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OPTICAL BISTABILITY EFFECT
IN IOMOGENEOUSLY BROADENED FABRY-PEROT LSA

Phung quoc Bao and Dinh van Hoang
Faculty of Physics
C'ollege of Natural Sciences. Hanoi National University

Abstrad: Stationary properties of optical bistability (OB) in single-maode hoinogeneously
broadend Fabry-Perot lusers with saturable absorber (LSA) have been investigated on the
basis of ne rate equation approzimation (REA) with allowance for the spatial hole burning.
Two typ-al aspects of hysteresis curves as well as their characteristics have thoroughly dis-
cussed a.d clearly illustrated. The presented results can be valid when the photon intensity
is not to high.

Casiderable progress has taken place in the last two decades in the research on the
OB effec [1-5, for a forthcoming review]. As a sole active system displaying absorptive
0B, LS: has been extensively studied and improved in recent yvears. In the preceding
Iigipt-‘r [6. we have presented the OB operation of LSA with dominant inhomogeneous
broadeniiz. As for homogeneously broadened LSA, the OB study reported till now has
not beer completed yet. The aim of this paper is to investigate the OB effect aftey
ll?velopi.-;;_ the REA for the analysis of the steadv-state and stability properties of single-
mode hoiogeneously broadened Fabry-Perot LSA,

W consider a Fabry-Perot resonator of length L, directed along the z-axis, mto
which tl: amplification and absorption cells with the same length [ are inserted at the
coordinass a, and »y, respectively. This LSA with a homogeneously broadened line of
ll:ﬂ]f-w_i(lfl I' can sustain only one mode at the circular frequency Q; = mm;c/L (m,
iétegei', cvelocity of light), which is at a distance A, = |2, — Q5| from the gain spectrum
senter €. In the rate equation approach (REA), such a Fabry-Perot LSA obeys the

followingequat ions:

%}L = —x,n; + {(n; + 1)Byg,
il
i'.,+% .rb.-+-.1j
/ na(x,t)sin® (m;"r ) dr — / ny(x, t)sin® (mzj: ) dr
: T i J'-!-—é (E.a]
2 o i R maar
E-%-—) o f—j—’ ~ Nalx,t) {B{,‘FI?J‘, sin© (mz?'z ) + "m} (1.b)
Cup (7, t ; S e
E%L*l = Ij—! — np(x. 1) {an,—mn‘? (?TTE, I ) + 'Yz.} (1.c)
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Here n;, x; denote the photon number and the losses of the lasing mode.. B is

Einstein coefficient. g; stands for the gain profile assumed to be a Lorentzian:
["2
9 = T2y 4002

nq(z,t) and ny(x,t) are the densities of population differences between the atommic u;
and lower levels in both media. The standing wave patterns and the spatial hole bourni
Fabry-Perot cavity are taken into consideration by the sin’-factors. Ra,va and /Ry, .
the pumping rates and the decay constants in the amplifier and the absorber, resspectis

Let’s introduce new quantities of the form [7,8):

zi+4 Tit s :
i 2w i
N, = / n,drandN,; = / n; COS (—-—L—L dr(here i stand for « or b)
Iu"‘é I'l_%

The related equations for N, and N} are found from (1.b) and (1.c) by imtegra
their both sides with respect to x. As for N,; and Np;, the same procedure is ca
out after multiplying the both sides of (1.b) and (1.c) by cos(2rm  a2/L). Regroouping
obtained equations yields:

d{% = —Xxjn; + %Bﬁj(ﬂ.j +1)[Na = Naj — Ny + Ny} {
dj:“ = R~ N, (%Bﬂj”;i o5 'Ya) + ';'BF::'”'.'}NGJ (
%—)}‘i = —Naj (%ngﬂ.j +’?a) 5 ;}BH.ﬂ'ﬂjNu *
f%:’-‘- =Ry — Ny (%ngﬂj +'n.) * %ng”ijJ |
% = —Np; (%ngn_,- + ‘]r.t.) + :]l'By_-;“-;N:.

The derivation of the equations for N,; and Ny; has been done under the cond:
that one may neglect the terms of the form:

rotd
! dmm;x j
/ 1, COS ( L? dr {here i standsfor a or b)
Sl
iy T

in comparison with N, and N;;. The range of validity can be estimated by evalwatinge
relevant integrals in resonance. The calculations show that the used approxiimati
justified if the LSA photon number is not larger than 4.10'".

Setting the time derivatives in Eqs.(4) equal to zero, we obtain the steeady--

equation:
1 1
Tq Hg}QJ 41 Ty };HJQJ + &
1 B - 2 :
9 = 39 (Q’+;) 1 2. 7 23 22
(;y;Q; + 1) - -S*.r.?fo (;be; + E) - g.f;fQj}
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where:
I3 ; ; ,
(.JI. e v _J,r”i mode mtensity wit ]y () St M
DR, B Ry, : :
o, = —— and oy = —— - laser and absorber pumping rates,
fldE? < X
i T i . o
£ = — - saturation coefficient.
Ya

Wih a relative error not more than 10%, Eq. (5) is approximated by a cubic

équation:
Q} " g f]'g':,.);! o fI-_:Q_;' + ay = (),
where
o+ b,f f
= — —(¢eg, — bo
hl'."_f}, She ( it !J:]
£ G=c
T c
i = 5 — a g ﬂ_,
-~ beg;  2bcg; £ 2
”B H
= - (€oq —op) with a=0,980,b= 0,592 and
Qb{"-‘-”,!’}

(i

(6)

c = 0, 550.

Th: OB occurrence in the LSA under consideration implies that it’s steady-state

equation nust have three distinet positive solutions. To this end, one ein solve either (6)

§\ variatunal method or (5) implicitly by numerical caleulation. The analytical results

alow that the OB may occurs in a certain range of laser pumping rate a, provided the

LSA parancters £ and oy, satisfy the follwing conditions:

—abg;o + \/abg,o,(abg,04 + 8¢)

E < Eluﬂx E 4b

or 9
: Op 2 Thmin = m?b&"

Th Thmin = g, (C. g bf")

Th: OB onset and the OB-off values are then determined by:
j 2(c - b bo 2b — b
b =8 o o [2boe =t
: acy; ¢ \ acty;
ab 2

Gaz = ==+ ——
l']'._{}j

(7)

(8)

(9)

(10)

; Jus as o goes beyond a critical value oy, a portion of the OB lower branch becomes
m‘g,a.tlw hus physically meaningless, and hence the OB curve is partly truncated away.
By increasing further oy, the truncated OB curve is always displaced towards higher o,

the OB h:ight grows continually, whereas the effective OB width remains constant. The
OB phase diagrams at AQ); = 0 and AQ; = 0,3 are represented in Fig. 1. The (§,03)
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parameter plane is always divided into 3 domains (from left to right): monostable, bistal
and truncated bistable. Fig. 2 shows the OB width variation for possible values of ¢ :
oy, in resonance.
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Fig. 1. Optical bistable phase diagrams for resonant (solid lines) and nanresonant

homaogeneously broadened Fabry-Perot LSA
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Fig. 2. OB width variation in resonance
Let us now perform the linear stability analysis of the steady-state solutions of
Eqs. (4) for an OB set of £ and o,-values, We let:
q b

ni(t) = njs + ?3}-0_1"';

Na(t) = Nas + nae‘p‘r‘; Naji(t) = Najs + r;ajc_'“
Ny(t) = Nps +mse™ 2% Nyj(t) = Nyjs + mpje
then linearize these equations with respect to the assumedly real fluctuations ;. n,. 17,

and arrive at a svstem of linear homogeneous algebraic equations with a secular equa
of the form:
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.

det(A+ M) =0 (12)

where [isthe unity matrix and A- a matrix with the following elements a,;:
¢

&3 1 :
d’]‘ == s A ¥ :;B.".;.'"l\ns A u,.l‘l (\'hh -+ “'ﬁ}h'*

. B
e i S i aalbnd s "U (Qn "_') ,

L . : 1 Jone

'321 :"-'*.;ﬁ”.](*l\"lu-\l o A‘u.ui}i [ Ty (60;@;& + 1) y o bog = 57“}@}3; U4 = 95 = U;
: 1 TR 1

dzy = 19 (Nos—2Najs); 82 = i'?!-i’,;Q_,-si (33 = @G22, g4 = 035 = 0

- L e ; 1 s
@1 = =574, (Nos — Nojs )i app = a3 =07 aqy = -7y (EIIJQJ_; + E) D (45 = Qag;

1 : .
%1 = 470 (Nbs = 2Nyjs)i asa =as3 =0;  asy = agy;
AP =X 4 baA® b —bs =0 (13)
bghere

féﬂ 14 a2 + a3z + a4q + ass)

5{% mlu: + ags + 4y + ass) + aaz(azz + agq + ags) — 2093033 — ...

% e =n(ag) = az) — aqy + asy) + aq40ss

(ull—i-rr” + aggiapaass — a23032) + ay(as + aas)(aag + ass) + ...
o (611 + 044 + a55)(a22033 — a25033)—

~ aallasy = agy){aqg + ass) — (a2 + azz){agy — as)] -

.. —apfagy(es2 + a3a) — agy(azg + a23) — agi(asz + ass) + as(azy — aqq))

by =a11 (122033 = a23032)(a4q + ass) + [ay (a2 + agg) + azgaas — agzaz)(04qas5 — agzagy) —

. —ap[{az) — az)(aggass — axage) — (aq1 — asi)(azpazs — azzage)] — ...
e =033{Gag + f-'a&)[”:n(“-az + az3) - ﬂ-:;;'(ﬂ-gz = a-;,g)] - e

v Fan(agg + agg)lag (agz + ags) — asy(aas + aaq))

011(""”31 — 033032) (044055 — a23032)—

- asfosi (age + ass) — agi(azs + ass)|(aaaass — azzaz)...+

S darslasnaay ~ agaasz)aq(asy + ass) — asi{ags + aaq))

Awording to the Routh - Hurwitz theorem, all the real parts of the roots A; of

q.(13) we positive, that implies the corresponding steady-state solutions are stable, pro-
aAded that:

by >0; biby—-b3>0; bf;(b by — 53) - bl(b}b4 = b:,) >

(baby — babs )(brby — bg) — (bybg — by } - § R 700
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In resonnance, by varving separately £ and o, in their possible ranges, the stabi
of the obtained OB curves is numerically checked with v, = 107%s7 ', B = 10735 .
v = 108s~1. The results are summarized in Fig. 3. The point and plus marks repics
unstable and stable solutions, respectively. One can see that the lower and upper bran
stefudily exhibit the stability, whereas the whole middle branch is always unstable for ev
appropriate set of parameter values. In thé truncated OB region and the results show t
except the middle branch, the remained OB curve is always stable. For given value:
£ and o in the bistable phase domain, we also check the stability of the non-resonn
steady-state solutions. The results show that the more the LSA is detuned, the more
OB curves are contracted and shifted towards higher values of a,, but still keep the s»
stability behaviour as in resonance (Fig. 4).
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Fig. 3. Stability of resonant hysteresis curves at various sets of .0y
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Fig. 4. Stability of hysteresis curves at various values of AS; /T for £ = 0.5 and oy, -



Optica bistability effect in ... 11

I conclusion. we have demonstrated the oceurrence of the OB effect and studied
the pritcipal OB characteristics in a homogeneously broadened LSA model by solution of

the rate equations for dual two-level aton media in a single-mode, standing wave cavity.
Once ajpeared, depending on LLSA parameters, the corresponding hvsteresis curve may
-i&ve either full-shaped or partly truncated form. By increasing the absorber pumping
i?‘ato and/or decreasing the saturation coefficient, one can get larger and wider full-shaped
bB curses. The detuning, if any, not only inerease the OB onset pumping rate, but
ﬁecrem« both the OB width and the OB height as well. In the sense of Lvapunov linear
_’%tﬂ.hili[_\. no unstable section has been found on the upper OB branch as reported in LSA
with intomogencous broadening. Thus, one may not observe simultaneously the passive
'-Q-swit(:lin;e, (PQS) and the OB in this kind of LSA as far as the used approximation holds.
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{IEU UNG LUONG ON DINH QUANG TRONG LSA FABRY-PEROT
MO RONG DONG NHAT

Phiung Quoc Bao, Dinh Vian Hoiang
[Khoa Ly, Dai hoe Khoa hoe T nhién - DHQG Ha Noi

Nuirng tinh chit dimg cia hiéu ang ludng on dinh quang hoe trong ché do don
fhode cia laser Fabrv-Perot elura chit hap thu bao hoa ¢d mé rong dong nhat dvoc nghién

@irn t1é co s pan ding phirong trinh tée 46 khi 46 ¢ dén sir tao hoe khong gian. Hai
dang dung cong tre dicén hinh efing nlur nhirng ddc trung cia ching duge xem xét day
@it va ninh hoa 16 rang. Nhimg két qua trinh bay trong bai bio nay ding trong trudng

cutng €O bure xa laser khong qua lon



