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Abstract: Coupled rate equaiton for passive or self-Q - itched lid-state lasers is studied in physics and

mathematics methods The formula about relationship to repetition rate of the pulses and optical

parameters of the lasers has been derived, by means of the adiabatic elim ination approximation (A EA)

and the Hopf bifurcation condition For the type of Cr:Nd«: YA G saturable absorber Q-sv itched lasers,

the theoretical calculations are agreementw ith the expermental results
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1 Introduction

The tetravalent chromium doped garnets have
attracted a great deal of attentions and triggered a
seriesof experimental investigations in recent years,
such as passive Q-aw itch for Nd: YAG,Nd: YALO
(YAP),or selfQ-svitch of Cr:Nd: YA G laser™'?,
Because of large aborption cross section, moderate
excited-state lifetime, which is much shorter than
high doped-ion concentration, good
themal conductivity, chenical stability,Cr: YA G or

Nd-ion’ s,
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repetition rate of pulses adiabatic elimination approximation
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Cr:Nd: YA G is considered to be an ideal saturable
absrber aspassiveor self-Q-awv itch for high pow er,
high repetition rate, all-0lid-state compact lasers,
and the repetition rate range of multi-pulses have

hundreds of kHz
to give
explanation to the experimental resultsof repetition
rate or periodicity, and to establish the relationship
of optical
paraneters By means of the adiabatic elimination
approximation (A EA ) method, the formulation of
repetitive rate or periodicity has been obtained It

been achieved from two till

However, it is important theoretical

multi-pulses  between  different
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helps to understand the operation property of
passive or self-Q-swvitch laser.

2 Analysis

Because of the transversal relaxation tme is
much shorter than the longitudinal relaxation time,
themost of wlid-state lasers belong to the category
of classB. the polarization’ s rate equation can be
adiabatically elminated A cocording to the A EA , wo
rate equations are those for the gatial average
fundamental mode intensity | and the population

inversion density An'®

. In regards to the passive or
self-Q-switched YA G laser, the rate equation of the
absorber population density must be considered The
total absorber population density is

Ne Nat Na (1)
w here na, n= are populations density of ground and
excited states, the two
approximation The resonance absorber coefficient is
defined as

Xa= Oé(nal- naz) (2)
where (a is abrption cross-section of saturable
absorber.

The coupled rate equation for I, An and Xa can

regectively, for levels

bew ritten as

|
dd‘t: (nvoAn- uU‘fXa- flr:)l (3a)
dAn_ a Ani- An
gt = - BhVAnI+ (3b)
d_ .G, , Xo- X
dt =~ 2tha|+ T (3c)

w here o is the stimulated emission cross-section of
lasing medium, the u is filling factor'

In
T Int lanat [L- (I+ 1d] (4)

w herelL is the geometrical lengthsof reonator, I, la

u

and n, na are geometrical lengths and refractive
indices of lasing, and absorber media, regectively. v
is the velocity of light in medium. T is the photon
lifetime inside resonator
7= n (5)
po(+ " T 1)

w here 'l and " are unfavorable loss coefficients, Tt is

the output lossw hich can bew ritten as

n= (e ®)
w here R1 and Rz are the reflectivity of two mirrors
The T and T are the relaxation timesof the excited-
state in lasing and aborber media, regectively, Ani
is the pumping paraneter, and 8 equals 1 or 2 for
four or three level lasing media Coupled rate
equations (3a, b, c)

differential

are complex nonlinear
equations, the accurate analytical
olution is too difficult to derive now. A s iswell
know n, in the passive or self-Q-sw itched lasers, not
only the relaxation time T of lasing medium should
be longer, but also the relaxation time T of the
saturable absorber should be shorter, in favor of
enough accumulation for the inverse population and
fast time for the Q-aw itch Therefore T ought to be
much longer than & For the Cr: YA G crystal, T is
about two magnitude times than &, while, o= 8 8x
10 ® an?, is the sane magnitude as ¢?, the
condition of A EA ,

T/T< B0/20s (7)
is alwaysmet The absorber coefficient Xa is a fast
relaxation parameter, the steady-state wlution of

equation (3c) can be substituted into equation (3a),
(5]

oonsequently’”™. Two dimension ooupled rate
equationsof an autonomous systan isobtained
dlL I a1
di= [ uooAN- IJU'a%' 'E]I (8a)
Ani- An
dgf: - BiAni+ (8b)

w here I is corresponding to the saturation intensity
of saturable absorber.

If the gain exceed loss, the stationary point of
(8a, b) isabout at (12, Anm)

-ho 1
POt HUTe 0

w here |sis corregponding to the saturation intensity
of lasing medium; B

2= (ﬁ:- 1) =B s, 0ANm= —Ilf*Xao+
is the dmensionless positive
number and relative to pump intensity and loss By
using Hopf bifurcation method, one can define B
represent the bifurcation parameter of the system.
A s o0n asB > Bo> 0 is realized, the system wiill
show the periodical oscillation from the steady-
state, and Bo is the critical bifurcation value The
Imited cycles, that rotate around the stationary
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point (I2, Anm) on phase-plan of | and An, represent
a series of pulses anerging from the Q-switched
laser In consideration of equations (8a, b) and (9)
aswell as &/T< f0/20, Jacobian matrix near the
stationary point (12, Anm) is represented as
uU_lla'XacB Il:‘o uouol 8
Jo= (10)

_ Ba B+1
thnm T

The condition of Hopf bifurcation damands that
eigenvalues must be a pair of conjugate complex
numbers

A= &@B) = iwB) (12)
and
BLl)

_ 1 1a ds
@B )= 2(uU|XacB lo T

(12)
wB)=

iJuUOAn:MZB - J‘[B (1+ uu—li&ol—““mﬂ 1]% (13)
T 4 | )

w here & and w are anplitude and angle frequency of
the Imit cycle individually.

L et ®equal to zero, the critical bifurcation value
B o can be detem ined as

B o= Tlr Ano= (1+ Bo)Anm  (14)

uo | Xaolbo'lﬁ- 1

where Ano is called the threshold condition of
producing Q -sv itch pulses Only if, Ani= AnoorB =
Bo, is satisfied by the pump, a series of Q-aw itch
pulses will be generated The repetition rate F
equals w/21 U nder consideration of equations (13)
and (14),one can find

1 1 1 2
F®)= 54 HUOANWTB - 7 [B (2+ 27)+ 1]° (15)
Yecially

FBo)= E#T_UAI HUOANMTB o- (1+ B 0)2 (16)

where F (Bo) indicates the prime or critical
repetitive rate for the beginning of Q-sw itch pulses
generation

3 D iscussion

The formulation of detem ining the repetition
rate passive or self-Q-swvitched laser has been
derived The condition of F (Bo) > 0 and Bo> O,
provides the restriction of gnall signal transnission

2001 12

To and gain coefficient 0Anm to the passive or self-
Q-sitch That is

To= exp (- laXo) < exp (- _L'&L) (17)

UUTa0a
(1+Bg)?
0ANm> LUTB o (18)

In the case of flashlanp ow-pumped passive Q-
svitched Nd: YA G laser™™,L = 82 0 an, I= 1Q 4

an, 1= Q 2 an, R = 80 %, To= 81 %, These
correppond to B& 10 °, 0Anmx 5 5% 10 */an, and
F (Bo)= 2 7 kHz If the experimental data are

introduced into equations (9), (17), etc, it is
consistent with the experimental result in Ref 2
The diagran of the repetitive rate F vs the relative
pump intensity B is shown in Fig 1

8
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Fig 1 Relation between F andB. Solid Iine
—theoretical calculation using equation (15),

open circles—exper mental measurenentd?

In the case of LD pumped self-Q-swvitched microchip
laser, expermental setup is shown in Fig 2

Crt Nd“:YAG
Laser output

Outcoupling mirror

HRat1064nm L
AR at 308 nm

Fig 2 Exper mental setup of the diode pumped
<lf-Q-switched microchip laser

Here,L=35mm,I=1.=Q 2a,R=98 0%, To=
93 8 %, these correpond to B& 10 0Anm= 33%
10 ?/am,and F Bo)= 1 6 kHz The diagran of the
repetition rate F vs the relative pump intensity is
shown in Fig 3
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FikHz
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Fig 3 Relation between F andB. Solid Iine
—theoretical calculation using egquation,
full squares—exper mental measurements®

In comparison with Fig 1, the F (Bo) in Fig 3 is
snaller, and the increase rate of F w ith the relative
pump intensity B is slower near the 8 kHz From
Figs 1, 3, the follow ing conclusions can be dravn

The values of Bo and 0Anm decide the primary and
maximum repetitive frequencies F (B o) and Fma of
passive of selfQ-avitched lasers in general The
higher reflection R of the output mirror is, the less
is Fma attainable to, and vice versa For the snall
relative pump rate F
increases w ith the pump power in an approximate
linear relation, just asmany articles have reported

intensity, the repetitive

But when F is close to the Fma, its increase rate
w ith pumping is obviously slow. These sean to be
effect of the gain saturation in the periodical state
The analytical formula of repetitive rate has
been obtained for passive or self-Q -svitched lasers
It isable to provide the distinct relationship betw een
the paraneters concerned, to predict the primary
and maximum repetitive frequencies F (B o) and Fmax

asw ell as the operation state, and output pow er. For
exanple, one can estimate the optical parameters
from the detemined F by equation (17). If the
passive or self-Q-svitched laser is operated near
Fma, NOt only the laser output power ismore, but
aloo the stability of Q-switch pulses is better,
because the dF /B= 0 in this area The theoretical
studies on the passive or self Q -sw itched laser are of
benefit for
stability, increasing output power and extending

its optimizing design, enhancing

gpplications
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