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ABSTRACT 
 

Intracavity Laser Absorption Spectroscopy (ICLAS) at IR wavelengths offers an 

opportunity for spectral sensing of low vapor pressure compounds.  We report here an ICLAS 

system design based on a quantum cascade laser (QCL) at THz (69.9 m) and IR wavelengths 

(9.38 and 8.1 m) with an open external cavity.  The sensitivity of such a system is potentially 

very high due to extraordinarily long effective optical paths that can be achieved in an active 

cavity.  Sensitivity estimation by numerical solution of the laser rate equations for the THz QCL 

ICLAS system is determined.  Experimental development of the external cavity QCL is 

demonstrated for the two IR wavelengths, as supported by appearance of fine mode structure in 

the laser spectrum.  The 8.1 m wavelength exhibits a dramatic change in the output spectrum 

caused by the weak intracavity absorption of acetone.  Numerical solution of the laser rate 

equations yields a sensitivity estimation of acetone partial pressure of 165 mTorr corresponding 

to ~ 200 ppm.  The system is also found sensitive to the humidity in the laboratory air with an 

absorption coefficient of just 3 x 10
-7

 cm
-1

 indicating a sensitivity of 111 ppm.  Reported also is 

the design of a compact integrated data acquisition and control system.  Potential applications 

include military and commercial sensing for threat compounds such as explosives, chemical 

gases, biological aerosols, drugs, banned or invasive organisms, bio-medical breath analysis, and 

terrestrial or planetary atmospheric science. 

.  
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CHAPTER 1:  INTRODUCTION 
 

1.1 Background 

 

Light Amplification by Stimulated Emission of Radiation (LASER) is one of the most 

useful tools for spectroscopy due to its unique properties.  The primary attention, for a long time, 

was to make the laser spectral emission linewidth narrower and thus, make its peak power very 

high.  Thus broadband multimode laser received less attention.  However, in cases of broad gain 

spectrum, lasers have unique application in spectroscopy, viz., high sensitivity of the output 

emission spectral distribution to frequency dependent cavity losses [1].  This property of laser 

along with good collimation, high spectral power density and wide tunability has paved the way 

for the development of many fundamentally new methods of spectral analysis. 

Among the various spectral analysis techniques, absorption spectroscopy is one of the 

widely used and highly sensitive techniques.  The general method for measuring absorption 

spectra of molecules or atoms is based on the determination of the absorption coefficient from 

the spectral intensity transmitted through a sample.  The absorption coefficient of permissible 

transitions of molecules or atoms depends linearly on their concentrations through their 

absorption cross-section.  The minimum still-detectable concentrations of absorbing molecules 

are determined by the noise power, the absorption cross-section of the transition or the transition 

strength, the incident radiation power and the absorption path length.  The principle sources of 

noise are detector noise, intensity fluctuations of incident radiation (technical noise) and the 



2 

 

random fluctuations of the absorbing molecules [2].  The technical noise, which represents the 

major limitation, decreases with increasing frequency and thus, can be reduced by various 

frequency and wavelength modulation techniques.  Sensitivity enhancement and detection of 

small variations in the optical density of the absorber can also be obtained by these techniques 

[2].  A larger linestrength is obtained when the transitions occur in the fundamental vibrational 

band of the molecules.  Thus, working in the mid-IR region, where molecules have fundamental 

vibrational bands, the system detection sensitivity can be increased effectively. 

 

1.2 Motivation 

 

Sensitivity of an absorption spectroscopy technique also depends on the effective optical 

path length through the Beer-Lambert law given by,  ( )     ( )  where T(ν) and α(ν) are the 

frequency dependent transmittance and absorption coefficient and d is the optical path length.  

Thus, the third way to enhance the sensitivity is to make the effective optical path length longer.  

A longer path length is usually accomplished in a ‘White cell’ [3] through multiple reflections 

between two high reflecting mirrors as shown in Fig. 1.1.  The number of required reflections for 

small absorption coefficient (low vapor pressure) absorbers is huge to get a reasonably detectable 

signal in a ‘White cell’. 
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Figure 1.1 : Schematic of a ‘White cell’ with multiple reflections. 

 

Fig 1.2 shows the saturated vapor pressures and absorption coefficients of a few explosives [4] 

along with acetone for comparison.  The absorption coefficients are calculated considering an 

optimistic molecular absorption cross-section of 10
-18

 cm
2
 [5].  Note the vapor pressures and 

absorption coefficients are very small for explosives, in comparison to a volatile substance such 

as acetone.  Fig. 1.3 shows the optical path length needed for 1% transmission change due to 

saturated vapor of the same explosives. 

 

Source

Detector HR mirror

Length
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Figure 1.2 : Saturated vapor pressures and absorption coefficients of a few common explosives compared 

with acetone. 

 

 

Figure 1.3 : Needed path length of few explosives to get 1% transmission change in a White cell. The 

path length is compared with acetone. 
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1000 for TNT.  Each reflection incurs loss due to the finite reflectivity of metal mirrors.  Fig 1.4 

plots the intensity remaining in a passive cavity as a function of the number of reflections.  

Arrows indicate the number of reflections needed to obtain 1% transmittance change for various 

explosives.  The transmitted signal, on the other hand, drops to zero after only ~ 100 reflections 

even when the mirrors have a reflectivity of 99% (Fig 1.4).  A conventional ‘White cell’ is, thus, 

insufficient to measure absorption of low vapor pressure compounds.  This challenge is 

overcome using Intracavity Laser Absorption Spectroscopy (ICLAS), where broadband gain 

medium is placed inside the cavity, such that it compensates losses from the optical elements, 

and thereby produces a very long effective path length.  Thus the detection sensitivity is 

enhanced considerably in ICLAS, in favorable cases by several orders of magnitude. 

 

Figure 1.4 : Number of reflections needed in a ‘White cell’ to get 1% transmission change. 

 

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

0.0

0.2

0.4

0.6

0.8

1.0

NG

TNT PETN

RDX

 

 

N
o
rm

a
liz

e
d
 t
ra

n
s
m

it
ta

n
c
e
 s

ig
n
a
l 
(a

rb
. 
u
n
it
)

Number of reflections needed

 R = 97%

 R = 98%

 R = 99%



6 

 

1.3 Intracavity Laser Absorption Spectroscopy (ICLAS) 

 

Multimode, broadband ICLAS was first suggested in 1970 [6].  It consists of quenching 

the laser emission spectrum at a particular frequency of interest of the absorber placed inside the 

cavity.  The laser oscillates on many resonator modes simultaneously, is amplified due to many 

resonator round trips, and finally concentrates to a spectral region with highest gain.  The 

absorber’s frequencies are not amplified during this process, but rather it imprints its signature 

on the laser emission spectrum.  The time evolution of the laser emission spectrum shows a dip 

in its intensity at the absorber’s frequency, which can be recorded by ordinary spectroscopic 

instrumentation.  In ICLAS the laser itself is a nonlinear detector of weak absorption and 

therefore the parameters of an intracavity spectrometer are determined by the mechanism of 

lasing process [6].  It is usually advantageous for the broadband gain of the laser to exceed the 

absorber linewidth. 

The high sensitivity in an ICLAS system is achieved by four different effects [2].  

(i) For a resonators with two mirrors of reflectivity R1 = 1 and R2 = 1-T2, (neglecting 

mirror absorption, where T2 is the mirror transmissivity), if the absorbed power is 

measured directly through the resulting pressure increase on the absorption cell or 

through the laser induced fluorescence, the signal will be 1/T2 times larger than 

for the case of single pass absorption outside the cavity.  The sensitivity 

enhancement in detecting small absorptions does not have any direct correlation 

with the gain medium and can also be realized in external passive resonators also.  

The radiation power inside the passive cavity will be enhanced by the same factor 
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if the laser output is mode matched by optical elements into the fundamental 

mode of the passive cavity. 

(ii) The dependence of a single-mode laser output power on intracavity absorption 

losses also affects the sensitivity of detection.  The enhancement factor of the 

sensitivity for a homogeneously broadened gain is given by 
  

 (    )
 , where go is 

the gain at no pump power and  is the intracavity loss.  At pump power far above 

the threshold, the unsaturated gain is large compared to the losses and the 

sensitivity enhancement factor depends inversely on the losses.  If these losses 

are due to mirror transmission, then this enhancement will be ~ 1/T2.  But just 

above the threshold, unsaturated gain is almost equal to the losses, and in this 

case a tremendous enhancement can be obtained, though limited by increasing 

instability of the laser output and spontaneous radiation. 

The above two effects are true when the laser oscillates in a single mode.  Larger enhancement 

can be achieved when the lasers oscillates simultaneously in several competing modes. 

(iii) In a broad homogenous spectral gain profile, all the molecules contribute 

simultaneously to the gain of all modes with frequencies within the homogeneous 

linewidth.  Thus different oscillating laser modes share the same molecules to 

achieve their gains.  This leads to mode competition and mode coupling 

(considering mode coupling and mode frequencies are time independent).  Strong 

mode coupling can suppress a mode completely if it is tuned into the resonance 

with an intracavity absorption line. 
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(iv) Any external perturbation prevents stationary conditions in multimode lasers and 

thus, the coupling and the frequencies of the modes depend on time.  Thus a 

specific mode can exist in a multimode laser for a finite amount of average time, 

called the mode lifetime (tm).  If the measuring time of the intracavity absorption 

exceeds the mode lifetime, then no information about the absorption coefficients 

can be obtained.  Thus the laser is pumped by a step function pump profile 

starting at t = 0 and remains constant.  The intracavity absorption is measured in 

the time interval 0 < t < tm.  The time evolution of the laser intensity in a specific 

mode with a specific frequency after the start of the pump pulse depends on the 

gain profile of the laser medium, the absorption coefficient of the intracavity 

sample and the mean mode lifetime.  The spectral width of the laser output 

becomes narrower with time, but the absorption dips become more pronounced.  

Since the method has been suggested in 1970, different gain media have been used for 

this technique.  An early broadband laser applied to ICLAS was the flash lamp-pumped Nd
3+

-

doped glass laser [7][8][9].  An effective optical path length of 300 km had been obtained with 

this laser for 1 ms pulse duration [7][8] with a maximum path length of 3600 km for 12 ms [9].  

Weak absorption spectra of CO2, CH4, C2H2, C2HD, NH3 [10] and H2O, HN3, HCN [11] have 

been recorded in the 1.055 to 1.067 m spectral range.  The sensitivity of the system with this 

laser is limited by the laser pulse duration.  The most widely used laser with ICLAS is 

multimode dye laser.  The spectral ranges covered by these lasers are in visible and near IR.  The 

maximum path length obtained by these lasers is 70,000 km operated at pulse duration of 230 ms 

[12].  The sensitivity is limited by the nonlinear interaction of light and gain medium, namely by 
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four wave mixing (FWM) due to population inversion [13].  Ti:sapphire laser is good for 

sensitive ICLAS application.  It covers a spectral range from 0.67 to 1.1 m.  The sensitivity of 

this laser in ICLAS ranges from 50 km [14] to 1300 km [15].  The dominant limitations for this 

type of laser are coming from FWM and Rayleigh scattering (RS).  Color center lasers (CCL), 

for ICLAS operation, comparatively cover a wide spectral range from 0.6 to 3 m [16].  Though 

CCL extend into the mid-IR region where fundamental vibrations of many molecules occur, it 

usually requires liquid nitrogen cooling to operate and its spectrum condenses to a very narrow 

width due to small spectral gain [17].  Convenient CCLs include LiF:F2
+
 [18][19] and LiF:F2

-
 

[20][21] that operate at room temperature with broad gain.  The effective path length obtained 

with CCL is 120 km operated at 400 s pulse duration [22].  The sensitivity of ICLAS with this 

laser is limited by the laser pulse duration.  GaAlAs diode lasers are also used extensively for 

ICLAS at 770 nm [23] and 780 nm [24][25].  The obtained effective path length is comparatively 

small (40 km at 130 s pulse duration [25]) and is limited by spontaneous emission (SE).  

Mostly limited by RS, Nd
3+

 doped fiber laser gives an effective optical path length of 130 km at 

430 s. 

Unfortunately, all these lasers operate somewhere from the ultraviolet to the near infrared 

region and the whole MID-IR region has been unexplored by this technique due to lack of a 

suitable gain medium.  Meanwhile, most trace gases, explosives and biological aerosols have 

their unique absorption features in this molecular fingerprint region ( = 3-12 m), and thus, this 

range is of great importance to defense and homeland security, environmental monitoring, 

medical diagnostic, etc.  Moreover large absorption cross-sections (e.g. 10
-18

 cm
2
 for acetone [5]) 



10 

 

in this region provide high detection sensitivity.  In the near-IR region, only overtone and 

combination bands are accessible, where molecular absorption line strengths are several orders 

of magnitude smaller than those in the mid-IR region.  Common mid-IR coherent sources are 

lead-salt diode lasers and sources based on optical parametric oscillators (OPO) in nonlinear 

crystals.  Bad thermal conductivity and poor mechanical stability makes lead-salt lasers less 

attractive for ICLAS applications [8].  Nonlinear crystals require cascaded two-step pumping 

arrangements, resulting in lower conversion efficiency governed by Manley-Rowe limit [8].  The 

threshold power becomes very high and CW operation remains challenging [8] for these crystals. 

All these difficulties are overcome with the revolutionary invention of quantum cascade 

laser (QCL), which operate over the whole mid-IR range. 

 

1.4 Quantum cascade laser (QCL) 

 

In a conventional semiconductor laser, the so-called ‘active region’ consists of sandwich 

between two different semiconductor materials arranged in a double heterostructure, forming a 

p-n junction.  The electron or hole is injected into the active region where they recombine and 

create a photon.  Specially designed cladding layers around the active region constrain the 

generated photons, which are forced to bounce between two specially coated facets that act as the 

traditional mirrors of a laser cavity.  As the radiation is created by the recombination process of 

the electron in the conduction band and the holes in the valence band, the wavelength of the 

emitted photon depends on the minimum energy difference between the two bands, called the 
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band gap, which determines the optical properties of the materials.  Thus different semiconductor 

materials are needed to obtain different wavelength lasers.  

Quantum cascade laser (QCL), on the other hand, is based on one type of charge carrier, 

the electrons, and is therefore a unipolar laser [26].  The lasing process depends on an entirely 

different mechanism, called intersubband transitions [27], where electrons from higher energy 

states jump to lower energy states in a quantum well within the same conduction band.  Thus, 

QCL contains a series of quantum wells or electron traps, which are ultrathin sandwiches of two 

different semiconductor materials.  The thicknesses of these wells are typically a few nanometers 

and the electrons are confined primarily to the center part of these sandwiches.  The motion of 

the electrons in the perpendicular direction of the layers is quantized, which gives rise to a series 

of discrete energy states.  The difference in energy between two states can be controlled by 

changing the well thickness.  Thus the wavelength can be tailored over a wide range, from mid-

IR to far-IR, by using the same material but varying the well thickness. 

The classical concept of a QCL is a repetitive periodic structure of active regions and 

injector regions in which a miniband is formed.  From the injector miniband the electrons are 

injected into the upper laser energy level of the active section.  Here the laser transition takes 

place, population inversion is created and maintained.  After that, the lower laser energy level of 

the active region is emptied by LO-phonon emissions and the electrons enter the next injector 

region by tunneling.  Here electron gets cooled down and ready to inject to the next active 

region.  This process repeats typically for 10-100 period. 
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The performance of these devices has been increased tremendously, since the first QCL 

was demonstrated in 1994 [26].  Although QCL lasing has been achieved in the THz regime 

from 59 m (5 THz) down to 350 m (950 GHz) [28] with device fabricated in the GaAs 

material system and with pulsed operation up to 178 K [29][30], the best performances have 

been observed in the mid-IR region (3-12 m) using a InGaAs/AlInAs/InP material system [8]. 

The first CW operation of QCL was reported in 2002 up to a temperature of 312 K, at an 

emission wavelength of 9.1 m [31] and much of the mid-infrared region is now covered by CW 

operating QCL.  Today multi watt output power in CW at room temperature with wall plug 

efficiency of 12.5% is also reported [32].  Fig 1.5 presents a plot of operating temperature of 

QCL both in pulsed and CW mode as a function of wavelength [33][34][35][36]. 

 

Figure 1.5 : Maximum operating temperature of QCL in pulsed mode (dots) and continuous wave 

(squares).  The liquid N2 (LN2) and Peltier temperatures are marked by the horizontal lines. 

 

A
tm

os
ph

er
ic

 w
in

do
w

10 100
0

150

300

450

A
tm

os
ph

er
ic

 w
in

do
w

 

 

T
em

pe
ra

tu
re

 (
K

)

Wavelength (m)

Peltier

LN2



13 

 

QCLs are especially appropriate for broadband applications for two reasons: (i) 

intersubband transitions are transparent on either side of their transition energy and (ii) cascading 

principle almost comes naturally because of the unipolar nature of the laser.  These two features 

enable the cascading of dissimilar active region designs, emitting at different wavelengths to 

create a broadband emitter [37], which attracted a lot of attention for spectroscopic applications. 

 

1.4.1 Distributed feedback (DFB) QCL  

 

The characteristics the QCL needed to become useful for ordinary spectroscopy are (i) 

single frequency emission and (ii) the frequency tuning [8].  The simple QCL based on Fabry-

Perot resonator can only be tuned in a very small range by varying the device temperature.  The 

Fabry-Perot type QCL is good for producing high powers [38], but it typically is multi-mode, 

and unsuitable for usual spectroscopic application.  However such lasers are ideal for the 

intracavity spectroscopy presented here. 

 Distributed feedback (DFB) QCL, on the other hand uses the same Fabry-Perot technique, 

except for a distributed Bragg reflector build on top of the waveguide to prevent emitting 

wavelength other than the desired one.  The tuning is easy as it always works on single mode 

even at higher current.  The first DFB QCL was demonstrated by Jerome Faist [39] and Claire 

Gmachl [40].  A room temperature DFB QCL was reported soon after that [41] and a high-

resolution spectroscopy technique was demonstrated [42]. After that many groups have 

demonstrated a number of spectroscopic techniques for sensing purpose using DFB QCL [43].  
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As individual DFB QCL has a narrow tuning range, people are using DFB QCL array [44] and a 

wavelength span of 220 cm
-1

 was obtained using 32 DFB QCLs [45]. 

The limited tuning range of a DFB QCL can be overcome in a grating coupled external 

cavity QCL (EC-QCL) operation, which was first demonstrated in 2001 at cryogenic 

temperatures [46].  Soon after that, EC-QCL operation at 10.4 m wavelength in pulsed mode at 

room temperature was reported in 2002 [47].  The maximum tuning range obtained in such a 

configuration was 54 cm
-1

 at 84 K and at 5.1 m [48]. 

The invention of bound-to-continuum design [49] has provided a tremendously broad gain 

region with high gain and it accelerated the progress in the performance of EC-QCLs.  The 

radiative transitions in such a design occur between a single initial state located close to the 

injection barrier and a quasiminiband of final states delocalized over the coupled quantum wells 

of a chirped superlattice [8].  A tuning range of 150 cm
-1

 was reported using this design in EC-

QCL configuration at room temperature in pulsed mode at 10 m wavelength [50]. 

This dissertation work presents an ICLAS system based on an external-cavity QCL in 

different resonator configurations.  Contrary to the conventional grating based external cavity 

system either in Littrow [51] or Littman-Metcalf [52] configurations, this technique uses a 

Fabry-Perot interferometer outside the cavity as a real time spectral analyzer.  A compact 

integrated control and data acquisition electronics (cRIO) architecture from National Instrument 

have been used as a development platform. 

The subsequent chapters of this dissertation are organized in the following manner: 
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CHAPTER 2: This chapter gives the basic theoretical equations for an ICLAS system with 

Fabry-Perot interferometer.  Equations governing the detection limit, laser dynamics, sensitivity 

estimation of an ICLAS system and free spectral range (FSR), finesse, and resolving power of 

Fabry-Perot interferometer are discussed here. 

CHAPTER 3: This chapter discusses the numerical solution results of a THz QCL ICLAS 

system.  The preliminary sensitivity estimation from laser rate equations is discussed here.  The 

preliminary testing of a THz QCL and the required optics for Fabry-Perot interferometer are also 

mentioned here.   

CHAPTER 4: External cavity operation of a mid-IR QCL at 9.38 μm is discussed in this chapter.  

The system design schematic, external cavity mode structure for this QCL and the resolution of 

the Fabry-Perot analyzer are presented. 

CHAPTER 5: This chapter covers the demonstration of the external cavity configuration at 8.1 

μm QCL wavelength.  The sensitivity of the system in presence of acetone and different 

thickness polyethylene sheets inside the cavity are demonstrated here. 

CHAPTER 6: The sensitivity of the 8.1 μm QCL ICLAS system in the presence of acetone vapor 

is discussed in this chapter.  The estimated sensitivity by numerical solution based on the 

experimental results is presented. 

CHAPTER 7: This chapter discusses the sensitivity of the 8.1 μm QCL ICLAS system when the 

laser spectrum is analyzed by Fabry-Perot interferometer.  The system sensitivity in presence of 

water vapor in atmosphere and acetone vapor is discussed here. 
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CHAPTER 8: This chapter discusses the electronics system and software.  

CHAPTER 9: Investigation of Fano reflectors as potential high reflectivity optics for Fabry-Perot 

analyzer is presented in this chapter. 

CHAPTER 10: This chapter presents the infrared vapor spectrum of 2,4,6-trinitortoluene (TNT) 

measured by FTIR at different temperatures. 

CHAPTER 11: The work that has been completed in this dissertation is summarized and future 

prospective is proposed in this chapter.  
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CHAPTER 2:  THEORETICAL BACKGROUND 
 

2.1 Principle of ICLAS 

 

The schematic of a multimode QCL ICLAS is shown in Fig 2.1, where a homogeneously 

broadband gain media G(ν) is inserted between two mirrors M1 and M2, forming the cavity.  A 

sample of narrow absorbance linewidth α(ν) is inserted in the cavity.  For best application of 

multimode ICLAS, the homogeneously broadened gain of the laser should exceed the narrow 

linewidth of the sample.  The laser light passes through the sample several times until intracavity 

absorption will be accumulated in the spectrum as in a multipass cell.  In such a system the 

broadband cavity loss is compensated by the laser gain.  The emission spectrum is extremely 

sensitive to the narrow linewidth absorption in the cavity because of the enormously long 

effective path length.  The laser emission spectra can be recorded by a spectrometer or by other 

spectroscopic instrumentation [53]. 

 

Figure 2.1 : Schematic of an ICLAS system.  M1 and M2 are two mirrors.  The gain medium stays inside 

the cavity to compensate the broadband optical losses, but the narrow intracavity absorption lines are seen 

as a dip in the laser emission spectrum. 

(n) a(n)

Gain Absorption Emission

M2M1

G



18 

 

2.2 Sensitivity estimation 

 

The transmitted light passing through an absorber is governed by the Lambert-Beer law 

given by  

    ( )    ( ) 
  ( )  ( 2-1 ) 

 

where I(n) is the transmitted light, I0(n) is the incident light, α(n) and d are the frequency 

dependent absorption coefficient and optical path length of the absorber, respectively.  The 

absorption coefficient is given by the absorber concentration n and frequency dependent 

absorption cross-section   as 

   ( )    ( ) ( 2-2 ) 

 

The absorption signal or absorbance K in the transmitted spectrum is defined as  

 
 ( )   ( )    

  
 

 
( 2-3 ) 

 

Minimum concentration required for the detection of the absorber is the key parameter 

that determines the scope of possible practical applications of an ICLAS technique.  Spectral 

resolution and temporal resolution are also very crucial parameters determining the sensitivity of 

the system.  The detection limit on the other hand is the most important parameter of such a 

system, defined as the smallest absorption coefficient αmin detectable in the transmitted spectrum.  

It is characterized by (i) signal-to-noise ratio (as discussed in section 1.1) and (ii) spectral 
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sensitivity, defined as the absorption signal per corresponding absorption coefficient.  The 

spectral sensitivity, in general, can be written as an effective absorption path length, 

  
     

 ( )

 ( )
 

( 2-4 ) 

 

Thus the detection limit is, 

  
     

    ( )

(    )    

 
( 2-5 ) 

 

where Kmin(n) is the noise equivalent absorption signal, and (deff)max is the maximum value of the 

effective path length [47].  

 

2.3 Spectral dynamics of a multimode laser 

 

The temporal evolution of the emission spectra of a multimode laser and its response to the 

intracavity absorption is described by the rate equation, given by [53], 

     

  
         (    )         ( 2-6 ) 

 

    

  
       ∑    

 

 
( 2-7 ) 
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Here  is the broadband cavity loss (both due to mirror and waveguide), αq is the absorption 

coefficient of intracavity absorption at the q-th axial laser mode, c is the velocity of light, P is the 

pump rate, and A is the rate of decay (both radiative and nonradiative) of the upper laser level.  

Laser inversion equals the population N of the upper laser level.  These equations characterize 

the regimes of QCL laser build-up, namely the laser inversion N , the total photon number M , 

the photon number qM  in individual laser mode, and the final stability of the laser spectral 

output.  The homogeneously broadened gain Bq of induced emission per photon in mode q can be 

approximated by a Lorentzian profile expressed by 

  
   

  

  (
    
 )

  
( 2-8 ) 

 

Here q is the mode number given by   
  

  
,  q is the center wavelength of the q-th mode, Bo is 

the maximum gain at the central mode qo and Q is the spectral width (half width half maximum, 

HWHM) of the laser gain.  

After the pump power is switched on at t = 0, the laser dynamics extends over four time 

regions (i) the laser inversion N, (ii) the total photon number in the modes M  =  Mq, (iii) the 

photon number Mq in individual laser mode and (iv) stationary spectral output.  The first time 

region t < tth  is characterized by the growth of the laser inversion, where inversion is smaller 

than that in the laser threshold and M = 0.  The second region tth < t < tM is characterized by 

stationary level, where the total photon number in the cavity starts growing exponentially until 

the inversion is depleted to its final stationary value N = Nth at t = tM and the total photon number 
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reaches its stationary value.  During t > tM, laser inversion and the total photon number in the 

cavity stays stationary but the photon number in the individual laser mode still continues to vary 

[53].  The spectral dynamics of the laser output can be obtained by solving Eqs. 2.6 and 2.7 

numerically. 

 

2.4 Fabry-Perot interferometer 

 

Fabry-Perot interferometer allows high-resolution spectroscopy.  It uses multiple-beam 

interference and consists of two slightly wedged transparent plates with flat surfaces.  The inner 

semitransparent, highly reflecting surfaces of the plates are set parallel to each other, while the 

outer surfaces are worked to make a small angle with each other, to eliminate multiple reflections 

from these surfaces.  The transmitted intensity from the Fabry-Perot interferometer when the two 

flats are separated by a distance l is expressed as an Airy function, 

  
  ( )  

(   ) 

           
 

( 2-9 ) 

 

where R is the reflectivity of the two surfaces and  

  
  (

  

 
)       

( 2-10 ) 

 

Here   is the incident angle within the interferometer and n is the refractive index of the medium 

between the two plates. 



22 

 

The free spectral range (FSR), define as the difference in the frequencies corresponding 

to successive peaks in the transmitted intensity for normal incidence is given by 

      
 

   
 

( 2-11 ) 

 

This is a very important parameter as it corresponds to the range of frequencies that can be 

handled without successive orders overlapping.  FSR is also related to the full width half maxima 

(FWHM) n, of one of the transmission resonance as 

  
  

   

  
 
 √ 

   
 

( 2-12 ) 

 

Here F is called the finesse, which defines the resolving power   
 

  
    of the 

interferometer, and     
 

 
  is the resonance order.  From above equation, as the reflectivity 

approaches unity, the finesse becomes very high.  For high reflectivity, the transmission maxima 

are narrow, so that the transmission of maxima of slightly different wavelengths can be easily 

distinguished.  Because of this capability, the Fabry-Perot interferometer can be used as a high-

resolution spectrometer.  
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CHAPTER 3:  TERAHERTZ QCL ICLAS  
 

3.1 Introduction 

 

Terahertz (THz) frequency region (0.3 – 10 THz), which bridges the optical and radio-

frequency domains [28], is historically characterized by a relative lack of convenient radiation 

source, detectors and transmission technology.  It has remained one of the least developed 

spectral regions, although lots of work in the last decade has advanced its potential applications 

in many fields, viz., sensing, atmospheric and environmental sciences, biological sciences, threat 

detection, non-destructive evaluation, communications technology, ultrafast spectroscopy etc. 

[29], a particular interest is to detect and identify explosives by their THz absorption features.  

This chapter presents the numerical sensitivity estimation of a THz QCL ICLAS system working 

at 69.9 m. 

 

3.2 Sensitivity estimation 

 

The sensitivity limit for a THz QCL-based ICLAS had been estimated by numerical 

solution of the laser rate Eqs 2.6 and 2.7.  The numerical solution of Eqs. 2.6 and 2.7 can be 

presented as a time-integrated laser emission spectrum, as shown in Fig. 3.1, where a weak 

intracavity absorption line (Lorentzian shape) had been included.  Fig. 3.1 displays the laser 

emission frequency corresponding to the THz QCL at 69.9 m.  The logarithmic abscissa 

represents the integration time, which can be interpreted as the laser-pulse duration.  The signal 
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strength is indicated by a logarithmic color scale with blue being few photons and red being 

many.  The red vertical stripe at 2 µs corresponds to a 600 m effective path.  Fig. 3.2 presents 

both the intracavity absorber line profile, having the very low peak value of just 2 x 10
-4

 cm
-1

 and 

the laser emission profile.  In a conventional transmittance experiment using a 10 cm vapor cell, 

the absorption dip in the intensity would have been only 0.2%, which would be lost in the noise.  

In contrast, the THz QCL ICLAS simulation reveals a nearly 100% deep absorption feature, 

which has been achieved due to the extraordinarily long intracavity path length. 

 

Figure 3.1 : Time integrated laser emission spectrum of a 69.9 μm THz QCL in presence of an intracavity 

absorber.  The vertical line at 2 μs corresponds to an effective path length of 600 m. 
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Figure 3.2 : Weak intracavity absorption profile (red) and its effect on the laser emission spectrum (black) 

at 2 μs integration time. 

 

Similar simulations for typical THz QCL parameters with 2 µs pulse duration suggest that 

absorptions as weak as 10
-6

 cm
-1

 might be detected.  Strong infrared molecular absorption cross 

sections are of the order of 10
-18

 cm
2  

[5], which indicate a detection limit of 10
12

 molecules per 

cubic centimeter.  In comparison with the number density of usual atmospheric molecules at 

standard conditions, this corresponds to 40 ppb.  The saturated vapor pressure of TNT is 10
-3

 Pa 

[4], or 13 ppb, or 3 x 10
11 

molecules per cubic centimeter.  In other words, the predicted 

sensitivity for a relatively short THz QCL pulse is within a factor of 3 needed to detect TNT in a 

confined space such as a shipping container.  The needed increase can be achieved by increasing 

the pulse duration, which might easily be achieved by operating the laser closer to threshold, or 

by operating at a temperature slightly below 77 K, as might be achieved using a Stirling cooler. 
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A Fabry-Perot (FP) spectrum analyzer concept is shown conceptually in Fig. 3.3.  The 

69.9 µm QCL is housed in a liquid nitrogen cryostat, and its emission is collimated with an off-

axis parabolic mirror and ideally sent out through the cryostat window to a 95% reflecting 

external cavity mirror.  Target vapors pass through the open portion of the cavity.  The 5% of the 

beam transmitted through the cavity mirror then passes a scanning central-spot FP interferometer 

and is collected by a detector.  Calculated FP transmission as a function of FP gap for the laser 

spectrum of Fig. 3.1 is presented in Fig. 3.4, assuming an achievable THz FP finesse of 100.  A 

near perfect representation of the laser spectrum of Fig. 3.1 is demonstrated in Fig. 3.4. 

 

Figure 3.3 : A schematic of the 69.9 µm QCL ICLAS configuration with FP spectrum analyzer. 
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Figure 3.4 : 69.9 µm QCL spectrum measured by Fabry-Perot analyzer. 

  

To collect the spectrum of Fig. 3.4, where 30 µm of mirror travel is required in 300 nm 

steps, 100 laser shots are required.  Each laser shot requires about 60 µJ of electrical power, 

giving a requirement for the power supply of 6 mJ per spectrum.  For comparison, a single 9 V 

battery stores 16,000 J of energy.  Thus, battery operation is feasible, especially in the LWIR 

where the QCL requires no cryocooler. 

 

3.3 Experimental details 

 

Fig. 3.5 presents a photograph of the cryostat-mounted optics that were designed and 

fabricated for the THz QCL purchased from TRION.  The laser was cooled to 77 K and excited 

by a laser diode driver with 10 µs x 1.4 A pulses at 20 Hz rep rate. The DEI laser diode driver 
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was externally triggered by a Stanford DG535 pulse generator operating in burst mode.  Fifty 

pulses at 1 kHz rep rate, followed by 50 ms of no triggers achieves the 50% slow chopping 

needed for the Golay cell.  The laser pulse duration was varied from 1 to 10 µs, giving an 

excitation duty cycle from 0.1 to 1 %.  The collimated laser beam was collected outside the 25-

µm-thick Mylar cryostat window by an off-axis parabolic mirror and focused onto the entrance 

aperture of a Golay cell.  The Golay output was synchronously lock-in amplified.  Measurements 

of lasing threshold are presented in Fig. 3.6.  The trace for 10 µs pulse duration (1 % duty cycle) 

falls below the 5 µs trace because the laser overheats.  The threshold current is about 0.95 A 

independent of pulse duration.  At high current, the power tends to fall for the long pulses, again 

due to overheating. 

 

Figure 3.5: Mount and collimator for cryogenic external cavity for THz QCL. 

Parabolic mirror 

QCL on Cu mount 

W
in

d
o

w
 



29 

 

 

Figure 3.6 :  Laser emission signal measured by a golay cell as a function of laser current for 4 different 

pulse durations.  The laser overheats for 10 s pulse durations, so the signal at 10 s falls below 5 s. 

 

 

Figure 3.7 : Golay signal from the TRION THz QCL vs repetition rate, keeping the trigger burst 

parameters constant (50 ms of triggers followed by 50 ms of none) for constant 5 µs pulse durations. 
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Fig. 3.7 more clearly demonstrates the overheating effect. The duty cycles were increased 

through the values 0.5, 1.0, 1.5, 2.0, and 2.5%.  The signal roll-off near 3 kHz indicates 

overheating, making clear the specified 3% duty limit.  From the maximum achieved Golay 

signal, the Golay responsivity, the duty cycle, and pulse duration we obtain for the QCL an 

average power of 6.7 µW, peak power of 0.27 mW, and pulse energy of 1.3 nJ.  Accounting for 

atmospheric absorption, we multiply these figures by 2 or more to get actual emission power at 

the laser end facet.  This result is in reasonable agreement with TRION specifications. 

Fig. 3.8 presents the measured beam profiles of the QCL in the horizontal and vertical 

direction near the cryostat window and at a distance of 2.5 cm from the window and the effect of 

atmospheric attenuation.  The beam has a double peak in the horizontal scan both near the 

window and at 2.5 cm from the cryostat window and falls off more smoothly from the center in 

the vertical scan.  The width of the profile is a bit less than the diameter of the output window 

and is probably defined primarily by the cold shield aperture diameter.  Moving the detector back 

from the cryostat by 2.5 cm mainly decreases the intensity by the factor 0.63 with little beam 

divergence observed.  From this is determined the absorption coefficient of the laboratory air at 

the specified 69.9 µm laser wavelength as 0.19 cm
-1

 or 0.81 dB/cm.  Half of the power is lost in a 

distance of 3.7 cm.  Nevertheless, even with no collection optic, the Golay can still detect laser 

signal at a distance of 0.5 meter. 
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Figure 3.8 : TRION THz QCL vertical and horizontal beam profiles as a function of distance from 

cryostat window measured at two different positions.  The black lines are the measured beam profiles in 

vertical (open square) and horizontal (solid square) directions near the cryostat window, whereas the red 

lines (open dot: vertical and solid dot: horizontal) are the same at a distance of 2.5 cm from the window. 

 

A high-resolution emission spectrum (Fig. 3.9) was collected using a Fourier 

spectrometer (Bomem DA8).  The QCL was excited at a current of 1.2 A for a 5 s pulse 

durations at 3 kHz rep rate.  The laser line width is seen to be 0.1 cm
-1

, due to temperature 

induced shift during the laser pulse.  Single mode emission is undesirable for ICLAS, so one 

should operate the laser closer to threshold, at lower current and shorter pulse duration.  The 

spectrum, taken with a room temperature DTGS pyroelectric detector, has good signal-to-noise 

ratio.  A simple, inexpensive, room temperature pyroelectric detector can be used instead of a 

Golay or 4 K bolometer. 
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Figure 3.9 : High resolution emission spectrum of TRION THz QCL measured at a current of 1.2 A for a 

5 s pulse durations at 3 kHz rep rate. 

 

After the external cavity laser, the next required enabling technology for a THz ICLAS 

system is a high-resolution real-time means of monitoring the emission spectrum.  We consider a 

scanning central-fringe Fabry-Perot interferometer to be the most attractive option.  To operate at 

69.9 µm wavelength, requires a minimum FP translation of at least 35 µm to catch at least one 

resonance.  We had used a translation stage controlled by Labview, and the DC output of the 

lock-in was recorded as a function of stage position (Fig. 3.10). 
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Figure 3.10 THz Fabry-Perot set up.  From left to right, the THz QCL is mounted in the cryostat with 

internal collimating optics and a polyethylene window.  A fixed mirror faces a moving mirror which is 

mounted to a motorized precision translation stage.  An off-axis parabolic mirror directs the light to the 

Golay cell. 

 

Fig. 3.11 presents the resonances obtained using the 69.9 µm wavelength QCL and double side 

polished (DSP) silicon wafers as the FP mirrors.  The expected reflectivity for these mirrors is 

only   [
   

   
]
 

= 30.0% considering the refractive index of silicon as 3.4. The measured finesse 

from Fig. 3.11 and Eq. 2.12 gives R = 31%, in very good agreement with expectations.  Metal 

mesh mirrors with higher reflectivity will increase the finesse and resolving power of this 

instrument. 
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Figure 3.11 : Fabry-Perot spectrum of THz QCL measured with the setup shown in Fig 3.10.  The 

measured FWHM is 14 m. 

 

3.4 Conclusion 

 

Implementation of a THz QCL-based ICLAS system is complicated by the requirement for a 

cryostat to house the laser.  This greatly restricts the working space, and the cryostat window 

introduces a loss element into the cavity.  There is very strong interference from water vapor, and 

the molecular absorption cross sections for the type of vibration likely to occur in the THz are 

very low due to small dipole moments for such low frequency motions [5].  Currently lots of 

work has been done to increase the THz QCL operating temperature.  People succeeded 

operating THz QCL at 186 K in pulse mode [54] and at 117 K in CW mode [55] using double 

plasmon metal-metal waveguide.  This will eventually ease the difficulties of making THz QCL 

ICLAS system in near future.  

0 30 60 90 120 150 180
0

2

4

6

8

10

 

 

In
te

n
s
it
y
 (

V
)

Mirror position (m)

FWHM = 14 m



35 

 

CHAPTER 4:  MID-IR EXTERNAL CAVITY QCL AT 9.38 μm 
 

4.1 Introduction 

 

Molecules have characteristic absorption features in the 3 - 12 µm wavelength range.  This 

mid-IR molecular fingerprint region has remained largely unexplored by the ICLAS technique.  

Such a technique in mid-IR range would have broad application in defense, security, 

environmental monitoring, medical diagnostics, etc.  Commercial QCLs that operate at pulsed 

mode and CW at room temperature, with a broad gain spectrum, are promising for ICLAS.  In 

this chapter we describe a mid-IR ICLAS system based on an external-cavity, broadband, 

multimode, mid-IR quantum cascade laser at 9.38 m. 

 

4.2 Experiment 

 

Fig. 4.1 presents a schematic of a stable confocal cavity consisting of two 90
o
 off axis gold 

coated parabolic mirrors of 2.5 cm focal length and two flat mirrors placed at a distances of L1 

and L3 from the optical center of the parabolic mirrors.  The QCL was placed at the common 

focal point of the two parabolic mirrors.  A He-Ne laser was used to align the whole system 

before inserting the QCL.  A small hole of diameter 0.15 cm in the middle of the first flat mirror 

outcoupled laser emission from the cavity into the FTIR spectrometer. 
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Figure 4.1 : Schematic of a Mid-IR QCL external cavity at 9.38 µm. 

 

Fig. 4.2 presents the overall multimode laser emission spectrum of the 9.38 m QCL measured 

with the Fourier spectrometer.  The laser was excited at a feeding current of 1.8 A, 100 ns pulse 

duration and 10 s rep rate at room temperature.  The spectral emission width spans 60 cm
-1

.  

The longitudinal mode separation of ~ 1 cm
-1

 is defined by the distance between the end facets of 

the QCL and its refractive index.  Fig. 4.3 presents a high-resolution spectrum of the laser 

emission with the external cavity.  With the external cavity, a mode fine structure appeared 

indicating the successful implementation of the external cavity. 
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Figure 4.2 : Emission spectrum of a 9.38 µm multimode QCL measured by FTIR spectrometer. 

 

Closer inspection of the mode fine structure is presented in the inset of Fig. 4.3, which reveals a 

mode spacing of ~0.05 cm
-1

.  In Fig. 4.1 schematic, L1 = 6.95 cm, L2 = 2.5 cm, and L3 = 6.75 cm.  

A mode separation of 0.05 cm
-1 

corresponds to a total cavity length of ~ 9.25 cm, which is just 

half the (L2 + L3) of the external cavity length.  For the ICLAS application, it is necessary to fill 

the entire spectral space of interest with external cavity modes.  This goal is impeded by the 

mode structure of the active crystal itself as seen in Fig. 4.3.  Thus, we realized the requirement 

of anti-reflection (AR) coatings on the end facets of the laser or a laser with end facets cut and 

polished at Brewster’s angle. 
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Figure 4.3 : High resolution spectrum of external cavity laser modes.  The inset demonstrates a mode 

spacing of 0.05 cm
-1

, which corresponds to a cavity length of ~9.25 cm. 

 

4.3 Fabry-Perot Analyzer 

 

Next in the level of importance to the ICLAS device concept is a compact means of 

determining the laser spectrum in real time.  We have selected a high-resolution Fabry-Perot 

interferometer for this purpose.  We require the finesse to be highest at our 9.38 µm wavelength.  

The FP transmission resonance needs to move over the emission bandwidth of QCL.  This range 

is 9.524 to 9.302 µm wavelength.  The Free Spectral Range (FSR) thus has to be at least 0.222 

µm.  That implies a maximum resonance order of about k = FSR
  = 42, or a maximum mirror 

separation = 2
k  = 0.198 mm.  This mirror separation has to be tuned over 2

dkdx  = 

42*(0.222)/2 = 4.7 µm in order to cover the full FSR.  The feature we are looking for in that 
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range is expected to have a minimum linewidth of about 0.2 cm
-1

, or 1.8 nm at our center 

wavelength.  The necessary resolving power is 

Q = 9400 nm/1.8 nm = 5222.  Given the 

maximum resonance order, this implies a required minimum finesse of about k
QF  = 124.  

Reflectivity of the FP mirrors, from Eq. 2.12, gives R = 97.5%, which is needed at 9.38 µm 0.1 

µm wavelength, i.e. 1% bandwidth.  We used wedged ZnSe mirrors with AR coated at 9.3-9.5 

µm on one side only, while the other side is HR coated with reflectivity > 97.5%. 

Fig. 4.4 presents a photograph of the Fabry-Perot interferometer.  One of the mirrors was 

fixed, while the other was placed in a mount with high-precision 3-axis alignment and piezo 

drivers.  The piezo was controlled by a three-channel piezo driver.  The 9.38 μm QCL was 

installed in the focus of the 90
o
 off-axis parabolic mirror, which provided a collimated beam for 

the FP spectrometer.  The signal transmitted by the FP was detected by a 77 K HgCdTe detector 

and was synchronously amplified.  A linear ramp voltage of 0-10 V at a rep rate of ~10 Hz 

controlled the  piezo driver for the FP. 

 

Figure 4.4 : Picture of the Fabry-Perot interferometer.  The MCT detector appears to the right. 
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The signal transmitted by the FP vs mirror displacement is presented in Fig. 4.5 when the laser 

was operated under narrow band conditions.  The spectrum corresponds to the 78th order of 

resonance.  The spectrum was compared with the one obtained using a Fourier spectrometer 

(KBr beamsplitter, 77K HgCdTe detector) at a resolution of 0.017 cm
-1

 showing good 

agreement.  A similar experiment was done with the same laser operated under broadband 

conditions, which is necessary for ICLAS.  The best compromise between free-spectral range 

and resolution was found at 25th resonance order (Fig. 4.6), when the different resonance orders 

just start to overlap, while individual modes are still resolved.  This spectrum compares well with 

the high- resolution spectrum obtained with the Fourier spectrometer.  The achieved resolution is 

better than 0.5 cm
-1

, which suffices for the expected pressure broadened vapor linewidths of at 

least 0.2 cm
-1

. 

 

Figure 4.5 : Comparison of narrow-band QCL spectrum measured on Fabry-Perot and Fourier 

spectrometer. 
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Figure 4.6 : Comparison of broadband QCL spectrum measured on Fabry-Perot and Fourier spectrometer. 

The Fabry-Perot spectrum corresponds to the 25
th
 order of resonance. 

 

4.4 Conclusion 

 

A Mid-IR QCL external cavity at 9.38 µm is implemented.  Fine mode structures from the 

external cavity operation are measured by FTIR spectrometer with a mode spacing of 0.05 cm
-1

.  

To fill the entire spectral space by the external cavity modes, the QCL needs AR coating.  A high 

resolution Fabry-Perot analyzer shows a resolution better than 0.5 cm
-1

, which suffices for the 

expected pressure broadened vapor line widths of at least 0.2 cm
-1

.  
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CHAPTER 5:  MID-IR EXTERNAL CAVITY QCL AT 8.1 μm 
 

5.1 Introduction 

 

We realized that AR coating is an essential requirement for an external cavity QCL 

operation to fill the entire spectral space of interest with external cavity modes.  As a second 

phase development process, we used an 8.1 µm QCL from Maxion with one end facet high-

reflection (HR) coated and the other facet AR coated.  The sensitivity of such a system can be 

enhanced by operating the QCL at longer pulse duration, preferably at CW mode.   

 

5.2 Experiment 

 

The measured threshold current of the QCL for a 2 ms pulse duration was 750 mA.  The 

maximum duty cycle, the laser can withstand was 30% at room temperature.  A schematic of the 

external cavity QCL configuration with an 8.1 µm QCL is shown in Fig 5.1.  The QCL was 

installed at the focal point of a 90
o
 off axis gold coated parabolic mirror of focal length 2.5 cm.  

A flat mirror with an outcoupling aperture and the high reflecting end facet of the QCL formed 

the cavity.  The system was initially aligned with a He-Ne laser.  For this configuration the laser 

was never operated below room temperature. 
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Figure 5.1 : Schematic of an external cavity QCL at 8.1 µm.  The signal transmitted through the 

outcoupling hole is measured by a 77 K HgCdTe detector. 

 

The QCL wavelength was chosen to coincide with the 8.1 µm absorption band of acetone.  

This solvent has high vapor pressure, which is favorable for a first vapor-detection demonstration 

and subsequent system optimization.  Fig. 5.2 compares the transmission spectrum of acetone 

vapor, measured at a pressure of a few Torr in a 10 cm gas cell [5], to a low-resolution emission 

spectrum of the external-cavity QCL.  The QCL was excited at 790 mA current, 100 ns pulse 

duration and 10 Hz rep rate. Both spectra were collected using a Bomem DA8 Fourier 

spectrometer.  Though the laser operates on the shoulder of the band, where the absorption is 

considerably weaker, it is sufficient to demonstrate detection of acetone vapor, as shown below. 
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Figure 5.2 : Transmission spectrum of acetone vapor (red) measured at a 10 cm gas cell and at a pressure 

of 6 Torr at room temperature.  The 8.1 µm QCL emission spectrum measured by FTIR is shown by the 

black line. 

 

5.3 External Cavity Sensing Demonstration 

 

The external cavity mirror was located ~ (L1 + L2) = 33 cm from the HR facet of the QCL.  

The gold coated mirror had a hole at its center for output coupling to the 77 K HgCdTe detector.  

When the alignment was right, the laser started to oscillate, the detector saturated, and the beam 

was found to be collimated with a diameter of about 1 cm. 

Fig. 5.3 presents the effects of various absorbers on the total laser intensity.  The laser was 

operated near threshold (790 mA) and an excitation pulse of 800 µs and at 10 Hz rep rate.  The 

detector was initially saturated, but the emission intensity dropped as the laser chip was being 

heated due to the drive current.  
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Figure 5.3 : Oscilloscope traces showing effects on recorded laser intensity of extra- and intra-cavity 

absorption. 

 

When a polyethylene (PE) sheet was placed in front of the detector but external to the cavity, the 

signal dropped by ~10% due to single pass absorption by the PE.  However, when the PE sheet 

was placed inside the cavity, the lasing was almost completely extinguished.  The signal with 

acetone vapor inside the cavity was also strongly attenuated, though by less.  These results show 

that an intracavity absorber with 10% single pass loss causes nearly complete laser extinction.  

Similarly, unsaturated acetone vapor weakly confined in a ~ 10 cm cell also gave a nearly 

complete laser extinction.  From Figs. 5.2 and 5.3, we estimate the unsaturated vapor pressure of 

acetone to have been ~ 1 Torr.  The projected sensitivity limit for acetone vapor based on the 
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attenuation of the total power using this set-up is ~ 0.1 Torr.  Based  on  observed  laser intensity 

variations using our pulsed QCL driver, we estimate that the sensitivity  can be  increased to ~ 

10
-4

 Torr using a more stable laser driver designed for longer pulse operation.  Further increases 

in sensitivity can be obtained when the sensing is based on the changes to the laser emission 

spectrum rather than emission power.  Additional sensitivity increases can be obtained by 

operating the laser continuous wave (CW) rather than pulsed, which substantially increases the 

effective IR path length. 

 

5.4 High resolution spectroscopy of external cavity configuration 

 

High resolution spectroscopy was performed using the Fourier spectrometer to see the fine 

mode spectrum expected of the external cavity configuration.  The laser was operated using an 

ultra-stable laser driver (ILX Lightwave, LDX3232).  Fig. 5.4 presents the obtained spectrum 

when the laser was excited at 875 mA current, 2 ms pulse duration and 10 Hz rep rate.  The 

lower frequency structure of the spectrum presented in Fig. 5.4 shows clear evidence of periodic 

mode structure with mode separation of 0.55 cm
-1

.  This structure arises due to feedback 

reflections from the output facet of the QCL chip.  However, due to the AR coating on this facet, 

this structure practically vanishes on the high frequency side of the emission.  The expected 

mode separation for the cold 33 cm long external cavity for this experiment is 0.015 cm
-1

.  

Despite the close match of the best spectrometer resolution of 0.017 cm
-1

, these modes were 

unresolved in Fig. 5.4 due to existence of multiple higher order transverse modes.  However, 

installation of a 10 mm diaphragm within the cavity causes the fine mode structure to appear by 
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extinguishing the higher order transverse modes.  Fig. 5.5 presents a detail of the spectrum on the 

low-wavenumber shoulder of the emission spectrum.  One sees a regular periodic pattern of 

modes characterized by strong single peaks separated by slightly weaker double peaks.  The 

observed fine mode structure includes typical mode spacing of 0.03 cm
-1

, corresponding to even 

modes of the cold resonator. 

 

Figure 5.4 : Emission spectrum of 8.1 μm QCL with external cavity.  The laser was excited at 875 mA 

current, 2 ms pulse duration and 10 Hz rep rate. The spectral resolution was 0.017 cm
-1

. 
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Figure 5.5 : Fragment of high-resolution 8.1 μm QCL external cavity mode structure under the same 

operating conditions but with the addition of a 10 mm intracavity diaphragm. 

 

5.5 Effect of intracavity elements on the system performance 

 

Fig. 5.6 presents the effect on the high resolution spectrum when a high purity 1 mm thick 

Si spacer was placed inside the cavity.  The laser was operated at the same operating conditions 

as mentioned in the previous section.  The laser still worked despite the ~ 20% losses due to 

reflection from the Si surfaces.  Laser operation showed little sensitivity to the exact orientation 

of the Si spacer with respect to the beam.  This showed that the reflected radiation was not 

coupled back into the laser active medium.  Moreover the maximum emission output was 

observed at slight disorientation of the silicon spacer from the cavity optical axis.  Strong mode 

selection caused by Fabry-Perot interference inside the Si etalon indicates fast development of 
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mode competition, which is critical parameter for sensitivity of the intracavity laser 

spectrometer.  In other words, even though the period of FP transmission modulation of the Si 

spacer was rather wide (~ 1.3 cm
-1

), small differences in transmission of close laser modes 

separated by ~ 0.03 cm
-1

 was sufficient to suppress all neighboring modes, leaving only 1-2 

dominating modes in the center (Fig. 5.7).  

 

Figure 5.6 : High resolution emission spectra for the laser with external cavity with intracavity Si spacer. 

 

Consequently, even the low finesse of a silicon flat (~ 8) suffices to select the laser wavelength 

with an active cavity resolving power Q of order ~ 1200 cm
-1

/0.03 cm
-1

 = 40000.  The Q of the 1 

mm thick passive silicon flat itself is only 850.  This is promising for the potential of achieving 

high Q tunable wavelength selection and tuning with an intracavity scanning FP. 
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Figure 5.7 : Fragment of high resolution emission spectrum with intracavity Si etalon.  Spacing between 

frequency separation bands is 1.3 cm
-1

.  Individual fine structure mode separation is ~0.03 cm
-1

. 

 

Demonstration of the system operation with intracavity Si window has the following 

significance: 1) It must be possible to use normal incidence (as opposed to Brewster angled) 

windows for an intracavity gas cell, if the window is thick enough to allow FP resonances to be 

ignored, or if it has AR coatings, or if it is wedged and has AR coatings.  2) It should be feasible 

to install piezo FP interferometer inside the cavity to achieve a continuously tunable single mode 

laser.  Such, may be competitive with usual grating tuned external cavity QCL designs. 
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5.6 Conclusion 

 

An external cavity QCL at 8.1 μm with one facet AR coated and the other facet HR coated is 

demonstrated here.  The effects of various absorbers on the total laser intensity is demonstrated.  

The unsaturated vapor pressure of acetone measured by this external cavity configuration is ~ 1 

Torr.  The sensitivity limit for acetone based on the attenuation of the total power inside the 

cavity is found to be ~ 0.1 Torr.  A fine mode structure of mode spacing ~ 0.03 cm
-1

, 

corresponding to even modes of the cold resonator is observed.  The effect of an intracavity Si 

spacer on the system allows to use normal incidence gas cell inside the cavity.  It also allows to 

install piezo FP interferometer inside the cavity to achieve a continuously tunable single mode 

laser. 
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CHAPTER 6:  SENSITIVITY TO ACETONE VAPOR 
 

6.1 Introduction 

 

The stability and sensitivity of sensing of the external cavity QCL system can be greatly 

enhanced by operating the QCL at CW mode.  This requires the QCL to be cooled below the 

room temperature.  The cooling also reduces the threshold current.  This chapter presents the 

sensitivity of the 8.1 µm QCL ICLAS system when the QCL was operated at CW mode in the 

presence of acetone vapor. 

 

6.2 Experiment 

 

To operate the QCL at CW mode, it was installed on a water cooled mount.  A temperature 

sensor was installed on the surface of the mount close to the QCL to monitor the temperature.  

The ultimate temperature measured on the surface of the mount was 14
o
 C, though the QCL chip 

temperature was believed to be a little bit higher than 14
o
 C because of constant driving current 

across the chip. 

For first vapor-detection demonstration and subsequent system optimization we selected 

acetone as the target vapor, since this solvent has high vapor pressure and a well-established 

spectrum [5].  The schematic of the external cavity configuration for the 8.1 µm wavelength 

QCL is presented in Fig. 6.1.  Laser emission and acetone absorption spectroscopy were 
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performed using a Bomem DA8 Fourier spectrometer with globar source, KBr beamsplitter, and 

77 K HgCdTe detector. 

 

 

Figure 6.1 : Schematic of an external cavity QCL at 8.1 µm.  The transmitted spectrum of the external 

cavity was measured using Fourier spectrometer (FTS). 

 

6.3 Results 

 

Fig. 5.2 in the previous chapter compares the transmission spectrum of acetone to an 

emission spectrum of the external-cavity QCL.  The acetone was measured at a pressure of 6 

Torr in a 10 cm gas cell [5].  The acetone absorption varies monotonically across the 1230 to 

1260 cm
-1 

(7.93 to 8.13 µm wavelength) gain band of the QCL.  The laser was operated in short 

pulse mode (100 ns) to obtain a broad emission spectrum.  A high-resolution spectrum measured 
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at the resolution limit of the spectrometer (0.017 cm
-1

) revealed the fine structure with individual 

mode separation of ~0.03 cm
-1

 due to the longitudinal modes of the external cavity. 

When the laser was operated in CW mode, the broad laser emission spectrum collapses to 

just a few of the external cavity modes.  Fig. 6.2 demonstrates how the CW laser emission 

spectrum reacts to the presence of acetone vapor inside the cavity.  Though the laser threshold 

current was 920 mA at the ~14
o 
C operation temperature, the current was set to 940 mA to avoid 

instabilities arising from the temperature variation in the chip near threshold.  The concentration 

of acetone vapor had been chosen below the level when remarkable drop of the laser intensity 

occurred.  In this experiment the acetone concentration inside the open cavity could not be 

accurately quantified, but subjectively it was slightly above human nose sensitivity of ~41 ppm 

[56].  In response to the vapor, the laser emission shifted by 6 cm
-1

 away from the absorption 

toward higher frequencies, even to a region where no laser emission was previously observed.  

This behavior demonstrates the sensitive response of the system to frequency-dependent 

intracavity absorption. 
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Figure 6.2 : Emission spectrum of the external cavity QCL together with absorption cross section of 

acetone.  The QCL was operated at CW at 940 mA excitation current.  The spectral resolution of the 

spectrometer was 0.5 cm
-1

. Two separate laser spectra are plotted, one without, and one with acetone 

vapor in the cavity.  When the open laser cavity is exposed to acetone vapor, the spectrum blue shifts, as 

indicated by the arrow 

 

Numerical solution of the laser rate equations (Eqs. 2.6 and 2.7) determines the temporal 

evolution of the QCL emission spectrum.  The spectrum of the acetone absorption cross section 

 taken from [5] was fit to a 2
nd

 order polynomial to obtain a smooth function for the 

calculations.  The cross-section in the 1235-1250 cm
-1

 region decreased from 1.75 x 10
-19

 to 0.15 

x 10
-19

 cm
2
.  The absorption coefficient αq at the q-th laser mode was determined using αq = n q, 

and the concentration n taken to be 5.4 x 10
15

 cm
-3

, or ~ 200 ppm, which is consistent with 

subjective estimate made by smell.  This corresponds to an acetone vapor pressure of 165 mTorr. 
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QCL parameters used in numerical simulation were either estimated or taken from the 

literature where available.  The active layer length L of the QCL was taken to be 3 mm.  We 

estimated a beam waist of 4 µm, which gave a cavity mode volume Vc = 3.7 x 10
-8

 cm
3
.  The 

value of the gain per round trip per unit time Bo was calculated using Bo = cs/Vc, assuming a 

stimulated emission cross-section s ~10
-20

 cm
2
 (typical laser emission cross-section).  The value 

of A was estimated as 7.1 x 10
6
 s

-1
 assuming a spontaneous decay time sp of 1.4 x 10

-7
 s [57].  

The broadband cavity loss was obtained from     
 

  
  [ (    )

 ]  where Ti is the 

waveguide fractional loss per pass (due to diffraction, scattering, and absorption loss in the active 

medium), and R is the fractional cavity output coupler reflectivity [15].  Estimating reasonable 

values of Ti = 0.25 and R = 0.8, we found  ~ 3.9 x 10
10

 s
-1

.  The normalized pump rate was taken 

as  = P/Pth = 18, where Pth is the threshold pump rate, and the spectral width of the gain was Q 

(HWHM) = 4000 (120 cm
-1

). 

Fig. 6.3 shows the calculated laser emission spectrum without and with acetone inside the 

cavity.  The spectra plotted correspond to an integration time of 52 s from the beginning of the 

laser excitation.  The plot clearly shows a 6 cm
-1

 shift toward higher wavenumbers, which is in 

agreement with the experiment. 
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Figure 6.3 : Calculated laser emission spectra without (red) and with (blue) acetone vapor inside the 

cavity.  The acetone profile was quadratic with a concentration of 5.4 x 10
15

 cm
-3

, or 165 mTorr pressures.  

The spectrum with acetone shows a clear 6 cm
-1

 shift to higher wavenumbers. 

 

6.4 Summary and Discussion 

 

The response of the laser emission spectrum for an open cavity QCL to the intracavity 

absorption of acetone vapor at 8.1 m wavelength is demonstrated.  The laser emission spectrum 

shifts by 6 cm
-1

 towards higher frequency in presence of acetone vapor at an estimated partial 

pressure of 165 mTorr corresponding to ~200 ppm. 

Assuming a minimum detectable shift of 0.03 cm
-1

, which is the observed external cavity 

mode spacing, the sensitivity limit for acetone using the given set-up is estimated from similar 
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calculations to be ~320 ppb.  This is improved somewhat to the value 240 ppb by (numerically) 

shifting the QCL emission wavelength closer to the peak of the acetone absorption. 
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CHAPTER 7:  SENSITIVITY ESTIMATION OF ACETONE VAPOR 

USING FABRY-PEROT ANALYZER 
 

7.1 Experiment 

 

The experimental set up and details of the external cavity mid-IR QCL at 8.1 m was 

described in Fig. 6.1.  Fig 7.1 presents a schematic of the system with a FP analyzer.  The FP 

was formed from a pair of ZnSe flats of 2 mm thickness, with high reflection coatings (97.5%) 

on the facing surfaces, and AR coatings on the outer surfaces.  The flats were wedged (30-

arcmin) to eliminate unwanted secondary FP resonances within the substrates themselves and to 

prevent reflections back into the cavity.  The QCL output spectrum was coupled to the fixed FP 

through the aperture of the flat mirror forming the external cavity.  The radiation transmitted by 

the FP was detected using a 77 K HgCdTe detector. 

 

Figure 7.1 : Schematic of the 8.1 µm QCL external cavity system coupled with Fabry-Perot analyzer. 
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7.2 Results 

 

Fig. 7.2 presents the transmission spectrum of the ZnSe flats along with the QCL 

emission spectrum measured by FTIR spectroscopy.  The measured transmission spectrum of 

ZnSe confirmed the design-specified reflectivity of ~ 96.7% at our working QCL wavelength of 

8.1 m. 

 

Figure 7.2 : Transmission spectrum of ZnSe mirror along with the emission spectrum of 8.1 µm QCL 

measured by FTIR. 

 

The spectroscopy on the external cavity mid-IR QCL system showed that the emission 

spectrum stabilizes after ~1 ms of pulse duration.  For shorter pulses, the spectrum was very 
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to the continued slow drift of the active chip temperature.  This slow but stable shift of the 

emission spectrum was very repeatable from pulse to pulse, allowing us to monitor the mode 

spectrum as it passed through the narrow fixed transmission resonance of the FP.  This also 

allowed the QCL to work at 5-10 ms pulse duration range, rather than at CW.  The spectrum may 

be observed in real time on an oscilloscope. 

In this configuration the system was found to be sensitive to water vapor in the ambient 

laboratory air.  The QCL wavelength resides at the edge of the 8-12 micron “water window” as 

shown in Fig. 7.3.  This transmission spectrum was measured at an effective optical path length 

of 2000 m at sea level [58].  The humidity at this level is ~ 75% [58].  The corresponding 

absorption coefficient in this window is from 5.5 x 10
-6

 cm
-1

 to 1.4 x 10
-6

 cm
-1

 [59].  The 8.1 µm 

QCL wavelength is shown as a red arrow in the figure.  From this figure, we estimated the 

absorption coefficient of this outdoor air sample to be 4.1 x 10
-6

 cm
-1

.  This value was considered 

with extreme care and compared with literature value.  Rather than a discrete absorption, the 

range of 8-12 µm wavelength in the atmosphere is considered as a water vapor continuum 

absorption coming from the wings of spectrally distant absorption lines of water vapor.  The 

published value of the absorption coefficient in this range is ~ 1.35 x 10
-6

 cm
-1

 at a partial 

pressure of ~ 9.4 Torr and at 10 µm wavelength [60].  This partial pressure was close in value to 

that we have calculated from Fig. 7.3 at 8.1 µm.  The HITRAN data also gives absorption 

coefficients of ~ 10
-7

 cm
-1

.  In the climate-controlled air of a laboratory, the humidity level is ~ 

40-50%, which gives an absorption coefficient of 7 x 10
-7

 - 9 x 10
-7

 cm
-1

 at room temperature 

[60]. 
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Figure 7.3 : Transmission spectrum of atmospheric air measured at sea level at an effective optical path 

length of 2000 m.  From ref [59]. 

 

The 8.1 m wavelength is on the short wavelength edge of the atmospheric absorption band (Fig. 

7.3) whereas it is on the long wavelength side of acetone absorption (Fig. 5.2).  When the laser 

cavity is purged with dry nitrogen, keeping the FP interferometer at fixed position, additional 

modes appeared on the higher frequency side of the spectrum.  This confirmed the system is 

sensitive to laboratory humidity with an average absorption coefficient at the level of 8 x 10
-7

 

cm
-1

.  Fig. 7.4 shows the oscilloscope trace, for which the time axis corresponds (non-linearly) to 

the emission wavelength due to the thermal drift of the laser spectrum through the narrow FP 

pass band.  The QCL was excited at 940 mA current for a pulse duration of 5 ms and 5% duty 

cycle. 
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Figure 7.4 : Oscilloscope traces of the spectral dynamics of the external cavity configuration. (a) 

appearance of the mode in the beginning of the pulse when the cavity was filled with lab air (b) new 

modes appear in the higher frequency side when the cavity was purged with dry nitrogen.  The QCL was 

excited slightly above the threshold current at pulse duration of 5 ms and 5% duty cycle.  The current 

profile in the active chip during the pulse is also shown by the square wave (red) in each plot. (c) stronger 

mode appearance at a later time (d) the modes went back to its original position when the cavity is 

reintroduced with lab air. 

 

The modes were seen (Fig 7.4 (a)) in the beginning of the pulse when the cavity was filled with 

lab air.  Purging the cavity with dry nitrogen causes 10-12 new modes to appear on the long 
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7.4 (b) and (c) shows the temporal evolution of the modes on the higher frequency side, at two 

different instantaneous time.  The fundamental sensitivity limit of the system is thus easily 

defined by this demonstration.  In reality the change in the absorption coefficient due to purging 

with N2 was less than the normal 7 x 10
-7 

- 9 x 10
-7

 cm
-1

 for water vapor, by as much as a factor 

of 2-3, since the cavity was inefficiently tented to affect the purge.  This would give an 

absorption coefficient change on purging of only 3 x 10
-7

 cm
-1

 or 111 ppm when mixed with 

standard air.  This value is obtained by calculating the concentration of water vapor molecules 

assuming an absorption cross-section of ~ 10
-22

 cm
2
 [60].  The laser spectrum went back to its 

original position (low frequency side) when room air was reintroduced (Fig 7.4 (d)) into the 

cavity. 

The behavior of the cavity in presence of acetone vapor was similar to that depicted in 

Fig. 7.4 for purging with dry nitrogen, when all other parameters of the system were same.  The 

absorption coefficient of acetone at saturated vapor pressure (180 Torr) is 1.25 cm
-1

 [5] at our 

working wavelength.  We have demonstrated that the ICLAS system is sensitive to absorption 

coefficients as small as 3 x 10
-7

 cm
-1

 using water vapor at a concentration of          ppm or 

         Torr partial pressure.  The minimum detectable concentration is inversely 

proportional to the absorption cross-section at the laser wavelength. We may estimate the 

sensitivity for other molecules using the relation    (    )              3 x 10
-7

 cm
-1

, 

or   
    

 
(    )   .  From [5], for acetone at 8.1 m,   

         

        
  .  For water,      

           

        
  .  Then, the sensitivity limit for acetone would be   

      

   

   

    
    ppm  = 510 

ppt.  This fundamental behavior of the cavity in presence of dry nitrogen and acetone uniquely 
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defines the sensitivity of the system even for an unquantified marker if its absorption coefficient 

is known at that wavelength. 

7.3 Conclusion 

 

The sensitivity limit of an external cavity mid-IR QCL is estimated when the system is 

combined with a fixed Fabry-Perot interferometer.  The estimated sensitivity is two orders of 

magnitude higher than the previously obtained value when the system was not coupled with 

Fabry-Perot interferometer.  The cavity is highly sensitive to the presence of water vapor in air.  

The calculated absorption coefficient of water vapor is 3 x 10
-7

 cm
-1

 or 111 ppm.  The behavior 

of the cavity in presence of dry nitrogen and acetone is same.  The sensitivity obtain for acetone 

is 510 ppt.  This fundamental behavior defines the sensitivity of the system even for the presence 

of an unquantified marker inside the cavity. 
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CHAPTER 8:  ELCTRONICS AND SOFTWARE 
 

To make a man portable and field deployable system, all the electronics needed to operate 

the various components of our ICLAS system have to be integrated into a single control box.  

We used a National Instrument compact RIO (cRIO) chassis, which is a small plug-in rack with 

an onboard processor running Labview.  Laser driver, piezo controller for the Fabry-Perot, 

detector power supply and preamp are the three main components to be integrated into the cRIO. 

The cRIO chassis employs a real time processor and Field Programmable Gate Array 

(FPGA) to provide true parallel processing with a real time clock.  Plug in modules include the 

analog to digital (A/D) converter (NI 9223), digital to analog (D/A) converter (NI 9264), and an 

amplifier module for driving the piezo stages. 

To drive the laser initially, we used an LDX-3232 high compliance current source from ILX 

Lightwave.  This driver is bulky for our purpose, but it is a very stable current source with a 

noise level of only 20 A on output current pulses of up to 4 A amplitude.  We used the digital to 

analog converter to provide square pulses to the QCL driver.  In comparison to the Stanford 

Research Systems DG-535 pulse generator used initially, the voltage pulses delivered by the D/A 

converter via the FPGA program were very stable over the entire 0-10 V range of the device.  It 

was found that the pulses delivered by the DG-535 above ~ 4.5 V in amplitude were very noisy 

and caused the drive current of the QCL driver to fluctuate, as the amplitude of the drive current 

followed the input voltage pulses very precisely.  A stand-alone program was written in Labview 

to run on the FPGA which allowed easy adjustment of the duration, repetition rate, and 
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amplitude of the voltage pulses.  This was very convenient for determining the optimum 

parameters for driving the laser, allowing adjustable pulse duration up to continuous wave 

operation.   

The piezo mirror mount in the Fabry-Perot was initially controlled by a Thorlabs MDT 

693A, a piezo controller with 3 independent channels.  The output voltage range of the controller 

is 0-150 V.  Once it was determined that all 3 axes could be driven simultaneously, this 

controller was replaced by a single amplifier (VF-90-30150) plug in module for the cRIO.  Fine 

adjustment of each individual axis was performed manually by turning thumbscrews on the 

mirror mount to make this mirror parallel to the fixed mirror.  The amplifier module was 

controlled by a second program on the FPGA that allowed adjustable motion control through a 

Labview interface running on a PC.  One of the advantages of using an FPGA is that separate 

programs can be loaded on different areas of the chip (different sets of logic gates) and run in 

parallel (true parallel processing).  A control voltage originating from the D/A module was fed 

into the input of the amplifier.  This control voltage was in the form of a modified sine wave.  

The voltage was changed (increased/decreased) linearly through most of the range from 0 to 3.75 

V.  The amplifier produces voltages between 0 and 150 V over the range of input voltages from 

0 to 3.75 V.  To accommodate the inertia of the mirror, the voltage was changed more slowly (in 

the form of a sine wave) near the turning points (0 and 3.75 V) where the mirror changed 

direction.  The resulting waveform was a triangular wave with the sharp corners replaced by sine 

wave sections.  The frequency of the waveform was adjustable in order to control the scanning 

speed of the piezo-driven mirror. 
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The FPGA program also controls data acquisition through two inputs of the NI 9223 Analog 

input module plugged into the cRIO chassis.  Each input of this module is capable of 

simultaneously acquiring data at a maximum rate of 1MS/s.  One channel monitors the output of 

the voltage waveform controlling the position of the piezo driven mirror, and a second channel 

samples the detector. 

The FPGA program controls all of the above functions with highly precise timing and 

essentially no latency.  For the purposes of testing various configurations of the laboratory 

model, another program runs on a personal computer to allow interactive adjustments to be made 

to the adjustable parameters outlined above (piezo control voltage, laser driver control pulses, 

sampling rates for the analog inputs).  Likewise, the PC interface program allows the data from 

the analog inputs to be plotted.  The position (piezo voltage) is plotted in the x-axis and the 

signal from the detector is plotted in the y-axis.  So, the signal from the detector is plotted as a 

function of the position of the mirror and the spectrum is displayed on the computer monitor. 

The final step for integration of the entire control system into a single box will be to replace 

the QCL driver with a plug in module for the cRIO. 

 

  



69 

 

CHAPTER 9:  FANO REFLECTORS 
 

9.1 Introduction 

 

The Fabry-Perot interferometer in our ICLAS system requires very high reflectivity low loss 

mirrors.  One of the common infrared materials in our working wavelength (3-12 m) is ZnSe.  

Such a pair of wedged optics with high reflecting coating (>97.5%) on one side and anti-

reflection coating on the other side cost ~ $1000.  Thus, there is a good reason to explore other 

alternatives to fabricating high reflectivity FP optics, which might be suitable for low-cost mass 

production using methods of silicon device foundries. 

We tested so-called Fano reflectors, obtained from University of Texas Arlington, where 

they were designed and fabricated by Prof. Weidong Zhou.  These are two-dimensional photonic 

crystals (2D PC), due to strong interaction between in plane guided modes and vertical radiation 

modes, Fano resonances occur in these crystals with extremely high reflections [61].  A wide 

band of reflection can be obtained by controlling the design parameters.  Two types of Fano 

reflectors, differ by the material type, were tested here. 

 

9.2 Silicon On Insulator (SOI) 

 

A schematic of silicon on insulator (SOI) reflector is shown in Fig 9.1.  It was prepared 

from a silicon-on-oxide wafer that consisted of 3 μm SiO2 on a Si substrate and then 2 μm Si on 
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top of the oxide.  A pattern of circular holes was formed in the thin silicon with a period a of 5.7 

μm.  The reflectivity of such a design depends on the radius r of these holes and the refractive 

index surrounding it.  The radii of the holes were 1.25 (sample #11) and 2 μm (sample #12). 

 

Figure 9.1 : Schematic of Fano reflector on silicon on insulator (SOI). 

 

The transmission spectra of these two samples were compared with that of ZnSe mirrors 

used in the FP interferometer and are presented in Fig 9.2.  While the ZnSe transmits 3%, and 

reflects 97%, in agreement with its design specifications, the Fano reflectors transmit zero 

(within experimental uncertainty) inside their designed HR band.  The QCL wavelengths used in 

the external cavity configuration are indicated by arrow in Fig 9.2.  Though both the wavelengths 

lie on the edge of the reflection band, with proper design it is possible to make this band lie 

exactly in our required wavelength regions.  The fast and strong oscillations on either side of the 

band are resonances within the silicon substrate of the Fano reflector.  Those oscillations have 

smallest amplitude on the low frequency side of the HR band, due to absorption by oxide, which 

lowers the Q of the optical cavity formed by the substrate.  This absorption is demonstrated 
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separately in Fig. 9.2 (pink line) by the transmission spectrum of a silicon wafer on which a thick 

oxide was grown. 

 

 

Figure 9.2 : Transmission spectra of Fano reflectors on SOI compared with the transmission of ZnSe 

mirror and SiO2.  The top figure is for sample # 11(r =1.25 µm) and the bottom is for sample # 12 (r 

=1.25 µm). 
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9.3 Suspended patterned membrane on Glass 

 

The second type of Fano reflector we tested was suspended patterned Si membrane on 

glass substrate.  The entire fabrication process of these samples can be found in [62].  This 

sample has a broad reflection band in 70-78 µm wavelength regions. 

 

 

Figure 9.3 : Transmission spectrum of 70-76 m band Fano Reflectors (top, sample 1), (bottom, sample 

2) measured by FTIR. 
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By varying the holes diameter and the period of this structure, the mid-IR range can also be 

covered.  We measured the transmission spectra of these samples by FTIR and the data are 

presented in Fig 9.3 for two different samples for different reflectivities.  A globar source, 12 m 

thick mylar beamsplitter and DTGS detector were used for this measurement.  There is a clear 

high reflection band centered at 76 m wavelength. 
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CHAPTER 10:  IR ABSORPTION SPECTRA OF 2,4,6-

TRINITROTOLUENE 
 

10.1 Introduction 

 

Knowledge of the infrared absorption spectra of low vapor pressure compounds in vapor 

phase is important for ICLAS system.  The standard database has the vapor spectra (mid-IR 

region) of limited number of compounds.  Thus, there is an opportunity to measure the vapor 

spectra of these compounds for the ICLAS application.  This chapter presents the IR spectrum of 

2,4,6-trinitrotoluene (TNT) measured using a high resolution BOMEM DA 8.01 FTIR 

spectrometer.  The experimental results were compared with the literature.  

 

10.2 Experiment 

 

Figure 10.1 shows the schematic of the setup.  A beam-folding plane mirror was mounted to 

intercept the collimated output beam from the external port of the spectrometer (BOMEM) and 

direct it to a 4 inch diameter off axis paraboloidal mirror at the proper angle.  The latter mirror 

brought the beam to a focus at a distance of ~ 30 cm, such that an image of the spectrometer 

source aperture was formed at the focus.  Both mirrors were mounted with push-pull screws that 

permitted complete alignment flexibility.  The focused beam path was parallel to the incident 

collimated beam path, but shifted laterally by about 6 inches.  After the focus the beam diverged 
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and was intercepted by a spectrometer detector module.  The optical system was aligned initially 

using a quartz-halogen source and quartz beamsplitter from the spectrometer. 

The vapor spectra of TNT were collected at different temperature using a KBr beamsplitter 

and a globar source.  Nitrogen gas was blown for 10 minutes inside the gas tube to eliminate the 

water vapor and solid TNT powder was placed inside the tube with its two ends closed by 300 

µm thick Si windows.  A 77 K cooled HgCdTe detector was used to collect the spectrum and the 

spectrometer was operated at a resolution of 6 cm
-1

 to eliminate the Fabry-Perot oscillations 

arising from the Si windows.  The tube was heated with heating tape wrapped around it and then 

shielded with copper sheet.  Temperature was monitored with a sensor directly connected to the 

surface of the tube. 

 

Figure 10.1 : Schematic of the experimental set up for measuring TNT in gas phase. 
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10.3 Results 

 

The collected TNT spectrums at different temperature were presented in Fig 10.2.  

Significant vapor lines were observed in the 1000-3500 cm
-1

 spectral range
 
when the temperature 

was raised above 140
o
C. 

 

Figure 10.2 : Absorption spectra of TNT measured in a 10 cm gas cell and by FTIR spectrometer in 1000-

3500 cm
-1

 range for different temperatures.. 

 

The measured data are compared with literature [63] and are presented in Table. 10.1. 
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Table 10-1: Infrared absorption lines of 2,4,6-trinitrotoluene 

 

Experiment 

(cm
-1

) 

Literature [63]  

(cm
-1

) 

1076 1080 

1345 1349 

1407 1402 

1554 1559 

1607 1606 

2907 2898 

3100 3107 

 

The spectrum is dominated by the symmetric and antisymmetric  -NO2 stretches at 1349 

(7.41 μm) and 1559 (6.41 μm) cm
-1

 respectively [56].  A closer inspection of this stretching is 

shown in Fig 10.3 in the 5.5-8 μm wavelength range.  The experimental curve matches nicely 

with the literature [63].  There is a clear evidence of broad absorption lines growing with rising 

temperature.  The measured linewidths were ~ 30 cm
-1

. 
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Figure 10.3 : Absorption spectra of TNT in 5.5-8 μm wavelength range for different temperatures 

compared with [64].  The spectrum is dominated by the symmetric and antisymmetric  -NO2 stretches at 

7.41 μm 6.41 μm. 
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CHAPTER 11:  CONCLUSIONS 
 

We demonstrated a spectral sensing method with sufficient sensitivity to detect vapors of 

low vapor-pressure compounds, such as explosives.  The method is Intracavity Laser Absorption 

Spectroscopy (ICLAS) at Long-Wave IR (LWIR, 8-12 µm wavelengths) using an external cavity 

quantum cascade laser and Fabry-Perot interferometer. 

The sensitivity to vapors of a THz QCL ICLAS system at 69.9 µm was first estimated by the 

numerical solution of the laser rate equations to show the feasibility of kilometer effective active-

cavity path lengths, and sensitivity to concentrations of 10 ppb, which is comparable to the 

concentrations of TNT at saturated vapor pressure.  Implementation of the THz QCL-based 

ICLAS system proved difficult due to the requirement for a cryostat to house the laser and 

presence of strong water vapor lines in THz regime. 

Next, a 9.38 µm QCL external cavity system was demonstrated.  Fine mode structures from 

the external cavity operation were measured by FTIR spectrometer with a mode spacing of 0.05 

cm
-1

.  A high resolution Fabry-Perot analyzer shows a resolution better than 0.5 cm
-1

, which 

suffices for the expected pressure broadened vapor line widths of at least 0.2 cm
-1

. 

Next, an external cavity QCL at 8.1 μm wavelength with one facet AR coated and the other 

facet HR coated was demonstrated.  A fine mode structure of mode spacing 0.03 cm
-1

, was 

observed in this ICLAS system.  The response of the laser emission spectrum for an open cavity 

QCL to the intracavity absorption of acetone vapor at 8.1 m wavelength was demonstrated.  

The sensitivity limit for acetone based on the attenuation of the total power inside the cavity was 
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found to be ~0.1 Torr.  The laser emission spectrum shifts by 6 cm
-1

 towards higher frequency in 

presence of acetone vapor at an estimated partial pressure of 165 mTorr corresponding to ~200 

ppm.  Assuming a minimum detectable shift of 0.03 cm
-1

, which is the observed external cavity 

mode spacing, the sensitivity limit for acetone using the given set-up is estimated to be ~320 

ppb.  The sensitivity of this system was enhanced by six orders when it was combined with a 

fixed Fabry-Perot interferometer.  The cavity is highly sensitive to the presence of water vapor in 

air with absorption coefficient 3 x 10
-7

 cm
-1

 or 111 ppm.  The sensitivity limit to acetone, whose 

cross section is much higher, is thus 510 ppt. 

The transmission spectra of Fano reflectors centered at 9 µm and 76 µm band, as a high 

reflectivity Fabry-Perot mirrors are also reported here.  Two types of Fano reflectors (i) Silicon 

on Insulator (SOI) and (ii) suspended patterned membrane on glass are reported here.  The 

measurement shows a reflectivity of ~ 99% which is promising for our system.  This reflector 

can entirely substitute the expensive ZnSe mirrors for FP. 

Finally the infrared absorption spectrum of 2,4,6-trinitrotoluene (TNT) at different 

temperature, measured by FTIR is presented.  The spectra are dominated by symmetric and 

antisymmetric–NO2 stretches at 7.41 µm and 6.41 µm wavelength.  
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APPENDIX A: LASER RATE EQUATION CODE 
 

 

 

This program is written in FORTRAN to calculate the laser emission 

spectrum during time evolution when an absorption profile is inserted into 

the laser rate equation given by Eqs. 2.6 and 2.7. 

 

 

 

      program ICLAS 

       

    

 Integer q1,q2,q0 

       

c     This part of the program contains all the input parameters. 

 

      parameter(q1 = 73000)  c lower mode number 

      parameter(q2 = 74600)  c upper mode number 

       

      real*8 Rmq(q1:q2), RmqI(q1:q2), Bq(q1:q2), Rkq(q1:q2) 

      real*8 A,B0,gamma,dt,P,Q,Rn,Rm,t,t1,t2,t0,t00,c,L 

              

      q0 = 73800   c mode number at 8.1 micron 

      Q = 4000   c HWHM of the gain in terms of mode number. 

   c This is corresponds to 120 cm
-1
 wavenumber. 

 

      gamma = 3.9d10  c rate of broadband cavity loss 

      B0 = 0.5    c peak gain at central wavelength 

      A = 7.1d6   c.decay rate from upper level 

      P = 1d19   c pump rate 

      c = 3d10    c velocity of light 

      dt = 1d-12   c iterations step in time 

      t0 = 1d-9    

      t00 = 1d-10 

      t1 = 0   c initial time 

      t2 = 1d-6   c final integration time 

      L = 3d-1   c length of the external cavity 

   wavelength = 8.D0 

       

      pi = 3.14d0 

 

c This part of the program calculates the gain profile of the laser  

c and the intracavity absorber line profile  

 

  

      open(33,file = 'absorption') 

      Rn = 0d0     c initial inversion = 0 

      Do i = q1,q2 

        Rmq(i) = 1d0    c initial photon number = 1 

        RmqI(i) = Rmq(i) 
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        Bq(i) = B0/(1.+((i-q0)/Q)**2) c Lorentzian gain profile 

 

c second order polynomial fit of the acetone absorption cross section 

c  to calculate the absorption coefficient profile varying the acetone  

c concentration 

 

 

        Rkq(i) = 6.4d18*(7.92581d-20-2.10902d-24*i+1.40301d-29*i*i) 

 

      

        write(33,*)real(i)/(6d-3*wavelength),Rkq(i) 

      enddo   

      close(33) 

 

c This part of the program saves the input data in a text file 

 

      open(25, file = 'input.dat') 

      write(25,*)' q0,Q,q1,q2:',q0,Q,q1,q2 

      write(25,*)' gamma:',gamma 

      write(25,*)' B0,A:',B0,A 

      write(25,*)' P:',P 

      write(25,*)' delta t =',dt,' end',t2 

   write(25,*)' Absorption=1e-5, center=10002, halfwidth=5' 

      write(25,*)' time, M, M_q/M, N :' 

      close(25) 

 

c This part of the program does the iteration process to calculate the  

c photon number in individual laser mode and the laser inversion 

 

      Do t = t1,t2,dt 

        SumBM = 0d0 

        Rm = 0d0         

        Do i = q1,q2          

          SumBM = SumBM+Bq(i)*Rmq(i) 

          Rm = Rm+Rmq(i) 

        enddo 

        Do i = q1,q2 

          Rmq(i) = Rmq(i)+dt* 

     *      (-gamma*Rmq(i)+Bq(i)*Rn*(Rmq(i)+1)-Rkq(i)*c*Rmq(i))  

          RmqI(i) = RmqI(i)+Rmq(i) 

        enddo      

          Rn = Rn+dt*(P-A*Rn-Rn*SumBM)    

 

       if(mod(int(t/dt),int(t00/dt)).eq.0)then 

 

        print*,real(t*1d9),'ns  M,Mq0/M,N:', 

     ,  real(Rm),real(Rmq(q0)/Rm),real(Rn) 

 

        open(25,file = 'output.dat',access = 'append') 

        write(25,*)real(t*1e9),real(Rm),real(Rmq(q0)/Rm),real(Rn) 

        close(25)   
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c Saves the output in a text file 

 

        open(24,file = 'output_full_3.dat',access='append')          

   Do i = q1,q2 

             write(24,*)int(t*1e9),i,i/60, 

     ,       real(Rmq(i)),real(RmqI(i))  

            enddo   

     close(24) 

        t00=t00*1.25                   

 

        endif  

 

      enddo          

      end 
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