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I. INTRODUCTION

In this report are presented the results of tests performed on a half-~
symmetric unstable resonator with an internal axicon (HSURIA) using a large-

diameter, closed-cycle CO, laser facility.l

In a previous study, it was
determined that HSURIAs with conical rear cavity mirrors used to reduce mis-
alignment sensitivity produced linear polarization in the azimuthal direction
in the near field that resulted in a donut-shaped £ = 1 mode in the far
fleld.? 1t was possible, however, to produce a uniformly linearly polarized
2 = 0 mode by using a flat rear mirror instead of a conical mirror although

the flat mirror was quite sensitive to misalignment.

The tests described in this report are confined to the annular HSURIA
with a W-axicon beam compactor and a flat rear mirror. These tests were
designed to investigate several critical issues related to the use of the
HSURIA with a cylindrical chemical laser. The first issue is the sensitivity

to misalignment of the rear flat cavity mirror and the convex feedback mirror.

The second issue is the power loss and beam quality degradation caused by the
use of struts to support the cylindrical laser gain generator inside the
optical resonator cavity. The final issue is the feasibility of reducing the
heat flux on the W-axicon tip by an obscuration of part of the laser beam that
would be incident on the tip. The obscuration diameter should be sufficiently
large to reduce the laser radiation flux on the tip but not large enough to
degrade beam quality. The experimental tests described in this report provide
quantitative answers to these critical issues. In addition, measurements were
made on the polarization of the laser beam, and an intracavity reflection
polarizer was successfully used to control the direction of polarizationm.

In the next section, the resonator configurations used for these tests
are described, parameters are calculated, and the performance of each resona-
tor is given, Measurements of laser beam quality degradation caused by the
misalignment of the rear flat or the convex feedback mirror are presented in
Section III. Data on power loss and beam quality degradation caused by struts

are presented in Section 1V, measurements on the beam quality degradation




resulting from W-axicon tip obscuration and the thermocouple measurements of

the radiation field near the W-axicon tip are presented in Section V, and
polarization measurements and tests of the intercavity polarizer are described

in Section VI.
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II. RESONATOR CONFIGURATIONS AND LASER OUTPUT CHARACTERISTICS

The gain medium of the closed-cycle CO, laser facility is 94 cm long; 1t
has a fairly uniform zero power gain of [.2 to l.3/m over an annular region of
10 to 18.4 cm diameter that is used by the HSURIA. A rapidly flowing gas
mixture of 1l:1:4 of C02:N2:N2:He at a pregsure of 3.5 Torr is pulsed at a rate
of 10 to 15 pulse/sec with a 5.5-amp square current pulse of about 1.2 msec
duration. The resulting laser output pulses have a duration of about 1.0 msec,
and the average output laser power ranges from 7.5 to 9 W at 10 pulse/sec for

all the resonators described in this report.

A diagram of a typical HSURIA resonator used in these tests is shown in
Fig. 1. The length of the annular leg, l,, was fixed. It is the sum of the
distances from the rear flat to the turning flat axis, namely, 1.92 m and the

distance between the W—axicon tip and the turning flat, 0.19 m. Thus, Ly =

2.11 m. There is a transition distance, Ly, of 0.09 m from the tip of the W-

axicon to the outer cone. The distance from the convex feedback mirror to the
W-axicon tip is Le, the compacted length, and the sum of L,, Ly, and L. 1s the
total cavity length, L. The radius of curvature of the spherical convex feed-

back mirror is R.

The magnification of a half-symmetric unstable resonator is given by

/2 ,

{1 + (R/L)]
M= 72 _

(1 + (R/L)]}

(1)

where R is taken as positive. The actual ratio of the outer diameter of the
laser output beam to the inner obscured diameter is slightly less, however,
because the scraper is located a distance s from the convex mirror. This

ratio, which will be designated as Mg, 1s given by

11
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/2

n+ @'+ - s

M =
1+ (R/L)]lr2 -1+ S/L

(2)

and it is used for the calculation of the theoretical far-field pattern. The
value of Mg for the three convex mirror radii used in these tests is plotted

versus the cavity length in Fig. 2.

The equivalent Fresnel number of a half-symmetric unstable resonator is

given by the formula,

(3)

when the laser beam exits around the outside of the convex mirror of radius a.
When a scraper, or outcoupling mirror, is used, however, the radius, a, is the

projection of the scraper hole radius on the convex mirror, namely,

{1+ (R/L)]l/2 -1

(4)
n+ @72 -1+ s

o)

where 2ay is the diameter of the hole in the scraper mirror. Salvi3 has shown

that a further correction should be applied to obtain the corrected Neqc for
outcoupling with a scraper mirror.
1 1 1
N N N, )
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Fig. 2. Magnification vs Cavity Length for Several Convex Mirror Radii.
The limit values indicated on the curves are the values for which
the size of the near-field pattern, 2/7'30M, exceeds the width of -
the scraper mirror of 15 cm.
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where

Curves of this corrected equivalent Fresnel number are plocted versus the
cavity length in Fig. 3 for various combinations of convex mirror radii and

scraper hole diameters that were used for these tests.

Parameters of various resonator configurations used in these tests are
shown by locations designated by the letters A through E on these curves and

on the curves of Mg versus L of Fig. 2.

Most of the resonator parameters were originally selected to produce
half-integral equivalent Fresnel numbers. With Salvi's correction, however,

the N, . was slightly greater. Most tests were performed with resonators A

and B,qwhich are almost identical. Experiments were conducted with longer
compacted leg lengths, C and E, to explore the effect on strut losses and tip
obscuration, and some tests were run at low values of magnification, D, to
increase the saturation of the gain medium and determine the effect on strut
loss. A summary of the resonator parameters used in these experiments is

given in Table 1.

The beam quality, nz, as used in this report, is defined as the ratio of
the theoretical fraction of energy within the diameter of the far-field
central lobe to the actual fraction of energy within this diameter. The
theoretical fraction of energy within a given diameter is determined by
integrating the far-field intensity distribution, which is the Fraunhofer

diffraction pattern from a uniformly illuminated annular aperture, namely,

y 23,(y7) 23, (ey”)
W(y) - _—.I_.T [...._l__‘_~ - €2 _1_6_7__ Zy,dy.. (6)
2(1 - €% o y y
15
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Table 1. Summary of Resonator Parameters

Resonator L R 23y

Designation Lc (m) (m) M Mg (in.) Neq
A 1.25 3.45 32 1.91 1.84 1.75 4.62
B 1.30 3.51 32 1.92 1.85 1.75 4.60
c 2.66 4.86 50 1.85 1.80 1.875 3.58
D 2.72 4.92 96 1.57 1.54 1.875 2.52
E 4.81 7.01 50 2.08 2.04 1.75 2.63

17




This integral is normalized to unity for y + «. Jl(y) is the Bessel’'s
function, and ¢ 18 the ratio of the inner to the outer diameter of the

annulus.

€

-1
%

The argument y in the Fraunhofer diffraction pattern is equal to kra, where k
is the wavenumber, 2n/)A; r is the outer radius of the annular aperture;
and a is the angle ¢f the far-field radius observed from the aperture

location.

Theoretical curves for several values of resonator magnification used in
these experiments are shown in Fig. 4, along with a curve for an unobscured
circular aperture (M = =) that is shown for comparison. The fraction of power
in the central lobe varies from 32% for Mg = 1.54 to 49X for Mg = 2.04.

The experimental beam quality curve, i.e., a curve of the fraction of
power within a given diameter in the far field, was obtained by focusing a
fraction of the laser beam reflected from a beam splitter onto an aperture
plate with hole sizes from 0.010 to 0.060 in. diameter and with one large hole
of 0.500 in. diameter, which transmitted nearly 1002 of the beam. The
aperture plate was rotated with a stepper motor to put the various apertures
at the focus of the beam. The energy transmitted through the apertures was
measured with a laser power meter or with a Hg:Cd:Te detector using a
scattering plate. The diameter of the aperture is related to the argument, vy,

by the formula

2QF
d ~u N

obtained from the definition of y given previously, where D is the outer diam-
eter of the laser beam on the concave focusing mirror, F is the distance from

this mirror to the focus, and A is the wavelength of the laser radiation. The

18
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first null in the integrand of Eq. (6) occurs at a value of the argument that

will be designated as yp. This, of course, varies with the value of € or Mg,

as indicated in Table 2. The first null in the theoretical far-field pattern
should then occur at a diameter dg that corresponds to the value of the argu-

ment yg according to Eq. (7). The central lobe should then be contained with-
in the diameter do, which is often called the diameter of the bucket, and the

laser beam power within this diameter is called the power in the bucket, which
is designated by Po. The ratio of Py to the total power P, is given in

Table 2.

A typical experimental beam quality curve is shown in Fig. 5 for reso-
nator A. The bucket diameter for this case is 0.033 in., and the measured
fraction of energy transmitted at this diameter is 34). The theoretical value
is 43.2%, so the beam quality n? is 1.27. A summary of the measured beam
quality data for the five resonator configurations with no misalignment,
struts, or other obscurations in the resonator cavity is given in Table 2.

The beam quality n2

is slightly larger than unity for all the resonators
tested. The principal reason for this degradation is that aberrations occur in
the W-axicon that are clearly shown in the interferograms of the flat mirror-
W-axicon combination.2 The beam quality for all resonator configurations
tested was sufficient to determine the degradation caused by mirror misalign-
ment, struts, W-axicon tip obscuration, etc. Typical photographs of the near-

and far-field patterns on a thermal image screen are shown in Fig. 6.

20
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ITI. MISALIGNMENT SENSITIVITY OF CAVITY MIRRORS

The primary disadvantage of the HSURIA resonator with a rear flat cavity
mirror is the sensitivity of the laser beam quality to misalignment of this
mirror. This was reported previously for the resonator configuration A2 The
beam quality degradation caused by misalignment of the rear flat mirror was
measured for a couple of additional resonator configurations, namely C and D,
and the results were similar to those reported for A2 These results, given
in Fig. 7, show that the fraction of power in the central lobe suffers a sig-
nificant decrease for a mirror misalignment of +5 prad. Indeed, it was nec-
essary to periodically tweak the rear flat gimbal adjustment to maintain the
best beam quality.

The laser beam quality is, on the other hand, relatively insensitive to
misalignment of the convex feedback mirror. Figure 8 shows the beam quality
degradation for HSURIA configurations C and D as a function of the misalign-
ment angle of the convex mirror. The beam quality remains relatively good for
misalignments of up to 200 urad, but degrades rapidly for greater misalignment
angles. Near- and far-field beam patterns with misaligned resonator mirrors
of A were provided in Ref. 2. The convex mirror is, therefore, a factor of 20
less sensitive to misalignment than the rear fla: mirror for all resonator

configurations tested.

An angular misalignment a of a convex spherical resonator mirror of
radius R (in a half-symmetric unstable resonator with a flat rear mirror) will
move the optic axis laterally by a distance aR, because as a condition for
resonance, the optic axis must be perpendicular to the surfaces of both the
convex and the flat mirrors. This causes the outer diameter of the laser
output beam to shift toward the fixed inner obscuration diameter, and the

near-field pattern becomes asymmetric. Krupke and Sooy4

studied the effects
of misalignment in a confocal, unstable resonator. They observed that as long
as the optic axis (and a region of diameter v¥AL around it) lay within the
boundaries of both mirrors, the mode will be essentially a lowest order

geometric mode. Using this criterion for our HSURIA resonators, which we

25 : |
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approximate as a half-symmetric unstable resonator, one would not expect

degradation as long as
aR < (a - !;E)
For typical values of a = 0.02 m, R = 50 m, and L = 5 m

aR < 0,016 m or a < 320 prad

This is somewhat larger than the measured value of 200 prad.
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IV. POWER LOSS AND BEAM DEGRADATION CAUSED BY STRUTS

In a cylindrical laser, the gain generator must be supported within the
resonator cavity by struts, and it is important to determine the effect of
these struts on the laser output power and beam quality. The struts were
simulated by masks that are shown in Fig. 9. The strut masks could be mounted
on the window frames of the discharge tube or in a frame directly in front of
the W-axicon (positions 1, 2, and 3 in Fig. 2). The masks usually consisted
of six struts of either 2-1/2 or 5 deg, although masks with only three struts
were also tested. A summary of the results is presented in Table 3. Four
resonator configurations were used to obtain data over a range of magnifica-
tions and compacted leg lengths. The degradation of laser output power caused
by the struts was much greater than the fraction of geometric obscuration.

For a strut mask consisting of six 2-1/2-deg struts, the geometric obscuration
is only 4.17%Z, but the power loss was about 25% or six times the geometric

value when this strut mask was placed in front of the W-axicon.

In a half-symmetric unstable resonator, a beam must pass the struts
several times as it expands from a small diffraction-limited core on the axis
to a diameter that is finally reflected out of the resonator by the scraper
mirror. The effect of diffraction on the power caused by struts can, there-
fore, be modeled approximately as a beam that traverses the struts ten times
(i.e., five roundtrips for a typical unstable cavity). This analysis, devel-
oped by J. W. Ellinwood, is discussed in the Appendix, and the result indi-
cates a power loss of about 2.5 times the geometric value for 2-1/2~deg
struts, which is less than the observed value of six. The additional loss is
believed to be caused by a lack of gain saturation of the Co, gain cell.

Strut blockage in the annular leg of the HSURIA can be considered as an
approximate effective reflection loss resulting from diffractive mixing in the
compact leg.6 This reduced reflectivity will decrease the threshold gain, and

reduce the power extraction as discussed in the Appendix.

In the present experiments, the zero power gain was less than twice the

threshold gain; therefore, the CO, gain medium was relatively unsaturated.
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Table 3. Summary of Experimental Data on Strucs

HSURIA Strut Strut Power Power Loss Bean 2
Configuration Mask Position® Loss (%) Geometric Loss Quality (n“)
B None 1.27
L=351m Six 2~1/2 deg 1 14.3 3.43 1.37
Mg = 1.85 Six 2~1/2 deg 2 25 6.00 1.44
- Six 5 deg 1 20 2.40 1.49
Six 5 deg 2 27,3 3.27 1.49
Six 2~1/2 deg 3 26.3 6.30 1.54
Six 2~1/2 deg 1 and 3 26 6.24 1.54
Six 5 deg 3 30 3.60 1.70
c None 1.32
L=4.86 m Six 0,006~in. dia 2 0 1.26
Mg = 1.80 Six 0,020-in. dia 2 0 1.28
Six 0,051-in. dia 2 13.3 8.11 1.31
Six 2-1/2 deg 1 and 3 1.58
Six 2-1/2 deg 2 25 6.00
Three 2-1/2 deg 2 8.3 4,00
Six 5 deg 2 31 3.72
Three 5 deg 2 13.8 3.31
D None 1.14
L=4,92m Six 2-1/2 deg 3 25,7 6.16 1.28
Mg = 1.54 Six 5 deg 3 28 3.36 1.36
Six 2-1/2 deg 1 19.2 4,60 1,28
Six 2-1/2 deg 1 and 3 25 6,00 1.45
Six 5 deg 3 26,2 3.14
Six 5 deg 1 and 3 30.5 3.66 1.68
E None 1.19
L=7.01lm Six 2-1/2 deg 3 25 6.00 1.35
Mg = 2.04 Six 5 deg 3 28 3.36
81-Far Window
2-Near Window See Fig. 1
3-W-Axicon
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For unsaturated conditions, a small change in reflectivity, which is
equivalent to strut loss, will produce a large change in output power. Thus,
the observed output power loss, resulting from six 2~1/2-deg struts of six
times the geometric value, 1s caused by lack of gain saturation and diffrac-
tion loss factors. A complete analysis, taking into account both diffraction
effects within the resonator and gain saturation, was performed by Seminov.6
This detailed analysis correctly predicted our power loss measurements of 25
and 30% for six 2-1/2- and 5-deg struts (at the W-axicon position),

respectively.

When the mask with six struts was replaced by one with three struts, the
output power loss was decreased by approximately a factor of two as expected.
The differences shown in Table 3 are more than half, but the accuracy of these
loss measurements was only 14X because of output power fluctuations. Note in
Table 3 that a second strut mask located at position 1 caused very little
additional power loss when a strut mask was already located at position 3,
provided that the two masks were properly aligned.

A photograph of the near~field patterns for HSURIA configuration E is
shown in Fig. 10. The calculated intensity distribution, caused by diffrac-
tion for a single 2-1/2-deg strut after one and ten passes neglecting gain
saturation effects, is shown in the Appendix in Fig. A-1l. The calculated
angular width of the first maxima is about ten times the geometric width. This
is in reasonable agreement with the measured width of the first maxima of
about eight times the geometric strut width (Fig. 10). The near-field inten-
sity distribution obtained with a strut mask 1is a complex diffraction pattern
that could degrade the beam quality. The beam quality degradation caused by

7

struts was also calculated by Seminov’ and the results are in reasonable

agreement with our measurements. The use of six 2-1/2-deg struts in two

2 to increase from about 1.3 to 1.55 for

places causes the beam quality index n
HSURIA configurations B and C, from 1.14 to 1.45 for configuration D, and from
1.19 to 1.35 for configuration E. The use of 5~deg struts causes a greater
deterioration of beam quality. The characteristics of this beam degradation

are shown by the beam quality curves in Figs. 11(a) and 11(b).
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An experiment was performed with HSURIA configuration C to determine the
minimum strut size that causes a loss of power. No power loss was observed
for wire strut diameters of 0.006 and 0.020 in., but a wire diameter of 0.051
in. caused a significant power loss of approximately eight times the geometric
obscuration. For the wider, 5-deg struts, however, the power loss was about
3.5 times geometric. Thus, as might be expected for the wider struts, the
relative effects of diffraction are reduced. The degrading effects of the
struts should decrease with shorter wavelength, since the diffraction patterns

from each of the struts will become smaller.
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V. OBSCURATION OF THE W-AXICON TIP

In a HSURIA used with a high-power cylindrical laser, there would be a
high-flux density on the tip of the W-axicon or reflaxicon. It has been pro-
posed that this flux density could be reduced by a partial obscuration of the
beam at the optic axis. This could be done by a circular aperture of a diam—
eter slightly smaller (for a W-axicon) than the diameter of the optic axis.
This obscuration, however, will also degrade the mode control and the output
beam quality.' The experiments described in succeeding paragraphs were per-
formed to determine the beam degradation caused by this tip obscuration.
Also, measurements were made of the radiation flux in the region of the W-
axicon tip with and without an obscuration aperture using a new thermocouple

technique.

The obscuration of the W-axicon tip was first accomplished by suspending
a small steel ball in front of the tip with a fine wire. The use of a circu-
lar aperture in front of the W-axicon was more convenient, and there was con-
currence between the two methods. The W-axicon transforms the optic axis of
the compacted leg into a cylinder of 18.415 cm (7.25 in.) diameter in the an-
nular leg. Circular apertures of 18.415 cm (7.25 in.), 18.315 cm (7.21 in.),
18.215 cm (7.17 in.), 17.915 em (7.050 in.), and 17.415 cm (6.85 in.) diameter
were used for these tests to provide equivalent obscuration diameters of O, 1,
2, 5, and 10 mm.

The beam quality degradation was negligible for obscuration diameters of
up to 2 mm for all the HSURIA resonators tested, namely, B, C, D, and E. For

a 5-mm-diameter obscuration, however, the beam degradation was significant for

resonators B, C, and D. The larger obscurations were not used with resonator E.
Beam quality curves for resonator B are shown in Fig. 12 for no obscuration %
and for a 5-mm—-diameter obscuration. The beam quality index, nz, increases i
from 1.29 to 1.69 with the obscuration. The beam quality degradation for E
HSURIA configurations B, C, and D are shown in Fig. 13 as a function of ob-

scuration diameter. These curves are all very similar, although the compacted

leg lengths for C and D are twice that of resonator B. Mode control of a
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FRACTION OF POWER TRANSMITTED
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Fig. 12. Beam Quality Curves with and without W-Axicon Tip
Obscuration
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HSURIA theoretically occurs in a central diffraction-limited core in the
compacted leg. The simplest analysis of the preceding results is a comparison
of the obscuration diameter with the size of this central core. Assuming the
size of this core is determined by a Fresnel number of unity, then the

diameter 1is

For resonator B, with L, = 1.31 my d = 7.46 mm. For resonator C, where

Le = 2,66 m, d = 10.62 mm, and resonator D is approximately the same. A tip
obscuration diameter of 2 mm is only one-fourth the size of the central core,
and the effect on mode control is negligible. Significant beam degradation is
observed when the obscuration diameter becomes comparable with the diameter of

the diffraction-limited core.
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VI. THERMOCOUPLE SCANS OF THE W~AXICON TIP REGION

For the initial test of tip obscuration, a small steel ball was suspended
in front of the W-axicon tip with a thin nylon filament that was burned when
the laser was turned on. It was then realized that there was a regicn of high
flux near the tip, and a small thermocouple probe of 0.5 mm diameter was made
from iron and constantan wire of 0.15 mm diameter to obtain measurements of
this flux density. An approximate calibration of this thermocouple probe was
obtained by placing it at the position of the thermal image screen where there
is a magnified image of the far-field pattern. The relative radiant flux
density at this location was determined by scanning the far-field pattern with
a small aperture and an infrared detector. This scan is shown in Fig. 14, The
total average power in the pattern was measured with a laser power meter to be
4.4 W, Approximately 33X of this power is in the central lobe that was deter-
mined to be 0,15 in. or 0.38 cm diameter from the detector scan. From these
data it was estimated that the peak average flux density was about 4 W/cmz.
This produced an average temperature of 140°C. Furthermore, a comparison of
the detector and thermocouple scans shows the latter response to be nearly

linear.

Severil vertical thermocouple scans at increasing distances from the W-
axicon tip are shown in Fig. 15(a). The high-flux region has a half-width of
2 mm diameter and decreases to half its peak value at 2.5 mm from the tip.
This high-field region is evidently caused by diffraction in the region of the
cylindrical optic axis that is reflected radially inward by the outer cone and
is not intercepted by the inner cone. The thermocouple junction intercepts a
portion of this radiation, which is incident primarily from the radial
direction, although a small fraction may come from the W-axicon tip. This
latter contribution should not decrease as the thermocovole is moved from the
tip. The peak flux density incident on the tuermocouple junction can be esti-
mated from the calibration with the far-field pattern. For the calibration,
an average temperature of 140°C was obtained from an average flux density of

4 V/cn2 incident from one sfde. A comparable average temperature was obtained
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near the W-axicon tip from radiation incident inward from the radial direc-
tion. From geometrical considerations, this average flux was approximately
1.0 w/cmz. For a duty cycle of 1%, the peak flux during a pulse 1is nearly
100 w/cmz. The apertures, which are slightly smaller in diameter than the
optic axis, intercept this diffracted radiation, so the high-field region
outside the tip disappears, as shown in Fig. 15(b).

Note that the flux incident on the W-axicon tip itself was not measured
by these thermocouple scans, but this could be easily performed by scanning
the thermocouple a short distance from the surface of the inner cone near the

tip.
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VII. POLARIZATION OF LASER OUTPUT BEAM

One should expect that the output beam of the HSURIA resonator with a W-
axicon and flat rear cavity mirror should be linearly polarized,2 and indced
the £ = 0 mode that is observed is compatible with a linearly polarized out-
put. There is, however, no optical element in the resonator cavity that would
cause a preference for a given direction of the linear polarization. Observa-
tions of the direction of polarization of the laser output beam showed rapid
fluctuations in the direction. Figure 16, for example, shows detector signals
corresponding to the horizontal and vertical directions of polarization. The
output is observed to switch rapidly in mid-pulse from a mostly vertical

direction to a mostly horizontal direction.

An experiment was therefore designed to control the direction of polar-
ization of the HSURIA with reflection polarizers that were described by Cox
and Hass.8 An optical diagram of this resonator is shown in Fig. 17, The two
plane reflection polarizers were mounted between the convex mirror and the
output coupling mirror (scraper). The output beam was then determined to be
vertically polarized with a horizontal component of less than 2%, and the best

2. 1.3, almost as good as that observed for the

beam quality observed was n
similar resonator configuration B. It is therefore possible to easily control
the direction of linear polarization for a HSURIA resonator with a flat rear

mirror using flat polarizing reflectors.
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UPPER  HORIZONTAL
TRACE ANALYZER

LOWER VERTICAL
TRACE ANALYZER

200 ,usec/cm

Fig. 16. Detector Signals Corresponding to Laser Output in
Horizontal and Vertical Directions of Polarization
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VIII. SUMMARY AND COMMENTS

The HSURIA with a W-axicon and a flat rear cavity mirror is capable of
producing an £ = 0 mode with a beam quality of better than n = 1.3, This was
considered adequate for experimental tests of several important effects asso-
ciated with the use of this annular resonator with a real cylindrical chemical
laser. First of all, the vibration caused by the operation of a chemical
laser could result in misalignment of the optical elements. Measurements
showed that even small misalignments of the rear flat mirror resulted in a

severe degradation of beam quality, so a HSURIA with a rear flat mirror could

not be used in a vibrational environment without the use of a sophisticated
active control system. The spherical convex feedback mirror, however, was not

sensitive to misalignment.

Secondly, struts must be used to provide support for the chemical laser
galn generator inside the optical cavity and they must also be used to route
gas feed lines to the gain generator. Our experiments have shown, however,
that power losses of up to 30% (for six 5-deg struts) result when strut masks
are placed in the annular beam of a HSURIA resonator. Analysis has shown that
these losses result in part from diffraction effects and in part from the
relatively low degree of saturation of the gain medium. Computer calculations
taking both of these effects into account agree with our experimental power
loss data.7 For annular chemical lasers operating at shorter wavelengths and
with higher gain, the power loss caused by struts would be closer to the geo-
metric fraction of obscuration. Struts also produced a degradation of beam

quality that increases with strut width.

It has been proposed that excesgive heating of the W-axicon or reflaxicon
tip, caused by the concentration of radiation at this point, can be reduced by
a partial obscuration of the tip with an aperture. Our tests have shown that
this can indeed be done without a significant degradation of beam quality as
long as the effective or output power diameter of the obscuration is much
smaller than a Fresnel zone, referred to the length of the compacted leg. An

obgscuration that is comparable in diameter to the Fresnel zone causes a loss

49

i L i ..

FHECEDLNG PAJE BLAMK-NOT F1LIED




of mode control. While investigating the effects of tip obscuration, it was

discovered that there is a region of high flux just outside the tip of the W-
axicon, and this region was measured with a small thermocouple probe. This is j
reflected from the outer cone past the W-axicon tip, and it disappears when a
circular aperture slightly smaller in diameter than the expanded optical axis
is placed in front of the W-axicon. Finally, it has been demonstrated that

the polarization of a HSURIA with a flat rear mirror can be controlled with a

reflection polarizer without a degradation of beam quality.




APPENDIX

EFFECT OF DIFFRACTION AND GAIN SATURATION
ON POWER LOSS CAUSED BY STRUTS

A. DIFFRACTION EFFECTS

A numecical model of the struts was developed in an effort to understand
the cause of the large strut losses. Photographs of the near field show a
pattern of light and dark bands in the vicinity of each strut, and the pattern
does not meet between struts. Therefore, the numerical model chosen was Car-
tesian; {.e., it modeled only propagation past a single strut many times. Gain
medium effects were neglected. In this analysis, a configuration was used
where the struts are equidistant between the resonator mirrors such that the
struts are the same distance, L, apart. The number of passes through consecu-
tive struts was assumed to be ten. This corresponds to five roundtrips
through the resonator, which 18 typical for the unstable cavities considered.
A conventional iterative Fresnel-Kirchoff diffraction formulation was used to
calculate the intensity distribution and integrated power at the strut loca-
tion from one to ten passes. The calculation assumed L = 3.45 m (HSURIA cavi-
ty length), A = 10.6 u, and a strut half width € = 2.01 mm (2-1/2-deg strut).
The parameter used in the Fresnel diffraction calculation was E = e/AL72 =
0.42, which is the normalized geometric half width of the strut. As the beam

propagated between the struts, the effective half width gradually increased
because of diffraction.

Figure A-1 shows the calculated intensity distribution at the strut
location for the first and tenth passes. The corresponding integrated power
or the "effective” half width is shown in Table A-1. It is apparent that
there is significant widening of the strut image while going from one to ten
passes. For the first and tenth passes, the first maxima occur at 3.5 and 10
times the geometric strut width, respectively. On the other hand, the power

loss for the first and tenth passes is 1 and 2.5 times the geometric loss,
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Table A-l.

Effective Strut Half~Width (E)

Pass No. E
0 0.420
1 0.424
2 0.627
3 0.738
4 0.804
5 0.85
6 0.91
7 0.98
8 0.99
9 1.03
10 1.04
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respectively. Thus, even though the strut image is much wider than the
geometric strut, diffraction redistributes the intensity so that the power
loss is reduced. The calculated power loss after ten passes for 2-1/2-deg
struts is 2.5 times the geometric loss. Conversely, the measured power loss
is six times the geometric loss for 2-1/2-deg struts. The difference is

attributed to lack of gain saturation on our CO, test bed.

We have considered the effect of diffraction alone on the intensity dis-
tribution and power loss caused by struts. Another limiting case of interest
is to neglect the effect of diffraction and consider only gain saturation
effects. The numbers obtained from either limiting case, of course, will not
be quantitative and will only be useful in showing trends. Conversely, a more
complex analysis in which both diffraction within a resonator and gain satura-
tion are simultaneously considered does not as readily pinpoint the important

physical phenomena.

B. GAIN SATURATION EFFECTS

The strut blockage in the annular leg of a HSURIA can be considered an

effective reflection loss that will increase the threshold gain and thereby

reduce the power extraction. When a resonator is operating near threshold, a
small reduction in reflectivity will produce a large decrease in output power,
while if it {s well above threshold, the output power variation will be
reduced. From Rigrod's analysis it can be shown (within the homogeneous

broadening approximation) that the output power from an unstable resonator,

P rr 7

g

os os t 1 s
e %= (1 - —)(1 - __)/(1 - __~)
Pm AIogok go MZ MZ

assuming a geometric loss is given by

e~

where

P, = maximum power available from the gain medium = Al g %

I, = saturation intensity = 4 W/cm2
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g, ™ zero power gain = 1.25 o1

Lt = gain length = 0,92 m
A = area of mode in gain region
g, = threshold gain
= % 1n (H//;;;)
M = resonator magnification = 1.9
r = roundtrip reflectivity of mirrors = (0.98)8 = 0.851

r, = effective roundtrip reflectivity due to struts = rfs

(p__ = P, for the no-strut case where rg = 1.0)

0s S

I = single pass reflectivity due to struts

The observed fractional power loss caused by struts is given by (1 - Pos/Po)'
The ratio PO/Pm = (0,352 shows that the laser is operating in an unsaturated
regime. In order to produce a 25% loss in total output power, a single pass
reflectivity caused by strut obscuration of ry, = 0.914 is required. Thus, to
produce the measured 25% power loss for six 2-1/2-deg struts at the position
of the W-axicon, a single pass strut loss of 8.6% is indicated for gain satu-
ration effects alone. This is more than twice the geometric strut loss of
4.2%, so diffraction effects are still important. For six 5~deg struts that
produce a 302 power loss (Table 3), a single pass strut loss of 10.4% is
required which is close to the geometric value of 8.4%. Thus, it appears that
for 5-deg struts, diffraction effects are less important, and the losses are

nearly geometric.

Next consider the case of the struts located near the flat mirror in the
HSURIA annular leg. For this case the radia*ion field hits the struts only

once per roundtrip, and r_ corresponds to the single pass strut reflectivity.

]
Experimentally, 14 and 20% power losses were measured for six 2-1/2- and six
5-deg struts, respectively. Single pass strut losses of 9.4 and 13.3% are

calculated for the 2-1.2- and 5-deg struts, respectively. This is near the
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calculated single pass strut losses for the case of the struts located near
the W-axicon. The losses are slightly larger because the strut mask was

located a small distance from the flat mirror near the window of the gain
cell.

fFinally, with the aid of the simple homogeneous gain model, we can
investigate the effectiveness of reducing the magnification of the unstable
resonator to increase the saturation of the gain medium versus increasing the
gain length. By reducing the magnification from 1.9 to 1.4 and keeping all
the other parameters the same, the single pass strut loss to produce a 25%
power loss is 9.9%, nearly the same as the M = 1.9 case. Alternatively,
changing M = 1.9 to 1.4 for the same single pass strut loss of 8.6% would only
reduce the output power loss from 25 to 22%. Thus, decreasing the magnifi-
cation from 1.9 to 1.4 would not have a significant effect on the output power
loss for the six 2-1/2~deg struts. This is consistent with our experimental
results, whereas, the output power loss caused by struts was esseatially the

same for the M = 1.9 resonator compared with an M = 1.5 resonator.

If one increases the gain length from 2 = 0.92 m to £ = 1.5 m, and leaves
the other parameters the same (M = 1.9), a 25% power reduction corresponds to
a 17.3% single pass strut loss or an 8.67 strut loss (L = 0.92 m, 2-1/2-deg
strut case) corresponds to a 13% output power reduction. Thus, increasing the
gain length to & = 1.5 m should significantly reduce the observed output power
losses caused by struts, and data more representative of a saturated high
power device would be obtained. The penalty would be an increased cavity

length and a reduction in the range of equivalent Fresnel numbers that could
be studied.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-
imental and theoretical f{nvestigations necessary for the evaluation and applice-
tion of scientiffc advances to nevw military space systeas. Versatility and
flexibility have been developed to a high degree by the laboratory persomnel in
dealing with the many problems encountered in the nation's rapidly developing
space systems. Expertise in the latest scientific developments {s vital to the
accomplishment of tasks related to these problems. The laboratories that con-
tribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry aerodynamics and heat
transfer, propulsion chemistry and fluid mechanics, structural mechanics, flight
dynamics; high-temperature thermomechanics, gas kinetics and radiation; research
in environmental chemistry and contamination; cw and pulsed chemical laser

development including chemical kineti{cs, spectroscopy, optical resonators and
bear pointing, atmospheric propagation, laser effects snd countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and redia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvironmental research and
monitoring.

Electronics Research Laboratory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communicatfons, lidar, and electro-optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radiometric imaging; millimweter-wave and microwave technology.

Information Sciences Research Office: Program verification, progras trans-
lation, performance-sensitive system design, distr‘buted architectures for
spaceborne computers, fault-tolerant computer systems, artificial {ntelligence,
and microelectronics applications.

Materiasls Sciences Laboratory: Develnpment of nev materisls: metal matrix
composites, polymers, and new forms of carbon; component failure analysis and
reliadbility; fracture mechanics and stress corrosion; evaluation of materfals in
space environment; materials performance in epace transportation systems; anal-
ysis of systems vulnerability and gurvivability in enemy-induced environments.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radtation
from the atmosphere, density and composition of the upper atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation of
plasma waves in the magnetosphere; solar physics, infrared astronomy; the
effects of nuclear explosions, magnetic storms, and solar activity on the
earth's atmosphere, ionosphere, and wmagnetosphere; the effects of optical,
electromagnetic, and particulate radiations in space on space systems.







