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A calibrated piston source of light, which simulates a cylindrical-volume luminosity source, has been used to
measure the absolute concentration of O2(a1∆). It is proved that this piston source method is one of the
simplest and most convenient ways to measure the O2(a1∆) concentration in a singlet oxygen generator,
especially in real time measurements. Discussions about the method and the results are also given.

Introduction

As the shortest-wavelength chemical laser and the only laser
based on electronic transitions, the chemical oxygen-iodine
laser (COIL) is of great interest owing to its potential applica-
tions in both industrial and military fields. As the energy source
of the laser, the singlet oxygen generator (SOG) is a key part
of the COIL, and consequently, the yield of O2(a1∆) in the SOG
is an important parameter for chemical efficiency.

Various methods have been developed to measure the
concentration of O2(a1∆), such as electron paramagnetic reso-
nance(EPR),1 photoionization,2 isothermal calorimetry,3 absorp-
tion measurements of ground-state oxygen,4-6 measurement of
the 1.27µm emission intensity,7 etc. Conventionally, due to its
simplicity, the method most commonly employed is the last of
the above-mentioned techniques. However, with this method it
is very difficult to calibrate for high-pressure operations, while
the EPR method has been successfully used for calibrations in
lower-pressure operations. More recently, the spontaneous
Raman imaging8 method has been developed and used for the
direct measurement of the O2(a1∆) yield, but the measuring
system is too costly for most laboratories.

In this paper, we used the piston source (PS) method, which
is basically a simulation of the cylindrical-volume luminosity
source for absolute measurements and which has been success-
fully used to measure the reaction rates of NO and O,9 to
measure for the first time the absolute concentration of O2(a1∆)
in SOG. Finally, discussions about the method and the results
are also presented.

Experiment and Principle

The emission tube and optical measuring system of the PS
method are shown schematically in Figure 1. Inside the dashed
rectangle of Figure 1 the measurement setup of the PS method
is schematically indicated, while outside this dashed rectangle
the Jet SOG, the diagnostic zone and the pumping system are
illustrated. The cylindrical stainless steel tube, connected with
a diagnostic tube of the Jet SOG, had an internal diameter of
40 mm and a length of 300 mm. The entrance and the exit ports

for gases were 40 mm in diameter. Gases flowed through the
tube at linear speeds higher than 150 m/s. In the middle of
the tube, there was a capacitance manometer. The detecting
system included a lens, a filter at the center of 1.27µm with
bandwidth of 23 nm, a chopper, and a cooled Ge detector which
was located 540 mm from window 2, i.e., the nearer end of
the stainless steel tube and on the tube axis. The signals were
amplified by a lock-in amplifier and recorded by a com-
puter.

O2(a1∆) was produced by gaseous chlorine and BHP liquid
in the Jet SOG and then flowed through the stainless steel tube,
emitting 1.27µm photons for all space within a 4π solid angle.
But the detecting system only collects emissions at a certain
solid angle, which is very difficult to calculate for a volume-
luminosity source. Assuming that the volume luminosity is
composed of numerous luminous elements, it is impossible to
know how much of each element contributes to the detected
intensity, especially for the off-axis luminous elements. There-
fore, the absolute O2(a1∆) concentrations are difficult to obtain,
though the photon number corresponding to the emission
intensity can be known. So the 1.27µm emission intensity
method is generally a relative measurement.

On the basis of the calibrated PS method, the above
difficulties can be avoided. The schematic of the piston source
(PS) structure can be see in the zoom of Figure 1. A small lamp
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Figure 1. Schematic chart of the setup for the measurement of absolute
concentration of O2(a1∆) by the PS method.
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is located at the focusing point of a lens, in front of which a
ground-glass plate is added to make the light diffuse. The
brightness of the PS is known (details are presented in the
appendix) as

where,BPS denotes the brightness of the PS (W cm-2 nm-1

str -1), Bst is the brightness of the standard tungsten lamp at
1270 nm (W cm-2 nm-1 str -1), SPSdenotes the detected signal
for the PS at a distancea from the system detector (mV),Sst is
the detected signal for the standard tungsten lamp at a distance
L” from the system detector (mV),Al is the luminous area of
the standard tungsten lamp (cm2), L is the distance of the
tungsten lamp from the collecting lens (m),APS is the area of
the diffuser of the PS (cm2), anda is the distance of the diffuser
of the PS from the collecting lens (m).

1. Solid Angle of the Volume-Luminosity Source and the
Sensitivity of the Detecting System.For calibrating the
cylindrical-volume luminosity, we remove window 1 and put
the PS into the tube (see Figure 1). As a unit part, PS can be
moved smoothly in the stainless steel tube. Presuming the
position of window 2 as the zero point, we pull the PS along
the tube and record the signal at different positions. In this way,
the profile of simulation for the cylindrical-volume luminosity
source can be obtained (shown in Figure 2). The integration of
the signal along the length of the tube equals to the signal
emitted from the cylindrical-volume luminosity, since the
moving disk source at different positions corresponds to the
luminous elements of the cylindrical-volume luminosity. Herein,
we keep the current of the lamp identical with the PS brightness
calibration

where, SPS
V means the integration of the signal along the

distance of the tube,S′PS is the average signal of the integra-
tion, andl denotes the length of the tube.

Thus, the luminous disk of which brightness increases byl
times at the average position could be treated as an equivalent
of the cylindrical-volume luminosity. They have the same solid
angle, written asθreal. Then the photon flow rate denoted as
PPS and collected by the detector can be expressed as follows:

where,PPS is the photon flow rate of the PS located at the
average position (in photons s-1), ∆λ is the bandwidth of the
filter used in the detecting system (in nm),λ is the wavelength
of photons emitted from O2(a1∆) (1270 nm),h is the Planck
constant,c is the speed of light, andθreal is the solid angle for
the cylindrical-volume luminosity source.

The sensitivity of the detecting system, written asêPS, is

Putting formula 1 into 4, we get

2. Photon Flow Rate and the Absolute O2(a1∆) Concen-
tration. Having finished the calibration, we remove the PS and
fasten window 1. When the gas exited from the Jet SOG and
flowed into the cylindrical opaque tube, O2(a1∆) emission signal
could then be detected. The signal corresponds to photons
collected at the solid angle ofθreal for an O2(a1∆) cylindrical-
volume luminosity source. Thus, the photon emission rate at
all space solid angles of 4π can be written as

where,pv is the photon flow rate (photon/sec) andSv is the
detecte signal of O2(a1∆) emission in the stainless steel tube
(mV). Introducing formula 4′ into formula 5, we have

If

then

where,Ist is the photon emission rate per cubic angle at a specific
wavelength of the standard Tungsten lamp (photons s-1 str -1).
Whena ) L, then formula 8 is the same as that in ref 9 and is
as follows:

The advantage of the PS method is that the complicated solid
angle for a cylindrical-volume luminosity source can be ac-
counted for and uncertainties in the PS parameters are mini-
mized.

Then we can obtain the O2(a1∆) concentration as

where,A is the coefficient of Einstein spontaneous emission
(2.31× 10-4 s-1)7 andV is the volumetric value of the stainless
steel tube.

This experimental technique for the measurement of the
absolute concentration of O2(a1∆) eliminates the need of

Figure 2. Signal intensity as a function of the piston source position.
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mathematical integration7 and thereby improves the accuracy
of the optical measurements.

Results and Discussion

The mean position derived from the profile shown in Figure
2 was 14.3 cm. The calibrated parameters are listed in Table 1.

On the basis of these calibrated parameters as well as formulas
8 and 10, the concentration O2(a1∆) can be derived as

When the temperature is 273K, the partial pressure of O2(a1∆)
can be obtained as

The yield of O2(a1∆), which means a percentage of [O2(a1∆)]
in the total oxygen, is an important parameter for a SOG. By
knowing the flow rate ratios of He and Cl2, the utility of
chlorine, the total pressure, and the water vapor partial pressure
in a SOG, we can get the yield of O2(a1∆) from the following
formula:10

whereN is the flow rate ratio of He and Cl2, Pt is the total
pressure,PH2O is the water vapor partial pressure (it is about 2
Torr), andUCl2 is the utility of chlorine.

According to formulas 12 and 13, a series of experimental
results are obtained as shown in Table 2.

From Table 2, we can see that most of the yields of O2(a1∆)
of the Jet SOG are above 50%. However, it is worth of
mentioning that several points have to be considered by
using the PS method to measure the absolute concentration of
O2(a1∆) in SOG.

1. Quenching of O2(a1∆) by Gaseous Species.The O2(a1∆)
quenching reaction by the gaseous species, such as O2(1∆), O2-
(1Σ), O2(3Σ), Cl2, H2O, He, and H2O2 at the exit of the SOG,
are as follows:

The unit of these reaction rates is cm3 molecules-1 s-1.

The saturated vapor of H2O2 is only 1/20 of that of H2O at
the same temperature, and furthermore, its quenching rate is
nearly zero, so the quenching by H2O2 is negligible. The
quenching by He is 3 to 4 orders of magnitude less than that
by the other species and can also be neglected. O2(1Σ), produced
in the transfer of O2(1∆), is normally small owing to quick
quenching by H2O (k ) 6.7 × 10-12). So the kinetic equation
of O2(1∆) transfer10 is

Similarly, the rate of change of the partial pressure can be
written as

Assuming that

and presuming it is constant during the test (about 8.4 s-1 at
the experiments). Integrating formula 17

P∆0 is the initial partial pressure of O2(1∆).
When the linear speed of the medium is 200 m/s and the

residence time in the tube is 1.5 ms, then [O2(1∆)] at the exit is
98.7% of that at the entrance of the tube. If the linear speed is
slower than 150 m/s, the nonuniformity of the cylindrical-
volume luminosity source would be obvious, but if it is faster
than 150 m/s, it can be negligible. So the linear speed of gases
in the stainless steel tube should maintain more than 150 m/s.

2. Quenching of O2(1∆) by the Wall. The quenching rate
of O2(1∆) by different materials is not the same, and the kinetic
reaction involving the wall is

The quenching coefficientú′ ) 2 × 10-5(υ/2R) (s-1)11 is
adopted for stainless steel. When the linear speed ofυ ) 200
m/s and the radius ofR ) 2 cm,ú′ ) 0.12 s-1. The quenching
percentage ofú ) 1.8× 10-4 for ∆t ) 1.5 ms can be negligible
for quenching by the wall.

3. Gaseous Temperature Effect.O2(1∆) partial pressure,
which is calculated from the concentration on the basis of the
medium temperature, increases with temperature by 0.015
Torr/K. The yield of O2(1∆) increases by 0.3s0.4%/K. It can
be neglected when the change of temperature is not more than
3 K.

4. Effect of the Width of O2(1∆) Emission Profile. The
broadening widths of 1.9× 10-4 cm-1 for pressure and 1.65×

TABLE 1: Calibrated Parameters

Ist (photon s-1 str-1)
at 1.268µm

4.902× 1017

Sst (mV) 219.0
SPS(mV) 16.30
S′PS(mV) 69.90

TABLE 2: A Series of Experimental Results

exp. no. Sv (mV) Pt (Torr) N UCl2 PO2(1∆) (Torr) yield

71001 64 28 3.94 0.77 2.0 0.50
71002 71 27 4.00 0.69 2.2 0.65
71003 74 27 4.23 0.69 2.3 0.71
71004 67 26 4.03 0.65 2.1 0.68
71005 66 26 4.15 0.62 2.0 0.72
71006 64 25 4.11 0.63 2.0 0.71
71007 64 28 4.36 0.57 2.0 0.73
71008 60 27 4.30 0.62 1.9 0.65
71009 62 25 4.53 0.57 1.9 0.83

d[O2(
1∆)]/dt ) -[O2(

1∆)]{(k1 + k2)[O2(
1∆)] +

k3[O2(
3Σ)] + k4[Cl2] + k5[H2O]} (16)

dP∆/dt ) -P∆(1/RT){(k1 + k2)P∆ + k3PΣ + k4PCl2 +
k5PH2O} (17)

ú′ ) (1/RT){(k1 + k2)P∆ + k3PΣ + k4PCl2 + k5PH2O} (18)

P∆ ) P∆0 exp(-ú′t) (19)

O2(
1∆) + wall f O2(

3Σ) + wall (20)

[O2(a
1∆] ) 1.100× 1015Sv (photons cm-3) (11)

PO2(1∆) ) 0.03107Sv (Torr) (12)

yield )
[O2(a

1∆)]

(Pt - PH2O
)UCl2

1
N + 1

(13)

O2(
1∆) + O2(

1∆) f O2(
1Σ) + O2(

3Σ)

k1 ) 2.7× 10-17 (14)

O2(
1∆) + M f O2(

3Σ) + M (15)

M ) O2(
1∆) k2 ) 1.7× 10-17

O2(
3Σ) k3 ) 4 × 10-18

Cl2 k4 ) 1.6× 10-18

H2O k5 ) 6 × 10-18

He k6 ) 8 × 10-21
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10-2 cm-1 for Doppler are all much less than the bandwidth of
the filter. Moreover, the emissions of 634, 703, and 762 nm,
besides 1270 nm, are all out of the band of the filter. So the
effect of the width of O2(1∆) emission profile can be negligible.

5. Uncertainty of the Results.It is also necessary to discuss
the relative uncertainties in these values. The uncertainties in
the measurements of the O2(a1∆) concentration are due to the
uncertainties of the parameters ofIst and the four detected
voltages. The uncertainty inIst comes mainly from the uncer-
tainty of 5% in the brightness of the standard lamp given by
the designer. The uncertainty in theSPS/Sst value due to any
misalignment of the piston and the standard sources during
comparison measurements are negligible at a distance between
the source and the detector of more than 100 cm. No misalign-
ment uncertainty inSv/S′PS need to be considered since the
piston source axis is fixed to the axis of the stainless steel tube.
The uncertainty in positioning the piston source at its mean of
about(0.5 mm causes a small change inS′PS (see Figure 2).
The relative errors of distancesa andL of less than 0.1% can
be negligible.

According to formulas 8 and 10, the relative errors of the
absolute concentration of O2(1∆) are given in Table 3. The total
relative error of [O2(1∆)] is ca. 15%.

On the basis of formula 13 the uncertainty in the yield of
O2(a1∆) resulted from the uncertainties of the parameters in
[O2(a1∆)], Pt, PH2O, UCl2, and the ratio of flow rates of He and
Cl2, which are 15%, 2%, 2%, 5%, and 1%, respectively. So the
total relative uncertainty for the yield of O2(a1∆) is ca. 25%.

6. Requirements of the Method in Applications.The piston
source method is a simple and compact method for the volume
source radiated from long-life emissions. We have to make the
cell shorter or the linear speed faster for short-life emissions,
but the signal intensity is too weak for a shorter cell, and the
speed is limited by the vacuum pump. These requirements may
limit this method for general applications.

Conclusion

It has been proved that the PS method is one of the simple
and convenient ways to measure the O2(a1∆) concentration in
SOG, especially in real time measurements.
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Appendix: Calibration of PS Brightness

The PS brightness is calibrated by a standard lamp. Figure 3
is the setup of the calibration system. The system measured the
signal of the standard lamp placed at a distanceL from the
detecting system. The detected photon flow rate is written as

So the sensitivity of the detecting system is

where Pst is the detected photon flow rate for the tungsten
standard lamp (photons s-1), Bst is the brightness of the standard
tungsten lamp at 1270 nm (W cm-2 nm-1 Str -1), Al is the
luminous area of the standard tungsten lamp (cm2), L is the
distance of the tungsten lamp from the collecting lens (11.626
m), ê is the sensitivity of the detecting system (photon s-1 mv
-1), Sst is the detected signal for the standard tungsten lamp at
a distanceL from the system detector (mv), (πd2)/(4L2) is the
solid angle of the lens for the standard lamp (Str),d is the
diameter of the lens (m),∆λ is the bandwidth of the filter (nm),
λ is the center wavelength of the filter (m),p is Plank’s constant
(6.626× 10-34 J s), andc is speed of light (3× 108 m sec-1).

As a unit part, PS instead of the standard lamp was located
at the calibration system. The distance is changed toa from
the detecting system owing to lower intensity of the PS. The
principle is the same as the above:

Hence

wherePPS is the detected photon flow rate for the PS (photons
s-1), BPS denotes the brightness of the PS (W cm-2 nm-1 str
-1), SPS denotes the detected signal for the PS at a distancea
from the system detector (mv),APS is the area of the diffuser
of the PS (cm2), anda denotes the distance of the diffuser of
the PS from the collecting lens (1.405 m).
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TABLE 3: Relative Errors for [O 2(a1∆)]

BC (%) 5
Al (%) 1
∆λ (%) 5
a2 (%) <0.1
L2 (%) <0.1
S′PS(%) 1
SPS(%) 1
Sv (%) 1
SS(%) 1

Figure 3. Setup of the calibration system.
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