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KN 01. How the Laser Came to Be 

Anthony E. Siegman
1
 

Stanford University, USA 

 

At this point it is almost 50 years since the first laser was operated; approaching 60 years since its 

predecessor, the first microwave maser, was conceived and operated; and close to 100 years since the 

stimulated emission concept was first proposed. This talk will look back at the important physical ideas 

and people involved in the early development of masers and lasers, leading to the "Maser Era" of 1950s, 

the dramatic explosion of laser technology that followed Maiman's first ruby laser in May 1960, and the 

immensely productive developments in this field that continue even today. 
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AI 01. COIL Radiation of High Brilliance  

Jürgen Handke
1
 

German Aerospace Center (DLR), Institute of Technical Physics, Langer Grund,  

D-74239 Hardthausen, Germany 

High brilliance performance of chemical oxygen iodine lasers (COIL) requires resonator concepts that enable 

efficient power extraction from a low gain medium while the beam quality is close to the diffraction limit. Different 

resonator concepts are pre-evaluated by numerical methods and the promising candidates are adapted to a 10 kW-

class COIL system. Theoretical predictions and experimental results are found to be in excellent agreement. The 

beam quality of different resonator architectures is evaluated by standards reported in literature. 

The chemical oxygen iodine laser (COIL) is well known as a reliable source to produce laser output power 

up to the multi megawatt level. In addition, the high homogeneity of the gain medium provides the 

potential for near diffraction limited generation of laser radiation. Therefore, COIL is one of the most 

promising candidates for directed energy applications. This deployment demands excellent far field 

characteristics of the radiation. The resonator is no longer qualified by the extraction of high laser power, 

but by the generation of a beam quality that allows for a high power density far away from the laser 

source. The deployment also imposes additional requirements to the resonator concept like compactness 

and mechanical stability. While concerning real high power systems beam quality might not be an issue 

due to the applicability of well known unstable resonator designs. But much research has to be done at a 

reduced power level. 

Efficient power extraction from COIL allows only low values for output coupling, due to the COIL 

inherent low gain medium. Because of the large COIL medium cross section, a stable resonator exhibits a 

high Fresnel number resulting in an high multi-mode operation with poor beam quality . Other resonator 

architectures have to be applied, depending on the class of output power.  

For laboratory and demonstrator devices of the 10 kW class, hybrid resonators including off-axis 

modifications proved to be an excellent choice. They combine a stable with an unstable resonator. The 

composition of two independent resonator directions allows a cylindrical mirror design that is perfectly 

adaptable to the rectangular COIL geometry. The unstable part can be designed as negative branch or 

positive branch, depending on the curvatures of the resonator mirrors. Theoretical predictions and 

experimental results were found in excellent agreement, preferring the negative branch hybrid resonator 

(NBHR).  Highest brilliance was achieved in a double-pass NBHR configuration. Unfortunately, the 

hybrid resonators suffer from two shortcomings: The beam quality in stable direction decreases with 

increasing mirror dimensions and an high alignment accuracy in stable direction is required. However, for 

10kW class systems the hybrid resonator is convincing in performance. 

For conventional unstable resonators with low gain, the total coupling loss has to be small. In 

consequence, the magnification has to be small. The result is a far field intensity distribution with a lot of 

structure and a very small peak power. Still at the 100 kW level the magnification is rather small. An off-

axis modification of the classical resonator configuration (Modified Negative Branch Unstable Resonator, 

MNBUR) was introduced and tested at a 10 kW class device. It proved to be easily adaptable to COIL 

geometry while simultaneously reducing the far field intensity structures. Since the theoretical treatment is 

proved to describe actual resonators coupled to a 10 kW system, a specific MNBUR for high brilliance 

can be reliably designed for an adequate power in a 100 kW class COIL. 

The beam quality of stable resonators with Gaussian type intensity distribution is well described by the 

beam propagation ratio M
2
. Misleading results may occur when applying this criterion to unstable 

resonator configurations. The beam quality of different resonator architectures will be evaluated by 

standards reported in literature.  
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AI 02. Evolution and Status of a Multi -Kilowatt Electric Iodine Laser Effort  

Alan E. Hill
1
 

Texas A&M University and Plasmatronics, Inc., USA 

Plasmatronicsô controlled avalanche-based electric oxygen iodine generator achieves 30% conversion from O2 into 

O2
1
D at 40-50% electrical pump efficiency, wherein 2400 watts is imparted into the O2

1
D flow stream. A special I2 

disassociation-combined ejector mixing scheme has been developed in our quest to realize kW-class extraction from 

a 20 cm-wide, Mach 2.5, laser channel. Latest results of gain and output power measurements will be presented. 

The electric oxygen iodine laser (EOIL) offers a vastly more practical, implementable, and safer 

alternative to its predecessor, the chemical oxygen iodine laser (COIL), particularly for airborne or 

otherwise mobile military applications. Despite its promise and after 25 years effort, laboratories around 

the world have not succeeded in providing the known basic physical requirements needed to electrically 

convert O2 into O2
1
ȹ with the fractional yields and efficiencies necessary to make a practical laser. Today 

the record power generated from an EOIL device is only 6.5 watts. 

In order to achieve good O2
1
ȹ fractional yield, it is necessary to impart on the order of 70-100 kJ/mole O2 

while efficiently removing the waste heat energy from the generator so that the gas temperature does not 

rise above ~420̄K. The generator must be excited by an electric field on the order of 10 Td ï far below 

the glow potential. Therefore, ionization must be completely externally sustained. 

In this paper, a 30% conversion from O2 into O2
1
ȹ operating at substantial oxygen mass flow rates (0.045 

moles O2/sec at 55 torr) and electrical efficiency reaching 40-50% is reported. The O2
1
ȹ flow stream being 

produced carries 2400 watts. Ionization is supplied by means of applying short (tens of nanosecond) 

pulses to the O2
1
ȹ generator at 50,000 PPS, at a potential of about one order of magnitude above the 

breakdown potential. This develops a quasi-steady adjustable DC current to flow through the generator, 

being conducted under the force of a DC, 8 to 12 Td, independently tunable pump E-field. Thereby, 130 to 

180 kJ/mole O2 may be imparted to the gas. 

The generator consists of 24 each, 1 cm-in-diameter tubes that are submerged in rapidly circulating cold 

fluorinert. Heat is efficiently removed so that the gas temperature, initially 273ºK, raises only by 125ºK. 

Fortuitously, O2
1
Ɇ production is eliminated at higher pressure. Essentially all other spectral lines are 

dwarfed in comparison the O2
1
ȹ line. At higher pressure operation, large quantities of O3 and UV photons 

are produced by controlled avalanche pulses, which react to convert O2
1
Ɇ into O2

1
ȹ, thus enabling an 

unexpectedly high electrical efficiency of 40-50%. 

The primary (O2
1
ȹ bearing) and secondary (I2 vapor bearing) flow streams are rapidly and homogeneously 

mixed while I2 is simultaneously disassociated. This is accomplished using a supersonic ejector-pumped 

mixing section combined with an electric discharge. O2
1
ȹ + I ­ O2 + I* occurs by means of kinetic 

collisions upon mixing. The mixed flow streams are immediately expanded to M = 2.5 within a 20 cm-

wide, transverse-laser cavity, where lasing occurs according to I* ­ hɜ + I. Gain and power 

measurements to date will be presented. 
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AI 03. Three Dimensional Simulations of Gas-Radiation Interactions in 

Chemical Oxygen-Iodine Lasers 

Timothy J. Madden 

US Air Force Research Laboratory, Directed Energy Directorate, 3550 Aberdeen Avenue SE, Kirtland AFB, NM 

87117-5776, USA 

The interaction between an optical field and the atoms and molecules in a gas laser is examined from the standpoint 

of lineshape analysis and fluorescence. Both provide information regarding fluid dynamic structure and 

thermodynamic state that is useful for the development of gas lasers.  These physics are examined from the context 

of 3-D, time-dependent solutions of the Navier-Stokes equations for non-reacting and reacting flow conditions 

relevant to chemical oxygen-iodine lasers. Implications for spectroscopic lineshape analysis and experimental 

validation of theoretical models are discussed. 

Gas lasers, by virtue of the very nature of their operation, have various mechanisms of gas ï light 

interaction. The excited atoms or molecules within the active media generate the optical field through 

spontaneous and stimulated radiation of photons, and the optical field in turn perturbs the active particles 

in the gas through absorption and stimulated emission. While it is this interaction that provides the 

underlying mechanism for lasing action within lasers, the same interaction between an optical field and 

the particles in the gas can be utilized to achieve other effects. In chemical oxygen-iodine lasers, COILs, a 

collimated optical field from a continuously tunable diode laser source interrogates the gas mixture at 

varying wavelengths that are absorbed by I
2
P3/2, providing sub-Doppler resolution of the I

2
P1/2ĄI

2
P3/2 

lineshape. The measured lineshape is usually used to provide information regarding the laser gain, the I 

atom concentration, and the temperature of the gas. Previous work by Nikolaev et al. [1] used the 

measured lineshape to determine the bulk flow velocity by utilizing the Doppler broadening property of 

the gas motion relative to the laser light. However, it is shown in this work that from a theoretical 

standpoint, the lineshape also includes information regarding Doppler broadening not just from the 

translation of the gas in the primary flow direction but also from the movement of the gas within vortices 

carried by the flow that have velocity components parallel to the direction of the probe laser light. It is 

shown here that the broadening contribution of these vortices can be appreciable, and if not accounted for 

could significantly skew thermodynamic temperature determinations from the lineshape. Given that COIL 

performance is temperature dependent, this information is relevant to understanding COIL operation. 

The light from a laser source can provide additional information about the gas flow within a laser. In the 

case of laser induced fluorescence (LIF), light from a laser source is absorbed by a molecule pumping it to 

an excited state that in turn decays through fluorescence and other processes. The rate of fluorescence 

correlates with thermodynamic gradients in the gas, providing information regarding flow structure. It is 

shown here that this information can also be used as a mechanism to compare theoretical models with 

experiments in a multidimensional framework, providing a detailed mechanism for comparing theory and 

experiment. 

The examination of these physics is performed using solutions of the unsteady, 3-D Navier-Stokes 

equations using non-reacting and chemically reacting models. The reacting flow simulations utilize a 

COIL chemistry mechanism that provides thermodynamic state, relative concentrations of I
2
P3/2 and I

2
P1/2, 

as well as the flow structure to be used to in combination with radiation transport to predict I
2
P1/2ĄI

2
P3/2 

transition lineshapes. The non-reacting flow simulations provide thermodynamic state, species 

concentration, and flow structure information that is utilized within an additional model for the state-to-

state kinetics of the LIF pumping and fluorescing process, providing a theoretical counterpart to the 

experiment LIF imagery. 

[1] Nikolaev V.D., Zagidullin M.V., Svistun M.I., Anderson B.T., Tate R.F. and Hager G.D., ñResults of 

Small-Signal Gain Measurements on a Supersonic Chemical Oxygen Iodine Laser with an Advanced 

Nozzle Bank.ò IEEE Journal of Quantum Electronics 38(5), 421-428 (2002) 
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AI 04. High-Power Chemical Lasers (HPCL): Gas dynamics Problems of 

Mobile System Operation 

A. S. Boreysho, V. M. Malkov
1
 and A. V. Savin 

ñLaser Systemsò Ltd, 1st
 Krasnoarmeyskaya, 1, St. Petersburg 190005, Russia (www.lsystems.ru) 

The main gas dynamics problems of HPCL development are discussed shortly. The creation methodology of 

Pressure Recovery System (PRS) for Supersonic chemical lasers and ways of increasing PRS efficiency are 

examined. Problems of Exhaust Supersonic Diffuser, Supersonic Ejector operation and question of PRS start process 

are investigated in details. 

Supersonic chemical lasers ï SCL (supersonic flow in resonator cavity that follows after mixing multi-

nozzle bank): HF/DF laser and COIL ï oxygen iodine laser are the subjects of high attention. SCL are the 

most powerful continues wave laser systems. Today realization of mobile laser complexes - MLC on SCL 

base is actual question [1]. 

Operational pressure in SCL resonator cavity is low. So the development of Pressure Recovery System ï 

PRS are required for SCL medium exhaust into atmosphere [2]. PRS development is one among the key 

problems of SCL - MLC realization. 

PRS main parts are: multi-sectional exhaust supersonic diffuser-SD (with blowing system for start), 

supersonic ejector -EJ station (the multi-tunnel design of EJ is used to reduce the PRS length), vapor gas 

generator as the source of active gas for ejector (with storage and supply system -SSS of fuel and 

oxidizer). Mass-dimensional - M/S parameters of MLC are depended strongly on M/S characteristics of 

PRS with SSS. Therefore one can say the success in development of effective MLC is determined by 

success in solution of PRS problem.  

PRS looks like a high-speed supersonic wind tunnel. However aerodynamics traditional integral methods 

for evaluation of PRS operational parameters donôt work well. The main reasons are: the form of channel 

(SD channel of SCL is the rectangular with big side dimension ratio, aerodynamics wind tunnel channel is 

a round as a rule), heat generation in supersonic flow (it is absent in aerodynamics case), low Re numbers, 

active and passive gas in EJ are different from view point of the physical properties (in aerodynamics case 

gases are the same - air). 

The modern methodology of PRS creation and ways of increasing of PRS efficiency are examined:  

1. methods of choice and calculation of PRS parameters; 

2. problem of verification of 3-dimensional numerical models;  

3. methods of SD and EJ design taking in account the features of SCL physical processes (realization 

of COIL active diffuser concept and methods for mixing intensification of ejecting and ejected 

flows in ejector mixing chamber); 

4. laser complex channel (wind tunnel channel is a simple channel) start processes and condition of 

PRS operation in general.  

The dates of PRS, SD, EJ tests that are used for verification of numerical models are shown 

[1] Shwarts J., Wilson G.T., Avidor J. ñTactical High Energy Laserò. Proc. SPIE 5632, January 21 (2002) 

[2] Boreisho A.S., Malkov V.M, Savin A.V. et al. ñPressure recovery systems for high-power HF/DF 

lasers: experience of realizationò. Thermophysics and Aeromechanics 14(4), 591-607 (2007) 
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AI 05. Overview of the U.S. Air Force Research Laboratoryôs Work in Lasers 

and Optics 

Susan Thornton
1
 

Air Force Research Laboratory Directed Energy Directorate 

3550 Aberdeen Ave SE, Kirtland Air Force Base, New Mexico 87117, USA 

The Directed Energy Directorate of the Air Force Research Laboratory is the United States Air Forceôs center of 

excellence for directed energy technology. The Directorate operates on 4,325 acres of land with over 860,000 square 

feet of laboratory and office space. In addition to the numerous state-of-the-art research laboratories and testing 

structures at Kirtland Air Force Base in New Mexico, unique facilities include the Starfire Optical Range (SOR) at 

Kirtland, a testing site at the U.S. Armyôs White Sands Missile Range in New Mexico, and the Air Force Maui 

Optical & Supercomputing Site (AMOS) in Hawaii. This presentation addresses the overall efforts of the laboratory 

in laser and beam control research. Included will be high energy gas and electric lasers and low energy 

semiconductor lasers. Advanced optics, testing facilities, and modeling/simulation will also be discussed. 

Extensive work has been done in the Directorate to characterize, optimize and demonstrate elements of 

high energy gas lasers. Scientist and engineers also continue to explore bulk solid state lasers, and 

specifically the thin disk technology. The thin disk work has involved collaboration with German 

scientists to advance the technology for possible inclusion in a myriad of applications. In pursuit of a high 

energy electric laser, efforts continue in coherently and spectrally combining fiber laser output beams and 

exploring the feasibility of hybrid lasers. For low energy multispectral applications, a team of 

semiconductor laser scientists and engineers work to produce lasers capable of emitting light in the near, 

mid and far infrared spectrum. 

Another aspect of work at the Directed Energy Directorate is beam control. The challenge of getting the 

high energy laser on target involves the actual optics and hardware to acquire, track and point the beam. 

Work is extensive in adaptive optics schemes to compensate for distortions and to allow for long distance 

atmospheric propagation.  

To go with both of these fields, extensive physics-based modeling and simulation is conducted. This 

includes phenomenology, components and systems. This methodology is used for modeling the 

atmospheric turbulence in beam control also. Laser effects testing is a major component of the systems 

modeling efforts.  

Approved for Public Release under AFRL/RD08-290 
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AO 01. Analysis of Subsonic COIL Performance with a Magnetic Modulation 

Jaroslav Beránek and Karel Rohlena
1
 

Institute of Physics, Academy of Sciences of the Czech Republic 

Na Slovance 2, 182 21 Prague 8, Czech Republic 

 

1D subsonic COIL model with a mixing length was generalized to include the influence of a variable magnetic field 

on the stimulated emission cross-section. The results are compared with the measured pulse shape. 

 

The concept of 1D subsonic COIL model with a mixing length was generalized to include the influence of 

a variable magnetic field on the stimulated emission cross-section. Equations describing the chemical 

kinetics were solved taking into account together with the gas temperature also a simplified mixing model 

of oxygen and iodine molecules. A variable magnetic field transforms the CW regime in a pulsed 

operation. The advantage of the numerical procedure is a possibility to consider an arbitrary temporal 

dependence of the imposed magnetic field and to calculate directly the response of the laser output. The 

method was applied to model the experimental data measured with the subsonic version of the COIL 

device in the Institute of Physics, Prague, where the applied magnetic field had a saw-tooth dependence. 

Having achieved a reasonable agreement of our model for the CW regime with the measured dependences 

of the laser output, the purpose of this contribution is to confront the magnetically switched regime with 

the measured pulse shape. 
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AO 02. Advanced Kinetic Package for COIL 
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An advanced kinetic package for COIL is proposed. The standard kinetic package was revised by adding processes 

describing the vibrational excitation and relaxation kinetics of I2 and O2. A multi-pathway I2 dissociation mechanism 

and new kinetic data are key elements of the advanced kinetic package. 

The standard chemical oxygen-iodine laser (COIL) kinetic package summarized by Perram [1] has been in 

use for over ten years. Kinetic measurements carried out over the past several years have established that 

improvement of COIL kinetic package was need. A particularly problematic part of the standard COIL 

kinetic package is the I2 dissociation mechanism. The mechanism by which singlet oxygen dissociates I2 

in COIL remains as an important unsolved problem because of its complexity. It is well known that the I2 

dissociation process has initiation and chain stages, and that excited intermediate states of iodine (I2
À
) are 

involved. Vibrationally excited iodine I2(X,ɡ>20) is an important reaction intermediate in the standard 

COIL dissociation model. It was assumed that this was produced in both the initiation and chain 

propagation stages of the reaction.  Chain propagation was ascribed to 

 I*  + I2(X)­ I + I2(X, ɡ). (1) 

It has been shown [2] that the relaxation kinetics for I2(X,ɡ>20) are not in agreement with the deactivation 

kinetics of the excited intermediate in the standard COIL model [1]. The total excitation probability for 

I2(X, ɡ>23) in reaction (1) is gɡ>23¢ 0.1, as reported in Ref. [3]. The standard dissociation model with this 

branching fraction cannot reproduce the observed dissociation rates. Furthermore, in the analysis of 

recently recorded flow tube data, the number of singlet oxygen molecules O2(a) required to dissociate one 

I2 molecule was predicted to be ² 20 if the standard model is the predominant dissociation pathway with 

gɡ>23¢ 0.1. Overall, the dependence of the I2
À
 deactivation rate constant on the identity of the collision 

partner is more consistent with the quenching of an electronically excited intermediate
2
. In the model 

proposed recently
4
 the intermediate during I2 dissociation is the electronically excited states I2(A') or I2(A). 

The I2 A' and A states are populated in the following reactions [3,4]: 

ʆ2(a,ɡ =1) + I2(X) ­ ʆ2(X) + I2(A¡) 

ʆ2(a,ɡ =2) + I2(X) ª ʆ2(X) + I2(A) 

I2(X, 10<ɡ<25) + ʆ2(a)­ ʆ2(X) + I2(A¡,A). 

In the present paper reports the details of the advanced kinetic package and we examine the ability of this 

model to predict the dissociation rates observed in recent experimental investigations. 

 

[1] Perram G.P. Int. J. Chem. Kinet. 27, 817 (1995) 
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[3] Azyazov V.N., Heaven M.C. and Pichugin S.Yu. Proc. SPIE 6874, 687404 (2008) 
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AO 03. RF Discharge Slab Carbon Monoxide Laser: Overtone Lasing  
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Andrey A. Ionin
1
, Andrey Yu. Kozlov, Leonid V. Seleznev and Dmitry V. Sinitsyn  

Lebedev Physical Institute of Russian Academy of Sciences, 53 Leninsky prospect, 119991 Moscow, Russia 

Overtone lasing within the spectral range ~2.5 - 4.0 micron on ~80 spectral lines and fundamental band tuning over 

the spectral range ~5.0 ï 6.5 micron on ~100 spectral lines was for the first time obtained in a slab carbon monoxide 

laser. Average output power of the compact repetitively pulsed RF discharge slab overtone CO laser came up to 0.3 

W. 

Overtone lasing and fundamental band tuning was for the first time obtained in a slab carbon monoxide 

laser. The compact slab CO laser with active volume 3x30x250 mm
3
 was excited by repetitively pulsed 

capacitive RF discharge (81.36 MHz) with pulse repetition rate 100 ï 500 Hz. The laser electrodes were 

cooled down to 120 K. Gas mixture CO:air:He at gas pressure 15 Torr was used. The optical scheme 

ñfrequency selective master oscillator - laser amplifierò was applied for getting fundamental band tuning. 

Single line lasing with average power up to several tens of mW was observed on ~100 rotational-

vibrational transitions of CO molecule within the spectral range ~5.0 ï 6.5 micron. Multiline overtone 

lasing was observed on ~80 spectral lines within the spectral range ~2.5 -4.0 micron, maximum single line 

average output power being 12 mW. The total output power of the slab overtone CO laser came up to 0.3 

W, laser efficiency being 0.5%. The results of parametric studies of the overtone CO laser including 

complicated time behavior for laser pulses on different overtone rotational-vibrational transitions are 

presented. 
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Experimental and theoretical study of influence of nitrogen oxides NO and NO2 admixtures in oxygen containing gas 

mixture excited by pulsed electron-beam sustained discharge on input energy and time behavior of singlet delta 

oxygen (SDO) luminescence was carried out. Temperature dependence of the constant of SDO relaxation by 

unexcited molecular oxygen was estimated. 

Experimental and theoretical study of influence of nitrogen oxides NO and NO2 admixtures in oxygen 

containing gas mixture excited by pulsed electron-beam sustained discharge on specific input energy and 

time behavior of singlet delta oxygen (SDO) luminescence was carried out. NO addition was theoretically 

demonstrated to result in a little specific input energy increase, whereas NO2 addition results in its 

decrease. Temperature dependence of the constant of SDO relaxation by unexcited molecular oxygen was 

estimated by experimental data processing. A small amount of nitrogen oxides (~0.2%) was shown by 

numerical calculations to result in total removal of atomic oxygen that being a strong SDO quencher is 

produced due to dissociation of molecular oxygen in electric discharge. 
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Fig. 1:  Results of small signal gain measurement. 
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Numerical simulation and flow-tube experiments are conducted to understand the chemistry of the amine based all 

gas-phase iodine laser (AGIL). We find that the key reactions to achieve positive gain are the deactivation reaction of 

excited I by Cl and the self annihilation reactions of NCl(
1
D). The order of the injection nozzles is crucial to suppress 

these reactions. A small signal gain of 0.01 %/cm is achieved by the new nozzle arrangement. To our knowledge, 

this is the first time achievement of positive gain of the amine-based AGIL system. 

 

Chemical Oxygen-Iodine Laser (COIL) is expected for various applications because it has many attractive 

characteristics. However, the requirements of liquid fuel place some limits on the COIL device because it 

is heavy and unsuitable to long preservation. Consequently, there has been considerable interest in 

developing alternate system that uses different energy transfer partners that is produced by all gas phase 

chemical reaction, namely, all gas-phase iodine laser (AGIL). Although successful lasing has been 

reported for F+Cl+HN3 (azide-based) reaction system, we paid great attention to H+NCl3 (amine-based) 

reaction system because NCl3 is comparatively suitable for long preservation. However, the achievement 

of laser oscillation by this system has stayed in a fundamental possibility. 

We developed a numerical simulation code for amine-based AGIL system for revealing the conditions that 

the laser oscillation can be achieved. To confirm validity of the code, the calculated results were compared 

with experimental results obtained in other laboratories. The excellent agreement of calculations with 

those experimental results encouraged us to develop our own apparatus. We found that the key reactions 

to achieve positive gain were the deactivation reaction of excited iodine atoms by chlorine atoms and the 

self annihilation reactions of NCl(
1
D). The order of the injection nozzles was crucial to suppress these 

reactions. In the new mixing nozzle configuration, NCl3 injection nozzle was located at uppermost 

position and HI and H2/H injection nozzles were located at the same point downstream. This new 

arrangement was investigated and implemented to experimentally optimize flow condition. Fig.1 shows 

the results of small signal gain measurement at 

0.003 mmol/s of HI molar flow rate and 0.62 

mmol/s of H2 molar flow rate. As the microwave 

source worked only half cycle of the alternate 

current, we had two distinctly different traces. 

When the microwave was off, we observed 

absorption (dip) at the iodine transition. When 

microwave was on, we observed a hump at the 

same position, a small signal gain of 0.01 %/cm. 

To our knowledge, this is the first time 

achievement of positive small signal gain of the 

amine-based AGIL system. 
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