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Abstract We present a single mode intra-cavity spec-
troscopy system in which the test laser is locked to a nar-
row band external single mode laser. This technique solves
many problems typically encountered in single mode intra-
cavity spectroscopy: it results in good tuning properties, a
stable single mode operation close to the lasing threshold,
a high side-mode suppression and a reduction of sponta-
neous emission without the use of any frequency selective
element. Measurements of broadband absorptions as well
as measurements of a narrow band absorption line of the
oxygen A-band are presented and compared with theoreti-
cal model predictions. The prototype described in this work
provides an enhancement in sensitivity of approximately a
factor of 12, and it demonstrates the influence of optical in-
jection to single mode intra-cavity spectroscopy. As there is
no need for any frequency selective element inside the cav-
ity, the sensitivity can be massively enhanced by optimizing
the laser cavity.
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1 Introduction

For absolute concentration measurements of trace gases dif-
ferent methods are used to enlarge the sensitivity of conven-
tional absorption spectroscopy [1]. Spectroscopic methods
like cavity ring-down spectroscopy (CRDS) or cavity en-
hanced absorption spectroscopy (CEAS) [2] are based on
multipass absorption and provide high sensitivities in terms
of an enlargement of the optical pathlength for a given mea-
surement volume. Multimode intra-cavity absorption spec-
troscopy (ICAS) [3] is one of the most sensitive absorption
spectroscopy techniques and utilizes the strong sensitivity of
the emission spectra of broadband multimode lasers to nar-
row band absorptions inside the laser cavity. This method
is therefore based on changes in mode dynamics and mode
competition due to spectrally selective extinctions inside the
laser cavity. Extensive reviews of CRDS and multimode
ICAS can be found in [1–6], and a comparative analysis of
both methods was performed in [7].

ICAS using a single mode laser is not so sensitive and
has not received much attention in the literature [8, 9]. How-
ever, in contrast to multimode ICAS, its spectral resolution
is only limited by the linewidth of the laser, and in principle
no spectral analysis of the output signal is needed. This tech-
nical advantage makes single mode ICAS very suitable as a
compact and mobile measurement system with high spectral
resolution.

The emission of single mode lasers close to the laser
threshold is highly sensitive to additional losses inside the
cavity. Thus a sensitive and quantitative absorption mea-
surement can be made on a test gas or liquid placed inside
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the laser cavity. The sensitivity of a single mode ICAS sys-
tem strongly depends on the absorption cross section, the
loss rate of the laser, the spontaneous emission of the lasing
medium and the pump rate. The sensitivity, in principle, is
ultimately limited by spontaneous emission [8] and the high-
est sensitivity is achieved with lowest laser losses. The max-
imum sensitivity is achieved at pump rates very close to the
laser threshold. At higher pump rates the additional absorp-
tion loss can be compensated by additional gain, and the re-
duction of the output power is insignificant [10]. Therefore,
the laser has to be operated at a well-defined pump rate very
close to threshold and in addition has to be tunable in wave-
length. To avoid mode hops caused by the additional narrow
band loss, a high side-mode suppression is necessary even at
pump rates very close to threshold. These different require-
ments are very difficult to combine; e.g., frequency selective
elements would increase the losses of the laser cavity and
thus reduce the sensitivity.

In this article we present an approach which extends the
high resolution single mode ICAS to have good tuning prop-
erties. This is achieved by injection locking the test cavity to
an external narrow band master laser. This technique sat-
isfies the requirements listed above as it provides a reduc-
tion of the spontaneous emission, the option of using a high
finesse cavity, and a stable single mode oscillation at low
pump rates without the use of any frequency selective ele-
ments.

The setup of the injection seeded intra-cavity spec-
troscopy system is depicted in Fig. 1. The test laser con-
sists of a GaAlAs-diode on a c-mount and an external out-
put coupler at a distance of 15 cm. The rear side of the
diode is high reflection coated (Rr ≈ 94%), and the front
side anti reflection coated (Rf ≈ 10−5). The laser cavity is
formed by the rear side of the diode and the output coupler,
which has a reflectivity of 10%. An absorption cell contain-
ing the gas under investigation is placed between the diode
and the output coupler. The length of the slave laser cavity
can be scanned by a piezo element moving the output cou-
pler. For single mode operation, wavelength tunability, high
side-mode suppression and reduction of spontaneous emis-
sion, the test laser is injection locked to an external narrow
band master laser. The master laser is a grating-stabilized
external cavity diode laser in Littrow configuration [11] op-
erating at 760 nm wavelength and has a single mode tuning
range of 40 GHz. For efficient locking, the output beam of
the master laser is mode matched to the test cavity by a
lens-pinhole spatial filter and a telescope. Feedback into the
master laser caused by reflections from the test cavity is pre-
vented by an optical isolator. Wavelength tuning of the test
laser is achieved by tuning the master laser frequency and
the cavity length of the slave laser synchronously. Tuning
behavior, single mode operation and locking condition of
the slave laser can be monitored by an external Fabry-Perot
interferometer.

The signal of interest is the laser power with and without
additional intra-cavity absorption losses, from which the rel-
ative absorption can be determined. For an injection locked
diode laser with additional intra-cavity absorption losses γA,
the number of photons M in the lasing mode and the inver-
sion of the medium N can be expressed in terms of a rate
equation model [10, 13]:

d

dt
M = −(γC + γA)M + BNt

(
N

Nt

− 1

)
(M + σ)

+ kc

√
Minj/MM, (1)

d
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N = P − N/τ − BNt

(
N

Nt

− 1

)
M.

Here, γC is the broad-band cavity loss rate, B is the laser
gain, P is the pump rate, Nt the transparency excitation, τ

is the decay time of the upper laser level, σ is the ratio of the
spontaneous emission rate to the gain per photon and kc =
c/2L is the coefficient which takes into account the coupling
strength of the external injected photon number Minj to the
test laser cavity. Detailed descriptions of these parameters
can be found in [10, 13].

The sensitivity to intra-cavity absorption is often de-
scribed in the literature [3, 10] in terms of an effective op-
tical pathlength, which is required to obtain the same ab-
sorption strength with a conventional single path absorption
measurement outside the laser cavity. This effective optical
pathlength is defined by the Beer–Lambert absorption law,
M(γC+γA)/M(γC) = exp[(γA/c)Leff], resulting in [3, 10]:

Leff = c

γA

ln

[
M(γC) + A

M(γC+γA) + A

]
. (2)

M(γC+γA) and M(γC) is the photon number with and with-
out additional intra-cavity loss respectively as calculated
from (1). We have included an additional term, A, in (2) to
account for the total number of spontaneously emitted pho-
tons in modes other than the lasing mode, which are, under
experimental conditions, also detected by the photodiode.
The total number of spontaneous emitted photons A is pro-
portional to the inversion N and contains a dihedral angle
factor.

For single mode ICAS in principle, the effective opti-
cal pathlength Leff depends via M(γC+γA) on the absorption
strength of the intra-cavity absorber and becomes larger as
the additional intra-cavity absorption becomes lower [10].
This nonlinear behavior of the effective absorption path-
length has to be considered for the calibration of a single
mode intra-cavity spectroscopy system.

An alternative definition of the sensitivity can be given by
normalizing the effective absorption pathlength to the real
length of the absorber:

ξ = Leff/L. (3)
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Fig. 1 Experimental setup of the injection seeded intra-cavity absorp-
tion spectrometer. The master laser passes an optical isolator and a
lens-pinhole spatial filter to achieve a proper mode coupling to the test
laser cavity, which is built by the HR-coated rear side of the test laser

diode and an external output coupler, which is mounted on a ring piezo.
The absorber of interest is placed inside the test laser cavity. The out-
put beam is detected by a photo diode and a Fabry-Perot interferometer

This ratio, known in the literature as the sensitivity enhance-
ment factor [3, 10], describes the sensitivity enhancement of
laser intra-cavity absorption compared with the placement
of the absorber outside the cavity. ξ can be determined ex-
perimentally by measuring the laser output with and without
the intra-cavity absorber and using (2).

For estimating the sensitivity via the rate equations, we
used typical laser parameters for a GaAlAs-diode as deter-
mined in [10] (τ ≈ 10−9 s, Nt ≈ 1.5 × 108, σ ≈ 1.6). The
gain for the laser used in this work was determined with the
procedure described in [10] to be B ≈ 12(1) s−1 and the
laser losses to be γ ≈ 3.3(5)× 109 s−1. The unknown spon-
taneous emission term A was set as a free parameter.

2 Broad-band absorption

We first determined the properties of the unseeded system by
placing a neutral density filter with 3.7% absorption inside
the test laser cavity. The dependence of the enhancement
factor ξ on the laser injection current is shown in Fig. 2(a).
The resulting curve (grey line) peaks at a current of 32.6 mA,
demonstrating the sensitivity increase close to threshold.
Here an enhancement in sensitivity of 21 was achieved. The
theoretical sensitivity enhancement, also shown in Fig. 2(a)
(black line), was obtained by solving the rate equations (1)
using the above parameters and using (2) and (3). The best
agreement with the experimental data was obtained when
the spontaneously emitted photon number, A, in modes
other than the lasing mode was assumed to be twice as large
as the photon number in the lasing mode, which is expected
due to the operation close to lasing threshold. The sensitivity
profile shows an asymmetric behavior around the maximum
which is caused by the strong spontaneous emission in these
other modes (parameter A in (2)).

The resulting sensitivity curve for the injection seeded
test laser is shown in Fig. 2(b). As variations of the injection
current cause small changes in the cavity length of the test
laser, the frequency of the injected light had to be carefully
adjusted to the slightly changed resonance frequency after
each variation of the injection current. Therefore, in contrast

Fig. 2 Measured (grey) and calculated (black) enhancement factor
corresponding to a broad-band absorption of 3.7% without optical in-
jection (a). Measured (dots) and calculated (line) enhancement factor
corresponding to a broad-band absorption of 3.7% and an injected op-
tical power of 11.6 µW plotted versus injection current (b)

to the unseeded laser, the injection current could not be con-
tinuously scanned.

An enhancement in sensitivity of ξ ≈ 4.6 could be
reached at an injection current of 30.8 mA, slightly lower
than the intrinsic threshold without optical injection of
32 mA. The sensitivity enhancement profile of the injection
locked laser is more symmetric around the maximum, indi-
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Fig. 3 Measured (grey) and calculated (black) current-power charac-
teristic with and without additional intra-cavity absorption of 3.7%
for the free-running laser (a) and with an injected optical power
of 11.6 µW (b)

cating a strong reduction of spontaneous emission compared
to the unseeded laser. Indeed, for the calculated sensitivity
enhancement (Fig. 2(b) line) the best agreement with the
data was obtained by setting the spontaneous emission term
A in modes other than the lasing mode to A ≈ 0.1M , so that
the ratio of the spontaneous emission and the photon num-
ber in the lasing mode is reduced by 95% compared to the
unseeded laser.

Optical injection causes a reduction of the excitation
number N , particularly at very low pump rates below the
intrinsic threshold [12, 13], which affects the laser para-
meters depending on the excitation number N . In addition,
the linear approximation for the total gain W ≈ B(N − Nt)

does not hold for very low excitation numbers because of
the different saturation behavior in the valence and conduc-
tion band [10]. To fit the calculation to the experimental
data, the laser gain B and the transparency excitation Nt

were adjusted to B = 14 s−1 and Nt = 1.8 × 108 as com-
pared with the unseeded values B = 12 s−1, Nt = 1.5×108.
This results in a change of the total gain from B(N − Nt) =

Fig. 4 Calculated excitation number N vs. injection current for
the free-running laser (solid) and the injection locked laser with
Pinj = 12 µW (dashed). The excitation number N of the injection
locked laser saturates more slowly and the saturation value is reduced
compared to the free-running laser. The linear approximation of the to-
tal gain W ≈ B(N −Nt) is valid for injection currents above threshold,
at which the excitation number is saturated

3.1 × 109 s−1 in the unseeded case to B(N − Nt) = 2.9 ×
109 s−1 in the injection seeded case at an injection current of
30.8 mA and corresponds to a reduction of the total gain by
6% due to optically injecting 11.6 µW of laser light. As can
be seen in Fig. 3(b), the current-power characteristic of the
injection seeded laser is well described by the rate equations
using these slightly changed parameters when the injection
current is below the intrinsic threshold. However, for injec-
tion currents above the intrinsic threshold there are larger
deviations between the model and the data due to the non-
linearity of the total laser gain W of an injection seeded laser
below its intrinsic laser threshold.

Figure 4 shows the calculated excitation number for the
free-running laser (solid line) and the injection locked laser
with Pinj = 12 µW (dashed line) vs. the injection current.
The excitation number of the injection locked laser saturates
more slowly and the saturated value is lower than that of
the free-running laser, which is consistent with the results in
[12, 13]. The sensitivity enhancement curve of the injection
locked laser peaks at an injection current of 30.8 mA where
the excitation number N is not saturated and the total laser
gain W is not linear in the excitation number N [10]. There-
fore, the rate equation model using these slightly changed
parameters is very simplified and only valid for a finite range
of pump rates.

Optical injection causes a broadening of the sensitivity
profile and a reduction of the maximum reachable sensi-
tivity with increasing injected optical power (Fig. 5). This
reduction in sensitivity can be explained by the smoothed
laser threshold of the injection seeded laser compared to the
unseeded laser (Fig. 3), which lowers the difference of the
output power with and without the additional intra-cavity
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Fig. 5 Calculated sensitivity enhancement factor vs. injection current
for different values of injected optical power. With increasing injected
optical power the maximum sensitivity decreases, the sensitivity pro-
file becomes broader and the maximum sensitivity is shifted to lower
injection currents

absorber. In addition, optical injection reduces the thresh-
old change due to an additional intra-cavity absorption. The
threshold reduction caused by the injected optical power is
proportional to

√
M/Minj [14]. An additional intra-cavity

absorption loss lowers the photon number M of the free-
running laser and increases the threshold reduction due to
optical injection. As a consequence, the resulting threshold
change caused by an additional intra-cavity absorption loss
is reduced by the injected optical power (Fig. 3), which af-
fects the sensitivity in a negative way. To achieve the maxi-
mum sensitivity, the injected optical power has to be scaled
down to its minimal value for frequency locking.

3 Absorption of an oxygen A-band line

As an application the injection seeded intra-cavity absorp-
tion technique was applied to narrow band absorption mea-
surements of oxygen. In Fig. 6 the intra-cavity absorption of
the P7Q6 line of the oxygen A-band is shown, measured
at ambient air with an optical injection of 50 µW and at
an injection current of 29 mA. The accuracy of the mea-
sured absorption line shape is limited by the nonlinear de-
pendence of the sensitivity enhancement factor on the ab-
sorption strength of the intra-cavity absorber (see Sect. 1).
Stable single mode operation even at pump rates below the
intrinsic threshold and a tuning range of 1 cm−1 was ob-
served. Wavelength tuning was achieved by tuning the mas-
ter frequency and the resonance frequency of the test cav-
ity synchronously. In Fig. 6 (black) the frequency of the in-
jected light was tuned exactly to the resonance frequency
of the test cavity. The measured absorption corresponds to

Fig. 6 P7Q6 line of the oxygen A-band measured in ambient air at
an injection current of I = 29 mA and an injected optical power of
P = 50 µW. The master laser frequency and the resonance frequency
of the test laser are tuned synchronously without detuning (black curve)
and with a detuning of 1 GHz (gray curve). The sudden signal decrease
in the latter case at high wavelengths corresponds to a mode-hop of the
test laser

an enhancement in sensitivity of ξ ≈ 6 consistent with the
value found for the broad-band absorber.

The enhancement in sensitivity can be enlarged to ξ ≈ 12
by a positive detuning �f = fM − fT ≈ 1 GHz of the mas-
ter frequency fM from the resonance frequency of the test
cavity fT within the locking range (Fig. 6 grey), but with
negative detuning the sensitivity decreases. As described in
[12–14], the decrease of excited carrier density caused by
optical injection increases the refractive index in the active
medium, which results in a down-shift of the resonance fre-
quency. Optimum locking is achieved when the frequency
of the injected light coincides with the resonance frequency
of the test laser cavity which is downshifted by optical in-
jection. Therefore, with positive detuning of the injected
light from the initial resonance frequency of the test laser
cavity the excited carrier number increases, and with neg-
ative detuning the carrier density decreases [12–14]. This
frequency-dependent change of the total gain caused by op-
tical injection seems to have a strong influence on the sensi-
tivity of ICA measurements.

4 Conclusions

In conclusion, we have shown an injection seeded single
mode ICAS system which solves most of the typical prob-
lems of single mode ICAS. The injection locked intra-cavity
laser strongly suppresses spontaneous emission and has a
stable single mode oscillation with a strong side-mode sup-
pression, even below its intrinsic threshold. The laser gain
can be controlled not only by the injection current but also
by the injected optical power and by the frequency of the
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injected light. In principle, optical injection lowers the sen-
sitivity of intra-cavity absorption measurements, so the in-
jected optical power has to be reduced to the minimum level
for the seeding condition. As there is no need for any fre-
quency selective elements, this disadvantage can be com-
pensated for by optimizing the laser cavity. With a realisti-
cally obtainable laser loss rate of γ ≈ 107 s−1 (R ≈ 99%),
we expect an enhancement factor of approximately 500, ac-
cording to the theoretical model.

Compared to cavity enhanced absorption spectroscopy
(CEAS), the method described in this work has a higher
sensitivity enhancement for a given mirror reflectivity and
is less dependent on the quality factor of the cavity. As the
effective steady-state pathlength of a passive cavity is given
by Leff = L/(1−R) [2], a CEAS setup with the same mirror
reflectivity as used in this work would provide an enhance-
ment in sensitivity of only ξ = 1.4.

In principle, the setup can be miniaturized and offers the
potential for micro-integrated measurement devices.
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