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Abstract We report on the development of a cavity ring-

down (CRD) spectrometer based on an incoherent broad-

band light source centered at 1,545 nm. One measurement

spans over 46 nm. Due to the challenge of broadband CRD

spectroscopy in the addressed spectral range, an extended

measurement principle is developed. First successful

measurements in the spectral range between 1,547 and

1,593 nm of a cavity filled with CO2 are shown. In order to

compare the experimentally determined data to values of

the HITRAN database, the calculation of the expected

values is discussed under consideration of the spectrome-

ter’s spectral resolution. Comparison with the data based

on the HITRAN database shows good agreement.

1 Introduction

Cavity ring-down (CRD) spectroscopy, a highly sensitive

technique for measuring absolute values [1] of very low

absorbances, has been in active development since first

being reported in 1988 by O’Keefe and Deacon [2]. Today,

CRD spectroscopy is widely used for manifold applications

such as the investigation of atmospheric gases [3, 4], iso-

tope ratios [5, 6], processes on surfaces [7, 8], or investi-

gation of very small liquid sample volumes [9]. In one of

the first papers on broadband CRD spectroscopy, Engeln

and Meijer [10] use a dye laser in the visible spectral range

as light source and combine the CRD setup with a Fourier

Transform spectrometer to scan across the dye laser spec-

trum. Therefore, this might be designated to be the first

broadband approach to CRD spectroscopy. Ball and Jones

[11] provide an overview of the challenges of broadband

CRD spectroscopy and its development until 2003. Stel-

maszczyk et al. [12] report on the development of a

broadband CRD spectrometer for the visible spectral range

based on a white-light supercontinuum source, hence the

name supercontinuum CRD spectroscopy. A possible lim-

iting factor to the broadband approach in CRD spectros-

copy is the restricted high-reflectivity bandwidth of the

mirrors. This can be solved using prisms instead like has

been done by Johnston and Lehmann [13].

The spectrometer presented here is intended for the

measurement of gases. As many gases absorb in the near

infrared (NIR) spectral range broadband CRD spectroscopy

in the NIR is useful for investigating gases and is the focus

of this paper. Figure 1 shows the emission spectrum of the

NIR light source used here and absorption signals for

CO2, CH4, and H2O. These three gases are the main

components of biogas, which could be a target gas of the

spectrometer presented here. The emission spectrum of the

light source was measured with an optical sprectrum ana-

lyzer (Yokogawa, AQ6370), whereas the data for the gases

are taken from the HITRAN database [14]. Figure 1

illustrates that the use of broadband light sources in the

NIR range allows for simultaneously detecting gases in

atmospheric studies.

The use of an incoherent light source for CRD spec-

troscopy has been reported before [15, 16]. One advantage

of incoherent light sources is that they do not exhibit a

longitudinal mode structure. Therefore, mode-matching

procedures like Pound–Drever–Hall laser frequency sta-

bilization [17, 18] or ‘‘dynamic’’ coupling schemes [19]

used for coherent light sources are not necessary.

In our setup, we combine the spectrally broadband

approach with CRD spectroscopy using an incoherent light
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source that emits in the NIR spectral region. As mentioned

above, broadband CRD spectroscopy in the visible range

has already been demonstrated [11, 12]. Transferring this

technique to the NIR requires significant changes of the

measurement principle, mainly because of the insufficient

detection rate of InGaAs photodiode arrays.

We first give a brief introduction to the basics of CRD

spectroscopy. In Sect. 3, the setup and the developed

measurement principle of the broadband CRD spectrome-

ter are presented. Section 4 shows the results of the mea-

surements and gives a detailed description of the algorithm

that modifies values taken from the HITRAN database to

the specific experimental settings, in particular the spectral

resolution of the presented setup.

2 Definition of cavity ring-down parameters

In conventional CRD spectroscopy, as invented by

O’Keefe and Deacon [2], the decay of the intensity of a

light pulse within a cavity is measured. The time-depen-

dent signal decays exponentially, following:

PðtÞ ¼ P0 exp � t

s

� �
: ð1Þ

The ring-down time s is defined as the duration after which

the power P has decreased to 1/e of its initial value P0. s
depends on the reflectivity of the cavity mirrors R and various

losses V. If there is an absorbing species present, s addi-

tionally depends on the absorption of that species, which is

given by the Lambert–Beer law as (aL). The symbol a rep-

resents the absorption coefficient of the species and L repre-

sents the length of the cavity, which is completely filled with

the sample. Summarizing these dependencies gives

s ¼ L

c aL� lnðRÞ � lnð1� VÞð Þ : ð2Þ

For gases, the speed of light in the medium c can be

assumed to be of the same value as the speed of light in

vacuum c0. Typical values for the reflectivity of the mirrors

R used for CRD spectroscopy are 0.999 and higher. The

term (1 - V) is also close to 1. Under these assumptions,

Eq. 2 can be simplified to

s ¼ L

c 1� Rþ V þ aLð Þ : ð3Þ

If there is no absorbing sample present inside the cavity,

Eq. 3 is simplified to

s0 ¼
L

c 1� Rþ Vð Þ : ð4Þ

The ring-down time of the empty cavity is called s0. By

measuring the ring-down time of the empty (s0) and the

filled cavity (s), the absolute absorber concentration

[A] can be calculated from

a ¼ 1

c

1

s
� 1

s0

� �
¼ e½A� ¼ rN: ð5Þ

The extinction coefficient e and the absorption cross sec-

tion r of an absorber are available in databases such as

HITRAN [14]. Therefore, the absorber concentration

[A] and the number density N are determined by measuring

the two time constants s and s0.

Applying these equations to the broadband approach

requires consideration of the wavelength dependence of

R, V, and a. The resulting wavelength dependency for s
and s0 is addressed below.

3 The broadband cavity ring-down spectrometer

3.1 The experimental setup

The experimental setup is given in Fig. 2. An amplified

spontaneous emission (ASE) diode serves as an incoherent

broadband light source. A high beam quality is achieved by

coupling the light source to a single-mode fiber, which

works as a spatial mode filter [20]. To match the beam to

the TEM00 cavity mode, two lenses are used. The crucial

component of the CRD spectrometer is a cavity formed

with high-reflectivity mirrors. After transmission through

the cavity, the broadband emission is diffracted by a

Fig. 1 Comparison of the

experimentally determined

emission spectrum of the light

source (black) and the

absorption signals of CO2 (red),

CH4 (green), and H2O (blue),

based on the HITRAN database

[14]. The concentration of the

gases is 1 % in N2 each at a total

pressure of 1,013 hPa and at

298 K. The gray area illustrates

the spectral range of the

measurement shown in Fig. 5
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grating spectrometer, which uses an InGaAs photodiode

array (InGaAs PDA) as a detector.

The bandwidth (3 dB) of the ASE diode (DenseLight

Semiconductors, DL-ASE-IM-CSC107A) is 70 nm, the

center wavelength of the emission is 1,545 nm, and the

total output power of the ASE diode is about 10 mW. This

power of the ASE diode emission can be modulated with a

frequency of up to 200 MHz and is therefore much faster

than a ring-down event, which is very important for an

optimal signal processing [21]. The fiber of the ASE diode

is coupled to a 90:10 fiber coupler (Thorlabs, 10202A-90-

FC). One of the fibers is connected with an InGaAs pho-

todiode (Terahertz Technologies Inc., TIA-5251-FC).

Behind the 90 % fiber of the coupler the beam is collimated

by an aspheric lens (f = 8 mm) and then mode-matched to

the cavity’s fundamental spatial mode by an additional lens

(f = 8 mm).

The cavity is built up of two identical plano-concave

mirrors (Layertec) at a distance of 0.5 m. The reflectivity R of

the mirrors is 0.9999 between 1,450 and 1,670 nm, specified

by Layertec, and the minimum transmission is specified as

0.001 % for each mirror. The radius of curvature is 1 m. To

check the value of R - V experimentally, the ring-down time

of the empty cavity was measured. Figure 3 gives the deter-

mined ring-down times in the range of 1,546–1,593 nm

measured with the broadband CRD spectrometer presented

here and following the measurement principle explained

later. The ring-down time appears to be independent of the

wavelength in the considered spectral range and the averaged

value of s0 is (9.2 ± 0.6) ls. Following Eq. 4, this results in a

value of R - V of 0.99982 ± 0.00001 and therefore in a

Q factor of about 1.7 9 104. In Fig. 3, the noise increases

toward longer wavelengths because of the lower emission

power of the ASE diode.

After the cavity, the beam is again collimated and passes

through an acousto-optical modulator (AOM; Isomet,

1205C-2-NIR), which is used as a switch. The tuning

bandwidth of the AOM is 30 MHz, and the diffraction

efficiency at 1,550 nm is above 25 %. The first-order dif-

fraction behind the AOM is passed on to the spectrograph

(Andor Technology, SR-750), which has a focal length of

0.75 m and is equipped with a grating of 600 l/mm. The

InGaAs PDA (Andor Technology, iDus InGaAs 491) has

1 9 1,024 pixels and a maximum detection rate of 193

spectra/s. It can be cooled down to 203 K without the need

of liquid nitrogen. In combination with the SR-750 spec-

trograph, a spectral resolution of about 0.1 nm is achieved.

As mentioned above, the beam was carefully matched to

the spatial modes of the cavity by a two lens system. The

beam parameters were determined using a monochromatic

laser (1,600 nm) coupled to the single-mode fiber and

following the knife-edge method [22]. To verify whether

no higher spatial modes are excited, the mode structure was

measured using the monochromatic laser and varying the

cavity length via a piezo element attached to one of the

cavity mirrors. In the case of broadband excitation of a

cavity, the wavelength dependence of the beam parameters

has to be considered.

3.2 The measurement principle of the broadband cavity

ring-down spectrometer

As in conventional CRD spectroscopy, the cavity is filled

up with the radiation of the light source. After a certain

time, the light source is switched off and the ring-down

event takes place. The maximum detection rate of the

InGaAs PDA is too low to detect the microsecond ring-

down events. Therefore, we extended the conventional

CRD technique by a time-gated sampling technique, which

is used to improve the temporal resolution of the system.

The AOM is used for the gating of this sampling technique.

A pulse generator (Stanford Research Systems, DG645)

manages the trigger cascade of the sampled measurement.

The pulse generator is connected to the photodiode, the

AOM, the ASE diode, and the InGaAs PDA. Figure 4a
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Fig. 2 Experimental setup of the broadband CRD spectrometer. ASE-

amplified spontaneous emission diode, D InGaAs photodiode, AOM

acousto-optical modulator, A aspheric lens, L lens, InGaAs PDA

InGaAs photodiode array

Fig. 3 Experimentally determined ring-down times of the empty

cavity
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gives the connection scheme of the components involved in

the trigger cascade.

Figure 4b shows the temporal trigger scheme of the

broadband CRD spectrometer. At the beginning of each

trigger cycle, the ASE diode, the AOM, and the InGaAs

PDA are off. The first trigger cycle starts with switching on

the ASE diode (tASE,on). On a nanosecond timescale, the

back reflection of the first cavity mirror impinges on the

photodiode, which is coupled to a 90:10 fiber coupler. The

signal of this photodiode serves as the trigger for the pulse

generator. When the pulse generator receives the signal

from the photodiode, it immediately passes on a signal to

the InGaAs PDA to start the exposition. After a certain

time tASE,off, the ASE diode is switched off and the ring-

down event takes place. After the time period dt the AOM

is switched on to start the gating. From this moment, the

light transmitted through the cavity is passed on to the

spectrograph and the InGaAs PDA for the duration of

DtAOM: At the time tASE,on, the ASE is switched on again

and the trigger cycle starts again. The InGaAs PDA is

programmed to be active for 1–2 s. During this time, the

trigger cycle is constantly repeated and the signal of the

chosen time gate is integrated on the InGaAs PDA.

Afterward, the value of dt is changed, and the next time

gate will be detected. As a result, the integrated signal

power P is recorded simultaneously for all wavelengths as

function of dt. By this, the ring-down signal is scanned

temporally and afterward reconstructed. Therefore, we

propose to call this extended technique ‘‘reconstructed

cavity ring-down spectroscopy.’’

As in conventional CRD spectroscopy, the information

is taken from the temporal decay of the intensity after the

light source is switched off. Due to the sampling technique,

the initial amplitude of the ring-down signal can vary

according to fluctuations of the intensity of the ASE diode.

The output stability of the ASE diode used for this setup is

specified by the supplier to be 0.05 dB. Therefore, the

systematic error can be estimated to be in the range of 1 %.

The random error is significantly reduced by averaging

over several ten thousand signals within 1–2 s.

4 Results and discussion

Figure 5 gives an exemplary reconstructed broadband CRD

signal of the cavity filled with a CO2–N2 mixture with a

CO2 concentration of 1.1 % at a total pressure of 1,010 hPa

and at room temperature. The center wavelength of the

spectrometer was set to 1,570 nm, and a spectral band-

width of 46 nm was detected simultaneously. The temporal

gate of the sampling was set to DtAOM ¼ 5 ls and the total

trigger cycle duration to 55 ls. The ASE diode was swit-

ched on for 15 ls. The InGaAs PDA exposition time was

set to 2 s; therefore, the signals of over 36,000 trigger

cycles were added up on the InGaAs PDA. Each mea-

surement was repeated 20 times. The gate was then shifted

by 1 ls, so that the temporal gates ðDtAOMÞ were

overlapping.

The data of the twenty measurements by the InGaAs

PDA are averaged for each particular pixel. The resulting

averaged broadband CRD signal is given as a 3D graph in

Fig. 5a. The measured power (z-axis) is given in terms of

counts on the InGaAs PDA; the spectral domain (x-axis) is

given in terms of pixel, and the temporal domain is given

as dt. The two graphs in Fig. 5b, c are slices of the 3D

graph. Figure 5b gives the power as function of wavelength

at the very start of the ring-down signal. The absorption of

CO2 is already visible between pixel 400 and pixel 900, but

the signal is rather noisy and the baseline is overlain by the

emission of the ASE diode. Figure 5c gives the power as

function of time for the pixel 1. The curve exhibits the

expected exponential decay.

photodiode

back reflection

pulse generator

ASE AOM PDA

trigger

(a) (b)

time (µs-scale)

trigger

ASE

AOM

PDA

cavity

tASE, on
tASE, off

tAOM

t

Fig. 4 Scheme of the trigger

cascade. a Connection scheme

of the electronic devices.

b Temporal scheme of the

trigger cascade. Two trigger

cycles are given. At the top, the

cavity signal is shown

788 K. Salffner et al.

123



A mono-exponential curve (Eq. 6) was fitted to the ring-

down signal of each pixel. The parameter A0 is the initial

amplitude of the decaying signal and B is the background.

AðtÞ ¼ A0 exp � t

s

� �
þ B ð6Þ

Equation 6 was fitted to the experimental data following

the nonlinear least-squares Marquardt–Levenberg algo-

rithm. The background offset of the broadband CRD signal

in Fig. 5 is around 70 counts. The overlaying noise is about

3 counts. With the maximum signal of about 450 counts,

this results in an actual signal-to-noise ratio (SNR) of about

150. Figure 6a shows exemplary ring-down signals of two

different pixels, i.e., two different wavelengths. For better

visualization, the signals are background-corrected and

normalized. Ring-down times of (9.4 ± 0.2) ls (triangles)

and (6.9 ± 0.2) ls (squares) are calculated. For broadband

ring-down signals, mono-exponential decays are an

approximation (cf. [11]). Figure 6a shows that the

assumption of mono-exponential decays seems applicable

as a first approximation. Figure 6b gives the calculated

ring-down times s for all wavelengths k. The P and R bands

of the vibrational signal of CO2 and many of the rotational

bands are clearly visible.

To evaluate the qualitative and quantitative accuracy of

the experimentally determined data, expected values for

the absorption coefficient a(k) based on the HITRAN

database [14] are calculated for comparison. First, the
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Fig. 5 a Experimentally determined broadband CRD signal. dt represents the time passed after shutting off the ASE diode. b and c Slices of the

3D graph given on the left
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Fig. 6 a Exponential decays of the background-corrected normalized

signal of two different pixels, i.e., at two different wavelengths.

Triangles and squares show the experimental values, the lines show

mono-exponential fits. b Resulting ring-down times for all wave-

lengths k. The cavity was filled with a CO2–N2 mixture with a CO2

concentration of 1.1 % at a total pressure of 1,010 hPa
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experimental values of a(k) are calculated following Eq. 5.

The value of s0 is taken from the baseline of the spectrum

in Fig. 6b, i.e., the average of the ring-down times in the

spectral range between 1,547 and 1,560 nm. Second, to

calculate expected values of a(k), the known measurement

parameters (concentration of CO2, total pressure, temper-

ature) are entered into the information system HITRAN on

the web [23]. This gives the expected values of a(k) with a

spectral resolution of about 2 pm, which are not directly

comparable to our experimentally determined data, as the

spectral resolution of the broadband CRD spectrometer is

about 0.1 nm. This resolution is not sufficient to resolve the

particular absorption lines as these exhibit a bandwidth of

about 65 pm. A higher spectral resolution could be

achieved using another grating. However, the drawback

would be that the spectral bandwidth of the measurement

would be decreased, which contradicts the broadband

approach.

Therefore, for broadband CRD spectroscopy, the strong

wavelength dependency on the sub-nanometer scale of

both, the absorption coefficient a(k) and the resulting ring-

down time s(k), has to be considered. As a consequence of

the spectral resolution of the spectrometer, the spectral

bandwidth of the absorbance signal and the wavelength

dependency of the ring-down time s(k), the ring-down

signal detected by a particular pixels is

Pðt; kÞ ¼ P0

Dk

Z
exp � t

sðkÞ

� �
dk ð7Þ

with dk representing the wavelength range of the light that

hits the pixel. For the comparison of the experimentally

determined and expected values of a(k), this wavelength

dependency has to be taken into account. Therefore, the

expected values of a(k) have to be calculated under con-

sideration of the instrument function of the broadband

CRD spectrometer, which mainly accounts for the spectral

resolution of the spectrometer.

This algorithm is implemented as follows: firstly,

expected ring-down signals Pj(t) are calculated for each

pixel j under consideration of the effective spectral reso-

lution dks and using values of a taken from HITRAN.

Secondly, the simulated ring-down signals Pj(t) are ana-

lyzed in the same way as the experimental data, i.e., a

mono-exponential function (Eq. 6) is fitted to Pj(t).

Thirdly, from the resulting values of s(k), the expected

values of the absorption coefficient a(k) are calculated and

compared to the experimentally determined values.

The expected ring-down signal Pj(t) is a sum of all

exponential decay signals of the wavelengths that hit the

particular pixel j. For this summation, the different initial

values for the particular wavelengths depending on the

absorption have to be considered. Furthermore, the effec-

tive spectral resolution, especially the cross talk is relevant.

For the calculation of Pj(t), values of a are used, which

are given by the information system HITRAN on the web

[23] with a spectral resolution of 2 pm. HITRAN on the

web delivers a number of ki–ai data pairs M, which are

used to calculate expected ring-down signals Pj(t) for each

pixel j following the equation

PjðtÞ /
XM
i¼1

exp �caiDtASEð Þ|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
term A

� exp �t cai þ
1

s0

� �� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
term B

� dkP

2pdkS

� exp �
ki � kj

	 
2

2dk2
S

" #

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
term C

ð8Þ

with these parameters: DtASE; the time span during which

the broadband light source is switched on and the cavity is

filled with light; dkP; the ratio of the spectral bandwidth of

the measurement to the number of pixels; and kj, repre-

senting the central wavelength of the light hitting on the

particular pixel j.

The value of dkS has to be calibrated by the measure-

ment of a known gas at known measurement parameters

(concentration, total pressure, temperature) and depends on

the width of the entrance slit of the spectrograph. For the

measurement shown here, a value of dkS ¼ 0:07 nm was

determined. The value of s0 = 9.4 ls is taken from the

experimental data. All parameters are given by the exper-

imental settings or the HITRAN database. Therefore, Eq. 8

contains no fit parameters.

Term A is a weighting factor which considers the

stronger influence of signals caused by low ai to the total

ring-down signal on that pixel. Term B represents the

temporal decay of the ring-down signal. The term C is a

rescaled point spread function (PSF) which represents the

contribution of ai to the signal detected by pixel j (cross

talk). For this PSF, a Gaussian shape is assumed.

Figure 7 gives the expected ring-down times for three

different assumed effective spectral resolutions dkS calcu-

lated following the algorithm discussed above. This figure

illustrates the influence of dkS on the spectrum. The

Fig. 7 Expected ring-down times for different assumed effective

spectral resolutions dkS
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contrast of the particular rotational signals and the mean of

the signals vary with dkS:

Figure 8 gives the comparison of the experimentally

determined absorption coefficients a(k) and the expected

values based on the HITRAN database. The two spectra are

qualitatively and quantitatively in good agreement. For a
above 1,583 nm, some of the experimentally determined

values are seemingly negative. This artifact is caused by

measurement errors mainly by the lower spectral power

density of the light source. The limit of detection is estimated

from the standard deviation of the a values in the range,

where no absorption by CO2 is detected (1,546–1,564 nm).

The value of aLOD is estimated to 1.5 9 10-7 cm-1.

A closer look at the quantitative agreement between the

experimentally determined and the expected values of a(k)

is given in Fig. 9. This graph compares the corresponding

maximum and minimum a values of the particular

rotational signals in Fig. 8 between 1,572.4 and

1,582.8 nm (gray area). The dashed gray 1:1 line in Fig. 9

represents the case that experimentally determined and

expected values are in perfect agreement. The solid black

line gives the linear fit of the depicted values. The intercept

of the fit is at (1.4 ± 2.9) 9 10-8 cm-1 and the slope is

0.91 ± 0.03. The deviation of the slope from the value 1

indicates a slight systematic error.

5 Conclusion

In this paper, we present the first results of a broadband

CRD spectrometer based on an incoherent NIR source. Due

to the insufficient detection rate of the InGaAs PDA, an

extended measurement principle is developed; we suggest

calling this technique ‘‘reconstructed CRD spectroscopy.’’

This technique offers the possibility to combine the high

sensitivity of CRD spectroscopy with a broadband

approach and therefore the possibility to detect different

species of a gas mixture simultaneously. Using an NIR

light source, the spectrometer works in a spectral range

which is of high interest for gas sensing. NIR broadband

ring-down signals are presented. The comparison of the

experimentally determined absorption coefficients to

expected values of the absorption coefficients based on the

HITRAN database shows qualitatively and quantitatively

good agreement.

Monochromatic state of the art CRD spectrometers

achieve sensitivities of up to 10-12 cm-1, special variants

even 10-14 cm-1 [24]. In comparison, the sensitivity of

the spectrometer presented here (aLOD & 10-7 cm-1) is

rather low but close to detection limits of other broadband

approaches of CRD spectroscopy in the visible spectral

range (0.6 9 10-7 cm-1 [25]). This loss in detection

sensitivity is a trade-off for the benefit of the decrease in

cross sensitivity, to name only one of the advantages of

broadband approaches. These promising results presented

here show that the high potential of NIR broadband CRD

Fig. 8 Experimentally determined absorption coefficient a(k) (black)

in comparison with expected values of a(k) based on the HITRAN

database (red). The data from HITRAN are calculated under

consideration of the instrument function of the broadband CRD

spectrometer. The gray area depicts the spectral range considered for

the more detailed quantitative comparison given in Fig. 9

Fig. 9 Quantitative comparison of the experimentally determined

absorption coefficients (aexperiment) and the expected values (aHITRAN).

The black squares are the corresponding a values for the minima and

maxima of the particular rotational signals in Fig. 8 between 1,572.4

and 1,582.8 nm (gray area). The dashed gray 1:1 line gives the

values for the case that experimental and expected data perfectly

agree. The solid black line gives the linear fit to the data
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spectroscopy can be exploited with the presented

spectrometer.
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