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A Multiwatt All Gas-Phase Iodine Laser (AGIL)
Gerald C. Manke, II, Chris B. Cooper, Shiv C. Dass, Timothy J. Madden, and Gordon D. Hager

Abstract—The demonstration and characterization of a multi-
watt all gas-phase iodine laser (AGIL) are described. A 20-cm sub-
sonic reactor was used to produce NCl( 1�) for a series para-
metric studies of the I (2P1 2) I(2P3 2) small-signal gain and
extracted power dependence on reactant flow rates and reaction
time. The highest measured gain was 2.5 10 4 cm 1 and the
highest power observed was 15 W.

Index Terms—All gas iodine laser (AGIL), chemical lasers,
chemical oxygen iodine laser (COIL).

I. INTRODUCTION

SINCE the invention of the chemical oxygen iodine laser
(COIL) in the mid-1970s [1], there has been interest in en-

ergy carrier molecules that react via energy transfer with ground
state iodine atoms to generate an inversion on the electronic
spin-orbit transition. Singlet delta oxygen, for example, effi-
ciently generates I P via

O I O I P (1)

In principle, all molecules with the electronic
configuration will have the same electronic states as O, i.e.,
( ), ( ), and ( ). Because of the selection rules for
electronic transitions, the singlet delta state is metastable. The
singlet nitrenes in particular (i.e., NF and NCl) have been inves-
tigated as possible replacements or alternatives to O be-
cause they share the requisite electronic configu-
ration [2]. These metastable molecules have radiative lifetimes
in the 2–5 s range [3]–[5] and have the potential to be useful
energy carriers in energy transfer chemical laser applications.

Unfortunately, metastability is not the only figure of merit
for chemical laser devices based on an energy transfer process.
The ability to transfer energy to a suitable laser species (such as
iodine atoms) depends on the detailed kinetics and dynamics of
the interaction between the energy donor and acceptor, which
are determined by the details of the complex multidimensional
potential energy surfaces that govern the interaction [2].

To date, only NF and NCl have been found
to have the properties necessary to serve as energy carriers.
Namely, both have long radiative lifetimes and are relatively
inert to chemical reaction and physical quenching [6], [7].
Indeed, there have been several demonstrations of efficient
energy transfer from NF to Bi [8], [9], BiF [10]–[12],
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and BH [13]–[15]. Unfortunately, these systems were not
suitable for generating high-energy chemical lasers [2].
Attempts to generate an NF /I energy transfer laser
have also failed [16]. The reason for this failure is that
despite the fast reaction of NF with atomic iodine
( 10 cm molecule s ) [17]

NF I NF I (2a)

products (2b)

an inversion is prevented by a poor branching fraction for (2a)
( 10%–20%) and fast quenching of Iby NF (

10 cm molecules s ) [17], [18]

NF I NF I P (3)

On the other hand, NCl not only has a fast reaction with
atomic iodine ( 10 cm molecules s )
[19], [20]

NCl I NCl I (4a)

products (4b)

but the branching fraction for the I P formation is large
( ) [20] and the energy-pooling reaction between
NCl and I P does not appear to be important.
Hence, NCl should be an efficient energy carrier suitable
for a scalable energy transfer chemical iodine laser.

Indeed, a subsonic continuous-wave chemical IP
laser pumped by NCl was reported by Henshaw and
co-workers in 2000 [21]. In their experiment, the energy carrier
NCl was produced from F atoms and hydrogen azide by
a three-step process [20], [22]–[24]

F DCl DF Cl (5)

Cl HN HCl N (6)

Cl N NCl N (7)

The authors named their discovery the all gas-phase iodine laser
(AGIL). Their demonstration was motivated and enabled by the
small-signal gain measurements of Herbelin,et al. [25], Bower
et al. [26], and the transient lasing demonstration of Ray and
Coombe [27]. Other milestones in the history of AGIL are dis-
cussed in detail elsewhere [2].

Since the initial subwatt laser demonstration [21], there has
been considerable effort expended to scale this device to multi-
watt powers. This paper summarizes the results of these exper-
iments.

II. EXPERIMENTAL METHODS

A new subsonic flow device for the generation of NCl
was constructed following the completion of the work that cul-
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Fig. 1. Construction schematic for AGIL 2. Major components include the
four discharge tubes with radial He and DCl injectors attached to the ends, HI
and HN injector blocks, flow reactor with adjustable ramps, He injectors for
containment of the flow, and laser mirror tunnels and mounts.

minated in the demonstration of a 180-mW AGIL device. The
new reactor (AGIL 2) is very similar in design to the old de-
vice (AGIL 1) [21], [25], [28] in terms of materials, geometry,
and injector locations. The most significant changes are the op-
tical path length was increased to 20 cm (as opposed to 5 cm), F
atoms are produced by four discharge tubes (as opposed to one),
and the purge flows along the sides of the reactor were improved
to provide better containment of the reactive flow. A construc-
tion schematic of AGIL 2 is shown in Fig. 1. The flow-channel
height in the injector block section and the separation between
the HI and HN injectors are adjustable. To accommodate heat
release, area relief is provided by an adjustable ramp. The exper-
iments described here reproduce the AGIL 1 device geometry.

The four discharge tubes are powered by a power supply and
cooled by chilled water. Fluorine atoms are generated when ei-
ther pure NF or a mixture of 20% F in He are diluted with
6 mmol s of He and passed through the discharges. The power
supply was powerful enough to dissociate 1 mmol sof F or
1.5 mmol s of NF such that approximately 2 mmol s of
F atoms were generated. Higher flow rates of F(20% in He)
led to incomplete dissociation, while higher flow rates of NF
extinguished the discharge. NFis the preferred F atom source
because it does not produce any molecular fluorine which would
react with Cl and I to generate IF and ClF—strong quenchers of
I P and NCl . The new power supply was routinely
operated at maximum current per tube which allowed higher F
and NF flow rates and yielded larger F atom flows than previ-
ously generated in AGIL 1 [28].

Helium and deuterium chloride are added through radial in-
jectors at the end of each discharge tube to convert the flow of
F atoms into Cl atoms (The He flow rate was fixed at approx-
imately 40 mmol s ). Hydrogen iodide was highly diluted to
approximately 0.5% by adding 90 mmol s of He prior to its
injection into the reactor. Hydrogen azide was synthesized and
stored in six 150 L tanks as a 10% mixture in He. Both HN
and HI were injected from the top and bottom walls into the
flow downstream of the DCl injector. The HI and HNinjector
blocks consisted of two rows of holes each.

TABLE I
TYPICAL EXPERIMENTAL CONDITIONS

The discharge efficiency was characterized according
to the titration methods described previously by Manke
and co-workers [28]. Initially, gas-phase titrations were
performed by measuring the yield of I atoms with a tun-
able diode laser (New Focus, Model 6248) that probes the
1.315- I P I P , F(3,4) spin-orbit transition.
As the difficulty of maintaining high flows of HI increased
and the cost of HI became prohibitive, the titration technique
was altered by adding HCl as the titrant and monitoring the
relative concentration of HF via absorption on nearby
HF(2-0) ro-vibrational transitions. To expedite data collection,
the diode laser output was split into three beams that probed
three streamwise positions along the reactor. Small-signal gain
measurements were performed as previously described by
Herbelinet al. [25].

Since the small-signal gain for AGIL is optimized when the
density of NCl is the highest, a series of experiments
were performed to determine the optimum conditions for
NCl production. This was accomplished by measuring
the NCl emission intensity as a function of HNand
DCl flow rates for constant NF. The NCl emission
spectrum was collected with a near-infrared (NIR) Optical
Multichannel Analyzer (Roper Scientific, OMA V) attached to
a 0.3-m monochromator (Acton Research Corporation). The
OMA V consists of a 256-pixel array of InGaAs detectors and
a well-resolved NCl spectrum with high signal to noise
ratio can be collected in less than 1 s.

Table I compares the typical experimental conditions used in
this study to those from AGIL 1. The flow rate values in paren-
theses in the first and second columns are Herbelin’s [25] and
Henshaw’s [21] values multiplied by four. Since the AGIL 2 de-
vice is essentially four times larger than AGIL 1, these were the
initial target values for our study. All gas flows were controlled
in the same manner as for the previous AGIL 1 studies [21],
[25], [28].

III. EXPERIMENTAL RESULTS

A. F Atom Titrations

The initial experiments performed with the AGIL 2 device
were gas-phase F HI titrations [28], where the density of



MANKE et al.: A MULTIWATT AGIL 997

Fig. 2. F+HCl titrations. The upper plot in each panel shows the measured population difference ([HF(0; 3)]� 9=7[HF(2; 4)]) as a function of added HCl, see
text for details. The lower plot in each panel shows the variation in temperature with added HCl. In all cases, the various symbols indicate different downstream
positions:� = 2:5 cm, = 7:5 cm, and = 12:5 cm downstream from the HI/HNinjector blocks.

I P was measured via absorption spectrometry and then
related to the density of F atoms produced by the dc discharges
via titration plots. Several complications were encountered with
this method, all of which could be related to the difficulty of gen-
erating and maintaining known, large flows of HI [29]. Gaseous
HI is commercially available, but the purity of the bottle con-
tents degrades with time according to the well-knownHI
H I equilibrium. More seriously, for large flows of HI, liquid
and solid particulates may be entrained in the flow that can clog
and degrade the performance of the flow-control system. Ex-
pansion and cooling of the HI gas after passing through a sonic
orifice may lead to condensation along the tubing.

For these reasons, as well as the increasingly prohibitive cost
of purchasing large quantities of high purity HI, an alternative
titration method was sought and developed. Instead of flowing
HI and measuring the yield of atomic I, HCl was added to the
flow of F atoms and [HF] was monitored via absorption on a
HF(2–0) overtone ro-vibrational transition. Because the FHCl
reaction generates a multitude of HF ro-vibrational states in-
cluding significant HF , the measured absorption signal
is proportional to the population difference between HF(0,J) and
HF(2,J’) and the measured signal does not directly giveF .
Rather, the yield of F atoms is given by the titration endpoint.
As HCl is added to the flow, the absorption signal increases until
all of the F atoms are consumed and the initial F atom flow rate
is given by the HCl flow necessary to reach the maximum ob-
served signal. Large flow rates of high-purity HCl are easily
(and inexpensively) generated because there are no condensa-
tion or particulate entrainment issues.

A series of F atom titrations using HCl as the titrant are shown
in Fig. 2. The results from these experiments complement the re-
sults from the F HI titrations, and aid in their interpretation
[29]. While this method is not as direct or as precise as mea-
suring [I], it is well suited to our application since we do not
need a very precise endpoint and are loath to install a compli-

cated system to deliver large flows of pure and particulate-free
HI in a reliable manner.

For F and NF mmol s [Fig. 2(a) and (b)], the
titration endpoints occur at approximately 11 – 12 mmol s
of HCl, which in the case of NFcorresponds to approximately
two atoms per molecule. In the case of F, this represents
90%–100% dissociation. The population difference signal
increases as the flow progresses downstream, consistent with
relaxation of vibrationally excited HF. For F, the translational
temperature is K, while for NF , the linewidth
analyses give K. These data are in agreement
with the thermocouple data; the NFdischarge is slightly
hotter than the F discharge. It should be noted that there is
considerable uncertainty (at least20%) about the titration
endpoint because there is not a sharp break between the linear
growth and plateau regions of the titration plots and the data is
indirectly related to the initial [F]. However, it is clear that a
large fraction of molecular Fis dissociated and that both F
and NF can be used to produce large F atom fluences.

B. Optimization of NCl

The energy carrier NCl is produced from F atoms and
hydrogen azide by a three-step process described above [reac-
tions (5) – (7)] [20], [22], [23]. According to this mechanism,
two F atoms, two DCl molecules, and 1 HNmolecule are re-
quired to produce a single NCl . The stoichiometry can be
tested by monitoring the density of NCl via its sponta-
neous emission signal as a function of added DCl and HN.

The conditions for Fig. 3 were NF mmol s , HN
mmol s , and pressure 12 Torr. A fiber-optic bundle,

placed 12.5-cm downstream of the end of the HI/HNinjec-
tion block was used to collect the emission. Two series of ex-
periments were performed, separated in time by approximately
30 days. For purposes of comparison, the spectral areas are
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Fig. 3. Optimization of NCl(a �) emission intensity. (a) NCl(a �)
versus DCl. The NF flow rate used for these was 6 mmol s. The
emission intensity of NCl(a �) is optimized at DCl = 12 mmol s ,
consistent with the expectation that NCl(a �) production is optimal when
[DCl] = [F] = 2[NF ], and all of the F atoms have been consumed.
(b) NCl(a �) versus HN. The NF flow rate used for these experiments
was 6 mmol s . The emission intensity of NCl(a �) is optimized at
HN = 12 mmol s . According to the stoichiometry of the F/DCl/HN
chemical mechanism for the formation of NCl(a �), the density of NCl(a �)
should be optimized at[HN ] = 0:5[F] = [NF ] rather than the twofold excess
of HN shown here.

normalized to the maximum observed intensity for that exper-
imental series. The two data series are qualitatively the same
and the intensity of NCl reaches a plateau at approx-
imately 12 mmol s of DCl. Inasmuch that one would ex-
pect the NCl to optimize at the stoichiometric limit of
DCl F , this supports the F atom titration results which indi-
cate thatF NF . Furthermore, the intensity of NCl
did not decrease significantly when a nearly twofold excess of
DCl was added. The presence of excess DCl does not appear to
strongly quench NCl .

In the lower panel of Fig. 3, the flow rates for NFand DCl
were held constant (6 and 9 mmol s, respectively) while HN
was varied from 6 to 24 mmol s . For both series of exper-
iments, the maximum yield of NCl was achieved when
HN mmol s . The Cl/HN stoichiometry suggests that
the optimum condition for NCl production is HN Cl

, and our result HN Cl is a factor of two too large. This
is not a surprising result considering that Herbelin [25] and Hen-
shaw [21] reported a similar trend for AGIL 1. Their optimum
HN : Cl ratios for gain/lasing power were 2.5 and 1.9, respec-
tively.

C. Optimization of I P I P Small-Signal Gain

Sample results from one series of gain optimization experi-
ments are shown in Fig. 4. In the upper panel, the F, DCl, and
HI flow rates were fixed at 6, 15, and 0.25 mmol s, respec-
tively. At and 7.5 cm, positive gain is observed for a
wide range of HN flow rates. For cm, a small ab-
sorption signal is observed in all cases. While the dependence
of the gain on HN looks similar to the NCl optimization
plot in Fig. 3, the small-signal gain data reaches an optimum
at HN mmol s , approximately a factor of two higher
than was required to reach the optimum NCl intensity.
The peak gain for cm and HN mmol s
is 2.2 10 cm . The dependence of the small-signal gain
on the DCl flow rate is shown in the center panel of Fig. 4. For
DCl mmol s , the gain is essentially constant at

10 cm . This result supports the previous observation
that DCl is not a strong quencher of NCl or I P and
the F atom titration results which give F mmol s when
F mmol s is discharged. Finally, in the lower panel, the
small-signal gain dependence on the HI flow rate is shown. For

cm, the gain is a relatively weak function of HI. For
and 12.5 cm, however, the gain decreases dramatically

for HI mmol s .
Similar plots were generated for a variety of Fand NF

flow rates. Table II summarizes the optimum gain measured for
F 6–8 and NF 4–12 mmol s . It is important to note that
the results for NF and 12 mmol s were not optimized
for the HI flow rate. The gain scales more or less monotoni-
cally with increasing F atom flow rate when NFis the discharge
source of the F atoms. Interestingly, the gain does not appear to
scale well when F is discharged even though nearly 100% of
the F is dissociated. The highest gain measured in this study
was 2.5 10 cm . These results compare favorably with
AGIL 1 [21] which gave a maximum gain of 2.710 cm .
Our peak gain is essentially the same for comparable conditions.
However, in contrast to the AGIL 1 results, positive gain does
not persist along the length of the reactor.

In the past, we have attributed nonstoichiometric HN: Cl
ratios to poor mixing. Visual inspections of the flow did not re-
veal any obvious mixing problems for either HNor HI. We
attempted to test the homogeneity of HNand HI in the flow by
measuring the variation of I atom absorption and small-signal
gain along the vertical axis of the reactor. The results are shown
in the upper and lower panels of Fig. 5. For both plots, the ex-
perimental conditions were F , HI , and DCl

mmol s . In the lower panel, HN mmol s was
added. In the upper panel, the measured (IP ) is peaked in
the center for cm and decreases slightly as the diode
probe laser position was shifted away from the centerline of the
reactor. The 5- and 10-cm data are fairly constant across
the entire range. Clearly, the injected HI has penetrated into the
center of the flow, even at cm. The profile change be-
tween cm and cm, however, suggests that the
HI may not be uniformly distributed across the vertical axis at it
its injection point, and that some time must elapse before diffu-
sion or another mixing mechanism can establish a homogenous
medium. The lower panel data shows that the vertical profile of
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(a) (b)

(c)

Fig. 4. Optimization of small-signal gain for F= 6 mmol s . (a) Small-signal gain versus HN. The F , HI, and DCl flow rates are as indicated in the figure.
The highest small-signal gain (2.2�10 cm ) is observed for HN = 38 mmol s and 2.5-cm downstream of the HNinjection block. The gain decreases
significantly as the flow progresses downstream while smaller variations are observed for increasing or decreasing HNflow rates. (b) Small-signal gain versus
DCl. The F , HI, and HN flow rates are as indicated in the figure. The highest small-signal gain (2.0�10 cm ) is observed for DCl= 20 mmol s and
2.5-cm downstream of the HNinjection block. The gain is relatively constant for DCl� 12 = 25 mmol s but decreases for DCl< 12 mmol s . As noted
above, the gain decreases significantly as the flow progresses downstream. (c) Small-signal gain versus HI. The F, DCl, and HN flow rates are as indicated in
the figure. The highest small-signal gain (1.8�10 cm ) is observed for HI= 0:35 mmol s and 2.5-cm downstream of the HNinjection block. The gain
decreases significantly as the flow progresses downstream.

TABLE II
SMALL -SIGNAL GAIN SUMMARY

Titration not performed for this condition.

Gain not optimized for HI flow rate.

the small-signal gain is essentially the same as the (IP )
data. The addition of 28 mmol s of HN (and the accompa-
nying 250 mmol s of He) does not appear to affect the degree
of penetration or mixing rate of the HI. In fact, the small-signal

gain data are consistent with a uniform NCl density, and
efficient mixing of HN . We have previously [29] suggested
that poor mixing is the dominant factor that limits AGIL perfor-
mance based on computational fluid dynamics results. Unfortu-
nately, the present results are not conclusive and further tests of
the role of mixing will be conducted in the near future.

D. AGIL Power Extraction

Power-extraction experiments for AGIL 2 gave significantly
higher powers than AGIL 1. The results are summarized in
Table III and Fig. 6. As was the case for AGIL 1, the power-ex-
traction demonstrations required extremely high quality
mirrors; the high reflector (HF) and output coupler mirror
reflectivities (as measured by cavity ringdown spectroscopy)
were 0.9999 and 0.998, respectively. All high reflector op-
tics had a 2-in diameter and a 5-m radius of curvature. The
alignment of the resonator was initially accomplished by super-
imposing a He:Ne laser beam through the centerline of the flow
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Fig. 5. Vertical profile of small-signal gain and[I] . (a) Vertical profile of [I( P )]. The experimental conditions were F= 8, HI = 0:4, and DCl =
18 mmol s . The density of I( P ) atoms in the absence of HNis shown. The observed profile is slightly peaked. There is a noticeable variation in I atom
density along the vertical axis in the absence of HN, suggesting that while HI is fully penetrated into the center of the flow, the I atom density is not homogenous
across the entire flow profile. (b) Vertical profile of small-signal gain. The experimental conditions were F= 8, HI = 0:4, DCl = 18, and HN = 28mmol s .
In a pattern similar to the (I( P )) profile in the upper panel, the small-signal gain is peaked in the center and decreases slightly as the diode probe laser position
was shifted. The lack of difference between the upper and lower panels suggests that the injected HNis fully penetrated into the flow and is well mixed.

TABLE III
AGIL 2 POWER-EXTRACTION SUMMARY

NF = 8, DCl = 25, HN = 26, and HI= 0:5mmol s .

Concave with 5-m radius of curvature.

Flat mirror.

Concave with 2-m radius of curvature.

reactor and then adjusting the resonator mirrors such that the
reflected beams from the resonator mirrors were collinear with
the reactor centerline. It was subsequently learned that much
more reliable and reproducible alignments could be achieved
with an auto-collimating alignment telescope.

Fig. 6 shows the relationship between out-coupled power
versus HI flow rate for two different downstream positions,

and 4.0 cm. For the sake of convenience, the HN
and DCl flow rates were fixed at the previously determined
optimum values, 26 and 25 mmol s, respectively. In the
upper panel, series A and B were measured using a resonator
aligned with the He:Ne laser. Series C and D were measured
after alignment with the alignment telescope. Clearly, the latter
method gave higher powers, most likely due to an improved
alignment. Interestingly, the extracted power was higher at

cm for NF as the discharge source of F atoms. At
the next downstream position, NFand F give comparable
power values. We attribute this difference to the fact that the
F discharge gives slightly lower temperatures than NF. Since
the rate determining step for NCl generation [reaction
(6)] is strongly temperature dependent, it is sensible that the
hotter, NF case would reach the peak NCl density at an
earlier position (i.e., earlier time) in the reactor. All attempts
to measure power at cm downstream were unsuc-
cessful, even with a low threshold cavity (i.e.,
reflectivity). This result is consistent with the small-signal gain
measurements that gave very low or no gain at cm
(see Figs. 4 and 5). Clearly, the gain is strongly dependent on
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Fig. 6. AGIL power extraction versus HI. (a) Power extraction versus HI for
x = 1:5 cm downstream of the HI/HNinjection block. Series A and B were
collected on the same day, using a He:Ne laser to optimize the alignment. Series
C and D were measured on a different day and an auto-collimating alignment
telescope was used to optimize the alignment. The resonator consisted of two
2” concave (5-m radius of curvature) mirrors with measured reflectivities of
0.9999 and 0.998. (b) Power extraction versus HI forx = 4:0 downstream of
the HI/HN injection block. Series A and B were collected with the resonator
centered 4.0-cm downstream of the end of the HI/HNinjection block. The
reagent flow conditions are as indicated in the figure.

the reaction time. A full explanation of this behavior requires
additional analysis by computational fluid dynamics.

Table III summarizes the effect of varying the output coupler
reflectivity for cm, and constant reagent flow rates of
NF , HN , DCl , and HI mmol s . The
mirror reflectivities for the various outcouplers were estimated
from total transmission measurements and assuming

. The power versus reflectance data can be used to confirm the
directly measured small-signal gain values. The-intercept of
a versus power plot gives the mirror reflectivity ()
value for the threshold condition

(8)

A crude extrapolation of the data in Table III gives .
For and cm the estimated threshold gain,
1.8 10 cm , is in good agreement with the directly mea-
sured value (2.0 – 2.510 cm ). The cm data sug-
gests that even higher outcoupled power may be possible for

. Further enhancements to the extracted
power may be realized by changing the mirror size (), moving
the mirror position ( ), or increasing the F atom flow rate.

IV. DISSCUSSION ANDCONCLUSIONS

The fundamental performance characteristics of AGIL 2 have
been examined. F HI and F HCl titrations have been used
to determine the F atom production efficiency of the dc dis-
charges. Optimum conditions for the production of NCl
and I P I P gain have been identified for a mod-
erate range of reactor conditions. To date, the highest observed
small-signal gain for AGIL 2 is 2.5 10 cm , essentially
equivalent to the highest gain measured in AGIL 1. The highest
observed power was 15 W.

The most critical experiments that directly address the scala-
bility of AGIL remain to be completed. In particular, it has yet to
be shown conclusively that [NCl ] and gain scale with in-
creasing [Cl]. The AGIL 1 and AGIL 2 data strongly suggest that
increases in [NF] (which leads to higher [F] and thus, higher
[Cl]) leads to higher gain and higher extracted power. However,
the range of NFand F flow rates tested by AGIL 1 and AGIL 2
is rather limited. Significantly higher F and Cl atom flow rates
can be generated by chemical combustors or high power mi-
crowave devices [30]. An AGIL device employing these tech-
nologies is currently in the planning and design stages.
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