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Pressure Wave Attenuation
Due to Anode Mufflers in Pulsed Lasers

B.N. Srivastava*
Avco Everett Research Laboratory, Inc., Everett, Massachusetts

This paper addresses some new technical aspects of acoustic suppression in an open cycle pulsed laser device.
An open cycle pulsed CO; laser system has been studied in order to predict the effect of various acoustic design
parameters on the cavity clearing process. More specifically, the effect of an anode muffler (commonly used for
transverse wave attenuation), in combination with a downstream acoustic horn, on the cavity-generated ‘
longitudinal waves is discussed by developing numerical solutions of the flow. conservation equations. The
results presented in this paper suggest that anode mufflers can provide an effective means of achieving rapid

acoustic clearing in the laser cavity.

Nomenclature

=nondimensional acoustic speed (d/a,)
=total backing depth of the muffler
=duct height

=length of the laser cavity (cm)
=nondimensional pressure (p/pyRTy)

‘=gas constant v
=nondimensional time (a, /L)
=nondimensional temperature
=nondimensional longitudinal velocity (&#/a,)
=nondimensional longitudinal distance (¥/L)
=open area ratio of the sidewall muffler
=ratio of'specific heats
=nondimensional density (5/0,)

bQQX:»ﬁN';U'bhmga

Subscripts

b = backing volume properties

d = conditionsin the main channel

p =conditions in the wall perforations

0 =initial unperturbed conditions in the laser cavity

I. Introduction

COUSTIC suppression in repetitively pulsed.gas lasers is

of prime technical importance due to its effect on laser
beam quality and hence pulse repetition frequency (PRF).
Such acoustic waves are generated in the laser cavity during
the laser pumping process and are basically caused by the
waste heat part of the total energy deposited in the laser
cavity. The strength and nature of these waves depend on
several parameters which are generally characteristics of an
individual laser system. In general, two types of acoustic
waves are generated in a laser cavity. The longitudinal
acoustic waves (i.e., in the flow direction) are: generated
because the energy deposition to achieve laser pumping takes
place in a small confined zone.! Almost invariably the energy
deposition time is very short compared to the acoustic transit
time across the cavity. This therefore results in an over-
pressure of the pumped region, causing longitudinal waves.
These waves have been addressed in several recent. in-
vestigations for CO,,? chemical,>* and excimer’’ lasers.
Waves moving predominantly transverse®® to the flow
direction are caused by two effects. One is the nonuniform
energy deposition transverse to the flow.! This mechanism of
transverse wave generation is generally not important because
any_ significant nonuniformity in the energy deposition is
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avoided by proper choice of design variables of the laser
cavity.! Nonetheless, in some laser systems such as an excimer
laser,? this effect may remain significant because the output
laser wavelength is small "(A<0.5 pm), implying a .more
stringent medium .- homogeneity requirement. The other
mechanism of transverse wave generation is the fact that in
some laser systems (such as in a CO, electric discharge laser)
the electrodes are slightly displaced from the sidewalls' to
prevent an arc from piercing the electron-beam foil. This
results in almost no energy deposition between the foil and the
electrode rod giving rise to strong transverse waves. Thus, a
system like this would consist of strong transverse as well as
longitudinal waves. To date, no work has been done to ad-
dress the general two-dimensional acoustic wave suppression,
due to the complexity of the problem.

This paper deals with an open-cycle puised laser system.
Examples of open-cycle devices are CO, electric discharge
lasers? and HF/DF chemical lasers.>* In either case the
approach is to place a choked orifice plate close to the laser
cavity in order to achieve high PRF and mass-utilization
efficiency. Thus, the longitudinal waves that travel upstream
of the cavity are reflected by the choked orifice plate to a
downstream location where suitable attenuators are used? to
attenuate  these waves. For transverse waves, which are
generally strong for such devices, a means to attenuate these
waves is needed. Since the dominant transverse wave
reverberates in the laser cavity in the transverse direction
between the two sidewalls, an acoustic attenuator is required
in the cavity to attenuate these waves. For a laser system of
the type under consideration the only space available is behind
the anode rod structure.! Thus, conventionally, an anode
absorber is used to attenuate the transverse waves. This paper
concerns itself with such an anode absorber; more
specifically, a finite capacity anode muffler.

There are several technical issues associated with the design
of such an anode muffler. These issues are the overall ef-
fectiveness of the anode muffler in attenuating the two-
dimensional waves, which consist of the transverse waves and

‘the longitudinal waves and also management and redirection

of hot gas flowing out of the muffler volume into the main
channel at late times. The first of these issues could be ap-
propriately addressed only through a two-dimensional
analysis of the problem, including nonlinear effects.
Although the problem is amenable to analysis through
numerical calculations, the information generated from such
an analysis may not provide an insight into the controlling
physics and important design information. For this reason, it
is considered essential to take an approach where one would
introduce complexity into the problem using a step-by-step
process. This stepping procedure has lead us to first analyze
the problem of the effectiveness of the anode muffler in
attenuating the longitudinal waves. This problem is,
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therefore, the subject matter of the present paper. The ob-

jective herein is to demonstrate that the anode mufflers play a

dominant role in attenuating/stretching the longitudinal wave

and hence help in achieving the required medium

homogeneity. Design consideratioris for such mufflers,
- therefore, must include its effect on these waves.

The effectiveness of the anode muffler in attenuating: the
longitudinal waves must be considered in two separate
categories. When the laser initiation process takes place, the
waves in the cavity consist of shocks and expansions moving
upstream and downstream. If the downstream attenuators are
assumed to be perfect absorbers (with no reflection), it is
sufficient to estimate the effectiveness of the anode muffler
on cavity-generated and flow-plate-reflected waves. However,

in practice, such a perfect absorber can not be designed.

Hence, the performance of the anode muffler is dependent
also on what is placed downstream of the cavity. The scope of
this paper is extended to the study of the anode mufflers in
conjunction with downstream attenuators.

The paper is divided into several sections. Section II defines
the specific problem, discusses some scale-up considerations,
and identifies the requirements for the laser system. In Sec.

III, we present our theoretical approach, relevant numerical

analysis, and other modeling details. Section IV details the
basic results of our analysis, design optimizations, and
generalizations about acoustic suppression in pulsed laser
systems.

II. Physical Problem

The physical problem discussed herein relates to an open-
cycle CO, electric discharge laser system. The laser gas

mixture is 3/1/0.08 N,,CO,,H, and operates at. 220 K and’

atmospheric pressure. These conditions have been determined
from the laser kinetics and efficiency standpoint. The flow
Mach number in the cavity is nearly 0.1 ~0.2, while the
overpressure in the cavity after energy deposition is nearly 2
atm. The cavity flow Mach number and the overpressure
determine the strength of the initial waves which are required
to be damped in a specified time (consistent with the desired
PRF). The requirement for medium homogeneity is based on
the laser beam quality and is nearly 4-5 x 10~4. The geometry
of the device consists of an anode to cathode spacing of 12.0
cm, and a spacing of 1.6 cm between foil and cathode (see Fig.
1). The physical problem identified here is basically a scaled-
up version of the problem discussed in Ref. 2. This device is
also discussed in Ref. 1. However, in Ref. 1, the technical
problem addressed was that of the discharge and the energy
deposition uniformity in relation to the laser cavity design.
The problem addressed herein is the acoustic suppression
studies as outlined in the previous section.

After having defined the cavity characteristics and
operating conditions for the laser system, an -acoustic
characterization of the system is required. This charac-
terization would enable one to determine the extent of
acoustic damping that will be needed in order to achieve the
required medium homogeneity within a specified time. This
can be done by studying the acoustic clearing process in a
semi-infinite hard wall? constant-area duct following the laser
cavity. Figure 2 shows the results of such a study where the
cavity clearing process is demonstrated with time. The

dependent variables are root mean square (rms) cavity density

perturbation, (Ap/pg)ms, and rms density perturbation after
linear (tilt term removed) correction, and the independent
variable is the nondimensional time (@,¢/L). The labels on the
figure indicate various waves clearing out of the cavity. Note
that the interaction of acoustic waves with the flow plate is a
nonisentropic phenomenon resulting in the generation of
entropy waves.> These waves are generally quite important
because they travel with flow speed and clear out of the cavity
very slowly. Ultimately, only these waves govern the cavity
clearing process, although the basic cause of these entropy
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waves is the interaction of upstream moving acoustic waves.
Therefore, an appropriate design problem is to mini-
mize/damp these upstream propagating waves. There is yet
another way to achieve the required medium homogeneity if
effective damping of these waves cannot be fully ac-
complished. This alternative approach is to stretch the
wavelength of the upstream moving wave such that it is large
compared to the cavity dimension. The resulting entropy wave
produced in the cavity can also be made to have wavelength
that is long compared to the cavity dimension. In such a case,
even though the absolute density level is high, the density
distribution itself would be linear and therefore optically
correctable. Further discussion of this alternative is deferred
until Sec. TV. Examination of the results presented in Fig. 2
demonstrates a very slow clearing process, even after allowing
for linear correction in the optics system. The acoustic
clearing at about a,f/L=22.0 is achieved. This situation
needs to be improved in order to achieve a higher PRF.

The preceding discussion emphasizes the need to employ
suitably designed acoustic attenuators to achieve improved
required PRF. Based on our previous small-scale study,? a
possible candidate for the downstream acoustic attenuator is
an acoustic horn followed by a finite capacity muffler. In the
cavity a suitably designed finite capacity muffler will be
employed. The characteristics of these attenuators will be
established through analysis and optimization studies.

III. Theoretical Analysis

Quasi-one-dimensional flow modeling is used in developing
a theoretical basis for understanding the acoustic attenuation
for the problem specified in the preceding section. The
governing equations and the relevant modeling for the various
elements such as flow plate, finite capacity muffler, and
acoustic horn are discussed in Ref. 2, and one is referred to
this for further details. )

The basic discussion of this section relates to the time-
dependent numerical solution of the flow conservation
equations. The acoustic attenuation problem, in general,
requires development of an accurate numerical scheme,
because one is interested not only in strong waves at early
times but also very weak waves at later times. The accuracy of
the numerical scheme over a wide range of wave strengths is
therefore an important issue. For this reason our numerical
schemes employ ‘‘floating shock-fitting’’ as against ‘‘shock
capturing.”” Also, locations of ‘source-sink-term discon-
tinuity? are treated with a local characteristics scheme to
eliminate propagation of numerical errors associated with
other? schemes. Elsewhere, a second-order-accurate Mac-
Cormack predictor-corrector scheme is used.

Numerical difficulties, however, have persisted in ap-
propriate treatment of finite capacity sidewall muffler
equations. These difficulties basically stem from two sources.
First it was found that the conventional explicit schemes, such
as MacCormack predictor-corrector schemes, failed to yield
correct solutions when applied to muffler equations (infinite
or finite capacity). This apparently happened due to the “‘stiff
nature’’ of the governing equations.!® A simple way to
alleviate this problem was implemented in our previous study?
by solving the muffler equations in characteristic form using
an inverse characteristics approach. However, as one might
guess, the resulting implicit scheme requires much greater
computer time than the explicit schemes. The computational
effort was, however, manageable for our previous work? due
to the small-scale nature of the device. For the scaled-up
device under consideration this situation became unacceptable
and, therefore, further effort was devoted to devising a more
efficient numerical scheme. This effort will be highlighted
later on in this section.

A second difficulty that was found for this set of equations
was associated with the pressure equilibrium process between
the backing volume and the main channel. It was found that



MARCH 1983 PRESSURE WAVE ATTENUATION IN PULSED LASERS . 383

v a 7 when the backing volume pressure approached the channel

-— ——Tr ﬁ-—— — pressure at a grid point, the iterative inverse characteristics
I I scheme as (_)utlined above failed to converge at that location.

I This situation did not cause a significant problem for the

il previous effort,? due to the small overall dimension of the

I I system; however, for the present effort this difficulty became

L significant. This difficulty has been determined to be
M— / associated with the numerical error of the specific scheme
> being used and is caused by a relatively small mass exchange

¢
T‘\’H process when pressure equilibration is approached. Further

- T —— PERFORATED WALL discussion of this problem and its remedy follows.

; [ Modified Numerical Scheme

For ease of demonstrating the numerical scheme used for
solving the muffler equations, the following equations in
characteristic form -are presented. The equations are in
nondimensional form. v

\
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Fig. 1 Downstream flow and acoustic system.
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B Y =136, M=0.I5 Riemann-invariants for the one dimensional unsteady flow.
L - The coefficients 4 p, Bp, and Cp of Eq. (1), By and ¢, of Eq.
o (2), B, and ¢, of Eq. (3), C, of Eq. (4) and D,, of Eq. (5) can
0 = NO CORRECTION - be determined from the conservation equations of Ref. 2 by
- HOT GAS ] writing the equations in characteristic form. s is the non-
B 7 dimensional mass exchange term. ‘
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Fig.2 Acoustic clearing with the hardwall downstream duct. .
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Fig. 3 Gridlocations for the characteristic scheme. Properties at B, C, and D can be determined if the foot
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locations X, X, and X, are known These are determined
from the following equations.

XA— B i I’
L = (uta)kt! 11
Ar (u+a) (. )
X -Xp Kol
A0 (u- 12
A7 (u—a) (12)
Xi~Xc . ke
L= a3

Note that X, is known because it is a specified grid point.
Equations (6-13) now represent a set of nonlinear algebraic
equations. These equations were solved previously using a
Newton-Raphson scheme, which involved evaluating several
residuals repeatedly. This procedure was found to be inef-
ficient for a large mufTler length for which a large number of
grid points are involved. Several different approaches were
tried to achieve an efficient scheme. Great success was ob-
tained by using what is classically known as “cascading
approach.’’ The procedure is outlined as follows:

1) A guess of properties at 4 is made. This value is taken to’
be the same as the previous time value at the location, i.e.,
location M. This gives P,, Q,,and S,.

2) Knowing these values, the locations X, X, and X, are
determined using Eqgs. (11-13).

3) A new value of S,,’i.e., S}, is first determined from Eq.
(8) and used in Eqs. (6) and (7) to determine new values P}
and Q/, respectively.

4) Equations (9) and (10) yield, respectively, pj;, and p;.

. 5) New values of P, Q}, S, are then tested for con-
vergence with the old values P, Q,, and, S,.

6) The procedure is repeated until specified convergence
criteria on all three variables are met.

The cascading approach for inviscid equations, is not
generally successful.'"'> It appears to work for this case
basically because the basic equations are in the characteristic
form and spatial derivatives do not appear explicitly in the

" differencing scheme.
In order to alleviate the second difficulty as outlined above,

the mass flow term m**! is treated quite differently and is_

explained as follows. The expression for the mass flow is
given as

= xBp,u (14)

P

P d.X -
where (dA,/dx) is the nondimensional open area per unit
length of the duct and is related to open area ratio «. 8 is the
discharge coefficient. The upper sign is for inflow and the
lower sign is for outflow. The initial computational approach
with m evaluated at K+ ! was found to fail to converge when
the pressure in the main channel approached the pressure in
the backing volume. A new technique was developed to treat
m&*+! during pressure equilibration process. It can be shown
that for small pressure differences the mass flux term m is
proportional to the square root of the pressure differential,
i.e., i~ Ip;—p,|. This means that the mass flux 71 ap-
proaches zero as the square root of the pressure differential.
In order to avoid numerical errors associated with the
pressure equilibration process, the mass flux term was ex-
pressed as .

mK+1

‘K '
§ |V 1pa=p 1 sinl (pa=py)*+')
as)

-
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Note that now the first term is of order one while the next two
terms appropriately. account for the magnitude and sign
change at the current level of iteration procedure.

The application of these two new approaches for solving
the muffler equations has resulted in a very efficient com-
putational scheme for analyzing large devices where a
significant part of the device consists of muffler section. The
computational time for the ‘“‘cascading approach” for a given
problem was found to be 5-6 times lower than the previous
scheme using Newton-Raphson iterative approach. This
allows us to perform device tradeoff studies quite inex-
pensively. The total cost, however, will depend on the nature
of the problem and other details required.

IV. Results and Discussion

In this section the theoretical approach outlined previously
has been used to analyze the acoustic suppression for-the
problem identified in Sec. II. Here basic results relating to the
performance of anode muffler and downstream attenuator
and their optimizations will be discussed. Foremost of these,
however, is the evaluation of the acoustic performance of the
scaled-up device; thus this problem is discussed first.

Device Analysns

Figure 1 shows the basic device geometry, which was
arrived at (Sec. IT) by scaling our previous small-scale ex-
periment? using simple scaling relations. The device consists
of an upstream flow. plate, followed by the laser cavity, an
acoustic horn, ‘and a finite capacity muffler. The cavity
clearing process obtained from the analysis of this system is
shown in Fig. 4. The results are presented in terms of
(Ap/pg).ms» With linear correction vs nondimensional acoustic
transit time (a,¢/L). For comparison purposes, the case with
the downstream hard wall duct (constant area duct without
mufflers, as in Fig. 2) is also shown.

A point of interest here is to note that the performance with
a hard wall downstream duct is better than that with the
downstream acoustic attenuators. This situation persists until
the waves reflected from the open end of the duct arrive in the
cavity, which is at a later time not shown in this figure. For
the hard wall case the reflected waves will be very strong
because no means of attenuation exists in the duct. At short
times the reflection caused by the downstream moving
hot/cold interface and the impedance mismatch between the
cavity and the downstream attenuator becomes important.
Only the first of these is present when the downstream duct is
hard wall while both are present in the later case.

This can be demonstrated more clearly by observing the
magnitude of the waves that enter and leave the laser cavity
for both cases. In characteristic coordinates, this can be done
by plotting P, Q, and S Riemann invariants at the exit of the
laser cavity. This is shown in Fig. 5, where the normalized
values, AP/P, [e.g., (P—P,)/P,, where P, is the initial
value], AQ/Q, and AS/S, are shown against nondimensional

0
0 T T T T T T
Ap/p=2.0
ot AN M=0.15
N y=1.36

-4 REQUIREMENT AN

107 — —
0° L 1 L 1 L | | I
0 2.5 5.0 7.5 10.0 25 15.0 175 20.0 225 250
a,t/L

Fig.4 Cavity medium homogeneity with the rms tilt removed for the
full device.
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Fig.5 Riemann invariants at the exit of the laser cavity.

time for both cases. Notice the comparatively larger
magnitude of these variables for the full system as against the
hard wall situation. This implies that the reflected wave
magnitude is larger for the full device than that for the hard
wall case. Designing theé downstream attenuator duct such
that the wave reflected from the hot/cold interface is either
attenuated or stretched in wavelength long compared to the
laser cavity and eliminating the reflection caused by the
impedance mismatch between the cavity and the downstream
duct is, therefore, a proper technical approach.

For short times and, as a result, for the first pulse, this
objective is difficult to achieve due to two reasons. First, due
to short times involved, only a few acoustic reverberations are
involved and acoustic damping, which will primarily depend
on the natural decay process, will be slow. (Note that only a
fraction of the downstream attenuator plays any significant
role in attenuation for the first pulse specifically since no
attenuators have been placed in the cavity.) Sécond, since
typical length associated with such reverberations is com-
parable to the cavity dimension (e.g., between flow plate and
hot/cold interface or between flow plate and junction of the
acoustic horn and laser cavity), wave stretching is also not
achieved effectively. The result is that .the overall cavity
clearing process will be slow. This argument led us to believe
that some sort of acoustic damping element will be required in
the cavity to achieve improvement over the results demon-
strated in Fig. 4. Note that this conclusion stems basically
from the longitudinal wave considerations. It is this
motivation that has led us to analyze the problem of pressure
wave attenuation due to anode mufflers based only on the
longitudinal wave considerations.

Anode Muffler Performance

The choice . of anode mufflers to achieve attenuation
followed from simple considerations, as depicted in Fig. 6.
The multiple reflection of the Q-edge wave between the
hot/cold interface and the flow plate governs the ultimate
clearing process, as shown in this figure: One way to achieve
rapid clearing is to attenuate this wave by placing an anode
muffler in the cavity. .

In order to demonstrate this attenuation - approach
numerical calculations were performed. The overpressure
considered for this calculation was nearly 1 atm. Figure 7
shows the hard wall duct calculation without any anode
muffler, while Fig. 8 shows the effect of a deep anode muffler
(h/H=4.0 and o=0.1). The results show some interesting
differences between the two calculations. First, the cavity
clearing time based on (Ap/p,) with a linear correction of
5x10-4 is nearly 11.0 for the case with the anode absorber,

(Bo/py) s

REFLECTED Q-EDGE WAVE
{ FIRST BOUNCE )

HOT/ COLD
INTERFACE

COLD/HOT
INTERFACE/

/
/

ENTROPY

j—— T X
FLOW PLATE L

Fig. 6 Schematic of cavity waves for an open cycle laser system.

——=— WITHOUT CORRECTION
——— RMS TILT
RMS QUADRATIC

0 T l T T T 1

i6'

UPSTREAM
INTERFACE
CLEARS

-2| 1st ENTROPY WAVE/)
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2nd ENTROPY WAVE
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i6* | l | | ! I
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Fig. 7 Cavity flow clearing without acoustic attenuators.
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Fig. 8 Effect of deep anode muffler on the cavity flow clearing. -80 1
-12.0 —
-16.0 —
as compared to 17.5 without the anode .absorber. This
represents an improvement of close to 40% in acoustic -20.0 1 L ! 1 L L ! L4 ]
clearing time for this situation. An improvement of this 00 01 02 03 04 05 06 07 o0& 0% 10 I
magnitude is considered ‘quite high granting that the 2) x/L
parameter values of the anode muffler were chosen ar- (b) WITH ANODE ABSORBER
bitrarily. Second, note the difference in magnitude between 36 T T 1 T T T T T
(Ap/pg)ms Without linear correction and (Ap/pg).,s With
linear correction for both cases. Whereas the hard wall duct
calculation (without anode muffler) does not show much
difference, the calculations with anode muffler show a great o
difference. The value of (Ap/p;),n, in the cavity is higher at =
all times with the anode muffler than without. This suggests X
that the density level in the cavity in the former case is higher; \§
however, its distribution is nearly linear, so that a major part S
of it can be eliminated by linear correction. What is apparent T
from these figures is more clearly shown in Fig. 9, where
Ap/p, is plotted in the cavity for the two cases at various
acoustic transit times. Note that the scale of plot for both
cases is the same except for photographic reduction. Without
the anode absorber the density variation in the cavity appears
to be oscillatory and noncorrectable. The effect of the anode
absorber is to smooth out this oscillatory behavior. The
density distribution in this case is very nearly linear. The wave - o | ] | | 1 | L |
stretching characteristic of the anode muffler is, -therefore, 00 01 02 03 04 05 06 07 08 09 IO
used here to accomplish the required medium homogeneity. b) X/L

Several other studies and analyses in this area suggest that a
finite-capacity muffler tends to decrease the amplitude and
stretch the wavelength of an input wave. The reduction in
amplitude and magnitude of .wave stretching depends on-the
muffler characteristics. '

‘We have performed a series of calculations to determine the
effect of parameter variations on anode muffler performance
for our design condition. This was done in an effort to
determine an optimum configuration for the given design
conditions. For this purpose, the study was limited to using a
hard wall duct downstream of the cavity. Figures 10 and 11
show the effects of anode absorber depth and anode open-
area ratio for this problem. These results indicate very similar
performance at different parameters. However, using a band-
width of (Ap/pg).ms With a linear correction between 3 and
6x10-*4, one can arrive at 0.1 <o=<0.3 and h/H=<2 as a
rough estimate for optimum parameters. These parameters

Fig. 9 Predicted density evolution in laser cavity a) without anode
muffler and b) with anode muffler.

will be utilized further when determining the overall acoustic
system at our design condition.

Acoustic Horn Performance

The acoustic horn has been analyzed before,? and some
evidence has been presented to demonstrate that it may have
an adverse affect on the flow clearing. However, conclusive
evidence to demonstrate this relative to a device has not been
presented before. During this technical effort is was possible
to perform simple comparative calculations to demonstrate
the undesirability of the acoustic horn in laser applications.

/
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First, a simple calculation was performed for a case which
included an acoustic horn followed by a straight hard wall
duct as the downstream attenuator. The result of this analysis
was compared with hard wall duct calculation without any
acoustic horn. Notice that this type of calculation will
demonstrate very clearly the effect of the acoustic horn on the
flow clearing, since the difference between the two
calculations represents the effect of the acoustic horn. The
results of this comparison are shown in Fig. 12 as the top two
curves. Once again, only (Ap/p,),,, With linear correction has
been shown. The nature of the two curves suggests that the
acoustic horn tends to delay the acoustic clearing process. The
disturbances reflected back into the cavity due to the acoustic
horn are large enough to have a significant impact on the
cavity clearing process.

In an effort to pursue this matter additional calculations
were performed by including an anode muffler in the device.
Two sets of calculations were made. One consisted of an

anode muffler with a downstream hard wall duct; the other.
included an anode muffler with a downstream acoustic horn
followed by a hard wall duct. The characteristics of the anode.
muffler were chosen based on the previous optimized study,
i.e., a=0.1 and #/H=2. These results are also shown in Fig.
12, where other acoustic horn studies were presented. The
results clearly show that the anode muffler is a very effective
means of achieving acoustic clearing in a laser cavity.
However, the acoustic horn merely tends to delay the clearing
process. These results tend to demonstrate very effectively the
advantage of using the anode muffler and the disadvantage of
using an acoustic horn for laser applications.

Optimum Design Study

Based on the theoretical studies presented above, it is
possible to arrive at an alternate acoustic design which may be
termed somewhat ‘‘optimum’ in a restricted sense. The
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optimum is based on purely one-dimensional analysis, which
assumes the absence of transverse waves. The present state-of-
the-art does not. permit two-dimensional fully nonlinear
optimization/tradeoff studies, due to the complexity of the
problem. Thus, an initial design has to be based on the so-
called “‘optimum’’ as defined here.

For the specified design conditions, an anode muffler with
an open-area ratio of 0.2 and a backing depth of #/H=2.0is
chosen based on previous studies. The downstream attenuator
is chosen to be a finite-capacity muffler without an acoustic
horn. The characteristics of this downstream muffler are
specified by impedance matching with the anode muffler.
Note that since the downstream muffler is used on both
surfaces of the rectangular duct, #'/H=1.0 and «’ =0.1
(where A’ is the one side backing volume height in the
downstream muffler, and a’ is the open-area ratio of the
downstream muffler) will ensure such an impedance matching
with the anode muffler. This obviously is based on one-
dimensional approach. A simple sketch of. this system is
shown in Fig. 13 as an insert. This figure also presents the
-tesults of our analysis for this case. Here (Ap/pg)ms With
linear and quadratic correction and without correction is
presented as a function of the nondimensional acoustic transit
time, a,¢/L. Many features of this calculation are apparent.

acoustic system for a given specification, is by no means
complete. There are several other complex phenomena such as
two-dimensional wave effects, two-dimensional flow effects
such as sidewall boundary layer, and jet coalescence effects
near the flow plate, which have been ignored due to com-
plexity of the problem. However, it has been also shown in
previous studies?7”-13 that the quasi-one-dimensional approach
compares well with several sets of experimental data. For this
reason and due to several other, more recent, comparative
studies, we have determined that our computational
capability provides a reasonably good prediction of the
physical processes in the laser cavity. Thus, it was found
unnecessary to provide further details on ¢comparative studies
but instead to demonstrate the applicability of these analytical
tools towards the laser system acoustic design.

V. Conclusions

This paper discusses some new technical aspects of acoustic
suppression in an open-cycle pulsed laser device. The specific
device considered is a CO, laser operating in the range
M=0.1-0.2 and an overpressure of nearly 2 atm. The
technical objective was to identify and analyze suitable
acoustic suppression concepts in order to meet a specified
requirement for given cavity dimensions. This goal was
achieved by utilizing a computational approach where quasi-
one-dimensional conservation equations are solved num-
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erically to address the problem of acoustic attenuation

primarily in the flow direction. A new, comparatively ef-
ficient numerical scheme. has been reported and details
discussed in order to alleviate some of the previous numerical
difficulties encountered during the solution of the muffler
equations. Application of this numerical capability is ex-
tended to study the effect of an anode muffler, an acoustic
horn, and a downstream muffler on the longitudinal wave
clearing process for the specified device. The results and
discussion are generalized to develop an understanding and,
to some extent, to develop a design philosophy for such
devices. Based on these studies the following general con-
clusions seem relevant:

1) Anode mufflers have been shown to bé very effective
means of achieving cavity medium homogeneity with linear
optical corrections.

2) Theoretical analysis suggests that the wave stretching
concept may well be one possible solution for achieving cavity
medium homogeneity with linear optical correction as against
wave attenuation concept.

3) Several theoretical calculations have been presented to
establish conclusively that an acoustic horn has an adverse
effect on the cavity acoustic clearing process.

4) Our computational tool has led us to conclude that an
appropriate design of the anode muffler and the downstream
attenuator system can provide a good medium homogeneity
for typical pulsed CO, lasers. .
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