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ABSTRACT 

 
Laser oscillation at 1315 nm on the I(2P1/2) → I(2P3/2) transition of atomic iodine has been obtained by a near 
resonant energy transfer from O2(a1∆) produced using a low–pressure oxygen/helium/nitric-oxide discharge.  In the 
electric discharge oxygen-iodine laser (ElectricOIL) the discharge production of atomic oxygen, ozone, and other 
excited species adds levels of complexity to the singlet oxygen generator (SOG) kinetics which are not encountered 
in a classic purely chemical O2(a1∆) generation system.  The advanced model BLAZE-IV has been introduced in 
order to study the energy-transfer laser system dynamics and kinetics.  Levels of singlet oxygen, oxygen atoms and 
ozone are measured experimentally and compared with calculations.  The new BLAZE-IV model is in reasonable 
agreement with O3, O2(b1Σ), and O atom, and gas temperature measurements, but is under-predicting the increase in 
O2(a1∆) concentration resulting from the presence of NO in the discharge.  A key conclusion is that the removal of 
oxygen atoms by NOX species leads to a significant increase in O2(a1∆) concentrations downstream of the discharge 
in part via a recycling process, however there are still some important processes related to the NOX discharge 
kinetics that are missing from the present modeling.  Further, the removal of oxygen atoms dramatically inhibits the 
production of ozone in the downstream kinetics.     
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1. INTRODUCTION 
 

The classical chemical oxygen-iodine laser first reported by McDermott1 operates on the electronic transition of the 
iodine atom at 1315 nm, I(2P1/2) → I(2P3/2) [denoted hereafter as I* and I respectively].  The lasing state I* is 
produced by near resonant energy transfer with the singlet oxygen metastable O2(a1∆) [also denoted hereafter as 
O2(a)].  Conventionally, a chemical two-phase process is used to produce the O2(a) at the interface of liquid basic 
H2O2 and Cl2 gas.  Zalesskii2 and Fournier3 made early attempts to use electric discharges for O2(a) production and 
transfer energy to iodine for lasing, but did not obtain positive gain.  Since then, various groups4-9 have investigated 
other continuous flowing systems and have measured O2(a) yields in excess of 15%, a necessary condition for 
positive gain at room temperature.  Carroll et al.10 achieved positive gain and reported lasing in the same system in 
subsequent work.11  One key difference between the traditional chemical excitation route and the electrical one is the 
presence of atomic oxygen levels on the same order as the O2(a).  Atomic oxygen depletes the upper laser level,12,13 
I*, and must be controlled.14,15  This was accomplished by the use of NO2 titration made downstream from the 
discharge or by adding NO to the discharge flow or downstream of the discharge; all of these approaches resulted in 
the oxygen atoms being depleted to a level such that there were still enough oxygen atoms to dominate the I2 
dissociation process, but low enough such that the power loss through the I* + O quenching channel is not seriously 
detrimental.  Subsequent efforts have demonstrated gain16-18 and lasing17,18 in other ElectricOIL configurations since 
the first demonstrations.10,11 
 
In this work, measurements and modeling of singlet oxygen, oxygen atoms, and ozone are reported.  The advanced 
discharge-laser model BLAZE-IV which couples fluid-dynamics, chemical-kinetics, and plasma-dynamics, is 
compared to established helium discharge data and calculations, and applied to model the more complex He/O2 
discharge used in ElectricOIL.  Important modeling results are the variation of power deposition into O2(a) as a 
function of plasma E/N (electric-field to gas-density ratio) for increasing O2(a) yield, and calculation of the levels of 
oxygen atoms and ozone created in the discharge and afterglow, both with and without NO in the discharge flow.  
Backed by experimental results, the modeling work leads to two important conclusions: (i) NO in the discharge 
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depletes oxygen atoms via a recycling mechanism, thereby reducing associated power-loss mechanisms [e.g. I* + 
O(3P) → I + O(3P)], and (ii) ozone formation for the cases of interest in this study is small, and is dramatically 
reduced when small amounts of NO (~1%) are added to the discharge flow.  The BLAZE-IV model provides 
reasonable agreement with measured levels of singlet oxygen, oxygen atoms, ozone, and gas temperature.  However 
the calculated levels of ozone are generally higher than those measured.     
 

2. EXPERIMENTAL APPARATUS 
 
A block diagram of the typical setup for diagnostic operations is shown in Figure 1.  The subsonic diagnostic duct 
has four windows through which simultaneous measurements are made of the optical emission from O2(a) at 1268 
nm and O2(b1Σ) [denoted O2(b) hereafter] at 762 nm.  Optical emission and absorption data are also taken directly 
through Pyrex and quartz tubes in the flow system, which can be reconfigured for a variety of studies.  The primary 
discharge consists of two hollow cathodes inside a 5 cm diameter quartz tube and has a standard electrode separation 
of 25.4 cm.  For the kinetics studies here, various flow tube and injector configurations were used, and they are 
discussed as necessary.  A Roper Scientific Optical Multi-channel Analyzer (OMA-V) was used for measurements 
at 1268 nm.  An Apogee E47 CCD array coupled to a Roper Scientific/Acton Research 150-mm monochromator 
was implemented to measure the emission of O2(b) at 762 nm, as well as the emissions of excited atomic oxygen at 
777 nm, and excited argon at 750.4 nm.  The 777 nm (O*) and 750.4 nm (Ar*) lines are used to perform actinometry 
with a secondary discharge in order to monitor oxygen atoms.19  The broadband emission of NO2

* was measured 
using a Hamamatsu R955 photomultiplier tube (PMT) with a narrowband 580 nm filter and a 50 mm focal length 
Pyrex collection lens.  The NO2

* emission was then used to monitor oxygen atom decay and titrations.  All emission 
diagnostics were fiber coupled using Oriel model #77538 glass fiber bundles.  The concentration of ozone formed in 
the discharge afterglow was measured using the Physical Sciences Inc. Microabsorbance Ozone Monitor,20 which 
operates using ratiometric absorption of a radiation at 254 nm from a mercury lamp, and has a detection limit of 
~5x1011 molecules/cm3. 

 
Figure 1. Schematic of typical ElectricOIL diagnostic setup. 

 
Micro-Motion CMF and Omega FMA mass flow meters were used to measure the flow rates of the gases.  Pressures 
in the flow tubes were measured by capacitance manometers.  Incident and reflected powers to the radio-frequency 
(RF) matching network were measured by a series of Bird Thruline model 43 wattmeters (RF “System Power” is the 
difference of the incident and reflected powers, but typically the reflected power is ≈ 0).  The discharge was excited 
with power provided by an ENI OEM-12A generator at 13.56 MHz through the matching network. 
 

3. EXPERIMENTAL RESULTS 
 
3.1 Increased O2(a) concentrations with nitric-oxide 
Discovering an increase in discharge O2(a) concentrations with the addition of small quantities of nitric oxide (NO) 
played a vital role in the development of the first electrically excited oxygen-iodine laser.10,11,14  The path to a higher 
gain media required a method of decreasing oxygen atom concentration to control the rapid loss of O2(a) observed 
with iodine addition.  The principal culprit of the power loss was quenching of the lasing state I* by the copious 
oxygen atoms in the He/O2 discharge effluent (I* + O → I + O).12,14  The initial approach to solving this problem was 
removal of the atoms by NO2 titration, which allowed a recovery of the O2(a) concentrations to levels observed 
without iodine injection.  In further work, improved performance was achieved through the addition of NO to the 
discharge itself.  The theoretical rationale for this was to reduce the discharge E/N (through the lower ionization 
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potential of NO) which would allow for a more favorable electron temperature for direct electronic excitation of 
O2(a).  This approach resulted in a 60% increase in O2(a) yield which saturated at less than 0.05 mmol/s NO for a 
3:16 mmol/s O2:He flow at 12.5 Torr and 500 W RF.21  However, that NO flow rate resulted in only a 1% reduction 
in discharge RF voltage,14 so the large change in O2(a) production is not likely to be caused by improved electronic 
excitation alone.  The enhancement of O2(a) downstream with the addition of NO could be due to a reduction of the 
deleterious O atom deactivation, or it could be the result of enhanced production due to the recombination of O with 
the NO2 formed in the discharge.  Whatever the final explanation, the addition of NO is clearly beneficial.  
 
Figure 2 shows the significant increase in O2(a) observed with NO addition for two typical laser operating 
conditions.  These data were taken by translating the diagnostic fiber optics along a quartz flow tube.  The increase 
is larger in the 3:16 O2:He case, where the oxygen atom yield (without NO) is significantly larger; oxygen atom 
yield is approximately linear with the ratio of RF power to partial pressure of oxygen.21  With the enhancement due 
to NO, the O2(a) power flux is ~60 W for the 3:16 O2:He case and ~100 W for the 10:33 O2:He case.  Figure 3 
shows the effect of NO on the O2(b) decay downstream of the discharge for the cases from Fig. 2.  The decay in all 
cases is rapid, but is reduced in the presence of NO, resulting in an order of magnitude increase in O2(b) at the end 
of the diagnostic region for the O2:He=10:33 mmol/s case and approximately a factor of 3 increase in O2(b) at the 
end of the diagnostic region for the O2:He=3:16 mmol/s case.  This result suggests that the NO flow depletes oxygen 
atoms which rapidly quench O2(b).  Note that the O2(a) and O2(b) concentrations are high at the beginning of the 
electrode gap, which indicates that a significant amount of power deposition occurs upstream of the physical gap 
(partially inside the upstream hollow cathode electrode, but the discharge is also visible upstream of the electrode 
itself).  Also note that the temperature (shown later in Fig. 7) rises inside the discharge such that the yield of O2(a) 
and O2(b) actually are increasing in the electrode gap (not shown for brevity). 

  
Figure 2. Effect on NO addition on O2(a) concentration 
as a function of position and flow positions.  The electrode 
gap is the region between the hollow cathode RF discharge 
electrodes.  

Figure 3. Effect on NO addition on O2(b) concentration 
as a function of position and flow conditions.   

 
3.2 Depletion of oxygen atoms and ozone with nitric oxide 
The presence of NO leads to a significant reduction in the oxygen atom flow rate via a recycling process first 
proposed by Zimmerman et al.,21 Reactions 1 and 2, and supported by modeling predictions with the earlier 
BLAZE-II code.15  Oxygen atoms recombine with NO through three-body reactions with O2 and He to form NO2, 
which then further rapidly depletes oxygen atoms by the harpoon reaction O + NO2 → O2 + NO (see Kaufman20).  
While this latter reaction is exothermic (1.995 eV), and has enough energy to produce both O2(a) and O2(b), 
measurements indicate that the branching ratio to O2(a) is <5%13 (also supported by earlier premixed modeling 
predictions with the BLAZE-II code15).  Reactions (1a) and (1b) are published rates for air (applied to oxygen) and 
argon (applied to helium), respectively. A possible discharge reaction that we believe may be playing an important 
role in this recycling process is Reaction (3); the rate for this reaction is unknown, but is believed to be fast [note: 
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