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Abstract—We report on the evaluation of the frequency stability
of a distributed feedback quantum cascade laser (QCL) at 8 μm
that was continuously monitored over a 2-month period using a
spectroscopic setup. The QCL was operated in continuous wave
mode at room temperature (21.4 °C). It was driven by a home-made
low-noise controller at a nominal current of ∼600 mA located in
the middle of its operation range. Two distinctive behaviors were
observed. A monotonous frequency drift of about 1.8 GHz was
observed during slightly more than the first month, followed by a
stable regime in the second month where the frequency remained
within a 100 MHz range. In addition, the electrical flicker noise of
the QCL was regularly measured during the same period, and sim-
ilarly showed two different regimes. The noise regularly decreased
at a small rate of about 0.3%/day during the first month, whereas
it tends to stabilize during the second month. We believe that an
improvement of the QCL contacts over time is responsible for this
behavior. After the initial one-month period, the QCL showed a re-
markably stable behavior that is beneficial for many applications
that require stable long-term operation.

Index Terms—Laser noise, laser reliability, laser stability, quan-
tum cascade laser.

I. INTRODUCTION

S EMICONDUCTOR lasers are attractive light sources for
a wide range of applications owing to the ability to pre-

cisely tune their emission wavelength via their injection current.
The long-term stability of their emission wavelength is crucial
in applications such as atomic clocks, optical telecommunica-
tions or trace gas sensing. Various test procedures have been
implemented to assess the long-term behavior of near-infrared
laser diodes. However, these tests generally focused on the laser
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output power as the most relevant parameter. For instance,
international standards routinely applied to qualify telecom-
grade laser diodes, such as the Telcordia standard [1], rely
on monitoring the laser output power to detect possible fail-
ures during different environmental tests or to assess the laser
lifetime from accelerated ageing tests realized at elevated tem-
peratures. However, the most relevant reliability criteria in var-
ious spectroscopic applications do not only concern the laser
output power, but other parameters are of higher importance.
For example, laser-based trace gas sensing requires that the
laser remains tuned to the proper wavelength corresponding to
the probed molecular transition even in absence of the target
gaseous species over long timescales that can extend up to the
sensor lifetime of several years. In such a case, it is primordial to
ensure the long-term frequency stability of the laser source. This
aspect has been much less considered so far in laser reliability
tests than the optical power.

A few studies were reported about the long-term behavior
of some spectral properties of near-infrared lasers. The wave-
length shift of a 780-nm vertical-cavity surface-emitting laser
(VCSEL) was measured during an ageing process [2] and a
similar measurement was realized during the radiation test of
a 1.55-μm distributed feedback (DFB) laser [3]. The drift of
the laser current at resonance of an Rb vapor cell transition has
also been studied over several months in various DFB lasers
at 780 nm, both at atmospheric conditions and under vacuum
[4]. These studies have been realized so far with near-infrared
laser diodes, but no similar investigation has been performed in
mid-infrared lasers.

Quantum cascade lasers (QCLs) constitute a versatile type
of coherent light source in the mid-infrared spectral region and
are widely used in numerous spectroscopic applications [5], es-
pecially in the fields of high-resolution molecular spectroscopy
and trace gas sensing. Few works have been published so far
on the reliability and lifetime of QCLs, and all reported inves-
tigations considered the output power as the relevant param-
eter. For instance, Lyakh and co-workers showed more than
3500 h of continuous wave operation at more than 2 W out-
put power [6]. Evans and Razeghi [7] reported measurements
of two high-power continuous wave QCLs emitting at 4.6 μm
conducted over a period of 4000 h at a heat sink temperature
of 25 °C [7]. They observed a strong power increase (65–75%)
and a reduction in the laser threshold current during the first
500 h, which they attributed to a current-induced annealing of
the metal-semiconductor interfaces. Xie et al. also observed
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improved output power in several QCLs at the same wavelength
during the first 1000 h of an aging test performed over 5000 h
[8]. In this case, a reduction of leakage currents outside of the
laser core through a semi-insulating InP layer or at the interface
between the laser core and the semi-insulating InP, was believed
to be the cause of the observed power change.

For applications such as trace gas sensing in the mid-infrared
spectral range, it is important to study the long-term frequency
stability of QCLs. Other spectral properties of QCLs are also
essential for these applications, such as the frequency noise and
associated linewidth. QCLs are known to have a very narrow
intrinsic linewidth at the 100-Hz level [9], but they suffer from
extra flicker (1/f) noise that significantly broadens the actual
linewidth encountered in practice, typically to the megahertz
level [10]. Several experimental studies of frequency noise in
QCLs were performed in the last years [9], [11]–[14]. In this
context, we showed that electrical noise measured on the voltage
drop across the QCL is a powerful mean to investigate noise
processes in QCLs as it constitutes the main contribution to
the laser frequency noise [12], [14]. Recently, Yamanishi et al.
also proposed a theoretical model of the origin of this electrical
flicker noise in ridge-waveguide QCLs in terms of fluctuating
charge-dipoles [15].

In this article, we present an experimental study of the fre-
quency stability of a QCL continuously assessed over a period of
two months. In addition, we also investigated a possible change
in the noise properties of the laser during the same period by
regularly measuring its voltage flicker noise.

II. EXPERIMENTAL SETUP AND METHODS

The laser under test was a DFB-QCL with a buried-
heterostructure (BH) geometry, emitting at 7.96 μm and manu-
factured by Alpes Lasers. The device was mounted in a standard
laboratory laser housing (LLH) package from Alpes Lasers con-
taining a thermo-electrical cooler (TEC) and equipped with a
10-kΩ negative temperature coefficient resistor for precise tem-
perature stabilization. As the laser was operated close to room
temperature in this experiment (21.4 °C for the spectroscopic
setup described after), no active cooling of the LLH was im-
plemented. The QCL was driven by a home-made controller
incorporating a highly-stable thermal regulator and a low-noise
current source. The temperature controller stabilizes the QCL
temperature at the mK level, which is important for long-term
reliability. The current source has a low enough noise level of
<1 nA/Hz1/2 at Fourier frequencies higher than 1 kHz, which
enables observing the noise induced in the QCL itself without
technical limitation from the driver [10]. Before being imple-
mented in the long-term experiment reported here, the QCL
under test has barely been operated during a few hours.

For an accurate determination of the spectral properties of
the laser over time, the spectroscopic setup depicted in Fig. 1
was used. It is similar to the experimental arrangement com-
monly used to measure the frequency noise spectrum of QCLs
[9], [11]–[14]. The absorption slope of a molecular transition
converts frequency fluctuations of the laser into intensity fluctu-
ations that are subsequently detected by a photodiode. A sealed

Fig. 1. Scheme of the spectroscopic setup used to measure the long-term
wavelength stability of the QCL. All functionalities enclosed in the dashed area
are realized by the home-made QCL controller. The derivative-like signal of
the N2 O absorption line obtained after demodulation (red line) is shown in the
lower part of the figure together with the direct absorption signal (blue line).

gas cell with a length of 10 cm and filled with 2 mbar of pure
N2O was used for this purpose. The experimental setup further
incorporated a laser locking scheme to frequency-stabilize the
QCL onto the center of a N2O transition, which was used for
long-term continuous monitoring of the QCL frequency. For
this purpose, the laser current was modulated at 50 kHz and
the signal from the photodiode at the gas cell output was de-
modulated at the same frequency to generate a derivative-like
signal of the N2O absorption line by the standard method of
wavelength modulation spectroscopy [16]. The strong absorp-
tion signal occurring at the center of the N2O transition in the
reference gas cell tends to distort the demodulated signal for
small modulation amplitudes. Therefore, a large enough current
modulation depth ΔI = 500 μA was applied to the laser, which
induced a broadening and smoothing of the error signal. This
current dithering corresponds to a frequency modulation depth
Δν � 200 MHz, which is about five times the ∼40-MHz half
width at half maximum of the N2O transition at the considered
pressure. The smooth behavior of the error signal obtained at
the center of the transition shown in Fig. 1 was suitable for laser
frequency stabilization. Precise and continuous determination
of the laser emission wavelength was obtained by stabilizing
the laser to the center of the P32e transition in the ν3 absorp-
tion band of N2O at 1256.4 cm−1 [17]. This was achieved at
a laser heat sink temperature of 21.4 °C and a current slightly
above 600 mA, which is located approximately at mid-range
between the laser threshold (∼370 mA) and the roll-over cur-
rent (740 mA). The laser frequency-stabilization was realized
using a proportional-integral (PI) servo-loop filter implemented
in the QCL controller together with the laser modulation and
signal demodulation. The feedback signal was applied directly
to the QCL current in order to keep the laser at the center of
the absorption line. The resonance current was continuously
monitored and recorded over a period of about two months at
a sampling rate of 1 s, together with other relevant parameters
such as the laser voltage, temperature, TEC current, etc.

The time evolution of the current maintaining the laser at the
center of the absorption line was used as an indicator of the
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Fig. 2. Dependence of the QCL current-tuning coefficient (Δν /ΔI) as a func-
tion of the laser dc current. The circles represent the experimental data and
the red line is a linear fit. Inset: example of the fitted fringes pattern used to
determine the frequency variation Δν induced by a current change ΔI.

frequency drift of the free-running QCL. The current variations
were converted into equivalent optical frequency changes of the
unstabilized laser using the measured current-tuning coefficient.
This coefficient slightly depends on the laser dc current. Hence,
a precise determination was obtained by using the fringe pattern
induced by a low-finesse optical cavity of known length during
a laser scan. This was realized by slightly tilting the photodiode
shown in Fig. 1 to induce a weak reflection towards the laser
that produced a low-finesse cavity with a length of 43.5 cm. By
fitting the fringe pattern recorded during a linear current scan
of amplitude ΔI by a sine waveform (see inset of Fig. 2), the
corresponding frequency tuning Δν of the laser was determined,
from which the tuning coefficient Δν/ΔI was retrieved. This
measurement was repeated at various dc currents in order to
determine the linear dependence of the tuning coefficient as a
function of the dc current that is displayed in Fig. 2. A tuning
coefficient Δν/ΔI = − 0.39 GHz/mA was thus determined at
T = 21°C and I = 600 mA, and was used for the aforementioned
current-to-frequency conversion. The same method was applied
to determine the temperature-tuning coefficient of the QCL,
Δν/ΔT = − 2.9 GHz/K (at I = 500 mA).

III. RESULTS

Fig. 3 shows the evolution of the laser current, of the corre-
sponding optical frequency drift, laser voltage and temperature
measured over a 2-month period of continuous operation. Dur-
ing a first period extending over slightly more than one month
(days 0–32), a monotonous drift of the laser current of about
4.6 mA is observed, corresponding to a frequency change of
∼1.8 GHz. At the same time, the laser bias voltage also slightly
increased by ∼3%, as a higher bias voltage is required to drive
a higher current through the laser. The observed behavior is not
related to environment temperature changes, as the laser tem-
perature was maintained stable within ∼2 mK during the entire
measurement period (see Fig. 3(c)). Thermal fluctuations asso-
ciated to daily ambient temperature variations and to much faster
fluctuations induced by the laboratory air conditioning system
(∼15-min cycle) are visible on the stabilized laser temperature

Fig. 3. “Long-term” measurement of the QCL frequency stability performed
continuously over a period of two months. (a) Evolution of the laser current
(left scale) and corresponding optical frequency drift (right scale) obtained by
converting the current variations into relative optical frequency using the tuning
coefficient Δν /ΔI. The thick (blue) line shows the data obtained from the con-
tinuous stabilization to the N2 O transition. The (red) points are complementary
data obtained from occasional current scans through the transition. (b) Evolution
of the voltage across the laser. (c) Evolution of the laser temperature. The inset
shows the influence of the laboratory air conditioning over a period of 12 hours.
The white gaps in all plots correspond to periods where the laser was unlocked
for different reasons. At day 23, a power failure in the laboratory led to a com-
plete restart of the experiment. The jump in the laser frequency and voltage at
day 19 is due to an erroneous set current applied to the laser that resulted in a
large temperature change. During days 44–46, a problem with the monitoring
photodiode prevented the laser to be stabilized to the N2 O transition.

(with maximum peak-to-peak amplitude of 2–3 mK, see inset of
Fig. 3(c)). However their impact on the stabilized laser current
and thus on the optical frequency is barely observable. The laser
frequency drift observed during this initial period is comparable
to the value of < 2 GHz/month reported for near-infrared DFB
laser diodes at 852 nm [18].

The frequency drift observed during the first month of op-
eration is acceptable for QCL applications in the field of trace
gas sensing at ambient atmospheric conditions where molec-
ular transitions are pressure-broadened to typical values of a
few gigahertz. However, it could become detrimental if it was
persisting at the same rate over several months. But our experi-
mental results show that after this initial one-month period, the
change in the QCL current is strongly reduced and the optical
frequency remains within a range of ∼100 MHz during more
than 20 days, up to the end of our experiment. The QCL volt-
age also becomes much more stable than in the first part of the
experiment.

The continuous monitoring of the QCL frequency assessed
from the stabilization to the N2O transition was complemented
by additional measurements of the absorption line for further
verification. Two or three times per day, the laser was unlocked
and a current scan was recorded. The current corresponding
to the center of the N2O transition was determined from the
minimum transmitted intensity. These data are also plotted as
individual points in Fig. 3(a). They are in very good agreement
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Fig. 4. View of the current scans of the N2 O transition recorded during
the entire experiment. The blue curves measured during the first month of
the experiment (days 0–31) show the significant shift observed during this
period, which corresponds to several widths of the transition. The set of (red)
curves grouped on the right side and measured during the second part of the
experiment show a very stable emission wavelength. The width of the absorption
line in current unit remains qualitatively constant (∼0.57 mA) throughout the
experiment, but the resolution of the current scan was not sufficient to precisely
assess a possible tiny change in the current-tuning coefficient Δν /ΔI.

with the current measured from the continuous stabilization to
the N2O transition. The recorded scans are displayed in Fig. 4
and make the current-shift of the transition clearly visible. From
these numerous scans, one also qualitatively notices that the
width of the N2O absorption line remains relatively constant in
terms of current, which indicates that the laser current-tuning
coefficient Δν/ΔI did not change significantly throughout our
experiment. However, the resolution of the current scans was
not sufficient to enable a precise determination of the transition
width and hence to detect a possible tiny variation of the tuning
coefficient over time.

In addition to the N2O absorption line, the QCL electrical
flicker noise was also measured at the same time on the voltage
across the laser using a fast Fourier transform (FFT) spectrum
analyzer (Stanford Research SR-760) in the range of 1 Hz to
100 kHz. In order to obtain clean measurements with a good
spectral resolution over the entire considered frequency range,
each spectrum was obtained from the combination of several
FFT spectra measured in different frequency ranges (one spec-
trum for each frequency decade), after co-averaging 5000 in-
dividual FFT traces. After each measurement, the laser was
relocked to the absorption line and the monitoring was pursued.

The noise spectra recorded during the 2-month duration of
the experiment appeared very similar when displayed in a log-
log plot, but some trend was observed when one looked in more
details at the noise evolution over time. Fig. 5 displays the
time evolution of the noise component at 3 kHz extracted from
each spectrum, which was used as a representative quantity
of the electrical flicker noise as considered in former studies
[12]. After an increase of the noise during the first 3−4 days, a
regular monotonous decrease at a small rate of about 0.3%/day is
observed until day 31. Over this entire period, a noise reduction
of about 6% is observed. After this, the variation becomes much
weaker and the noise tends to be more or less constant over
time. A similar behavior was obtained when considering the

Fig. 5. 3-kHz component of the QCL voltage noise power spectral density
(VN-PSD) plotted as a function of time. The crosses correspond to the experi-
mental data and the lines represent linear fits as guides for the eyes, performed
over the data of days 5 to 31 (blue) and 32 to 56 (red). The same periods rep-
resented by the same color code are considered here as for the QCL frequency
drift shown in Fig. 4. The inset shows a superimposition of all voltage noise
spectra recorded during the experiment. The peak at 50 kHz originates from the
laser modulation applied for frequency stabilization to the N2 O line.

integrated noise (in the range of 200 Hz to 40 kHz), but the data
were slightly less reliable due to the presence of some spurious
noise peaks (electronic artefacts) in some spectra.

IV. DISCUSSION AND CONCLUSION

By comparing Figs. 3 and 5, a good correspondence is ob-
served between the time where the noise starts to stabilize and
the point where the QCL wavelength drift is reduced (at day
∼30). A possible explanation of the observed behavior is an
improvement of the laser contacts over time resulting from an
annealing effect, which slightly reduces the voltage drop in the
contacts and the associated laser heating. This assumption is
similar to the statement given by Evans and Razeghi for the ini-
tial power increase observed in their QCLs reliability tests [7]
The laser contacts can be a source of noise in QCLs by acting
like Schottky diodes, in a similar way as the interface between
the n-doped regions (cladding and gain medium) and the iron-
doped lateral insulator was considered as a potential source of
noise in BH-QCLs [14].

The monotonous increase of the laser current observed in
Fig. 3(a) to keep the QCL wavelength constant can also result
from the same improvement of the laser contacts. The slightly
reduced heating associated with the improvements of the con-
tacts results in a small increase of the laser current to keep the
laser active zone at constant temperature, which is necessary to
maintain the emission wavelength constant. After this annealing
period, one notices that both the emission wavelength and the
voltage noise of the QCL remain remarkably stable over time,
which is very beneficial for many applications of this type of
mid-infrared lasers that require stable long-term operation.

In the future, it may be interesting to extend such tests over
longer timescales and to study more samples to get some statis-
tics on the frequency ageing of DFB-QCLs. Other experiments
of interest include the investigation of the effect of temperature
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cycling on the spectral properties of QCLs, as well as their fre-
quency stability during on/off cycling of different durations. The
results of our experiment showed an initial period of about 700 h
(30 days) where the spectral properties (emission frequency and
voltage noise) of the QCL under test drifted. This period lies at
mid-range between the value of about 500 h (Evans and Razeghi
[7]) and 1000 h (Xie et al. [8]) previously reported in the liter-
ature about reliability tests of QCLs relying on the monitoring
of the emission power only. In both cases, an improved output
power was noticed during the initial period in a similar way as
for the noise decrease and improved wavelength stability ob-
served in our experiment. A similar annealing effect occurring
during the initial operation of the QCL might be the reason of
these effects.
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gree from Eidgenössische Technische Hochschule,
Zurich, Switzerland, for research on the first mode-
locked thin-disk lasers and novel nonlinear systems,
in 2003.

In 1999, he started working on ultrafast lasers
during an EU fellowship at Strathclyde University,
Glasgow. From 2003 to 2005, he developed indus-
trial laser solutions at Sony Corporation, Tokyo. From

2005 to 2011, he investigated new concepts for ultrafast science and technology
at ETH Zurich, Switzerland, where he received the Habilitation degree. In 2011,
he was appointed as the Full Professor and the Head of the Time-Frequency
Laboratory, University of Neuchâtel, Switzerland. He has been the Coordinator
of several Swiss and European projects and was awarded with an ERC Start-
ing Grant in 2011. He serves the research community as an Associate Editor
for Optics Express and for IEEE PHOTONICS TECHNOLOGY LETTERS. He is
the author of more than 80 papers in international peer-reviewed journals, two
book chapters, and he holds or applied for ten patents. His research interests in-
clude exploring and pushing the frontiers in photonics, metrology, and ultrafast
science.

6



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




