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Introduction

GCL-HPL 2000, the XIII International Symposium on Gas Flow and Chemical Lasers
and High-Power Laser Conference, took place at the Demidoff Hotel, in Pratolino,
Florence, ltaly, 18-22 September 2000. The meeting dealt with all the aspects of basic
and applied research in high-power lasers, high-power beam characteristics and
manipulation techniques, and laser/material interaction processes. It saw significant
participation of attendees as well as submission of contributed papers. This was
probably due to the coincidental occurrence of a few particular conditions. First of all,
most laser-related large conferences have relegated gas and chemical lasers to a
secondary role, considering these technologies to be already mature. This gives the
GCL-HPL conference series a unique character. Furthermore, large efforts were made
by the organizing and program committees to make the meeting as interesting and
up-to-date as possible. Finally, the many places of interest in and around the city of
Florence played a considerable role. The local organizers and tour operators did their
best to make the social activities pleasant and attractive, maintaining the traditional
high level of this symposium. In spite of this, the technical sessions benefitted from
continuous and active participation of attendees, giving the feeling of general
appreciation of the scientific program.

| personally went through the experience of more than one year of full immersion in the
study and review of the different themes touched by the conference program, and |
received the impression that there are numerous and quite active researchers in these
fields. However, because of my organizing duties, | had very little time to exchange
ideas during the conference. | did get in contact with most of the members of the
community and it seems that for most of them fruitful and friendly exchanges were
possible during the conference. It was a great honor for me to hear the same
impressions of success from the international advisory committee members who
attended all the previous GCL and GCL-HPL conferences.

My thanks go to all the attendees for their high-quality participation, and to the
international advisory committee and program committee members who helped in
manuscript review, selection work, and session chairing. A special thanks for the
inestimable contribution to the conference series goes to the two members who decided
to resign from the international advisory committee after this event: William Watt and
Tommaso Letardi. The greatest acknowledgment goes to my colleagues Marco Ciofini
and Cristina Pescucci, who made the event possible with their continuous and
unlimited work. Lastly, tender thanks go to my little Tommaso and Valentina who had
to leave me out of their games for some time, given the extra work | had.
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At the final IAC meeting, which traditionally takes place at the end of the conference,
we decided the venues of the two successive GCL-HPL events. The XIV Symposium will
take place in Wroctaw, Poland, 25-30 August 2002. Professor Krzysztof Abramski will
be the next chair. It was also decided that the 2004 event will take place in Prague,
Czech Republic, and will be chaired by Professor Jarmild Kodymova. My best wishes
to Krzysztof and Jarmiléa for their upcoming work.

Antonio Lapucci

Editor's Note

The final section of this book is a paper presented during the 1998 GCL-HPL event. This
paper was inadvertantly missing from the corresponding proceedings volume. Below is
a message from the GCL-HPL’98 chairperson:

The paper “Influence of x-ray preionization on the performance of a hf
phototriggered laser,” by S. Pasquiers, C. Postel, and V. Puech, was presented
by the authors during the GCL-HPL'98 symposium in St. Petersburg.
Unfortunately, the manuscript was lost. On behalf of the GCL-HPL'98
Organizing Committee, 1 ask the authors to accept our sincere apologies. At the
same time, | appreciate Dr. Antonio Lapucci’s help in resolving this matter.
Anatoly Boreysho, Chair of GCL-HPL'98, St. Petersburg
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The Airborne Laser
Steven E. Lamberson

Airborne Laser System Program Office
USAF Space & Missile Systems Center
Kirtland AFB, New Mexico

ABSTRACT

The US Air Force Airborne Laser (ABL) is a major weapon system development by the United States Air Force to provide an
airborne, multi-megawatt laser system with a state-of-the-art atmospheric compensation system to destroy enemy theater
ballistic missiles at long ranges. This system will provide both deterrence and defense against the use of such weapons during
regional conflicts. This paper provides an overview of the ABL weapon system including: the notional operational concept,
the development approach and schedule, the overall aircraft configuration, the technologies being incorporated in the ABL,
and the risk reduction approach being utilized to ensure program success.

Keywords: ABL, Beam Control, Fire Control, high energy lasers, illuminator lasers, ATP

1. INTRODUCTION

The US Air Force is developing the first ever directed energy weapon system for defense against theater ballistic missiles.
This revolutionary weapon system will consist of a multi-megawatt chemical oxygen iodine laser integrated into a Boeing
commercial 747-400 freighter. The primary mission of the ABL is to kill theater ballistic missiles in the boost phase of flight.
The ABL also brings a number of other capabilities to the battlefield commander. The ABL will detect missiles shortly after
cloud break and can provide near real time launch warning to the rest of the forces. In addition, the ABL will quickly and
precisely locate the launch point, providing this information to attack operations. The ABL will pass trajectory information
on to the subsequent tiers of the Theater Missile Defense (TMD) architecture. Finally, the ABL will provide accurate impact
point predictions, shortly after burnout.

In addition to these inherent capabilities, the ABL's potential performance in a number of adjunct missions is being evaluated.
As the ABL enters the Engineering Manufacturing and Development (EMD) phase, the Air Force will determine which if
any of these capabilities to incorporate into the operational ABL weapon system. These include protection of High Value
Assets from enemy surface-to-air and air-to-air missile systems, battlefield imaging using the large aperture telescope,
battlefield command and control, cruise missile defense, and suppression of enemy air defenses.

2. SYSTEM OVERVIEW

The ABL is not intended to fight alone. It is an integral part of the overall TMD family of systems as shown in Fig. 1. It is
being developed to provide depth to the TMD architecture. By killing missiles during the boost phase of flight, the ABL
dramatically reduces the stress on midcourse and terminal systems, increasing their effectiveness and reducing their inventory
requirements. In addition, some of the debris will fall on enemy territory.

X1l Intemational Symposium on Gas Flow and Chemical Lasers and High-Power Laser Conference,
Antonio Lapucci, Marco Ciofini, Editors, Proceedings of SPIE Vol. 4184 (2001) 1
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Figure 1. Theater Missile Defense Family of Systems

The ABL loiters above the clouds as shown in Fig. 2. As a ballistic missile exits the cloud layer, it is detected by the
surveillance IR sensors surrounding the fuselage of the aircraft. The information from these sensors as well as the active
ranger is used to quickly establish the trajectory(ies) of the target(s). The battle manager then selects the target to be engaged
and passes the engagement off to the fire control subsystem. The fire control subsystem points the nose mounted turret
toward the rnissile to be engaged, and acquires it in a boresighted IR camera mounted on the main gimbal of the turret.

[TMD ABL Engagement Geometry |

* Laser beam on
pressurized tank
ullage volume

* Energy on target
overtime causes
catastrophic tank
rupture

40,0001t - 45,0001t
ABL Altitude

PRI
- uyb&”{’i‘/iv'&%s»%%%

Figure 2. Typical ABL Engagement

The surveillance sensors surrounding the fuselage of the aircraft can detect launches at any azimuth as shown in Fig. 3. The

high-energy laser has a large field of view, but cannot shoot out the back of the aircraft. Normally loitering is done such that
the back is not turned to the expected launch area.
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3 Dimensional View

Figure 3. ABL Field of View

The ABL would typically be orbiting in friendly territory as shown in Fig. 4, supported by fighter CAP like other High Value
Assets such as AWACS and JSTARS. The ABL is, however, an integrated part of the Air Battle and the location of the orbits
will be flexible. The battlefield commander has the capability to locate the ABL when and where it is required depending on
the air superiority picture.

Other Airborne e
Assets | oD

LINK 16

RunmupRy

“f& 40,000 ft
& Stand off from the FLOT
# Fighter CAP support
& Integrated in Theater Air

Control System

Figure 4. ABL Employment

The ABL is currently in the Program Definition and Risk Reduction (PDRR) phase. This phase culminates in the shoot down
of a missile in 2003. The current plans are to build seven ABL aircraft. At most, two of those would be in maintenance at any
one time. Therefore, five of the seven ABLs will be available at all times to rapidly deploy to theaters of potential conflict
and maintain two orbits. The ABL arrives in theater fully loaded with laser fuel and ready for combat. A minimal resupply
tail, airlifted in using cargo aircraft, maintains the ABL's ability to stay on orbit.
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The PDRR ABL is a scaleable and traceable demonstration system. It is essentially identical to the EMD ABL except that it
has a reduced number of modules in the laser systems as shown in Fig. 5. The PDRR ABL therefore gives a very high
confidence demonstration of the ability of the operational ABL weapon system.
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3. ABL ENGAGEMENT SEQUENCE

The engagement sequence is shown in Fig. 6. First, we pick up the missile in the surveillance sensor. The bright missile
plume is easily detected as it breaks through the clouds. Next we hand off to the acquisition IR sensor mounted on the
telescope gimbal. This relatively large field-of-view camera ensures that the gimbal is in fact pointed at the target and allows
the target to be centered in the telescope aperture. Then we hand off to a shared aperture plume tracker. A hardbody handover
algorithm is used based on information from the plume tracker to offset the telescope from the plume. Finally, we illuminate
the missile hardbody with our target illuminator laser and establish fine track on the missile.
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Very Small FOV

Figure 6. Engagement Sequence

To achieve performance over long ranges through the atmosphere, atmospheric compensation is used to partially correct the
distortions imparted to the high-power laser beam by atmospheric turbulence as shown in Fig. 7. A beacon illuminator laser
is used to illuminate a small spot on the target. The reflected light from the missile is distorted by the atmosphere as it travels
to the aircraft. Wavefront sensors on the aircraft measure the phase distortions imparted to this reflected light beam as it
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3 Dimensional View

Figure 3. ABL Field of View

The ABL would typically be orbiting in friendly territory as shown in Fig. 4, supported by fighter CAP like other High Value
Assets such as AWACS and JSTARS. The ABL is, however, an integrated part of the Air Battle and the location of the orbits

will be flexible. The battlefield commander has the capability to locate the ABL when and where it is required depending on
the air superiority picture.
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The ABL is currently in the Program Definition and Risk Reduction (PDRR) phase. This phase culminates in the shoot down
of a missile in 2003. The current plans are to build seven ABL aircraft. At most, two of those would be in maintenance at any
one time. Therefore, five of the seven ABLs will be available at all times to rapidly deploy to theaters of potential conflict
and maintain two orbits. The ABL arrives in theater fully loaded with laser fuel and ready for combat. A minimal resupply
tail, airlifted in using cargo aircraft, maintains the ABL's ability to stay on orbit.

Proc. SPIE Vol. 4184 3




The PDRR ABL is a scaleable and traceable demonstration system. It is essentially identical to the EMD ABL except that it
has a reduced number of modules in the laser systems as shown in Fig. 5. The PDRR ABL therefore gives a very high
confidence demonstration of the ability of the operational ABL weapon system.
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3. ABL ENGAGEMENT SEQUENCE

The engagement sequence is shown in Fig. 6. First, we pick up the missile in the surveillance sensor. The bright missile
plume is easily detected as it breaks through the clouds. Next we hand off to the acquisition IR sensor mounted on the
telescope gimbal. This relatively large field-of-view camera ensures that the gimbal is in fact pointed at the target and allows
the target to be centered in the telescope aperture. Then we hand off to a shared aperture plume tracker. A hardbody handover
algorithm is used based on information from the plume tracker to offset the telescope from the ptume. Finally, we illuminate
the missile hardbody with our target illuminator laser and establish fine track on the missile.
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Figure 6. Engagement Sequence

To achieve performance over long ranges through the atmosphere, atmospheric compensation is used to partially correct the
distortions imparted to the high-power laser beam by atmospheric turbulence as shown in Fig. 7. A beacon illuminator laser
is used to illuminate a small spot on the target. The reflected light from the missile is distorted by the atmosphere as it travels
to the aircraft. Wavefront sensors on the aircraft measure the phase distortions imparted to this reflected light beam as it

4 Proc. SPIE Vol. 4184



propagates from the target to the aircraft. The conjugate is placed on the outgoing laser beam using a deformable mirror,
partially compensating for the effects of the atmosphere.
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Figure 7. Atmospheric Compensation

4. ABL LASER AND BEAM CONTROL TECHNOLOGY

The ABL is enabled by over 20 years of laser technology development. The Airborne Laser Laboratory demonstrated the
ability to integrate all the necessary subsystems to successfully destroy missiles in flight from an airborne platform in the late
seventies and early eighties. More recent developments shown in Fig. 8 include the Chemical Oxygen Iodine Laser, allowing
long range propagation due to its short wavelength (1.3 microns); adaptive optics, allowing extended range in the presence of
atmospheric turbulence; and active tracking, allowing precise aimpoint maintenance on the target. In addition, lethality
demonstrations demonstrated the ability to destroy missile targets using laser energy.

Demonstrated 120% of power and record level
chemical efficiency in 1996 laser module
demonstration

Adaptive optics required for
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the Starfire Optical Range,

NM and MIT Lincoln
Laboratory

OPTICS
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Active tracking of boosting missiles

HAUMINATED i
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ACTIVE TRACKING
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Figure 8. Enabling Technology

Proc. SPIE Vol. 4184 5




The ABL is built around a high power Chemical Oxygen lodine Laser as shown in Fig. 9. The laser uses a single unstable
resonator with a number of laser gain modules in series (6 for PDRR and 14 for EMD). Basic Hydrogen Peroxide (BHP) is
sprayed through a large number of holes in an injector plate forming a droplet field. The helium-chlorine gas mixture is
forced through this droplet field. At the surface of each droplet, the chlorine reacts with the OH ions, liberating singlet delta
oxygen and the chlorine is trapped in the liquid as dissolved salt. The BHP is recirculated through a thermal management
system, removing the heat generated during this process. The helium-singlet delta oxygen mixture is accelerated through a
supersonic nozzle with iodine molecules injected in the flow immediately upstream of the nozzle throats. The singlet delta
oxygen first dissociates the iodine molecules into iodine atoms, then excites the iodine atoms into the T* excited state, The
1.3-micron light beam is extracted using a standard unstable resonator. The drawing on the right is an isometric view of one
of the laser modules.
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Figure 9. Chemical Oxygen lodine Laser

The risk of the ABL laser development is being systematically bought down with a "build a little, test a little" approach. Prior
to contract award in November 1996, the contractor had conducted laboratory and brassboard experiments to demonstrate the
feasibility of producing the performance necessary for the ABL. This culminated with a demonstration from the brassboard,
BDL2, of 120% of the ABL design power for a single module. The STET single injector tube tests, testing one of six ejectors
to be used for each module, were completed, demonstrating the ability to operate the ejector systems necessary to provide
pressure recovery on the aircraft. The flight weight laser module tests, demonstrating the ability to package the laser module
to fit on the aircraft, were next. Future tests include an airworthiness test of a laser module, including the ejector system, and
operation of six modules on the ground prior to installation on the aircraft.

The Airborne Laser will bring destruction at the speed of light to the battlefield, revolutionizing warfare. The ABL is a robust
and flexible addition to the air battle, providing both deterrence and defense against the launch of theater ballistic missiles.
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ABSTRACT

The dissociation of I, by Oa(a'A) is a critical process for the chemical oxygen iodine laser. Despite many
years of study the dissociation mechanism is not properly understood. Currently accepted models assume
that vibrationally excited I, is the immediate precursor to atomic I. - However, studies of I, vibrational
relaxation kinetics cast doubt on this assignment. New measurements of quenching rate constants for I(A")
indicate that electronically excited I, is a more likely precursor. A revised kinetic model for the dissociation
process is proposed, based on the active participation of electronically excited I,. Vibrationally excited I,
remains an important species in this model as the I, must be vibrationally excited before the electronically
excited states can be accessed. A preliminary rate constant package for the new model is presented.

1. INTRODUCTION

Chemiluminescence from flowing mixtures of O,(a'A) and I, was first examined by Arnold et al. ! Intense
emissions were observed from electronically excited I, and the *Py,-*P3p transition of atomic iodine.
Subsequent investigations of this system2-3 led to the development of the chemical oxygen iodine laser
(COIL)%8, After thirty years of study a great deal is known about the kinetics that occur within the laser.
However, the mechanism by which I, is dissociated by O,(a'A) remains poorly understood®-!3. This
represents an important gap in our knowledge as the dissociation process significantly impacts the efficiency
of the laser. There are two mechanisms by which this occurs. First, it is known from empirical studies that
an average of 4 to 6 Oy(a'A) molecules are needed to dissociate one I, molecule!0:14-16. Hence, the
dissociation process consumes an appreciable amount of energy. Second, the time scale of the dissociation
process influences energy extraction as it determines the downstream position at which the maximum
concentration of I(*Py) (denoted as I* in the following) will occur. If the dissociation process takes place
too slowly the maximum I* concentration is achieved after the gas has left the optical cavity. Alternatively,
if high concentrations of I* are formed before reaching the optical cavity, energy is lost during transport
(mostly due to quenching by H,O from the O,(a) generator). This leads to a curious situation where the
conditions that give maximum power from the laser do not correspond to complete dissociation of I,16:17,

The efficiency and time scale of the dissociation process depend on concentration ratios, mixing dynamics
and total pressure. At present our ability to design new types of mixing nozzles and/or develop systems that
operate at higher pressures is limited, in part, by our poor understanding of the dissociation kinetics. In the
following we briefly review the currently accepted mechanism for the dissociation process and draw
attention to some of the ambiguities that are inherent in the model. Recent experimental studies of key
reactions are described, and a revised kinetic model of the dissociation process is proposed. This model
resolves some of the ambiguities and it is characterized by a family of physically reasonable rate constants.
It should provide a better description of the dissociation process for conditions that are significantly different
from those used in conventional COIL devices.

2. PREVIOUSLY PROPOSED MECHANISMS FOR DISSOCIATION OF I, BY Oy(a'a)

At least two O,(a'A) molecules are needed to dissociate I,. Arnold et al.! proposed two plausible dissociation
mechanisms. The first involved direct dissociation by energy transfer from Oy(b'X"), the latter being
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produced by the energy pooling process Oa(a'A)+0y(a'A)—>0,(b'E)+05(X’L) {1}°. In the second model I,
was excited by the energy transfer process Oy(a'A)+,—0(X’Z)+," {32}. The excited intermediate was
then dissociated by the step Oy(a' A+, >0,(X*2)+21 {34}. Arnold et al.! did not specifically identify I,,
but they speculated that it could be an electronically excited state (I(A") and/or I;(A)) or vibrationally excited
[(X). The idea that I, could be electronically excited by collision with a single O,(a'A) molecule was
discounted when it was discovered that the lowest lying excited state (I,(A")) was energetically inaccessible.
Derwent and Thrush® found that dissociation by O,(b'Z") could fit their dissociation rate data, provided that
the rate constant for this process was near the gas kinetic limit  (=2x10™"° cm® s™"). This model was set aside
when it was found!8:19 that the rate constant for quenching of Ox(b':*) by I, was no more than
2x10" em® 57!,

The most careful and exhaustive study of the dissociation mechanism was carried out by Heidner et al.%
They obtained conclusive evidence that an excited state of I, was involved. They also found that the
dissociation rate increased dramatically as atomic I was liberated. This acceleration was attributed to the
chain branching reactions

0,(a' Ay H—0,(X32)+* {40}

[*+L -1+, {33}
Hiedner et al.® were unable to resolve the uncertainty concerning the identity of I,". Based on the fact that
Hall and Huston?? observed vibrationally excited I, resulting from reaction 33 they favored the notion that I,'
was the vibrationally excited species. Subsequently, Van Bentham and Davis!® showed that vibrationally
excited I, (Io(X, v>33)) was present in flowing Oz(a‘A)/Iz mixtures.

Despite the circumstantial evidence there are problems with the assumption that I,' is the vibrationally
excited species. Heidner et al.” found that relatively high pressures of the Ar buffer gas used in their
experiments did not influence the I, dissociation rate. This was unexpected as I,' should be vibrationally
relaxed by collisions with Ar20. Problems were encounterd in attempts to model the dissociation rate data.
The mechanism assumed by Heidner et al.? has strong correlations between several sets of rate constants, so
they were unable to find a unique solution. Two sets of rate constants, representative of viable limiting cases,
were proposed. Some of the rate constants differ by more than an order of magnitude between the two
models. The one parameter that was well defined in both models, the rate constant for deactivation of I,' by
H,0, was gas kinetic (k;s=3x10""° cm® s™"). This is an unusually large value for vibrational relaxation.

Heidner et al.? reported that neither of their kinetic models provided an adequate representation of all of the
kinetic data. Unfortunately they could not delve into this problem any further. Their model 1 rate constants
were adopted in the standard kinetics package?!-22 that is used for most computational simulations of COIL
devices.

3. PROBING THE IDENTITY OF I,

Although the kinetic properties of I,' did not appear to fit with conventional notions of vibrational relaxation
processes, this was not sufficient grounds for dismissing the assignment to I,(X, v>20). Perhaps the
relaxation dynamics of these highly excited vibrational levels was markedly different from the behavior
observed for the lower levels. To examine this possibility Heaven and co-workers®*?® measured ro-
vibrational relaxation rate constants for I,(X) vibrational levels in the range 23<v<42 (i.e. the levels
populated by energy transfer from I* and O,(a'A)). In these experiments pulsed lasers were used to excited
isolated ro-vibrational levels of I;(X). Delayed probe laser pulses were used to monitor the range of ro-
vibrational levels populated by collisions with a variety of energy transfer agents (He, Ar, O, N,, Cl,, and

H;0). The primary findings were that vibrational relaxation of I,(X,v>23) followed the trends predicted by

* The numbering of reactions is chosen to be consistent with the standard package?!-22, The number for each
reaction is given in curly brackets.
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well-established theoretical models26. Vibrational relaxation was five to ten times slower than rotational
energy relaxation, and was dominated by single quantum transfer events (Av=-1). Kinetic modeling was
needed to relate these measurements to L' removal rate constants. Energy transfer from I* and 0,(a'A)
populates I,(X) levels around v=40, whereas levels with v>20 have enough energy to be dissociated by
Ox(a'A). Models for descending the vibrational ladder from v=40 to 20 by successive Av=-1 steps were used

to predict the vibrational deactivation rate constants (denoted here by k). For H,O this procedure yielded

k},,0=5x10"2 cm® 5™, which is a factor of 60 smaller than the value required by the models of Heidner et al.?

Vibrational deactivation rate constants for O,(X) and Ar were 3x10™" and 2x10™? cm?® s™* respectively. The
most informative way to compare these results with the rate constants used in the models of Heidner et al.? is
to compare ratios, as this removes some of the correlation problems. Vibrational relaxation measurements
yielded the ratios k;zo /kI)z=1.7 and k;’,z k% =2.5, whereas the corresponding ratios for Heidner’s model 1

(model 2) were 5.0 (50) and 12.5 (500).

The large disparities between vibrational relaxation parameters and rate constants derived from the models of
Heidner et al.? indicate that either I," is not vibrationally excited I, or that the kinetic model has enough
flexibility to accommodate the experimental values for the vibrational deactivation rate constants. The latter
possibility was explored by Paschkewitz and Heaven!3, who re-analyzed the data of Heidner et al.? An
attempt was made to improve the definition of some of the poorly known rate constants by performing
constrained least squares fits to the dissociation rate data. The results of this exercise gave a slightly

improved representation of the data,
as compared to the original models
A 1 and 2. However, the most
A troubling problems could not be
resolved. The value for ki, could

not be reduced Dbelow
------------------------------- 1CPyH+ 10P3,) 4.8x10™em’s™!, which was still too
fast, and the upper bound for
deactivation by Ar, ki <2x10™

N \\{;&\\\\\\\\%\\\\Q L&A em® s was much too low.

Several previous investigators have
noted that deactivation of L' is
more reminiscent of electronic
quenching than vibrational
relaxation. It is known that both
I,(A') and I,(A) are present in
L(X, v>20) flowing mixtures of Oa(a'A) and L.
Drawing on these observations
Bacis and co-workers!!,12,27
proposed multi-step dissociation
mechanisms that included
electronically excited I, as an
important intermediate.  The
L(X, 10<v <20) specific scheme that is relevant to
the present discussion is illustrated
in Fig. 1. In this model it is
L(X, v<10) assumed that electronic excitation
of I(A",A) by O,(a'A) is governed
by the Franck-Condon principle.
This predicts that I(X) levels in the

Dissociation by O,(a)

Quenching by O,(X) and H

ibrational relaxation ;

Excitation by I* and Oz(a)v

Figure 1. Schematic of the proposed dissociation mechanism

range 10<v<15 will be most
receptive for electronic energy transfer. Experimental evidence supporting this assumption was obtained by
Barnault et al.27 The kinetic implications of the scheme outlined in Fig.1 were explored most recently by
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Paschkewitz and Heaven!3. Channels involving electronically excited I, were added to the standard COIL
model and attempts were made to re-optimize the rate constant package by fitting the I, dissociation rate
data. In this initial study the rate constant for the reaction
(X, v>20) + Ox(a'A) — 21 + 05(X’T) {34}

was not reduced below k3;=1.5x10""" cm® s (1/20 the value used in the standard package). With such rapid
dissociation of I,(X, v>20) the channel through the electronically excited states could not make a significant
contribution. The preliminary indications were that the deficiencies of the standard model could not be
overcome by including the participation electronically excited L.

Restricting the range of values considered for ki, is somewhat arbitrary as there are no direct experimental
data for this process. Further reduction of ks, forces the dissociation process to proceed via electronic
excitation of I,. Under these conditions the kinetics become sensitive to electronic quenching of I;(A'A). A
model of this form has the potential to give a good representation of the dissociation rate data, provided that
quenching by Ar is very slow and that H,O is more effective than O,(X) in dissipating energy from I,(A',A).
It is probable that both the A' and A states of I, exhibit similar quenching kinetics. Hence, for simplicity the
remainder of this discussion is focused on I,(A") (in addition, this species is appreciably more metastable than
I(A)). Tellinghuisen and Phillips?® have shown that quenching of I,(A') by Ar is slow (k=2.8x10™" cm® s™)
and that the primary mechanism of this process is collision induced dissociation. This is encouraging, but
data for quenching by 0(X) and H,O were needed to further examine the role of I,(A") in the dissociation
process.

4. STUDIES OF THE QUENCHING OF I,(A’) BY O,(X) AND H,0

As the required rate constants for quenching of I(A') by O, and H,O were not available we measured these
parameters using pulsed laser pump-probe techniques. To populate the A' state a mixture of I, in Ar was
excited by 193 nm pulses from an ArF laser.28 This initially promotes I, to the D(0}) state. Collisions with
Ar rapidly induce transfer to the D(2,) state, which then radiates down to A"TI(2,). This sequence occurs
within the radiative lifetimes of the D and D' states (approximately 10 ns). The population in the A' state was
monitored by probe laser excitation of the D'«—A' transition?%. Loss of population from A' was followed by
varying the delay between the pump and probe lasers. For low concentrations of I, in 20 Torr of pure Ar the
A' state decayed with a lifetime of about 30 us. This was consistent with the earlier study by Tellinghuisen
and Phillips28. Metered quantities of O, or H,O were added to the I,/Ar mixtures to observe quenching by
these collision partners. The quenching rate constants were found to be (6.310.6)x10™"? and (3.410.4)x107%
cm’® s! for 0,(X) and H,0, respectively.

These measurements showed that both O, and H,O are much more effective quenchers of I(A') than Ar.

However, Heidner et al.’s? models require H,O to be a better deactivator of I, than O, whereas the present
measurements indicate the opposite trend. This apparent disagreement can be resolved if quenching by O, is
dominated by the Franck-Condon favored transfer process

L(A) + O,(X°Z) — L(X, v>10) + Ox(a'A) {28}
Data for matrix isolated I,/O, mixtures shows that this is, indeed, a facile transfer process3°.

5. REVISED KINETIC MODEL FOR THE DISSOCIATION OF I, BY O,(a'A).

To further test the hypothesis that I,(A') is a significant dissociation intermediate, a new kinetic model of the
dissociation process has been examined. This model is based on the standard reaction set with the addition of
reactions involving I,(X, 10<v<20) and I(A'), and modification of some of the standard package rate
constants. The full set of reactions and rate constants is listed in Table 1. Numerical integration of the
coupled rate equations was used to predict I,(X) removal kinetics'’. Several rate constants were manually
adjusted to achieve reasonable agreement with the dissociation rate data of Heidner et al.® The revised model
gives a significantly better fit to the experimental data than the standard package. From a chemical physics
perspective the most appealing aspect of the model is that the rate constants all have magnitudes that are
appropriate for the types of process that they are associated with. Note that the specific values for the rate
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constants in Table 1 are not unique and they are not fully optimized. Further improvements could be
achieved by coupling the differential equation solver with a non-linear least squares fitting routine.

Table 1. Kinetic scheme used to simulate the experimental data of Heidner et al’

Reaction # Reaction Rate Constant/ cm” s~
1 0,(2)+0,(a)—~0,(b)+0(X) 2.7x10™"
21 05(b)H,—0,(X)+21 4.0x10"
40 0,(2)+H1—>0,(X)H* 7.6x10"
41 O0x(X)+H*—0,(a)H 2.6x10™"
44 0,(a)H*—>0(b)+] 1.1x10°°
32 O,(a)+,—0x(X)+L,** 2.0x10™*
34 0,(a)+,**—0x(X)+21 1x107°
27 0,(X)+H,**—~0,(X)+1* 3x10™?
39 H,0+L,**—H,0+L* 5x10™
38 L,*+0,(a)~L(A)+0,(X) 6x10™"?
25 L(AY+0,(a)—21+0,(X) 2x10™"°
28 L(A)+0,(X)>L*+0,(a) 6.3x10™
29 L(A")+H,0—1,+H,0 3.4x10"
63 L*+H,0->L+H,0 1.2x107"*
64 L*+0,(X)—L+0,(X) 1.5x10"
65 L**+Ar—L*+Ar 2.0x10™2
66 L*+Ar—L+Ar 2.0x107°
33 I*+L, o1+, ** 3.5x10"""
5 02(b)+H,0—-0,(X)+H,0 5.5x107"
48 I*+H,0-1+H,0 2.0x107*
67 O,(b)+L*—0,(X)+21 3.0x107*

Boldface type is used to indicate reactions that are not part of the standard package and rate constants that have
been assigned values that are different to those used in the standard package. The reaction numbering scheme
is chosen to be consistent with Table 1 of reference 22. I** is I,(X,v>20) and L* is (X, 10<v<20).

6. CONCLUSION

The currently accepted model for the dissociation of I, by 0,(2'A) assumes that vibrationally excited I is the
immediate precursor for atomic iodine. However, kinetic models based on this assumption lead to

predictions of physically unreasonable rate constants for deactivation of I,' by H,O and Ar. New
measurements for the quenching of I,(A') by H,O and O,(X) support the idea that electronically excited I,
may be the dominant I atom precursor. A Kinetic model of the dissociation process that includes
electronically excited I, gives a better fit to dissociation rate data than the standard model. Although we have
not developed a unique set of rate constants for the new model, a physically reasonable solution is presented.
The primary finding is that dissociation via an electronically excited I, intermediate provides an improved
description of the dissociation process. '
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ABSTRACT

The US Air Force Research Laboratory has actively pursued the development of the Chemical Oxygen-lodine
Laser (COIL) since its invention in 1977'. The power scaling potential of the COIL was verified in the late
1980’s on the RotoCOIL device, which was later decommissioned. A smaller COIL teststand (ReCOIL) was then
upgraded with a rotating-disk oxygen generator and a variable-height slit nozzle to become the principal testbed
for continued COIL development. The modified device was named the Research Assessment Device lodine
Chemical Laser (RADICL). RADICL has supported several maJor test campaigns during the past 9 years, many
of which have been pubhshed These include 2-D gain maps?, iodine dissociation studies’, magnetic gain-
switching demonstrations*, mode-locking®, metal cuttmg/ﬁber delivery demonstrations, and more recently
measurements of water concentration and oxygen yield”. A review of the major results of these test programs and
previously unpublished data are presented.

Keywords: chemical oxygen-iodine laser, RADICL, COIL, oxygen-iodine laser research

1. INTRODUCTION

Since the first demonstration of the laser, military use of this technology has been pursued. One military application of lasers
involves the use of high power lasers at long ranges within the earth’s atmosphere. This type of mission carries with it a
number of requirements for the laser system: high power, good beam quality, and good atmospheric propagation. It is also
desirable to operate at a relatively short wavelength to permit the use of reasonably sized optics.

The United States Air Force has conducted a vigorous research program to develop candidate laser systems for high power
laser missions. This effort spawned the first demonstration of the chemical oxygen-iodine laser (COIL) in 1977. The COIL
is driven by a chemical reaction between gaseous chlorine and an aqueous basic hydrogen peroxide solution (BHP) that
yields electronically-excited oxygen (Ox(a'A)) as one of the reaction products. The singlet-delta oxygen in turn transfers
energy via collisions to atomic iodine which lases at 1.315 microns.

COIL technology has matured over the past 23 years from the initial demonstration to enabling major military programs such
as the Air Force’s Airborne Laser (ABL). The High Power Gas Lasers Branch of the Air Force Research Laboratory has
played a significant role in the development of COIL. Perhaps the most significant COIL demonstration was the RotoCOIL
test program conducted in the late 1980’s where scaling to 25 kW was verified. Following the deactivation of RotoCOIL, the
ReCOIL laser, a 1-2 kW sparger driven COIL, was upgraded and renamed RADICL. The upgrades included replacing the
sparger oxygen generator with a rotating disk oxygen generator similar to the generators used on the RotoCOIL program.

The 25-cm by 0.89-cm slit nozzle was replaced with a variable-slit nozzle adjustable from 0.38 cm to 2.16 cm. The ability to
mix BHP external to the generator and flow BHP through the generator while lasing were also added. The upgrade from a
sparger type oxygen generator to a rotating disk generator allowed the nominal chlorine flowrate to be increased from 0.15
mol/s to 0.5 mol/s.

* Correspondence: Email: charles.helms @kirtland.af.mil; Telephone: 505 846-0718; Fax: 505 853-0485
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2. HARDWARE CONFIGURATIONS

RADICL has had several configurations during its 9 year existence. The initial (nominal) configuration consisted of: 38 cm-
diameter rotating disk generator, a transition duct to mate the generator exit dimensions of 20 cm by 20 cm to 25 cm wide by
7.6 cm high, an adjustable height slit nozzle set at 25 cm by 0.89 cm, and a cavity total ramp expansion angle of 6 degrees
(fig 1). Todine and helium were injected approximately 1 cm upstream of the slit nozzle through 2 rows of holes on each of
the upper and lower walls of the main flow duct (fig 2). Each upstream row contained 115 holes of 0.81 mm diameter and
each downstream row contained 232 holes of 0.406 mm diameter. The expansion section of the nozzle was designed by the
method of characteristics to provide relatively shock-free expansion using standard COIL gas flow and provided a factor of 2
area increase at the nominal throat height of 0.89 cm. The original configuration did not include mirror boxes or bank
blowers, and used 50 mm optics to outcouple power. The initial configuration also had the capability to flow BHP through
the generator during lasing using a Viking gear pump with a capacity of 2.2 I/sec (fig 3). The gas flow was pumped using a
combination of blowers and mechanical rotary pumps which provided a total pump capacity of approximately 40,000 CFM at
pressures up to 20 torr.

3D MINT
Computalional Zone
Figure 1. The original RADICL configuration showing the ] ‘ ‘ e
rotating-disk generator, liquid separator, transition duct, Figure 2. Detailed view of the RADICL nozzle and

diagnostic duct, and nozzle/cavity. cavity showing iodine injection location.

Figure 3. BHP flowloop system for the RADICL device.

During 1993, advantage was taken of the ability to adjust the height of the slit nozzle. Since the nozzle expansion was fixed
at a total change of 0.89 cm in height (to provide a factor of 2 increase at the nominal 0.89 cm throat height), changing the
throat height also changed the MACH number in the cavity region. The throat height was tested at heights ranging from 0.38
cmto 2.16 cm.
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In late 1993, the volume of the transition duct between the oxygen generator and the diagnostic duct was outfitted with a set
of plastic blocks to reduce volume and therefore reduce the quenching of singlet-delta oxygen in transport to the nozzle. The
transport volume (defined as the volume from the exit of the diskpack to the choked throat) was reduced from 13 liters to 5.6
liters.

In order to increase the chlorine throughput of the device (and presumably power), an 45.7-cm diameter diskpack was
designed and built for the RADICL generator housing. The generator housing was a “clamshell” type design, with a seam
between the two halves running horizontally across the middle of the housing, bisecting the shaft mounts for the diskpack.
The larger diskpack was able to use the same lower section, but required a somewhat larger upper section. A spacer was also
required to provide clearance between the 45.7-cm disks and the liquid separator.

2. RESULTS OF MAJOR TEST PROGRAMS

2.1. Iodine Dissociation Experiments

In 1993, the Air Force became interested in high-pressure COIL operation. As part of an experimental test program to study
high-pressure operation, a diagnostic to monitor molecular iodine absorption at 488 nm in the RADICL cavity was used. The
subsonic pressure in RADICL was varied from roughly 60 to 130 torr by adjusting the helium flowrate through the generator.
The chlorine flowrate was fixed at 0.5 mol/sec and the helium to chlorine ratio through the generator was varied from He:Cl,
= 2:1 to He:Cl, = 10:1. Both the power and cavity iodine dissociation were affected strongly and (at that time) unexpectedly
by the changes in generator helium, secondary helium, and iodine flowrates (fig 4). A simple model was conceived’ to
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Figure 4. Iodine dissociation and power as a function Figure 5. Correlation between observed iodine dissociation and a
of I,:0, ratio and He:Cl, ratio. computed initial rate of reaction for the slow step in the dissociation

process.

rationalize the results which focused on the initial slow step in the dissociation process as described by Heidner. Essentially,
the model assumes that the first step in the dissociation is the pumping of ground-state molecular iodine to vibrationally-
excited iodine by Ox(a'A). This reaction was assumed to occur at the surface of the iodine jets, where oxygen and iodine first
combine. An initial number density for singlet-delta oxygen and iodine at the interface can be derived using flowrates and
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pressures. This very simple picture was able to predict all the observed trends (fig 5). Later, in 1994-1995, the dissociation
experiments were repeated using RADICL in the “reduced transport volume™ configuration discussed in section 2.2.

2.2, Effect Of Transport Volume On Chemical Efficiency

In the spring of 1994, an effort was made to eliminate as much volume as possible from the transport region between the
oxygen generator and the sonic throat. A set of plastic ramps was installed to reduce volume while maintaining a smooth
internal duct (fig 6). Power was measured as a function of chlorine flowrate under typical flow conditions for both the
original volume configuration and the reduced volume configuration. These experiments were performed using both 38 cm-
and 45.7-cm diameter generator diskpacks. The sonic throat height was opened to 1.42 cm to further reduce transport loss of
Oz(alA) relative to the nominal 0.89-cm throat. A summary of the results for the 45.7-cm diskpack tests at a He:Cl; ratio of
3:1 and with a penetration parameter’ maintained at 0.14 is shown in Figure 7. For the large volume original configuration,
the power achieved did not exceed 11 kW regardless of the chlorine flowrate. This is due to increased loss of excited oxygen
at the higher oxygen pressures produced by higher chlorine flowrate. When the volume was decreased, higher oxygen partial
pressures could be effectively transported to the cavity. Similar trends were observed at other throat height settings.
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Figure 6. Cross-sectional view of RADICL with and without Figure 7. Power as a function of chlorine flowrate for the
volume reducing inserts. original volume and reduced volume configurations.

2.3. Optical Diagnostics

Starting in 1993, the US Air Force Research Laboratory has focussed on using room-temperature narrow-band diode laser
technology to develop improved diagnostics for COIL research. Through a partnership with Physical Sciences Inc. (PSI),
AFRL has acquired fairly mature diagnostic systems to measure water vapor, ground-state oxygen, and iodine atom
absorption/gain in environments typically encountered in COIL devices. A sampling of measurements using these
diagnostics is presented in this section.

2.3.1. Excited-oxygen fraction

Historically, the accurate determination of the fraction of singlet-delta oxygen in the flow of a COIL (oxygen yield) has
proven very difficult. Approximately five years ago PSI began development of a diagnostic system that permits an accurate
determination of the number density of O,(*Z, v=0), from which the yield can be derived using a few reasonable assumptions.
This method has been applied to determine the oxygen yield in the RADICL device. The yield was determined to be Y=0.41
in the diagnostic duct using a 38-cm diskpack, 0.5 mol/s Cl, mixed with 1.5 mol/s He, and a throat height of 0.89 cm. The
transport volume was 8 liters. When the transport volume was decreased to 5.6 liters and the slit nozzle set to 1.42 cm, the
yield was determined to be Y = 0.52 for He:Cl,= 3:1 and Y = 0.56 for He:Cl, = 4:15.
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2.3.2. Water condensation in the COIL cavity

A diode-laser-based probe has been designed and built by PSI that allows convenient measurement of water vapor in the gas
flow of the RADICL device. The diagnostic was originally designed to operate in the subsonic diagnostic duct, but has also
been used to observe water vapor in the supersonic cavity of RADICL. The question of whether water vapor condenses in
the supersonic expansion in a typical MACH 2 COIL has been raised by several workers, and the water probe was used to
study this issue. In order to determine the fraction of water condensed, water number density was measured in the subsonic
diagnostic duct and in the cavity under the same flow conditions. The number densities were then converted to water
flowrates and compared to compute the fraction condensed. This approach assumes that the water is evenly distributed in
the flow, and that the condensation is uniform from the top ramp to the bottom ramp. Under nominal conditions (0.5 mol/s
Cl,, 1.5 mol/s He,,; [Helium flowing through the generator], 0.89-cm throat), little condensation was observed. However, by
cooling the gas by any of several methods, such as increasing the primary diluent ratio or not heating the secondary flow,
significant condensation was observed (figure 8). By lowering the gas temperature, a greater supersaturation exists which
results in increased condensation.

RADICL. WATER VAPOR CONBENSATION DATA
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Figure 8. Water condensation in the RADICL cavity and 1-d model prediction.

2.4. Diagnostics Coupled to 3-D Modeling

The optical diagnostics were used to test the capability of the 3-D MINT code to predict the performance of RADICL under
variable laser operating conditions. Information about the flowfield determined from the diagnostics was used both as input
to the model (e.g. water flowrate and oxygen yield) and to evaluate model results (e.g. small signal gain and dissociation). A
set of 7 run conditions were selected that were designed to stress the ability of the MINT code to predict laser performance
and cavity conditions. The selected case are shown in Table 1.

Table 1. Description of modeled RADICL tests

Condition Effect on Performance
Nominal condition Establish baseline performance and conditions
Low iodine flowrate Poor iodine dissociation
Elevated iodine flowrate Excess singlet oxygen consumed in dissociation
Low iodine jet penetration Poor mixing and use of singlet oxygen
Elevated iodine jet penetration Poor iodine dissociation
Elevated primary diluent ratio (He:Cl=6:1) Poor iodine dissociation
Elevated water content Excess deactivation of excited iodine by water

Proc. SPIE Vol. 4184 17




As seen from the table, several cases were designed to test the model’s ability to predict the level of iodine dissociation in the
RADICL cavity by changing each of several flowrates. This is perhaps the most critical and difficult event to model
adequately. The agreement between experimentally-determined iodine dissociation and the computed dissociation at the
same location are shown in figure 9.

1 1
& MNT Prediction - No Condensation
LR e e ¥ --Fr-- - -~ - —| ®MNTPrediction- Condensation
a Ps 0 Experimental RADICL Data
w]
[
%na e
£
™
g *
R U el e it L S Eiatad el S e ol
§
K [s]
in—-———————--D ———————————————————— G el St
© *
*
3 : °
% ISR ISR (SRR ISEU - NN . AN AP
0
0
1 2 3 4 13 [ 7
Baseline Low lodine High lodine Low High High Primary | High Water
mmj_am Dilusnt

Figure 9. Comparison of measured and predicted iodine dissociation for the 7 RADICL test cases using the 3-D MINT code.

3. SUMMARY

The RADICL device has been a very useful learning and development tool that has served the US Air Force well, resulting in
a number of publications. We look forward to the development of the next generation device as we continue to advance the
state-of-the-art of COIL technology.
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Supersonic COIL with iodine injection in transonic and supersonic
sections of the nozzle

S. Rosenwaks, E. Bruins, D. Furman, V. Rybalkin and B. D. Barmashenko

Department of Physics, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel

ABSTRACT

We report on a detailed experimental study of the gain and temperature in the cavity of a supersonic chemical
oxygen-iodine laser operating without primary buffer gas and on preliminary power measurements in this laser. In
particular, a study is carried out to find optimal values of the flow parameters corresponding to the maximum gain. The
measurements are performed for slit nozzles with different numbers and positions of iodine injection holes. Using a diode
laser based diagnostic, the gain and temperature in the cavity are studied. Maximum gain of 0.73%/cm is obtained at
chlorine and secondary nitrogen flow rates of 15 mmole/s and 7 mmole/s, respectively, for a slit nozzle with transonic
injection of iodine. Preliminary power measurements are performed. For slit nozzle with iodine injection in the diverging
part of the nozzle output power of 287 W with chemical efficiency of 21% was measured at 15.1 mmole/s of Cl, with no
primary buffer gas. This is the highest reported chemical efficiency of a supersonic COIL operating without primary buffer
gas.

Keywords: chemical lasers, oxygen, iodine, power lasers.
1. INTRODUCTION

Recently in 2 we reported on an efficient supersonic COIL applying simple grid nozzle geometry and transonic mixing of
jodine and oxygen. This scheme of transonic mixing made it possible to obtain output power of 190 W at 11.8 mmole/s of
Cl, with no primary buffer gas and very small secondary N, flow rate (~ 1 mmole/s). In the present paper we report on
measurements of the gain and temperature in the cavity of a slit nozzle, supersonic COIL operating without primary buffer
gas and using different schemes of iodine injection. Just as in 3 the measurements are performed using diode laser-based
diagnostic. Both the gain and the temperature are measured as functions of the iodine flow rate, chlorine and secondary
buffer gas flow rates, optical axis position along and across the flow and Mach number in the cavity. The results are
compared with those obtained in * for a grid nozzle. Preliminary power measurements are done for some of the nozzles.

2. EXPERIMENTAL SETUP

The experimental setup, including a jet-type singlet oxygen generator (JSOG), is similar to that used in > and *. The oxygen
produced in the generator flows to a diagnostic cell with a flow cross section of 1 x 5 cm?, which serves as an interface
between the generator and iodine injectors housing. The O,('A) yield, water vapor fraction, Cl, utilization and the
temperature of the subsonic flow are simultaneously measured in the diagnostic cell as described in 3. The iodine-oxygen
mixing system is located downstream of the diagnostic cell and uses slit supersonic nozzle. In this paper we study slit
nozzles with iodine injection in transonic and supersonic sections of the nozzle and different numbers and diameters of the
injection holes. The results are compared with those obtained using grid supersonic nozzle with transonic iodine injection
described in *. The slit nozzles (Fig. 1) have the same critical cross sections of 2.5 cm as the grid nozzle described in °.
They have two rows of injection holes in each wall (top and bottom). In slit nozzles No. 1 and 2 iodine is injected at the
nozzle throat and in nozzle No. 3 — in the diverging section of the nozzle. The first row of nozzle No.1 has 24, 0.6-mm
diameter holes and the second row (lying 1 mm downstream of the first one) has 25, 0.4-mm diameter holes. The total cross
section of the injection holes of nozzle No. 1 is close to that of the grid nozzle. The first row of nozzle No.2 has 31, 0.6-mm
diameter holes and the second row 62, 0.4 mm diameter holes. Thus, slit nozzle No.2 has a smaller mixing scale but higher
total cross section of the injection holes than nozzle No. 1. The first row of nozzle No.3 is located 3 mm downstream of the
critical cross section and has 49, 0.5-mm diameter holes and the second row has 50, 0.4-mm diameter holes. The total cross
sections of the injection holes for nozzles No.2 and 3 are larger than for nozzle No. 1. The laser section starts at the nozzle
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exit plane (flow cross section of 5 x 1 cmz) from where the floor and the ceiling diverge at an angle of 8°. The optical cavity
has 5 cm gain length and consists of a flat mirror and a mirror of 2 m curvature. In most experiments the gain was measured
at the optical axis of the cavity, i.e., at the centerline of the flow. Two optical axis positions are available: 4.5 and 8 cm
downstream of the nozzle exit-plane. The pumps provide a volumetric pumping rate of 1400 L/s, which is 3 times higher
than the pumping rate in our previous experiments ' and >.

The iodine diagnostic system used in the present work was developed by Physical Sciences Inc. It is based on sensitive
absorption spectroscopy by tunable near infrared diode laser monitoring gain g for the I*(5p® *Pyp,, F=3) — I(5p’ *P3p, F =
4) transition at 1315 nm. The laser frequency is scanned over the I transition in a single pass configuration through the gain
region in the cavity. The temperature T of the gas in the cavity is found from the width of the Doppler profile of the I
transition.

3. RESULTS AND DISCUSSION

3.1. Measurements of the gain and temperature

In our experiments the pumping rate and hence the pressure p in the cavity are controlled by opening a leak downstream of
the cavity. Some experiments are carried out with opened leak and hence smaller pumping rate and Mach number in the
cavity. It is done to compare our present results with the results of experiments with grid nozzle * performed with old pumps
having smaller volumetric flow rate of 450 L/s. The opening of the leak is chosen to get the same p (about 1.5 Torr) as in
experiments * with the grid nozzle at chlorine flow rate nCly = 11.7 mmole/s. The maximum gain g = 0.53 %/cm,
optimized for iodine (nI, ) and nitrogen (nN, ) flow rates, at nCly = 11.7 mmole/s is obtained for slit nozzle No. 1 (with
smaller number of the injection holes). For slit nozzles Nos. 2 (with transonic injection and larger number of holes) and 3
(with iodine injection in the diverging section) the maximum values of g are 0.45 %/cm and 0.4%/cm, respectively. The
maximum gain for slit nozzles Nos. 1, 2 and 3 under the present conditions is higher than that for the grid nozzle (0.34
%/cm, see *). This is probably because the gain measurement in a grid nozzle averages over high and low gain areas,
whereas in a slit nozzle the measurement stays in a high gain region.

The maximum gain decreases as the optical axis is moved downstream from the first to the second position located 4.5 and
8 cm downstream of the nozzle exit, respectively. For the optical axis located 8 cm downstream of the nozzle exit,

maximum g of 0.44 %/cm is obtained for nozzle No. 3 at nCl, = 20 mmole/s. This value of g is smaller than 0.48 %/cm
measured for the optical axis located 4.5 cm downstream of the nozzle exit plane at the same nCl, . A possible reason is

quenching of I* and I,* (mainly by H,O) and O, (IA) losses with distance. This result is in agreement with the conclusion of
? that maximum power is achieved when the distance between the optical axis and the supersonic nozzle exit plane is

minimal (4.5 cm). That is why all the experiments described below are carried out for the optical axis located 4.5 cm
downstream of the nozzle exit.

To obtain maximum pumping rate and Mach number the rest of the experiments are carried out with closed leak
downstream of the cavity. For high pumping rate the gain measured at 11.7 mmole/s of chlorine is higher than that
measured for low pumping rate. For nozzles No. 2 and 3 the maximum values of the gain, 0.65 and 0.55 %/cm,
respectively, are higher than the values of g (0.45 and 0.4%/cm, respectively) obtained for the same nozzles with opened
leak. Figs. 2 shows dependencies of g and T on nl, for the slit nozzles No. 2 at nCly = 11.7 mmole/s. Just as in * g is a

non-monotonous function of nl,. Unlike the gain, T increases monotonously with iodine flow rate. The value of T

corresponding to the maximum gain is rather high (~250 K). This is due to the large heat release in the iodine dissociation
reaction and the absence of primary buffer gas. Increase of nCl, from ~12 mmole/s to ~20 mmole/s results in a very small
rise of the gain. For example, for nozzle No. 2 the gain increases from 0.65%/cm to 0.67 %/cm which is within our error
limits.

To check the mixing efficiency for closed leak, we measured the gain at nCl, =20 mmole/s at a point located 0.2 cm down
of the centerline of the flow at equal distances from the centerline and the floor of the supersonic section. The maximum

gain of 0.44%/cm obtained for very high nl,, 0.43 mmole/s, is smaller than that obtained in the centerline (0.67%/cm). For
nl, = 0.33 mmole/s (corresponding to the maximum value of g at the centerline), the gain is 0.34%/cm, i.e., only about half
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of the gain at the centerline, whereas T is only 220 K, i.e., lower than the temperature at the centerline (250 K). That means
that for nN, , corresponding to the maximum gain at the centerline of the flow, the elemental iodine is concentrated near

the centerline, and the mixing is slow.

To optimize the gain, nCl, was varied in the range between 12 and 20 mmole/s. The maximum gain of 0.73%/cm was
obtained in run No. 9 at nCl, of 15 mmole/s.

3.4. Measurements of laser power

Preliminary measurements of the power were performed for slit nozzles No. 1 and 3, with iodine injection in the sonic and
diverging part of the nozzles, respectively. The total mirror transmission was about 0.6%. For Nozzle No. 1 the flow
conditions were close to the conditions corresponding to the maximum gain at nCl, of 11.7 mmole/s: no primary buffer gas,
nN, of 2.5 mmole/s. The maximum power was W = 210 W. The chemical efficiency, defined as W/(91 x nCly), is 20%.
This value is a little higher than the 18% efficiency obtained under similar conditions in our grid nozzle (Ref. 2). For nozzle
No. 3 output power of 202 W with chemical efficiency of 15% was measured at 15.1 mmole/s of Cl, ,no primary buffer gas

and secondary N, flow rate of 12.8 mmole/s. However, when the diagnostic cell was replaced by a short adapter, reducing

the transport volume between the generator exit and the iodine injection location from 95 cm® to 25 cm®, the power was
substantially increased to 287 W, corresponding to chemical efficiency of 21%. The reason for the power increase is the

rise in yield and decrease of stagnation temperature due to smaller losses of 0,('A) . For both Nozzle 1 and 3 the power and

chemical efficiency did not change as the leak downstream of the cavity was closed. 21% efficiency is the highest reported
chemical efficiency of a supersonic COIL operating without primary buffer gas.

4. SUMMARY

A parametric study of the gain and temperature in a supersonic COIL operating without buffer gas makes it possible to find
optimal values of the flow parameters corresponding to the maximum gain. Maximum gain is achieved when the distance
between the optical axis and the supersonic nozzle exit plane is minimal (4.5 cm). For this position of the optical axis
maximum gain of 0.73%/cm is obtained at chlorine and secondary nitrogen flow rates of 15 mmole/s and 7 mmole/s,
respectively, for a slit nozzle with transonic injection of iodine. For higher chlorine flow rate of 20 mmole/s the maximum
gain is a little smaller, 0.67 %/cm. The value of the maximum gain is almost the same for two slit nozzles (Nos. 1 and 2)
with transonic injection and different numbers of injection holes, which means that mixing in the direction of the optical
axis is good. However, measurements at a point located down of the flow centerline show that the gain is strongly
non-uniform in direction perpendicular to both the flow direction and optical axis, which means that the overall mixing is
poor. For slit nozzle No. 3 with iodine injection in the diverging part of the nozzle the values of the maximum gain are
smaller than for the nozzles with transonic injection. Opening a leak downstream of the cavity in order to decrease the Mach
numbser and increase the cavity pressure results in the decrease of the gain. Maximum values of the gain obtained using the
slit nozzles are much higher than the values measured in * for a grid nozzle where the maximum gain was only 0.34%/cm.
Preliminary power measurements were performed. For slit nozzle with iodine injection in the diverging part of the nozzle
output power of 287 W with chemical efficiency of 21% was measured at 15.1 mmole/s of Cl, with no primary buffer gas

and secondary N, flow rate of 12.8 mmole/s. This is the highest reported chemical efficiency of a supersonic COIL
operating without primary buffer gas.
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ABSTRACT

A study of chemical oxygen-iodine laser (COIL) for the use of decommissioning and dismantlement of nuclear facilities is
conducted. A scaled-down model was developed as a prototype. Laser duct and optical cavity were designed so that it can
be operated in both supersonic mode and high-pressure subsonic mode for the comparative study. A 1.34kW output with
chemical efficiency of 24.6% was obtained in the supersonic mode. In the high-pressure subsonic mode, output power was
1.12kW with chemical efficiency of 20.6%. A subsonic operation at 12Torr was demonstrated for the first time. A
preliminary experiment of thick steel cutting was demonstrated by the developed system. The obtained data was in good
agreement with published data.

Keywords: iodine, laser, decommissioning, industrial laser, COIL, subsonic

1. INTRODUCTION

Chemical oxygen-iodine laser (COIL) has several unique characteristics that are suitable for industrial applications, such as
high power (up to megawatts), good beam quality, and optical fiber availability.

Among the possible applications of COIL such as automotive industries,"” or heavy industries, the decommissioning and
dismantlement (D&D) of the nuclear reactors is the most promising one. It can be said that there is no other practical
candidate for the D&D application, since no laser can operate at >10kW output at a wavelength where optical fiber delivery
is available.

There are two more facts that make COIL as a promising candidate of D&D laser. Firstly, since this specific application
does not require a 24-hours-a-day operation, the existing COIL

technology is ready for a practical solution. Secondly, since

COIL is a chemical laser, it does not require an electric input in
principle. That means COIL can be constructed as a mobile laser
system.

Last year, we proposed three operational modes of industrial
COILs.? Among them, what we call Mode II was devoted for

scrubber

iodine_
reservoir

N\ 1,+Cl;
D&D application. Figure 1 shows the schematic drawing of the 506 faser A @
Mode II COIL. Initially, a sufficient amount of BHP for designed head et}
operational period is supplied. After the operation, the worn BHP m i pump
is taken away and refreshed at a plant placed where electricity ! [ BAp heat exchanger
and resources are easily available. From the experience in the ‘a""c— .
Kawasaki Heavy Industries, 220 liter of BHP is required for V—@ chiller
1kWh operation without BHP refreshment. Based on our
previous studies, we have proposed a conceptual design of a ={ 8P |

30kW COIL system operating in Mode 11> It was estimated that

such a system could be contained in five train-containers. Fig. 1: Block diagram of the Mode II COIL
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In this study, we develop a scaled-down model of a D&D COIL system operating in Mode II. The output power was
decided to be 1kW owing to the available vacaum pump system. The operational characteristics of the developed system,
and the results of the preliminary D&D experiments are presented in this paper.

2. EXPERIMENTAL SETUP

Measurement
and control Figure 2 shows the experimental facility. It consists
DD g _J[ of a large BHP tank (500liter max.), counter-flow
type liquid jet SOG, laser cavity, vacuum pump, gas
A ‘ and liquid neutralizer, gas supply system, and
m\'ﬁ‘ measurement/control subsystems. Although the mode
= ! Vacuum pump ——,  EXhaust scrubber I.I system must be designed to .be mobile, the
L & (23 \ limitation of the research fund did not allo“{ us
i 6 redesign the vacuum pump and gas/liquid neutralizer.

previous studies, and therefore, not in the scope of
this study.
Laser duct and optical cavity were designed so that it

P

BHP tank /(
Heat exchanger

W B ) BHP neutralizer
W
( [Not in the scope of this work] ;————/

Brine cooler
Fig. 2: Schematic drawing of the experimental setup.

can switch the operation mode from supersonic to subsonic quickly,
by changing the detachable supersonic nozzle and shifting the
position of the optical cavity. When we operate the system in the
high-pressure subsonic mode, the capacity of the present vacuum
system was too large. Therefore, a choke valve was used to adjust
the effective vacuum capacity.
A BHP recirculation system consists of the LH-640 lobe pump
(ITT Jabsco), synchronous motor and variable frequency inverter is
devised. The pump is operated at low revolution (200~250 rpm
typ.) to prevent cavitation of the BHP. Photo 1 shows the ¢
experimental facility viewed from the upstream. ‘

Therefore, they were same as the one we used in the

3. EXPERIMENTAL RESULTS
3.1. Full-power operation

The developed COIL system was operated in supersonic mode and high-pressure subsonic mode. After the optimization of
the operational conditions, we have obtained the maximum output power in supersonic and subsonic mode as Table 1. Note
that we did not apply the primary-buffer cooling technique in this study.

Table 1: Maximum output power and operational conditions
Op. mode Cl, Primary buf. | Secondary buf. QOutput Flow velocity | Chemical eff. | Spec. energy
[mmol/s] [mmol/s] [mmol/s} kW] [m/s] [%] |
Supersonic 60 40 60 1.34 400 24.6 1.12
Subsonic 60 30 60 1.12 110 20.6 2.18

In the supersonic mode, we have successfully reduced the buffer gas flow rate at a half of our previous studies.” The flow
duct was originally designed for Cl,:N,=1:2, the try-and-error basis optimization enabled us to operate the device in a very
low buffer gas flow. As a result, the specific energy was doubled compared to the previous operations in supersonic mode.
This result reminded us that the supersonic mode operation might be still attractive.
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In the high-pressure subsonic mode operation, we have operated the device at 6 Torr. The obtained output was lower than
the supersonic mode. Nevertheless, it exceeded the design criteria. The specific energy resulted in much lower than our
record.® The reason is still unknown. More detailed comparison of the flow parameters (pressure, velocity, etc...) to the
previous device is now being conducted.

4

3.2. High-pressure operation

We increased the operation pressure of the system in the subsonic
mode further to obtain the higher specific energy. The result is shown
in Fig. 3. The specific energy increases in proportion to the operation
pressure. However, that was obtained only with the degradation of
the chemical efficiency and output power.

The highest specific energy was obtained in the operation at 12Torr.
As far as we know, it was the highest static pressure of subsonic
COIL ever obtained.

Specific energy [J/I}
Chemical efficiency [%)]

3.3. Long-term operation %6 8 T 12

. . . Pressure at optical cavity [Torr]
Although one of the primary goals of th}S work is the long-term Fig. 3: Operation pressure vs. specific energy and
stable operation, it has not been possible so far due to the chemical efficiency.

unacceptable rise of the BHP temperature. Two to three minutes is the current limit of operation at 1kW output. This was
due to the improperly designed heat exchanger, which is immersed in the BHP tank. The long-term operation was triedata
reduced chlorine flow rate (40 mmol/s). Up to 40 minutes of operation was demonstrated, however, it was terminated
because the BHP temperature exceeded 0 °C.

3.4. Thick steel cutting experiment
Followed by the successful operation at a 1kW output power, we
conducted a preliminary D&D experiment. The prepared materials were
mild steel (SS41) and stainless steel (SUS304). Figure 4 shows the
experimental setup. .
“Hicol Figure 5 shows the cutting capability as a function of the thickness. As
- E"”‘ the thickness increased, the cutting capability decreased further than the
first-order approximation, namely, dv=const, where d is the material
stage thickness, and v is the cutting speed. This can be explained by the heat
' Assist gas nozzle loss through the kerf.
./@xygen 2kglem? Two models are known for the thick metal cutting by laser. One was
% proposed by the group of Kawasaki Heavy Industries as®”
d a

; = ) (1)
Vwk + ﬂ

where d is the cut depth, P the laser power, v the cutting speed, w; the

width of the kerf (to be exact, they used the beam diameter instead of the

Side view

Focusing lens £=300mm

Fig. 4: Schematic drawing of the thick steel kerf width), o and ﬂ. are empirical constants derived by the thermal
cutting experiment property of the materials and laser wavelength. The other model was
proposed by the Phillips Laboratory as”
d a'
a___ o @
P ovw + By

where o' and B’ are empirical constants similar to Kawasaki model. Note that the os and fs have slightly different
meaning in both models.

Figure 6 shows the published data of thick steel cutting by COIL in the Philips Laboratory.” The cutting capability per unit
output power is plotted as a function of the (kerf width)-(cutting speed). Open plots show the results of Ref. 7, while filled
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SS41

—(— 8US304

plots show our results. The dashed line and the solid line represent the
theoretical prediction by Eq. (1) and Eq. (2), respectively.

It is seen that our results were slightly better than the one of Ref. 7. It can
be explained by the difference in the assist gas species. They used He or
N, while we used O, as an assist gas.

Both theories predict the experimental results correctly in the range of
the experimental data. However, the predictions of both models differ

considerably in the
case of slow cut of
very thick material.
Now we are capable of
conducting D&D
experiments, our next
goal is the verification
of the model and

material thickness [mm)] prediction of the

f}:i ki:c(sf:tting speed as a function of material %e;cfgrrggllci oufsit?)eg rgfel

current device as a

W Hh OO NOXO

cutting speed [mmvs]

L L TSR SO T W o |
13 4 5 6 7 8 910

simulator.

The cutting capability of a 300mm stainless steel was calculated using Eq.
(1) and Egq. (2). The output power, beam quality, and the focal length of
the lens were assumed to be 30kW, AM?=40, and 1500mm, respectively.
While Phillips model predicts the cutting speed of 12mm/min, Kawasaki
model predicts the cut off is impossible. The need for the model

d/P [mm}/[kW]

10 T v

»_\\\\\ ® Thiswork ||
=~ O Scottet al.

I 3o

(4]
o4

[ Kawasaki model
Phillips model
So1 01 1

v.w, [m/min}.[mm]
Fig. 6: Cutting depth per unit laser power as a
function of (cutting speed)-(kerf width).

verification is highlighted by this estimation.

4. CONCLUSIONS

A scaled-down model of COIL for D&D applications has been developed. Laser duct and optical cavity were designed so
that it can be operated in both supersonic mode and high-pressure subsonic mode for the comparative study. A 1.34kW with
chemical efficiency of 24.6% was obtained in the supersonic mode. In the high-pressure subsonic mode, output power was
1.12kW with chemical efficiency of 20.6%. A subsonic operation at 12Torr was demonstrated for the first time. As a result,
specific energy of 3.8J/liter was obtained. Long-term operation has not been proven yet because of the temperature rise of
basic hydrogen peroxide (BHP). A preliminary experiment of thick steel cutting was demonstrated by the developed system.
The obtained data was in good agreement with published data. It was shown that the predictions of the D&D COIL
performance was quite different depended on the mode] used.
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ABSTRACT

A multi-kilowatt supersonic chemical oxygen iodine laser (COIL) has been constructed. Two types of jet singlet oxygen
generator (SOG) such as tube-array and plate have been tested. An output power of 8.8KW with chemical efficiency of
21.4% was obtained at the chlorine flow rate of 450mmole/s. The influence of BHP (basic hydrogen peroxide) temperature

on the output power of COIL has been studied. And the absolute concentration of 0,('A) in the jet SOG was measured using
the Piston-source method.

Keywords: Chemical oxygen iodine laser (COIL), singlet oxygen generator (SOG), chemical efficiency

1. INTRODUCTION

The chemical oxygen iodine laser (COIL) is the first chemical laser of electronic transition'. It has a lot of attractive features
including shot-wavelength, high efficiency, high energy density, low operational temperature, and high scalability. Its
wavelength of 1.315um is ideal for optical fiber delivery. In addition, a high—quality output beam is expected owing to its
low-pressure gain medium. Because of these unique characteristics, COIL has the potential applications in industry and
The lasing of COIL is based on a transition in the hyperfine structure of the iodine atom:

ICR, )+ nkv = ICB, )+ (n+Dhv ¢))

Where hv=1.51x10""J. In the COIL, the I (*Py;) level of the iodine atom is excited by energy transfer from the first
electronically excited state O, ('A):

0,('A)+ICP,) > 0,C)+ICR ) @
The singlet oxygen is obtained in a generator via a chemical reaction between chlorine and basic hydrogen peroxide (BHP):
2KOH + H,0, +Cl, - 0,(*A)+ 2H,0 + 2KCI (3)
The reaction includes several steps> actually:
OH™ +H,0, > H,0+HO,”
HO,” +Cl, > HOOCI +CI~

HO,” + HOOCIl - H,0, +CIO,”
Clo,” - 0,(A)+Cl”

@)

In the COIL, prior to lasing O, (‘A) dissociates the molecular iodine, which is one of the most complicated and least
understood processes. The iodine atoms are obtained via autonomous dissociation of iodine molecules in the presence of
- singlet oxygen, This process is considered as a two-step reaction process® as follow:

0,(8)+1, 5 0,2+ 1,(») } )

L) +0,('A) » 0,(C2)+ 2R, ;)
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According to these chemical processes, we have constructed our CW supersonic COIL system with a jet SOG, an
electrically heated iodine generator, an array-nozzle bank, and an unstable resonator as well as a vacuum pumping system®.

2. EXPERIMENT
2.1. The tube-type jet SOG

The generation of O, ('A) at high pressure in the jet SOG created new possibilities for preparing active medium of a supersonic
COIL. The high-pressure jet SOG is based on the reaction of the Cl, flow with the counter-flowing jet of the BHP.

The plate injector-shower is used generally in the jet SOG, and the plate-thick is 4~6mm but the pressure drop through the
plate is higher, so the liquid pressure before the plate is more then 1.5-2.0 atm. Therefore, a heavy BHP pumping system is
needed for COIL with plate-type jet SOG. The rigidity of the tube is better than the plate; the tube is ideal material for the
jet-shower. The setup of COIL with the tube-type jet SOG is shown in Fig.1.

Cold Trap (optional)

Gas/Liquid separator

Fig.1 The experimental setup of COIL with a tube-type jet SOG

There are forty tubes of 10 cm length a