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Continuous Wave Hydrogen Fluoride Overtone Lasing 
Saturation Effects on Fundamental Gain Suppression 

P. T. Theodoropoulos,* L. H. Sentman,? D. L. Carroll,* R. E. Waldo,* S. J. Gordon,* and J. W. Otto* 
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 

A new technique that uses a multiline probe beam to measure the gain on several lines simultaneously was 
developed. This new technique was used to measure the gains of the fundamental lines PI (4-9) and Pz(4-9) while 
lasing on the overtone, for three levels of medium saturation. For relatively high-medium saturation, obtained with 
99.7/99.7% reflective mirrors, the gains of the lowJ l i e s  Pl(4-6) and Pz(4-6) were suppressed 41-96%; the gains 
of the high J lines P1(7-9) and Pz(7-9) were suppressed 3-44%. The 1 --* 0 lines were suppressed more than the 
2 'L 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. The suppression obtained with 99.8/99.86% reflective mirrors, which 
resulted in 55% larger intracavity flux, was essentially the same as that obtained with the 99.7/99.7% mirrors. For 
low-medium saturation, obtained with 98.0/99.7% reflective mirrors, there was essentially no suppression of the 
fundamental gains. 

I. Introduction 
HE gains of the hydrogen fluoride (HF) fundamental 2 -+ 1 and T 1 + 0 transitions are almost two orders of magnitude larger 

than the gains of the 2 + 0 overtone transitions. To obtain lasing 
on the overtone, the fundamental must be suppressed.' The funda- 
mental transitions are suppressed through the use of selective mirror 
coatings, i.e., the mirrors are less than 1% reflective at the funda- 
mental wavelengths and greater than 99% reflective at the overtone 
 wavelength^.'-^ 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 ampli- 
fied spontaneous emission (ASE) may reach levels that would sub- 
stantially limit the performance of the d e v i ~ e . ~ . ~ ~  The occurrence of 
these phenomena will depend on the magnitude of the fundamental 
gains while lasing on the overtone, called the residual fundamental 
gain (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 de- 
termined by comparing the residual fundamental gain with the zero 
power gain (ZPG). This study of residual fundamental gain was 
performed on the University of Illinois (UI) small-scale, supersonic 
continuous wave (cw) HF chemical laser6 (SSL). The UI SSL zero 
power gains were measured7 for lines Pi(4-8) and P2(68). These 
ZPG measurements were performed with a single-line probe beam. 
Since the SSL RFG measurements were to be performed for several 
lines and at several levels of medium saturation, a faster and more 
efficient method for measuring zero power and residual fundamental 
gain was needed. A new technique that uses a multiline probe beam 
to measure the gains of several lines simultaneously was developed. 
A by-product of the verification of the new multiline technique was 
the measurement of the ZPGs of lines Pl(9) and Pz(9). A detailed 
discussion of the multiline gain measurement technique is presented 
in Sec. 11. 

The SSL residual fundamental gains were measured for the peak 
gain lines PI (4-9) and P2(4-9) with a pair of 99.7/99.7% reflective 
overtone mirrors, Sec. 111. These were the mirrors that gave the 
best overtone efficiency.* The gains of the low J lines Pl(4-6) and 
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P2(4-6), whose upper or lower levels were not directly involved in 
overtone lasing, were suppressed more than the gains of the high 
J lines p1(7-9) and P2(7-9), whose upper or lower levels were 
directly involved in overtone lasing. 

To determine the effect of medium saturation, the residual fun- 
damental gains were measured for two additional levels of medium 
saturation. Experiments were performed at low-medium saturation 
with 98.0/99.7% reflective overtone mirrors and at high-medium 
saturation with 99.8/99.86% reflective overtone mirrors, Sec. IV. 

II. Multiline Zero Power Gain 
Measurement Technique 

Zero power gain measurements in cw HF chemical lasers are usu- 
ally performed using a single-line probe beam. The wavelength of 
the probe beam is the same as that of the line whose gain is to be mea- 
sured. Once the gain measurements for a given transition have been 
completed, as a function of location in the flowfield, the entire pro- 
cedure (including alignment) must be repeated to measure the gain 
of another transition. If the gains of several lines are to be measured, 
this method can be time consuming and, in the case of large-scale 
devices, costly in terms of gases. A faster and more efficient method 
for measuring zero power gain would be to use a multiline probe 
beam to measure the gains of several lines simultaneously. 

When the input intensity of each line in a multiline probe beam 
is low enough that all lines are in the zero power gain region, it 
should be possible to use a multiline probe beam to perform the 
zero power amplification ratio (ZP-AR) measurements. The scan- 
ning monochromator would record the spectra with H2 on and with 
H2 off. The ratio of the spectral peaks for each line would give the 
amplification ratio of each line. Since the input beam would contain 
several lines, this would speed up the gain measurements. To de- 
termine the feasibility of using a multiline probe beam to measure 
zero power gain, supersonic laser ZP-AR measurements were per- 
formed for lines Pl(6-9) and Pz(7-9) using a multiline probe beam 
and were compared to the single-line measurements. 

A schematic of the layout used for the multiline ZP-AR and the 
residual fundamental gain amplification ratio (RF-AR) measure- 
ments is presented in Fig. 1. The Helios CLI probe laser used a 
stable resonator composed of a 2-m concave enhanced total reflec- 
tor (ETR) and a 44.5% reflective 2-m concave outcoupler. Since a 
parallel probe beam is necessary to perform the zero power gain 
measurement: a telescope was used to produce a parallel probe 
beam 18 mm in diameter. The multiline probe beam was aligned 
5 mm downstream from the nozzle exit plane at the centerline of the 
flow channel. 

As the input intensity decreases, the gain increases until at some 
point, it becomes equal to the zero power (small signal) gain. 
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with the fundamental 1 + 0 transitions, lasing on the overtone 
should result in a decrease of the fundamental gains. To deter- 
mine the extent to which this occurs, the supersonic laser RF- 
ARs were measured for the peak zero power gain lines Pl(4-9) 
and Pz(4-9) while the laser was operating on the overtone lines 
P2,(8-1 1). These measurements were performed with 99.7% re- 
flective overtone mirror sets, which gave the largest overtone power 
and efficiency.' 

A. Experimental Procedure 
The layout of the residual fundamental gain experiment is shown 

in Fig. 1. A set of conditions at which the probe laser would provide a 
beam with all Pl(4-9) and Pz(4-9) lines lasing simultaneously could 
not be found. Thus, the RF-AR measurements were performed in 
two sets, first for the high J lines, P1(7-9) and Pz(7-9), and then 
for the low J lines, Pi(4-6) and Pz(4-6). 

The infrared (IR) probe beam was aligned through the SSL flow 
channel 10 mm downstream from the nozzle exit plane. This was 
accomplished by the following procedure. Two aluminum plates in- 
scribed with vertical and horizontal scales in increments of 1 mm 
were designed to fit around the vacuum box (VB) apertures on both 
sides of the laser to allow accurate measurement of the beam lo- 
cation relative to the SSL nozzle exit plane and flow channel. The 
horizontal and vertical adjustment knobs on turning mirrors 1 and 2 
were used to align the beam at the center of the flow channel, 10 mm 
downstream from the nozzle exit plane. 

Once the probe beam was aligned 10 mm downstream from the 
nozzle exit plane, the parallel beam telescope, with two-axis trans- 
lation capability at both of its ends, was mounted on the optical bars 
on the output side of the probe laser, as shown in Fig. 1 ,  without any 
lenses in place. The telescope was aligned so that the probe beam 
passed along the centerline of the telescope body. This ensured that 
the beam passed through the center of the lenses when they were 
inserted in the telescope, thus minimizing any optical aberration 
effects. 

The next step was to insert the 100-mm-radius plano-convex 
calcium fluoride (CaF2) lens at the output end of the telescope. This 
lens focused the beam down to a small point. Small adjustments of 
the translation stages at the output end of the telescope were used 
to correct the alignment without affecting the centering of the beam 
in the telescope. 

With the plano-convex lens in place, the 20 mm radius of curva- 
ture plano-concave CaFz lens at the input end of the telescope was 
inserted. This lens diverged the input beam while the plano-convex 
lens focused the beam, which produced a slightly converging beam 
to correct for the fact that the concave overtone cavity mirror in 
VB 1 acts as a diverging optical element. The horizontal and ver- 
tical knobs of turning mirrors 1 and 2 were then adjusted until the 
probe beam was centered in the flow channel, 10 mm downstream 
from the nozzle exit plane. 

To provide a visible reference for the location of the IR probe 
beam, helium-neon laser (HeNe) 2 was aligned with the center of 
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the IR probe beam. When overtone turning mirror 1 was inserted, the 
only effect that this mirror had on the IR probe beam was to shift 
the beam 2 mm upstream. This was corrected by translating turning 
mirror 2 downstream 2 mm. Overtone turning mirror 1 was aligned 
to provide a HeNe beam that was centered in the flow channel 10 mm 
downstream from the nozzle exit plane and that was collinear and 
centered with the IR probe beam. 

The 4-m concave (CC) overtone mirror was placed in VB 1, cen- 
tered with respect to the IR and HeNe beams and aligned from its 
back surface with the HeNe beam. A power reduction optic (a 73% 
R, 2-m CC outcoupler) was used to reduce the peak intensity below 
the threshold input intensity required for zero power gain measure- 
ments. The reflected portion of the probe beam was deposited on a 
ceramic beam blocker as shown. The alignment of the probe beam 
through the SSL was again checked to ensure that the beam was 
centered in the flow channel, 10 mm downstream from the nozzle 
exit plane. The probe beam was aligned by centering the IR beam at 
the input side of vacuum box 1 to the HeNe beam that was already 
aligned with the flow channel. This was accomplished by viewing 
both beams on a thermal image plate at the input side of vacuum 
box 1. A 2-mm-thin Plexiglas@ plate was taped at the output side of 
VB 2 ,  against the aluminum plate with the 1 mm horizontal and verti- 
cal scales that was designed to provide a reference for the position of 
the beam with respect to the nozzle exit plane and flow channel. The 
Plexiglas plate was kept taped on the vacuum box until a bum was 
formed on it by the low intensity probe beam. The alignment of the 
probe beam was then checked by comparing this bum to the marks 
on the aluminum plate. Any necessary adjustments of turning mir- 
rors 1 and 2 were performed to correct the alignment. This procedure 
was repeated until the probe beam was aligned through the SSL. 

With all of the optical elements in place, the spacing between the 
lenses of the telescope was adjusted to provide a parallel beam after 
the first overtone cavity mirror. To establish the parallelism of the 
probe beam, horizontal and vertical intensity profiles were measured 
for lines P1 (4-9) and Pz(4-9) at the right window, denoted near field 
(NF), and 18 cm away from the right window, denoted far field (FF). 
Comparison of these profiles showed that a parallel probe beam was 
passed through the cavity parallel to the optical axis for all lines.ln 
These intensity profile measurements were performed before the 
second overtone cavity mirror and the optical elements on the right- 
hand side of the SSL were installed. 

To sample the entire gain region, turning mirror 2, overtone turn- 
ing mirror 1, and the cavity mirror in VB 1 were translated 5.0 mm 
upstream to place the center of the IR probe beam 5.0 mm down- 
stream from the nozzle exit plane. To determine if earlier ZP-AR 
data7 could be reproduced with the current setup, zero power am- 
plification ratio measurements were performed at 2.0 and 6.0 mm 
downstream from the nozzle exit plane. There was good agreement 
between the present and previous zero power amplification ratio 
data.ln This proved that the SSL performance was the same as dur- 
ing the earlier ZP-AR measurements? which means that the RF-AR 
results can be compared to the existing ZP-AR data to determine 
the suppression due to overtone lasing. 

The second overtone turning mirror (on the right-hand side, Fig. 1) 
was installed and horizontal and vertical near- and far-field intensity 
profiles were taken to determine the effect of the turning mirror on 
the parallelism and alignment of the probe beam. These data showed 
that the only effect of this turning mirror was to shift the probe 
beam 2 mm downstream in the horizontal direction. This horizontal 
shift of the probe beam did not affect the experiment because the 
monochromator's field of view with respect to the flowfield was 
determined with the turning mirror in place. 

The first overtone cavity mirror was removed from VB 1 and the 
HeNe 3 laser was installed and aligned through the SSL 5.0 mm 
downstream from the nozzle exit plane so that it overlapped with 
HeNe 2 laser, Fig. 1. The first overtone cavity mirror was placed in 
VB 1 and aligned from both its front and back surfaces using the 
two HeNe lasers. The alignment of the probe beam was checked and 
corrected. The second overtone cavity mirror was placed in VB 2 
and aligned using HeNe 3. Horizontal and vertical far-field intensity 
profiles were obtained before and after the installation of the second 
overtone cavity mirror to determine the effect that this mirror has 
on the probe beam. Comparison of the Pl(8) horizontal and vertical 

far-field intensity profiles showed that the second overtone mirror 
expands the probe beam by 4 mm in the horizontal direction and 
2.5 mm in the vertical direction." 

Since the right overtone cavity mirror in VB 2 is concave, it 
caused the probe beam to diverge as described earlier. To compen- 
sate for this, the micrometer readings of the horizontal and vertical 
translation stages (which position the monochromator) correspond- 
ing to specified horizontal and vertical locations in the optical cav- 
ity were determined and recorded." This technique allowed the 
monochromator to be positioned to view the desired x ,  y locations 
in the optical cavity in the plane perpendicular to the optical axis 
while the SSL was lasing on the overtone. 

At the beginning of the RF-AR measurements, it was found that 
the overtone power transmitted through overtone turning mirror 2 
was sufficient to excite the monochromator detector used to measure 
the RF-ARs. To prevent this from happening, a flat overtone mirror 
with 99.7% overtone reflectivity and 92.8% fundamental transmis- 
sivity was placed in front of the monochromator, Fig. 1. 

The SSL was run with the probe laser off with the 4-m CC over- 
tone cavity mirrors to determine if the overtone performance could 
be reproduced. The output power was 10.3 W with lines P~o(7- 
10) lasing with the peak at P20(8,9). Since both the SSL overtone 
power and spectra were reproduced, it was possible to proceed with 
preliminary RF-AR measurements. 

With the SSL off, the probe laser was turned on and the probe 
beam power and spectra were examined to ensure that they satisfied 
the conditions necessary for RF-AR measurement. The probe laser 
spectra contained lines Pl(7-9) and &(7-9). After overtone turning 
mirror 1, the probe beam was 15 mm in diameter with a power of 
1.5 W. This provided a multiline probe beam with single-line inten- 
sities that were below the threshold input intensity of 0.59 W/cm2 
required for gain measurements. 

The SSL was run with the probe laser on to determine the effect 
that the probe laser has on SSL performance. The overtone power 
was 7.5 W with lines P2,(8-1 1) lasing with the peak at P20(8,9). All 
values presented for output power include corrections for window 
and turning mirror losses. The SSL pressure upstream and down- 
stream of the nozzle bank was 18.2 torr and 5.44 torr, respectively. 
The 0.34 torr increase in SSL cavity pressure that resulted from turn- 
ing on the probe laser caused a significant decrease in SSL output 
power and shifted the spectra one J higher. The measured over- 
tone beam size was 4.0 mm high and 9.0 mm long on both sides 
of the SSL. The increase in the cavity pressure of the SSL when 
the probe laser was operating was due to the fact that the vacuum 
system was not able to pump the increased mass flow due to the 
probe laser and keep the SSL cavity pressure at 5.1 torr. Since this 
pressure increase occurred when the zero power gains were mea- 
sured, the conditions in the laser cavity were identical for both the 
zero power and the residual fundamental gain measurements. Thus, 
the zero power and residual fundamental gains may be compared to 
determine the amount of suppression due to overtone lasing. Since 
the vacuum system could not maintain 5.1 torr in the SSL cavity 
when the probe laser was operating, it was not possible to deter- 
mine the effect of the increased cavity pressure on the suppression 
of the fundamental gains. 

B. Residual Fundamental Amplification Ratio Measurements with 
l b o  99.7% Reflective Overtone Mirrors 

Two sets of RF-AR data were taken at 0 .5,2,4,6,8,  and 10 mm 
downstream from the nozzle exit plane as a function of vertical 
position in the flow channel with a pair of 99.7% reflective overtone 
mirrors (asat = 0.00010015, L,  = 30 cm). 

To determine the effect of overtone lasing on the fundamental 
gains, the RF-AR data were compared to the corresponding ZP-AR 
data. At each ( x ,  y )  point, the ZP-AR scans were averaged. The RF- 
AR scans were compared with the averaged ZP-AR vertical profiles 
at each x .  (The RF-AR data were obtained with two 4-m concave 
99.7% reflective mirrors.) vp ica l  vertical scans for lines Pl(5) and 
P2(8) are shown in Figs. 3 and 4. It is clear from these figures that 
the RF-AR data are quite reproducible and are generally lower than 
the ZP-AR data. Since it was not possible to obtain RF-AR data 
at the nozzle exit plane ( x  = 0.0 mm) due to the low amplitude 
of the signal, the RF-AR data were obtained 0.5 mm downstream 
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Fig. 3 Comparison of Pl(5) ZP-AR and RF-AR vertical scans at 6.0 
mm downstream from the nozzle exit plane. 

Fig. 4 Comparison of P2(8) ZP-AR and RF-ARvertical scans at 4.0 mm 
downstream from the nozzle exit plane. 

from the nozzle exit plane. As a result, the RF-AR data 0.5 mm 
downstream from the nozzle exit plane are higher than the ZP-AR 
data obtained at the nozzle exit plane. Examination of the ZP-AR and 
RF-AR data shows that the ZP-AR profiles have been suppressed, 
resulting in smoother gain profiles. 

To quantify the fundamental gain suppression by overtone las- 
ing and to present the data in a form suitable for comparison with 
computer model calculations, the RF-AR data were averaged in the 
vertical direction at each value of x and compared to the vertically 
averaged ZP-AR data. (The RF-AR data were obtained with two 
4-m concave 99.7% reflective mirrors.) The averaged data are com- 
pared in Figs. 5 and 6. These figures show that the Pl(7-9) lines are 
generally suppressed more than the Pz(7-9) lines and that the low 
J lines, Pi(4-6) and P2(4-6), are suppressed more than the high J 
lines, 9(7-9) and p2(7-9). Even though the low J lines are sup- 
pressed more than the high J lines, the peaks of the high J lines are 
suppressed as illustrated in Fig. 4. 

The ratio of the residual fundamental gain to the zero power gain 
is calculated as follows. Since 

where cyzp is the fundamental small signal gain coefficient at zero 
power and Le is the thickness of the mixed flow in the direction 
of the optical axis at the point at which the amplification ratio is 
measured. and 

Table 1 Ratio of residual fundamental gain to zero power 
fundamental gain based on the vertically averaged amplification 

ratios, 99.7/99.7 mirrors; RFG/ZPG = k(ARw) /k (ARzp)  

Position downstream from the nozzle exit dane. mma 
Line 0.0/0.5 2.0 4.0 6.0 8.0 10.0 
q (4 )  0.058 -0.195 -0.498 -0.828 -1.328 

-0.571 0.018 0.152 0.113 - 
Pl(5) 5.734 0.430 0.202 0.162 -0.457 

0.402 
Pi(6) 2.288 0.834 0.466 0.427 0.389 

p1(7) 0.950 0.686 0.570 0.640 0.629 
4(8)  1.932 0.658 0.682 0.616 0.806 
q (9 )  0.451 0.671 0.558 0.974 0.990 
q (4 )  0.975 0.037 -0.616 -0.304 -1.187 

0.199 -0.347 - 

- 1.995 

-1.121 
-0.320 
-0.345 

- 

0.160 
0.660 
0.794 
0.923 

-1.737 
- 

q ( 5 )  1.228 0.386 0.251 0.513 -0.596 -1.149 
- - 

q(6)  1.887 0.523 0.591 0.704 -0.207 -0.734 
-0.226 - 

&(7) 0.827 0.611 0.825 1.159 1.923 0.107 

Pz(8) 1.368 0.998 0.723 0.927 1.518 0.053 
- 

-0.213 
9(9)  0.906 1.139 0.974 1.023 1.131 2.024 

aDashes denote that the data do not exist at these positions. 

where ~ R F  is the fundamental small signal gain coefficient while 
lasing on the overtone, the ratio of the gains is 

(3) 

This ratio is tabulated for the averaged ARm and ARzp data for 
all lines in Table 1 as a function of position downstream from the 
nozzle exit plane. The ratio of k(RF-AR)/k(ZP-AR) was left as 
a fraction in some cases because either RF-AR or ZP-AR (or both) 
had values below 1.0, which results in negative L. This indicates 
absorption. The data were obtained with a pair of 99.7% reflective 
mirrors. From this table it is seen that the peak suppression (1 - 
am/azp) of the low J fundamental gains varies between 41 and 96% 
and the peak suppression of the high J fundamental gains varies 
between 3 and 44%. 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. 

It should be noted that the low J 4-6 lines are suppressed more 
than the high J 7-9 lines. The laser was operating on the PZ0(8-l 1) 
lines while these measurements were made. The upper and lower 
levels for these transitions are also the upper or lower levels for the 
P2(8, 9) and P1(8,9) transitions, respectively, Fig. 7. The gains of 
these lines were suppressed by overtone lasing, as expected. The 
1 + 0 lines were suppressed more than the 2 + 1 lines. There was 
minimal suppression of lines P2(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. The reasons for this are 
discussed in Refs. 10 and 12. 

IV. Residual Fundamental Gain Measurements 
as a Function of Medium Saturation 

The scalability of the overtone laser to large gain lengths depends 
on the magnitude of the residual fundamental gain.” To determine 
the variation of RFG with medium saturation, the RF-ARs 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 pro- 
files and fundamental gain suppression (Aa). The first set of RF-AR 
measurements was performed at a relatively high level of medium 
saturationwithapairof99.7% overtonemirrors,a,,, = 0.00010015. 
Residual fundamental amplification ratio measurements with 
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overtone resonators that provided a lower and a higher degree of 
medium saturation were performed. The results of these experi- 
ments are summarized in the following sections. 

A. Residual Fundamental Amplification Ratios with 99.7/98.0 % 
Reflective Overtone Mirrors 

The residual fundamental amplification ratio measurements with 
an overtone resonator of low reflectivity were performed first. 
Computer simulation of RFG vs J(R1 x Rz) suggested that an 
overtone resonator with mirror reflectivities of 99.7 and 98.0%, 

asat = 0.000386787, would provide minimal suppression of the 
fundamental gains.", l2 

To establish that the SSL perform.ance had not changed, ZP-AR 
measurements at 4.0 and 6.0 mm downstream from the nozzle exit 
plane for lines Pl(7-9) and pz(7-9) were made. A comparison of 
these data with previously obtained single-line ZP-AR data showed 
that the SSL performance had not changed. Thus, the new RF-AR 
data can be compared with the existing ZP-AR data. 

With the probe laser off and the 99.7/98.0% 4-m concave mirrors 
in vacuum boxes 1 and 2, respectively, the maximum overtone output 
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Fig. 6 Comparison of averaged ZP-AR and RF-AR data as a function of distance downstream from the nozzle exit plane, X. 

power was 5.1 W with lines P20(6-S) lasing. With the probe laser on, 
the maximum output power was 0.62 W. This relatively low-output 
power was due to the increased cavity pressure (5.4 torr) that was a 
consequence of the mass flow limitations of the vacuum system. The 
low-resonator reflectivity and the increased cavity pressure cause 
the SSL to be close to the threshold of lasing, resulting in low-SSL 
overtone output power. The output power was monitored during 
the RF-AR experiments to ensure that the medium saturation did 
not change. The lines lasing in this case were Pzo(7, 8). Residual 

fundamental amplification ratio data were obtained at this low level 
of medium 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. 

To obtain a quantitative measure of the fundamental gain sup- 
pression by overtone lasing at these low-mirror reflectivities, the 
RF-AR data were averaged in the vertical direction at each axial po- 
sition and compared to the averaged ZP-AR data.'(' In all cases the 
average ZP-AR and RF-AR data are close, indicating very little if 
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Fig. 7 Schematic of fundamental and overtone transitions for the HF 
chemical laser: solid arrows indicate the 2 -P 0 overtone transitions that 
were lasing during the RF-AR measurements, dashed arrows indicate 
the fundamental transitions whose RF-A& were measured. 
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any suppression. There was weak suppression in the cases of P1(7), 
P2(5), and P2(6) between 2 and 6 mm downstream from the noz- 
zle exit plane, whereas there was 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 R1 = 0.98 and R2 = 0.997 (Refs. 10 
and 12). 
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E. Residual Fundamental Amplification Ratios with 99.8/99.86% 
Reflective Overtone Mirrors 

Computer calculations10~12 of residual fundamental gain and am- 
plification ratio as a function of medium saturation indicated that 
above a reflectivity of 99.7%, the RF-AR does not change sig- 
nificantly with increased reflectivity even when the gain length 
is increased by a factor of two. To check the computer predic- 
tions and to determine the relation between medium saturation 
and residual fundamental gain, RF-AR data were obtained at an 
increased level of medium saturation with 99.8/99.86% mirrors 
(asat = 0.000056716). With the 99.8/99.86% mirrors the mea- 
sured power spectral distribution contained lines &(7-12) (Refs. 8 
and 10). 

To quantify the comparison between the medium saturation ob- 
tained during the earlier RF-AR measurements and that obtained 
with these high-reflectivity mirrors, the intracavity flux and over- 
tone efficiency8 obtained in each case were calculated.'O At a cavity 
pressure of 5.1 torr, the intracavity circulating power obtained was 
12,396 W. Because of flow limitations of the laboratory vacuum 
system, the cavity pressure during the RFG measurements was 
5.4 torr. At this pressure the SSL with the 99.8/99.86% mirrors 
produced 8.2 W and an intracavity circulating power of 8542 W. 
At the same cavity pressure, the intracavity circulating power for 
the 99.7/99.7% mirrors was 5716 W. This means that with the high 
reflectivity mirrors the intracavity flux increased about 50%. The 
ratio of asdt with the 99.8/99.86% mirrors to asat with two 99.7% 
reflective mirrors is 0.566. The higher reflectivity mirrors result in 
an asat that is 43.4% smaller than that of the 99.7/99.7% mirrors. 

Earlier experiments had shown that the SSL gains change with 
run time. To correctly determine the fundamental gain suppression, 
the RF-AR data must be compared with the proper ZP-AR data. Two 
sets of low J ZP-AR vertical scans (scans 5 and 6) were obtained 
at 0.5, 2, 4, 6, 8, and 10 mm downstream from the nozzle exit 
plane. A comparison of these data with the existing ZP-AR data 
indicated good agreement for all lines except Pl(4) where the ARs 
were lower than those measured during earlier experiments. It has 
been experimentally determined that old anodes and cathodes have a 
pronounced effect on the PI (4) line. This is probably due to the fact 
that Pl(4) is near threshold. The anodes and cathodes were changed 
and an additional set of ZP-AR data was obtained (scan 7) to correct 
for the low Pl (4) ARs in scans 5 and 6. 
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Fig. 8 Comparison of P2(8) ZP-AR and RF-AR vertical scans at 
4.0 mm downstream from the nozzle exit plane. 

The SSL performance with the 99.8/99.86% mirrors was repro- 
duced. Lasing was observed on lines &0(7-12), and the output 
power was 11.9 W. With the probe laser on, the SSL lased on lines 
PzO(8-l2), and the total output power was 8.5 W. With the probe 
beam properly aligned through the SSL, one set of ZP-AR and 
RF-AR vertical scans were obtained at 0.5, 2, 4, 6, 8, and 10 mm 
downstream from the nozzle exit plane. The RF-AR data obtained 
with a set of 4-m concave 99.8/99.86% mirrors were plotted with 
the averaged ZP-AR data to determine the suppression of the fun- 
damental gains. Comparison of these ZP-AR and RF-AR profiles 
showed that the fundamental gains were suppressed due to lasing 
on the overtone, as illustrated in Fig. 8. The highest suppression oc- 
curred between 2 and 6 mm downstream from the nozzle exit plane. 
Comparison of these new data, with the data obtained with the two 
99.7% mirrors, revealed that the suppression of the fundamental 
gains due to overtone lasing was about the same in both cases. 

To quantify the fundamental gain suppression by overtone las- 
ing and to present the data in a form suitable for comparison with 
computer model calculations, the RF-AR data were averaged in the 
vertical direction at each value of x and compared with the verti- 
cally averaged ZP-AR data. These data were plotted along with the 
corresponding average data obtained with the two 99.7% nominally 
reflective rnirrors.l0 This comparison indicated that the suppression 
obtained with the 99.8/99.86% reflective mirrors and with the two 
99.7% reflective mirrors is 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 reflectivity"'.'' 
agrees with the experiment. 

V. 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 Pl(4-9) and Pz(4-9) as a function of medium saturation 
on the overtone. This was accomplished by a comparison of the 
residual fundamental gain data obtained at three different levels of 
medium saturation with the corresponding zero power gain data. 

A new technique that uses a multiline probe beam to measure the 
gain on several lines simultaneously was developed. The agreement 
between the single-line and multiline zero power amplification ratio 
data for lines Pl(6-8) and Pz(7, 8) verified this new technique. 
Since the multiline probe beam contained the lines P1(9) and Pz(9), 
ZP-AR data were obtained for two lines for which single-line data 
had not previously been obtained. 

The first set of RF-AR data was obtained at a relatively high- 
medium saturation with two nominally 99.7% reflective mirrors. 
The SSL was lasing on lines Pzo(8-11) while these RF-AR mea- 
surements were performed. Comparison of these RF-AR data with 
the ZP-AR data indicated that the ZP-AR profiles were suppressed, 
which resulted in a lower and more uniform RF-AR distribution. 
The gains of the low J lines PI (4-6) and Pz(4-6) were suppressed 
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between 41 and 96% and the gains of the high J lines PI (7-9) and 
P’(7-9) were suppressed between 3 and 44%. The 1 + 0 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 min- 
imal suppression of lines Pz(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. The reasons for this are 
discussed in Refs. 10 and 12. 

Residual fundamental gain measurements at low-medium satura- 
tion with overtone mirrors of 99.7/98.0% reflectivity showed weak 
suppression on lines P1(7), P2(5), and Pz(6) at axial positions be- 
tween 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 medium  saturation.'"^'' 

Residual fundamental gain was measured at an increased level of 
medium saturation with overtone mirrors of 99.8/99.86% reflectiv- 
ity. The intracavity flux in this case was 50% higher and asat was 
43.4% smaller than that of the two 99.7% 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. 10,12 

Since the maximum overtone device gain length will be deter- 
mined 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 exper- 
imentally determine the fundamental 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 medium saturation), the gains of these 2 + 1 lines 
may present a significant scaling limitation for the overtone laser. 
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