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Monte Carlo Simulations of Homogeneous
Upconversion in Erbium-Doped Silica Glasses

Jacob L. Philipsen and Anders BjarkleMember, IEEE

Abstract—Quenching of EF** ions by homogeneous energy- -+
transfer upconversion in high-concentration erbium-doped silica 14 4
glasses has been theoretically investigated. The results indicate 12— 9/2
that at Er®t concentrations of 1.0-2.A.0°¢ m~2 or below, the oL— 4
kinetic limit of strong migration is not reached, and hence the 8* J 12
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widely accepted quadratic upconversion model is not generally
valid. Nevertheless, the results offer an explanation of the exper-
imental observations of quadratic upconversion. Furthermore,

it has been shown that at a given population inversion, the
guenching rate depends on the rate of exchange of the excited 2+
Er®* jons by emission and absorption. oL

Energy [10° cm-
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Index Terms— Concentration quenching, high-concentration

erbium-doped amplifiers, upconversion. Donor Acceptor

Fig. 1. Energy-transfer upconversion (double arrows) between twd Er
ions followed by phonon relaxation (dashed arrows) or photon relaxation
. INTRODUCTION (solid arrows) for the acceptor ion.

T HERE HAVE BEEN numerous reports on degradation of

performance in high-concentration erbium-doped devices|, this paper, we formulate a detailed model for homo-
caused by quenching through energy-transfer upconversigtheo,s upconversion. We derive a system of differential
between excited Bf" ions. For erbium-doped fiber amplifiers.oqations for the excitation probabilities of the*Erions and
a reduction in gain from 18.3 to 6.9 dB due to qugnch?!ng Bombine this with Monte Carlo simulations of the ion posi-
described in [1] for an E¥* concentration of 6.4 10 m™2. yi,nq This enables us to perforab initio calculations of the
In erblum-qloped S|I|§:a waveguides for integrated optlcé_frEr average quenching rate caused by energy-transfer upconver-
concentrations as high as 1.0-2.00°° m=? (corresponding sjon. The purpose will be to investigate how the quenching rate

+ i ; .
to 1.3-2.5 wt.% E¥") may be necessary to simultaneouslyenends on various parameters, such as thi& &ncentration
ensure sufficient gain and compactness of the components [2lq he population of the upper laser level.

[3], and consequently, quenching is a very serious problem
with such devices. For example, a reduction in gain from 37
to —13 dB at an Ei" concentration of 1.15 10?°° m—3 is
reported in [2]. Fig. 1 illustrates how energy-transfepconversiorbetween

The quenching of Ef" ions through energy_transfer up_tWO Er3+ ions, |n|t|a”y excited to thé[lg/Q manifold, leads
conversion is usually divided into a contribution from hoto the quenching of the donor ion and thus depopulaies .,
mogeneously distributed &F ions and a contribution from Which serves as the upper laser level for amplification of
clustered Et* ions [4]-[7]. The formation of clusters dependdight in the 1550-nm wavelength band [2], [4], [10], [11]. The
on the fabrication process and the use of co-dopants a&gfeptor ion will normally return to thél;5,, manifold and
may thus to some degree be avoided [8], [9]. In order @nly in around 0.1% of the cases will relax to the ground level
estimate the degree of clustering, it is important to be abléis/2 by spontaneous photon emission [4].
to interpret measurements on quenching rates in terms ofAnother possible energy-transfer process between w6 Er
a cluster contribution and an inevitable contribution froriPns is illustrated in Fig. 2 [5], [12]. The donor ion relaxes
homogeneous upconversion. For this purpose, an adequtes the*I s/, manifold to the*l;;,» manifold, whereas the
model for homogeneous upconversion is essential. Furthaeceptor ion makes the reverse transitidh; » — *I13.
more, a model for homogeneous upconversion—together wikhis process does not change the populations of the respective
a model for upconversion in clusters—is a key point ignergy levels, but causes diffusion of excitational energy and
the modeling and design of high-concentration erbium-dop#dll thus be referred to as migration process. Migration will

[l. ENERGY-TRANSFER PROCESSESBETWEEN E73% |ONS

devices [2], [3]. be shown to influence the number of upconversion processes
occurring per time and volume unit.
Manuscript received February 5, 1996; revised August 19, 1996. Energy-transfer processes other than the two described
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- ion distance at which the probability of the respective energy-
4 af transfer process equals the probability of spontaneous emission
121 912 for an EPY ion excited to*/;3)s.
w-+—___ T In [5] and [18], strengths of the upconversion and migration
8+ processes have been evaluated for variou’s Eioped silica
glasses by calculation of spectral overlap integrals. Using data
from these two references, the following values 9. are
obtained: 0.91 nm (for Corningl, a barium silicate), 1.0 nm
(for an unspecified aluminoborosilicate), and 1.1 nm (for Corn-
“l;s»  ing2, an aluminoborosilicate). Furthermore, the value 1.8 nm
for R is obtained for the unspecified aluminoborosilicate.
Thus, as the typical example, we shall Ugg. ~ 1.0 nm and

Fig. 2. Migration of excitation from a donor £f ion to an acceptor Bt R, ~ 1.8 nm.
ion.
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I1l. DETAILED MODEL FOR HOMOGENEOUSUPCONVERSION

in the *1;3/, manifold (the reverse process of upconversion) we pegin this section with a brief review of existing the-
[3]. However, all these processes |nvolve3JEr_|ons initially  ory on energy-transfer upconversion between homogeneously
excited to other energy levels than the man|f01=d§5/2 and istributed E?* ions.
*I13/2- Since the lifetimes of the manifoldsy,, and*I,, A detailed theory exists—including work by Dexter [17],
are very short(rg;, ~ 5 ns andry,2 ~ 1 — 10 S, Ejsenthal and Siegel [19], Bshtein [20], Gapontsev and
respectively [13]-{15]) compared with the lifetime of thepjatonov [21], etc.—describing quenching of a system of
11375 manifold (7raq ~ 10 ms [16]), the populations of excited donors by energy-transfer to a system of acceptors. In
the manifolds*Zy/, and*;;,, are very small, and processesjiscussions on upconversion betweefBons, references are
beginning in these energy levels will therefore be neglectegtten made to this theory. However, this classical quenching
Thus, only the upconversion and migration processes in Figsgnbory deals with donors and acceptors of distinct sorts and
and 2 will be considered in this paper. is—as will be demonstrated—not adequate for the treatment
In the electric dipole—dipole approximation, the probabilitiegf self-quenching in Ei* systems.
of the described upconversion and migration processes can bg, the literature on high-concentration®£rdoped devices,
expressed in terms of spectral overlap integrals, as ShOW”I’fbfnogeneous upconversion is often assumed to depend
Dexter [17]. The probability per time unit of upconversioyyadratically on the population of thél ;. level, i.e.,
between two Et ions excited to thé 1,5/, manifold is the number of upconversion processes occurring per time
12¢ o and volume unit is writteng,. = Cy,.n3, where ny is the
W/ Tem(M)orsa(A) dh (1) population concentration of thél,;,, manifold, andCy is
0 an upconversion coefficient [3], [4], [6], [7], [18], [22]. The
whereas the probability per time unit of migration from aequivalent average quenching rate experienced by &m Er
Er** ion excited to the*/; 5/, manifold to an E¥* ion in the ion in the *I;3/> manifold is Wye = guc/n2 = Cucnz. The
ground Ievel4_715/2 is guadratic model can be shown theoretically, if migration is
6e 0o assumed sufficiently strong (tHdnetic limit) [21] and the
W/ Gem(MN)oans(A) dA.  (2) model has been supported by some experimental results [4],
(2m)*R°n [23]. Other authors have suggested a cubic mggek Cycn
In (1) and (2),R is the distance between the nuclei of thé2], [24].
two interacting Et* ions, o, ando,s are the emission and  The present treatment of homogeneous upconversion will
absorption cross sections, respectively, forthg, < I3, € based on the following assumptions.
transition,opsa is the absorption cross section for the excited 1) The EFY ions are assumed randomly distributed with
state absorptior‘lllg/2 — 4_79/2, A is the wavelengthg is the a minimum distanceR,,;, between two neighboring
speed of light, andh is the index of refraction. The extra Er*t ions. This assumption is frequently used within
factor of 2 in (1) compared to (2) is due to the fact that quenching theory [19]-[21], [25] and corresponds to
the upconversion process can occur with either of the two  regarding the glass host as a totally disordered material
considered E* ions as the donor, respectively the acceptor. [21]. According to [5], Rumin = 0.35 nm should be

P.(R) =

-Pmig (R) =

Since the probabilitiesP,. and P, vary with the ion applied as the minimum Ef-ion separation in Eff-
distance asR—%, they can be written doped silica glasses (0.35 nm is the shortest distance
6 between two Elt ions in crystalline EsOs).
P.(R) = 1 <RUC> 2) The electric dipole—dipole approximation and hence (1)
Trad \ £ and (2) are assumed valid. Although the question of
Poi(R) 1 < Rmig>6 @) the relative importance of the different contributions to
e Trad R 1Burshtein [20] treats self-quenching of X systems. However, the self-

. . . uenching of Nd* studied by Eirshtein is due to energy-transfer from an
The strengths of the upconversion and migration processes gi@ed Nd+ ion to an unexcited N~ ion and thus differs fundamentally

thus described by the two radi,. and R..,;;, indicating the from the self-quenching of Er".
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- ability distribution for the relative position of two arbitrary
— M n, 4 excited EfT ions. The average upconversion rate would then
E "7 //\ %2 pe given by
5 104+ ™ I ,
= w 1172 .
= " u Wa= (2= 1) [ APuirDr ) 1 @)
5 o1 ™ T 4I13/2 i
(=] . . . . . .
=, since for an arbitrary excited &¥ ion the contributions téV,.
, W, W, W from the N, — 1 other excited Ert ions should be summed.
T However, due to upconversion, the probability of finding a
0+ M ¢ 5, certain EF* ion excited to the*I 3/, manifold will depend

on the positions and excitational states of its neighborirtg Er

Fig. 3. Two-level model of an Er ion. Single arrows represent radiative : . . . :
transitions, whereas double arrows represent transitions due to energy-tradgglS (and will be reduced for Bt ions having closely lying

upconversion. Rather than showing the physical transitions, the arrows ill@XCited neighbors). The spatial distribution excited Ert
trate how the transitions contribute to changing the populations of the eneigns will, therefore, differ from the distribution odll Er*t

levels'I 5/, andI, 3/, when the lifetimes of the levelSl, ; ;, and*I; /5 ions2
are set equal to zefo. Instead, we consider the probabiljiy(¢) of finding thekth
Er*t ion excited at timet together with the joint probability
the energy-transfer probabilities (electric dipole—dipoley,,;() of finding the EFT ions k andl both excited at time.
magnetic dipole—dipole, electric dipole-quadrupole, an@hen these probabilities are known, the population inversion
exchange interaction) seems unresolved [26], it is corgan be found as

mon within the treatment of energy-transfer between Ne,
rare-earth ions to assume the electric dipole—dipole in- na(t) _ Na(t) _ L 0, (5)
teraction to dominate [5], [14], [18], [27]. NEr Nee  Nee A

3) Due to the short lifetimes of the manifold‘élll/Q
and*Iy/9, only the ground levetl;5,, and the upper and the number of upconversion processes occurring per time

laser level*];3,, are assumed populated. Furthermorénd volume unit is given by

direct relaxation from théIll/Q manifold to the ground 1 1

level *I;5,, is neglected due to the small branching uc(t) = 7 Zzpk/\l(t)gpucﬂ"'k -1

ratio (c. 0.1%, cf. Section II) for this transition. This koK

implicates that situations with signal light in the 1550- _ 1 AP o 6
nm wavelength band and pump light in either the 980- Vv ZZPM[( Vucllric = 71])- ©)

k >k
nm or the 1480-nm wavelength band can be represented ”

by the common energy level diagram shown in Fig. 3n the Appendix, it is shown that, under assumptions 3)-5),
The total absorption ratéV, is the sum of the signal the time development of the single ion probabilitipg(t)
and pump absorption rates, whereas the total emissiéngoverned by the following system of ordinary differential
rateW. is the sum of the rates for spontaneous emissiogguations:

signal stimulated emission, and—in the case of 1480'”&?) 1

pump light—pump stimulated emission. _tk =y [Pmig(m = i) = pr) = 5Pl = mil)prn
4) Inhomogeneities of the glass host are neglected, |éj 1k

all Er** ions are assumed to have the same radiative — Wepr + Wao(1 = pr), k=1,---, Np 7)

properties, and correspondingly the transfer probabilities
P, and P,;, are only functions of the distanc& whereas the second-order joint probabilities obey
between the two considered*Erions. d

5) Since the purpose is to study upconversion betwe&h Er PrNL _ Z [Pmig(m — m|) Piam — Pral)
ions, other quenching processes, such as quenching of t mzk,ml

Er** ions through energy-transfer to impurity ions, will 1
be neglected. - §Puc(|Tk = Tm|)PrAtAm
Some of the results in this section will, however, be derived + Pig(|rt = 7ml) (Pram — Pral)
using only assumptions 3)-5), i.e., these results will be valid 1
for any ion distribution and any radial dependence’pf and - §Puc(|Tl = Tm|)Prtam
-Pmi .
We consider a regio® of volumeV containingNg, Er** = 2Wepkni + Walpi + = 2pint)
ions at positions-,, k = 1, - -, Ng;, of which N, are excited — Puc(|rr = m1))prat,
to the upper laser Ievél_llg/Q, whereasN; = Ng, — N, are k=1,---,Ng;; l=k+1,---,Ng. (8)
in the ground IeveI*Ils/Q. The corresponding concentrations . ) o
are denoted by.y, = N /V,n1 = N1/V, andny = Na/V. In (7), the single ion probabilitiedp;} are coupled to

If the spatial distribution of theexcited Er** ions was the second-order joint probabilitiefpxn}, which are then

kn.own,' the ave_rage upconversion rat&,. could be deter- 2In the classical quenching theory, this important fact was pointed out by
mined in a straightforward manner. Lgt (r) be the prob- Eisenthal and Siegel [19].
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coupled to the third-order joint probabiliti€g, A;4m | through  sufficiently far apart must be uncorrelated, this common value
(8). This pattern will continue if differential equations forfor the second-order joint probabilities must equal the square
higher order joint probabilities are considered. For the nof the population inversion. Thus, in the kinetic limit, we have
merical calculations in Section IV, it will thus be necessary tior all (k,!)

truncate the equation system at a certain order and introduce an

2
approximation for the joint probabilities of one order higher. = 22 par = < 2 ) _ (13)
Numerical investigations will then show that two is a suitable TVEr Er
order of truncation. Although (13) resembles (9), the population inversion will

Since it is known from the above mentioned classicatill be reduced compared to (9). In the kinetic limit of
quenching theory that quenching rates will in general not #rong migration, upconversion affects (reduces) nhenber
the same under dynamic and stationary conditions [19], aoflexcited Eft ions, but does not affect thaistribution of
since stationary conditions are the more relevant to modeliagcited EFt ions.
of erbium-doped devices, we shall concentrate on the steadyBy inserting (13) into (6), a general expression for the
state solution to (7) and (8). number of upconversion processes occurring per time and
In the following, analytical results will be derived forvolume unit in the kinetic limit is reached:
some special cases. First, we consider the simple case of no
upconversion P,. = 0). The steady-state solution to (7) and gh® = < ) Z ZPUC Ire —mi) = Cli™n3.  (14)
(8) is then found to be E >k

W, o From (14), it is seen that in the kinetic limit upconversion
W, + W, = nEs dgpgndg guadratically on the population inversion for any i_on
Wa(pr + p) o \ 2 distribution and any radial dependance of the upconversion
Dens = Pk TPY < 2) (9) probability P,. If furthermore we use the assumption of

2(Wo + We) TVEr dipole—dipole interaction, (14) can be rewritten as

Pk =

unaffected by migration. All Br" ions are seen to have the Kkin [ 72
same probability of excitation, which thus equals the popula- Jue = <n_Er> Vﬁad Z s — ,,.l|6 (15)
tion inversion. Sinceopn; = pipi, the ions are uncorrelated ko >k
two by two. By finally averaging (15) over the assumed random ion distri-
When upconversion is included, it is generally not possiblaution, we find the expression
to write down the steady-state solution of (7) and (8). To 2 RS,
: . : kin _ 2 ul
illustrate the effect of upconversion, we therefore consider two Jue = QW (16)
closely spaced EF ions k and! that are isolated from all Trad
other EFT ions. We then find which correspondsto the expression for the kinetic limit in
W, Poc(re = iDprn the classical quenching theory [21]. The applicability of the
Pr=p= - . (10) classical quenching theory in the kinetic limit is expectable,
Wo + We 2(Wo + We) : S .
since the strong migration erases the special features of self-
Comparison of (10) and (9) shows that upconversion gsienching.
expected reduces the steady-state probabilities of finding thef migration is not strong enough for the kinetic limit to

respective ions excited to th;;,, manifold. Furthermore, be valid, the steady-state excitation probabilities fot'Eions

min

it can be shown that with many close Eft neighbors are expected to be lower
(Wo + W,)2 than averagé= the population inversion), and furthermore
PNt = G gy 4 AP (11) negative correlation will be present between thé*Eions,
' i.e., prn < prpr- Both these effects tend to reduce the extent of
where upconversion compared with the kinetic limit, i.g,. < gki®.
% (e = i) W2 In other Wor_ds,_ un_der steady—state _cond?tions, upconversion
= (W + W2 + 1P (% — 1) (2Wa + W) affects the distribution of excited EF ions in a manner that
@ ¢ ue ¢ reduces upconversion.
+ %Puc(lm — 7| )We >0. (12) As a final topic before turning to numerical calculations, we

consider upconversion at low population inversieagng, <
Equations (11) and (12) implica@.; < prpi- Thus, upcon- 1. For an arbitrary Ef* ion k, the probability of being
version introducesegative correlatiorbetween the Ef ions: quenched by upconversion with anothefEion will vanish
if a given EPT ion & is known to be excited, this reduces thas na/nE; — 0. At sufficiently low population inversions,

probability of finding a near B ion [ excited. the single-ion excitation probabilities will, therefore, remain
Next, we return to the full system of £F ions and consider unperturbed by upconversion:
the kinetic limit by letting the migration process become o W, W,

infinitely strong, i.e.,Ppiz(R) — oo for any fixed R. From = — ~ W. W, ~ W,
(7) and (8), it then follows that under steady-state condmons
+ Equatlon (16) lacks a factor of two compared with [21], becabise =
?AI Er’ |0|nsthhave thletsame probability ;Ihe>;0|':;e\tlon (v(\;hlc /(T:2a R®) in the present text has been defined to be the total probability
us equals the population inversion), an at all secona-or gftlme unit of two excited Br" ions performing an upconversion process
joint probabilities have a common value. Since ions lyingith either of the two ions as the donor.

™ 1. @)
NEx
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The second-order joint probabiliti€s»;} will, however,not feature of (22) is the dependence on the total emission rate

all be equal tqna/ng,)?, since the negative correlation effect,. Letting W. — oc in (22) yields

will be present at arbitrarily low population inversion. Instead, s

the second-order joint probabilities should be found as the (W, =00) = ngLRugc

steady-state solution to (8). By insertidgdt = 0, ps, = p; = 3TradFin

na/ng:, andWe ~ Weng/np, into (8) and by omitting terms jgentical to the expression (16) for upconversion in the ki-

of the order of(nz/nEk: )% (8) can be rewritten as netic limit. The importance of¥, is physically interpreted

as follows: increasingV, for a fixed population inversion

- Z (Puig(lrx = Tm)pinm + Puig(re = 7m)pream) corresponds to increasing both the emission i&teand the

(23)

mzEk,mAl absorption raté¥,, which leads to an increased exchange of
ions in the4113/2 manifold. Since emission and absorption
+ Z (Paig(|mi — mm|) + Paig(lri — mml)) happen to random Bt ions, the increased exchange will
matk,ms£l tend to even out the differences (caused by upconversion)

5 in excitation probabilities and will tend to break down the
+ 2We + Pac(|rs — 7)) | ot = 2W€,< ) ) 7 negative c_orrelatlon between the*Erions (also cguse_d by
NEr upconversion). Therefore, the exchange of excited ions by
emission and absorption has an effect similar to that of
migration. This phenomenon has—to our knowledge—not
Jagen described before.

k=1, Ng; l=k+1,- -, Ng. (18)

Since the coefficients on the left-hand side of the linear eq
tional system (18) are independent of the population inversion,

and the right-hand side is proportional to the square of the IV. MONTE CARLO SIMULATIONS
population inversion, the solution must also be proportional to The description of a system of interacting*Eions contains
the square of the population inversion, i.e., two stochastic phenomena: the positions and the behavior of
5 the ions, where the latter refers to all transitions between
_ 0 [ 12 19) energy levels. This leads to two different principles of nu-
Prnl = Piag (19) . . . . . .
NEr merical simulations: a fully stochastic and a partly stochastic

approach. Both methods apply a random number generator

where the normalized probabilitie{%%} are independent of for distributing the Et* ions in a cubic region’ according

the population inversion. Insertion into (6) now yields to the assumed random ion distribution with a minimum ion
separation of?,,,;, = 0.35 nm (see Section I, assumption 1).
ns \? 1 (0) ), 2 In the fully stochastic approach, the random number generator
Gue = <nEr> v > D _piriPucllni = mil) = CLn3. is also used for simulating the behavior of the*Erions,

koi>k whereas the partly stochastic method applies a numerically

found steady-state solution to (7) and (8) for describing the
’O?avior of the Ef" ions. In both methods, energy-transfer

(20)

We have thus shown that upconversion always depe
guadratically on the excited state population at low populati

INVersions. The partly stochastic method is implemented with two

In the spe_c_lal case aftatic UPCONVETSION.€., UPCONVETSION yikterent orders of truncation. In the first-order version, only
under conditions where the influence of migration can ttz

cesses are only considered betweeh Bons separated by
distance smaller than a certafit), ..

. X . for the single-ion excitation probabilities is solved, usin
neglected (as we shall see in Section IV, the importance f) Sng: P g
o the approximation
migration depends on the host glass as well as on tR& Er

concentration), (18) can be solved directly: DAl X PPl (24)
ny \2 2W. which corresponds to neglecting all negative correlation be-
Prnt = nes ) 2Weo + Poc(lri — 7)) (21)  tween the Et* ions. In the second-order version, both (7) and

(8) are solved, using approximations for the third-order joint
By inserting (21) into (6), by using the assumption oprobabilities of the form (" denotes conditioned probability)
dipole—dipole interaction, and by averaging over the assumed

random ion distribution, we find Pratam = PRAIPm|(kAD
~ _ PrinPkAm
o0r R3 ~ PeAIPm|k = T (25)
g2t =002 = p2 280 /oW, 10g _ o _
Trad 5 The fully stochastic method, which is characterized by long
T R N2 computation times and noisy results, will only be used for
X | = — Arctan| —22+/2W, T, < 1. npute y 1€ ’ y be
{2 < R3. ‘ rad)} " nEr verification of the partly stochastic approach. For this purpose,

(22) we consider in Fig. 4 the upconversion r&g,. = gy./n2 as

a function of the population inversion at ar’Erconcentration
We have thus derived an analytical expression describing staifc6.0 - 10> m—3. The three curves in the figure are all
upconversion at low population inversions. An interestingased on the same system of 508Eions, but are calculated
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250 T v T T T T T T T 500 T T T v T T T T
450 +
200 | Partly stochastic (1. order) - // 400 b
Partly stochastic (2. order) —- o
Fully stochastic — o 350 -

150 | 300 |

250 | WeTrag=infinity

100 + 200 |

150

Upconversion rate Wy (s
Upconversion rate Wy, [s!]

50 | - 100+ i i
. 50| e = ]
0007 o0z 03 04 05 06 07 08 09 1 00— %1 o0z 03 04 05 06 07 08 09 1
Population inversion np/ng; Population inversion n)/ngy
Fig. 4. Comparison of upconversion rates obtained by fully and partlyig. 5. Upconversion rate versus population inversion seatic upcon-
stochastic approaches. The results have been calculated mging= 6.0 version at an Er™ concentration ofrng, = 1.0 - 10?6 m~3 for dif-
<107 m™?, We = 1/7a = (10 M9, Ruc = 1.0 nm Rumig = ferent values of the total emission rat&.. Other parameter values are
1.8nm Rpin = 0.35 NM Rmax = 3Ruc, and by considering a system of . = 1.0 nm, Ryyax = 2Ruc, and 7,.q = 10 ms. The curves represent
Ng. = 500 Er*Y ions. averages over 100 systems, each containing 1080 Ens.

iaai 5
by use of different methods for simulation of the behavio\falues of tﬂe total emssmgzragéf e The tangents gt zerol

of the ions. The first-order, partly stochastic method is seé?‘rmese_nt t_ € expression (22) for static upconversion at ow
to disagree with the fully stochastic method, whereas mpulatlon inversion and are seen to agree with the simulation

acceptable accordance is observed between the second-o 8§Hg5' Tge straLght line fre;]presentmg_ the 1%%;&”‘1 =0
partly stochastic and the fully stochastic method. as been drawn by use of the expression (16) for upconversion

According to Fig. 4, the first-order, partly stochastic methoi&1 the kinetic limit. . .
g g party The parameteW.7,,q is the ratio of the total humber of

wrongly predicts that the system ofErions is in the kinetic diati itionet i imulated
limit.? The interpretation of this is that migration in the presefjfdiative tranrs]mon 63/2 f_> 13/2 (stimu a:}e -+ spon-
example is sufficiently strong for evening out the differences Ineous) tglt € n;m er IO _spogtane;)us razéatlfve trafngltlons
single-ion excitation probabilities. However, migration is not'13/2 — l.f1.5/2' Iy anabyzmglogta rolrJn [ L or a fiber
strong enough for removing the negative correlation betweBRWE" @MPpliTier, values above are obtainediiriay n
the EF* ions, and the actual upconversion rate therefore— center of the flbe.r core at the output end of the amplifier.
shown by the two other curves in Fig. 4—will be essentiall aI_ues OfWeTrad ranging be_tyveen 1 and 10 are expe_cted to be
ypical for waveguide amplifiers [29]. According to Fig. 5, the

lower than for the case of the kinetic limit. h : for th .
The failure of the first-order, partly stochastic method shoWRrameteiVer:aq has great importance for the upconversion
ate. For example, at a population inversion of 0.7, the values

the necessity of including the negative correlation effect in tH _ :
Trad = 1 and W.raq = 10 yield upconversion rates

description of interacting B ions. As mentioned in Section 46 and 120 st el hich red h d
I, the classical quenching theory treats interaction betwegﬁ 70 anc 12055, respectively, which re uce t € assume
ragllatlve life time of,.q = 10 ms to effective lifetimes

donors and acceptors of distinct sorts. In such systems, 1 1 .

negative correlation effect does not occur, and the behavicf_~ (Traq + Wae)™" 0f 6.8 and 4.5 ms, resp_ectlvely.

of the ions is, therefore, described in terms of single-ion Fig. 6 comparis upconversion rates (atiifnc L_chonver-

excitation probabilities [19], [20]. Thus, the results of thé'og) fo_r3 the EF Concgmra_tgo".‘s 1.0 10 m=3, 1.0 -

classical quenching theory can not be expected to be vali m~*, and 1.0 1C° m=n the caseWerrad_ =L

for self-quenching of Ei'. The shape. of the curves is seen not to change.w[th tﬁé Er
Since two is thus the appropiate order of truncation, we sh anent_ratlon_, and fon, < B, the curves ‘."‘" coincide with

use the second-order partly stochastic method for the followi straight line r(_epresent!ng o expression (22). However,

examinations. Due to limitations in computer capacity, systerﬂ hough only excited E* ions take part in energy-transfer

of only 500 or 1000 Et* ions will be considered. Sufficient processes (when migration is neglected), the rate of static

statistical averaging will be ensured by calculation of averagggconversmn not only depends on the excited state population

over several systems of £r ions concentrationn,, but also on the total BF concentration

We begin by consideringtaticupconversion, i.e., migration "*Ez- T.h's. is explained as follows: for a givem, increasing
is neglected. For an Ef concentration ofng, = 1.0 - "M will increase the number of available sites for placing
10% m-3, Fig. 5 shows the upconversion reer as a the no excitations per volume unit. This increased freedom
function O’f the population inversioms /ng, for Jinferent in combination with the negative correlation effect will lead

r

%In all simulations, the radiative lifetime of thef, 3 /, manifold is taken to

4Notice that when upconversion rate versus population inversion is shovi 7.4 = 10 ms. By inspection of (3), (7), and (8), it can be seen that when

quadratic upconversiop,. = Cycn2 will be represented by a straight line Ry and R, are given, the upconversion rate is inversely proportional to
Wae = Cucna. Trad, DUt that the value of,,, does not affect thehapeof the W, curves.
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Fig. 6. Upconversion rate versus excited state population concentratfog. 8. Transition from static upconversion to the kinetic limit via mi-
for static upconversion for different values of the “Br concentration gration-accelerated upconversion. For arf*Erconcentration ofng; =

nge. Other parameter values a®ue = 1.0 NM Rmax = 2Rue, and 1.0 - 10 m™3, curves are shown for three different values of the total
We = 1/7..q0 =1/10 ms. The curves represent averages over 100 syster@g)ission ratelV.. For the Eft concentrationng, = 2.0 - 10?5 m=3,
each containing 1000 Et ions. only the Wer,.,a = 1 curve is shown. Other parameter values BRig =

1.0 Nnm Rmax = max{2Rmiz,3Ruc}, and n,g = 10 ms. The curves
represent averages over 10 systems, each containing 500 iBns. The
statistical uncertainties (standard deviations) on the shown simulation results

500 T T T T T T T are indicated by errorbars on theg(, = 1.0- 10?6 m=3, W,.r..q = 1) curve.

450 - With migration —
Without migration -

2, 0 In order to examine how these conclusions depend on
g 380t the EPT concentration and on the strength of the migration
2 a00| process, we introduce the quantity

§ 250 |

§ 2o} o We

E 150 | v = Cw.: = s n2=0 (26)

g ol i dwi

a dTLQ

-

50 |

5565 0_3”' 04 05 06 GO7 08 09 1 as a measure of how close the conditions are to the kinetic
Population inversion np/ng; limit (with v+ = 1 corresponding to the kinetic limit). Fig. 8

shows~ as a function of the rati@?.,i; /R of the strength

Fig. 7. Comparison of upconversion rates for static, respectively, migrﬁarameterS of migration and upconversion.
tion-accelerated upconversion at an*Erconcentration ofng, = 1.0 - A tedy i d tends t d 1 with i .
10%¢ m—3 for different values of the total emission rdté.. Other parameter S éxpectedy increases and tends toward 1 with Increasing
values areRuc = 1.0 "M Ruig = 1.8 NM,Rimax = 2Rumig, ad 7yaq =  Limig/Ruc, 1-€., the kinetic limit would be reached in a
10 ms. The curves represent averages over 10 systems, each containing®t material, in which the migration process betweeti Er
S+ . i .
ErT ions. ions was sufficiently strong. Furthermore, Fig. 8 shows that
~ increases withW., because—as earlier mentioned—the
ial distributi ¢ ited EF i h q h exchange of excited ions has an effect similar to migration.
to a spatial distribution of excited EY ions that reduces the ging)ly  is seen to grow with the Bf concentration. Thus,

upconversion rate. _ o in contrast to the case of static upconversion, the shape of
Next, we consider the influence of m|gr§tlon. For afEr the Wy curves will change with the Bf concentration,
concentration ofng, = 1.0 - 10°° m~3, Fig. 7 compares gjnce the conditions approach the kinetic limit, when th&'Er
upconversion rates for the cases with and without migrgoncentration is increased. However, at thé*Econcentra-
tion. As expected, migration increases the upconversion raigns considered in Fig. 8, a doubling of the rafihig / Ruc
because the diffusion of excitational energy will tend tcompared to the assumed value of 1.8) is needed to reach the
even out differences in excitation probabilities and removgnetic limit. This corresponds to a multiplication of the ratio
the negative correlation between the*Erions. However, Prig/ Puc by a factor of26 = 64. Such a span in parameter
Fig. 7 indicates that the accelerating effect of migration iglues seems unlikely within silica glasses (the value 1.8
not sufficiently strong for bringing the system of®Erions came from measurements on silica glasses, cf. Section 11). We
into the kinetic limit. Therefore, also in the case of migrationthus conclude that in silica glasses withi*Erconcentrations
accelerated upconversion, the total emission rdfe has of 1.0-2.0. 10°® m—2 or below, the kinetic limit is not
great importance. reached, and consequently a quadratic mgdel Wycns =
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Cucn3 is generally not adequétéor describing homogeneousof the negative correlation effect, and therefore the classical
upconversion in such glasses. Instead, we suggest a differgunching theory is not suitable for this purpose. A method
explanation for the experimental observations of quadraté describing the behavior of interactinggrions has been
upconversion [4], [23]. From Figs. 5 and 7, it is seen thateveloped, based on a system of differential equations for
the W, curves do not deviate strongly from their tangents #lte excitation probabilities of the ions. This has been com-
0 until the population inversion reaches values around Obined with Monte Carlo simulations of the ion positions in
In other words, the quadratic upconversion moggl = order to perform calculations of the quenching rate due to
c&%g, which in Section Il was shown to be valid atupconversion.
low population inversions, with good approximation holds in Upconversion alters the spatial distribution of*Erions
the range of population inversions from 0 to 0.6-0.7. Wexcited to the‘/; 3/, manifold, not only by creating differences
propose this phenomenon rather than the kinetic limit as thesingle-ion excitation probabilities, but also by introducing
explanation for the experimental observations of quadrafi¢gative correlation between the *Erions. These effects
upconversion. reduce the extent of upconversion compared to a random
In [4], the number of upconversion processes versus excitdigtribution of excited E¥* ions. Two physical mechanisms,
state population is measured by pumping'Edoped fibers migration of excitational energy and the exchange of excited
at 1480 nm and by detecting flourescence around 1500 @RS by emission and absorption, have the opposite effect, i.e.,
(proportional ton,) and around 980 nm (proportional q.). they bring the distribution of excited Er ions closer to a
Because of pump-stimulated emission, the method does ftdom distribution.
allow investigations at population inversions above c. 0.75 Contrary to what is frequently assumed in the literature,
(the actual value depends on the codopants). The results ingd} simulations indicate that for silica glasses with®Er
show a quadratic dependencegf. on n, at low population concentrations of 1.0-2.0 10°® m~3 or below, migration
inversions, i.e., a straight line in a double-logarithmic—g,. IS not strong enough for the kinetic limit to be reached.
coordinate system, followed by an upwards bending of tAéerefore, upconversion does not in general depend quadrat-
gue Curve at higher population inversions. This basic patteigally on the population inversion. Instead, experimental
is in accordance with our simulation results. However, iabservations of quadratic upconversion may be explained
[4], a quadratic model for homogeneous upconversion & a phenomenon at low population inversions (below
assumed, and the upwards bending of the curve is attribufs8-0.7).
to the presence of pairs of £r ions. Indeed, the presence The impact of the simulation results on the interpretation of
of pairs or larger clusters of Ef ions will give rise to experiments and on the design of high-concentration erbium-
an upwards bending of the upconversion curve, but so wilbped devices has been briefly discussed, but should be the
also homogeneous upconversion, according to the simulati@pject of future work.
results presented in this papeflhus, the simulation results
could have important implications for the interpretation of
experimental results, when it comes to separating the upcon-

version contributions of homogeneously and clusteredi Er APPENDIX
ions with the purpose of estimating the fraction of clustered DERIVATION OF DIFFERENTIAL EQUATIONS
ions. Furthermore, for erbium-doped waveguiding structures FOR THE PROBABILITIES pi AND piag

in which homogeneous upconversion plays a significant role,First, we consider the probability, (¢) of finding the kth
the simulation results can be expected to have importance ¢t ion excited to the*I;3/» manifold at time¢. Contri-
the design of amplifying components. Thus, according to tiitions to changes ipx(t) come from emission, absorption,
above presented simulation results, a further increase of thgconversion, and migration. Emission and absorption con-
population inversion above 0.7 (with the purpose of improvingibute to the time derivative of; with terms — W, p; and
gain and noise figure) will be more expensive (in termB@/, (1 — py), respectively. The probability per time unit for
of extra pump power) than predicted by a purely quadratim upconversion proces with iok as the donor and ior
upconversion model (fitted at low population inversions). Thigs the acceptor i$/2P,.(|rx. — 71|)pxni- The probability of
is a consequence of the strongly growing slope of iig.  migration fromi to & is Poig(|rx — 71])p—rar, Wherep_jn,
curves in Fig. 7. denotes the probability of finding excited andk unexcited.
Analogously, the probability of migration frorh to [ equals
V. CONCLUSION Prig(Ire — 71|)pra—. All terms corresponding to energy-
transfer processes should be summed with respett This

It has been demonstrated that the treatment of energy: i< to the equation

transfer upconversion between’tErions requires the inclusion

8Nor do the results give any indication that a cubic magiel = Wycna = dpx 1 1 P
~ ) g _— == . — L) = - T, —T .
Cucni should be valid. dt Wepk + Wa( Px) Z e[k iDprni
70One might object that the upwards bending of the homogeneous upcon- l#k
version curves is due to the fact that with a random ion distribution, a small + Py, — 7 )
fraction of the E?* ions will have neighboring Er" ions within a distance so Z mlg(| k thp-n
short that it corresponds to the presence of pairs. This argument is, however, l#k
only partly true, since the negative correlation effect will give rise to an _ . _
upwards bending of the upconversion curves day ion distribution, even Z Pmlg(|"'k Tl|)pk/\—|l- (27)
for a (hypothetic) regular lattice of equidistantly placedErions. I#k
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m contributes to the time derivative @f. ;. Excited ions are represented by
full circles.

By insertingp—_xa1 — Prxa—t = P1— Pk, (27) can be rewritten as

dpy
d—tk =y [Pmig(m —71) (Pt — p) (1]
12k

1
——Puc(|ri — 7)) prn 2l

2
—Wepr + Wo (1l — pr) (28) 3

identical to (7).

Next, we consider the joint probability; ;(¢) of finding
the EPT ions & and! both excited to thé*Ilg/Q manifold. 4
Contributions to the time derivative gf;,; only come from
processes that change the validity of the assertion ithret
k and [ are both excited Thus, emission gives rise to a (5]
term —2W.prn;, and absorption is represented by a term
W (pr+pi—2pkna1), Wherepg +p; — 2pi.~; is the probability of
finding exactly one of the ions and! excited. Upconversion
between the ion& and! yields a term—Py.(|rr — 71])prni,
whereas upconversion betweénand a third ionm gives
a term —%Pug(h'k — Tm|)PrAiam, SiNce this process only
contributes to the time derivative @f. ., if [ is also excited.
Upconversion betweehandm is treated similarly.

Migration among the three Ef ions &, I, and m can
occur in 12 different situations, when the choices of donofg
ion, acceptor ion, and excitational state of the third ion are
taken into consideration. Of these 12 situations, only the foHrO]
shown in Fig. 9 contribute to the time derivative mf;.

(6]

(7]

(8]

The respective contributions are [11]
A: -Pmig(|rk - Trn|)p—|k/\l/\rn
B: Pmig(|"'l - "'m|)pk/\—|l/\m [12]
C: _-Pmig(|'rk - 'rrn|)pk/\l/\—urn
D: _-Pmig(|"'l - "'m|)pk/\l/\—|m- (29) [13]
These terms can be joined two by two by using [14]
P=kninm — PkAlA—m = Pinm — PkAl
15
Prn—inm — PkAln—-m = PkAm — PkAl (30) 0]
and the equation fopy.; then becomes [1e]
dpy,
% = Z |:-Pmig(|rk - Trn|)(pl/\rn - pk/\l) [17]
m#Ek,mz#l (18]
1
- §Puc(|"'k - "'m|)pk/\l/\m
+ -Pmig(|"'l - "'m|)(pk/\m - pk/\l) [19]
1
- §Puc(|"'l - "'m|)pk/\l/\m [20]
[21]

—2Wepint + Walpr + pt — 2pint)
—Puc(|ri — mi))prn
identical to (8).

(31)

discussions.
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