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ABSTRACT

The main objective of this work was to determine the extent to which lasing on the overtone
suppresses the gain on the fundamental transitions P1(4-9) and Py(4-9) as a function of media saturation
on the overtone. This was accomplished by a comparison of the residual fundamental gain (RFG) data
obtained at three different levels of media saturation with the corresponding zero power gain (ZPG) data.

Comparison of the residual fundamental amplification ratio (RF-AR) data with the zero power
amplification ratio (ZP-AR) data indicated that the gains of the low J lines P,(4-6) and Py(4-6) were
suppressed more than the gains of the high J lines even though their upper or lower levels were not directly
involved in overtone lasing.

Analysis of the HF mole/mass ratios calculated by a rotational nonequilibrium computer model,
ORNECL, showed that the fundamental gains are determined by three independent mechanisms when
lasing occurs on the overtone. The first mechanism is the "direct lasing effect” that depopulates the v=2
states and populates the v=0 states that are directly involved in overtone lasing. The second mechanism is
the "rotational relaxation effect” that reduces the rate at which the low J v=2 states are populated and
increases the rate at which the low J v=0 states are populated. The third mechanism is the "collisional
deactivation effect” that reduces the rates at which the HF(0,J) and the HF(1,J) states that are not directly
involved in overtone lasing are populated by the various collisional deactivation processes that transfer
molecules from the high J v=2 states (that are involved in overtone lasing) to these lower energy states.
Further analysis of the HF(v,J) concentrations and the ZPG and RFG calculations indicated that
rotational relaxation is the primary mechanism responsible for the suppression of the low J lines whose
upper or lower levels are not involved in overtone lasing.
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1, INTRODUCT

The gains of the HF fundamental 2—1 and 1-0 transitions are almost two orders of magnitude
larger than the gains of the 2—0 overtone transitions. Because of this, for the overtone to lase, the
fundamental must be suppressed. The fundamental transitions are suppressed through the use of
selective mirror coatings, i.e., the mirrors are less than 1% reflective at the fundamental wavelengths
and greater than 99% reflective at the overtone wavelengths. When the overtone laser is scaled to large
gain lengths, even though the fundamental mirror reflectivities are less than 1%, the fundamental
transitions may start to lase and/or amplified spontaneous emission (ASE) may reach levels that would
substantially limit the performance of the device.l The occurrence of these phenomena will depend on the
magnitude of the fundamental gains while lasing on the overtone, called the RFG. Thus, the magnitude
of the RFG may present a scaling limitation of the overtone laser.

The fundamental gain suppression due to overtone lasing is determined by comparing the RFG
with the ZPG. The SSL RFG’s were measured for the peak gain lines P;(4-9) and Py(4-9) with a pair of
99.7% / 99.7% nominally reflective overtone mirrors, Section 2. These were the mirrors that gave the best
overtone efficiency.2 The gains of the low J lines P,(4-6) and Py(4-6) whose upper or lower levels were not
directly involved in overtone lasing were suppressed more than the gains of the high J P1(7-9) and Py(7-9)
lines whose upper or lower levels were directly involved in overtone lasing.
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To determine the effect of media saturation, the residual fundamental gains were measured for
two additional levels of media saturation. Experiments were performed at low media saturation with
98.0% / 99.7% reflective overtone mirrors and at high media saturation with 99.8% / 99.86% reflective
overtone mirrors, Section 2.

A detailed rotational nonequilibrium model (ORNECL)3 of the laser was used to determine why
the low J fundamental gains were suppressed more than the high J fundamental gains even though their
upper or lower levels were not directly involved in overtone lasing and to predict the residual
fundamental gains as a function of media saturation. ORNECL calculations with and without rotational
relaxation (RR) in the model indicated that the primary mechanism responsible for the suppression of the
low J fundamental gains is a change in the effective rate at which rotational relaxation populates the upper
and lower levels of the low J lines due to overtone lasing, Section 3.

ORNECL calculations performed with the original RR rate predicted well the fundamental gain
suppression (Aa) of both the high J and low J lines, Section 3. Several concluding remarks are presented
in Section 4.

2. RESIDUAL FUNDAMENTAL GAIN MEASUREMENTS
AS A FUNCTION OF MEDIA SATURATION

Since the overtone 2— 0 transitions share the same upper levels with the fundamental 2—1
transitions and the same lower levels with the fundamental 150 transitions, lasing on the overtone
should result in a decrease of the fundamental gains. To determine the extent to which this occurs, the
supersonic laser RF-AR’s were measured for the peak zero power gain lines P1(4-9) and P2(4-9) while the
laser was operating on the overtone. These measurements were performed with 99.7% nominally
reflective overtone mirrors that gave the largest overtone power and efficiency.3 With the CLI off, the
overtone output power was 10.26 Watts with lines Poo(7-10) lasing. With the CLI on, the overtone output
power was 7.49 Watts with lines Pg¢(8-11) lasing. Data were taken at 0.5, 2, 4, 6, 8, 10 and 11 mm
downstream from the nozzle exit plane as a function of vertical position in the flow channel. The layout of
the residual fundamental gain experiment is shown in Fig. 1.

A comparison of the vertically averaged RF-AR data with the corresponding ZP-AR data is
presented in Fig. 2 (dark symbols). These figures show that the P1(7-9) lines are generally suppressed
more than the Po(7-9) lines and that the low J lines, P1(4-6) and P2(4-6), are suppressed more than the high
J lines, P1(7-9) and P2(7-9).

Analysis of these data showed that the low J fundamental gains are suppressed between 41% and
84% and the high J fundamental gains are suppressed between 3% and 43%. For both low and high J lines,
the maximum suppression occurred between 2 and 6 mm downstream from the nozzle exit plane. Since
the measured overtone beam diameter was about 9.0 mm with its upstream edge at the nozzle exit plane, the
maximum suppression of the fundamental gain occurred near the center of the overtone beam.

To determine the variation of RFG with media saturation, the RF-AR’s were measured for a range
of overtone reflectivities. The data generated by these experiments will provide the database needed to
check computer model predictions of the residual fundamental gain profiles and fundamental gain
suppression (Aa).

The residual fundamental amplification ratio measurements with an overtone resonator of low
reflectivity were performed first. Computer simulaticn of RFG vs YR x Ro suggested that an overtone
resonator with mirror reflectivities of 99.7% and 98.0% would provide minimal suppression of the
fundamental gains.# Mirrors with 99.7% and 98.0% reflectivity were used to perform these low
reflectivity RF-AR experiments.

With the CLI off, the maximum overtone output power was 5.1 Watts with lines Pg((6-8) lasing.
With the CLI on, the maximum output power was 0.62 Watts with lines P5y(7,8) lasing. Residual
fundamental amplification ratio data were obtained at this low level of media saturation for axial
positions of 0.5, 2, 4, 6, 8, 10 and 11 mm downstream from the nozzle exit plane as-a function of vertical
position in the flow channel.
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Comparison of the ZP-AR and RF-AR data indicated weak suppression in the cases of P1(7), Po(5)
and Py(6) between 2 and 6 mm downstream from the nozzle exit plane, while there is no clear indication of
suppression in the case of the other lines. This supports the computer results of residual fundamental
gain vs. media saturation that showed that the fundamental gain suppression would be minimal in the
SSL with overtone mirrors of R;=0.98 and Ry=0.997.4

Computer calculations4 of residual fundamental gain and amplification ratio as a function of
media saturation indicated that above a reflectivity of 99.7%, the RF-AR does not change significantly
with increased reflectivity even when the gain length is increased by a factor of two. To check the
computer predictions and to determine the relation between media saturation and residual fundamental
gain, RF-AR data were obtained at an increased level of media saturation. New overtone mirrors with a
nominal reflectivity of 99.9% were obtained to perform these experiments. The reflectivity and
transmissivity of these mirrors were measured by Helios in both the fundamental and the overtone.4 The
mirrors had fundamental reflectivities of less than 1% and fundamental transmissivities of more than
85%; these numbers are typical for all of our overtone mirrors. The power spectral distribution obtained
with these mirrors contained lines Pg((7-12), indicating that they have a higher reflectivity than the
nominally 99.7% reflective mirrors.2,4

These new high reflectivity mirrors resulted in an intracavity flux that is about 55% larger than
that obtained with the 99.7% nominally reflective mirrors. The ratio of o, obtained with these high
reflectivity mirrors to o, obtained with the two 99.7% nominally reflective mirrors is 0.566. The higher
reflectivity mirrors result in an o, that is 43.4% smaller than that of the 99.7% nominally reflective
mirrors.

With these high reflectivity mirrors and the CLI off, lasing was observed on lines Py(7-12), and
the output power was 11.9 Watts. With the CLI on, the SSL lased on lines P9((8-12), and the total output
power was 8.5 Watts. Residual fundamental amplification ratio data were obtained at 0.5, 2.0, 4.0, 6.0, 8.0
and 10.0 mm downstream from the nozzle exit plane. These data were plotted along with the
corresponding average data obtained with the two 99.7% nominally reflective mirrors, Fig. 2. The curves
with the dark symbols show RF-AR data obtained with the nominally 99.7/99.7% reflective mirrors (dark
squares), and the corresponding ZP-AR data (dark circles). The curves with the open symbols show RF-
AR data obtained with the 99.8/99.86% reflective mirrors (open squares), and the corresponding ZP-AR
data (open circles and triangles). These figures show that the suppression obtained with the 99.8/99.86%
reflective mirrors and with the two nominally 99.7% reflective mirrors are about the same for all lines.
This indicates that the computer prediction that, above a reflectivity of 99.7%, the RF-AR does not change
significantly with increased reflectivity4 agrees with experiment.

3. SIMULATION OF RESIDUAL FUNDAMENTAL GAIN

Comparisons between average ZP-AR data and RF-AR data obtained with the two 99.7%
nominally reflective mirrors indicated that the 150 lines are generally suppressed more than the 2—1
lines, especially at high J, and that the low J P1(4-6) and P5(4-6) lines are suppressed more than the high J
P1(7-9) and P5(7-9) lines.# The SSL was lasing on lines Py((8-11) while the RF-AR measurements were
performed.4 Since the upper and lower levels for the P5((8,9) lasing transitions are also the upper or lower
levels for the P1(8,9) and P5(8,9) transitions, it is reasonable that the gains of these high J lines would be
suppressed. The effect that overtone lasing has on the gains of the high J fundamental lines whose upper
or lower levels are directly involved in overtone lasing is termed "direct lasing effect”.

The question that needs to be answered is why the low J fundamental lines were suppressed since
their upper or lower levels were not directly involved in overtone lasing. To answer this question, the
mole/mass ratios of HF ( number of moles / gm of mixture ) for the vibrational and rotational levels
associated with fundamental and overtone lasing were calculated using ORNECL for zero power and
overtone lasing.4 The overtone lasing calculations were performed with overtone mirror reflectivities of
99.78/99.67%. Since the model predicts lasing on Pyy(3-12) while experimentally lasing occurred on
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P9o(8-11), a calculation was made with SFy absorption4 on lines P9(3-7) to bring the calculated spectra
into agreement with the data and to determine the effect of suppressing lasing on these lines on the HF(v,J)
populations, Figs. 3-5.

Polanyi and Woodall® showed that the pumping reaction populates HF(1,4-13), HF(2,2-13) and
HF(3,0-6) and that rotational relaxation was the major collisional process responsible for the transfer of
population from the high J states populated by the pumping reaction to the low J 0-4 states of v=1 and 2. This
occurred through a double peaked relaxation process. Since overtone lasing on Py,(7-12) depopulates the
peak of the pumping distribution in v=2, and populates v=0, J=7-12, overtone lasing may have a major
effect on the subsequent transfer of populations to the low J states in v=2 and v=0, and thus would be the
cause of the suppression of the low J lines. To determine the extent to which the rotational relaxation
reactions affect the population of the low J states, the rotational relaxation rate constant was set equal to
zero and the zero power and overtone lasing calculations were repeated.

Elimination of the rotational relaxation reactions from the model resulted in lower
concentrations for the low J states of HF(0,3-5), HF(1,3-5) and HF(2,3-4) for both overtone lasing and zero
power conditions, Figs. 3-8. The concentrations calculated for states HF(0,6-10), HF(1,6-10) and HF(2,5-
10) with no rotational relaxation are higher than those calculated with rotational relaxation for both zero
power and overtone lasing conditions, Figs. 3-8. These results indicate that rotational relaxation
populates the low J HF(0,3-5), HF(1,3-5) and HF(2,3-4) states at the expense of the high J HF(0,6-10), HF(1,6-
10) and HF(2,5-10) states respectively. This effect was observed in the experiments by Polanyi and
Woodall.5 When rotational relaxation is minimized, the HF(v,J) populations tend to stay in the states
populated by the pumping reaction, Figs. 6-8.

Analysis of the HF(2,J) zero power and overtone lasing concentration profiles with and without
rotational relaxation, Figs. 5 and 8, shows that overtone lasing depopulates the high J v=2 states, which in
turn results in decreased rotational relaxation rates that populate the low J v=2 states, which causes the
gains of the low J 2—1 lines to decrease. The same effect was seen in the ground state, Figs. 3 and 6, where
overtone lasing populates the high J v=0 states, which in turn results in increased rotational relaxation
rates that populate the low J v=0 states, which causes the gains of the low J 150 lines to decrease. This effect
is termed the "rotational relaxation effect".

Comparison of the difference between the zero power and overtone lasing concentration profiles of
the HF(1,J) states with and without rotational relaxation, Figs. 4, 7, indicated no appreciable change in
this difference due to the removal of the rotational relaxation reactions from the model. This shows that
the lower HF(1,3-10) power-on concentrations are due to a decrease in the rate at which these levels are
populated by the other collisional deactivation processes that transfer molecules from the HF(2,6-11) states
to the HF(1,3-10) states. These rates are decreased because the populations of the HF(2,6-11) states are
decreased by overtone lasing. This decrease in effective collisional deactivation rates due to overtone
lasing is termed the "collisional deactivation effect”. It should be noted that, with no rotational
relaxation, the other collisional deactivation processes result in a double peaked relaxation of HF(1,J).

This analysis showed that the fundamental gains are determined by three independent
mechanisms when lasing occurs on the overtone. The first is the "direct lasing effect” that depopulates
the v=2 states and populates the v=0 states that are directly involved in overtone lasing. This effect
decreases the gains of the P1(J) and Py(J) lines whose upper or lower states are directly involved in Pgqy(J)
overtone lasing.

The second mechanism that affects the fundamental gains during overtone lasing is the
"rotational relaxation effect” that reduces the rate at which the low J v=2 states are populated and increases
the rate at which the low J v=0 states are populated, resulting in suppression of the low J fundamental gains
whose upper or lower levels are not directly involved in overtone lasing.

The third mechanism that affects the fundamental gains during overtone lasing is the
"collisional deactivation effect” that reduces the rates at which the HF(0,J) and the HF(1,J) states that are
not directly involved in overtone lasing are populated by the various collisional deactivation processes
that transfer molecules from the high J v=2 states that are involved in overtone lasing to these lower
energy states.

To evaluate the computer model as a tool for the study of residual fundamental gain, three
calculations were performed with overtone mirror reflectivities of 99.7/98.0%, 99.78/99.67% and
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99.8/99.86%.4 At all three levels of media saturation, the model over predicted the fundamental gain
suppression (Aa) for the P1(8,9) and P9(8,9) lines whose upper or lower levels are directly involved in
overtone lasing and under predicted the suppression in the case of P;(4) and P5(4,5). The model predicted
the suppression (Aa) for the P(5-7) and Py(6,7) lines at the three levels of media saturation reasonably
well, but even for these lines, there is disagreement between the calculated and the experimental RFG
profiles.4 Comparison of the calculated and the experimental power spectral distributions for these three
levels of media saturation indicates that the predicted and measured spectra are in reasonable
agreement.4

Since it was shown that rotational relaxation is the primary mechanism responsible for the
suppression of the low J lines, calculations were performed to determine the effect of the RR rate on
suppression of the fundamental gains. When ORNECL was baselined to fundamental data, the RR rate
was reduced by a factor of 10 to obtain better agreement between the experimental and calculated ZPG
profiles.3 To investigate the effect of RR on fundamental gain suppression, two ORNECL calculations
with higher RR rate were performed.

The first set of ORNECL calculations was performed with 50% of the original RR rate and the
second set was performed with the original RR rate. The higher rotational relaxation rates resulted in
better agreement between the calculated and experimental suppression of the high J and low J lines. The
best agreement of fundamental gain suppression (Aa) with data was obtained with the original RR rate.
For this case, the predicted suppression for both the high J and the low J lines was in reasonable agreement
with data. In addition, for this case, the model predicted higher suppression on the 10 lines than on the
21 lines, in agreement with data.4

4. CONCLUDING REMARKS

The main objective of this work was to determine the extent to which lasing on the overtone
suppresses the gain on the fundamental transitions P(4-9) and P5(4-9) as a function of media saturation
on the overtone. This was accomplished by a comparison of the RFG data obtained at three different levels
of media saturation with the corresponding ZPG data.

The first set of RF-AR data was obtained at a relatively high media saturation with two nominally
99.7% reflective mirrors. The gains of the low J lines P(4-6) and Py(4-6) were suppressed between 41%
and 84% and the gains of the high J lines P1(7-9) and Py(7-9) were suppressed between 3% and 43%. The
150 lines were suppressed more than the 2—1 lines. The maximum suppression occurred between 2 and 6
mm downstream from the nozzle exit plane, near the center of the 9 mm overtone beam. There was
minimal suppression of lines Py(8,9). The surprising result was that the low J fundamental gains were
suppressed more than the high J fundamental gains even though their upper or lower levels were not
directly involved in overtone lasing.

Residual fundamental gain measurements at low media saturation with overtone mirrors of
99.7/98.0% reflectivity showed weak suppression on lines P(7), Po(5) and Py(6) at axial positions between
2 and 6 mm downstream from the nozzle exit plane. There was no suppression measured for any of the
other lines. These results verified the computer model’s prediction of minimal fundamental gain
suppression at this low level of media saturation.4

Residual fundamental gain was measured at an increased level of media saturation with
overtone mirrors of 99.8/99.86% reflectivity. The intracavity flux in this case was 55% higher and oasat
was 43.4% smaller than that of the two 99.7% nominally reflective mirrors. The suppression obtained
with the 99.8/99.86% reflective mirrors was essentially the same as that obtained with the 99.7/99.7%
mirrors. This result agrees with the computer model prediction that, above a reflectivity of 99.7%, the RF-
AR does not change significantly with increased reflectivity.4

Since the maximum overtone device gain length will be determined by the ability of a fully
saturated overtone laser to suppress the fundamental gains and reduce amplified spontaneous emission,
RFG experiments should be performed with a longer device to experimentally determine the fundamental
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gain suppression as a function of gain length. The high J P2(7-9) lines whose upper states were directly
involved in overtone lasing showed minimal suppression in the case of the 30 cm device. If this is also the
case at longer gain lengths (higher media saturation), the gains of these 2—1 lines may present a
significant scaling limitation for the overtone laser.

Analysis of the HF mole/mass ratios calculated by ORNECL showed that the fundamental gains
are determined by three independent mechanisms when lasing occurs on the overtone. The first
mechanism is the "direct lasing effect” that depopulates the v=2 states and populates the v=0 states that are
directly involved in overtone lasing. This effect decreases the gains of the P;(J) and Py(J) lines whose
upper or lower levels are directly involved in Poy(J) overtone lasing.

The second mechanism that affects the fundamental gains during overtone lasing is the
"rotational relaxation effect” that reduces the rate at which the low J v=2 states are populated and increases
the rate at which the low J v=0 states are populated, resulting in suppression of the low J fundamental gains
whose upper or lower levels are not directly involved in overtone lasing.

The third mechanism that affects the fundamental gains during overtone lasing is the
"collisional deactivation effect” that reduces the rates at which the HF(0,J) and the HF(1,J) states that are
not directly involved in overtone lasing are populated by the various collisional deactivation processes
that transfer molecules from the high J v=2 states (that are involved in overtone lasing) to these lower
energy states.

The ORNECL computer model was used to perform a ZPG calculation and RFG calculations for
overtone mirror reflectivities of 99.7/98.0%, 99.78/99.67% and 99.8/99.86% to determine the ability of the
model to predict residual fundamental gain as a function of media saturation. The model over predicted
the fundamental gain suppression (Aa) for the P1(8,9) and P5(8,9) lines whose upper or lower levels are
involved in overtone lasing and under predicted the suppression (Ac) on the P(4) and P5(4,5) lines. The
model’s prediction of the suppression (Aa) for the P1(5-7) and Py(6,7) lines at these three levels of media
saturation was in reasonable agreement with data, but even for these lines, there was disagreement
between the calculated and experimental RFG profiles.

In an effort to determine why the low J lines are suppressed more than the high J lines, two
ORNECL calculations were performed with higher rates of rotational relaxation. When ORNECL was
baselined to fundamental data, the RR rate was reduced by a factor of 10 to obtain better agreement between
the experimental and calculated ZPG profiles, Fabry-Perot power and spectra. The first set of ORNECL
calculations was performed with 50% of the original RR rate and the second set was performed with the
original RR rate.

When the rotational relaxation rate was increased by a factor of ten to the original RR rate, the
model’s prediction of the fundamental gain suppression (Aa) of both the low J and the high J lines was in
reasonable agreement with the data and the model predicted greater suppression on the low J lines than on
the high J lines in agreement with the data.

Analysis of the HF(v,J) concentrations and the ZPG and RFG calculations indicate that rotational
relaxation is the primary mechanism responsible for the suppression of the low J lines whose upper or
lower levels are not involved in overtone lasing. Measurement of the gain on non-lasing transitions
while lasing on related transitions has provided a tool for probing the effect of specific kinetic processes on
the overall system.

5. REFERENCES

1. W. Smith, S. Howie, J. Long, S. Taylor, and R. Acebal, "Space Based Directed Energy
Technology Support - Area I: Laser Device - HF Overtone Laser Performance Modeling and Data
Correlation," DAAHO1-86-D-0007, Science Applications International Corp., Marietta, GA 30062,
May 1989.

2. Carroll, D. L., Sentman, L. H., Theodoropoulos, P. T., Waldo, R. E., and Gordon, S. J.,

"Experimental Study of Continuous Wave Hydrogen-Fluoride Chemical Laser Overtone
Performance,” AIAA Journal, Vol. 31, No. 4, April 1993, pp. 693-700.

SPIE Vol. 2502 / 407



3. L. H. Sentman, D. L. Carroll, R. E. Waldo, and P. T. Theodoropoulos, "Computer Simulation of a
Supersonic Arc-driven cw HF Chemical Laser,”" TR 92-2, UILU Eng. 92-0502, Aeronautical and
Astronautical Engineering Dept., University of Illinois, Urbana, IL 61801, Jan., 1992.

4. P.T. Theodoropoulos, L.H. Sentman, D.L. Carrol, R.E. Waldo, S.J. Gordon and J.W. Otto,
"Experimental and Theoretical Study of cw HF Chemical Laser Residual Fundamental Gain,"
TR 92-09 UILU Eng 92-0508, Aeronautical and Astronautical Engineering Department,
University of Illinois, Urbana, IL 61801, May 1992.

5. dJ. C. Polanyi and K. B. Woodall, "Energy Distribution Among Reaction Products. VI. F+Hg, D9,"
dJ. Chem. Phys., Vol. 57, No. 4, August 1972, pp. 1574-1586.

Overtone Turning Overtone Cavity Mirrors
Mirror # 1 Hz Overtone Turning
Mirror # 2
_?Pl'lzsupply toggle valve Overtone Flat
Translat Left Non- e
Parallel Beam s ans; on Brewster ROFIN Scanning
Telescope tage Window / Monochromator
Mirror g2 P i
Optical Bench Bars irror £2 |
} o A - SSL
d - Turning ) L To 7.854
_I_a CLI E %'Mirm #1 Oscilloscope
T _’ [} / ! Horiu;ntal
. ! Translation
HeNe Turning ﬁ‘-r-a:s]ation Right Non- Stage
FLOW ' Beam Blocker Mirror #2 Stage 1 FLOW %2;‘52‘:" Vertical tag:
Power reduction . Translation
optics Translation Stage
Stage #3
HeNe #1 - - y Vacuum Box #1
HeNe Turning Power Meter #1 Vacuum Box #2
Mirror #1 Power Meter #2
I
|
| |
————— 7 HoNe#3] — — — — —
HeNe Turning HeNe Turning
Mirror #3 Mirror #4

Note: HeNe Turning Mirror #2 removed during experiment

Figure 1. Schematic of the experimental layout for the zero power and residual fundamental gain studies.

408 / SPIE Vol. 2502



"818p YV-dZ SuIpuodsaliod 3y} puB SIOLIUI AN %98°66/8'66 YHM PaureIqo
Blep YV-JY yussaadas sjoquiis uado ayJ, ‘ejep Yy-d7Z Surpuodsariod ay) pue SIOLIUW dAI}IRPYAL %)°66/L 66 YIM paureiqo
ejep Yv-JY jussardal S[oqUIAS Yaep 9y ], "UOI}BIN)BS BIPOW PUR X JO UOI)IUNJ © SB BIBP YV-JY PUe YV-d7Z Jo uosLredwo)) g aandig
() ¥ (wur) X
41 o1 8 9 9

LJ L] S ] v ]

]
°

L'66/L°66 “gV-dY d3eleay
3 Z‘T sueas ‘Yy-Jz o9elaay
L°66/L°66 “gV-d4Y 93eleay 98'66/8'66 “AV-dY °8e1oay [}
N?H sueos .ﬁumN wwﬂhw>< + Abv,_”nm N. uwos .ﬁu& QM@&Q>< 4 Avvﬁam
98'66/8'66 ‘gV-JY °3eioay g L'9'g sueds ‘gy-dz ofeteay _
p uess ‘gy-dz e8eloay —g—

SPIE Vol. 2502 / 409



‘[opoul 8y) Ul UoyBXE[al [BUOLJBI0 OU )M pauLIojied alom
SUOYB[NI[BD 989Y ], ‘SUOYIPUCd BUISB| 9U0)19A0 puB Jomod
0197 10j SUOYBIJUNIUM (“Z)IH TOANUO Jo uosuredwmo)) g aanBry

r 3
Ot T o1 I ZT OT ® 9 14 (4 o 0T 8T ST I T O 8 9 4 T o

‘[9POW BY} UI UOYEBXEB[DI [BUOLIBIOT OU YM pouwiojiod aIom
. SUOLJB[MI[BI 9SAY], ‘SUOHIPUCO Bulse] aU0}IaA0 pue Jamod

0+90°0

0z T o1 I I OT ® 9 14 T o 0T 8T 9T I TT O 8 9 4 T [}

(emyx1w jo wB/sejows) (£Z)IHN

uondiosqy (L-£)02d ‘Suwser] euoueA) g ladat uonydiosqy (4-£)02d ‘BUISe] SUOUIAD —g— reet
diosqy oN ‘Buiser] D —p rovt uorydiosqy ON ‘BUISe] GUOPSAD _y N“
SUOLIPUOD 19MOJ 097 o wm (=X ﬂu“ SULYIPUO) JOMOJ OI7 —o W OZ=X 1) op

uoyexe[ey [BUClIBI0Y ON ‘SUOHBIY 0 (F'2)dH uoyexB[FY [BUOHEI0Y ON ‘SuclBRUIUO) ([I)IH

"398 uoyoBal o[dwmod ay) Y)m pawaojrod a1om
SUOYB[NI[BD 359Y ], ‘SUOYIPUCd BuisB| sU0)I9A0 PuB Jomod SUOYBMIYBI 959Y ], ‘SUoyIpUcd Sulse] sucyraao pus Jomod
0192 10 SUOHBIJUROUM (P“Z)JH TOANYO Jo uosueduwo) ‘g anBL] o190z J0j suoyBIIUIU (P T)IH TOANYO Jo uosuedwo)

oz 8T 9T «u—-@u 8 ] 14 T o 0T 8T o1 1 ﬂﬁo— 8 9 14 (4 o

*395 uoydwel 9)9[dwod aY) Yim pawiorad alem

o-0-0-0-C T r———r v az ' T T T 0+90°0
90T
i
%09
o0’
o1

0z 8T 8T ¥I 2T oOT ® 9 14 T o 0z 8T 9T I ZT oOT 8§ 9 4 T [

0z 8T 9T ¥ U o1 8 9 14 T o

0z 8T 9T M 3T oT ® 9 4 T o
o T T T T T T

(eamyx1w jo wsejow) (Z)AHN

9-%0°Y

990'9

1908

0’1
uotydiosqy (L-€)02d ‘BuIse] 9UOMAAD _go ladad uondi08qy (L-)0Zd ‘BUISE] SUOMAAD g vt
worydIoRqy ON ‘BUISE] SUOMIAD g yort uorpdiosqy oy ‘BUISST] SUNIGAD g ..3.“
SUOIPUOD 19MOJ 017 o mmZeX ] “uw“ SuOrNpuo) 19M0d I o wmozeX 1)1
papnpou] suoloeay [[V ‘suolenusduc) (r3)IH papnpuj 1oeay [[V ‘Suonely 0 (FDIH

0192 10J SUOYBIIUIUR (P T)JH TOANYO Jo uosuredwo)) 2 emBiy

(eanyx1w jo wiBsejour) (£ T)AHN

‘painBy] 019z I0J suolyBIIUDU0 ([0)JH TOANYO Jo uosuedwo)) ‘¢ amBy

(aamyxtw Jo wiBsejow) (P TI)JHN

‘[9POW 9y} UL UOKBXB[OI [BUOLJEIOI OU YIIM pouiojied a1om

SUOLB[NO[Bd 969Y], ‘SUOYIPUO Bulse| 9U0}IdA0 puB Jomod

0192 10j SUOYBIJUU® ([*0)JH TOANYO Jo uosuedwo) g emBLy

oT st o1 «u_-eu 8 9 14 T o

0z T 9T M I oOT ® 9 ¥ T O

—— - 0+90'0
0z 8T 9T N k1) § ] 9 14 T 0
uondioeqy (L-§)0Zd ‘BUISe] 2UOUIAD g Lot
qy oN ‘Buise] Y S, yort
. (22

SUOIAPUOD 19MO 07 —om W ('K

uoyexe[ey [Buolie)oy oN ‘suolyery 0 (r'0)MdH

"398 uoyoeal 99[dwod ay) Yjm pouriojied azom
suonBnO[Bd 9saY], ‘SUOYIPU0d Buise] sucyIdAc pue Jomod

o 8T 9T N ﬂwe— L] 9 14 T o
— T v v

0C 8T 9T M 2T O & & Y T O

0+e0'0

uondioeqy (L-£)0gd ‘Buise’] sauouaaQ o ozt
diosqy oN ‘Buiwe] ¥ S e
SUHPUOD 1MOG OZ o WX §haor

dyegt

popnpuj suoljoeay [V Qex 0 (r'o)dH

(eanyxtw Jo wifisejow) (£0)IHN

(eamyxtwt Jo wi/sejou) (£‘0)IHN

410/ SPIE Vol. 2502



