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1. General outline of the grant

1.1. Outline of the grant subject and motivation

The grant is a continuation of the EOARD Grant No. FA8655-06-1-3034 “Discharge generation of
atomic iodine for a COIL” that was finished by submitting the Final EOARD report on 15 May
2008, and was aimed at development of an alternative method of the atomic iodine generation for a
COIL by a discharge plasma decomposition of iodine compounds. Motivation of this research
followed from some disadvantages of the conventional method using solid or liquid I, vapour
decomposition to iodine atoms by energy of singlet oxygen: a loss of O,(*A) energy in the
dissociation process (by theoretical estimation 4-10 O,(*A) / 1), unfavorable kinetic problem of the
fast quenching of 1" (k = 3.1 x 10™cm®molec™s™) by a superfluous I in the laser medium, and also
a problematic controlling the I, flow rate into a mixing region of the laser. The research has been
performed on originally designed and constructed Discharge Atomic lodine Generator (abr. DAIG).

1.2. Main achievements during the previous EOARD grant No. FA8655-06-1-3034

Construction of the whole DAIG device was completed, including all needed measuring and
diagnostic instruments; special software for experimental data acquisition under the LabView
(National Instruments, USA) was developed.

A comprehensive literature review of physical properties of iodine donor compounds potentially
considered for experimental investigation in framework of the grant was made.

Two alkyl iodides, CH3l and CF3l were chosen for the initial research on the discharge dissociation
and atomic iodine generation. The number density of iodine atoms was up to 1 x 10* cm™ in the
subsonic flow, and did not exceed 1.4 x 10 in the supersonic flow. The RI dissociation fraction
was up to 17% with CHsl and up to 21% with CFzl. The experimental conditions were not
optimized yet.

The detailed results of this research were described in the Interim Reports and Final Report of this
grant [1] and in publications [2-6].

1.3. Tasks and supplies of this grant proposal

¢ Increase in the efficiency of atomic iodine generation from CHsl and CFsl, i.e. increase in the
dissociation degree and atomic iodine number density. This should be achieved by:
(i) optimization of gas flow conditions and adding small amounts of N, or NO into the gas



discharge mixture; (ii) optimization of plasma conditions (e.g., increase in the RF power loaded
into the discharge chamber, shortening the RF rod electrode, etc.), (iii) a new configuration of
the iodine injector holes to decrease pressure in the RF chamber;

e Testing a pulse-periodic RF discharge, which should result in gas temperature decrease and
influence the discharge Kinetics;

e Research extending to other iodine donor molecules, e.g. HI and I, and comparing of the atomic
iodine yield and other generation parameters for all iodine donors;

e Testing the DAIG device with the primary flow containing O»(*A) by joining it to either
chemical or discharge singlet oxygen generator; small signal gain measurement;

o Detection of the emission spectra of the discharge and afterglow using the Advantest analyzer;
special attention paid to presence of I”;

o Support of experimental work by the numerical modeling; study of recombination and quenching
processes by e.g. R® radicals, R-R dimmers, etc.
(next year of the contract — Option);

e Study of other iodine donor molecules, e.g., CHI3, C3FI
(next year of the contract — Option);

2. Description of the DAIG device

The DAIG device operates on principle of dissociation of suitable iodine-containing compounds,
e.g. alkyl iodides CHsl, CFsl or HI, I,, by means of the RF discharge. Principle of the device
configuration is schematically shown in Fig. 1. A cylindrical discharge chamber with tungsten rod
electrode located coaxially forms simultaneously the iodine injector. This key component of the
DAIG device has a special shape forming with the cavity walls a double slit nozzle for choking the
primary gas flow. It was designed by the 2-D method of characteristics, 1-D isentropic flow
calculations and CFD modeling. The Mach number 2 was presupposed in the expansion region for
the primary gas flow composed of O,/He mixture (1:2, k = 1.547). The calculations counted with
the expansion ratio 4,/ 4,,,, = 2.5, the nozzle throat width 50 mm, and a vacuum pumping system

of the nominal capacity Q = 3000 m*/h. A technical drawing of this device element is in Fig. 2, and
the most important parts of the device are shown also in Fig. 3.
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Fig. 3. Side view of DAIG device cross section
1 —inlet of primary gas flow; 2 — subsonic duct; 3 — pressure detection in subsonic duct;
4 — unit of discharge cavity/ iodine injector/double slit nozzle; 5 — Plexiglas supersonic cavity;
6 — sheet glass; 7 — Pitot tube; 8 — pressure detection

The injector was made of pure aluminum (99.5% Al, A1050). A middle channel of 9 mm i.d. forms
the discharge chamber with axially inserted RF tungsten electrode of 2 mm o0.d. The electrode is
directly connected to the RF impedance matching box. The left and right channels in Fig. 2 of inner
diameter 5 mm are used for cooling the discharge chamber by water. The injector orifices in Fig. 2
were designed by means of correlations of a non-dimensional penetration parameter and 3-D
modeling of the atomic iodine mixing in the supersonic cavity.



The whole DAIG device and measuring technique with the lodine Scan diagnostics can be seen on
Photo 1 from the front view (without the gas handling and their flow controlling, iodine trap,
vacuum system).

Photo 2. View on the whole device and measuring techniques
1 — needle valve for adjusting of iodine donor flow rate, 2 — pressure gauge, 3 — moving stage for
ISD diagnostics, 4 — ISD probe, 5 — mixing chamber for inlet of iodine donor and carrier gas,
6 — region for atomic iodine detection (supersonic cavity), 7 — impedance matching box

A mixing chamber (Photo 2 - 2) for a
fast vortex mixing of iodine donor
(CHsl or CFsl) and carrier gases
(mixture of Ar and He) was designed as
a small stainless steel cylindrical vessel
of inner volume of ~1.1 cm® with three
gas ports and one window.

Photo 2. Device details
1 — injector/double slit nozzle, 2 — mixing
chamber of iodine donor with carrier gas,
3 — supersonic cavity, 4 — RF impedance
matching box, 5 — diaphragms for flow rate
measurement




Gas flow rates were measured by means of originally proposed flow meters based on the
measurement of the pressure upstream and downstream the needle valve or, in case of alkyliodides,
sonic orifices. Both types were calibrated by means of mass flow meters. Pressure in several
important points of the DAIG device was measured by electric pressure transducers of strain gauge
type. The USB Data Acquisition System (National Instruments Comp., USA) was used to record
signals from all pressure transducers, and data were processed by PC on-line under the LabView
software. The RF power source (Pearl Kogyo Co., Ltd., Japan) was a wideband tunable cw/pulse
radiofrequency generator with oscillation frequency 20-100 MHz, output power < 500 W, and a
possible pulse-periodic mode with frequency of 100 Hz — 99 kHz, using the pulse duty 5-95 %.

The PSI lodine Scan Diagnostics (further ISD) based on a narrow band tunable diode probe laser
was used for evaluation of atomic iodine concentrations and temperature in the cavity by measuring
absorption for the 1(?Py) - 1(?P352) transition at 1315 nm. The I1SD probe beam emitter/detector unit
was mounted on the assembly of motorized linear positioning equipment controlled by PC.

A detailed description of the device and diameters of individual parts can be found in the EOARD
Report of the previous grant [1], and the Interim report of this grant [7].

3. Design and manufacturing of modified iodine injectors

Within the research period of this grant, modeling results of pressure conditions in the discharge
chamber revealed that better dissociation of iodide RI and reducing the wall iodine atoms
recombination during the passage through the injector holes would be attained at a decreased
pressure in the discharge chamber. This was not however achievable with the previously used
injector configuration having circular holes because their diameter could not be increased for a
geometrical reason. This problem was therefore solved by increase in the cross-section of the holes
in direction of the primary flow. A drawing of the new injector is shown in Fig. 4. Fifteen holes are
in two opposite rows, a shorter diameter of each hole is 2 mm, and a longer diameter is 3.3 mm,
which means that the former cross-section of all injector holes was multiplied by a factor of 1.5.
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Fig. 4. Technical drawing of the supersonic injector with oval holes

To judge a mixing function of the new injector, a CFD modeling was performed to simulate mixing
of primary and secondary flows using Nzprim and Arsc. The maximum Mach number of 1.97 was
calculated, and mixing of the injected Ar with N, primary flow was satisfactory — see Fig. 5.

Fig. 5. Contours of Mach number and Ar mass fraction for the injector with oval holes
Calculated for 20 mmol/s N3, 9.63 mmol/s Ar; pressure at holes inlet 1126 Pa

To improve an effective expansion of relatively low flow rates of monatomic gases (He, Ar) to a
supersonic velocity, the cross-section of the supersonic nozzle throat formed by the space between
the injector and the cavity walls (2 times 4 x 50 mm) should be decreased. One possibility how to
solve this problem would be a transonic injection. We therefore designed also an injector with
transonic position of the exit holes with basically the same outer shape and number and dimensions



as the circular holes in the supersonic injector. The transonic injector is shown in Fig. 6. The
function of the injector was also checked by the CFD modeling.
Only the new supersonic injector with the oval holes was experimentally tested by now.
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Fig. 6. Drawing of the transonic injector

4. Design and manufacturing of new solid I, evaporator
4.1. Evaporator hardware

Molecular iodine dissociated by the RF discharge was examined as another donor of atomic iodine.
For this purpose, a new evaporator was designed and manufactured for evaporation of solid state I,
and incorporated into the DAIG system including necessary accessories described below. This
system for I, handling was designed for a long term, stable operation, and to avoid some problems
connected with usage of molecular iodine in the COIL/DOIL operation (e.g. unstable iodine vapor
flow rate, bad controlling the flow rate, etc.). Such I, evaporator was missing in our laboratory.

Main components of the system are: the evaporator, heat exchanger, iodine measuring cell, gas
handling piping connected with iodine injector, and water handling hoses. The evaporator is
composed of two large-diameter disks (298 mm in active diameter) screwed together, made of pure
aluminum (Al 99.5 %), which is sufficiently resistive against iodine corrosion and has excellent
heat conductivity. The bottom disk contains a set of concentric circular grooves for filling them
with solid I,, while the top disk is flat. The bottom disk grooves have a width/depth of 5/5 mm, and
their mutual separation is 2 mm. A free space height between the disks is 5 mm. The manufactured
evaporator disk with circular grooves and the same disk filled with I, are shown on Photo 3 a, b.
This arrangement is advantageous for uniform iodine heating, and it also prevents formation of
large iodine lumps. The evaporation area is surrounded by a circular duct (rectangular cross section
10x10 mm) with 40 small grooves 0.5x1.6 mm distributed periodically around the perimeter. The
circular duct serves to equalize pressure around the perimeter. The small grooves serve for a radial
injection of a carrier gas (argon was used up to now) from the disk perimeter to the disk center. The



radial gas flow carries the iodine vapor to the central part of the evaporator. Both the bottom and
top evaporator disks are equipped with water jackets made of hard aluminum. They hold a hot
water flow for heating the evaporator body to desired temperature. The whole evaporator is kept in
a Teflon jacket for thermal insulation.

(@) (b)

Photo 3. Bottom disk of the 1, evaporator; without solid I, (a), with I, in the grooves (b)

The external heat exchanger is formed by a 6 m long stainless steel pipe of %4” in diameter, looped
by a heating wire, delivering up to 1500 W. Using inlet cold/hot water and adjusting the flow rate of
water, the heat exchanger can deliver hot water for heating the I, evaporator in the range of
20-85°C. The water handling hoses between the heat exchanger and the iodine evaporator are
thermally insulated by double wall arrangement. Both the pipes are made of the PFA
(perfluoralkoxy) Swagelok hoses "4 and 3/8” in diameter.

The I, vapor mixed with buffer gas is introduced into the cell for measuring the I, concentration by
means of the absorption spectroscopy using Ar" laser at 488 nm using the absorption cross-section
o=2.47 x 10" cm?molec™ and a photodiode. The cell is made of pure aluminum (Al 99.5%) and
is equipped with two quartz optical windows. The absorption space is formed by a cylinder of 6 mm
in diameter and the absorption length is 40 or 25 mm. The measuring cell has four ports, i.e. two for
gas inlet/outlet and two for the pressure and temperature measurement.

The 1, measuring cell and the pipes connecting the evaporator outlet with inlet into the iodine
injector in the laser are looped by a heating wire to prevent I, precipitation. The iodine injector
described in chapter 2 is heated by hot water leaving the water jacket of the evaporator.

Installation of the I, evaporator in the DAIG device is shown in Photos 4, 5, and the cell for I,
measurement in Photo 6.

10



Photo 5. I, evaporator incorporated in the DAIG device
1 — I, evaporator, 2 — I, measuring cell, 3 — Ar carrier gas supply, 4 — Ar carrier gas by-pass,
5 —outlet of I, vapor + Ar mixture, 6 — pipe to measuring cell, 7 — pipe from measuring cell to iodine injector,
8 — heating and/or cooling water input/output

11



Photo 6. Cell for I, concentration measurement
1 — I, measuring cell, 2 — gas inlet, 3 — gas outlet, 4 — photodiode, 5 — pressure gauge port

4.2. Operation of I, evaporation system

Before employing the new I, evaporator in the experiments with atomic iodine generation, a testing
of its function was performed in the following way. The hot water supply having approx. 50°C was
fed to the heat exchanger. Using a heating power of 675 W and water flow rate approx. 12 ml/s, it
took about 1 hour to reach 60°C temperature of the aluminum iodine evaporator. After that,
increasing to 1330 W and continuously decreasing water flow rate up to 5 ml/s, additional 1 hour
was required to reach 79°C. In another experiment, 86°C was attained with 1450 W. We expect that
after some experience this temperature could be obtained after 2 hours of heating. With a nearly full
heating power (1500 W), the evaporator temperature may be quite conveniently controlled by
adjusting the hot water flow rate. A rate of the temperature change is however given by the large
thermal persistence of aluminum evaporator. A fast decrease in the evaporator temperature may be
also obtained by switching to a cold water supply. The operation of the heat exchanger was not
fully optimized yet.

The iodine vapour flow rate from the evaporator was very sensitive to the argon flow rate. An
increase in the Ar flow resulted in decreasing in the I, flow and vice versa. This fact can be easily
explained by variation in pressure inside the evaporator by Ar flow rate, since the mixed flow is
choked in the atomic iodine injector. A temporal stability of the I, flow rate was very good. An
example of the time dependence of I, and Ar flow rates is shown in Fig. 7.

12
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Fig. 7. Time dependence of I, and Ar flow rates; evaporator temperature 85°C

Dependence of the 1, flow rate on the Ar flow rate and evaporator temperature is shown in Fig. 8.
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Fig. 8. Dependence of I, on Ar flow rate and evaporator temperature

The highest I, flow rate used in the experiments was 0.287 mmol/s at 85°C and 1.93 mmol/s Ar.
We believe that this is not the upper limit, since the temperature may be still increased (perhaps to
90°C) and the pressure losses on the way from the evaporator to the injector may be also decreased
(the pressure in the iodine cell was 12 kPa in the highest I, flow rate). The heat exchanger may be
also modified to use superheated water wunder the pressure of 6 bar with
t > 100°C. A significant improvement in the evaporation rate is expected by replacing the argon
with helium, having higher thermal conductivity and lower molecular weight.
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5. Theoretical background for evaluation of experimental results

Data recorded by the diode probe laser diagnostics (ISD) each 0.15 s were filtered to reduce signal
noise and smooth the shape of baseline by moving average over 3-10 subsequent records. For this
purpose the IR (Infinite Impulse Response) function in LabView was employed. Filtered data were
further fitted by Voigt profile using the developed Origin script, which combined Origin Peak
fitting module with fixed parameter wL and following expressions

wG 2
T = 1
(14.49) @
wL=w.as+2$6-p'7 @)

which relate the Lorenztian and Gaussian width. Here T is the temperature to be evaluated, p is the
measured cavity pressure, Wiss = 2.5 MHz is the laser line width, and y is the 1(?P12) — 1:(*Pap)
broadening coefficient for the gas mixture. The following iterative procedure was used. After an
initial estimate of wL, T was calculated from the fitted wG of the resulted Voigt curve, and with this
T value, a new wL was calculated from (2). Using the previous initial and present wL values, a new
estimate of wL was calculated by the bisection method. These iterations were terminated by a
difference of two subsequent values of wL or wG less than 0.01%. Than the iodine number density
from the peak area and the temperature from wG in the cavity were calculated.

Atomic iodine concentration and temperature measured in the expansion cavity perpendicularly or
along the injector were used to evaluate the partial pressure of atomic iodine by the formula

1

b= [ S RT()y @)

2 1

where c(y), T(y) are the measured concentration and temperature, and y is the position in direction
perpendicular or along the injector. The measurements were performed at a distance of 37-145 mm
downstream of the nozzle throat.

The dissociation fraction of iodide RI was evaluated using the formula

pp N
Myss = —— ——x100%
‘ pcav nRI (4)

where n=n,, +n,, +ny, +ng, is the total gas flow rate, and pcay is the pressure in the detection cavity.
Another important parameter was used, the specific energy, Esp, defined as

14



Esp = PRFabs / an (5)
where Prraps IS the RF power absorbed in the plasma during the RI dissociation.

Efficiency of the dissociation process was evaluated also as a fraction of the absorbed RF power
consumed for the RI dissociation,

_ Pdiss _

eN | Ebond
Pabs (6)

where Epong IS the dissociation energy of C-1 bond (2.47 eV/molec for CHsl, and 2.34 eV/molec for
CFsl), N, is the evaluated flow rate of generated iodine atoms (in at/s), and e is the electric charge of

electron. In the case of I, the value of Epong = 1.53 eVV/molec must be divided by 2, in order to use
the parameter fPgiss consistently.

ﬂ::iiss - P

abs

From the Kinetic point of view, the produced iodine atoms by RF plasma dissociation can
recombine on the way from the injector to the detection place in reactions

[+1+M >+ M M = Ar, He, Ny, I, (7)
[+1+wall -1, (8)
R+I+M—RI+M, R = CHjs, CFs (9)

The evaluated | atom number density can be further decreased by eventual presence of the excited
iodine atoms since the ISD-based diagnostics monitored the I-1" transition. For this reason, the 7.

values may be considered as a lower limit of the dissociation fraction achieved in the discharge.

6. Results of investigation of several atomic iodine donors

6.1. Investigation of alkyliodides CH3l and CF;l dissociation
6.1.1. Measurements in CW RF discharge; injector with circular injecting holes used

A few examples of experimental results measured in the initial period of this research on the device
with the iodine injector having circular injection holes (see Fig. 2) are shown for a typical gas flow
and discharge conditions. Most the experimental results were very similar for both alkyliodides, so
the experimental dependence for one of them is usually illustrated. A distribution of atomic iodine
concentration, [1], across the measuring cavity for subsonic and supersonic flow conditions for CF;l
is shown in Fig. 9, and recorded by moving the ISD probe beam on the cavity top along the injector
axis for CHsl is shown in Fig. 10.

15
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the nozzle throat; two different lengths of RF electrodes used: 1 - 105 mm, 2 - 60 mm;
Conditions: flow rates (mmol/s): 0.51 CHjsl, 2.0 Ar, 20 N,, pcav = 600 Pa, Pgrg s = 150 W

Dependences in Fig. 9 demonstrated that [I] was much lower in the supersonic flow than in the
subsonic flow, but the dissociation fraction was almost independent on the cavity pressure and
distance from the nozzle throat. A monotonic increase in [1] in Fig. 10 from the side of CHgsl inlet
into the discharge chamber (i.e., from the first injector holes to the last one) was ascribed to an

16



increase in the flow gas residence time through the injector. In these experiments, an effect of
variable length of the RF electrode (60 mm and 105 mm) inserted in the discharge cavity was also
tested, and it can be seen that the curve (1) corresponding to a longer electrode starts at higher [1]
values then the curve (2) for a shorter electrode. Observed increase in [I] was in accordance with
observed much stronger plasma afterglow leaving the holes at the most distant holes from CHjsl
inlet.

Dependences of the dissociation fraction on specific energy, Es,, for several CHsl and CFsl flow
rates, measured with two lengths of RF electrodes and different RF power are shown in
Figs. 11 a, b.
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Fig. 11 a, b. Dissociation fraction of CHzl (a) and CF;l (b) in dependence on specific energy
PRF’abS = 100_250 W; Le|ectr0de = 105 mm (1) or 60 mm (2);
flow rates (mmol/s): 0.1 - 0.72 CHgl, 0.28/1.0 CF3l, 1.9 - 2.7 Ar, 16 - 20 N,

In case of CHal, one can see a certain saturation, which is shifted to a lower Es, value for the shorter
electrode. This effect may be explained by a higher power density because the plasma is in a
smaller volume at the same RF power. Despite of the 1.75times higher power density in case of
using the shorter electrode, the dissociation fraction was lower. In the linear region of dependences
(i.e. prior to saturation with CHgl), the dissociation fraction was nearly the same for both donors. In
case of CFsl, no saturation was observed using both the longer and shorter electrode.

The RI dissociation efficiency expressed by the dependence of fraction of the RF power absorbed
(consumed) in the dissociation process of CHsl and CFsl on the specific energy Es, is shown in
Fig. 12 a, b. It can be seen that CH3l exhibits a steeper decrease in this dependence than CF;l, and
results with CFzl were also less sensitive to the electrode length.
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Fig. 12 a, b. Fraction of RF power consumed for CHzl (a) and CF:l (b) dissociation in
dependence on specific energy
Pabs = 100-250 W; Lejectrode = 105 mm (1) or 60 mm (2);
flow rates (mmol/s): 0.1 - 0.72 CHgl, 0.28/1.0 CFsl, 1.9 - 2.7 Ar, 16-20 N,

Static temperature evaluated from the ISD probe recoding across the measuring cavity is shown in
Fig. 13.
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Fig. 13. Vertical profile of static temperature, record 87 mm from the nozzle throat
Lelectrode = 60 mm; pcav = 128 Pa! PRF, abs = 148 W;
flow rates (mmol/s): 0.3 CHsl, 2.7 Ar, 17 N,
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Discharge stability in the gas mixture containing the alkyliodides was a serious problem
solved during this research period. Several possibilities of its improvement were examined. One
of them was adding a small amount of NO (100-600 pmol/s) or N2 (50-1300 umol/s) into the RI +
Ar mixture, however no evident increase in the RF discharge performance was observed at the
employed gas flow and discharge conditions.

Important enhancement in the discharge stability with CHsl was achieved by covering the RF
tungsten electrode (95 mm long) with a thin quartz glass tube, which served as a dielectric cover. In
this way, the absorbed CW RF power could be increased up to 350 W (the previous limit was ~150-
250 W) and the maximum attained dissociation fraction thus increased from ~16% to 23%. By
employing a repetitively pulsed mode of the RF source with 20 kHz frequency and a pulse duty
ratio 90% (see chap. 6.1.3.), a maximum possible instantaneous RF power of 500 W could be used
(the absorbed power was Prraps = (Pinst — Prefiected) X (p.d.r.) = (500 - 40) x 0.9 = 414 W) at up to
0.66 CHsl mmol/s. Unfortunately, after several minutes of the DAIG operation, the quartz tube on
the electrode was covered with a thin layer of carbon deposit.

Another improvement of the discharge instability was realized by a special element inserted into the
gas inlet hole of the discharge cavity, which forced the RI+Ar mixture to a tangential flow and
making a vortex in the discharge chamber. By using this element, the highest absorbed RF power
(440 W) and the dissociation fraction of 23% at 0.66 mmol/s of CH3l was attained. Atomic iodine
with a flow rate of 0.15 mmol/s was produced, which was 1.5times more than the best value
obtained before the improvements.

Fig. 14 summarizes results on the dissociation fraction of CHzl obtained with above described
hardware modification to increase the RF discharge stabilization. It is evident that most efficient
was the tangential gas inlet into the discharge chamber.
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Fig. 14. Dissociation fraction of CHjsl in dependence on the specific energy for
different hardware configurations; measured 87 mm from the nozzle throat;
flow rates (in mmol/s): 18-21 N,, 2-2.5 Ar; pcay 500-900 Pa
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6.1.2. Measurements in CW RF discharge; injector with oval injecting holes used

Experimental results on CF;l dissociation measured with the modified iodine injector with oval
injection holes (see chap 3, Fig. 4) for supersonic iodine injection are further presented. It was
found that the discharge stability was significantly better in comparison with experiments
performed with the former injector type (with circular holes). The RF frequency was maintained at
40 MHz, and the RF rod electrode 95 mm long without the quartz glass cover was used. In
comparison with the previous limit of the RF power of 250 W, the discharge up to the RF source
power limit (500 W) could be maintained at a broad range of CF;l flow rate 0.1-0.9 mmol/s, and Ar
flow rate 1.3-3.7 mmol/s. Thanks to a larger cross-section of the injection holes, the discharge
pressure was by about 20% lower than in the former injector.

A vertical profile of generated atomic iodine number density was recorded by the ISD with the
probe beam led perpendicularly to the supersonic flow 65 mm downstream of the nozzle throat.
Results of these measurements for 0.8 mmol/s of CFsl, 3.12 mmol/s of Ar, and two values of the RF
power are shown in Fig. 15.
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Fig. 15. Vertical profile of | number density measured 65 mm downstream of the nozzle throat
Flow rates (mmol/s): 0.8 CF3l, 3.12 Ar, 19.9 N, peav = 135 Pa

The asymmetry of the measured curves was permanent, and may be caused by a buoyancy effect.

The temperature evaluated from the broadening of the absorption peak for the same conditions is
shown in Fig. 16.
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Fig. 16. Vertical profile of temperature measured 65 mm downstream of the nozzle throat
Conditions as in Fig.15

Note that even minimum value of temperature in the supersonic flow is higher than 240 K at high
CF3l flow rate (0.8 mmol/s) and absorbed RF power (495 W). The temperature averaged across the
cavity was dependent both on the RF power and CF3l flow rate — see Fig. 17.
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Fig. 17. Average temperature in dependence on the absorbed power
Flow rate of CF3l (mmol/s): 0.33 (1), 0.50 (2), 0.80 (3); other conditions as in Fig.15.

The iodine concentration was quite constant along the gas flow in the measuring cavity because no
difference was recorded when the probe beam was moved from the distance of 65 mm to 115 mm
downstream from the nozzle throat.
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A relatively high dissociation fraction of 38.7% was recorded at 397 W but with 0.06 mmol/s of
CF3l only. Atomic iodine production of 0.15 mmol/s was obtained at 495 W with 0.78 mmol/s of
CFsl. A dependence of the produced atomic iodine rate on the absorbed power is shown in Fig. 18.
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Fig. 18. Dependence of the produced atomic iodine rate on the absorbed power
Conditions as in Fig. 17

Employing a tangential inlet to the injector resulted still in better achieved results. For example, the
dissociation fraction was 26% at 0.3 mmol/s of CF3l and 495 W. The maximum production of |
atoms of 0.19 mmol/s was obtained with 0.9 mmol/s of CFsl, and at 20.6% dissociation fraction and
8.5 % discharge efficiency.

Due to the achieved good discharge stability, we could obtain a very broad dependence of the
dissociation fraction and discharge efficiency on the specific energy (from 250 J/mmol to ~5000
Jimmol). These results are plotted together with the former results in Figs. 19, 20. The
dependencies exhibit a saturation at Es, = 4000 J/mmol, where the dissociation fraction reached
30%, but the discharge efficiency is below 2%.
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Fig. 20. Fraction of RF power consumed in CF;l dissociation (i.e., discharge efficiency)
in dependence on specific energy; different conditions

It is not possible to compare the former and new injector at conditions of the high Ep, as the data
with the former injector could not be measured for these values due to lower discharge stability. For
the lower Eg, values, no improvement in the dissociation efficiency was obtained with the new
injector. The most probable reason for this fact was a shorter gas residence time in the discharge
(the new injector has lower pressure in the discharge space).
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6.1.3. Measurements in pulse-periodic RF discharge

A few experimental sets were performed with a pulse-periodic RF discharge, during which the
basic 40 MHz RF power supply was periodically switched on and off with frequency from 0.7 kHz
to 99 kHz. A pulse duty ratio (ratio between “on” time and “off” time in the period) was changed
from 10 to 100%. A study of the repetition rate effect and pulse duty ratio on the atomic iodine
number density was performed at the cavity center, 47 mm from the injector outlet. The dependence
on the repetition frequency for three values of the pulse duty ratio is shown in Fig. 21.
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Fig. 21. Dependence of I number density on repetition frequency for 3 values of pulse duty ratio,
measured 47 mm downstream from the injector outlet; pe = 960 Pa;
flow rates (mmol/s): 0.72 CHjsl, 2.3 Ar, 24 Ny, RF power 237 W

A weak maximum can be seen around 15 kHz, and the dissociation fraction strongly decreased at
frequencies lower than 4 kHz, which roughly corresponded with a gas residence time in the
discharge chamber (~0.6 ms).

The repetition frequency had only a weak effect on atomic iodine number density, and in case of
CF3l, a slight improvement of sparking instability of the discharge was observed in comparison
with the CW discharge mode at f = 30 kHz. Dissociation fraction and efficiency, fPgiss, Were
comparable with the CW mode. No influence on static temperature in the cavity was found when
switching from the cw to pulse-periodic mode. These measurements were described in more details
in interim report [7].
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6.1.4. Post-discharge modeling of recombination

a) Modeling of CHsl

The evaluated dissociation fraction and consequently the value of dissociation efficiency could be
decreased by presence of excited iodine atoms, 1", and recombination losses (egs. 7-9). A 3-D CFD
modeling of the reactive flow was performed to evaluate the recombination processes by means of
the commercial, finite-volumes-code CFD-ACE+ software.

The input molar flow rates were: 20 mmol/s of primary N,, 2 mmol/s of Ar as a carrier gas,
0.373 mmol/s of CHsl, 0.0746 mmol/s of I, and 0.0746 mmol/s of CH3. The dissociation fraction of
CHjsl leaving the discharge and entrancing the injector holes was 20%. Further details are given in
the Interim Report 001 [7].

By integrating the species flux over the selected cross-sections, the flow rates of the species relative

to the flow rate of CHgsl entraining the discharge were evaluated. The contours of I, mass fraction
after | recombination are shown in Fig. 22.

Fig. 22. Contours of I, mass fraction in different locations of the flow cavity

A plot of averaged flow rates of species related to the input CH3l number density can be seen in
Fig. 23.
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Fig. 23. Modeling of recombination processes in discharge decomposition of CH;l (see Fig. 22)

It is obvious from these results that nearly 50% of produced atomic iodine was recombined on the
gas mixture passage through the 3 mm-injector hole. The most effective process was the wall
recombination. The recombination to CHsl contributed to the total recombination loss by 1/3, and |
recombination in a triple process (7) was of minor importance. The calculations also revealed that
CHs radical was very fast recombined to dimmer C,Hg, which is very exothermic process (-375.2
kJ/mol), very probably responsible for quite high temperature in the supersonic cavity. The mutual
reaction between two CHjz; or CF; radicals is otherwise advantageous for inhibition of
recombination of | atoms in the process (9).

b) Modeling of CF;l dissociation

A simplified plasma-kinetic model was used for calculation of the CFsl dissociation. A simple
Global kinetic model [16] was used, which does not count for a spatial distribution of species in
direction perpendicular to the electrodes. This assumption is well satisfied in a high pressure glow
discharge, since the sheath layers at the electrodes are very thin. The axial spatial distribution is
calculated from a time evolution of the solved kinetic equations. The rate constants and collision
cross-sections were taken from Ref. [17], and the recombination of radicals 2 CF; — C,Fs was
added.

Due to assumption of some elementary process rates, e.g. cross-sections of the iodine production
from excited states of CFsl, our calculations should be treated as very approximate and only
qualitative results are mentioned: (i) Enhancement of the dissociation fraction by decreasing
discharge pressure seemed to be very large. (ii) Pure Ar buffer was better than Ar + He mixture
used as a carrier gas since increasing par provided more electrons, while increasing puye caused only
a higher recombination (confirmed by experiments). (iii) Electron temperature was 2-3 eV, and
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plasma density N ~ 10" cm™. (iv) Recombination of 2 CF3 — C,Fs ws Was effective yet inside the
discharge chamber. A time course of relative concentrations of three species is shown in Fig 24.
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Fig. 24. Time course of calculated relative concentrations along the discharge tube

A continuous rise of the iodine concentration after 1 ms (approx. gas residence time in case the
105 mm-electrode) is in accordance with the observed increase in iodine number density measured
in the experiments along the injector axis. This result indicated that still a longer discharge tube
should be used to achieve higher dissociation fraction under these flow and pressure conditions.
More detailed results on this modeling are given in the interim report [7].

6.2. Investigation of HI dissociation

The experiments with hydrogen iodide, HI, discharge dissociation were motivated partly by using
HI in our previous research on chemical generation of atomic iodine and current research on the all-
gas generation of molecular iodine. Investigation of HI dissociation in the DAIG device was
performed still before the above described hardware improvements, and with the short (60 mm) RF
electrode.

The dissociation fraction and fraction of RF power to dissociation (the discharge efficiency) in
dependence on the absorbed CW RF power is shown in Fig. 25
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Fig. 25. Dissociation fraction of HI and discharge efficiency in dependence on
the absorbed power; measured 87.5 mm from the nozzle throat;
flow rates (mmol/s): 18.1 Ny, 2.1 Ar, 0.5 HI; pey 551 Pa

Although the dissociation fraction decreased with the HI flow rate, the efficiency slightly increased.
These dependencies were measured under subsonic conditions (550-630 Pa) but a few results
obtained also under supersonic conditions (126 Pa) were very similar.

For better discharge stability above the RF power of 300 W, most of the experiments were
conducted with the pulse-periodic RF discharge (50 kHz, pulse duty ratio 80%). Example of these
results is given in Fig. 26, showing the dependences of the dissociation fraction, discharge
efficiency, and flow rate of produced atomic iodine on the HI flow rate.
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Fig. 26. Dissociation fraction of HI, discharge efficiency and flow rate of produced |
in dependence on HI flow rate; measured 87.5 mm from the nozzle throat;
flow rates (mmol/s): 19.1 N, 3.1 Ar; peay 400-500 Pa; Py 317 W
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During these experiments, argon flow rate was also optimized resulted in monotonous increase of
the dissociation fraction up to ~18% in the Ar flow rate used range (details in [7]). A horizontal
profile of the atomic iodine number density was similar as with CHsl and CFsl.

Comparison of the dissociation and discharge efficiency of HI and alkyliodides CHsl, CFsl is
demonstrated in the following Figs. 27 a, b (measured under similar discharge conditions).
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Fig. 27 a, b. Dissociation fraction (a), and discharge efficiency (b) of different iodides in dependence on
the specific energy; measured in subsonic flow, various conditions

It is obvious that HI provides the best results of these three iodine donors. The efficiency fPgjss IS
two times higher for HI than for RI, despite a higher iodine bond energy (3.06 eV vs ~2.4 eV for
RI1). A higher discharge efficiency of HI could be ascribed to its lower recombination rate.

6.3. Investigation of I, dissociation

Molecular iodine was newly studied as the atomic iodine source. Most of the experiments were
conducted under subsonic flow regime, and with N as a primary gas (18-20 mmol/s). The injector
with oval holes and 95 mm long RF electrode were used.

In the first two experimental series, the ISD probe beam was led so that the vertical profiles of
atomic iodine number density were recorded. The distance from the nozzle throat was fixed at 65
mm through all the experiments. The subsonic vertical profiles for two flow rates of argon (and,
consequently, two flow rates of I,) are shown in Fig. 28.
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Fig. 28. Vertical profiles of atomic iodine number density 65 mm downstream of the nozzle throat

Flow rates: N, 17.5 mmol/s, Ar 3.37 (1) and 0.64 (2) mmol/s, 1, 50 (1) and 220 (2) pumol/s;
pressure in the cavity 317 (1) and 414 (2) Pa, absorbed RF power 199 W (1) and 247 W (2)

The influence of cavity pressure (choking) on the atomic iodine concentration and its distribution is
shown in Fig. 29.
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Fig. 29. Vertical profiles of atomic iodine number density 65 mm downstream of

the nozzle throat for different cavity pressures
Flow rates: N, 18.8 mmol/s, Ar 0.69, I, 124 umol/s, P 195 W.

The dissociation fraction was 30% under these conditions and was independent on the pressure,
except of the highest pcay = 569 Pa, where it decreased to 23%, probably due to the iodine atoms
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recombination on the injector outer walls. The lowest pressure pc.ay = 122 Pa corresponds to the
supersonic regime.
The smoothed vertical profiles of the static temperature are shown in Fig. 30.
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Fig. 30. Smoothed vertical profiles of static temperature 65 mm downstream of
the nozzle throat for different cavity pressures. Conditions as in Fig. 29

In the supersonic flow experiment, the peak number density was 2 x 10 ¢cm™ and the minimum
temperature 210 K. The estimated Mach number from Pitot tube measurement was 1.55.

One experimental series was performed with the “horizontal” ISD scanning, i.e. along the injector

at the distance from the nozzle throat 65 mm again. The obtained horizontal concentration profiles
were very inhomogeneous — see Fig. 31.
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Fig. 31. Horizontal profiles of atomic iodine number density 65 mm downstream of the nozzle

Flow rates: N, 18.9-19.7 mmol/s, Ar 4.25 (1), 3.44 (2), 1.93 (3) mmol/s, I, 122 (1), 175 (2), 287 (3) umol/s,
Pans 197 W, peay 559 (1), 540 (2), 507 (3) Pa

The shape of the horizontal profile was not affected by either I, or Ar flow rate.

In the following figures, we present summary dependencies of the produced atomic iodine rate,
dissociation fractions and discharge efficiencies. The dissociation fraction did not decline below
20% through all experiments. The flow rate of the produced atomic iodine is shown in Fig. 32.
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Fig. 32. Flow rate of the produced atomic iodine in dependence on the absorbed RF power
Flow rates of Ar + I, (in mmol/s): 0.8 + 0.124 (1), 0.8 + 130 (2), 3.4 + 0.175 (3), 1.9 + 0.287 (4).
N, 18.9-19.7 mmol/s, pc., 289-778 Pa
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The Fig. 32 illustrates also the influence of Ar flow rate on the atomic iodine production. Although
the 1, flow rate was much higher for the curve 4 than for the curve 3, the produced atomic iodine
was lower, perhaps due to the lower Ar flow rate. We explain this feature by lower electron density
with lower Ar content. The increase in the RF power above 100 W also did not bring more atomic
iodine, although the dissociation fraction was only 22.8% at 100 W.

The summary graph of the achieved dissociation fractions is shown in Fig. 33.
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Fig. 33. Dissociation fraction of I, in dependence on the specific input energy for different Ar flow rates

The data used in this figure comprise the following conditions: I, flow rates 22-287 umol/s, Paps
48-247 W, Ar 0.63-4.49 mmol/s, N, 18.5-19.2 mmol/s and pc. 122-809 Pa. The points yielding
100% correspond to low I, flow rates, 22-28 umol/s, where there is a relatively large error in the
absorption measurement. Therefore some values exceed 100%. The specific energy corresponding
to the maximum ryqiss (Or Saturation point) for each curve is shifted to lower values with lower
Ar flow rate. The fact that at some conditions the dissociation fraction is not saturated at 100% may
be explained by two ways: a/ atomic iodine recombination, which may both decrease the
dissociation rate in the discharge and decrease atomic iodine fraction on the passage through
injection holes and downstream, b/ converting the discharge energy to ro-vibrationally and
electronically excited states of I..

The dissociation limit for the highest I, flow rate 0.287 mmol/s was 23%. The dissociation limit
coincided roughly with the impedance matching limit; we were not able to match the impedance
(decrease the reflected RF power) at power levels 200-250 W, in dependence on the flow
conditions.

The fraction of RF power going to dissociation, fPgiss, (discharge efficiency) is shown in Fig. 34.
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Fig.34. Fraction of RF power going to dissociation in dependence on
the specific input energy for different Ar flow rates

This figure predicts the best Ar flow rate of about 2 mmol/s;the dependence on the Ar flow rate
must be, however, measured more independently on the evaporated I, flow, which is the subject for
future experiments.

The temperatures averaged across the cavity height were in the range of 275-375 K in subsonic
regime. It was found that the average temperature increased significantly with absorbed power only
in case when also the dissociation fraction increased with power.

The highest production of atomic iodine was 0.17 mmol/s produced from 0.175 mmol/s of I, at the
absorbed RF power of 198 W. The dissociation fraction was 49.3% and the discharge efficiency
6.4% in this case.

Comparison of results obtained with I, and CF3l measured with the same injector (with oval holes)
and electrode (95 mm long) are now presented. While the generation of 0.17 mmol/s of atomic
iodine required only 11.9 eV/atom in case of I, the similar production of 0.19 mmol/s from CF;l
required energy nearly twice higher (22.7 eV/atom).

Comparison of the achieved dissociation fraction and discharge efficiency of these two donors in
dependence on the specific energy is shown in Figs. 35, 36.
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It is obvious that molecular iodine is better in both parameters than CF3l.
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6.4. Comparison of four iodine donors studied in DAIG

During the grants on DAIG investigation, four iodine donors’ dissociation was studied in the RF
discharge, CHsl, CFsl, HI and I,, respectively. Although quite similar maximum atomic iodine
production rate 0.15-0.19 mmol/s was achieved from all 4 donors, the efficiency differed between
the carbon-contained iodides, HI and I, where the efficiency was increased in this respect. Our
experience showed that this efficiency is given predominantly by the kinetic reasons, where the
cross-section of dissociative electron attachment and volume back-recombination of the dissociated
molecule play the major roles. With the perspective of using this method of atomic iodine
generation for a COIL or DOIL operation, the kinetic behavior of the radicals R = CHs;, CF3, H,
must be also considered. The important chemical reactions are summarized in Table 3. The
formation of the compound RO is very fast in the case of all three iodides. This compound is a
very serious quencher of both excited iodine and singlet oxygen. Although appropriate rate
constants were only derived indirectly and only for R = C,Hs, the authors of [26] suppose similar
rates with CF3 and CHj3 as well.

Tab. 3
Important reactions associated with atomic iodine donors

Reaction Rate constant Reference
CH; +1— CHsl 9.96 x 10 “ cm’s? 18
CF;+1— CFsl 3.01x 10" cm’s? 19
H+1— HI not found

21+1,—2I, 3.9x10%cm°®s? 20

k.[l,] =9.4x 102 cm®s™ at pl, = 1 kPa

21+Ar— L+ Ar 2.2 x 10% ¢m®s? 21
21+N, > L+N, 1.2 x 10% cm°®s? 22
21+wall - L, y=1 estimated
CH; + O, + Ar — CH;0, 1x10% cm®s™? 23
CF; + O, — CF;0, (in argon) 1x 10" em’s? 24

H + O, — HO, (in argon) 9.47 x 10 cm’s? 25

I* + RO, — I+ RO, (R = C,Hs 1) 9.47 x 10 cm’s? 26
0,(a) + RO, — I+ 0y(x) (R = C,Hs 1) 1.0x 10 cm3s? 26
0,(a) + HO, — HO, + Oy(x) 3.3x10" cm’s? 27

The chemical heat associated with an unavoidable dimerization R + R — R, mentioned in Section
6.1.4 is another complication for the laser action in the oxygen-iodine lasers. The advantage of I, is,
besides the higher dissociation efficiency, an absence of complicating Kinetics and the yield of two
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iodine atoms per one molecule. Also, even partial predissociation of I, could lead to a significant
save of the O,(*A) energy, thanks to a positive influence of initial atomic iodine in the system on the
complex I- O,(*A) dissociation kinetics. Vibrationally excited molecular iodine, which is most
probably produced in the discharge can also have a positive effect on the I, dissociation by Oz(*A).

On the basis of our research results on the DAIG gained by now, both experimentally and for the
kinetic reasons, molecular iodine seems to be the most promising atomic iodine donor for this
generation method.

7. Conclusions

> New experimental results on atomic iodine generation from CHsl and CFsl were obtained in
the CW and pulse-periodic RF discharge mode. Mapping of the atomic iodine concentration,
[1], in the vertical cross section of the cavity was performed in both subsonic and supersonic
flow conditions. In the supersonic regime, a maximum [I] in the cavity center was 4.22 x 10"
cm?, and a corresponding minimum gas temperature evaluated from the probe measuring was
230 K.

» The [I] mapping along the injector axis indicated a growing generation of iodine atoms along
the injector holes from the inlet of RI+Ar mixture. This was confirmed also by modeling
results.

> Several hardware changes of the DAIG device, a usage of small traces of NO gas together with
a pulse-periodic RF source mode led to a significant improvement of the discharge stability.
Thanks to these improvements, nearly highest possible RF power (~500 W) could be loaded
into the discharge. The dissociation fraction of CHgzl then increased from ~16% to 23% and a
produced flow rate of atomic iodine to 0.15 mmol s

» A usage of the newly fabricated injector with the oval holes resulted in decrease in the
discharge pressure by 20% and improvement of the CFsl dissociation, so that 0.19 mmol s™ of
iodine atoms was produced from 0.9 mmol/s of CF3l at the dissociation fraction of 20.6%.

> lodine donor HI was newly studied as the atomic iodine source. The results gathered up to now
showed that with this donor a better efficiency of the absorbed RF power can be achieved than
with CH3l/CF3l (15% against 10%), and it provided 0.19 mmol s™ of produced atomic iodine at
16% dissociation fraction.

» The numerical modeling helped to interpret some experimental features of the process of iodine
generation in the RF discharge and to suggest further improvements of experimental conditions
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and configurations. By modeling, the elevated temperature measured in the cavity was
explained by exothermic recombination of alkyl radicals, forming R, molecules. Further, a high
rate of | wall recombination was calculated and the results indicated that the dissociation
fraction in the discharge may be much higher than measured values in the supersonic cavity
tens millimeters downstream from the injector outlet.

A new solid 1, evaporator with the heat exchanger was designed, manufactured and used. It is
capable to provide very stable iodine vapor flow rate up to 0.3 mmol/s at the evaporator
temperature up to 85 °C.

Molecular iodine was newly studied as the atomic iodine source. Both the dissociation fraction
and discharge efficiency were much better than with three iodides at the same input specific
energy. A comparable production of atomic iodine as with the iodides was achieved, 0.17
mmol/s, but at much lower donor flow rate, 0.175 mmol 1,/s and at lower absorbed RF power
of 198 W. The dissociation fraction was in the range 20-100% in dependence on the I, and Ar
flow rates.

On the basis of the experimental and theoretical studies performed by now, I, was selected as
the most promising donor for the future gain/laser experiments on COIL or DOIL.

Plans for the next work:

Optimization of conditions in experiments with I, used as the atomic iodine donor in the DAIG
device;

Testing the DAIG operation with the primary flow containing O,(*A) by joining it to either
chemical or discharge SOG; small signal gain measurements, i.e. to fulfill the task of this grant
proposal;

Detection of emission spectra of the RF discharge and afterglow using a newly purchased
instrument with sensitive spectrograph and EMCCD camera.
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