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Upconversion and migration in erbium-doped silica waveguides
in the continuous-wave excitation switch-off regime
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Based on an approach for averaging solution of rate equations over possible ensemble configurations, we
derive integral equation for population inversion taking into account nonlinear homogeneous upconversion and
migration in EF*-doped silica waveguides for the case of 1480-nm CW excitation switcfGU#fES regime.
Because of pump for CWES is off, only migration tends to refill the holes in excitation distribution caused by
upconversion. Thus the upconversion is weaker than that for the CW operation, exceptOf@ndt— oo,
upconversion.
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. INTRODUCTION dn(xy ,%s,t) k2n(t)2
Tz—n(xl,xz,t) 1+ v )
The recent interest in Er-doped planar amplifiers is moti- !
vated by their potential use for integrated active devices in k2r
optical communication systems at the B transmission _[n(xl’X27t)_”(t)]8_)(§’ @

window. In order to obtain sufficiently large gain in a short
planar device two orders of magnitude higher Er concentrawhere
tions (13°-10°* cm™3%) are required in comparison with a

typical fiber amplifier. However, at high concentrations, n(t)=(n(x1,x2,t)>xl,X2

parasitic interactions between Er ions are strongly w o

enhanced ™ The resulting upconversion processes reduce =f f N(X1,Xo,t) F(X) f(Xo)dx.d%s.
0Jo

achievable gain and have to be properly taken into account

while modeling the amplifier performance. It has been ob+gjiowing Ref. 5, we also introduce initial conditions that

served that the dependence of the upconversion(vileon  correspond to the continuous-wave excitation at 1480 nm,
the population inversiofn) is approximately linear for small

population inversions{—0) whereas it becomes nonlinear a 1

when the population inversion increases. N(X1,%2,0)= 1+ Ba k2n2 K2r
Our statistical model derived in Ref. 5 well describes the t = t 52
; - 4x%(1+ 1+
nonlinear dependence of the upconversion rate on the popu- Xi(1+Ba) - 8xp(1+ Ba)
lation inversion without introducing the concept of *Er k2rng
clusterst® and does not require time-consuming Monte 8x2(1+ Ba)

Carlo simulationg. Although the short-pulse excitation and > 5
continuous-waveCW) operation considered in Ref. 5 are 1+ k"ng + k°r
generic for the theories of migration and quenching, the sim- 4x5(1+ Ba)  8x5(1+ Ba)
plest experiments for determination of the upconversion rat

in Er*-doped fibers have been done for continuous—wavj-|
excitation switch-off CWES regime? So, the model consid-
ered in Ref. 5 should be generalized to the case of CWE

2

ere k= \/mCg/Cyp, Cg IS the concentration of Bf ions,
cup=[(47r/3)Rﬁ’p]‘1 is the critical concentration for the up-
Sconversion,r=(Rm/Rup)6, Ryp and R, are the critical dis-

In this paper, by means of approach considered in Ref. StEnCTDS . f;’;\h “PCS”"erS'O” / and ?lgratﬁﬁr,] ‘L
we derive integral equation for the population inversion tak-_ Za"a” a g va, B=(0at 0¢)l0a, 04 anh oef_aret €a d
ing into account the upconversion and migration of excita-sorpt'(.)n and emission Cross sectionsis the first e_xcne
tion in EF*-doped waveguides for the case of CWES. weState lifetime P, is a pump power at frequenay,, I'y IS the .
also compare the resulting upconversion characteristics witRVeap factor between light-field mode and the erbium dis-

those obtained for CW operatidand the experimental re- tribution, A is the effective area of the erbium distribution,
sults of Ref. 2. are random variables related to the migration and upconver-

sion probabilities and described by the distribution functions

Il. THEORETICAL MODEL f(x)= iexq _Xiz) (i=1,2), ®)

We start from the rate equation derived in Ref. 5 for the Va
case of a short-puls@>-pulse excitation, noz(n(xl,xz,O))xl,X2 is found from Eq.(2)
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F(k(no+ ﬁ))
21+ Ba

N R
ot 21+ Ba

with F(x) =1— Jmx exp&d)erfc(x). Thus, Eq (1) with initial
condition(2) describes the evolution of the population inver-
sion for the cw pump switched off at=0.

We find the solution of Eq(l) and average it over vari-
ablesxy, x, with the distribution function$3), which results
in the following integral equation fon(t):

a(ng+\r/2)

1+ Ba

n0:

n(t)=ned(t)exp —t),

7-1

(0=Fo(t)+ [ eyt
where
Fol)= 7 g ) SHY)GI) Gy

dG,(y)
aay

—f: exp—y)Gi(y) dy,

1/ 2)

Gy(y)= ex;{ kno[f (r)exp(—27)d7r+ l+y,8

1/2)
t
Fl(t,r)=exp< —ngk \/f 2 T)eX[X—ZT)dT> ,

Fo(x)= exp( T x) .

It follows from Egs.(5) and (6) that fort—0

2\ t+

Gz<y>=exp( kyr/2

l—l—,B

(6)

1_
§(t)=1—(a(n—'8nO)—l t+0(t%¥2),
0
B 1 dn(t) B 10§_a(1—ﬁ-n0)
WTTnt) dt - Zat  ng

(7)

As expected, the upconversion asymptateis equal to the
CW upconversion rate obtained in Ref. 5.

To find the asymptote fot—c, we rewrite Eq.(5) in the
following form:

T!

dG(t,7)
or d

t
§(t)=Fo(t)+fo§(T)C(t,T) )

where
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G(t,7)=eX[< —n(O)k\/jt§2(T)exq—27')dT

Kyr )
ALl
V2
_ Van(0)ZX(r)exp(— 27\ t—7|
c(t,r)—(1+ T Pooen =200 ) )

For k\r>1 function 4G(t,7)/dr—0 for all points except
7—1. Hence, the main contribution to the integral in E®).
comes from the vicinity oft—7=0, and we can replace
c(t,7) with the first terms of its expansion at that point,

c(t,7)~1—/2rn(0){(7)exp — 7). (10)

Using Eq.(10) and the following notation for the Laplace
transforms:

Tp)= f:at)exq—pt)dt,

~ @ t
G(p)=f0 eXp(—n(O)k\/fogz(r)exp(—ZT)dr

kyr
_Eﬁ) exp( — ptydt,

B (11)
\'if(p>=f0 ZA(tHexd — (p+1)t]dt,
© Jl(t
o= [ ex—poat,
Eo(p)= f;Fomexp(—pt)dt
we find
Fo(p) v2Zng 1-pG(p) -
DZ(p)=—— - - Y(p), (12
G(p) Jro Bp)
where
Fo(p)
601 ot
F(k\/r/[8p Y p—F(kyr/[8(1+ apB) )/(1+a,8)
(p—1—-ap)
(13)

The asymptotic behaviort{->) of a function is deter-
mined by the pole of its Laplace image with a largest real
part® For t—o the number of excited ions decreases, so the
upconversion is slowing down ang(t)—const. As it fol-
lows from Eq.(11), ¥ (p) has simple polg,= — 1. Thus for
the asymptotic behavior oD¢(p)/¥(p), we have, for

kyr>1,
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. DEp)ving 1—pG<p>} nok?\r
m — — & . 8 T T T T i T
p—1T(p) A L G(p) L, 22 Wep
(14) T ]
Thus, we find from Eq911) and(14) the following equation ;
in the time domain: 6 N
di(t) _ nok*\r sr
TR S UL SUE (19
4+ R
From Eq.(15) we finally obtain the asymptotic form of the 1.-'
upconversion ratV,, for t—co and high E?* concentration 3F 230
(k\r>1),
2F ..."""’ 2 n
powes___Lodn® ol 1 k3 R
uw T n(t) dt 9t L) 23 n(v). 1 iz 4
(16) s
0 1 1 1 1 |
Comparison with the results of Ref. 5 obtained for the limit 0 010203 040506 n 07
n—0 shows that the asymptotic behavior of the upconver-
sion rate for vanishing population inversiom— 0 ort— ) FIG. 1. Normalized upconversion rat,, as a function of the
is the same for both the CW and CWES regimes. population inversiom for (1) CW regime(calculated in Ref. § (2)

Based on a numerical solution of EqS) we find upcon- ~CW excitation switch-off regimdcalculated from Eqgs(5)]; (3)
version rate as function of population inversion for CWESMeasured in Ref. 2(4) a linear asymptote fon—0 [Eq. (16)].
regime. Numerical data, as well as data for CRef. 5 and  Ruw=112A, r=60 (1,24, cg=8.6<10"ionsin? (1-4, 7
experimental results for CWESare shown in Fig. 1. =11 ms.W,p, nare dimensionless values.

ated mainly by migration. The last one leads to equalization
of different ensembles, and the averaged value of upconver-
The main result of this paper is the generalization of oursion would be proportional to the concentration of excited
modeP to the case of CW excitation switch-off regime. As it ions (compare curves 1, 2, and.4Based on fitting results of
follows from Fig. 1, numerically and analytically obtained experiments from Ref. 2 we have found the critical distance
data are in good correspondence with experimental data fro®f upconversion oR,,=11.2 A. The deviation of the theo-
Ref. 2. retical curve from experimental one for the region of popu-
The obtained results can be interpreted as follows. Upconlation inversionn>0.65 can be explained by the low accu-
version is strongly dependent on the distance between th@cy in the measurement of population inversion and
excited ions. Hence, for high population inversion each ofupconversion rate for the saturation case. In experiments
the excited ions is upconverted by a different ensemble ofrom Ref. 2, decays were sampled by the oscilloscope with a
surrounding excited ions in the following way: the denser thesampling time of 50us. For high erbium concentrations,
surrounding is, the higher the rate of upconversion will be.upconversion rate decreases substantially during firgk$0
As a result, the rate of upconversion after averaging oveafter pump power blocking by chopper. As a result, the rates
possible ensemble configuration is not proportional to thedf upconversion for population inversions close to the maxi-
population inversion. Upconversion process burns holes imum value of 0.7 are underestimated.
the excitation distribution where the ions are densest spaced.
For the CW operation both the pump and migration tend to
refill the holes, thus enhancing the overall upconversion rate.
For the switch-off case only the migration effect is left and The Swedish Foundation for Strategic Resea(BiSH
hence the upconversion is weakg&ig. 1, curves 1 and)2  and the Swedish Research Council for Engineering Sciences
For small population inversion, however, the influence of the(TFR) are gratefully acknowledged for supporting this re-
pump on the upconversion is weak for both CW and CWESsearch. D.K. acknowledges Mats Wallin for useful discussion
regimes. Hence, for both regimes, upconversion is acceleen the numerical solution of integral equation.

Ill. DISCUSSION
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