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Experimental Study of Continuous Wave Hydrogen-Fluoride
Chemical Laser Overtone Performance
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The overtone lasing performance of the supersonic continuous wave hydrogen-fluoride chemical laser at the
University of Illinois at Urbana-Champaign was optimized by the same set of flow rates that optimized the funda-
mental performance. When the absorption/scattering losses of the mirrors were taken into account, an overtone
efficiency (the ratio of overtone power to maximum fundamental power for the same flow conditions) of 70-90%
was achieved. The overtone efficiency was a strong function of medium saturation. There was no significant
change in overtone power and efficiency as the mode volume increased. However, there was an increase in the
number of lasing lines and a shift to higher rotational (/) lines. Overtone performance was as sensitive to cavity
pressure as fundamental performance was. There was no significant change in overtone efficiency when the
method of helium injection was changed.

I. Introduction

ONE of the basic issues associated with the development of
high-energy lasers is scaling to required brightness levels (the

ratio of laser power times exit aperture diameter to the square of
the wavelength of the laser, i.e., B=PA/K2). The hydrogen-fluoride
(HF) overtone laser is of interest because it would use existing HF
fundamental laser technology at the overtone wavelengths
(approximately half the wavelength of the fundamental transi-
tions), which would significantly increase the brightness of the
laser system if the overtone power is a significant fraction of the
fundamental power. Initial studies of the HF overtone (a 2—»0,
Av=2 vibrational transitions, X=1.3-1.4 Jim) laser have identified
a number of issues that affect the scalability of this device.1"6 These
include the fraction of the fundamental (2—>1 and 1-»0, Av=l
vibrational transitions A,=2.5-3.1 Jim) power that is obtainable in
the overtone, the magnitude of the residual fundamental gain while
lasing on the overtone, relative sizes of overtone and fundamental
mode widths, relation of fundamental and overtone zero power
gain distributions to power spectral distributions, and the effect of
rotational relaxation on power extraction, among others.

To investigate these issues, the overtone performance of the
supersonic laser at the University of Illinois at Urbana-Champaign
(UIUC) was characterized as a function of flow rates, cavity pres-
sure, mode volume, mirror reflectivity, and method of helium (He)
injection. The supersonic laser fundamental performance data are
presented in Sec. II, and the overtone performance data are pre-
sented in Sec. III. In Sec. IV, the fundamental and overtone data
are compared to obtain overtone efficiencies. Several concluding
remarks are given in Sec. V.

II. Supersonic Laser Fundamental Performance
The overtone experiments were performed on the low-pressure,

cw, arc-driven supersonic HF chemical laser7 that was designed
and constructed at UIUC. Supersonic slit nozzles for the primary
(fluorine plus other molecules) and secondary (hydrogen) nozzles
were chosen to provide a two-dimensional flowfield to simplify the
calculation of the fluid dynamic mixing. The laser is described
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briefly in Sec. II.A and in more detail in Ref. 7. Two methods of
He injection were investigated. In the first method, He was
injected through the anodes of the discharge tubes along with sul-
fur-hexafluoride (SF6) and oxygen (O2). In the second method, He
was injected through a concentric sonic slit at the exit of the dis-
charge tubes, after the SF6 had been dissociated by the high volt-
age arc. The first method is denoted as regular He injection and the
second is denoted as concentric sonic slit (CSS) He injection.
A. Experimental Layout and Procedure

The experimental layout is illustrated in Fig. la. The parallel slit
nozzles, Fig. Ib, which are 5 mm high, exhaust into the center of a
channel that is 1.5 cm high, thus forming a freejet. The width of
the nozzle bank is 30 cm. The fluorine (F) atoms and hydrogen
(H2) molecules are injected through alternating parallel slit noz-
zles, Fig. Ib. These gases mix diffusively, creating a flame sheet
containing excited HF molecules in the laser cavity. The exit Mach
number is approximately 2.0 for the primary nozzles and approxi-
mately 0.66 for the secondary nozzles; the pressure at the exit of
all of the nozzles is matched at approximately 2.2 Torr. The mir-
rors were separated by a distance of 1 m. The optical cavity was
mounted on translation stages in vacuum boxes that were attached
to the laser body. Vacuum boxes were used to eliminate the signifi-
cant loss mechanism caused by intracavity Brewster windows. By
moving the translation stages, the optical axis location Xcfor peak
power was measured. It was necessary to design water-cooled mir-
ror mounts to effectively dissipate power absorbed by the mirrors
inside the vacuum boxes.

The total multiline power was measured by placing a Scientech
Model 362 power meter into each of the two outcoupled beams,
Fig. la. For any tests that were likely to exceed a power of 10 W,
the power of the beam was reduced 90% by a chopper to prevent
damage to the power meter. The measured single-pass transmis-
sion loss of the calcium-fluoride (CaF2) windows was 4.5%, inde-
pendent of wavelength. All reported powers are corrected for the
CaF2 window loss.

The flow rates that optimized fundamental performance using
regular He injection were 0.0425 g/s of He, 0.135 g/s of O2,1.54 g/
s of SF6, and 0.0535 g/s of H2. The flow rates that optimized funda-
mental performance using CSS He injection were 0.097 g/s of He,
0.135 g/s of O2, 0.825 g/s of SF6, and 0.0415 g/s of H2. For both
methods of He injection, the He purge flow rates that optimized
performance were 0.0125 g/s in the base purge at the center of the
nozzle bank and 0.0125 g/s to the He purge ducts, Fig. 1.

The pressures in the laser cavity and upstream of the nozzle
bank were measured by two Baratron pressure gauges that were
connected to static pressure taps upstream and downstream of the
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Fig. 1 a) Layout of the UIUC supersonic laser fundamental and overtone experiments, and b) enlarged schematic of half of the nozzle bank.

nozzle bank. Because the downstream pressure was measured 39
mm downstream from the nozzle exit plane (NEP) at the top of the
laser cavity (5 mm above the freejet), the reported pressures do not
accurately represent those in the lasing zone (which extends
approximately 12 mm from the NEP). The pressure in the laser
cavity (downstream from the nozzle bank) was adjusted by a flow
control valve. The flow control valve was completely opened for
the lowest cavity pressures of 5.1 and 4.4 Torr for regular and CSS
He injection, respectively. The flow control valve was partially
closed to achieve higher cavity pressures. The pressures upstream
of the nozzle bank were 17.8 and 12.4 Torr for regular and CSS He
injection, respectively. The upstream pressure was unaffected
when the flow control valve was partially closed to obtain higher
cavity pressures. This was experimental confirmation that the pri-
mary nozzles were choked.

A Rofin (now Monolight) RSO 6000 series scanning monochro-
mator was used to measure the spectral content of the laser beam.
A 0.25-mm diameter pinhole was placed in front of the 0.2-mm
entrance slit to provide spatial resolution and decrease the power
incident on the detector. The monochromator and detector were
mounted on horizontal and vertical translation stages, which were
attached to the optical bench. This allowed two-axis translation
with the ability to scan across the intensity profile of the outcou-
pled laser beam. The signal from the monochromator was aver-
aged over 100 consecutive digitizations using a Tektronix 7854
digitizing oscilloscope. The Tektronix MP2501 data acquisition
system consisting of the 7854 oscilloscope, a 4041 computer, a
4105 display terminal, a P6202A FET probe, and a 4695 graphics
printer was used to acquire, store, and plot the observed power
spectral distributions.

A piece of graph paper was used to measure the beam size
observed on a thermal image plate. This method agreed well with
more precise beam size measurements made by scanning across
the center of the beam vertically and horizontally with the mono-
chromator.

B. Fundamental Performance
Since one of the main issues of overtone laser development is

the fraction of the fundamental power that can be obtained in the
overtone, the fundamental performance of the supersonic laser
(SSL) is summarized first. The mirrors used for the fundamental
measurements were 2-m radius of curvature concave mirrors with
a 1-m separation.

For the purposes of computing overtone efficiencies, the most
important fundamental data are the maximum fundamental powers
for different flow conditions. The fundamental stable resonator
performance data as a function of outcoupler reflectivity, method
of He injection, and cavity pressure are presented in detail in Ref.
8. The highest fundamental power observed with regular He injec-
tion at 5.1 Torr was 63.0 W with a 93% reflective outcoupler. Mod-
eling calculations have shown that about 10% of the outcoupled
fundamental power may be lost to absorption/scattering when
using high reflectivity outcouplers. With this correction, the maxi-
mum power is estimated as 69.3 W. During the measurement of the
zero power gain in the SSL, it was found that there was significant
absorption of the P1(4-6) and P2(4,5) lines due to SFX (fragments
of SF6 from the discharge arcs) species.7'9 When this absorption
was included in the modeling studies of the SSL, better agreement
between predicted and measured spectra and power was obtained.
The inclusion of the SFX absorption in modeling calculations
decreased the power by approximately 10%. If the measured
power is corrected for this loss, the maximum power is estimated
as 76.2 W. Thus, the maximum fundamental power for regular He
injection at 5.1 Torr is 63.0-76.2 W. The beam size at maximum
power was approximately 5.5 mm high by 10.0 mm wide.

The highest observed power with CSS injection at 4.4 Torr was
58.5 W with a 96% reflective outcoupler and at 4.8 Torr was 51.7
W with a 93% outcoupler. If a 10% absorption/scattering loss
when using high reflectivity outcouplers and a 10% SFX absorption
loss are included, the maximum power is estimated as 70.8 W at
4.4 Torr and 62.6 W at 4.8 Torr. Thus, the maximum fundamental
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power for CSS He injection at 4.4 Torr is 58.5-70.8 W and at 4.8
Torr is 51.7-62.6 W. The beam size at maximum power was
approximately 6.0 mm high by 11.5 mm wide, independent of
pressure.

III. Supersonic Laser Overtone Performance
The flow rates that optimized the fundamental regular He injec-

tion performance optimized the overtone regular He injection per-
formance. This was also true for the nozzle bank and vacuum box
purge duct He purge flow rates. The overtone mirrors are opaque to
visible wavelengths, which made it impossible to correctly align
the front surfaces of both overtone mirrors with the HeNe align-
ment laser, i.e., only one of the two overtone mirrors could have its
front surface aligned with the HeNe laser. Hence, it was often nec-
essary to adjust the alignment of this mirror just to obtain overtone
lasing, and therefore it was not possible to obtain reproducible
measurements of Xc for peak power by translating the optical cav-
ity. A better estimate was obtained by assuming that the upstream
edge of the output beam was at the nozzle exit plane and dividing
the size of the mode measured on a thermal image plate by two.

In all of the experiments reported here, the overtone mirrors
were placed 1 m apart. The mirrors were nominally 99.7% reflec-
tive over the range of 1.3-1.4 jjum and less than 1% reflective over
the range 2.5-3.1 jjim. The substrates were silicon that was trans-
parent to the fundamental wavelengths. Data were obtained for
three sets of 4-m radii of curvature (hereafter abbreviated as
4mCC), one set of 8-m and 30-m radii of curvature, one set of flat
mirrors, and one set of nominal 98% reflective 4mCC mirrors.

Early experiments showed that it was vital to clean the overtone
mirrors before every test run. The overtone mirrors were cleaned
with lens paper and a mixture of 75% 1,1,1-trichloroethane and
25% ethanol having a nonvolatile residue of less than 1 ppm.10 The
front surface of each mirror was cleaned twice and the back sur-
face once before every run. Cleaning the front surface only once
was often found to be insufficient (low overtone powers observed),
whereas more than two cleanings did not improve overtone perfor-
mance.
A. Reflectivity and Transmissivity of the Overtone Mirrors

Since the overtone is a low gain system that requires high-
reflectivity mirrors to lase, small scattering/absorption losses have
a large effect on the outcoupled power. To obtain an accurate esti-
mate of the overtone efficiency of the SSL, the reflectivity and
transmissivity of the nominally 99.7% reflective nos. 1 and 2
4mCC mirrors were measured by Helios. These reflectivity mea-
surements verified that the nominally 99.7% reflective overtone
optics were indeed approximately 99.7%, and therefore all of the

Rocky Mountain Instruments (RMI) overtone mirrors were
assumed to have the specified reflectivity, with the exception of the
two mirrors measured by Helios. The overtone transmission mea-
surements for the 4mCC nos. 1 and 2 mirrors agreed well with
Helios' overtone transmission measurements; thus, the UIUC
transmission measurements were used for all of the overtone mir-
rors. The inferred absorption/scattering loss was calculated from
the assumption that the reflectivity plus transmissivity plus absorp-
tion/scattering should equal one (Table 1). These data were used to
calculate the overtone efficiency; see Sec. IV.
B. Overtone Performance

Table 2 summarizes the SSL overtone performance for several
combinations of the overtone mirrors. Except for the nos. 5 and 6
concave 4mCC mirrors, the data were quite reproducible and
insensitive to the radii of curvature of the mirrors. The data for the
nos. 5 and 6 4mCC mirrors showed an immediate degradation of
the coatings of these mirrors. These data for these mirrors were
taken over about a week. They now consistently give 13-14 W of
overtone power. The nos. 1 and 2 4mCC mirrors were used exten-

Table 1 Assumed reflectivity and measured transmissivity
measurements used to obtain the inferred absorption plus

____scattering losses for various overtone mirrors____
Assumed Measured Inferred

Mirrora reflectance, % transmittance, % A+S, %
4mCC 1-bd
4mCC 1-ad
4mCC2
4mCC3
4mCC4
4mCC 5-bd
4mCC 6 -bd
4mCC 5-ad
4mCC 6-ad
4mCC 7
4mCC8
SmCCl
8mCC2
30mCC 1
30mCC 2
Flatl
Flat 2
Flat 3
Flat 4

99.78
99.68
99.67
99.70
99.70
99.75
99.75
99.70
99.70
98.00
98.00
99.70
99.70
99.70
99.70
99.70
99.70
99.70
99.70

0.064
0.064
0.067
0.073
0.080
0.081
0.074
0.081
0.074
1.130 .
1.087
0.084
0.080
0.084
0.078
0.063
0.071
0.071
0.129

0.156
0.256
0.263
0.227
0.220
0.169
0.176
0.219
0.226
0.870
0.139
0.216
0.220
0.216
0.222
0.237
0.229
0.229
0.171

abd—before degradation, ad—after degradation.

Table 2 Supersonic laser, regular He injection, overtone outcoupled power, and beam size data as a function of mode volume and medium
saturation at 5.1 Torr; all of the mirrors are nominally 99.7% reflective except for the 4mCC nos. 7 and 8 mirrors,

which are 98% reflective
Mirror no. 1

Mirror no. la

Mode volume
4mCC 1-bd
4mCC 1 -bd
SmCCl
30mCC 1
30mCC 2
Flat 2

Media saturation
4mCC7
4mCC2
4mCC 1-ad
4mCC3
4mCC 5-ad
4mCC 1-bd
4mCC 5-bd

Mirror no. 2a

4mCC2
Flat 2
8mCC2
30mCC 2
Flat 2
Flat 3

4mCC8
4mCC7
4mCC2
4mCC4
4mCC 6-ad
4mCC2
4mCC 6-bd

Power, W

5.63
6.27
6.51
6.37
6.27
0.00

0.00
0.22
3.92
5.47
7.37
5.63
9.93

Beam size, mm2

4X6
5X8
5X7

5X6.5
5X7

4X5
4X6

5.5X7
5X7
4X6
6X10

Mirror no. 2
Power, W

5.90
5.78
5.38
6.05
6.27
0.00

0.00
2.48
4.13
5.49
7.21
5.90
9.93

Beam size, mm2

4X6
3X5
5X7

4.5X6.5
3X7

4.5X5
4X6

5.5X7
5X7
4X6
6X10

Total power, W

11.5
12.1
11.9
12.4
12.5
0.0

0.0
2.7
8.1

. 11.0
14.6
11.5
19.9

Spectral
lines lasing

/^oCS-ll)
P20(7-ll)
P20(8-ll)

F20(7-12)

P20(7,8)
/>2o(7-9)
P20(7-10)

P20(8-ll)
F20(8-ll)

abd—before degradation, ad—after degradation.
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Table 3 Supersonic laser, CSS He injection at 4.4 and 4.8 Torr, overtone outcoupled power, and beam size data as a
function of mode volume and medium saturation; all of the mirrors are nominally 99.7% reflective except for the 4mCC

nos. 7 and 8 mirrors, which are 98% reflective

CSS He injection, 4.4 Torr

Mirror no. la Mirror no. 2a

Mode volume
4mCC 5-ad
4mCC 1-ad
SmCCl
30mCC 1
30mCC 2
Flat 2

Media saturation
4mCC7
4mCC2
4mCC 1-ad
4mCC3
4mCC 5-ad

4mCC 6-ad
Flat 2
8mCC2
30mCC 2
Flat 2
Flat 3

4mCC8
4mCC7
4mCC2
4mCC4
4mCC 6-ad

Outcoupled Beam size,
power, W mm2

14.1
9.9

14.2
12.4
12.7
nmb

nm
1.0
7.6

11.7
14.1

5X10
5X10
4X8

5X6.5
4.5X5.5

nm

nm
3X4

4.5X10
6X11
5X10

Spectral lines
lasirtg

P20(7-10)

P20(7-ll)
P2oC7-H)
P20(7-12)

nm

nm
/>20(6,7)

/>2o(7-10)
P20(7-10)

CSS He injection, 4.8 Torr
Outcoupled
power, W

10.4
7.3

10.1
7.4
6.9

nm

nm
0.0
5.3
8.5

10.4

Beam size,
mm2

5X10
4.5X8
4X8
4X7
5X5
nm

nm
——
5X7

5.5X9.5
5X10

Spectral
lines lasing

2(A — '
20^- — /
20^- — '

P20(7-ll)
nm

nm
——

P20(7-10)
P20(7-10)
/>2o(7-10)

aad—after degradation, nm—not measured.
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Fig. 2 Supersonic laser overtone spectra for different mode sizes and
medium saturations for regular He injection at 5.1 Torr.

sively and now give a lower performance due to mirror degrada-
tion; they currently give 8 W of overtone power.

Figure 2 shows that different sets of 4mCC mirrors, which nom-
inally all have the same reflectivity of 99.7% (4mCC l-ad/2,
4mCC l-bd/2, and 4mCC 5-bd/6-bd), yield different spectra. This
illustrates the sensitivity of the low gain overtone system to varia-
tions in mirror reflectivity of less than 0.1%. However, for all three
sets of 4mCC nominally 99.7% reflective mirrors, the primary las-
ing lines are /=8 and 9.

Lasing was not obtained, despite rigorous attempts, with two
flats (nos. 2 and 3) or with the two 98% reflective 4mCC mirrors
(4mCC nos. 7 and 8). Based on observations of extreme alignment
sensitivity with the 30mCC/flat mirror combination, it is quite pos-
sible that vibrations transmitted to the optical bench from the vac-

uum pumps coupled with the low-gain overtone system were
enough to prevent lasing with two flats.

From Refs. 11,12, or 13, the optical beam waist as a function of
mirror radii of curvature for a mirror separation of 1 m can be cal-
culated for the fundamental and the overtone (the original resona-
tor theory was worked out by Boyd and Gordon,14 and Boyd and
Kogelnik15 for confocal resonators). The fundamental data were
obtained with 2-m radii of curvature mirrors that give a zeroth-
order optical beam waist of 1.75 mm. The 4-m, 8-m, and 30-m
radii of curvature mirrors have overtone zeroth-order optical beam
waists of 1.5, 1.75, and 2.50 mm, respectively. The data in Table 2
indicate that there was no significant change in overtone power or
beam size as the mode volume (mirror radii of curvature)
increased. However, a comparison of the spectra as the mode vol-
ume increased, Fig. 2, showed that there was an increase in the
number of lasing lines and the spectra shifted toward higher /
lines. There are several possibilities that may explain this observa-
tion. First, the larger radii of curvature mirrors might have a
slightly higher reflectivity than the 4mCC mirrors. Second, the
larger radii of curvature mirrors have a larger beam waist and
hence sample the gain medium further downstream where the high
/ lines have larger gain than the lower / lines.

Although the observed beam width with the 8mCC and 30mCC
mirrors was approximately the same as with the 4mCC mirrors, it
was observed on the thermal image plate that, as the radii of curva-
ture increased, the beam profile had fewer distinct modes lasing.
From Refs. 11 and 12 it is clear that these distinct modal patterns
were the result of lasing on a higher order transverse mode.
Carter16 found an exact relation for the beam size at the l/e dropoff
point for the outermost intensity peak of a Hermite-Gaussian trans-
verse mode of order m; this equation related the zeroth-order mode
size to the rath order mode size by a factor of (2m+l)1/2. Chapter 4
of Ref. 11 provides useful forms of the relevent equations to com-
pute the zeroth-order beam size for a symmetrical mirror resonator.
Following the reasoning in Chap. 17 of Ref. 12, the modes that
lase may have a beam size no greater than the size of a limiting
aperture located within the resonator. Thus, there is a value mmax
that represents the highest order transverse mode that could lase
for a given aperture inside the resonator. In the case of the UIUC
SSL, the limiting aperture would be the gain zone itself because
there are no restricting physical apertures other than the nozzle
bank (where the gain zone begins). Calculations of mmax for differ-
ent mirror curvatures8 were in reasonable agreement with the
observed transverse modal patterns.

A valley (minima) at .P20(10) occurs in the spectra taken with all
mirror combinations except pairs of 99.7% (or less) reflective
4mCC mirrors, see Fig. 2. This P20 minima is thought to be a con-
sequence of a near resonant energy transfer17"19 from v=3 and
/=3,4 to v=2 and /=14 with a subsequent rotational cascade to
v=2 and /=10, 11, which are the upper levels for the /^(H) and
^20(12) lines. Since P20(n) lases with the 8mCC/8mCC and
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4mCC/flat mirror combinations and /^oC11* 12) lase with me

30mCC/30mCC and 30mCC/flat mirror combinations, the rota-
tional cascade to v=2 and /=9, which is the upper level for the
P2Q(W) line, is blocked, resulting in P2Q(10) being weaker than
P20(ll)andP20(12).

The effect of rijedium saturation on overtone performance is
illustrated in Table 2 and Fig. 2. Since the coatings of the nos. 1
and 2 4mCC mirrors degraded with use over a period of eight
months, the original performance of these mirrors is also included
in Table 2 together with the peak performance obtained from the
nos. 5 and 6 4mCC mirrors. Figure 2 shows that, as the reflectivity
of the mirrors increased from 98.0/99.7% (4mCC nos. 2/7) to
approximately 99.68/99.67% (4mCC nos. 1/2 after degradation) to
99.78/99.67% (4mCC nos. 1/2 before degradation) to approxi-
mately 99.75/99.75% (4mCC nos. 5/6 before degradation), the
outcoupled power increased and the spectra shifted toward higher
/lines. These are the same trends observed for fundamental lasing.
It is clear from Table k that a greater overtone power was obtained
when the medium was driven harder, i.e., the 99.7/^8% (4mCC
nos. 2 and 7) mirrors gave a much lower power than any of the
99.7/99.7% combinations. No power was obtained when a lower
medium saturation with two 98% mirrors (4mCC nos. 7 and 8) was
tried.

Overtone performance data as a function of mode size and
medium saturation for CSS He injection at 4.4 and 4.8 Torr are
summarized in Table 3. The effects of increased medium saturation
and mode size on outcoupled power and spectra (not shown) are
qualitatively the same as observed for regular He injection. Over-
tone performance was sensitive to increased cavity pressure; sig-
nificant amounts of power were lost when the pressure was
increased by 0.4 Torr (see Table 3). Comparison of regular He
injection overtone data (Table 2) with CSS injection overtone data
(Table 3) shows comparable performance for both methods of He
injection.

Significant beam diameter differences were observed between
the two methods of He injection (Tables 2 and 3). CSS injection
had beam diameters up to 11 mm for the 4mCC mirrors, which
decreased as the mode volume increased, whereas regular He
injection had typical beam diameters of 7 mm that decreased only
slightly in size as the mode volume increased. The larger beam
diameters exhibited by CSS data can be explained by the fact that
longer 2—>1 gain zones were measured9 (and most likely the 2—>0
gain zones are also longer) for CSS injection than for regular He
injection. One possible explanation for the observed decrease in
CSS beam diameters is that the highest order modes that are capa-

ble of lasing still may have enough loss to favor lasing on a lower
order mode. Therefore, even if an m=2l mode could lase, it is
more likely that a lower order mode, say m=18, would lase
because its loss would be significantly less. For the 4mCC mirrors
the ratio of the m=18 beam size to the w=21 beam size is
[2(18)+l]1/2/[2(21)+l]1/2==0.93, i.e., only a 7% difference. How-
ever, the highest order mode that could possibly lase with two
30mCC mirrors is m=l. It is then likely that the losses could be
high enough to favor lasing on a lower order mode, say w=4. If
this occurs, the beam size would be reduced by a factor of as much
as [2(4)+l]1/2/[2(7) + l]1/2=0.77, a 23% decrease. The observed
11-mm beam diameter with the 4mCC mirrors could be reduced to
8.5 mm with the 30mCC mirrors; experimentally, the beam diame-
ter of the 30mCC mirrors was measured as 7 mm. Thus, it seems
plausible that the 4mCC mirrors with a large value for mmax would
be less affected by lasing on a mode a few integers less than mmax
than would the 30mCC mirrors. Therefore it is not unreasonable to
observe significantly smaller beam diameters with the 30mCC
mirrors than with the 4mCC mirrors for CSS injection. This effect
was not as pronounced for regular He injection because the regular
He injection gain zone was shorter than the CSS gain zone, thus
restricting the size of the regular He injection beams.

IV. Overtone Efficiency
The overtone efficiency is defined to be the ratio of the overtone

power to the maximum total fundamental power,

(P^ F
(i)

undamental ' Max

Since the overtone mirrors have large inferred absorption plus
scattering (A +S) losses (Table 1), the measured outcoupled over-
tone power will be less than the total outcoupled overtone power.
Thus, to estimate the overtone efficiency, the total overtone power
must be estimated. The total overtone power is

p =•* «v^«-o1 (2)

where Pio^ is the total overtone power, Pout is the measured out-
coupled power, and P^s is the power lost to mirror absorption and
scattering. The absorbed/scattered power is calculated from the
inferred absorption/scattering loss (Table 1) and the intracavity
power

(3)

Table 4 Estimates of the absorption/scattering losses and the overtone efficiency as a function of mode
volume and medium saturation for regular He injection at 5.1 Torr; overtone efficiency is calculated by

dividing the total overtone power by the maximum fundamental power of 63.0-76.2 W.

Mirror no. la

Mode volume
4mCC 1-ad
4mCC 1-ad
SmCCl
SOmCC 1
30mCC 2
Flat 2

Media saturation
4mCC7
4mCC2
4mCC 1-ad
4mCC3
4mCC 5-ad
4mCC 1-bd
4mCC 5-bd

PIC: based on
UIUC

transmissivity
measurements,

Mirror no. 2a W

4mCC2
Flat 2
8mCC2
30mCC2
Flat 2
Flat 3

4mCC8
4mCC7
4mCC2
4mCC4
4mCC 6-ad
4mCC2
4mCC 6-bd

6183
8963
7256
7654
8389

——
226

6183
7190
9419

10,454
12,839

Outcoupled
power, W

8.1
12.1
11.9
12.4
12.5

——
2.7
8.1

11.0
14.6
11.5
19.9

Absorbed/
scattered power, Total

W power, W

32.1
43.5
31.6
33.5
37.8

——
2.5

32.1
32.1
41.9
46.0
44.3

40.2
55.6
43.5
45.9
50.3

——
5.2

40.2
43.1
56.5
57.5
64.2

Estimated
overtone

efficiency,
%

52.9-63.8
73.1-88.3
57.1-69.0
60.2-72.9
66.0-79.8

——
6.8-8.3
52.9-63.8
56.6-68.4
74.1-89.7
75.5-91.3
84.3-101.9

aad—after degradation, bd—before degradation.
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Table 5 Estimates of the absorption/scattering losses and the overtone efficiency as a function of mode volume and medium
saturation for CSS He injection at 4.4 and 4.8 Torr; overtone efficiency is calculated by dividing the total overtone power by the

maximum fundamental power of 58.5-70.8 W at 4.4 Torr and 51.7-62.6 W at 4.8 Torr

CSS He injection, 4.4 Torr CSS

Outcoupled Total power,
Mirror no. la Mirror no. 2a power, W W
Mode volume

4mCC5-ad 4mCC 6-ad 14.1 54.6
4mCCl-ad Flat 2 9.9 45.5
SmCCl 8mCC2 14.2 52.0
30mCCl 30mCC2 12.4 39.3
30mCC2 Flat 2 12.7 51.1
Flat 2 Flat 3 nmb nm

Media saturation
4mCC7 4mCC8 nm nm
4mCC2 4mCC7 . 1 . 0 1.9
4mCCl-ad 4mCC 2 ,7.6 37.7
4mCC3 4mCC4 11.7 45.9
4mCC5-ad 4mCC 6-ad 14.1 54.6

aad — after degradation, bd — before degradation. bnm — not measured.

where PIC is the intracavity power and ASX is the inferred absorp-
tion/scattering loss of mirror x (Table 1). The intracavity power is
given by

P P°ut (4\r jf, y-t)i^ j, j,
1 1 ^ L1

where Tl and T2 are the transmissivities of the two mirrors. Substi-
tution of Eqs. (3) and (4) into Eq. (2) gives

for the total overtone power, Table 1 shows that the 99.7% reflec-
tive mrrors have an inferred absorption/scattering loss that is typi-
cally two to four times larger than the transmitted percentage.
Thus, for example. Ea. (5} gives that the 4mCC nos. 1 and 2 mir-

Estimated
overtone Outcoupled

efficiency, % power, W

77.1-93.3 10.4
64.3-77.8 7.3
73.4-88.9 10.1
55.5-67.2 7.4
72.2-87.3 6.9

nm nm

nm nm
2.7-3.2 0.0

53.2-64.4 5.3
64.8-78.5 8.5
77.1-93.3 10.4

1- . . . . | . ————— r-

0>8 __.................!................. ..............................

* °

0- ' ' ' ' —— '—'—'-
0 0.1

He injection, 4.8 Torr

Total
power, W

40.3
30.8
37.0
27.4
27.8
nm

nm
0.0

26.3
33.3
40.3

Estimated
overtone

efficiency, %

64.4-77.9
49.2-59.6
59.1-71.6
43.8-53.0
44.4-53.8

nm

nm
0.0

42.0-50.9
53.2-64.4
64.4-77.9

. • . . ————— • ————— r-r-

x TRW VM
A TRW ZEBRA

.......................... 0 UI SSL Reg. He Injection ........_
• UI SSL CSS He Injection

x
A

-4- ——— —— - —— , ———————— r

|

i '-

t

0.2 0.3 0.4 0.
ihp/A (kg/m2-s)

rors (before degradation) have a Ptotal equal to 4.2 (=1+3.2) times
the Outcoupled overtone power, i.e., the absorbed/scattered power
is 76% (=3.2/4.2) of the |otal available overtone power. Jeffers1

measured overtone scattering losses that ranged from 10-64% of
the total observed overtone power, where the total power consists
of transmitted, absorbed, and scattered powers measured calori-
metrically. Because of experimental limitations that prevented all
of the scattered power from being measured, Jeffers estimated that
17-78% of the total overtone power was actually lost to scattering.
Thus, a 76% scattering loss is not unreasonable.
A. Overtone Efficiency of the UIUC Supersonic Laser

Using Eqs. (1-5) and Tables 1-3, the intracavity power,
absorbed/scattered power, total overtone power, and overtone effi-
ciency of the UIUC SSL were estimated as a function of medium
saturation, mode volume (mirror radius of curvature), cavity pres-
sure, and method of He injection (Tables 4 and 5). The overtone
efficiencies for regular He injection were calculated by dividing
the total overtone power by the maximum fundamental power of
63.0-76.2 W at 5.1 Torr. The overtone efficiencies for CSS He
injection were calculated by dividing the total overtone power by
the maximum fundamental power of 58.5-70.8 W at 4.4 Torr and
by the maximum fundamental power of 51.7-62.6 W at 4.8 Torr
(Sec. II.B).

The most important point from Tables 4 and 5 is that overtone
efficiencies of 70-90% have been obtained experimentally. These
are the highest overtone efficiencies reported to date.5 Overtone
efficiencies of 70-90% are in good agreement with theoretical
maximum efficiency estimates of 50-80%.3'20

With the estimates of the overtone efficiencies for the different
sets of overtone mirrors, the effects of mode volume and medium

Fig. 3 Overtone efficiency as a function of mF/A for different HF
chemical lasers.

saturation on overtone performance can be examined. The data in
Table 4 indicate that there is no significant change in overtone effi-
ciency as the mode volume (mirror radii of curvature) increased. It
is clear from Table 4 that a greater overtone efficiency is obtained
when the medium is driven harder, i.e., the 99.7/98% (4mCC nos.
2 and 7) mirror combination gave a much lower efficiency than
any of the 99.7/99.7% combinations. In fact, all of these 99.7/
99.7% combinations gave about the same efficiency. The CSS data
show similar trends (Table 5).

A comparison of the CSS He injection data in Table 5 with the
regular He injection data in Table 4 shows that the overtone effi-
ciencies obtained with the same set of mirrors (nominally 99.7/
99.7%) are approximately the same independent of the method of
He injection. Thus, it is possible to extract 70-90% of the funda-
mental power in the overtone for both methods of He injection for
our supersonic laser. However, there was an average decrease of
16% in overtone efficiency for the 4.8 Torr CSS injection data
compared with the 4.4 Torr overtone efficiencies. This indicates
that pressure has an effect on CSS overtone efficiency in contrast
to regular He injection results, which showed no pressure effect on
overtone efficiency.8 For CSS injection, the peak overtone effi-
ciency was 93% at 4.4 Torr.and 78% at 4.8 Torr; for regular He
injection, the peak efficiency was 90%. In all three cases the peak
efficiency occurred with the same two 4mCC mirrors (nos. 5 and
6). This suggests that, for a device optimized for fundamental per-
formance, overtone efficiencies of 70-90% may be obtainable
regardless of the device used.
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Table 6 Fundamental and overtone SSL power and spectral data for different mirrors (different medium saturations)
when the He nozzle bank purge (base absorption purge) is on or off

Mirror
reflectivity,

Fundamental
50/99.5

93/99.5

96/99.5

Overtone
98.0/99.7

99.7/99.7

Max. ttzpG»
I/cm

0.1144

0.1144

0.1144

0.001498

0.001498

asat, I/cm

0.03957

0.004397

0.002598

0.001315

0.0003406

Degree of
saturation,
<*ZPG/asat

2.89

26.02

44.05

1.14

4.40

He nozzle
bank purge

On
Off
On
Off
On
Off

On
Off
On
Off

Power, W

37.6
24.6
58.0
49.6
63.2
55.4

5.2
0.0

10.2
5.1

Change in
power, %

-34.6

-14.5

-12.3

-100.0

-50.0

Spectra

j»l(6-9),/>2(6-9)
P1(7,8), F2(6-9)

P1(8-13),P2(8-13)

/VS-ISX^CS-IS)

/>20(6-8)
None

^20(7-9)
F20(8-10)

P^PT*

0.598
0.561
0.541
0.501
0.500
0.441

na
na
na
na

Change in Power with He Nozzle Bank Purge Off
Versus Degree of Saturation

0 10 20 30 40 50
Degree of Saturation [alpha(ZPG)/alpha(sat)]

Fig. 4 Percent reduction in total fundamental and overtone powers
as a function of the degree of saturation when the He base region
purge was turned off.

The UIUG SSL overtone data presented earlier can be compared
with TRW VM and ZEBRA data.5 Blaze II21 and ORNECL20 mod-
eling studies for the SSL gave 7% SF6 dissociation for regular He
injection and 12.5% for CSS injection. Using these SF6 dissocia-
tion percentages, the mass flow rate of fluorine atoms was com-
puted. The UIUC SSL overtone efficiencies are compared with the
TRW data as a function of rhplA (Fig. 3). From this figure, it is
seen that the UIUC SSL data fall on a straight line extrapolation of
the TRW data.

The obvious question that arises from Fig. 3 is, why does mF/A
influence overtone efficiency? There are two significant differ-
ences between the HF chemical lasers compared in Fig. 3. First,
the TRW lasers, VM and ZEBRA, have significantly different mix-
ing characteristics than the UIUC supersonic laser. Second, the
TRW lasers are both combustor-driven devices; these devices have
ground state deuterium-fluoride (DF) in the primary stream (DF is
a byproduct of the NF3-D2 reaction to obtain free F atoms). The
UIUC supersonic laser is an arc-driven device that does not have
DF in its flow. The effects of different mixing schemes and DF on
overtone performance are the subject of current studies.
B. Effects of Purging Base Absorption Region

To investigate the effects of the He nozzle bank purge as a func-
tion of reflectivity and wavelength, fundamental and overtone
power and spectra were measured for several mirror combinations
to vary the saturation level in the laser (Table 6). The degree of sat-
uration in the laser is indicated by the ratio of the maximum zero
power gain (ZPG) to the saturated gain ocsat for the given mirror
combination. Since overtone ZPG data are not available and it was
desired to compare the fundamental and the overtone results, the

maximum ZPGs calculated by the ORNECL computer model20

were used for both the fundamental and the overtone. The maxi-
mum fundamental ZPG of 0.1144 cm"1 occurred on line P2(6) 1.3
mm downstream from the nozzle exit plane. The maximum over-
tone ZPG of 0.001498 cm"1 occurred on line P20(7) at the same
location. At this location in the cavity, the Blaze II computer
code21 computes the gain length Le as 8.82 cm; the saturated gain
is given by

a , = — (6)

where r^ and r2 are the reflectivities of the two mirrors. The
degree of saturation for regular He injection at 5.1 Torr is 2.1, 2.9,
4.3, 6.3, 26.0, and 44.1 for the 38, 50, 63, 73, 93, and 96% reflec-
tive fundamental outcouplers, respectively (a 99.5% reflector was
used in combination with the aforementioned fundamental outcou-
plers). The degree of saturation for regular He injection at 5.1 Ton-
is 1.1 and 4.4 for the 98.0/99.7% and 99.7/99.7% reflective over-
tone mirror combinations, respectively. The degree of saturation in
the overtone with two 99.7% overtone mirrors is approximately
the same as in the 63% fundamental case.

Figure 4 shows the percent change in power when the nozzle
bank He base purge was turned off vs the degree of saturation. The
data shown in Fig. 4 clearly illustrate that HF(0) absorption in the
base region became less important as the degree of saturation
increased; however, the curve levels off and indicates that approxi-
mately 10% of the available fundamental power will be lost even
at very high saturations. The overtone data suggest that the over-
tone performance is more sensitive to base region absorption due
to HF(0). This is reasonable since the fundamental 2—>1 lasing is
not directly affected by HF(0), whereas the fundamental 1—>0 and
the overtone 2-»0 transitions are directly affected by the presence
of ground state HF. This statement is supported by fundamental
data in Table 6 that show that the power split between vibrational
bands, PIQ/PT^ decreased when the He nozzle bank purge was
turned off, i.e., base ground state HF absorption reduced 1—>0 las-
ing more than 2—>1 lasing.

These results suggest the following conclusions. First, base
region absorption becomes less important as the degree of satura-
tion increases for both fundamental and overtone wavelengths.
Second, overtone performance is more sensitive to purging of base
region HF(0) than is fundamental performance because the over-
tone transitions are directly linked to ground state HF populations.
Third, because the overtone zero power gains are significantly
lower than those of the fundamental, it is much harder to obtain the
same degree of saturation in the overtone; consequently, it may be
much harder to reach saturation levels where the base region
absorption has only a 10% effect on overtone power.

V. Concluding Remarks
The various parameters studied that affect overtone performance

were medium saturation, mode volume, cavity pressure, base
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region absorption, gas flow rates, and the method of He injection.
Experimental factors that were vital to good overtone performance
were good mirror alignment, clean mirrors, and the elimination of
the loss produced by intracavity Brewster windows.

The most significant parameter affecting overtone performance
and efficiency was medium saturation. When the medium was well
saturated (degree of saturation was increased to 4.4), overtone effi-
ciencies of 70-90% were observed. These are the highest overtone
efficiencies reported to date.5 Overtone efficiencies of 70-90% are
in good agreement with theoretical maximum efficiency estimates
of 50-80%.3'20 However, when the degree of saturation (the ratio
of maximum zero power gain to saturated gain) was near unity,
overtone efficiencies of about 10% were observed.

Overtone efficiency was insensitive to changes in mode volume.
Smaller mode sizes (obtained using smaller radii of curvature mir-
rors) produced higher order transverse mode patterns but also
decreased the alignment and laser stability problems encountered
with larger radii of curvature mirrors.

The gas flow rates that optimized the fundamental performance
of the UIUC SSL also optimized the overtone performance of the
laser.

Increased cavity pressure reduced both the total fundamental
and overtone powers but did not significantly affect the overtone
efficiency of the laser.

Base region absorption by ground state HF has a significant
effect on overtone performance and efficiency. As the degree of
saturation increased (mirror reflectivity increased), the percent
reduction in power decreased when the He base region purge was
turned off for both the fundamental and overtone wavelengths.
However, even with very high degrees of saturation for the funda-
mental (20-50), approximately 10% of the total power was lost
when the He purge was turned off. Since the overtone zero power
gains are about two orders of magnitude less than the fundamental
zero power gains, it is much harder to obtain the same degree of
saturation in the overtone as in the fundamental. Hence, with the
highest overtone degrees of saturation obtainable (4-5), approxi-
mately 50% of the overtone power was lost when the He base
region purge was turned off. Thus, proper purging of base absorp-
tion regions is essential for good overtone performance.

The method of He injection did not significantly influence the
overtone efficiency of the UIUC SSL. This suggests the possibil-
ity that overtone efficiencies of 70-90% may be obtainable regard-
less of the device used so long as the aforementioned parameters
and experimental conditions are properly handled, i.e., high degree
of saturation, proper base region purging, optimized gas flow rates,
the use of clean (uncontaminated) overtone mirrors, and the
removal of extraneous intracavity losses such as Brewster win-
dows.
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