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Optimisation of external cavity parameters of a weak absorption

laser spectrometer

P.V. Korolenko, V.V. Lagunov, I.V. Nikolaev, V.N. Ochkin, S.N. Tskhai,

A.N. Yatskevich

Abstract. We consider some peculiar features of the optimisation
procedure of external optical cavity parameters of a laser spectro-
meter, caused by the use of a three-beam measurement scheme and
the presence of losses in the mirrors. It is found that the maximum
sensitivity to the absorption of an intracavity medium can be
achieved only at a certain choice of the value and the ratio of the
reflection coefficients of the mirrors. For example, registration of
the spectra of the methane impurity in the atmosphere shows that
in accordance with the calculation model, for the same resonator
Q-factor the use of an input mirror with a smaller reflection coef-
ficient allows the measurement sensitivity to be increased by
approximately two times.
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1. Introduction

To measure low concentrations of gas impurities, use is widely
made of absorption spectroscopy based on the registration of
radiation absorption in an external optical cavity containing
a gas in question [1]. By measuring the photon lifetime in
the resonator (cavity ring-down spectroscopy — CRDS [2]), a
methane concentration sensitivity of 29 ppt is reached, which
is equivalent to an absorption coefficient 4.4x 107> cm™ at
an optimum averaging time of 32.4 min [3]. There exists a
so-called integral modification of this method (integrated
cavity output spectroscopy — ICOS [4]), which allows one to
replace the temporary measurements by the amplitude ones.
The ICOS technique, unlike the CRDS method, where the
spectrum is recorded by the points at fixed frequencies, allows
one to measure spectra with continuous tuning of the laser
radiation frequency. In phase shift CRDS (PS-CRDS), there
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are ways of recording the spectrum with continuous frequency
tuning, but they require rather complex mathematical signal
processing [3].

The accuracy, sensitivity and reliability of measurements
largely depend on the right choice of the reflection coefficients
of external cavity mirrors. There are currently developed tech-
nologies of fabrication of mirrors with a reflectance » = 0.9999
or higher in different spectral ranges, which provides a high
sensitivity of the above-discussed measurements. However,
during the exploitation such reflective coatings have a tendency
to degrade, the degradation being significant.

It is usually assumed that the sensitivity of the absorp-
tion measurements is preserved while maintaining the empty-
cavity Q-factor, which depends on the product of the reflec-
tion coefficients of the mirrors (r;r, = const) and determines
the effective number of roundtrips for radiation in the cavity.
This is true in the case of a laser resonator, where dissipative
losses on the mirrors are compensated for by the active
medium gain. For an externally excited passive resonator the
situation is different and analysed in this paper. This analysis
aims at the development and experimental verification of the
method of optimisation of the resonator parameters, which
allows one to ensure an acceptable value of the measured sig-
nals and the necessary absorption measurement accuracy.

2. Transmission and reflection of radiation

by a cavity

The optimisation procedure of the reflection coefficients of
resonator mirrors can be based on well-known formulas

describing the reflection and transmission of radiation by a
cavity [6]:

Vr[1 — (Vnr + Vil 6) tmexp(i20)]
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Here r, and ¢, are, respectively, the amplitude reflection
and transmission coefficients of the cavity (power coefficients
R =|r,|>and T = |t.|? corresponding to them); f,, t, are the
transmission coefficients of the mirrors with respect to power;
11, I are the reflection coefficients of the mirrors (with respect
to power); ., is the transmission coefficient of an intracavity
medium (with respect to power); and ¢ is the phase shift per
single pass of a wave in the resonator. The transmission and
reflection coefficients of the mirrors are related as 1 =7y, —#, =
aj 5, where a, , are the mirror losses, which will be assumed
the same below: a; = a, = a. The coefficients r, and ¢, as
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follows from (1) and (2), are the functions of the phase shifts
0 (in the experiment the phase shifts change by varying the
frequency of the incident light). From (1) and (2) we obtain
the expression for R and T

_| =vnin {1 =1V + (Vrln = vin = avnin)],exp(i20)}

R 3
[1 — Vs oy exp(20) s )

T= |[(1/‘/"1_"2 —vnlr, — a/\/rl_rz)(l/m —Vnln —a/\/iﬁ)
X 11 tm exp(iZé)]”z/[l — v/ tmexp(i20)]|%. 4

They show that these coefficients at specified losses ¢ depend
on both the product rr,, which directly determines the cavity
Q-factor, and on the ratio r/r,, which can be varied for a
fixed Q-factor of the resonator. We use these relations to
analyse the scheme of a specific spectrometer.

3. Analysis of a three-beam R-ICOS scheme

Consider the problem of the resonator optimisation for the
case when use is made of one of the latest versions of the
ICOS method, i.e. so-called R-ICOS [7]. The schematic of
the method is shown in Fig. 1 (a more detailed experimental
scheme and its operation are described in [7]). In this method,
apart from the intensity 7; of light passed through the cavity
(as in the ICOS method), we also record the intensity 73, which
is proportional to the intensity of light reflected from the
resonator, and the intensity /,, which is proportional to the
laser light intensity I, (baseline). This allows one to determine
the fraction of the power absorbed in the cavity, U, as a dif-
ferential signal:

U=1-R-T. (5)

By changing the value of U during the laser frequency scan-
ning we can determine the absorption spectrum of the medium
in question. In this case, it is possible to reduce the fluctua-
tions of the signal detected at the resonator output (standard
ICOS method), which are caused by phase mismatches of
radiation and resonator eigenmodes due to the instabilities in
the reflected signal. This makes it possible to reduce the time
of registration and extend the dynamic range of the intensities
of the measured spectra [8]. At reflection coefficients of the
cavity mirrors, 0.9-0.99, the R-ICOS method makes it pos-
sible to measure the absorption coefficients with a sensitivity
of 2x1078 em™ at a spectrum recording speed of ~10°cm™! 57!,

In paper [7], where the R-ICOS method was described, we
used a symmetrical external resonator with the same reflection
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Figure 1. Schematic of the R-ICOS method:

(DL) diode laser; (BS) beam splitter; (R) resonator with mirrors M1 and
M2; [, and I, are the intensities of light incident on the resonator and
transmitted through it; I, and I; are the intensities of light reflected by
the beam splitter, proportional to the intensities of the laser light 7, and
light reflected by the resonator.

coefficients of the mirrors. At the same time, the possibility of
improving the spectrometer performance by using an asym-
metric resonator with different reflection coefficients of the
mirrors has not been investigated. However, such a configu-
ration is expedient from the standpoint of the fulfilment of two
requirements. The first one is to ensure comparable intensities
of light passed through the resonator and reflected from it at
a sufficient level of their powers (in this case, the mutual com-
pensation of phase fluctuations of transmission and reflection
coefficients of the resonator is best implemented). The second
requirement is due to the necessity of obtaining a maximum
value of the derivative of the difference signal for intracavity
losses (this makes it possible to record changes in the resonator
losses with the highest accuracy). The simultaneous imple-
mentation of these requirements consists in the search for a
compromise in the choice of the resonator parameters to
achieve acceptable values of recorded signals and measure-
ment sensitivity. In this respect, the manipulation of different
reflection coefficients of the mirrors ensures a greater search
flexibility.

The choice of reflection coefficients requires a multi-para-
metric analysis of the behaviour of the difference signal mag-
nitude on the basis of relations (3) and (4). Such an analysis
can be reduced to the construction of the functional F, the
maximum values of which for a given level of dissipative
losses a will determine the optimum range of variation in the
coefficients r; and r,. Fulfilling the requirements mentioned
above can be achieved by representing the functional in the
form of a product:

F(ry,12) = R(r1, 1) T(r1, 1) Ug(r1, 1) By (11, 12) By(r1,72),  (6)

where U, is the same as U in (5), but in the absence of a
medium in the cavity, and the auxiliary functions B;(r,r,)
and B,(ry,r,) are determined by the expressions

By (r1,1r2) = exp{~[R(r1,12) — T(r1, r)P[R(r1, 1) T(r1, 1)1}, (7)

BQ(VI,Vz) = dU/dlm (8)

The first function describes the balance of power of trans-
mitted and reflected light and assumes a maximum value of
unity at R(ry,r,) = T(r;,r,). The second function determines
the sensitivity of the optical scheme to small changes (in the
spectrum) in the transmission of an intracavity medium. The
functions included in expression (6) are calculated under reso-
nance conditions at = mn (n is an integer). The extrema of
the functional generally differ in magnitude and position on
the r r, plane. Therefore, the search for a maximum value
of the functional F allows us to give an overall assessment of
the impact of different (often conflicting) factors on the reso-
nator characteristics. Figure 2 shows the dependence of the
functional values on the reflection coefficients of the mirrors
for @ = 0.005. The maximum of the functional F,,, corre-
sponds to r; = 0.945, r, = 0.988 and is equal to 2.126. In this
case, the difference signal U = 0.4, and the derivative dU/d¢,,
= 58.53. In the measurements the difference signal, which rep-
resents a system of equidistant peaks, will be modulated by
the contours of the detected absorption lines.

A visual representation of the behaviour of both the func-
tional and the functions forming this functional is given in
Fig. 3, which shows their dependence on r, at r; = 0.935. One
can see that the maximum values lie in a region where
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Figure 2. Dependence of the values of the functional F on the reflection
coefficients r| and r, at a = 0.005. Inclined lines correspond to expres-
sions 117, = (1) 0.903 and (2) 0.941. Symbols O and A denote, respec-
tively, symmetric and asymmetric resonators used in the experiments.
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Figure 3. Dependence of the functional F and its functions on r, at
ry=0.935 and a = 0.005.

the curves R(r,) and 71(r,) intersect and the values of U, and
dU/dt,, are sufficiently large.

The position of the extremum of the functional depends
essentially on the losses a. A reduction of a, leading to an
increase in the resonator Q-factor, causes a shift of the maxi-
mum of the functional to the region of large values of r; and
. For example, at ¢ = 0.001 the maximum of the functional
Fa.x = 10.463 is achieved for r; = 0.985 and r, = 0.994 (Fig. 4).
In this case, Uy = 0.47, and dU/dt,, = 316. It can be seen that
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Figure 4. Dependence of the values of the functional F on the reflection
coefficients r; and r, at @ = 0.001.

the use of a higher Q-factor cavity, only slightly increasing the
difference signal, greatly increases the derivative d U/dt,, which
means an increase in the measurement sensitivity.

The calculation results show that the highest sensitivity
and accuracy are achieved using an asymmetrical cavity (with
r; <r,). Indeed, if in the case under study, when a = 0.005, use
is made of a symmetric resonator with reflection coefficients
ry =r,=0.961, without changing its Q-factor (it is determined
by the product 1), the differential signal and its derivative
decrease: U, = 0.24 and dU/dt,, = 35. At a higher Q-factor
when a = 0.001, use of a symmetric resonator with r; = r, =
0.989 yields Uy = 0.24 and dU/dt,, = 167, which is approxi-
mately two times smaller than the corresponding parameters
of an optimised asymmetric resonator.

4. Experiment

To check the results of cavity optimisation based on the above-
considered procedure, we used a spectrometer described in
detail in [7]. Its external resonator had a length L = 50 cm and
was formed by two mirrors with a diameter of 25 mm and
a radius of curvature of 1 m. The resonator was pumped by
radiation of a vertical cavity surface-emitting diode laser
[VCSEL, Vertilas, the power of 1.5 mW in the wavelength
range near 1650 nm (6060 cm™")]. The spectral width of the
laser line was 10 MHz. The tuning range of the laser radiation
frequency was equal to 1.15 cm™'. When testing the optical
scheme we recorded a portion of the spectrum of methane
near the wavelength 4 = 1650 nm at its content in the air
2.5%107°. We used a set of mirrors with reflection coefficients
0.92-0.99 at this wavelength. In the experiments we used both
symmetric and asymmetric resonators. To this end, we com-
pared the properties of the resonators with the same Q-factor.
In all cases, as predicted by the above-described optimisation
procedure, the best quality of the spectra is achieved when the
input mirror had the smallest reflection coefficient.

Experiments were performed using two sets of mirrors. In
the first set the mirrors had reflectivities r; = r, = 0.95 and
r1=0.92, r, = 0.98 for the symmetric and asymmetric resona-
tors, respectively; and in the second set the mirrors had reflec-
tivities r; = r, = 0.97 (symmetric resonator) and r; = 0.95,
r, = 0.99 (asymmetric resonator). It was assumed that for this
class of mirrors @ = 0.005. In Fig. 2 the values of the reflection
coefficients corresponding to the Q-factors of the resonators
lic on additional inclined lines. For ease of comparison of the
characteristics of the resonators, points corresponding to the
reflection coefficients of the mirrors are shown on these lines
by different symbols. Their position confirms the advantage
of the asymmetric configuration. Calculations in the region of
the symbols indicate that the symmetrical resonator with the
first set of mirrors is characterised by the values Uy = 0.18 and
dU/dt,, = 28, and the asymmetric resonator — by values U, =
0.3 and dU/dt,, = 46.7. In using the second set of mirrors, for
the symmetric resonator we have U, = 0.29 and dU/dz,, =
36.7, and for the asymmetric resonator U, = 0.52 and dU/dz,,
= 67.3. The magnitude of the experimentally measured signal
U for the asymmetric resonator is approximately 1.4 times
greater than for the symmetric one with the first set of mir-
rors; in the case of the second set of mirrors, the correspond-
ing value is about two times larger. These data are close to
those calculated numerically.

The advantage of an asymmetric resonator, supported by
the above estimates, is confirmed by experimental data, which
is illustrated in Fig. 5, showing a portion of the methane
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absorption spectrum near the line A = 1650 nm. The spectrum
is recorded using an asymmetric (r; = 0.95 and r, = 0.99) and
symmetric (r; = r, = 0.97) resonators. It can be seen that the
use of an asymmetric resonator allows one to increase mani-
fold the signal/noise ratio and, consequently, to improve the
sensitivity of the spectrometer to weak absorption. A weakly
pronounced interference pattern present on the line contour
(Fig. 5a) is caused by the above-mentioned spike character of
the difference signal, its contrast being dependent on the
speed of the recording equipment.
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Figure 5. Absorption spectra of methane at 4 = 1650 nm, measured using
(a) asymmetric and (b) symmetric resonators.

5. Conclusions

The results of the calculation and experiments show that
given the same Q-factor of external optical resonators, one
can increase the sensitivity of the absorption laser measure-
ments by using mirrors with different reflection coefficients.
The physical reason behind this fact is a significant reduction
in the radiation power absorbed by the output mirror at a
higher reflectance. This fact may be useful for optimisation
of the external resonator parameters of a weak absorption
spectrometer during high-precision spectral measurements
using the R-ICOS method of diode laser spectroscopy.
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