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The tasks outlined in the proposal 

1. Testing the COIL operation with constructionally modified jet singlet 
oxvpen generator (let SOG^ oxygen generator (jet SOG) 

The jet SOG with the vertical gas exit instead of the side exit was planned to be designed, 
constructed and employed. The aim of this modification was to solve a serious problem 
accompanying the jet SOG operation, i.e., a liquid (BHP) droplets escape with the gas exiting the 
generator. These droplets are partly evaporated and form a solid layer on the walls of the gas 
channel and nozzle throat, and partly fly as an aerosol into the laser cavity. This consequently 
diminishes a cross section of the channel and nozzle throat for the gas flow, causes a blocking the 
holes of small diameter in the iodine injector that is placed in the walls of gas channel, and can 
cause the light scattering on the aerosol particles in the gain region. As a whole, these effects 
result in a relatively low chemical efficiency of our COIL device so far. 

2. Testing the COIL by using the Iodine Scan diode probe laser diagnostics 

A frequency-stabilized, line-narrowed, single mode diode laser system was planned to be 
used as a small signal probe to determine a spatial gain and temperature distribution across the 
gain region of COIL device. The aim of this gain investigation was to compare the results with 
similar performed investigations on different laser systems in the AFRL and other European 
COIL Laboratories. It was originally planned that the diagnostics loaned from the US AFRL/DE 
for the use in the European COIL Labs has to be transferred to our laboratory from the Samara 
COIL Lab during August 2000. 

3. Chemical generation of atomic iodine for COIL 

A new method of chemical generation of atomic iodine applied in the COIL operation was 
planned to be proposed and investigated. The aim of this work was first the mathematical 
modeling of reaction systems for this process through either atomic fluorine or atomic chlorine, 
and on the basis of the modeling results to choose a more suitable reaction system for the 
experimental investigation. Further, the results of modeling should have to be utilized for a 
design of the experimental apparatus used for testing this reaction system and finding the 
experimental conditions for efficient production of atomic iodine for COIL. The Iodine Scan 
diode probe laser diagnostic for a direct detection of atomic iodine in the gas flow was planned to 
be used for the detection of I atoms generated by this method. 



Ad 1. Testing the COIL operation with constructionally modified jet singlet 
oxygen generator 

1.1. Constructional modifications of the jet SOG 

The constructional modifications of the jet SOG were mostly aimed at suppressing an escape 

of the BHP (Basic Hydrogen Peroxide) droplets from the generator into the gas channel leading 

into the laser cavity. This unfavourable effect in the jet SOG operation is most probably the 

reason for the low chemical efficiency of this laser device. 

A principal design of the jet SOG with a vertical gas exit instead of the jet SOG with a side 

(horizontal) gas exit employed previously was described in the interim Report 0001 of this 

contract. It is shown here only schematically in Fig. 1. A gas generated in the g/1 reactor (2) of the 

generator exits through metal tubes (3) (either 8 tubes of 0 8/6 mm or 4 tubes 0 10/8 mm) fixed 

between the BHP injector plate (4) and the plate (5) dividing the cavity for BHP liquid loading 

and the upper gas cavity (6). By enlarging a cross-section of the gas stream crossing the last rows 

of liquid jets, and a sudden change of the gas flow direction in the gas cavity (6), we expected a 

substantial decrease in liquid droplets entraining with gas flowing into the laser cavity. A gas 

space of the upper part of this modified generator was reduced by two fillers to diminish a loss of 

singlet oxygen. Further, additional constructional changes were introduced recently also into the 

jet SOG with horizontal gas exit, as the very first results with the "vertical" generator did not 

bring an expected improvement of the laser operation and increasing in the chemical efficiency of 

this COIL device. The main modifications of both versions of the jet SOG and operation 

improvements are described bellow. 

a) An effect of installation of BHP "directors" in the space above BHP injector in the jet SOG 

with horizontal gas exit 

The idea of using the vane plates for flow stabilization of BHP jets was suggested and 

tested in the Korean COIL lab [1]. In the jet SOG used in our laboratory, the BHP directors were 

installed into the space above the BHP injector in the form of bunch of vertical tubes (welded 

together) of diameter 12/10 mm and length 50 mm (see the cross section in Fig. 2). It was 



expected that they decrease a turbulence of BHP in this space, stabilize substantially BHP jets 

and so suppress a jets disintegration into droplets. Several experiments with this modified 

generator did not prove a better jet SOG operation with less BHP droplets escape and increase in 

the laser power. 

b) An effect of higher BHP jets velocity 

In the first laser experiments employing the jet SOG with vertical gas exit, the BHP jets 

velocity was 5.7 m/s. It was desirable to increase the jets velocity (above all at higher gas 

velocities) to suppress BHP droplets escaping. It could be achieved by a substantial increase in a 

pressure drop across the BHP injector (6 mm-thick plastic plate with 0.8-mm holes), which could 

bring however some problems with BHP pumping. In using of thinner plate for the injector 

fabrication, a non parallel streaming of jets could occur, and there would be also a danger of its 

breaking. We therefore improved the previous injector by enlarging the diameter of holes in the 

upper part of the plate up to 1.2 mm (into 3 mm-depth), while the diameter of holes in the 

bottom part remained 0.8 mm. This modification made possible to increase the jets velocity up to 

8.2 m/s at the same pressure drop across the plate. A testing the COIL operation driven with this 

jet SOG showed that the droplets escaping from the generator was suppressed to some extent and 

the output power was higher. 

c) An effect of geometry of the gas exit from the generator 

An effect of arrangement and diameter of cylindrical channels through which the gas 

containing singlet oxygen exits the generator (see Fig. 1) was investigated. Two arrangements of 

the metal tubes forming these channels were tested: 8 tubes of 6 mm i.d. arranged in two rows, 

and 4 tubes of 8 mm i.d in one row. Testing both arrangements during the generator and laser 

operation did not prove any different effect. 

d) An effect of introducing a part of primary helium downstream the reactor 

An effect of lowering a flowrate of the primary helium, Heprjm, admixed into chlorine on 

the liquid droplets escape was investigated. For this purpose, Heprjm was divided into two flows - 



the first one was admixed into chlorine injected in generator and the second one was introduced 

into the gas flow exiting the reactor. Two arrangements were tested: 

1/ a part of Heprim was introduced into the gas space (6 in Fig.l) upstream the throttle valve. 

2/ a part of Heprjm was injected into the gas channel downstream the throttle valve. 

In the first case, helium introduced into the upper gas space in the generator increased the 

pressure in the g/1 reactor resulting in a lowering the singlet oxygen yield. This arrangement 

required therefore a simultaneous control of the throttle valve position. In the second case, helium 

was injected from the tube of 8/6 mm in diameter with two rows of holes (0.8 mm i.d.) oriented 

45° to the axis of the gas channel. The experimental testing of both modifications showed that the 

second arrangement was more advantageous and led to some (but not sufficient) suppression of 

liquid droplets escape. 

e) An effect of needles around the gas outlet tubes in BHP injector 

In the first version of the jet SOG with vertical gas exit, one row of needles (1.2/0.9 mm 

in diameter and 30-45 mm long) was installed around the gas outlet tubes in BHP injector 

(similarly as in the jet SOG with horizontal gas outlet). The needles were removed later and it 

was proved that it suppressed substantially the liquid escaping and increased simultaneously the 

laser output power. This was ascribed to an unfavourable effect of liquid layer formed by spread 

jets and flowing down along the needles, which can be then captured into the exiting gas. 

f) An outgassing of BHP solution before starting the generator operation 

A BHP outgassing before starting with the generator operation is quite necessary to 

suppress a disintegration of jets. It is caused by bubbles of oxygen formed due to both peroxide 

decomposition and chlorinating reaction during the previous experimental run. The outgassing 

proceeds very effectively during the BHP jetting and at a simultaneous evacuation of the BHP 

tank. In this way, the BHP outgassing is finished within less than one minute. 

g) An effect of dissolved oxygen and gas bubbles on the generator operation 

This phenomenon is the most serious and not satisfactorily solved problem up to now in 

continuous operation of the jet SOG. Oxygen arising mainly from the reaction of chlorine with 



BHP is present partly in the form of oversaturated solution and partly as gas bubbles. Bubbles 

circulate with the BHP solution from the tank to the upper part of the jet SOG, and on passing the 

liquid through the BHP injector, a considerable drop in pressure occurs (e.g. from 200 kPa to 10 

kPa). It causes a substantial drop in oxygen solubility in BHP solution (20 times for the given 

example) and so most of dissolved oxygen is transferred into the gas phase. A volume of each 

bubble is considerably enlarged (20 times, for the given example) resulting in a partial 

disintegration of jets into droplets that can be easily captured by gas exiting the generator. Even 

though the BHP solution is outgassed at the beginning of the operation, it is saturated very fast by 

oxygen. For example, 15 litres of the outgassed BHP solution circulating between the tank and 

generator with the rate of 100 1/min is supplemented by the solution saturated with oxygen (in 

both forms) within 9 s only. As a result, the amount of liquid droplets captured into the exiting 

gas increases with the generator running time, and consequently water vapour pressure, as well as 

the light scattering on droplets in the laser gain region, become a serious problem. Both effects 

cause a decreasing the laser output power. This is unfavourable and still unresolved feature of jet 

generators. On the other hand, the effect of the BHP temperature increase during the SOG 

operation which also results in a higher water vapour pressure is well managed in jet type of 

singlet oxygen generators. 

h) An optimization of automatic control of jet SOG and COIL operation 

Many experiments were performed with a different chronology of individual controlling 

operations in order to avoid above all a pressure shock in the generator due to some inconvenient 

sequence of operations (opening gas valves, the gate valve, the laser by-pass valve, etc.), or 

improper adjustment of the throttle valve, which could result in an undesirable liquid capture into 

the gas channel. An example of the optimized procedure during the COIL operation is presented 

in the Appendix I. 

1.2. Additional improvements of the COIL device 

a) Several improvements of the iodine management were made resulting in a more reliable 

control of Heseo flow trough the I2 tank and by-passing this tank, and so a better control of the 



iodine flow rate into the laser. Helium flowing through both lines is measured independently and 

recorded on-line. 

b) A system of automatic control of the COIL operation with the special hardware and software 

was originally designed and developed. This controlling system pursues the following operations: 

controlling the operation of the BHP pump (including BHP flowrate), 

opening and shutting the valves for primary gases (i.e. CI2, Heprjm admixed into CI2, 

Heprim injected into the main gas flow downstream the generator), 

opening and shutting the valve between the I2 tank and I2 injector, 

opening and shutting the flat gate valve, the valves closing the laser by-pass tube, and 

the tube by-passing the I2 injector, 

adjusting an opening of the throttle valve, and so adjusting the generator pressure, 

- adjusting an opening of two proportional valves controlling a) Heseo flowrate through the 

I2 tank, and b) Heseo flowrate through the tube by-passing the tank; in this way, to 

maintain a required overall Heseo flowrate (and the penetration factor), 

evaluating a signal from the spectral photometer used for measuring the I2 

concentration; by means of this value, a measured pressure and temperature in the 

optical cell for I2 detection, and Heseo flowrate, evaluation of the actual I2 flowrate in the 

laser and adjusting a position of the proportional valves for two flows of Heseo. 

c) Parameters automatically controlled (every 0.5 s): 

- total flow rate of Heseo, 

I2 flowrate 

b) Parameters recorded and evaluated on-line 

- pressure in the BHP tank, generator, optical cells for Ch^Ag), Ch^E), CI2, and 

I2 detection, and laser cavity, 

BHP temperature in BHP tank and generator, 

gas temperature in optical cells for C^'Ag), C^'S), CI2, and I2 detection, and laser 

cavity, 

- partial pressure of 02(]Ag), 

partial pressure of Ch^E), 

I? concentration and 1? flowrate, 



flowrates of all gases, 

- temperature of I2 management (I2 tank, I2 cell, I2 delivery tubes, I2 injector), 

laser output power. 

c) Parameters evaluated off-line 

- 02(
]Ag) yield, 

- partial pressure of H2O, 

dilution ratio for 12, i.e. nHeSeo/ni2, 

- relative penetration factor, nr, i.e. a ratio of the penetration parameter, 71, to the full 

penetration parameter, 7ifun (defined in the Report 0001), 

cross-section of unblocked holes of I2 injector (overall cross-section compared with the 

cross-section evaluated from flow parameters under sonic conditions) - an actual cross- 

section of injector holes during measurements enables to recognize a blocking some 

holes by solid (precipitated) I2 or BHP solid films (see the Report 0001). 

1.3.   COIL operation with the modified jet SOG 

The constructed jet SOG provides relatively high Ch^Ag) yields even if the generator 

pressure is relatively high. The data for 40 mmol CVs and 80 mmol Heprjm/s are given in 

Table 1. 

Tab. 1 

PG, kPa 

(Torr) 

3 

(22.5) 

5 

(37.5) 

8 

(60) 

10 

(75) 

12 

(90) 

15 

(112.5) 

YA, % 80 74 65 58 52 43 

An example of the more important experimental data recorded and evaluated automatically 

during each experimental run is presented in Figs. 3-6. Fig. 3a shows the recorded time course 

of flowrates of chlorine, primary helium admixed into chlorine, primary helium injected 

downstream the generator, secondary helium flowing through the I2 tank, secondary helium by- 

passing the tank it, and overall secondary helium. In Fig. 3b, the time course of the generator 

10 



pressure, the pressure in C^C'Ag) optical cell, the C^C'Ag) partial pressure, and the pressure in laser 

cavity are plotted. 

Figs. 4a and 4b illustrate the time course of iodine concentration, BHP jets temperature and 

BHP temperature in tank, and temperature in the optical cell for C^C'Ag) detection. In Figs 5a and 

5b, the time course of the evaluated penetration factor, dilution ratio, iodine molar flow rate, and 

laser output power is plotted. Fig. 6a and 6b show the time course of pressure and temperature in 

the iodine cell, and the evaluated cross-section area of unblocked openings in the I2 injector 

(calculated as described in the Report 0001). 

The recording and evaluation of all these parameters make possible to check the function of 

all important parts of the laser system. In the presented figures, e.g., the choking the gas flow 

exiting the generator (between 190 s and 200 s) resulted in an increase in the generator pressure, a 

lowering the 02(]Ag) partial pressure (including the 1.315 nm radiation), and also the laser output 

power. During this measurement no blocking of iodine injector openings by BHP particles was 

observed (see Fig 6b). As a result, no increase in pressure in the I2 cell was observed (see Fig. 

6a), as well as, no worsening of the laser output power. From Fig. 5b follows, that the optimum 

laser power was attained at 1.5 mmol L/s, lower value at 1.25 mmol L/s, and the least value at 

1.75 mmol Vs. The relative penetration factor was lower than the optimum value, whereas the 

dilution ratio of iodine was in optimum region (see Fig. 5a). The time dependence of BHP 

temperature in tank, BHP jets temperature, and temperature in the optical cell showed a quite 

normal course. 

These plots are presented to show that the controlling of all these parameters is on a 

relatively good level. There may be two reasons only due to which a higher laser output power 

(above 500 W at 40 mmol Cb/s) and better chemical efficiency of this COIL was not achieved: a) 

BHP droplets streaming into the laser gain region, and b) resonator mirrors quality. We suppose 

that the first reason causes the main current limitations of our COIL device. As some recent 

modifications of the jet SOG (e.g. removing the needles surrounding the gas exit - see above) 

helped to decrease the amount of BHP droplets escaping from the jet SOG, we hope that the next 

development in the COIL testing could be more successful. 

11 



Ad 2. Testing the COIL by using the Iodine Scan diode probe laser diagnostics 

For the objective reason, a planned testing of the supersonic COIL by a diode probe 

diagnostics could not be performed during the contract duration. This diagnostics lent by the US 

AFRL/DE for the use in the European COIL Laboratories (DLR Lab, Samara COIL Lab, and 

Prague COIL Lab) was to our disposal not until the end of January 2001 (at the time of the 

proposal preparing for this contract, we supposed that the diagnostics will be in our lab since the 

August 2000). Dr. Gordon Hager, the contractor manager, from the AFRL/DE has been 

acquainted with this situation and suggested to use the diagnostic first for solving the task 

concerning the chemical generation of atomic iodine. We suppose that this diagnostics instrument 

will be used form the COIL gain investigation during the second half of this year if the new 

contract with the EOARD is concluded. 

Ad 3. Chemical generation of atomic iodine for COIL 

3.1. Mathematical modeling of atomic iodine generation 

The one-dimensional modeling of chemical generation of atomic iodine through chemically 

produced atomic fluorine and atomic chlorine, respectively, was presented in the Report 0002 of 

this contract. This modeling was performed under conditions typical for the subsonic region (i.e. 

in the gas channel upstream of the nozzle) of the conventional lkW-class supersonic COIL. It 

was aimed at the investigation of possibility to generate atomic iodine directly in this laser instead 

of its production by the dissociation of molecular iodine. The results of this modeling proved that 

the system via atomic chlorine is more advantageous for the laser conditions, and has been 

therefore chosen for the experimental verification on a small-scale experimental apparatus. The 

set up is described in detail in the Report 0001, and in the chap. 3.2 of this Report. In the next 

section, the modeling of I atoms production in conditions characteristic for this small scale device 

is presented. This modeling included, in comparison with the previous modeling, the extended set 

of kinetic equations with several additional chemical reactions. 

12 



3.1.1. Description of modeling conditions 

Similarly as in the previous model, the following assumptions were considered: an 

instantaneous mixing of reactants, neglecting the heat transfer and adiabatic conditions. The 

calculations were performed for the following flowrates of reactants used typically in operation of 

the small-scale experimental apparatus: 

Reactant Flowrate, (jmol/s 

CIO2 (prim.flow) 160-360 

NO (1st injector) 160-200 

NO (2nd injector) 160-200 

HI (3rd injector) 100-300 

Residual CI2 10-25 

All reactants were diluted by nitrogen, and a resulting total N2 flow rate was 8-10 mmol/s (see 

chapter 3.2.). A total pressure of the gas mixture measured in the first optical cell for 12 detection 

by the Ar ion laser (see Fig. 10 and Photo 1) was typically 2-3 kPa. Temperature of the gas 

mixture measured in the same place varied from 330 to 350 K. The calculated volume flowrate of 

gas mixture was about 8 1/s which is higher than the value corresponding to the pumping capacity 

of the rotary pump (6.9 1/s). It can be ascribed to a suction effect of the liquid nitrogen trap 

employed. 

The set of chemical reactions involved into the kinetic model and their rate constants (in 

cm3molec"1s"1 for bimolecular reactions, and cm6molec"1s"1 for trimolecular reactions) are listed in 

the Table 2. This set is extended, in comparison with the modeling presented in the Report 0002, 

by the reactions (7)-(12), (19), (23)-(25). The reaction between the residual molecular chlorine 

and hydrogen iodide (24) produces significant amount of molecular 12 in the tube between the 

first and second detection place of 12 where the gas flows relatively slowly (4m/s). The rate 

constant of this reaction was found experimentally in our laboratory (see Report 0002). Further, 

the reactions with the radical ClOO (9-11), and two reactions of 1C1 (22,23) were added, using 

their published rate constants. The rate constants for the reactions (7), (10), (12), (13), (17), and 

13 



(22) are valid for M = He as a buffer gas, but they were used also in our calculations due to 

inaccessible values for N2 used in our experiments. 

Tab. 2 

Reaction Rate constant, cm3molec"Y1, 
or cm6molec"1s"1 

Reference 

1. C102 + NO H> CIO + N02 A:]=3.4xlO"1J [2] 
2. C10 + NOH>C1 + N02 ^2=1.7xl0"n [2] 
3. Cl + C102 H> 2 CIO A:3 = 5.9xl0"n [2] 
4. Cl + N02 + He H> N02C1 +He A:4 = 7.2xlO"J1 [2] 
5. CIO + N02 + He H> NO3CI + He ^5 = 1.0xl0"J1 [2] 
6. Cl + N02C1 H> Cl2 + N02 A:6 = 3.0xl0"n [2] 
7. Cl + NO + M H> NOC1 + M £7 = 9.0xl0"32 [2] 
8. C1 + NOC1 H>C12 + NO A:8 = 3.3xl0"n [2] 
9. CIO + CIO ^ Cl + ClOO A:9 = 2.8xl0"14 [2] 
10. ClOO + M ^ Cl + 02 + M A:10=L3xlO"14 

A:.10 = 5.6xl0"34 
[2] 
[2] 

11. Cl + ClOO H> 2 CIO fc„ = 1.0xlOn [2] 
12. CIO + CIO + M -> CI2 + O2 + M kn = 6.6 x 10"32 [2] 
13. Cl + Cl + M H> CI2 + M kn = 6.4 x 10"33 [2] 
14. HI + C1 H>   1 + HC1 A:i4 = 9.6xl0"n 

[3] 
15. 1 + 1+N2^» I2 + N2 A:15 = 4.2xl0"32 [4] 
16. I + I+I2 H> 212 A:i6 = 3.7xl0"30 [5] 
17. 1 + NO + M H> 1NO+M A:17=1.38xl0"32 [6] 
18. 1NO + 1 H> I2 + NO A:i8 = 2.63xl0"10 [6] 
19. 1 + NOC1 H> 1C1 + NO A:19 = 6.2xl0"12 [2] 
20. I + NO2 + N2 -» INO2 + N2 feo = 3.1xlO"31 [6] 
21. I + IN02H> I2 + NO2 k2] = &.3x\0-u [6] 
22. 1 + C1 + M H> 1C1 + M ^22=1.0xl0"32 [2] 
23. C1 + 1C1 H> CI2 + I fe=8.0xl0"12 [2] 
24. 2HI + C12 H> I2 + 2HCI ^4=1.94xlO"16 [ this work ] 

25. HI + NOH> HNO + 1 fe5=1.47xl0"16 [7] 

In the model for chemical generation of atomic iodine by the suggested method directly in 

the supersonic COIL under conditions of subsonic or transonic mixing of given reactants with the 

primary gas flow containing mainly 02(^)5 one should take into consideration also reactions of 

the reactants, intermediates, and products of this reaction system with the components of the 

14 



1 9 
COIL medium, mainly with singlet oxygen, C^C Ag), and the excited atomic iodine, 1( P1/2). The 

quenching constants of these species for some compounds are listed in Table 3. 

Tab. 3 

1 9 
Quenching of 02( Ag) and 1( P1/2) by components 

present in the reaction system for 1 atoms generation 

k, cm3 molec"1 s"1 Reference 
02(

1A2) 02(
,Ae) 1.7 xlO"17 (1) [8] 

02(
,Ae) 2.7 xlO"17 (2) [8] 

C102 5xl0"17 [9] 
HI 2xl0"17 [10] 

HC1 4x 10"18 [10] 
NO 5xl0"17 [10] 
N02 5xl0"18 

[11] 
K2Pi/2) HI 5 x If)"14 [12] 

HC1 6.5 xlO"15 [12] 
H20 2.3 x 10"12 [13] 

12 3.5 xlO"11 
[8] 

Cl2 8.0 xlO"15 
[8] 

02(
,Ae) 1.1 x 10"1J [8] 

(1) - self-quenching reaction, (2) - pooling reaction 

The data for CIO2, NO, NO2, HO, and HI show that these molecules quench 02(]Ag) only 

weakly. The quenching constants are comparable with the rate constants of 02(]Ag) self- 

quenching and pooling reactions (see also Tab. 3). Since concentration of these compounds in the 

reaction system is much lower than the concentration of 02(]Ag) in the COIL medium, their 

quenching effect may be neglected. A quenching of the excited iodine atoms, 1( P1/2), by HC1 and 
■y 

HI molecules may be also neglected. The data on quenching of 1( P1/2) atoms by other species of 

the reaction system (CIO2, NO, and NO2) has not been found in the literature. 

The effect of exhausting the reactants, CIO2, NO, and HI in the reaction with 02(]Ag) 

during atomic iodine generation was estimated from the fact that reaction rates of these processes 

cannot exceed the quenching rate of 02(]Ag) by these compounds.  On the basis of this 
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consideration, the reactants exhausting by C^C'Ag) may be neglected in comparison with the 

reaction rates included in the generation of I atoms. 

3.1.2. Results and discussion 

Atomic iodine production in a small-scale device 

Figs. 7-9 show a time course of the flowrates of reactants and products in the reaction 

system from the moment of the first injection of NO. The plots are calculated for the molar 

flowrate ratio of CIO2: NO(I+II) equal to 1:2, 1:1.5, and 1:1, respectively (NO(I+ll) means a sum 

of NO flowrate through the first and second injector). In agreement with the previous modeling 

for the conditions in COIL, the highest yield of atomic iodine is obtained for the ratio of CIO2 : 

NO(I+ll) = 1 : 2. A maximum value of 1 flowrate of 90 umol/s that was achieved 70 (is after HI 

injection corresponds to 56 % of the initial CIO2 flowrate. For the CIO2 : NO(I+ll) ratio equal to 

1:1.5, and 1:1, a maximum 1 flowrate of 55 (imol/s and 20 (imol/s, respectively, is achieved. The 

calculated values of I2 flowrate in the location of both optical cells for 12 detection are shown in 

bottom parts of these figures. A remarkable increase in the I2 flowrate detected in the second cell 

is caused by an additional formation of molecular iodine by the slow reaction (24) in a large 

volume of the tube between the both cells. An increase in the initial flowrate of HI over the 

equimolar ratio causes an increase in I2 flowrate detected in the second cell, but does not affect it 

in the first cell. This result proves that all I2 molecules detected in the first cell should come only 

from the recombination of produced atomic iodine. This was confirmed also by calculations in 

which the reaction (24) was not included, providing the same I2 flowrate in both detection cells 

for all investigated flowrate ratios of reactants. In Figs. 7-9, there are designated also locations of 

formerly and presently used constructional versions of the optical cells for the direct detection of 1 

atoms by the diode probe laser diagnostics. It can be seen in Figs. 7 and 8 that no 1 atoms should 

be detected in the formerly used optical cell as they are recombined to I2 molecules before 

reaching this cell. If the flowrate of CIO2 is higher (Fig.9), the reaction zone for 1 atoms 

production is rather extended, and a slight signal of 1 atoms could be also detected in this cell. In 

the presently used cell (characteristic by much shorter path between the place of production and 

detection of 1 atoms), the calculated average value of 1 atoms flowrate corresponds to 6.7 % of 
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the maximum value, and 5.4 % of the total iodine flowrate (calculated from the I2 flowrate 

measured in the first optical cell). However, in case of the flowrate ratio of CIO2 : NO =1:1, 

atomic iodine is formed on the longer reaction path, and thus up to 75 % of the maximum flow 

rate, and 30 % of the total flow rate can be detected by the diode probe laser diagnostics. It must 

be considered, however, that a limited mass transfer rate of reactants (which was not included 

into the model) can prolong substantially the concentration profiles. 

Further findings from modeling 

The results of calculations showed that the reaction (25) can produce significant amount of 

atomic iodine only in the case of large excess of HI and NO. This was deduced from the finding 

that the amount of HNO produced in this reaction was negligible at usual flowrates of HI and 

NO. 

It follows from Fig. 9, that the high amount of CIO is formed at the high CIO2 : NO ratio 

downstream the NO(ll) injection, and reacts subsequently with NO2 by the reaction (5). In this 

case, 40% only of the formed NO2 flows through the first cell for 12 detection. 

The calculations of adiabatic reaction temperature predict the rapid temperature rise, firstly 

caused by the reaction (2) (by about 60 K), and then by the reaction (14) (by further  40 K). 

3.2. Experimental investigation of atomic iodine 

3.2.1. Experimental 

3.2.1.1. Experimental device 

A design and construction of a small-scale device for the experimental investigation of 

chemical generation of atomic iodine (including calculations for designing the injectors of 

reactants) was described in detail in the interim Reports 0001 and 0002 of this contract. 

3.2.1.2. Detection of generated atomic iodine 

In the first experimental arrangement, the reaction gas mixture flew from the reactor into 

the first optical cell (gas transfer time of 5 ms) and followed into the second detection cell (gas 

17 



transfer time of 88 ms). The second cell located in a relatively long distance was originally 

designed for the case of remarkable mass transfer limitation of the reactions that could stretch 

substantially the reaction zone. In these cells oriented perpendicularly to the gas flow, the 

concentration of molecular iodine was measured by the absorption photometry at 488 nm using 

the Argon ion laser. Molecular iodine measured in the first cell is produced, according to the 

modeling (see chap. 3.1.2), by the recombination of generated iodine atoms only. Consequently, 

the production rate of atomic iodine can be calculated from 12 concentration in this cell and the 

gas volume flow rate. In the experiments described in the Report 0002, an effect of reactions of 

HI with residual CI2 (eq. 24) and NO (eq. 25) on the production rate of molecular iodine was 

studied. It was proved experimentally that a contribution of molecular iodine produced by these 

reactions is negligible in the first optical cell, but is significant in the second cell. During 

detection of atomic iodine, contributions of these reactions must be therefore subtracted from the 

measured I2 flow rate through the second cell to evaluate properly the rate of 1 atoms generation 

(mainly at higher concentrations of residual CI2 and NO). 

At the end of January 2001, the experimental apparatus was supplied with a direct 

detection of atomic iodine using the Iodine Scan diagnostics with a tunable diode probe laser. It 

was developed by the Physical Science Inc. and is described in detail in the instructional materials 

provided by the AFRL. It is based on sensitive absorption spectroscopy by means of tunable near 
9 9 

infrared diode laser monitoring the gain or absorption for the 1( P1/2) - ( P3/2) transition at 1315 

nm. The laser frequency is scanned over the I transition in a double pass configuration through 

the optical cell. The frequency is calibrated by the Fabry-Perot interferometer. The data of the 

monitored gain are processed by PC on-line with the special developed software. The scheme of 

the diode probe diagnostics beam is schematically shown in Fig. 10. This direct 1 atoms detection 

is employed now simultaneously with the indirect method of 1 atoms determination from 12 flow 

rate. The new experimental arrangement is schematically shown in Fig. 11 and Photos 1 and 2. 

The gas exiting the reactor is introduced first into the optical cell for detection of atomic iodide 

(11) through which it flows longitudinally, and then it enters the first optical cell (12) and the 

second optical cell (J_3) for detection of molecular iodine. 

The cell for 1 atoms detection (JT) is 11 mm i.d. In the first experiments, it was 10 cm of 

inner length and connected through 5cm-long tube of 10 mm i.d. with a quick coupler to the 
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reactor. In order to shorten the path of atomic iodine flow from the reactor to the place of its 

detection, a shorter cell (45 mm) is used presently which was welded directly to the reactor wall. 

The axis of both tubes (reactor and cell) are skew lines forming an angle 90°. The planar glass 

windows formerly used were replaced by the glass wedge (3°) to reduce a signal noise of the 

diode probe laser. The gas path from the holes of the third injector (I#3) to the entrance of the cell 

(11) was 6 cm for the former cell, and 1.5 cm for the presently used cell. A transport time of gas 

from the holes of the injector I#3 to the entrance of the cell (11) was 0.6 ms for the former cell, 

and 0.15 ms for the presently used cell (1.8 ms and 0.7 ms, respectively, till the cell end). By the 

results of modeling, the concentration of 1 atoms detectable in the former optical cell is nearly 

zero. At the entrance to the new (presently used) optical cell is typically 20 % of the maximum 

attainable concentration, and 1 - 3 % only at the cell end (see chap. 3.1.2.). It means that the 

concentration of 1 atoms measured in the new detection cell represents only a fraction of the 

maximum attainable value. Considering a limited mass transfer rate of reactants, the reaction path 

however may be more extended and the concentration of atomic iodine in the optical cell (11) 

may be higher than the above values. For these reasons, even though the diode probe diagnostics 

is a direct method for atomic iodine detection, it cannot provide overall values of 1 atoms 

production. It would be possible only in the case of measuring a dependence of the local I atoms 

concentration on a distance from reactor and at perpendicular orientation of the optical cell to the 

gas flow direction. This could be realized only at higher flow rates of atomic iodine (planned for 

the application in COIL) making possible to enlarge the width of gas channel and so to measure 

with a perpendicular orientation of the optical cell to the gas flow. In the used experimental 

arrangement, the total rate of 1 atoms production can be properly estimated from the concentration 

of molecular iodine in the first optical cell for L detection (12) where the recombination of 1 

atoms is finished. 

3.2.1.3. Generation of chlorine dioxide 

Chlorine dioxide, CIO2, used as a reactant for atomic chlorine production was generated by 

the reaction 

2 NaC102 (s) + Cl2 ig) -»   2 C102 ig) + 2 NaCl (s) . (26) 
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In the first experiments, the column generator filled with 3.6 dm of powdered NaC102 (80 % 

w/w) was used. Later, a bigger generator was employed containing 10 dm of the crystalline 

chlorite (50 % w/w). It reacted with gaseous chlorine diluted with buffer gas (nitrogen) (1:25) 

passing through the column at atmospheric pressure. The former generator produced 80 - 

120 umol C102/s with C102 yield of 75 %, the bigger generator then 140 - 160 umol C102/s with 

the yield of 83 %. It was however found during the experimental work that the reactors 

productivity decreased gradually with time, even if the degree of chlorite depleting was rather 

low. For example, about a half C102 yield only was obtained at 12 - 15 % conversion of NaC102 

to NaCl in comparison with the initial C102 yield. It is probably caused by forming a sodium 

chloride layer on the surface of chlorite crystals which hinders the Cl2 diffusion and slows the 

overall process. 

In searching for a more effective and stable production of C102, we tested also an 

industrially used C102 production that is based on the reaction of gaseous Cl2 with NaC102 

solution. We have tested this method by bubbling Cl2 diluted with N2 (1:40) through 40 % 

solution of NaC102. In this way, a much smaller generator could be employed, e.g., 1 liter of 

NaC102 solution produced 200 - 250 umol C102/s with the yield of 81 - 85 % during 5 hours up 

to about 90 % depletion of chlorite. A disadvantage of this process consists in some content of 

water vapor in the generated gaseous C102 but it can be reduced by lowering the solution 

temperature or using a water vapor trap. At a temperature of the chlorite solution of 0°C (or the 

trap temperature of- 5°C), the water vapor partial pressure in the gas mixture with 4 kPa of C102 

could be ~ 0.4 kPa which would increase the total content of water vapor by 0.4 - 0.8 % only 

after mixing with the primary gas stream containing singlet oxygen. It means that this 

contribution of water vapor is lower by one order than that coming from the singlet oxygen 

generator. 

A flow rate of C102 was determined from the chemical analysis based on bubbling the gas 

through 2 x 100 ml of 2.5 % solution of KI during 30 sec. The details of this analysis are 

presented in the Appendix 1 of the Report 0002. 
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3.2.1.4. Measurements of NO and HI flowrate 

A flow rate of NO through each injector was determined from the declared composition of 

the NO + N2 mixture (10 % w/w), and the flowrate of this mixture. This flowrate was determined 

from the pressure measured before the orifice through which the mixture flew with the sonic 

speed. In the same way, the flow rate of HI was calculated. A composition of the mixture of HI 

with N2 was calculated from the analysis of the solution obtained by bubbling the gas mixture 

through 2 x 100 ml of distilled water. The argentometry was used for analysis of HI solutions 

(Appendix II of this Report). The alkalimetric analysis was used as a comparative method, which 

gave approximately the same results. The results of analyses (see Appendix II) proved that the 

composition of HI + N2 mixture flowing from the gas cylinder is not stable and can vary with 

time due to a sedimentation of much heavier hydrogen iodide (M.W. 128 against 28 for nitrogen). 

It will be therefore more advantageous for using in the COIL system with higher flow rates of 

reactants to mix HI with the carrier gas just before its introduction into the HI injector. This 

procedure is not suitable for the described small-scale device as it would require to use a too 

small orifice in the measuring diaphragm (< 0.3 mm) which could be easily blocked by 

precipitated iodine or some corrosion products. 

3.2.2. Results and discussion 

Preliminary results of experimental investigation on atomic iodine generation were presented 

in the interim Reports 0001 and 0002 of this contract. The first experiments proved that atomic 

iodine can be generated effectively by the suggested method via chemically generated atomic 

chlorine. The chemical efficiency of I atoms generation exceeded in some measurements 50 % 

(related to the CIO2 flowrate). In the next experiments described in the Report 0002, it was found 

that the rate of I atoms generation was increasing with increasing flow rate of HI. It was further 

found that the distance between the injector I#l (the injection of the first part of NO) and the 

injector I#2 (the injection of the second part of NO) in the range of 8 - 21 mm did not affect the 

efficiency of I atoms production. It proved a substantial stability of CIO radical that was the main 

reaction product in this region (downstream the injector I#l) where the reaction of CIO2 with NO 
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(in the equimolar ratio) occurs (eq. 1). The flow of atomic iodine in these measurements was 

detected by means of the absorption photometry at 488 nm only. The yield of atomic iodine 

calculated from I2 concentration measured in the optical cell Y2 ranged from 20 to 35 %. The 

calculations were based on the assumption that the content of HI in mixture with N2 was 10.5 %, 

which resulted from pressures measured during the gas mixing. A subsequent analysis of HI + N2 

mixture proved a remarkable decreasing the HI content in gas discharged from the gas cylinder 

that was standing for several days (examples of this analysis are in Appendix II). It follows from 

this finding that the actual flow rates of HI were lower than values presented in the Report 0002 

and, the actual values of the yield of atomic iodine were higher. 

Since January 2001, atomic iodine flow rate was evaluated by means of the diode probe 

diagnostics simultaneously with its evaluation from the molecular iodine detection. Figs. 12 and 

13 show the examples of the time dependence of atomic iodine flow rate obtained by both 

techniques. It can be seen from the plots in Figs. 12 and 13 that the I flows measured by both 

methods varied in a similar way. The measured flowrates of NO through the first and second 

injectors and HI through the third injector together with the gas temperature measured in the cell 

12 are also shown in Figs. 12 and 13. In these measurements, the optical cell jj. for the direct 

detection of I atoms was of the first design (i.e. 10 cm long and connected with the reactor by a 

tube). In a qualitative agreement with the modeling results, the I flow rates evaluated from these 

measurements are lower in comparison with the values obtained from I2 detection representing 

the overall production rate of atomic iodine. There is however a quantitative discrepancy between 

the theory and experiment. According to the modeling, a negligible proportion of generated 

atomic iodine could be detected in the used cell (see chap. 3.1.1.2). Much higher I flowrates 

measured by the diode probe diagnostics can be explained by a limited rate of the reactants 

mixing which stretches the zone of atomic iodine also into this optical cell. 

From the measured flow rates of reactants, pressure and temperature, the relative penetration 

factors, i.e. the ratio of penetration parameter 71 to %m (see the Report 0001) for all the secondary 

gases were evaluated after each experiment to obtain an information about the mixing conditions. 

A flow rate of produced nitrogen dioxide (NO2) was also evaluated from an increase in the 

radiation absorption at 488 nm after admixing NO to the primary flow of CIO2 by using the 
1Q 9 published absorption cross-section of 2.7 x 10"    cm   [14]. This value was used for a rough 
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estimation of the overall rate of reactions (1) and (2). A number of measurements was performed 

for different molar flow rates of reactants and different distances between injectors. It follows 

from these data that the rate of 1 atoms production increases with the HI flow rate for given NO 

and CIO2 flow rate, but up to a certain limit only. With further increasing HI flowrate, the overall 

production rate of I atoms remains constant (see Figs. 14 and 15). A limited production of I atoms 

is apparently determined by the rate of atomic chlorine formation in the reaction system at the 

given flow rates of CIO2 and NO. An increase in HI flow rate over this production rate of Cl 

atoms has apparently no effect on I atoms generation. Therefore the rate of I atoms production 

follows approximately the molar flow rate of HI up to a certain value from which the I atoms 

production rate is nearly constant (see Figs. 14 and 15). It was further found that the rate of I 

atoms production is higher at higher CIO2 flow rate. For example, the production rate of about 50 

umol I /s was measured at 300 umol CIO2/S (see Fig. 16), whereas 37 umol I /s only at 180 umol 

CIO2/S (see Fig. 14). These data relate to the same NO flow rate (180 - 190 umol/s) through the 

injectors I#l and I#2, and 200 umol HI/s through the I#3. In the former case, the rate of Cl atoms 

production was apparently higher resulting therefore in a higher rate of I atom production. It 

follows from the modelling that the maximum of iodine atoms should be produced at NO/CIO2 

ratio equal to 2. From the comparison of curves in Figs. 15 and 17 follows, however, that the I 

atoms production rate increases on decreasing this ratio from 2 to 1. This finding may be 

explained by a limiting rate of reactants mixing (the model assumes an instantaneous mixing). In 

the real system, reaction zones with an excess of NO (over CIO2) are formed, where chlorine 

atoms (having very short lifetime) are produced (see the Report 0002). They may be recombined 

faster than are transferred into the HI stream. In the system with NO/CIO2 ratio lower than 2, a 

formation of the zones with an excess of NO is suppressed and a loss of Cl atoms as well. This 

hypothesis is supported by the experiment, in which HI was injected through the injector I#2 and 

the second part of NO through the injector I#3. In this arrangement, HI could be distributed 

uniformly into the stream of CIO radicals flowing from the first injector, so that Cl atoms were 

formed (downstream the injector I#3) in the gas with an uniform concentration of hydrogen 

iodide. In this experiment (the ratio NO/CIO2 = 1.4), the atomic I yield was extremely high - over 

90 % (related to both CIO2 and HI flowrate, respectively). The data presented in Figs. 12 to 17 

were measured with the longer cell (10 cm in length). 
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In the experiments where a new, shorter optical cell 11 (4.5 cm long and welded directly 

to the reactor) was used, the production rate of 1 atoms estimated by the diode probe laser was 

rather high (see Fig. 18) 

3.2.3. Conclusions from experimental investigation 

The performed experimental investigation confirmed the possibility to generate atomic 

iodine by the suggested chemical method based on mixing of gaseous reactants in the pressure 

and flow conditions applicable to COIL. In the study of the reaction kinetics of this process, the 

following effects were found: 

• The production rate of atomic iodine increases with HI flow rate up to some limit, given 

apparently by the rate of chlorine atoms production. 

• The production rate of atomic iodine increases with decreasing ratio of NO/CIO2 from 2 

to 1. This finding, which does not coincide with the results of modelling, is explained by 

the limited rate of mass transfer between the streams of generated Cl atoms and HI 

molecules which results in larger loss of Cl atoms at the stoichiometric ratio of CIO2 : NO 

(1 : 2). 

• The above assumption was also verified in the experiment where streams of HI + CIO 

radicals were mixed prior to Cl atoms formation, which resulted in very high yield of I 

atoms (over 90 % related to the reactants flow rate). 

• The flowrate of atomic iodine determined by the diode probe laser diagnostics was lower 

than the overall flowrate of atomic iodine determined from the concentration of molecular 

iodine after I atoms recombination. This finding is in qualitative agreement with the 

modelling results. It reflects the fact of the fast decrease in I atoms concentration along the 

gas flow in the detection cell of the diode probe laser diagnostics. The average 

concentration found experimentally is much higher than corresponds to the theory, which 

is explained by the mass transfer limitation. 

• It can be concluded from the results of modelling and experiments obtained on the small 

scale experimental device that in an application of this method in the COIL, iodine atoms 

must be generated as close as possible to the critical nozzle plane. 
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Appendix I 

Controlling sequences 

START PROGRAM 

START OF ADJUSTING SECTION 

LASER BYPASS OPENING 

THROTTLE VALVE ADJUSTING 

BHP PUMP ON 

BHP PUMP FREQUENCY SETTING 

PRIMARY He VALVE OPENING 

SECONDARY He FLOW RATE ADJUSTING 

I2 FLOW RATE ADJUSTING ON ZERO 

h BYPASS OPENING 

I2 VALVE OPENING 

h BYPASS CLOSING 

END OF ADJUSTING SECTION 

START OF LASER OPERATION (can be repeated) 

I2 FLOW RATE ADJUSTING ON DESIRED VALUE 

PRIMARY He INTO Cl2 VALVE OPENING 

Cl2 VALVE OPENING 

GATE VALVE OPENING 

LASER BYPASS CLOSING 

PRIMARY He DOWN STREAM JSOG VALVE OPENING 

LASER BYPASS OPENING 

GATE VALVE CLOSING 

Cl2 VALVE CLOSING 

PRIMARY He INTO Cl2 VALVE CLOSING 

PRIMARY He VALVE CLOSING 

END OF LASER OPERATION 

STOPPING SEQUENCE 

STOP PROGRAM 
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Appendix II 

Determination of HI concentration 

Hydrogen iodide in the gaseous mixture discharged from the gas cylinder was absorbed (during 30 s) in 

200 ml of distilled water. From 200 ml of this solution, 20 ml was titrated by 0.05 M AgNOs with 

potassium chromate used as the indicator. The percentage HI concentration in the gas mixture was 

calculated by 

CHI = (VAgN03 x 0.05 x 200 x 100) / (n x 20 x 30) , 

where VAENO3 is the AgNÜ3 consumption, n is the molar flow rate of gas mixture calculated from the 

fiowmeter reading. 

Examples of chemical analysis of the gaseous mixture HI + N? 

a) A content of HI in newly prepared mixture of HI + N2 was 7.5 % according to readings on the 

pressure meter. 

b) A content of HI after 29 days of the gas cylinder standing (without any shaking the vessel) was 

3.5 %. 

c) A content of HI after 2 min.'s shaking the gas cylinder was 6.2 and 6.3 %. 

d) A content of HI after 5 days' gas cylinder standing was 4.6 and 5.3 %. 

e) After shaking the gas cylinder for 5 min, the content of HI was again 6.4 and 6.3 %. 

f) After 3 hour's standing the gas cylinder, the gas contained 5 % HI 

g) After 8 days' standing the gas cylinder and 3 min.'s shaking, the HI content was 6.3 %. 

It follows from this experimental experience that the gas cylinder with HI + N2 mixture must be 

shacked if it stands without using for more than several tens minutes. 
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6. Project Cost 

1. Expendable supplies and materials: $4,830 
Gases and chemicals: $2,950 

HI synthesis and analysis $1,600 
- Helium $800 
- Other chemicals (N2, NO, Cl2, KOH, H202) $550 

Office supplies: $300 
Constructional materials: $500 
Software for data acquisition and device control $550 
Cost of repairing the vacuum elements (valves, pumps) $530 

2. Equipment purchased: $3,450 
Spec, valves and pressure sensors for aggressive medium $2,300 
Computer + monitor (for diode probe diagnostics) $1,150 

2. Travel cost: $1,700 
GCL/HPL conference, Italy (part of total expend of 3 particip.)    $1,700 

4. Publications, Reports preparation, Literature purchased: $120 
5. Overhead charges: $2,500 

6. Labor: rewards + tax to the state (approx. 37 % of reward):1 $12,400 

Planned Paid 
Dr Jarmila Kodymovä (PI), senior sei. $3,000 $2,200 + $800 (tax) = $3,000 
Dr Otomar Spalek (PI), senior sei. $3,000 $2,200 + $800 = $3,000 
VitJiräsek, PhD, junior sei. $1,500 $1,500+ $550 = $2,050 
Miroslav Censky, PhD student $1,000 $ 1,000 + $400 = $ 1,400 
Dipl Ing Jan Kuzelka, engineer-spec. $400 $750 + $280 =$1,030 
4   Technicians $1,600 $1,400+ $520 = $1,920 

Total project cost $25,000 

1 Note: The rewards represent the extra money to regular salaries paid to all listed people by the 
Institute of Physics (the Government). The salaries are approximately on this level: a net 
salary (reduced by the tax) of senior scientists is in average of $400/month, i.e. $2.4/hr, 
junior scientists and engineers of $270/month, i.e. $1.8/hr, and technicians $l,4/hr. 
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Photo 1. Small experimental device for atomic iodine generation 

1 - reactor, 2 - injector I#l, 3 - injector I#2, 4 - injector I#3, 5 - CIO2 input, 
6 - optical cell for atomic iodine detection by diode probe diagnostics, 
7 - optical detection of I2 molecules by Argon ion laser (in the first cell). 
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Photo 2. Small experimental device for atomic iodine generation and detection 

1 - reactor, 2 - beam of diode laser, 3 - detector of diode laser beam, 4 - optical 
detection of I2 molecules by Argon ion laser (in the first cell), 5 - pressure gauge, 
6 - tube between the first and seond I2 detection cell, 7 - flow meters for reactants 
with measuring orifices. 



Fig 1. Scheme of the jet SOG with vertical gas exit (arrows). 

1 - generator body, 2 - g/1 reactor, 3 - gas exit channels (made of metal tubes), 

4 - BHP injector, 5 - plate dividing BHP cavity and gas space (with filler in some case), 

6 - gas space, 7 - throttle valve 



Fig 2. Scheme of the jet SOG with horizontal gas exit and 

installed BHP directores in space above BHP injector 

1 - generator body, 2 - BHP jets, 3 - BHP directors, 4 - throttle valve 
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Fig. 10. Scheme of atomic iodine detection by diode laser. 1- probe laser emitter, 2 - detector, 
3 - optical cell, 4 - wedge glass, 5,6- mirrors, 7 - probe beam 
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Fig. 11. Scheme of small-scale device for atomic iodine generation. 1 - flow chemical reactor, 
2 - column generator of C102, 3,4 - rotameters, 5 - valve, 6, 7, 8 - flowmeters, 9 - diagnostics cell, 
10 - Argon ion laser, 11 - optical cell for diode laser, 12, 13 - optical cells for Argon ion laser 
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Fig. 12a,b. Measured time course of input flowrates of reactants and iodine 
flowrate for 300 umol CIO2/S. Iodine flowrate is calculated from the 
concentration measured by the diode probe laser (green symbols) and 
from the molecular iodine concentrations measured by the Ar-ion 
laser multiplied by two (blue and red symbols). 
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Fig. 13a,b. Measured time course of input flowrates of reactants and iodine 
flowrate for 269 (imol CIO2/S. Key as in Figure 12. 
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Fig.14. Atomic iodine flowrate as a function of the initial HI flowrate measured 
by the diode probe laser (red points) and Ar ion laser (black points). The latter 
values taken as a double value of measured I2 flowrate. 
Initial flowrates: 181 umol C102/s, 175 umolNO(I)/s and 185 umol NO(II)/s. 
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Fig.16. Atomic iodine flowrate as a function the initial HI flowrate measured 
in the first optical cell for two flowrates of NO(l+lI). 
Initial flowrates: 300 umol C102/s, 190 umolNO(I)/s, and 190 umol NO(II)/s. 
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Fig. 17. Atomic iodine flowrate as a function of the initial HI flowrate 
measured in the first optical cell for four different flowrates of 
NO:C102 ratio, at 150 umol NO(I)/s and 150 umol NO(II)/s. 
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Fig. 18. Atomic iodine flowrate as a function of the initial HI flowrate 
measured by the diode probe laser for two flowrates of CIO2. 
Initial flowrates: 125 umol CIO2/S, 150 umol NO(I)/s, and 
145 umolNO(II)/s (squares); 190 umol C102/s, 154 umol NO(I)/s, 
and 146 umol NO(II)/s (circles). 


