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Chemical generation of atomic iodine for a chemical oxygen-iodine laser (COIL) was inves-
tigated experimentally. In the two-step reaction mechanism, molecular fluorine reacts with
nitrogen oxide and formed fluorine atoms react then with hydrogen iodide to iodine atoms.
The efficiency of this process was studied in dependence on mixing conditions, flow rate of
reacting gases and pressure in reactor. A maximum concentration of atomic iodine was ob-
tained at approximately equimolar ratio of reacting gases (F,, NO and HI), which agrees well
with the stoichiometry of production reactions. A shortage of any reacting gases limits the
rate of atomic iodine formation. An excess of F, relative to NO at a simultaneous deficiency
of HI had a most detrimental effect on atomic iodine production. High concentrations of
atomic iodine (5-8 x 10*® cm’3) were achieved by this method at pressures 4-9 kPa, which
are sufficient for a COIL operation. This makes it possible to use the above method as a
source of iodine atoms and their injection into the primary flow of singlet oxygen in COIL.
Keywords: Atomic iodine; Atomic fluorine; Halogens; NO; Chemical oxygen-iodine laser;
COIL; Kinetics.

A chemical oxygen-iodine laser (COIL) radiates in the near infrared region
due to stimulated emission on the 3-4 transition in iodine atom.

I(P1/2) — 1(3Pg/p) + hv (1.315 pm) 1)

Atomic iodine is conventionally generated by dissociation of molecular
iodine evaporated from the solid or liquid state. The |, dissociation con-
sumes the energy of several molecules of singlet oxygen, 02(1Ag), per one
iodine molecule.

I, + N O,(4Ay) ~ 2 1+n 0,(%y) n=4-6 )
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This fraction of 02(1Ag) energy is therefore lost and cannot be utilized
for the laser pumping reaction (the rate constants are given below in
cm?® molecule™ st or cm® molecule? s1).

Ox("g) + 1P3/2) ~ O2(Zy) + 1(*Pyy2) ky = 7.8 x 10711 (3)

Employing another way of atomic iodine production can avoid this en-
ergy loss. This way could further eliminate a fast quenching of excited io-
dine atoms (denoted hereafter I*) by 1, molecules

I(3Pysp) + 1y — 1(3Pgp0) + 1, ky=3.1x 101 4)

and also solve problems with controlling the rate of |, evaporation, I, con-
centration measurement, and heating the whole I, delivery system. Injec-
tion of | atoms instead of I, can also result in more homogeneous laser gain
medium. In an effort to suppress or avoid the mentioned drawbacks of the
conventional iodine scheme in COIL, several alternative methods of atomic
iodine generation have been explored. The I, dissociation in microwave dis-
charge was studied by Endo et al.l, who estimated a laser power enhance-
ment by 9% using transonic injection of pre-dissociated iodine into the
primary flow of O,(*A,). Subsonic or supersonic mixing of O,(*A,) with pre-
dissociated iodine brought no positive effect. Some improvement of iodine
dissociation (up to 50%) and laser power enhancement was achieved with
hybrid iodine injector combined with mw cavity?. A higher degree of I, dis-
sociation (up to 80%) could be provided using a radiofrequency discharge,
however, at the expense of high energy consumption (5-10 kW mmol= 1,)
and consecutive substantial gas heating®. Moreover, the described methods
do not avoid the mentioned problems with handling the I, vapor. The dis-
sociation of alkyl iodide (RI) in the glow discharge was also studied and the
yield of iodine atoms of 30-40% was achieved®.

A chemical method of atomic iodine generation for a COIL was proposed
and developed in our laboratory®>7, which is based on the reaction of gas-
eous hydrogen iodide with atomic chlorine formed in a previous fast reac-
tion of chlorine dioxide with nitrogen oxide. First studies of this reaction
system in nitrogen flow were performed using small-scale reactors, which
gave after optimization a high yield of atomic iodine (up to 80-100% rela-
tive to CIO,). Similar results were obtained in COIL with mixing the react-
ing gases into primary flow of nitrogen-helium mixture upstream the
supersonic nozzle throat. The small-signal gain of 0.4 % cm™ and the laser
output power of 450 W were attained in COIL with sequential admixing
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the reacting gases into the primary flow of 02(1Ag) upstream the supersonic
nozzle®. The chemical efficiency of the COIL operated in this set-up (13%)
was limited most probably due to the partial 02(1Ag) quenching by HO,®
radical formed in the reaction of HI with O,(*A,). A significant O,(*A)
quenching was proved experimentally when only HI was mixed with
Oz(lAg). A separate generation of atomic iodine in the side reactors is stud-
ied presently, followed by | atoms injection into the primary 02(1Ag) stream
in COIL. The developed method of atomic iodine generation via Cl atoms
has a drawback of the on-site preparation of gaseous chlorine dioxide from
chlorine and NaClO, solution since this gas cannot be prepared in advance
and pressurized to cylinders. Therefore another chemical method of atomic
iodine production via atomic fluorine has been investigated using only the
gas reaction system. This paper concerns the results of this study.

REACTION KINETICS

The atomic iodine production proceeds in a two-step reaction process. In
the first step, atomic fluorine is formed in the reaction of nitrogen oxide
with molecular fluorine®11.

NO + F, — NOF + F ks = 7 x 1072 exp (-1150/T) (5)

In the second step, the formed fluorine atoms react with hydrogen iodide
to atomic iodine!?13,

F+HI - HF + 1(2P5),) kg = 1.5 x 10710 exp (-5057.8/RT)  (6)

Several loss-processes accompany F atoms formationt214.15,

F+ NO + NO - NOF + NO k, = 1.7 x 10731 (7)
F+NO+N, - NOF + N, kg = 1.1 x 10731 (8)
F+F+N, - F,+N, kg = 1.02 x 10737T%5 9)

F+F+wall ~ F,+ wall Y10 = 0.05 (10)
F+l, o IF+1 k;, = 4.3 x 10710 (11)
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Atomic iodine may be partially lost in ternary reactions with other mole-
culest®?

I+1+N, - I, +N,  ky, = 6.15 x 10-4(T/298)°°7 exp (7433/RT) (12)
T+1+1, - 1+ 1, kys = 2.68 x 10731(T/298)3% exp (6568/RT) (13)
L+ 1+Hl - L, +HI kys = 8.13 x 10-32(T/298)-35 (14)

I + NO + N, - INO + N, kys = 1.8 x 10-32(T/298)1  (15)
and in the reaction with formed INO 18,
I +INO - I, + NO kyg = 1.66 x 10710 (16)

lodine atoms can also react with molecular fluorine and recombine on the
wallst®

l+F, - IF+F ky; = 1.9 x 1014 (17)

I +1+wall - I, +wall Yis = 1.0 (18)

where vy is the striking coefficient. The above given reactions are strongly
exothermic. The reaction enthalpies of the main production reactions are:
AHg = =77 k] mol, AHg = =230 kJ mol™, AH, g = =236 k] mol, and AH,; =
-130 kJ mol™. The enthalpy of reaction (6) was calculated with respect to
the vibrational distribution of HF molecules formed in this reaction'.

EXPERIMENTAL

Two small-scale reactors were employed during the experimental investigation of this reac-
tion system. A cross-section of the reactor 1 is schematically shown in Fig. 1. This reactor is
made of stainless steel tube of 10 mm i.d. Two injectors are inserted in the reactor bends for
admixing the secondary gases (10% NO in mixture with N,, and 10% HI in N,) into the pri-
mary gas flow (10% F, in N,). Either position 1 or 2 of NO injector 1 was used. The HI/N,
mixture was introduced through injector 3. The injectors were made of stainless-steel tube
of 5 mm o.d. with two or three rows of openings drilled perpendicularly to injector axis at a
distance of 1-3 mm from the injector end. The NO injector had 24 openings of 0.4 mm i.d.,
and the HI injector had 16 openings of the same diameter. A gas exiting the reactor entered
the first detection cell after cca 0.027 ms, and the second detection cell after 2.7 ms. Both
detection cells were longitudinally flown tubes of 8 mm i.d. and 50 mm long with glass
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windows on both ends. Atomic iodine concentration was measured in these cells by the io-
dine scan diagnostics (ISD)?°. This diagnostics is based on the near IR spectroscopy using a
narrow-band tunable diode probe laser, which monitors a gain or absorption on the I*-I
transition at 1.315 pm. Gas temperature was calculated from the Gaussian full width after
deconvolution of the Voigt profile of the measured absorption-frequency curve.

A cross-section of reactor 2 is shown in Fig. 2. The reactor consisted of rectangular reac-
tion space (25 mm wide and 8 mm high) with a delta-shaped channel for introducing the
primary gas (10% F, in N,). The NO injector was inserted in the cavity center perpendicu-
larly to the primary gas flow, and two HI injectors were embedded in the upper and bottom
walls of the cavity. The NO injector 3 contained two rows of holes of 0.4 mm i.d. (arranged
in lines) with 23 holes in each row. The distance between adjacent holes was 1 mm. Both
rows of holes were oriented in vertical direction (up and down). Each HI injector 4 con-
tained 9 holes of 0.4 mm i.d. in one row. A time delay between NO and HI injection could
be varied to a certain extent by turning the injectors 4. In some experiments, the order of
NO and HI injection was reversed, (HI was inlet into the injector 3 and NO was introduced

Nol

4 &

HIT

Fic. 1
Cross-section of longitudinal flow reactor with axially movable NO and HI injectors: 1, NO in-
jector (position 1); 2, NO injector (position 2); 3, HI injector; 4, first detection cell; 5, second
detection cell

Fic. 2
Cross-section of transverse flow reactor: 1, input flange; 2, delta-shaped channel; 3, injector
for first secondary gas (NO or HI); 4, injectors for second secondary gas; 5, optical cavity for
atomic | detection; 6, thermocouple
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into the injector 4). The second part of the rectangular cavity with two side windows served
for ISD detection of atomic iodine. The probe beam passed through the wedge-shaped win-
dows of the cell perpendicularly to the gas flow. The windows were coated with a thin layer
of Teflon in order to protect glass against HF. The probe beam emitter/detector unit was
mounted on the assembly of motorized linear positioning equipment controlled by PC. In
this configuration, the probe beam could move along the cell on the path within the 12 and
60 mm distance from the axis of the second gas injector (dotted area in Fig. 2). The probe
beam moved at a velocity of 4 mm s in the duct axis. The gas temperature was measured
with a jacketed Ni—CrNi thermocouple 6 (1 mm o.d.), which was inserted perpendicularly to
the gas flow, 5 mm downstream from the end of the windows.

The gas exiting the reactor was exhausted with a rotary pump (capacity 25 m® h™?)
through a liquid nitrogen trap, where most NOF, IF, HI, NO, and I, was frozen. The rotary
pump operated with a special oil NC 1/14 (Leybold Ltd., Germany) consisting of perfluorin-
ated polyether, which is chemically inert to fluorine. The residual F, in the exhausting gas
was then absorbed in the column filled with aluminosilicates.

A local flow rate of atomic iodine n, (in pmol s71) was calculated from a local concentra-
tion of atomic iodine, c,, evaluated from the ISD data for the central line of the gas channel.
Equation (19) was used for this calculation

n, = ¢, V/N, 19)

where N, is the Avogadro constant and V is a volume flow rate of gas mixture through the
detection cell. This was evaluated from the modified equation of state

V =n, RT/P (20)

where n, is the total molar flow rate representing the sum of molar flow rates of all gas com-
ponents, T is the gas temperature, and P is the pressure measured in the detection cell.

RESULTS AND DISCUSSION
Measurements with the Longitudinal Flow Reactor

Effects of Flow Rates of Reacting Gases with NO-HI Injection Order

The NO/N, mixture (50-300 pmol st NO) was introduced through the in-
jector 1 or 2 in Fig. 1 into the primary F,/N, flow (60-260 umol s F,), and
HI/N, mixture through the injector 3 (60-450 pmol s HI). Time intervals
were 0.027 ms between NO and HI admixing, and 2.7 ms between HI injec-
tion and first detection cell of atomic iodine. Total pressure in the reactor
was 1.5-3 kPa.

First experiments were performed with a very short delay between NO
and HI injection into the F,/N, flow (0.023 ms). Examples of measured rate
of atomic iodine production in dependence on F,, NO, and HI flow rates,
respectively, are shown in Figs 3-5. Experimental data in these figures were
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Flow rate of atomic iodine in dependence on F, flow rate; 141 pmol st NO and 82 umol st

HI; Tyom = 0.027 ms; W 1st detection cell, 1, 5p = 2.7 ms; @ 2nd detection cell, 14,_,5p =
10 ms
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Flow rate of atomic iodine in dependence on NO flow rate; 155 umol st F,, 146 pmol st HI;
other conditions the same as in Fig. 3
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recorded simultaneously in the first detection cell (14,_sp = 2.7 ms) and the
second detection cell (t4,sp = 10 ms). The flow rate of iodine atoms ini-
tially increased with increasing F, flow rate (Fig. 3) obviously due to en-
hancement of the reaction rate (5). The following decline was explained by
consumption of | atoms in their reaction with F, molecules (17). Atomic
fluorine formed in reaction (17) could produce further atomic iodine by re-
action (6) provided that HI is in sufficient concentration. This was proved
by the experiment at 2.8 times higher HI flow rate (with the same NO), in
which no decrease in | flow rate was observed with increasing F, flow rate.
The initial increase in atomic | production with the NO flow rate (Fig. 4)
was ascribed to acceleration of reaction (5). The following decrease reflects
probably an increasing effect of the loss-reactions (7) and (8). A maximum
production of atomic | was attained in a rather wide range of the NO/F, ra-
tio of molar flow rates (from 0.8 to 2.3). This is probably caused by the si-
multaneous effect of the NO flow rate on the F formation rate, and a shift
of the reaction region closer to the NO injector with increasing NO flow
rate. The dependence of atomic iodine production on the HI flow rate
(Fig. 5) was similar to the previous dependences. The increasing HI flow
rate in Fig. 5 obviously first accelerated the reaction (6). The following de-
crease could be caused by shifting the region of maximum production of
atomic iodine closer to the HI injection. This explanation was supported by
much lower concentration of atomic iodine recorded in the second cell.
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Flow rate of atomic iodine in dependence on HI flow rate; 105 pmol st F,, 141 pmol s NO;
other conditions the same as in Fig. 3
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Effects of Time Interval Between NO and HI Injection

The effect of the time interval between NO and HI injection was studied in
experiments with different positions of NO and HI injectors. In measure-
ments with a NO-HI interval of 0.23 ms, nearly identical data with those at
the interval of 0.027 ms were obtained, and no significant effect was ob-
served even when this interval was prolonged up to 0.34 ms. Only when
this interval was prolonged to 1.45 ms, the | atoms production decreased
by 5 to 30%. According to the 1-D modeling including reactions (5) and
(7)-(9), the concentration of F atoms should grow still up to ~3 ms, when
the effect of loss reactions starts to prevail?2.

Figure 6 illustrates the effect of the time interval between the HI injection
and atomic | detection on the atomic iodine flow rate. It documents stabil-
ity of | atoms in the reaction mixture. It can be seen that the flow rate of
I atoms was significantly lower when this time interval increased from 2.1
to 2.7 ms. The flow rates of | atoms measured in the second detection cell
(corresponding to a time interval 9.4 or 10 ms) were several times lower,
which reveals a strong effect of the loss reactions, mainly (15) and (16).
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Flow rate of atomic iodine in dependence on HI flow rate and for different time intervals
between HI injection and atomic | detection; t_sp (Ms): 2.1 (A), 2.7 (M), 9.4 (V), 10 (O);
109 pmol s F,, 142 umol s> NO
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Measurements with the Rectangular Reactor

NO-HI Injection Order

A more detailed study was performed with the rectangular reactor 2 and
movable ISD beam. A downstream or upstream direction of the probe beam
movement along the gas flow had no effect on the measured iodine con-
centration. Figure 7 shows the effect of F, flow rate on the concentration
profile of atomic iodine along the gas flow. The iodine concentration was
about twice higher when the F, flow rate increased 2.7 times, i.e. from 52 to
159 umol s7t. With further increasing the F, flow rate, the concentration of
atomic iodine was nearly the same at the beginning of the optical cell but
then declined with distance. This may be ascribed to a detrimental effect of
reaction (17) consuming | atoms at F, excess. Contrary to this result, no sig-
nificant decrease in | concentration with distance was observed at a higher
HI flow rate (300 umol s™*) and nearly the same F, and NO flow rates. This
can be explained by additional formation of iodine atoms in the reaction of
excess HI and F atoms formed in reaction (17).

Figure 8 shows the effect of the NO flow rate at the molar flow rate ratio
Fo:NO:HI = 1:X:0.82, with X = 0.65-3. No substantial effect of the NO flow
rate was found for the ratio between 1.1 and 2.3. The iodine concentration
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Fic. 7
Concentration of atomic iodine along gas flow at NO-HI injection order; 221 pmol st NO,
134 pmol st HI; F, flow rate (umol s7%): 58 (@), 159 (M), 277 (A); Tyo_y = 0.18 Ms, Ty isp =
0.45-2 ms; p = 1.5-2.1 kPa
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was not significantly lower when the NO/F, flow ratio was only 0.65.
A lower iodine concentration, however, was measured at a still greater defi-
ciency of NO relative to F,. A substantial excess of NO over F, caused only a
small decrease in iodine concentration, which can be ascribed to the effect
of loss reactions (7) and (8). The effect of HI flow rate on iodine concentra-
tion is shown in Fig. 9. This figure shows that the iodine concentration first
increases substantially with increasing HI flow rate, but a substantial excess
of HI vs F, and NO enhanced the iodine concentration only slightly. This
behavior indicates a “titration” of F atoms by HI.

HI-NO Injection Order

The HI-NO order of secondary gases injection into the primary F, flow was
proposed with the aim to reduce effects of loss-reactions (7)-(10) competing
with the production reaction (6). An example of the effect of F, flow rate
on atomic iodine generation in this configuration is shown in Fig. 10. The
maximum of iodine concentration was shifted with increasing F, flow rate
in the upstream direction. This reflects acceleration of both production and
loss reactions with increasing concentration of fluorine. The effect of HI
flow rate on | production at excess F, relative to NO (NO/F, = 0.58) and HI
is shown in Fig. 11. The iodine concentration initially increased with in-
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FiG. 8
Concentration of atomic iodine along gas flow at NO-HI injection order; 159 pmol st F,, 130
pmol st HI; NO flow rate (umol s™): 104 (W), 172 (O), 306 (#), 371 (V), 486 (A); p = 1.5-2.5
kPa; other data as in Fig. 7
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creasing distance from NO injector regardless of the HI flow rate. This obvi-
ously copied the increasing concentration of F atoms with time. The iodine
concentration then began to decrease probably because of HI exhaustion,
and subsequent increasing loss of | atoms mostly due to reaction (17). This
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pmol st NO; HI flow rate (umol s™%): 61 (M), 128 (@), 225 (A), 472 (V); other data as in Fig. 7
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effect was suppressed at higher HI flow rates due to additional formation of
iodine atoms from F atoms produced in reaction (17). In the measurements
with HI-NO injection sequence, nearly twice-higher rate of atomic iodine
production was attained at similar flow rates of reactants. This can be ex-
plained by a higher loss of F atoms in the NO-HI sequence of injection.
This loss via reactions (7), (8), (15) and (16) takes place mostly at the
boundary between NO jet and primary flow with F,, where a local excess of
F atoms and insufficient HI concentration exist. In the HI-NO order, HI is
premixed with F, upstream the NO injector and thus is more available to
F atoms in the regions of their formation.

A total pressure in the above measurements was up to 3 kPa only. This
pressure is too low to inject either atomic fluorine or iodine into the pri-
mary flow upstream the supersonic nozzle throat in COIL. Further experi-
ments were therefore performed at higher pressures (mostly between
4-9 kPa), which were attained at higher flow rates. Figure 12 shows an ex-
ample of the dependence of iodine concentration on HI flow rate at the
ratio NO/F, equal to ca. 1. At the lowest HI flow, a substantial decrease in
iodine concentration with time (or with distance) was mostly caused by
reaction (17). At higher HI flow rates, this effect was suppressed (see the
above explanation).
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Concentration of atomic iodine along gas flow at HI-NO injection order; 378 pmol st F,, 213
pmol st NO; HI flow rate (umol s™1): 148 (A), 266 (M), 316 (V¥); p = 2.5-3 kPa; time intervals as
in Fig. 10
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In these measurements, the yield of atomic iodine relative to F, ranged
from 13 to 27%, the yield related to HI was between 25 and 50%. It was
generally lower at higher total pressures. This is obviously due to the fact
that the production processes are bimolecular reactions (5), (6), whereas the
loss-processes are mostly ternary reactions (7)-(9), (12)-(15). An improve-
ment of yield is anticipated in the system with a lower fraction of diluting
gas. This should increase the temperature and also reduce the rate of ter-
nary loss-reactions involving nitrogen. A higher temperature increases rate
constants of the main production reactions (5), (6) and reduces rate con-
stants of ternary loss-reactions (13)—(15).

Temperature of Reaction Mixture

Temperature of the reaction mixture was measured with a thermocouple
(see Fig. 2) and also calculated from the shape of the absorption-frequency
curves recorded during ISD measurements. The first method suffered from a
rather long time response (tens of seconds), and ISD data were rather scat-
tered. Nevertheless, the temperature data from both methods were in a rea-
sonable agreement. The temperature measured at lower flow rates and
pressures (up to 3 kPa) was between 300 and 400 K. Gas temperature was
higher at higher flow rates and pressure, e.g. between 400 and 700 K for
conditions given in the caption of Fig. 12. The temperature increase was
caused by exothermic reactions occurring in the studied system.
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Concentration of atomic iodine along gas flow at HI-NO injection order; 892 umol s F,, 932
pmol st NO; HI flow rate (umol s™%): 309 (O), 380 (A), 489 (M), 506 (V), 635 (@®); p =
7.4-9.2 kPa; time intervals as in Fig. 10
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Applicability of This Method to COIL

This experimental study has shown that the proposed method can produce
atomic iodine in concentrations sufficient for operation of a supersonic
COIL. The experimental results and modeling showed that the reactant
mixing scheme employed in the Cl - | system, i.e. admixing of reactants
into primary O,(*A;) flow upstream the nozzle throat in COIL 8, cannot be
applied in the F - | system. The main reason is that rather slow formation
of F atoms followed by | atoms generation would be accompanied by fast
pumping of I atoms and following quenching of I* atoms in the 02(1Ag)
flow. The main quenchers of I* in this system are water (ky,o = 2 X
1072 cm® molecule™ s1)2! and HF molecules (kg = 2.8 x 1072 cm? mole-
cule® s122. The latter process can be avoided by using deuterium iodide,
DI, instead of HI. In the described arrangement a rather fast reaction of F
atoms with water (k = 4.15 x 10711 exp (-400/T) cm® molecule™! s1)22 could
also compete with the atomic iodine production (6). These problems could
be avoided by using separate reactors for atomic iodine production and fol-
lowing injection of atomic iodine into the main 02(1Ag) flow. Further inves-
tigation is currently devoted to development of this system.

CONCLUSIONS

1. The chemical generation of atomic iodine via F atoms was investigated
experimentally. Sufficiently high concentrations of atomic iodine (5-8 x
10%® cm=3) can be achieved by this method even at pressures 4-9 kPa that
make possible to inject the gas with iodine atoms into the singlet oxygen
flow in the chemical oxygen-iodine laser.

2. The maximum concentration of atomic iodine was attained with react-
ing gases (F,, NO and HI) at approximately equimolar ratio, which agrees
with the stoichiometry of production reactions. A shortage of any reacting
gases limits the rate of atomic iodine formation. A considerable excess of F,
over NO at simultaneous deficient HI flow is detrimental due to the loss of
I atoms by reaction (17). At sufficient HI flow, this negative effect was com-
pensated by additional formation of atomic iodine through the reaction of
residual HI with F atoms formed in reaction (17). A substantial excess of NO
over F, caused only a small decrease in | concentration, which could be as-
cribed to the effect of loss-reactions (7) and (8).

3. The atomic iodine production was affected by the order of injection of
secondary gases (NO and HI). A higher rate of | production was attained
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when HI was injected first and NO as the second gas into the primary gas
flow containing fluorine.

4. The temperature of reaction mixture ranged from 320 to 700 K, and
was increasing with increasing flow rates of all reacting gases.

5. A maximum yield of atomic iodine related to F, flow rate was 27%, a
maximum | yield relative to HI was 51%. An improvement is anticipated in
a system with a lower fraction of diluting gas.

6. A COIL configuration with chemical production of atomic iodine was
proposed based on obtained experimental results and theoretical modeling
of this reaction system.
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