYSIZRD TN, THHREMES RO0 208BRH 5 L B b,

SN0 SRS SORS MaARe JMAEE ERSS SRR DA Ml
SRERRERBRAE - oo

s (350 Mt/
s
UI!HE?IIIINI!
R

».._’)_bmu.s. [ SRy Wt

(a) Nonfeeed-back L = 20cm

(b) Feed-back by F.P. resonator, L = 20cm

Lﬁmmmfm;NHm

“H.mm’n.“' (c) Feed-back by F.P. resonater and external
E' LA i mmrﬂ fﬁf‘ H mirror, A L = %cm. L = 20cm

f‘luv‘ ‘ AAAAAA

E@WMWWW%@W@|
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Fig5 I¥%E — FL —F—DAXT P ThD,
a) X7 4 — RNy 7 BT RVEED ALY M Th D, %F — FOBEAEEICH TS, o
DIEOE — REFRBIL300MHz TH 5, FERFRBIZITE D 2o T D,
b)lxT# O AMUC L BT 4 — RNy 7 2o & XOBEI Th D, a) iTHAST ALY FEA
Wiz Tz 5, ZZ TREN 2 B> TWDDIIEEO AL XL TREEXT, I
A Utz L b D,
It AR ESBIHC LD 7 4 — Ry 2 20 L X DR Th D, T OHAIT ALY
MASEE & 7o T D, ETHIE L TOTH A~ bAAFIIER LTV e, ZOEBRD
b A LIZESIC L TRV n, EORGRIEEZ WS LERH B L Bbh b, £mieitsy
FEFLNZVDT, L—¥F— 2§ L TUHEE AL ST & & DEFOLIITONTH RS
VERD D,

,
1
RN RN R SO NN (GO I

Fig.5 Spectrum of multimode laser
(86 MHz/div)

(a) Nonfeeed-back L = 50cm

--- (b) Feed-back by IF.P. resonator,

’mul M‘iﬂm.-. L =50 cm

e L | |

i y, DS
&émmmm?‘,“
NN
.m (c) Feed-back by F.P. resonater and

external mirror, A L = 5 cm,

L = 50cm

gl
gy T .

4.5

‘V“*f—ﬁﬂ‘xj’ﬁ@%ﬁzélob TR TE o, L —F—DphiEd P T Tz LoT, L—
V=& SEFFHTELD & bad cavity condition Zili7=d Z L IZ L > THAABEX B - &
DRIz, FHToH A ARMEORIMEIZE 2B L — BT B E L -7,

LA*L. I bad cavity condition 1% classIV DL —H — DIz LAMEZ 72 DT, T
BELWHIRR & 725,



) n - 0
POWER He-Ne laser PD
[rowen}—o H— -

FP Resonator

Feedback Current

Fig.6 Ixperimental setup with a delayed feed-back circuit.
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UL, cassl~IIT DL —F —THTRIZL - THA RIS T &b H-7-, #FlziEclass 111
DV —F =TI N & S BAFIH LA E M AUT RV, F7- classIT K class 1}
ZE— FIZ LTI EMZ AU RO TR0 E E 2, FO200MB Iz Ly, 4

ORI VHIBIH T SO TIOFBEIAASEEbh 5,

SHOMBEE UTiE casslV DL —#—R classlll DL —WF — {285 Thd b A ZOGHRE S

RN LT DHD Telassll R class] DL —YP — (2 LB A ANORAEE BEL Li=u,

RIEZOHILEE LT, SR 77 7V N —x s u v 2035 HEICMZ T, Figb O
I = —DHNE T+ M A A FTR T, WA T2, FOEFTL—F—0

A WA 5 2 LIS LD DA AR AR D Z L ERF LTS,

BEH
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