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Transverse Acoustic Waves in Pulsed Lasers

Charles J. Knight*
Avco Everett Research Laboratory, Inc., Everett, Mass.

Transverse acoustic waves in pulsed lasers result from nonuniform pumping transverse to the flow direction.
This theoretical study is based on linear acoustics and disregards hot/cold gas interfaces. First, transverse waves
in an infinite parallel hard-walled duct are considered, in which case cavity medium inhomogeneity typically
decays as t~% . An idealized treatment is next given to show that exponential decay can be expected with an
anode absorber. There is an optimum absorber resistivity and improved attenuation rate results with increased
backing volume. Tilted sidewalls are the final topic. Decay is again exponential, and rapid attenuation requires
fairly large tilt angles. Examples are chosen to apply to CO, electric discharge, chemical, and excimer lasers.

1. Introduction

TTENUATION of acoustic waves is a key factor in

repetitively pulsed gas laser systems because it
determines the minimum intrapulse time and hence the
‘achievable rep-rate. The waves arise from waste heat added to
the cavity gas during the laser pumping process. The pulse
duration is almost invariably short compared to the acoustic
transit time across the cavity, so the result is overpressure
within the pumped region. Longitudinal acoustic waves (i.e.,
in the flow -direction) are normally the most evident
phenomena in pulsed lasers and can dictate performance.
They have been treated in several recent publications based on
quasi-one-dimensional transient modeling.!-® Waves moving
predominantly transverse to the flow direction also arise and
have received less attention. They generally require two-
dimensional modeling. Transverse waves can be important in
advanced pulsed laser systems which require ever-improving
acoustics technology.

Typical open- and closed-cycle pulsed laser configurations
are depicted in Fig. 1. Only subsonic flow is of concern here.
Examples of open-cycle devices are CO, electric discharge
lasers and HF/DF chemical lasers. In the first case the usual
reason for displacing the electrode rods, defining the energy
deposition region or cavity, from the sidewalls is to protect
the e-beam foil. Electrodes can also be displaced to allow
thermal boundary layers to pass outside the laser cavity. In
the case of chemical lasers, inert gas layers are used to avoid
spontaneous ignition of the laser mixture by walls heated by
previous pulses. In either case the displacement of the cavity
downstream of the choked flow plate should be kept as small
as possible to achieve high rep-rate. Such devices should
operate at low flow Mach number to achieve good stored-
mass utilization efficiency.

Excimer lasers are closed-cycle devices because the gases
involved are too expensive to throw away. In this case the
cavity gas is usually pumped by opposed, high current density
e-beams and the energy deposition extends all the way to the
sidewalls. There are exceptions to this, such as discharge-
pumped excimer lasers with electrodes displaced into the flow.
However, the situation depicted in Fig. 1 will be adequate for
this discussion. Closed-cycle lasers operate at Mach numbers
in the 0.2-0.5 range if the objective is to achieve as much
average output power as possible from the gas within the flow
loop, consistent with reasonable recirculator power.
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In both types of configurations, the energy deposition
transverse to the flow direction can be nonuniform within the
cavity. For open-cycle devices this is sometimes small com-
pared to the effect of essentially no energy deposition between
the cavity and sidewalls and will be overlooked here. An
exception is noted in Sec. III. On the other hand, nonuniform
energy deposition is the key factor leading to transverse
acoustic waves in a typical excimer laser configuration. This
normally involves energy deposition which is symmetrical
about the centerline of the flow channel and the amplitude of
the nonuniformity is relatively small. The effect remains
significant because thé output laser wavelength is small
(A<0.5 um), implying a more stringent medium homogeneity
requirement.

In a single paper there is little possibility of covering all the
transverse wave attenuation processes that can be appropriate
for such a broad class of pulsed lasers. Instead a few examples
are chosen as illustrative: 1) two-dimensional waves in an
infinite, parallel, hard-walled duct with baseline flow;
2) purely transverse waves between parallel walls with an
absorber on one wall; and 3) the effect of tilted sidewalls in an
idealized configuration.

Fully nonlinear effects tend to require sophisticated
computational techniques and are usually restricted to a
particular configuration due to cost. This paper concentrates
on more generality in configuration, and less in detailed
accuracy, by restricting attention to the linear acoustics
regime. That is not a bad approximation for excimer lasers,
but is restricted to late times for chemical and most electric
discharge lasers. Hot/cold gas interfaces will also be avoided
to simplify the analysis. Their main effect is to increase the
transverse wave clearing time somewhat by reducing radiation
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Fig. 1 Typical pulsed laser configurations.
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of acoustic energy out of the waste-heated gas zone. This
generally is not the prime mechanism for transverse wave
decay in a properly designed acoustic attenuator system.

II. Waves Between Hard Parallel Walls

The discussion will begin with the simplest two-dimensional
situation. Consider the closed-cycle configuration shown in
Fig. 1 and imagine that a constant area flow channel is in-
volved which extends to x= +o. In a real closed-cycle
system, of course, there will be a contraction section upstream
of the cavity and a diffusor downstream. A means of relating
this situation to an open-cycle device will be noted later. The
sidewalls are taken to be impermeable and acoustically hard
throughout this section.

There will actually be a residual overtemperature zone
originating from the cavity at each pulse, but hot/cold gas
interfaces are going to be overlooked to simplify the analysis.
The linearized two-dimensional acoustic equations with
baseline flow are then

ap’ _dp’ _<6u’ 6v’)
—— —_ —_— =0
o T ax TP\ Ty
du ou’\ ap’
— =0
( at + 6x) ax
" v’ ap’
p +i +——=0" 1
"( at ax) y )

where overbars denote (constant) baseline flow properties and
primes denote perturbations about that state. These equations
can be put into nondimensional form by introducing the
variables r=at/L, X=x/L, y=y/L, p=p’/Ap,, d=pau’/
Ap;, and 0=pau’/Ap; where L is the cavity length in the flow
direction, a=+vyp/p is the baseline sound speed, and Ap; is a
mean initial ‘overpressure in the cavity. The baseline Mach
number M =1i/4 and the aspect ratio n=H/L will also enter
the analysis.

Cavity medium density homogeneity is a key parameter in a
laser system since it can dictate the output beam’s optical
quality. Here rms tilt and sphere are nof removed, to simplify
evaluation. Also, attention is restricted to times ¢>1/M. This
represents no serious constraint in practice because t>1/M is
required to clear waste-heated gas from the cavity anyway.
Density and pressure distributions then follow an isentropic
relationship and therefore a relevant measure of density
uniformity is

(%)m=%%J£ﬁgﬁﬁmﬁh—mdnwmf @

where the mean cavity pressure
I ¢ 57
p.= —S S p(%7,1)dxdy 3

In the remainder of this section the tildes will be dropped
for notational simplicity with the understanding that only
nondimensional variables will be used.

A. Transverse Wave Decay

The succeeding analysis is considerably 51mp11f1ed by
working in a reference frame moving with the baseline flow.
This is accomplished by introducing the Lagrangian coor-
dinate £ =x— M{ and results in acoustic equations which have
the same form as the nondimensional equivalent of Eq. (1)
but for M=0. The boundary condition v =0 on the sidewalls
implies that the solution can be written as
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p= Y, p,(£0)cos(nmy/n)
=0

u= E u, (E,t)cos(nwj//n)

n=0
v= E v, (&, 1)sin(amy/q) 0
n=1

The Fourier modes are decoupled and the following equations
hold.
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The appropriate initial conditions for a pulsed laser at =0
are u,=v,=0 everywhere, p,=A, within the cavity
(0<é<1), and p,=0 elsewhere. Only the single pulse
situation will be considered. The Sommerfeld radiation
condition must hold for £ — + oo,

This problem is best solved by means of Laplace trans-
forms. Define

Dn(£.8)= S:p,, (&,0)e~stdr

etc. By transfprming Eq. (5), deriving solutions in £<0,
0<£<1, and £>1, and requiring p, and #, to be continuous
at the interfaces, the following results are obtained:

.o . sA, -
W Un= e e £<0

sA4,

- 2N L2—eME—e~ M=) O<t<]

sA: '
='2)\—;(6)"1—1)6_)"1E £E>1 6)

and si, = —3p,/9¢. Here A, =vs?+ (nn/n)? and the branch
of the square root is to be chosen such that Re(\,) >0 for
Is] — oo with Re(s) >0. ,

These Laplace transforms can be inverted analytically but
the results are not overly convenient to use. Instead, asymp-
totic evaluations for late times will be given. Only the case of

M>0 and n>0 is treated. Attention is also restricted to -
t>1/M, as required to clear waste-heated gas, so that the

cavity lies wholly in £ <0. Applying the complex. inversion
formula gives

1 (B+ie 54
)= — 11— A, Apx (S—M)\,,)Id 7
0= g5 | g U e )

in lab coordinates, with the cavity in 0 <x<1. The integral is
to be evaluated for r—o0 with x=0(1), and the natural ap-
proach is the method of steepest descents.’

Saddle point locations follow from d(s—MN\, ) /ds=0, and
this leads to s= +io, with o, =nn/gv1—M?. Also,

s~ xio, +(iFI)MzNo,/ (I -M?) ®)

near the respective saddle points with z real. The curve of
steepest descent is thus as depicted in Fig. 2, where the dashed
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Fig.2 Curve of steepest descent in Laplace transform plane.

portions are relatively arbitrary since the dominant con-
tributions to the integral in Eq. (7) arise from the immediate
vicinity of the saddle points. The arrows on the contour in-
dicate the direction of increasing z. Note that the saddle points
lie outside of the branch points of p, since o, >n=n/n for
0<M<1. No singularities need be crossed in deforming the
integration contour. Application of the method of steepest
descents gives -

A, . (Mo, N |
Pa~=7 ’(I—Mz)ra"t§1n< 3 )sm(\//) t—oo (9

where Yy =Mo, (x—1/2)+ (1 = M?)0,t— /4. An independent
asymptotic evaluation is possible for M =0 by considering
only the contributions to p, near. its branch points. This
agrees with the limiting form of Eq. (9) and serves as a check.

The envelope defining the decay of the transverse wave field
between hard parallel walls is t~* according to linear theory.
Kulkarny® has considered the effect of nonlinear wave-
overtaking processes on transverse wave decay and has shown
that will modify the decay envelope to £ =%, This ramification
is not pursued here because there are other loss mechanisms,
considered later in the paper, which lead to exponential rather
than algebraic decay.

B. Cavity Medium Homogeneity

The next step is to add up contributions from the Fourier
components to establish the manner in which cavity medium
density homogeneity is restored. Recognize that the mean
cavity pressure in Eq. (3) will be zero once the longitudinal
rarefaction waves have cleared the cavity {r>1/(1 —M)] and
that this will have occurred by the time the waste-heated gas
zone clears the cavity since M<0.5 typically. Thus, for
t>1/M, substitution of the Fourier representation for p into
Eq. (2) leads to

()

Api\/] - Sl 2
=4/ p(x1r)dx (10)
o 2 Z::I 0

ms

Only the transverse wave components - contribute to

homogeneity at late times in a configuration which does not

involve longitudinal wave reflection back into the laser cavity.” -
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To proceed further it is necessary to define the Fourier
coefficients 4, and hence the nature of the energy loading in
the laser cavity. Suppose first that the pumped region does not
extend all the way to the sidewalls, as depicted in Fig. 3. It will
be adequate to consider the case of top-hat energy deposition:
p(xy,0)=1in 0<x<! and 6/2<y<n—46/2 and p(x,y,0)=0
otherwise for t=0. Then

-0 nodd oan)

This is the situation considered by Kulkarny.® He did not,
however, explicitly relate his late time pressure field to overall
cavity homogeneity. ’

By now a question should have occurred. The energy
loading considered is typical of open-cycle devices but there is
no flow plate in Fig. 3. The flow plate is avoided because it
complicates the analysis. Consider the following rationale.
The upstream edge of the cavity is typically going to be as
close to the flow plate as possible to speed longitudinal wave
clearing, so going to the extreme of zero displacement is a
desirable ideal. It is also true that a flow plate at low Mach
number behaves essentially as a hard wall®> and that a hard
wall is mathematically equivalent to a line of symmetry. On
this basis the configuration in Fig. 3 can be viewed as
somewhat analogous to an opén-cycle device. When choosing
the aspect ratio 9 for an open-cycle device, remember that the
cavity length in the flow direction is doubled in reflecting
about the flow plate.

Only the late time situation will be considered. Substitution
of Eq. (9) into Eq. (10) leads to

(%)
I

where F=1—sin(Mo,)sin[(1 -M?)0,f]/Mo,. Since F is
always upper bounded by 1+sin(Mos,)/Mo,, a majorizing

series can be introduced which is time-independent. With A4,
given in Eq. (11), a short exercise then leads to

NI T (42

rms

9&\/ Z"': 9FA2sin (Mo, /2)
’Yﬁ n=1

) Ap:
(i’) <K 1My~ ()% oo (13)
p rms ’yp
where
_ & N, mEd
K= ;FT# {mg] (;) 51n2< )sinz(rmru)
sin(2m7ru)] v
o[ s
[ 2mwp ) (14

where m=n/2 and p=M/nv1 - M?. Medium homogeneity is
restored more rapidly in a high aspect ratio cavity (i.e., n> 1),
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as expected, but the effect of increasing # is not dramatic.

The coefficient K has been evaluated numerically to arrive
at the plots in Fig. 4. The curves are symmetrical about
6/m1=0.5 and the maximum value of K always occurs when the
cavity displacement from each sidewall, 6/2, is equal to /4.
It appears that K— oo logarithmically as 4 —0 for any value of
8/7 different from O or 1. The meaning of this paradoxical
result is not clear. It may be that homogeneity is restored
somewhat slower than #~* for M =0. All open-cycle devices
in the author’s experience involve u<1. However, for
completeness, it should be noted that K=0 for integer values
of p=1. This does not mean medium inhomogeneity due to
transverse waves is eliminated. Rather the next term in the
asymptotic expansion for. p at late time, which is believed to
be proportional to ~3/2, is dominant at those points.

In the case of e-beam pumped devices, which are typically
closed-cycle excimer lasers, the cavity extends all the way to
the sidewalls. The source of transverse acoustic waves is then
nonuniform energy deposition. Rather than detailing how this
nonuniformity arises, the discussion will start by assuming
only the second-order transverse wave mode is present. This is
normally the dominant contributor when opposed e-beams
- are involved. Thus, within the cavity,

p=1+*AQgcos<2~:—)~)> at =0 . (15)

where AQ/Q defines the degree of nonuniformity and is
typically less than 20%. The majorized form of Eq. (12) in
this case becomes

15 AQ Ap;
(”B) <c2C ey iy e (16)
P 7 rms Q Yp .

where

Ce sin{(mp) ,1+ sinQ@wu) . a7
27 27p

and p=M/qV1—M? as before. The coefficient Cis plotted in
Fig. 5. Again, u<1 for all lasers in the author’s past ex-
perience and the zeros of C for integer u=1 mean nothing
more than somewhat faster restoration of homogenéity at
those points.

Simple radiation of acoustic energy out of the laser cavity is
an obvious explanation for transverse wave decay and has
long been accepted. However, it clearly involves slower
restoration of cavity medium homogeneity than is acceptable
or observed. Other mechanisms must be important, at least
for well-designed acoustic attenuator systems. A .general
understanding of all important processes is not available at
this time. However, the examples in the next two sections
show that there are mechanisms which can damp transverse
waves at a rate much faster than r~%.

0.8 T

3/9
Fig. 4 Homogeneity coefficient for displaced cavity.
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III. Attenuation with a Sidewall Absorber

Parallel sidewalls, which are only partially reflecting,
generally lead to exponential decay of transverse waves. Finite
sidewall acoustic impedance can arise in any of the pulsed
lasers mentioned in Sec. I, but it is really most relevant to
electric discharge lasers in which a sidewall muffler is in-
tentionally placed behind the anode.® The e-beam foil and
vacuum chamber is usually placed behind the cathode, so
there can be a muffler on only one side. To avoid undue
difficulty in the analysis, only the case of purely transverse
waves is considered in this section. That is, the waves are
taken to move normal to the baseline flow direction so that a
one-dimensional problem results. This is an ad hoc
idealization, but it is plausible with strong sidewall at-
tenuation because radiation of acoustic energy from the cavity
is a relatively slow process based on the previous section.

Energy deposition in a CO, electric discharge laser usually
involves structure beyond a top-hat profile.!® There can be a
linear gradient between cathode and anode due, in part, to
scattering of the e-beam by the gas. There is also -a thin
cathode-fall region where ions are rapidly accelerated in a
narrow zone near the cathode to produce locally enhanced
Joule heating and the well-known cathode waves. Both of
these are discussed in Ref. 10. Nonetheless, for the purpose of
this paper it will be adequate to consider only the case of top-
hat deposition between electrodes. The same basic
methodology applies generally. .

Consider the configuration depicted in Fig. 6. The one-
dimensional version of Eq. (1) applies in the flow channel,
0<y< H. These equations are not appropriate in the backing
volume, H<y<H-+h, where porous acoustic absorbing

" material is generally placed. An adequate model for the
, perturbed continuity and momentum equations in a porous

media is provided by!! -

dp’ v’ kp av’  dp’
LN kp v’ | ap”

- ——f (8
o TPy c o Ty a8

where v’ is the speed of volume displacement, e the porosity
or void fraction, k the structure factor accounting for path
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Fig. 5 Homogeneity coefficient for second-order nonuniformity.
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Fig. 6 Idealized anode muffler configuration.
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Fig.7 Restoration of médium homogeneity with an anode muffler.

tortuosity, and f the flow resistivity for the acoustic absorber.
To be strictly correct, an energy equation should be added to
account for heat transfer within the backing volume.
However, it will be adequate to assume a polytropic process

p'/p=np’/p (19

where 1 <n <4, the adiabatic index.

The boundary conditions clearly involve v’ =0 on y=H
and y=H+ h since hard walls are assumed there. Due to its
definition, v’ must also be continuous across the perforated
sidewall as long as compressibility effects are unimportant.
This does not mean that v’ is constant through the perforated
plate because the flow must accelerate and decelerate with
open-area ratio o <1. Rather, it applies outside a jet
coalescence distance on each side, with very small coalescence
distance. While this treatment is strictly valid only if the
diameter of each perforation is infinitesimal, it should
provide a reasonable approximation if the diameter is small
compared to cavity and backing volume dimensions, as is
usually true.

In general the mass exchange process through the per-
forated sidewall can be expected to be in the nonlinear regime
for CO, electric discharge lasers. This is true because medium
homogeneity requirements can be met with relatively strong
waves still in the cavity (e.g., = 130 dB). Here constant orifice
discharge coefficient C, will be assumed. Then, for small
overpressure, the velocity within each orifice is

vp=+CpN £ (2/p) (p/—p}) (20

where f and b denote evaluation at y=H -0 and y=H+70,
respectively, the upper signs are to be used if p;>p;, and the
lower signs-are to be used if p; >p/. It is implicitly assumed
that there is a gap between the perforated sidewall and the
porous absorber in the backing volume. The gap will be taken
to have negligible dimension in what follows as is appropriate
with small diameter, closely spaced orifices. With grazing
flow, Eq. (20) should be okay for p’ =0.3 pu? where @ is the
baseline flow speed.!? The velocity within each orifice can be
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Fig. 8 Effective reflection coefficient of perforated sidewall.

eliminated since av;=v/=v;, where « is the open-area ratio
of the perforated sidewall.
_The following nondimensional variables will be used:
t=at/H, y=y/H, p=p'/Ap, v=pav’'/Ap,; d=D/H, and
h=h/H. The complete problem can then be stated as
ap av
_177- + —==0
at  dy )
in 0<y<1
av  ap
—If + —lz =0
ar  ady

3p  ab
— _=0
at +B§8ﬁ

in I<j<i+h
95 -
—l.).+§a—p~=—017
¢y
- 1, d<y<i-d . ~
p {0, otherwise =0 at 1=0 @n

5=0 on =0 and j=1+h
G;=0y By—Dy=R, 15,15, on =1

where 8=+vn/kvyis a sound speed ratio, {=vkn/e?y is an
acoustic impedance ratio, o=¢fH/kpa is a normalized
resistivity for the acoustic absorber in the backing volume,
and R,=Ap;/2vpa?C% is a resistance factor for the per-
forated sidewall in the weakly nonlinear mass exchange
regime. ‘

An analytical treatment would not be convenient even for
linear mass exchiange at the perforated sidewall. However, the
more correct nonlinear condition used here assures that
numerical techniques must be employed. The method of
characteristics is used. Only the case of 8= =1 is considered,
and R, =10 is adopted as representative. Typical results for
the cavity medium homogeneity as a function of f are given in
Fig. 7. This time rms tilt is removed before computing
(80/p) 1ms- Note that the perforated sidewall is a relatively
poor damper by itself. This is interpreted to mean that there
are transverse wave modes with velocity nodes near the
perforated sidewall, essentially nullifying the vena contracta
losses there for those Fourier modes. Increasing the resistivity
(i.e., o) of the porous absorber in the backing volume helps,
but only to a point as seen from the fact the decay rate for
0 =20 is less than that for 0=35. Too much resistance prevents
full utilization of the backing volume. This should be ex-
pected since o= o0 corresponds in essence to a hard wall at
y=1.
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A log-linear plot is used in Fig. 7 to display the essentially
exponential restoration of medium homogeneity in the cavity.
The dashed curves in  Fig. 7 define a qualitatively correct
upper-bound to the medium homogeneity at any time and
provide a convenient means of showing the dependence of the
decay rate on ¢ and A. The fit will be stated in terms of an
effective reflection coefficient for the perforated sidewall:

B BT e

$wtd
where the factor of 2 in the exponent arises from the fact that
there is an absorber on only one sidewall and ¢, is an effective
normalized impedance of the perforated sidewall. To derive
this form approximately, the anode muffler should be
disregarded and a Robin boundary condition, p={,, 0, should
be applied at =1 for constant .

Plots of the effective reflection coefficient obtained in this
way are given in Fig. 8. There is seen to be an optimum
resistivity for each value of # and the optimum o decreases as
h increases. In all cases considered, §,,—1 only for #—o. An
implicit approximation in applying Eq. (22) should be noted.
The solution to Eq. (21) will always involve reflection from
the perforated sidewall as long as R,,>0. The time to couple
acoustic energy through the perforated sidewall is overlooked
by drawing the dashed curves in Fig. 7 to fit only for larger
values of ¢ Instantaneous decay of transverse waves, as

Tms

-implied by Eq. (22) for §, =1, will not occur in practice.-

Proper acoustic design can, however, assure the attenuation is
very rapid.

1V. Effect of Tilted Sidewalls

Tilted sidewalls have been part of the folklore on pulsed
lasers for about a decade. The basic intent is to “‘walk’’ the
transverse waves out of the cavity by employing sidewalls that
are slanted with respect to the centerline of the flow channel.
The argument assumes the waves are given an upstream (or
downstream, depending on wall slope) component at each
interaction with the sidewall. Tilted sidewalls, or a more
general channel height variation, can be applied for any of the
pulsed lasers discussed in Sec. I. The effectiveness of this
approach will be quantified here for the idealized con-

figuration shown in Fig. 9. The centerline in this orientation is:

located at 6=6,,/2. The cavity is taken to be a segment of a
circular annulus so that separation of variables will be
possible. Also, only the case of no baseline flow is considered
so that the acoustic equations involve constant coefficients.
The idealization is drastic, but the main results to be obtained
are believed to be representative nonetheless.

Equation (1) can readily be rewritten in cylindrical coor-
dinates. Nondimensional variables are also introduced in the
same way as in Sec. II, using the cavity length L and the initial
mean overpressure Ap;. The tildes are again dropped for
notational simplicity with the understanding that only
nondimensional - variables are used hereafter. Finally, the
boundary condition v, =0 on the hard sidewalls implies that
the solution can be written as

HARD WALLS

Fig. 9 Idealized configuration with tilted walls.
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w

=~ nwd
= Ep,,(r,t)cos(—)
n=0 0

= E u,,(r,t)cos(%r(,)

n=0 w

V= iun(r,t)sin(%ﬁ) (23)
n=1

w

Modes that are both symmetric and antisymmetric about the
cavity centerline are included in the summations. The modes
are decoupled and the following equations hold

ap du, I
n L =0
£y + ar + r(u,,+vv,,)
du, dp,
at ar
B 2 0 : (24)
ot PPn=

where v=nm/8,, is introduced for convenience.

These equatlons can be solved analytically. However, the
Laplace-transformation solution involves modified Bessel
functions and is nontrivial to invert—even approximately for *
late times. Results are more easily obtained with a fully
numerical treatment. A characteristics procedure is most
convenient. The formulation used here involves an implicit
scheme with central differencing in both space and time to
avoid spurious numerical dissipation. This treatment does
involve some phase error due to numerical dispersion with the
grid spacing used, which involved a compromise between
accuracy and computational economy. Small phase errors are
not a prime concern for the purposes of this paper.

Results have only been generated for the case of a particular
distributed initial overpressure distribution extending all the
way. to the sidewall: p,=1 and p,=AQ/Q in the cavity at
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Fig. 10 Transverse acoustic energy decay between tilted walls.
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t =0, with a top-hat radial distribution. The Cartesian analog
is given in Eq. (15). As stated earlier, this situation is most
appropriate to e-beam pumped excimer lasers. The values of
u, and v, are initially zero, variables must be bounded at the
origin, and the Sommerfeld radiation condition of outgoing
waves only applies for r—oo.

It will be most useful to display the effect of varying the
wall tilt angle 8,, with fixed cavity aspect ratio. This is taken
to involve fixed n=(R+ %2)0, in terms of nondimensional
variables. The attenuation of acoustic energy associated with
the second-order transverse wave mode displayed as solid
curves in Fig. 10is for n=1. Here \

. R+1 \
E= SR (02 +u2 +02)rdr 25)
and E; is the value of E corresponding to the initial state
AQ\?
E,:(E) (R+1%) (26)

for the situation considered. The large bumps in the solid
curves for r=2R are due to wave reflection from the vicinity
of the origin (r=0), as seen in Fig. 9.

The movement of transverse wave energy into the region
r<R, evidenced by these bumps even for large wall tilt angles,
is inconsistent with ‘‘walking’’ transverse waves out of the
cavity. All transverse wave energy should be radiated into
r> R according to the geometric acoustics viewpoint outlined
at the beginning of this section. Nonetheless, weak trans-
mission into r < R occurs by diffraction.

The decay process can be considered to be predominantly

exponential, as indicated by the dashed lines in Fig. 10. A~

useful fit is provided by

E=0.8E.exp[—2.80,(1=1)] t>1 Q7

with ¢, in radians. Experimental results for a tilted-wall

- cavity configuration have been obtained by Morris et al.!?
which give an exponential factor of 3/rad rather than 2.8. In
their arrangement there is an area discontinuity in >R, but
that would not be expected to be of dominant importance
based on geometric acoustics. Details of the configuration can
be found in Ref. 13. The cavity aspect ratio was one.

Plots similar to Fig. 10 have been constructed for other

aspect ratios. These lead to the conclusion that Eq. (27) ap-
plies generally for 1<n=2 provided that ¢, is replaced by
6,,/7. On this basis, the utility of tilted sidewalls is expected to
decrease as the cavity aspect ratio increases. Based on the
approximate fit, this is due to nothing more than increased

transit time between sidewalls as compared to longitudinal”

wave transit time. The same will be true with the anode ab-
sorber discussed in Sec. I11.

Decay of transverse wave energy due to radlatlon only is
given by

E~nE;/2yt  [—o (28)

based on Sec. II, with n=2 corresponding to Eq. (27). The
decay in Fig. 10 for 6, = 1/8 rad is roughly fit by this form for
f<4. Cavity medium homogenelty can be estimated by takmg
the square root of E/E,.

V. Conclusion
A theoretical study has been pursued to explore some of the
processes affecting transverse acoustic wave attenuation in
two prototypical pulsed-laser configurations. Such waves can
arise along the optical axis as well as orthogonal to it, so the y
direction has not been defined in the paper. However,
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acoustic waves moving along the optical axis generally have
less effect on optical homogeneity. The analysis is based on
linear acoustics and disregards hot/cold gas interfaces. For
devices involving large initial overpressures (e.g., 1-5 atm),
this limits the validity of the results to late times and they are
probably only indicative then. The main benefit of making
these assumptions is that the analysis becomes relatively
straightforward, allowing economical parametric studies. The
following conclusions can be drawn from this study.

1) Radiation of transverse acoustic energy out of the laser
cavity . is a relatively slow process, with medium
inhomogeneity scaling as ¢~ % based on linear theory. This is
typically much slower than is observed experimentally. A
quantitative basis is given for estimating restoration of cavity
medium homogeneity at late times in a parallel hard-walled
duct with baseline flow. .

2) Attenuation by a sidewall absorber will produce ex-
ponential decay of the transverse wave energy. In the case of
an anode muffler, a resistive porous absorber should be
placed in the backing volume for good performance. There is
an optimum resistivity and improved attenuation rate results
with increased backing volume.

3) Tilted sidewalls can also lead to more rapid decay of
transverse waves, but the required angles are fairly large for
dramatic improvement over simple radiation with parallel
sidewalls. When there is baseline flow, this argues that the
scheme is best applied with converging walls in the cavity to
avoid flow separation. The effect of tilted walls on baseline
flow homogeneity must also be examined critically.
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