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Resonant and thermal changes of refractive index in a heavily doped
erbium fiber pumped at wavelength 980 nm
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We report a theoretical and experimental study of the refractive index variation in a heavily doped
erbium silica fiber within the spectral range 1500-1580 nm under the pumping at the wavelength
980 nm. The two main contributions in the refractive index change are addressed—the resonant part
determined by the saturation effect in the fiber and the thermal part stemming from the fiber heating
due to the excited-state absorption and Stokes losses. We demonstrate that the thermal contribution
in the resultant refractive index change is a notable value, which is the feature of erbium fibers with

a high concentration of erbium ions. D04 American Institute of Physics
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The nonlinear optical properties of rare-earth-dopedons and the cutoff wavelength 1040 nm. A high-frequency
silica fibers have been under extensive investigation during~50 kHz PM signal with the modulation amplitude of
the last decade. An importance of understanding of the norabout 7 radians was biased to the passive communication
linear refraction features in such fibers, and particularly infiber, while the active(erbium fiber was pumped by the
the erbium ones, is caused by the needs of the fiber-optigagtailed diode laser.
communication and switching, engineering with erbium fiber ~ The setup arrangement allowed us to measure a phase
amplifiers and lasers, etc. To date, various mechanisms hawhift between the optical waves, twicéforward-and-
been investigated of the nonlinear change of refractive indekackward propagating through the MFI arms. This shift oc-
in erbium silica fibers. The most studied is the change coneurs at the switching pump power on/off due to the change of
nected with the material dispersion of erbium fibers that isa core refractive index, resulting in the change of an optical
strictly, by the Kramers—Kronig relation®&KR), related to  path in the MFI's active arm. The phase shift moves the
the change of erbium absorption spectrum under the opticahterferometer’s work point, which, in turn, changes the ini-
pumping™™# Another mechanism of the refractive index tial phase of the PM signal, affecting the shape of the modu-
change is caused by the thermal dispersion and thermallkation signal recorded by a photodetector. A simple analysis
induced stresses stemming from an inhomogeneous heat-of the resultant signal allowed us to measure the refractive
ing of the optically pumped fibers. The latter is mainly anindex change in the active erbium fiber.
appearance of the Stokes loss, given by the ratio of the pump The experimentally measured steady-state pump-induced
and emissior{lasing wavelengths, and the excited-state ab-wavelength-dependent phase shiip..s and the correspon-
sorption(ESA) loss, inevitably present in erbium fibefd?  dent refractive index changén,s in the active fiber, ob-

In this letter, we report an experimental and theoreticatained for several powers of the probe signal and a 70 mwW
investigation of the refractive index change in heavily doped?ump power, are shown in Fig. @ointed curvep The
erbium silica fiber within the spectral range 1500—1580 nmchangeAn,e (Fig. 2, right axig was calculated as
unde.r the pumping at the wavelength),,,=980 nm, paying AgredM) A 1
special attention to an accurate account of both the resonant An (\) = —————,
and thermal contributions in the refractive index change. 2w 2LTY

An experimental study of the nonlinear refractive index,ynerel is the wavelength of the tunable laser 7.5 cm is
change in an erbium-doped fiber was performed by the usge active fiber length, anid, =0.44 is the core-beam overlap
of an electrically on/off-switchedrectangular signal, 20 Bz tactor for the erbium fiber ak ~1550 nm. The maximum
pump diode laser, a Michelson fiber interferomet®tl)  ang minimum variations in the fiber core refractive index
with a tunable (wavelength range, 1500-1580 hrfow- (4 5% 106 and -1.2< 10°%) are observed, respectively, at the
power coherent semiconductor laser as a source of a prolgynal wavelengtha =1520 and 1570 nm, whereas there is

signal, and a piezoceramics-based fiber modulator providingg noticeable change in the ind€at least, at the steady
a phase modulatioPM) between the two optical waves in statg within the intervalh =1535-1550 nm.

the interferometer’s arm@=ig. 1). The two MFI arms were
the cleaved fiber pieces, both having the reflection coeffi-

1)

980 nm 20 Hz

cients of about 4% on their free edges, with one of the pieces 1500-1580 nm jmr WDM
being a standard communication fiber and another—a 7.5

Er-doped fiber

-cm single-mode silica fibeiSLC 110-01, IPHT, Jena, Ger- @;ﬂ{ —
550 nm
50:50

many) with a high (2300 mol ppm concentration of erbium /1 =
-De!ector
50 kHz W\;OPiezoceramic

modulator

dauthor to whom correspondence should be addressed; electronic mail:
yuri@cio.mx and kiryanov@cio.mx FIG. 1. The MFI-Michelson fiber interferometer.
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FIG. 2. Experimental dependencies of phase gfift) and refractive index ~ Pium fiber transmission vs its lengtpump power—P=50 mW). A set of
theoretical curves is built for the differef¢=0.3—0.55 values of ESA loss

change(right) versus wavelength of the signal wave. Curves 1-4 are mea- he i >
sured for different signal-wave powersee inset at the leftand pump in the fiber andP=50 mW.
powerP=70 mW; curve 5 is the correspondent theoretical dependence built

with the use of the KKR and the experimental data on absorption and gain L S
spectra of the fiber presented in inset on the right. ment of the pump switchirjgand, after switching the pump

(P=70 mW) on, practically all ions are in the excited state
. . (Ps’ggoz 1.1 mVV), ie., Nl(t—>oo) ~0 and Nz(t—>oo)z No.
Note that at the signal powers  exceeding We have supposed that the nonexpected behavior of the

~100-150uW, the resonant refractive index change is refractive index changéFig. 2) can be connected with an
saturated in-line with the resonant absorption saturation— 9€m1g.

compare the curves(250 uW) and 41.2 mW) with the additional contribution in its resultant value stemming from

curves 1 and 2 registered at the extremely low-power pro the thermal effect in the erbium heavily-doped fiber. There-

. . . X fore, the specific losses mentioned abaike ESA and
ing (10 and_50,uW, respectively. Meanwhile, an indepen- Stokes lossganay play a considerable role in an exgreon-
dent analysis of the power-dependent transmittance of th

. X . Fesonarm change of the refractive index.
?rbmm f|be_r has shown that, e.g., the saturating powar at To address the last effect, we have performed a set of
=1530 nm ISPS,lSBOz 150 ,LLW

. . . . experiments for clarifying an appearance of the ESA and
However, the main deduction from Fig. 2 is that a Cha.r'Stokes losses in the fiber under study. Figure 3 shows the
%xperimental dependenciggloty of the fiber nonlinear
Sransmission versus its length. In the same plot, are shown
the correspondent theoretical dependencies calculated with
the use of the equation addressing the saturation effect in an
erbium fiber in the presence of ESA at the pump wavelength:

fiber is different from the experimental data, relating the cas
of the fibers with low erbium doping* as from the classical
theoretical predictions, based on the modeling\of,, using
the KKR2 The latter is seen from a comparison of the
experimental curves 1-4 with the theoretical curvésBe

Fig. 2) for Anes=Ax’/2n that has been calculated with the di |

use of the experimental data for the ground-state absorption —P—_ a0|p|:1 -(1 _8)—P—} , (4)

(GSA) and gain coefficients of the erbium fib@ee the right dz Ip+ lsat

inset in Fig. ? and the formula for the real part of atomic B . . .

susceptibility? y': yvhereIp—P/Sp |s_the intensity of the pump wave propagat-
+o0 ing through the fibe(S, is the geometrical cross-section of

. ._ nc Tgail @ )No= ogsd 0 )Ny the multimode pump-wave in the fibet,is the pump satu-

X' (@)=~ %P V. o - o do’, (2 rating intensity,« is the low-signal pump absorption coeffi-

— cient ath\=\pymp ande=ogsp/ ogsa i the ratio of the GSA

(ogsa) and ESA(ogsp) cross-sections in the erbium fiber.
As it is seen from the graphs, the best fitting of the
experimental data by the theory is observed for the ratio

which leads to the following formula for the resonant refrac-
tive index change:

An = AX[(@) _ x(ot=x) - x'(ot=1) =0.43. Note that the found value for the ESA-assisted loss
S 2n 2n A=\pump allows one to estimate the correspondent ESA
+0 cross-section in erbium fibettega~0.5X 10721 cn?.
c ap(@') + go(®) In order to calculate the wanted thermal contribution in
~ - Z_P'V' f - do". (3)  the refractive index change in the erbium fiber, one should
Tw w —w . . . .
Zw numerically calculate the temperature distribution across the

In formulas(2) and (3), n is the undisturbed fiber core re- fiber cross section, which is an indication of the pump-
fractive index,c is the velocity of light,w is the angular induced fiber heating, determined by the ESA lesand the
frequency of the probe wave,, andogsa are the gain and ~ Stokes loss£=1-Ap,m/A and addressed in terms of the
GSA cross sectiondy; andN, are the population densities of volumetric heat densitQ:

erbium ions in the ground and excited states, respectively,

tc_vo(w):oG_SA(w)No is the e_rbium fiber _nonsaturated absorp- 0= a lp (e-8+£|. )

ion coefficient, andgo(w) =ogi{w)No is the full-saturated p o+ lsat

gain coefficient. Note that formulg) above is obtained for

the case of a low-power signal wave, where, before the pumphe latter formula allows one to easily find the resultant
switching on, the number of erbium ions in the excited stateefractive index changeé\nyem, (and the thermoinduced

can be ignoredN; (t<ty) =Ny andN,(t<ty) =0; ty is the mo- Phase ShiftA ey N the erbium fiber:
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B TABLE |. Parameters used in modeling.
2 E -4
. ? Parameter Value
b Z f2 o 1 Refractive index thermal dispersian/dT=0.85x 10°° K2
Pump po\,.e,lmvtfo 5 = 2 Total thermal gradient in silica
s jacketed fiber dS/dT=~2 dn/dT=1.7x10° K™
3 Silica thermal conductivity A=0.014 W/cmK
4 Thermal-convection coefficient h=0.5-1.0 W/criK
5 Air surrounding teperature Tp=20°C
6 Radius of Gaussian signal-wave w;=2.6X 10 cm
10 . i . . . 7 Multimode pump-beam cross ~ Sp~ r3=6.34x 10° cn?
1500 1520 1540 1560 1580 section in fiber
Wavelength, nm 8 Erbiunt* fluorescence lifetime ~ 7=1.0x1072s
FIG. 4. Experimentaldots and theoreticallines) dependencies of overall 9 Small-signal absorption coefficientr,=0.0245 cm*
phase-shift(left) and refractive index changgight) versus signal-beam (Npump=980 nm)
wavelength for the differeniP=35 and 70 mVy pump powers. Inset— 10 Erbiun?* GSA cross section 0sa=1.2X 1072 cn?
dependencies of the thermal-induced contributions in phase-shift and refrac- ~ (\pymp=980 nm
tive index vs pump powef\ pm,=980 ni). 11 Erbiun¥* concentration in fiber ~ Ny=2.1x 10 cm3
12 Stokes-loss £=0.37
13 ESAloss £=0.43

N ds
Ar1therm: HA(Ptherm: Z—AT(Q,I’), (6)

dT
formula (7)] is establishedI',=1, for determining the non-

with the coefficiert™>'* dS/dT, being the total thermoin- resonant thermal pattng,e.,). The inset to Fig. 4 shows that
duced optical path change at the probe wavelengtimder  the thermal contribution in the resultant refractive index
the pumping by continuous wave radiation at the wavelengtithange in the fiber linearly depends on the pump power.
N oump @nd the differencaT(Q,r) [between the temperatures One can see that the experimental data are perfectly fit-
inside the fiberT(Q,r), and on its outer surfacd&y], being:  ted by the theory, which is a simple formulation of the non-
linear refraction problem for the case of a heavily doped
ATQ,r)=T(Q,r) =Ty erbium fiber in the conditions of optical pumping at the
r\2 R wavelengthh ,m=980 nm and an account of the KKR for
ol 1- (—) In(—) the resonant refractive index chanye,. and the ESA- and
% To + To + L]orsr Stokes-induced heating, determining its therr@nreso-

| 2 2/ Ay RhJ nan contribution. Let us finally note that even in the case of
- R rather low pump power$P<100 mW) treated above, the
Qré '”(?) 1 thermal part in the overall refractive index change in the
S| TA + =hl r>ro, erbium fiber is a notable value; thus, one may suppose that
t

for higher pump poweréW), it will have much more impact,
especially on the fiber-based lasers and amplifiers where ac-
tive fibers with a high concentration of erbium are used.
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wherer is the current radial coordinate across the filogr,

=1.42um is the radius of its erbium-doped are®&®

=62.5um is the fiber outer radiusj\; is the thermal-

conductivity coefficient of the fiber materiédilica), andh is

the thermal-convection coefficient on the fiber—air boarder.
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