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Abstract—A detailed set of measurements is presented on de-
termining the emission and absorption cross sections of Er3*
doped fibers for the */,;,, = *I;5/, transition. Two techniques
are employed: the Fuchtbauer-Ladenberg analysis, based on
spectroscopic data; and a more direct technique involving op-
tical saturation of the transition. The cross sections, and in par-
ticular their ratio, are significantly different for the two tech-
niques. Possible reasons for this are discussed, and we conclude
that the Fuchtbauer-Ladenberg approach is inappropriate in
this situation.

INTRODUCTION

RBIUM doped optical fiber amplifiers have been well

characterized experimentally, and practical systems
have been demonstrated [1]-[3]. Considerable emphasis
is therefore placed on performance optimization using nu-
merical modeling. For these models to be relevant, it is
important to establish material parameters accurately.
Precise measurement of the optical absorption and fluo-
rescence cross sections of the doped fiber is particularly
important. This paper is concerned with the determination
of these parameters.

Cross sections are commonly derived from experimen-
tal values of fluorescence and absorption bandwidths [4]-
[7]. This is done using the Fuchtbauer-Ladenberg equa-
tion, which may be derived from the Einstein relations.
Performing such an analysis, we find that 6 ~ 1.20,, in
broad agreement with other workers. While such results
are widely accepted, they do not agree with the results of
simple gain measurements. We have noted that a length
of doped fiber that shows an unpumped loss of, say, 10
dB, never shows a gain of 10 dB, even under extreme
pumping. Since the ratio of maximum available gain to
the unpumped loss should be the same as the ratio of the
cross sections, the Fuchtbauer-Ladenberg approach looks
flawed.

An independent measure of the cross sections is re-
quired. We have chosen to do this by measuring the sat-
uration power, i.e., the pump power required to cause a
50% inversion in the metastable level. Three fiber types
are analyzed, differing in core composition. The work re-
ported is divided into the following three parts.
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1) Fuchtbauer-Ladenberg analysis: to enable com-
parison of this work to that of others.

2) Gain-loss measurements: to determine the ratio of
the peak absorption to peak emission cross section di-
rectly.

3) Saturation power measurements: to independently
determine the absorption cross section and, thus, with the
aid of gain-loss measurement, the emission cross section.

FUCHTBAUER-LANDENBERG ANALYSIS

The emission and absorption cross sections may be re-
lated to the fluorescence and absorption bandwidths, pro-
vided the spontaneous lifetime and level degeneracy are
also known. The Fuchtbauer-Ladenberg equations are
derived from the Einstein relations for the A and B coef-
ficients of a two-level system (see the Appendix). The
cross sections may be written as follows:

for emission,
2

N
oy = WAzng(V) M
and for absorption,
xZ
o = ?W Ang'®). (2)
1

The wavelength of peak emission-absorption is A,
while the line shape for emission is g(») and g'(») for
absorption. The spontaneous decay rate, 4,; is given by
1/ 7spom Which, provided there is no nonradiative decay,
is equal to the inverse fluorescence lifetime 1/74. (This
point will be discussed later.) The refractive index is u
and the level degeneracies are g, and g,.

Since the line shape is in general not simple, the effec-
tive linewidth A A4 is defined through the relation

]pkA>\eff = SO I()\) d)\‘ (3)
The line shape function may be written as
m
go) = — “
S Idv
so that
2
= — 5
g8 A 6}
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The Fuchtbauer-Ladenberg equations (1) and (2) may
now be rewritten as

N
87|'[L2C TﬂA )\E

(6)

021 =

and
& A 1
g1 8mplc TaAN,

gpp = (7)
Thus, the ratio of absorption to emission cross section is
given by

o2 _ 828M

. (8
021 g1 AN,

The level degeneracy is easily determined from the an-
gular quantum number J as 2J + 1. Thus, for the I|3 /2
(upper) level, the degeneracy is 7; and for the s /2
(lower) level, it is 8, In silica, the degeneracy is lifted by
the local electric field [8] Stark splitting, so that the band-
widths that we measure already have the effect of degen-
eracy built into them. Equation (8) thus becomes

ﬂZ_A)\E

071 - A)\A (8a)

The fluorescence lifetimes of a large number of fibers
were measured, and all were found to display exponential
decay. The maximum concentration of erblum in the
Ge0,-Si0O, glass was ~1 X 10% jons/ m®, and in the
ALO,-SiO,-type glass it was ~7 X 10 10ns/m , thus
avoiding problems associated with concentration quench-
ing and clustering. Short lengths of fiber were pumped at
~ 800 nm, the length being kept short enough (typically
<0.2 dB of loss at 1.5 um) to avoid amplified sponta-
neous emission (ASE). We found the fluorescent decay
times to be

Ge0,-Si0, 121 £+ 03  ms

A1203—Si02 10.2 + 0.3 ms.

(The only GeO,-Al,0,-Si0, fiber measured had the same
lifetime as the Al,0,-Si0, fiber.)

Care was taken in obtaining fluorescence data to take
account of the spectral response of the measurement sys-
tem. Absorption data were recorded using a cutback tech-
nique. While making these measurements, the 980 nm ab-
sorption band was also examined. Attenuation data show
that a considerable amount of water (OH ™) remains in the
fibers (Fig. 1). (The water peak was removed from the
data before calculating the linewidths.) The emission and
absorption linewidths (AN) may be calculated by rear-
ranging (3) as

1 (=]

AN = — S I(N) d\ 9)
ka 0

where 1, is the intensity at the peak of the emission or

absorption plot. Table I shows the linewidths. The cross-

section ratios oz /0, are shown in Table II.
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Fig. 1. Spectral variation of the emission and absorption cross section de-
rived using the Fuchtbauer-Ladenberg approach.
TABLE 1
MEASURED FLUORESCENT AND ABSORPTION BANDWIDTHS
Fluorescence Absorption
Fiber Type Linewidth (nm) Linewidth (nm)

GeOz-SiQZ 36* 46"3

AL 0;-8i0, _ 6073 7243

Ge0,-Al,05-8i0, 58*3 68+
TABLE 11

CROSS-SECTION RATIO 0/ 0, AS DERIVED
SPECTROSCOPICALLY

Fiber Type ag/0,
GeO,-Si0, 1.28 + 0.13
Al1,0;-8i0, 1.20 + 0.11
GeO,-Al,05-Si0, 1.17 + 0.10

TABLE 111
EMISSION AND ABSORPTION CROSS SECTIONS, AS DERIVED USING THE
FUCHTBAUER-LADENBERG METHOD

Ge0,-Si0, 7.9%08 6.210%
ALO,-Si0, 56793 47153
Ge0,-Al,0,-Si0, 5.8%93 4913

With the information in Table II, we can compute the
relevant cross sections. We show them in Table III. The
resulting spectral cross-section data are shown in Fig,.

1(a)-(c).
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Fig. 2. Experimental arrangement for recording gain-loss data.
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Fig. 3. Sample gain-loss data for the GeO,-SiO, fiber. Gain is plotted as
a function of pump power. Also shown is the predicted value of G,,,,,
based on (14).

GAIN-Loss MEASUREMENTS

The ratio of gain to loss of a length of doped fiber was
measured as a function of pump power using the arrange-
ment shown in Fig. 2. A Ti’* : AL,O, laser was used as
the pump source, operating at 980 nm for the GeO,-SiO,
fiber and 978 nm for the other two types. As the pump
power is increased, the output at the signal wavelength
rises asymtotically toward an upper limit. Experimental
data for the GeO,-SiO, fiber type is shown in Fig. 3. It
was not possible to get closer than ~ 10% of the asymp-
totic limit with the available pump power, particularly for
fibers containing Al,O5. As a result, the data must be ex-
trapolated in some way.

If we neglect the radial variations of both the dopant
distribution and the optical fields, and also ignore varia-
tions along the length of the fiber, then the single pass
gain G may be given by

(10)

W —
G = exp {nr Ly TR /T OA/T}

Wi + 1/1

where W,; is the pump rate, 7 is the radiative lifetime,
and ny is the number density of ions in the sample. (These
assumptions are justified for high pump powers, and short
lengths of low doped fibers.) The pump rate is directly
proportional to the pump power P. In the bleached con-
dition, i.e., no gain or loss, the pump rate is equal to
04/ 70, and the pump power to achieve this is Py,. Equa-
tion (10) can thus be rewritten as
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TABLE IV
RATIO OF GAIN TO LOSS FOR THE THREE
FiBRE TYPES

Fiber Type or/0,

0.84 + 0.03
0.82 £+ 0.05
0.94 + 0.09

Ge0,-Si0,
ALO,-Si0,
GeO0,-ALO;-Si0,

ﬂ (1)

G = €Xp nTlaE
Oc
P+ P,—
04
putting R = P/P,, (11) becomes
R -1
R+ 1>

04

G = exp | nylog (12)

or, setting ny * log to G,c, We have
R-1

G = €xXp Gmax 3 (13)

g,
R+ =
04

reexpressing the gain in decibels, we then have
R-1

"G = Gy, (14)

R+E
04

Initially, oz/ 0,4 is set to 1. G,,,, may then be predicted
from the experimental data using (14). The ratio of G,
to L,y (the loss of the fiber when not pumped) provides
a new value for oz/0,, which is then put into (14), and
the experimental data are refitted. This process is repeated
in a self-consistent way to obtain oz /4. Equation (14) is
an approximate expression in the present situation, how-
ever, the accuracy improves as R increases. This is seen
in Fig. 3 where the predicted value of G,,, soon con-
verges to a fixed value. (Data were obtained for different
fiber lengths, all having an unpumped loss <6 dB. With
this condition, the ratio of gain to loss was found to be
independent of length.) Analyzing our data in this way,
we find the ratio of gain to loss to be as shown in Table
Iv.

Note that the considerable difference between Tables 11
and IV. (Note also that the ratio for the GeO,-Al,0,-Si0,
fiber type is considerably higher than the other two. Since
the error in this measurement is greater than for the other
two fiber types, the difference in ratios might not be too
significant. The increased error arose from the consider-
able variation obtained on repeating the measurement sev-
eral times, and was not ascribed to the error in a single
set of data.)

SATURATION POWER MEASUREMENTS

The fluorescent output power is directly proportional to
the population n, of the metastable level and, for an infin-
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itesimal section of fiber, this may be written as

Wisnr

Wt 1/7 >

n
To reach half the maximum value of the fluorescence, i.e.,
to get to an inversion of n,/2, the pumping rate is given
by

1
Wi = —.
T

(16)
In general, the stimulated rate between two levels i and j
is given by

= 17
Y A {an

Here o is the cross section of the transition, Py is the
optical powr, hv; is the photon energy, and 4 is the area
of the infinitesimal segment. The pump power required to
reach half inversion (i.e., bleach the transition) is called
the saturation power and is given by

_ hV13A

P, .
o137

(18)

The fluorescent power from the side of a short length of
fiber was recorded as a function of pump power. The out-
put increases asymtotically to some upper limit corre-
sponding to full population inversion. An example of such
data is shown in Fig. 4. From this, the saturation power
and thus pump absorption cross section may be calculated
via (18). Again we assume no nonradiative decay so that
7 can be replaced by 74. Knowing the absorption cross
section at the pump wavelength, and knowing the spectral
attenuation of both the 0.98 um and 1.5 um bands, the
absorption cross section at ~ 1.53 ym may be calculated.
Of course, in the fiber, the situation is more compli-
cated, so the radial distribution of pump field and dopant
must be taken into account. In this case, the population
inversion (and hence fluorescent intensity) is given by

¥ Wiang(r)

o W) + 1/7 ar. (19)

n, = 2« S
Such a calculation requires a knowledge of the dopant dis-
tribution ny(r). These were obtained by X-ray micro-
probe analysis of the preforms by the materials character-
ization service, Harwell, U.K. The data are shown in Fig.
5. Also recorded was the distribution of the index raising
materials—Ge and Al. Data from the latter was used to
generate an equivalent step index (ESI) [9], thus fixing
the core radius with respect to the dopant distribution. In
the case of the fiber, the numerical aperture, cutoff wave-
length, and spot size can be used to predict the core radius
using the Marcuse relation. Spot sizes were measured by
a far-field scanning technique, and analyzed using the Pe-
termann II definition of spot size [10], at pump and signal
wavelengths. Using the above information, the experi-
mental saturation curves (e.g., Fig. 4) were fitted using
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Fig. 4. Sample fluorescence saturation data. Fluorescent power is re-
corded as a function of pump power. Curve 2 is as 1, except that the x axis
has been expanded by a factor of 10. Also shown is the asymptotic limit
obtained using (15).
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Fig. 5. Er** distribution for the three fibre types. The parameter a is the
core radius as defined by the effective step index measurement—see text.

TABLE V
PuMP ABSORPTION CROSS SECTIONS

980 nm Pump Cross

Fiber Type Section X 1072 m?
Ge0,-Si0, 2.52 £ 0.03
ALO,-SiO, 1.9+ 0.3
Ge0,-Al,05-8i0, 1.7 £ 03

(19) to give pump absorption cross section; we found them
to as shown in Table V.

Knowing the ratio of absorption strengths for the two
bands—as measured from the fiber—and the degree of
overlap at each wavelength, the absorption cross sections
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TABLE VI )
EMISSION AND ABSORPTION CROSS SECTIONS AS DERIVED BY THE
SATURATION METHOD

Emission Cross Absorption Cross

Fiber Type Section X 107%° m? Section X 107% m?
Ge0,-Si0, 6.7 + 0.3 7.9 +£ 0.2
Al,04-Si0, 44 + 0.6 5.1 +0.6
Ge0,-Al,0;-Si0, 44 + 1.0 4.7+ 0.8
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Fig. 6. Cross-section data as derived from the saturation technique for the
three fiber types.

at ~1.53 um may be calculated. These, together with the
gain-loss measurements of Table IV, allow us to deter-
mine the peak emission and absorption cross sections. We
find them to be as shown in Table VI. These results are
presented in Fig. 6(a)-(c).

DiscussION

The most important point to note is that the ratios of
emission to absorption cross section derived by the two
techniques are significantly different (see Tables II and
1V). This ratio corresponds to that of maximum gain to
loss (where maximum gain is not saturation limited).
Since we measured the ratio of gain to loss directly, the
Fuchtbauer-Ladenberg approach looks flawed, before
even considering the actual values predicted by it for the
Cross sections.

In applying the Fuchtbauer-Ladenberg analysis, sev-
eral assumptions are made. The derivation of (8a), relat-
ing the cross-section ratio to the absorption and emission
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linewidths, assumes that the measured spectra are homo-
geneously broadened. The spectral line shape is domi-
nated by Stark splitting, and this, together with the fast
thermal relaxation time between Stark components, re-
sults in the system being effectively homogeneously
broadened [8], [11] so that this assumption is valid.

A further implicit assumption is that all of the Stark
components are equally populated, or the probability of
all transitions between the two levels are equal. The first
possibility, i.e., equal population, is clearly untrue when
we consider that the levels will be populated according to
Boltzman statistics [8]. It therefore looks as though the
assumption of equal transition probabilities is incorrect—
let us therefore look at it in more detail.

The equality of transitions is stated in the Einstein re-
lation

By, = By 82 (A6)
B,, and B, are the probabilities of stimulated absorption
and emission, respectively. If we assume a simple two-
level model (as indeed we have), then, in the absence of
degeneracy, these probabilities would be the same. In the
real system, emission and absorption take place between
many Stark components and, as we have said above, tran-
sitions between the Stark levels of the two bands must
have the same probability for the equation to be valid. It
is a straightforward matter to test whether the probability
of spontaneous transitions between Stark components are
identical. By changing the temperature of the fiber, the
relative population among the Stark levels is altered. If,
as we predict, the transitions have different probabilities,
then the fluorescent time constant should be temperature
dependent. Results of such measurements made on two of
the fibre types are shown in Table VII.

It is quite clear from this information that transitions
between different Stark components do indeed have dif-
ferent probabilities; thus, the Fuchtbauer-Ladenberg ap-
proach is invalidated in this situation. This result is con-
firmed by recent work on fluorescence line narrowing [8].

An alternative explanation for the difference obtained
for the cross-section ratio by the two techniques would be
to invoke a nonradiative decay so that 7., > 7. The
multiphonon decay rate for the I3 /2 = 15/, transition
is estimated at <1 s~', [12], so that Tepont = Ty 18 good
to 1%, and nonradiative decay is not able to account for
the difference in cross-section ratios.

SUMMARY

We have derived emission and absorption cross sec-
tions for Er'* doped silica fibers by two independent tech-
niques. The results obtained are significantly at odds with
each other. We believe the commonly used spectroscopic
technique based on the Fuchtbauer-Ladenberg analysis to
be inappropriate, and we have discussed why. Briefly, we
find the assumption of equal transition probabilities be-
tween Stark components of the two energy levels involved
to be incorrect, thus invalidating this approach. With re-
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TABLE VII
VARIATION OF FLUORESCENT LIFETIME WITH TEMPERATURE FOR
Two FIBER TYPES

Fiber Type Temperature

77 (K) 300 (K) 800 (K)
Ge0,-8i0, 15 12 10
Al 0;-8i0, 13 10 9

gard to numerical modeling of Er'* doped fiber-amplifiers
and lasers, the data based on saturation measurements
presented here should provide a good starting point.

APPENDIX
THE FUCHTBAUER-LADENBERG EQUATIONS

We consider the simple two-level system shown in Fig.
7. The probabilities for spontaneous emission, stimulated
emission, and stimulated absorption are A,,, B,;, and B;,.
In equilibrium,

np(NB; = nyp(v)By; + myAy (A1)

where p(v) is the photon energy density, and n, and n, are
the ground and metastable population densities.
Solving for p(»),

AZI/B21
Blan/B21n2 -1

p(y) = (A2)

By making used of Boltzmann statistics, we can write
n, _&

— = == exp (hv/kT); (A3)
ny 81 P /
substitution into (AS5) gives
Ay /By
o) = . (Ad)
8:B12/8: By exp (hv /kT) — 1
Now, Planks law can be stated as
8 h 33
p(v) dv = e (AS)

clexp (v /kT) — 11’

where p is the refractive index. Combining (A7) and (A8),
we find

81Bix = g8y, (A6)
and
A 33
Ay _ 8thy’u . A7)
B, C3

Now, the stimulated emission rate B, is given by

0y, C
By = ——— (A8)
2 g (on
so that
h B
0y = % (A9)

Combining (A10) and (A12), we derive the Fuchtbauer-
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Fig. 7. The two-level system,
Ladenberg equation for the emission cross section
)\2
on = -2 42180). (A10)
8T
If we now consider absorption, we have
o12C
By = (Al1)
hvg' (V)p

where the lineshape for absorption g'(») is not necessarily
the same as that for emission g (»). The Fuchtbauer-Lad-
enberg equation for the absorption cross section is thus

82 \?
=== ——A4,,2'(v). Al2
o1 2, 8 218'() (A12)
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