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Several basic parameters of Nd>* in a $Si0,~GeO, glass fibre have been determined. The stimulated emission cross-section for
the *F3,,—%1,,; transition has been evaluated experimentally both by a laser technique and spectroscopically. Comparison is
made between the two methods and a nonradiative decay process inferred. The efficiency of the 800 nm pump band was deter-
mined from measurements of laser slope efficiencies. Branching ratios for the different fluorescent bands have been measured

and cavity losses determined.

1. Introduction

This study is concerned with the measurement of
some of the basic parameters affecting laser opera-
tion of Nd3* doped fibres with a SiO,-GeO, glass
core composition. Only operation on the *F;,;—
*1,,,- transition is considered. Of particular impor-
tance to the evaluation of a material for laser appli-
cations is the emission cross-section. Two methods
are used to obtain this parameter. The first is based
on studying lasing threshold as a function of output
coupling. This method is particularly suited to end-
pumped lasers, such as fibre lasers, relying as it does
on a knowledge of the absorbed pump power [1].
The second method is spectroscopic and involves
measuring the *F;,, —*I,,,, fluorescence and deter-
mining the radiative lifetime of the transition.

2. Laser cavity method

The threshold condition for a fibre laser may be
written as

RiR:(1-Lg)*exp(2y))=1, (1)

where R, is the (power) reflection coefficient of the
input mirror, R, is the reflection coefficient of the
output mirror, Ly is the loss due to the fibre mirror
butt, y is the gain per unit length, / is the fibre length.

The fibre is assumed to have negligible intrinsic loss
at the lasing wavelength. Setting R, =1, eq. (1)
becomes

—log. R, +log. (1 —Lg)*=2yl. (2)

For Lg<1, log.(1—Lg)=~—Lg, so that eq. (2)
becomes

The round trip gain is given by
!

zﬂ=zajndz, (4)

o}

where 7 is the metastable level population density.
Using a two-level approximation for the lasing sys-
tem, we can write the rate equation for the meta-
stable level as

dn/dt=nwp{nr —n) —w n—n/1, (5)

where np is the total population density, n is the
pumping efficiency, wp and w, are the pump and
stimulated rates and 7; the fluorescent decay time.
Further,

w; =cop;/ phv;, (6)

where g,, p; and Ay, are the cross-section, energy den-
sity and photon energy of the particular i. We use
subscript P for the pump transition and L for the las-
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ing one. The speed of light is ¢ and u the refractive
index of the fibre core.

At threshold, w; =0 so that in equilibrium eq. (5)
becomes

ncappe n
—n)y=—. 7
hve (nr—n) T (7)

Assuming for the moment that the optical pump field
and dopant distribution are constant across the core,
we can write for a short length of fibre

dpp/dz=—ppop(ny—n) , (8)

where = is the pump propagation direction along the
fibre core. Combining eqgs. (7) and (8) gives

(nete/ uhvp) dpp = —nd:z. (9)
Now
pe=Ipu/c, (10)

where [p is the pump intensity at a given point. In
the fibre geometry it is the mean intensity of the
pump across the core that is important. Assuming
now that the pump intensity distribution can be ap-
proximated by a gaussian, i.e.,

In(r)=1p(0) exp(—r*/w}) (1)

where r is the radial distance from the core and wp
is the power spot size, related to the field spot size
by [2] wp=w0/\/§. The mean intensity /,,, in the
core is then

In=(P/na’) [1—exp(—a*/wp)], (12)

where P is the pump power at a given point along the
fibre and a is the core radius. Eq. (12) thus becomes

In=P/Acx, (13)
with

B na?
T l—exp(—a?/wp)’

Aeﬂ'

In fact we must also take account of the overlap be-
tween the pump and lasing fields in the fibre core.
Doing this we find

na’

Ac = 3 B B PR
"7 1—exp(—a*/w}) exp(—a*/wi)

(14)

We can now rewrite eq. (9) as
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— (Nt Aeghvp) dP=nd:z, (15)
so that
i
nty
= P, N 16
-J; nd Acgehvp abs (16)

where P, is the pump power absorbed by a length
! of fibre.

So far we have assumed that the dopant has a top
hat distribution across the core. Measurements using
wavelength dispersive X-ray analysis [3] on a fibre
preform similar to that used here show that (fig. 1)
55+ 10% of the core is occupied by dopant. The cross
section we measure will thus be 55% of the true value.
Bearing this in mind, we can restate the threshold
condition (3) as

—log.Ry+2Lg = v
Shetf P

(17)

A plot of log.R, versus pump power absorbed to
reach threshold will thus allow us to determine the
butt loss Lg from the intercept. and the cross-section
from the gradient. It is important to know the re-
flectivity of the output couplers (R,) as used in the
lasing cavity and this is examined in the appendix.
The experimental results presented there show that
the reflectivity is enhanced by an etalon formed be-
tween the cleaved fibre end and the dielectric mirror.
This effect is important in that it may alter the re-
flectivity by up to 50%.

One particular Nd** doped fibre was used
throughout, and was fabricated by the solution dop-
ing technique [4]. A relatively low dopant concen-
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Fig. 1. Dopant distribution across the fibre core: from X-ray
analysis of ref. [3].
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tration of ~ 0.08 mole% Nd-,O; was chosen to avoid
possible clustering of Nd** ions. GeO, was used to
raise the core index, the resulting core composition
was ~ 6 mole% GeO, in SiO,. The numerical aper-
ture was 0.21 and the cutoff wavelength 780 nm, thus
ensuring single-mode operation at both pump and
lasing wavelengths; from these parameters the core
radius was found to be 1.42% 10~¢ m and the pump
power spot size 1.15X 107 m

Fibre lasers were constructed by bulting cleaved
fibre ends up against dielectric mirrors [5]. Pump
power was provided by a single stripe laser diode op-
erating at 826 nm. Sufficient fibre (~2 m) was used
to absorb >99% of the pump light. The launched
pump power was determined by a multiple cut back
technique.

A typical lasing characteristic is shown in fig. 2. To
within experimental error, all characteristics were
linear well above threshold, indicating that the laser
is effectively homogeneously broadened (discussed
later). It is possible to define two values of the
threshold. One is given by the onset of relaxation os-
cillations, the other by extrapolating the character-
istic {using a linear fit) to zero output power. De-
termining thresholds with these two definitions for
many lasers allows us to plot log.R, versus P, as
shown in fig. 3. We see that, whilst the gradient for
the two classes of threshold are similar, the inter-
cepts are significantly different, Ly being 2.5+ 1%
for the relaxation oscillation set and ~ 12% for the
fitted set. Previous measurements on butt losses
[6,7] indicate 2.5% to be quite reasonable whilst 12%
would be excessive; thus the onset of relaxation os-
cillations is taken as the threshold condition. To ex-
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1k Rf’ |
O 1 1 1
0 5 10 15 20

Absorbed pump power (mW)
Fig. 2. Experimental lasing characteristic for an output coupler

of R=70%. Threshold as defined by the onset of relaxation oscil-
lations (RO) and by fitting (F) the characteristic are shown.
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Fig. 3. Fibre laser threshold versus log.R for fitted threshold (open
data), and relaxation oscillations (solid data).
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Fig. 4. Slope efficiency (with respect to absorbed pump power)
versus log.R. (Note that the slope efficiency falls to half its max-
imum value when the output coupling equals the cavity loss, ~ 5%,
in good agreement with that found by other methods, see text.)

tract the cross section from the gradient obtained
from fig. 3 we still have to determine both 7 and 1y,
eq. (17).

The pumping efficiency 7 may be derived from the
slope efficiency of the fibre laser output. Experi-
mental data for slope efficiency (with respect to ab-
sorbed pump power) is shown in fig. 4. Assuming
small output coupling the slope efficiency § may be
written as

T VL
5=”ﬂ<T+L,>7p’ (18)

where f is the signal/pump modal overlap [8,9] and
is calculated to be 0.96, T=1—R, and L, is the in-
trinsic cavity loss. Restricting ourselves to 7<30%
and using L,=2XLg (Lg=2.5%), we find 5=
0.61+5:82.

We note that our highest slope efficiencies, <40%,
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are lower than some of those obtained in other re-
ports based on Al,0;-Si0; (~59%) [10] and SiO,
(~51%) [11] glass. It has been found [12] that col-
our centres reduce the fluorescence conversion ef-
ficiency. It is known [13] that GeO,-SiO, glass
formed by the MOCVD process used in fibre fab-
rication process contains colour centres. This may
explain the lower slope efficiencies we found in this
work. .

The fluorescent decay time was found by moni-
toring the fluorescent intensity as a function of time.
The fibre was pumped with a dye laser operating at
826 nm, an acousto-optic modulator being used to
pulse the pump light entering the fibre. As is typical
of Nd** in glass hosts [ 14]. the decay is found to be
slightly nonexponential, as shown in fig. 5. The flu-
orescent decay time ranges from 430 to 530 ps across
the time scale of fig. 5. For this nonexponential de-
cay we define an equivalent decay rate

= [ g, (19)
)

where .4(7) is the fluorescent intensity at time . With
this definition we find the equivalent decay rate to
be 460 15 ps.

Combining all this information we calculate the
lasing cross section to be

o, =(0.75+0.2) X 10~ m*.

It is also of interest to examine the output spec-
trum of the free running fibre laser. Looking first at
the peak wavelength, a typical output spectrum for
the laser is shown in fig. 6. The spiky nature of the

Intensity |
(a.u)

200us
1 _.l l‘_ 1
Time

Fig. 5. Experimental decay of *F3,,—*1,,,, fluorescence.
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Fig. 6. Fibre laser output spectrum.
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Fig. 7. Fibre laser bandwidth versus R’. where R’ is the ratio of
pump power to threshold pump power. These data are a compi-
lation of those obtained on many cavities.

output is believed to be due to etalon effects in the
mirrors used to form the cavity. Whilst the spectrum
broadens as the pump power is increased. fig. 7, the
peak wavelength remains constant at 1.088 pm [15].

3. Spectroscopic method

The second method of determining the cross sec-
tion uses information obtained from the fluores-
cence spectrum. Assuming any excited state absorp-
tion to be minimal, the cross section may be
calculated from the Fuchtbauer-Ladenberg equation
[14]

A4

o= ————5.
Tspom ’ 87[(',11' Meff

(20)

where A is the peak wavelength, Al 1s the effective
linewidth of the transition, Tpen, is the radiative de-
cay time of the transition.
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The branching ratios for the three transitions,
*F3/2—%ls,> (940 nm), 4F3/l_’4111/2 (1090 nm),
*F3,2 —*1;3,2 (1350 nm), were found by measuring
the fluorescent output for each, care being taken to
ensure no re-absorption for the 940 nm transition.
The result of many such measurements gave the
branching ratios as [16] 0.56:10.4:10.04. We can
now use the measured value of the fluorescent decay
time, 460 us, to calculate the spontaneous rates (as-
suming no nonradiative decay),

Tg40nm =820i70 IJ.S "
Tlogonm=1150i 170 us .,
Ty350nm = 1 1500+ 500 S .

The fluorescent output spectrum of the *F;,,—
*1,,,, transition, pumped at 825 nm, is shown in fig.
8. (N.B. The fluorescence spectrum varies with pump
wavelength [17].) The effective width, Al 4, may be
defined by [18]

L, A/lmzj’l,ldzl. (21)
0

From fig. 8 we find Al.y=57% 3 nm. Fromeq. (20)
we may now calculate the cross-section; we find

oL=(1.320.2) X 10~ m?.

4. Discussion

The cross-sections derived by the two techniques
are different and two possibilities arise.

Intensity
(a.u.)

1.0 1.1 1.2
Wavelength (um)

Fig. 8. Fluorescent spectrum of the *F;;,~*l,,, transition in a
silica/germania doped fibre pumped at 825 nm.
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(1) The formulae used to derive the cross-sections
are inappropriate, i.e., the assumptions made are not
strictly applicable to this case. A possible problem is
the assumption of homogeneous behaviour, partic-
ularly important in the derivation of eq. (17). [Al-
though there is considerable inhomogeneous broad-
ening from the glass, this is small compared to the
effect of the Stark splitting.] The homogeneous and
inhomogeneous linewidths have been estimated for
a silicate glass to be 60 and 120 cm~! respectively
[19]. If these linewidths apply to our system then
the laser is not purely homogeneous, but, according
to Casperson [20], can be considered as being ef-
fectively homogeneous in character.

(i1) The difference is real. In this case, since the
laser cavity measurement gives a lower cross-section,
a nonradiative decay process is indicated.

If we assume the second of these to be the case then
we can calculate the nonradiative decay rate and find
it to be Tyg = 1100 233° ps. Assuming that the high-
esi-frequency phonons in our GeO,-SiO, glass are
due to Si—O-Si stretching mode vibrations, then the
multiphonon decay rate is expected to be ~ 5000 pm
[21]. This is close to our upper limit for 7yg, indi-
cating that nonradiative decay may well be present.
Further, we can predict from the cross-section dif-
ference that the radiative lifetime is in the range 500-
1300 ps and that as a result the radiative quantum
efficiency (74/Twq) is 0.6 2£0.3. The resulting fluo-
rescence conversion efficiency is thus 0.35+0.2; this
compares with 0.43+0.04 found for silicate glass
[22].

There appears to be no previous work on Nd**
doped GeO,-Si0O, glass. However, Nd**-Si0O, has
been studied [14,23], and spectroscopically there
appears to be little difference. The peak emission
wavelength for both is 1.09 um (the addition of other
glass formers to silica such as Al,O; or P,Os all sig-
nificantly alter the peak wavelength), the linewidth
is comparable too [23] and so is the fluorescent de-
cay time. As a result we might expect the emission
cross-section in GeO,-Si0O, to be the same as that in
pure Si0,. However, in ref. [ 14] the cross-section is
reported as 1.9 X 10~%* m2. This was derived spec-
troscopically and so should be compared to our spec-
troscopic value of 1.3 10~2* m?, The difference may
be attributed to the values of fluorescent linewidth
and branching ratio used in ref. [ 14] (their branch-



Volume 82, number 3.4

ing ratio was calculated rather than measured). Our
values for these parameters are different from ref.
[14], but agree with those of ref. [23]. It therefore
seems that the cross-section given in ref. [14] is in
error, even if nonradiative decay is ignored.

In summary, we have determined the stimulated
emission cross-section of Nd** in GeO,-SiO, by two
methods and obtained slightly different results from
each. They are (0.75£0.2)x107** m? and (1.3%
0.2)xX10~** m?* by laser and spectroscopic tech-
niques, respectively. The nonradiative decay rate
implied by this difference is not inconsistent with that
expected from the maximum phonon energies avail-
able in the glass and indicates that the cross-section
difference is due to the presence of nonradiative
decay.
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Appendix A

An accurate knowledge of the reflectivity is im-
portant in order to apply the laser cavity technique
to cross-section determination. In the fibre laser a
cleaved fibre end is butted close to the surface of the
mirror. Two possibilities arise. Firstly the fibre may
be in optical contact with the mirror and the reflec-
tivity will be close to that measured in air. Secondly,
the fibre end face may be a small distance from the
mirror. A small gap between the fibre and the mirror
results in the formation of a Fabry-Pérot cavity
whose effect may be to enhance the reflectivity of the
mirror. In practice a fibre laser in which the ends are
butted to mirrors is “tweaked” to provide a mini-
mum threshold. This is done by holding the fibre in
contact with the mirror and then moving the fibre in
the plane of the mirror. As a result the fibre is always
in contact with the mirror and a gap can only be
achieved if the fibre is tilted with respect to the nor-
mal axis of the mirror. Whilst such a tilt results in
extra coupling losses [24], the gap will enhance the
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reflectivity and the net effect may be to reduce the
laser threshold.

The nine mirrors used for Nd** fibre laser exper-
iments were all examined. The mirrors were mea-
sured with a spectrophotometer to determine their
“standard” reflectivity. To simulate the conditions
applying to a fibre laser the experiment in fig. 9 was
set up. A white light source produced the signal and
a monochromator was used to provide an optical
bandwidth of ~15 nm, centred at 1088 nm (the
Nd** lasing wavelength). The light exiting the
monochromator was launched into one arm of a fibre
coupler. One of the output ports of the coupler was
butted against the mirror, the other being terminated
in index matching oil. The remaining arm of the cou-
pler was used to monitor the reflected intensity.

Fibre cleaves were examined interferometrically
and only those flat to two optical fringes or less were
used as would be the case in a fibre laser experiment.
For each mirror the butt between the fibre and mir-
ror was adjusted to provide maximum reflectivity,
just as it would in a laser experiment.

Theoretical analysis gives a simple formula for the
maximum reflectivity obtainable with a small gap
between fibre and mirror [25]. This reflectivity is
given by

Rey=[(JT+/R)/(1+/rR)]?,

where r is the Fresnel reflection coefficient of the bare
fibre end, R is the reflectivity of the mirror, as mea-
sured by the spectrophotometer.

Comparison of this theory with the experimental
data is presented in fig. 10. The good agreement in-
dicates that a gap does exist between fibre and mir-
ror, produced whilst maintaining part of the fibre in
contact with the mirror. The resulting enhancement
can be up to 50% of the original mirror reflectivity.
The minimum gap that still produces maximum en-

Detection
Index matched [
White
:] light
source
Mirror

Monochromator
Fig. 9. Apparatus used for reflectivity measurements.
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Fig. 10. Measured reflectivity (crosses) and theory (see
appendix).

hancement of the reflectivity is ~0.2 um. Such a gap
would cause a tilt of ~0.2° and a resultant coupling
loss [24] of ~ 1%. Over most of the reflectivity range
examined this loss is considerably smaller than en-
hancement in reflectivity due to the cavity so formed.
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