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Intra-Cavity Spectroscopy Using Amplified
Spontaneous Emission in Fiber Lasers

Norhana Arsad, Min Li, George Stewart, and Walter Johnstone

Abstract—Fiber laser sources offer interesting possibilities for
gas sensors since they can operate over an extended wavelength
range, encompassing the near-IR absorption lines of a number of
important gases but a major problem is that overtone absorption
lines of gases in the near-IR are relatively weak. In order to en-
hance sensitivity, we present here a simple method of intra-cavity
absorption spectroscopy (ICAS) which makes use of the amplified
spontaneous emission (ASE) already present within a fiber laser
cavity. The ASE also provides a convenient broadband source for
the simultaneous interrogation of several gases within the gain-
bandwidth of the fiber laser. The key principle is based on ad-
justing the cavity attenuation to select an appropriate inversion
level where the fiber gain curve is flat. Under this condition, the
ASE undergoes multiple circulations within the fiber laser cavity,
enhancing the effective path-length of a gas cell placed within the
laser cavity. A theoretical model of system operation is given and
we have experimentally demonstrated the principle of operation
with acetylene and carbon dioxide using a simple erbium fiber laser
system containing a 6 cm path-length, fiber coupled, intra-cavity,
micro-optic gas cell. We have experimentally simultaneously ob-
served 16 absorption lines for 1% acetylene gas in the 1530 nm re-
gion and detected the very weak carbon dioxide lines in this same
wavelength region. A path length enhancement of ~500 in the
linear regime has been demonstrated transforming the 6 cm micro-
optic cell into an effective path length of ~30 m. We also demon-
strate how the enhancement factor may be calibrated by use of a
simple fiber-optic interferometer. Apart from the OSA, all compo-
nents are inexpensive and the system is very simple to construct
and operate.

Index Terms—Intra-cavity spectroscopy, laser spectroscopy, er-
bium-doped fiber lasers, fiber sensors, gas sensors.

I. INTRODUCTION

AS sensing is very important for environmental, safety
G and industrial monitoring. Optical fiber gas sensors op-
erating in the near-IR region (1-2 psm wavelength) have several
advantages, including the availability of low cost components,
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remote access to hazardous environments and networking capa-
bilities. Fiber laser sources offer interesting possibilities for gas
sensors [1] since they can operate over an extended wavelength
range and micro-optic gas cells may be readily connected ei-
ther external to, or within, the fiber laser cavity. Erbium fiber
lasers can operate over the wavelength range of ~1480-1620
nm, encompassing the near-IR absorption lines of gases such
as CO, CO,, Cs Hs, H5S, NH3, OH, H>O, HI and other fiber
dopants or Raman fiber lasers extend the available wavelength
range even further to include CoHy and CoHg, etc. However
a major problem is that the overtone absorption lines of gases
in the near-IR are typically two or three orders of magnitude
weaker than their fundamental lines in the midinfrared. One
method to enhance sensitivity is use of the technique known as
“intra-cavity laser absorption spectroscopy” (ICLAS) where the
gas cell is placed within a laser cavity and the evolution of the
output spectrum is captured over the build-up period of laser os-
cillation in the cavity. Enhancement of the effective path length
of the gas cell occurs due to the multiple circulations of light
within the cavity during this period. The technique has been suc-
cessfully demonstrated with solid-state lasers [2] and effective
absorption path lengths ranging from tens to thousands of kilo-
meters, depending on the laser type and operation conditions,
have been attained. We have previously reported a theoretical
analysis of the dynamics of erbium fiber laser systems [3], [4]
but practical realization of ICLAS with fiber lasers is difficult
for several reasons—the spectrum must be captured during the
period of relaxation oscillations and detector arrays for the 1-pym
region are less capable and more expensive than the silicon CCD
arrays used for ICLAS at <1 pm wavelengths. For example,
Stark [5] used a rapid scan Fourier Transform (FT) spectrom-
eter to capture the spectrum at each peak of the relaxation oscil-
lations for a thulium-doped fiber laser.

In this paper we present a simple and inexpensive method of
intra-cavity absorption spectroscopy (ICAS) which makes use
of the amplified spontaneous emission (ASE) already present
within the fiber laser cavity and we experimentally demonstrate
the principle of operation using acetylene gas, with a path length
enhancement of ~500.

II. THEORETICAL DESCRIPTION OF ICAS USING ASE IN
LASER CAVITY

A. Key Principles of ICAS With ASE in a Fiber Laser Cavity

The first key principle for attaining path length enhancement
within a fiber laser cavity is to ensure a broad, flat erbium
gain spectrum, which preferable can be tuned over the desired
spectral regions where particular gas absorption lines exist.
The gain characteristics of fiber amplifiers and lasers may

0733-8724/$26.00 © 2011 IEEE
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be conveniently described in terms of a length averaged gain
coefficient, g, given by [1], [4], [6]:

g=(+a)Ns—a D
where -y is the emission coefficient, « is the absorption coeffi-
cient and N is the length averaged inversion level (0 < Ny <
1) where Ny = (1/1) fo N>(z)dz. The total gain, G, of a length,
[, of erbium fiber is given by: G = gl.

Fig. 1 shows g as a function of wavelength for different in-
version levels, N, in erbium-doped fiber as used in our er-
bium fiber laser systems. It is clear from Fig. 1 that the shape
of the gain spectrum is dependent on the inversion level and a
reasonably flat spectrum is attained around the 1530 nm and
1560 nm regions when the inversion level is ~60% and g ~ 1
dB/m. When the cavity is lasing, the inversion level is deter-
mined by the external cavity loss since steady-state laser oscil-
lation implies that gain and loss are (almost) equally balanced
(net round-trip gain of approximately unity). For example, with
a cavity loss of 10 dB, then an erbium fiber gain of G = +10 dB
is required for lasing, which means that g ~ 1 dB/m for a typ-
ical erbium fiber length of 10 m and hence the system operates
at 60% inversion level. Increasing or decreasing the cavity loss
will correspondingly increase or decrease the inversion level, so
a variable attenuator within the fiber laser cavity may be used to
select a particular gain curve in Fig. 1. Similarly, increasing the
erbium length will reduce the inversion level. Assuming homo-
geneous broadening is dominant, the actual lasing wavelength
is determined by the position of the local maximum on the ap-
propriate gain curve in Fig. 1 and the lasing wavelength may
be switched between ~ 1530 nm and 1560 nm by simple adjust-
ment of the variable attenuator to raise or lower the inversion
level around 60%.

The second key principle relates to the characteristics of the
ASE within the fiber laser cavity. ASE exists over the gain-band-
width of the doped fiber and provides a convenient broadband
source for interrogation of gas absorption lines. As noted above,

Length-averaged gain coefficient of erbium-doped fiber for different inversion levels.

the net round-trip gain is approximately unity at the lasing wave-
length. For the ASE near the lasing wavelength, the round-trip
gain is slightly less than, but close to, unity if the gain curve is
flat. Hence, the ASE undergoes multiple circulations within the
fiber laser cavity and consequently the effective path-length of
an intra-cavity gas cell is greatly increased.

B. Theoretical Description of ASE and ICAS in a Fiber Laser
Cavity

The total ASE emerging from one end of an erbium-doped

fiber of length [ over a frequency bandwidth Av = —(c/A\?) A\
is given by [4]
v hc
Pasg(A) =270l-No-A-Av- <7) 2)

where A = (e —1)/gl represents the amplification of the
spontaneous emission (SE) over the fiber length.

When a fiber laser cavity is formed (see Fig. 2), the ASE
makes multiple circulations in the cavity and the total ASE,
P;(A), emerging at the erbium-doped fiber output is described
by the geometric series

Pi(N\) A) + {em e g7l Pygr(N)

~ 2
Ledl. e—agCL} PASE()‘) 4+ ..

= Pasg(
+{e®

‘ 3
where . is the cavity loss factor, o, the gas absorption coeffi-
cient, C the gas concentration and L the absorption path length
of the gas cell within the cavity.

Summing the series of (3) to infinity, the ASE power coupled
out of the loop by a fiber coupler with output coupling ratio R,
is
R, - Pase(A)

Po(A) = 1 — =6 .p-a,CL

“

where 6(\) = a. — gl is the difference between the cavity loss
and the total gain of the erbium fiber length.
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Fig. 2. Experimental system for ICAS using ASE.

If the cavity is near or above threshold for lasing and the gain
curve is flat, then ¢ will be small in the vicinity of the lasing
wavelength so we may write ¢=® ~ 1 — § and if the gas ab-
sorbance is also small then e=*+“% ~ 1 — «,CL. The ratio of
the output ASE with gas, Py, to the background, P,,, without
gas in the cell, is then given by

Py !

P\ - (L+a,CL/5(N) ©)

Equation (5) indicates that the gas absorption observed in
the ASE signal is non-linearly dependent on the concentration
(in a different manner from the non-linear exponential form of
the Beer-Lambert absorption law) and is enhanced through the
factor 6()\). The enhancement increases near the lasing wave-
length as §(\) pproaches zero (although é does not actually
reach zero [4] even at the lasing wavelength). The effective en-
hancement is greatest for very weak absorption or very low con-
centrations where o,;CL/6(\) < 1 and the linear approxima-
tion to (5) is valid:

Py(A)
Pbg()‘)

> (1 — a,CL/8(N)). (6)

This may be compared to the linear approximation to the
Beer—Lambert absorption law, Poy/Pn = e~ ¥ Clert g
(1 — ayC Legr) for a single pass cell, from which we may define
an effective path length for the linear regime of the ICAS as
Leg = L/6()\). For 6 <0.01 dB, the path length enhancement,
Leg/ L, in the linear regime is >400.

III. EXPERIMENTAL DEMONSTRATION OF ICAS USING ASE
IN A FIBER LASER

The experimental system for demonstration of ICAS using
ASE is shown in Fig. 2. The erbium doped fiber amplifier
(EDFA) unit (OptoSci Ltd., ~1.8 dB internal loss) consists of
~10.9 m of erbium-doped fiber, pumped by a 980 nm diode
laser with two wavelength division multiplexers for in/out
coupling of the pump and an isolator at both the input and the
output of the EDFA. A 6 cm path-length micro-optic gas cell
(insertion loss of ~1 dB) [7] is fiber-coupled within the cavity
and a variable attenuator (EXFO, Optical Test System 1Q-203,
insertion loss of ~3 dB) is also included within the cavity to
adjust the inversion levels as discussed above. A 20:80 single
mode fiber coupler is used to tap off 20% of the cavity light to
an optical spectrum analyzer (OSA: Agilent 86140B resolution
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Fig. 3. ASE output with and without 1% C2H- in the intra-cavity gas cell.
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Fig. 4. C.H- lines after background subtraction.

of 0.06 nm) to monitor the cavity ASE and the laser emission.
Total cavity length is ~13 m and all connectors are FC/APC
except for the variable attenuator which had FC/PC connectors.

Compared with other hydrocarbon gases, acetylene (CoHz)
has relatively strong lines in the near-IR around 1530 nm and
hence measurements were performed using 1% CyHs in the
micro-optic gas cell to evaluate the performance of the system.
Fig. 3 shows the ASE output observed on the OSA over the
wavelength range of 1529-1537 nm both with 1% CyHs in the
gas cell and after the cell was flushed with nitrogen (no gas back-
ground) for a pump power of 70.2 mW and an added attenuation
of 11.8 dB. With this pump power the cavity is above threshold
and the inversion level clamped by the laser action. (For clarity
in Fig. 3, the lasing peak at 1533 nm has been removed to show
the ASE distribution).

A total of 16 acetylene absorption lines can be observed in
Fig. 3 and, in particular, the lines near the central (lasing re-
gion) are greatly enhanced in amplitude. This is illustrated more
clearly in Fig. 4 where the background ASE curve, P,¢, has been
subtracted from the gas line (P; — Py, in units of dB) and the
central absorption line at 1532.792 nm appears with ~15 dB of
attenuation. In order to compare the results with theory and ob-
tain the enhancement factor, the dB scale of Fig. 4 is converted
to relative transmission, P,/ P}, in Fig. 5 using the relationship

(pg (dBm)pbg(dBm))>

Py/Pog = 10
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Fig. 6. Theoretical absorption lines computed for 1% C>H, and a 6 cm path
length. (HITRAN 2008 database).

Fig. 6 shows the theoretical acetylene absorption lines, calcu-
lated from the HITRAN database 2008, using commercial soft-
ware (GATS Spectral Calculator) to calculate the relative trans-
mission for 1% CyHs with a 6 cm path-length (micro-optic cell
path length). All 16 acetylene lines observed experimentally are
identified on the theoretical spectrum allowing for a small cali-
bration error on the OSA wavelength scale.

Figs. 5 and 6 may be compared to obtain the enhancement
factor. For example, for the central absorption line at 1532.792
nm in Fig. 5, the theoretical relative transmission for the cor-
responding absorption line in Fig. 6 at 1532.8296 nm is 94%
for 1% CoHs over a 6 cm path length. Using these figures in
the Beer-Lambert Law, P,/ Pin = exp[—a,(v)CL], we ob-
tain the line center absorbance, A = a4,C'L = 0.06 for these
conditions. Fig. 5 shows that under the same conditions, the ex-
perimental relative transmission observed with the ICAS system
for this line is P, /Pbg = 0.03 (or 3%). Using these values in
(5) gives 6 ~ 0.002 (0.00868 dB) or an effective path length
enhancement of 500 in the linear regime.

As noted in the theoretical section from (5) and (6), [CAS op-
erates most effectively in, or near, the linear regime where the
gas concentration and/or the absorption coefficient is very weak.
This effect can be clearly seen from Figs. 5 and 6. In Fig. 6,
the lines on either side of the 1532.83 nm line at 1532.53 and
1533.11 nm are much weaker than the central 1532.83 nm line
but clearly appear with relatively strong absorption in Fig. 5.
The 1532.53 and 1533.11 nm lines have a relative transmission
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Fig. 7. Theoretical absorption lines computed for 100% CO. and 6 cm path
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Fig. 8. Measured ASE spectrum with and without 100% CO- in the intra-
cavity gas cell.

of 99.78% and 99.64%, respectively, from the HITRAN data-
base but appear in Fig. 5 with a relative transmission of 50% and
40% respectively. Using these values in (5) gives similar values
of 6 ~ 0.0022 and 6 ~ 0.0024 respectively, corresponding
to effective path length enhancements of ~450 and 400 in the
linear regime.

To directly demonstrate the ability of the ICAS system to
detect weak absorption lines, we have detected the very weak
COg, lines in the 1530 nm region. Fig. 7 shows the theoretical
absorption lines over the 1532—1534 nm region from the HI-
TRAN 2008 database for 100% CO, and 6 cm path length. The
CO, absorption line at 1532.85 nm has a relative transmission
of 99.94% on the peak. Fig. 8 shows the measured ASE spec-
trum from the ICAS system with and without 100% COx, in the
cell and Fig. 9 shows the difference (dB) between the two curves
of Fig. 8. Four CO» absorption lines are identified (allowing for
a calibration error of 0.05 nm on the OSA) and the 1532.8 nm
COx, line gives an attenuation of ~1.2 dB on the peak. Using
these values in (5) gives an enhancement factor of 530.

For the sensitivity and resolution in gas concentration mea-
surements, the fundamental limit for the ICAS system is de-
termined by the resolution in optical power measurement of
the output spectrum. For the optical spectrum analyzer (Agilent
86140B) used in our system, the resolution is ~0.05 dBm. Other
noise factors such as vibration may limit the performance, but
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the low-noise traces as obtained in Figs. 3 and 8 indicate that a
conservative value of ~0.1 dBm is readily attainable. Using (6)
with this value of 0.1 dBm, the smallest absorbance that can be
measured for an enhancement factor of ~450 is therefore

tgCrinL = (0.1)6/4.34 2 5 x 107°. (7

With a cell length L = 6 cm and with ay ~ 1 cm ™! for the
1532.83 nm line of CoHs and a; ~ 1 x 107* cm™! for the
1532.85 nm line of CO, from Figs. 6 and 7 respectively, this
translates to a sensitivity, Cpin, ~ 8 ppm for CoHy and ~8%
for C02

The resolution (smallest change in concentration, AC, that
can be detected) is also related to the power resolution measure-
ment (0.1 dBm) and may be determined from (5) as

a,CL
5 .

oy (a0 L = 019 (1 + ®)

4.34

As (8) indicates, the resolution is dependent on the concentra-

tion and becomes poorer at high concentrations. Under condi-

tions where the linear approximation, (6), is valid, o, C'L /6 K

1, then the resolution is equal to the sensitivity as discussed
above.

IV. MODELING OF ICAS AND COMPARISON WITH
EXPERIMENTAL RESULTS

In order to model the experimental system the following pa-
rameters and experimental conditions were used. Data for the
absorption and emission coefficients («, ) of the erbium-doped
fiber as a function of wavelength (Fig. 1) were supplied by the
manufacturer (Fibrecore Ltd) and, as noted, the erbium-doped
fiber length was 10.9 m. The cavity loss was adjusted by the vari-
able attenuator in Fig. 2 to set the inversion level at ~60% which
could be observed by simultaneous lasing around the 1530 nm
and 1560 nm regions (equal gain as indicated in Fig. 1). Since
the enhancement is determined through: §(\) = «. — gl, the
cavity loss, «, must be determined as precisely as possible
which is difficult.

The cavity loss was estimated from the ratio of the exper-
imental ASE power at two wavelengths using (7) below. The
ASE power was measured at a pump power of 10.9 mW (just
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below lasing threshold) at wavelengths of 1532.4 nm and 1532.8
nm. From (2) and (4) this ratio is given by (without gas)

P,(A1) w1 e9ODI 1 g()\y) Qe — g(A2)l

Po(Xa) 72 el 1 g(A1) aec—g(A)l

C))

Equation (9) can then be used, with the other known parameters,
to calculate the cavity loss («.) as 13.49 dB. With all the above
parameters, an output coupling ratio R, of 20%, Av = 10 MHz
and an inversion level of 60.5%, the ASE spectrum with and
without gas may be simulated from (4).

Fig. 10 shows the ASE background at a pump power of
10.9 mW (just below the lasing threshold) and the close agree-
ment between the theoretical curve calculated using (2) and
(4) and the experimental distribution, allowing for an excess
loss of 2.7 dB between the fiber laser output and the OSA from
connectors, etc.

In Fig. 11 we simulate the expected ASE spectrum when gas
is present by including the CoHs gas absorption lines from the
Hitran database (for 1% concentration and 6 cm gas cell length)
in (4). Also shown in Fig. 11 are the experimental results under
the same conditions. In Fig. 12 we have subtracted the theoret-
ical and experimental background ASE (Fig. 10) from Fig. 11
to show the enhanced theoretical and experimental absorption
lines. Also shown in Fig. 12 for comparison are the same ab-
sorption lines from the Hitran database. The general trend of
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the theoretical simulation fits well with the experimental results
although there are small differences between the experimental
and theoretical enhancement observed on the some of the ab-
sorption line peaks, possibly due to the error in predicting the
precise value of the cavity loss.

V. CALIBRATION OF THE ENHANCEMENT FACTOR

Since the enhancement factor is very sensitive to ¢ and hence
is dependent on how close the absorption line is to the lasing
wavelength, it is important for practical applications that some
form of calibration be included in the system operation. Here
we demonstrate the use of a fiber optic Mach—Zehnder interfer-
ometer (FOMZI) within the fiber loop cavity for this purpose.

The experimental FOMZI consists of two fiber couplers (a
90:10 coupler and a 99:1 coupler) to generate a small uniform
fringe pattern across the wavelength region of interest. With a
length difference of ~1.25 cm between the two fiber arms, the
fringe spacing is ~0.13 nm (16.5 GHz). The transmission of the
FOMZI was measured before being placed within the fiber loop
cavity from the ratio of output to input power using the ASE
from the EDFA as a convenient broadband source. The solid
line in Fig. 13 shows the experimentally measured normalized
transmission of the FOMZI with the ~0.04 dB fringe pattern
ripple. When the FOMZI is now placed within the ICAS loop,

787

the fringe ripple spectrum is enhanced as shown by the dashed
line in Fig. 13 and clearly illustrates quantitatively the variation
in enhancement (~10 to 130 here for 10.9 mW pump power)
across the wavelength region of interest for a particular set of
experimental conditions. Hence, the FOMZI, or similar calibra-
tion tool, may be included along with the gas absorption cell
within the fiber loop to experimentally calibrate the enhance-
ment factor that applies to the gas absorption lines.

VI. CONCLUSION

We have demonstrated a simple technique for intra-cavity
absorption spectroscopy giving a path length enhancement
of ~500 in the linear regime of operation for very weak ab-
sorption lines or low gas concentrations, transforming a 6 cm
path-length, fiber-coupled, micro-optic cell into an effective
path length of 30 meters. The system makes use of the ASE
already present within the fiber laser cavity, which also provides
a convenient broadband source for the simultaneous interroga-
tion of several gases within the gain-bandwidth of the erbium
fiber. Apart from the OSA, all components are inexpensive and
the system is very simple to construct and operate. The work
reported here is based on erbium fiber lasers, but the principle
may be used in other fiber lasers systems where broadband
ASE is present along with a flat gain curve and the use of other
types of doped fiber lasers or Raman fiber lasers [8] would
extend the wavelength region to include several other important
gases such as methane and ethane. As well as calibration issues,
future work will investigate the use of gain-flattening filters so
that the region of maximum enhancement may be tuned across
the spectral areas of interest.
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