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Chemical Laser Systems Analysis

John R. Doughty*
Ben-Gurion University of the Negev, Beer-Sheva, Israel

This paper presents a means by which the chemical laser device weight can be minimized with respect to its
performance and the device power minimized with respect to the target range. Chemical laser performance parame-
ters such as the specific power and nozzle power flux are then used in conjunction with weight and propagation models
to determine system effectiveness. A measure of merit is given by which systems can be contrasted. An illustrative
example is included in which DF and Iodine laser systems are compared for an airborne scenario.

Nomenclature
A = flow cross-sectional area (m?)
AO = adaptive optics
a, = aperture beam size (m)

= geometric weight factor (kg/m?)

= fluid supply weight factor, dimensionless

= atmospheric structure constant (m~2/%)

= specific heat at constant pressure (J/kg — K)

= aperture diameter (m)

= pressure recovery efficiency weight factor (m? — s)

= fixed weight constant (kg)

= Gaussian beam radius (m)

= altitude (m)

= intensity (W/cm?)

= constants in Eq. (3); K, (kJ/kg), K, (m*/kW)

= specific heat ratio, dimensionless

= thermal blooming loss, dimensionless

= Mach number, dimensionless

= measure of merit (W/kg — cm?)

= thermal distortion parameter, dimensionless

« = number of actuators for a deformable mirror,
dimensionless

n, = refractive index, dimensionless

n, = coefficient of index change with temperature (K1)

n, = resonator extraction efficiency, dimensionless

P = power (kW)

p = pressure (Pa)

R = range (m or km as specified)

R,  =gas constant (J/kg — K)

r = radius (m)

rc; . = atmospheric correlation length (m)

Iy = average mirror reflectivity, dimensionless

S = specific power (kJ/kg)

SR = Strehl ratio, dimensionless

= scattering coefficient (km~1)

= temperature (K)

= atmospheric transmission, dimensionless

= total laser device run time, including transients (s)
= average wind velocity (m/s)

= laser device system weight (kg)

= slew rate (rad/s)

= system weight optimization parameter, Eq. (5)

= absorption coefficient (km—!)

= beam quality

= atmospheric extinction coefficient (km 1)
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= nozzle power flux (kW/m?)

= aperture linear obscuration ratio, dimensionless

= single axis jitter standard deviation (rad)

= wavelength (m)

= density (kg/m?)

= beam spread (rad)

= dilution ratio, dimensionless

= rms wavefront error due to mirror surface figure
(waves)

= Jk[2/(k + 1)]* + /2= D1_ dimensionless

Subscripts

= aerosol

= cavity

= diffraction

edge

index

= pointing jitter

= maximum, molecular
= peak

= spot

= turbulent

= device outcoupled
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Superscripts
n = number of mirrors in beam train between the device
and the final aperture

Introduction

REVIQUSLY there have been papers that dealt with

laser device scaling with respect to weight, power, and
pressure.'”> While there has also been a wealth of papers deal-
ing with the propagation of laser beams through various me-
dia, the review paper by Gebhardt will suffice for the purposes
of this work.* This paper blends together two optimizations: 1)
weight with respect to performance, and 2) power with respect
to range in an effort to develop a rationale for selecting various
laser systems candidates for the myriad of commercial and
military applications.

System Weight Modeling
Chemical lasers are usually scaled to the first order by the
overall performance parameters of specific power and nozzle
power flux. These parameters are given the symbols S and 6,
respectively, and the units of measure are given by their defin-
itions, as follows:

S = power/mass flow rate, kJ/kg

6 = power/nozzle face area, kW/m?
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The performance parameters are used in the following manner
to describe the weight of a chemical laser device:

W =F+ BP,[(n.0) + CP,t{(n.S) + E(6/S) 4y

The constants F, B, C, and E are determined from actual sys-
tem designs. As weight models become more descriptive of the
system, more terms are added to Eq. (1). However, for the
purposes of this paper, we will retain the simple form.

For most HF/DF chemical lasers, the performance param-
eters, S and 4, have been determined from test data. The rela-
tionship of the two is shown in Fig. 1. The performance data
for a particular dilution ratio ® can be analytically represented
by a parabola, of which we are only interested in the top half
(real portion) of the curve,

S ={1+(1-4/5,)"1S,,/2 2

Since the laser can be operated over a rather broad dilution
ratio range, a representative parabola can be derived for each
value of @; then a curve can be fitted tangent to the set for all
@, as shown in Fig. 2. The form of bounding performance
curve is given by

S = K; exp(—K39) (3

With analytic expressions relating S and d, we can optimize
the system weight with respect to a particular fixed ® perfor-
mance curve {a local optimum) and also the bounding perfor-
mance curve (a global optimum). Consider a system without
significant pressure recovery requirements, e.g., a space-based
laser (SBL). The weight equation becomes a function of one
variable. Rearranging, we get

W,=(W — F)n./P, = B[é + CtL{[() (4)
Substituting Eq. (2) for f(6) and taking the derivative of W,

we can determine the performance that will minimize the
weight.

018, BS.
T=o 1+ (130" Cis, 2 O

Note that the optimum J is a function of the laser device design
parameters B & C and the system run time ¢. The magnitude of
the weight scales directly with P,/n,. Equation (5) can be
solved to determine dgpy in closed form by making a trigono-
metric substitution. The result is given below:

Bopt/8m = —2Z2— Z4/2 +(Z + Z3/2(Z% + 4)1? ©6)
Sopt is obtained from Eq. (2), and the minimum weight from
Eq. (1). Similarly, we can derive the global optimum condition
by substituting Eq. (3) for f(8). The result is

6?)pt exp(Kzé(;pt) = BK}/C[KZ (7)

Fig. 1 Specific power-nozzle power flux relationship.
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Examples of DF chemical laser optimization are shown in
Fig. 3.

System weight models cover a spectrum of complexity, from
the simple versions like Eq. (1) to sophisticated computer mod-
els that require hundreds of inputs and provide output infor-
mation sufficient for the generation of preliminary conceptual
design. For our purposes, the laser device can be represented
by its major subsystems. The major chemical laser subsystems
and their relation to system performance parameters are
shown in Table 1. Note that 6/S = /A, which is an important
parameter in fluid dynamics. Let’s now reconfigure Eq. (1)
making use of m/A4.

W =F + P,n S[B/(2]4) + Ct] + E(ri2] A) (8

Using the perfect gas law and the definition of the Mach
number,® we can express m1/4 in terms of the cavity pressure,
temperature, and Mach number

m|A =pV =PM./k(R,T, 9)

By substituting Eq. (9) into Eq. (8), we now have the device
weight as a function of Mach number in the optical cavity
(résonator region):

~----Eq. 3

Spacific
Power
s

Nozzie Power Flux, 8

Fig. 2 Typical DF chemical laser performance variation with dilution
ratio ®.
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Fig. 3 System weight—performance optimization.

Table 1 Subsystem weight parameter dependency

Subsystem Dependent factor
Laser and ejector fluid supply, FSS Pi/n S
Optical resonator, ORS P,/nd
Gain generator and diffuser, GGS P,/nd
Diffuser/ejector efficiency, 1.3 <M <5 S
Control console, CCS Fixed
Thermal management, TM.S P,/nS
Oxygen generator, OGS (iodine laser only) P,/n.S
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W =F+P,/nSUB/p.M)R,T,[k)"*+Ct) + Ep.M(k/R,T)'?
(10)

The Mach number dependency leads us to investigate super-
sonic flow devices as a means of reducing systems weight.
Equation (10) is differentiated with respect to the Mach num-
ber; the minimum weight condition is shown by the dashed
curve in Fig. 4. The solid curve is for a system without pressure
recovery, €.g., an SBL.

Propagation
In this section, the laser beam generated by a minimum
weight system is propagated along a horizontal path in the
atmosphere to an object of interest. The irradiance equation
-for the focused beam peak intensity is

Ip = P,T4(1 — )rfLp expl — 2n¢)*}/ 7R 20* (1)

Equation (11) is for a system that has a Gaussian illuminated
output aperture. We can simplify Eq. (11) as follows:

Ip = PT Lyp/nR%? (12)

where the power P is now that which emanates from the final
output aperture so that we don’t have to include wavefront
error, mirror absorption, and obscuration losses in the for-
mula. The atmospheric transmittance is given by

T, =exp(~T'R) (13)

where R is the range in kilometers. The atmospheric extinction
coefficient I is equal to the sum of the molecular and aerosol
contributions to absorption and scattering, respectively.

I'=a, +a,+s, +5, (14)

Molecular absorption values for DF in this paper are power
weighted average using the MIRACL output spectrum.® The
molecular absorption values for iodine are also taken from
Ref. 6 for the 34 hyperfine electronic transition. Molecular
scattering for wavelengths greater than 1 um is negligible.

The variation of the atmospheric extinction coefficient, cou-
pled with other propagation phenomena, leads one quite nat-
urally to search for the best laser wavelength for atmospheric
propagation. Gebhardt concluded that the DF laser had the
best overall transmission characteristics for a system without
adaptive optics (AO). Recent advancements in adaptive optics

Curve 1 Curve 2
\\ B =1700 B =2000
\ C =15 c =3
\ E =1 E =103
\ Common Curve Parameters
\ Pv =100 n.= 0.75
\ 2 F =500 t =120
2t N Pe = 933 Te= 400

=

Weight
{Mg)

No Pressure Recovery
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2 3 4 s
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-

Fig. 4 System weight variation with Mach number.
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technology is causing a shift of the best wavelength towards the
upper part of the visible spectrum for some scenarios.’

The laser beam spread consists of four major contribu-
tions: diffraction, pointing jitter, beam quality, and turbulence.
Equations that describe these parameters are shown below:

Diffraction:

op=/2/n (/D) (152)
Pointing:
a,=2[ <02 > (15b)
Turbulence:
0, = 2.016 A\~V5(CER)YS (15¢)
Total:
o2 = (0h + 05)B* + o} (15d)

The beam quality B is a measure of the excelience of the
beam, i.e., how close it approaches the theoretical limit of 1.0.
The beam quality degradation affects both the diffractive and
pointing jitter components of the total beam spread.® Also, as
will be shown, the jitter term will be taken as a certain fraction
of the diffraction term so that the multiplication of both terms
by B2, as in Eq. (15d), is proper. Beam qualities of 1.3 times
diffraction limited have been measured for HF/DF chemical
lasers. Values for  of 1.1 and better have been observed in
some electric discharge pulse lasers. To assure good beam qual-
ity, device designers strive to provide laser optical media that
are free of density gradients and mirrors with minimal figure
distortion. '

The diffraction term is for a focused Gaussian beam whose
edge is defined by the 1/e point on the intensity profile.

The pointing jitter is described by the variance of the single
axis jitter angle, which is assumed to be isotropic, and thus
{02y =<{B%>. For best performance, the system pointing jitter
should be about one-third the diffraction angle.’

6,=0.334/D (16)

Terms in the turbulence induced beam spread equation [Eq.
(15¢)j contain the range (now in meters) and the atmospheric
structure constant C% which is also referred to as the refractive
index structure coefficient; C% varies with altitude, time of
day, and geographic location. In order to make predictions of
propagation and subsequent system performance, we must use
a representative C¥ profile. Two versions are given here.

Modified Hufnagel'®:
C% =5.94(10~53)H'9 exp( — H/1000) + 2.7(1016)
x exp( — H/1500)+ 10~ exp( — H/100) an

AFWL!!:

C% = 5(10~ ) (H ~0-877) (18)

with linear spike at 10 km to peak at 11.2 km, where C? =
4(10~'") with linear return to the curve at H = 12,400 m
(12.4 km).

Before proceeding further, let’s examiine the irradiance
equation in an expanded form.

- Pexpl — (o +Sm + o, +S,)R1L7g
T aR2{[(0.45MD)? +(0.330M/D)4B% + [2.016X VS(CER Y512}

19
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We can see the nonlinear dependence of the intensity on A, R,
D, 8, and C}, noting that absorption and scattering are also
wavelength dependent. When the thermal blooming parameter
Ly is elaborated, additional nonlinearities become apparent.

Ly = 1/{1 4+0.0625 N?) : (20)
The thermal distortion parameter N is given by

_ 2o, +o0)PR
N= ﬂnOpOCPUOq?) fl(rR)-fZ(aO/G)f;l(WvR /v()) (21)

where a, is the 1/e beam radius (@53 = D /2\/5), and the slew rate
w, is that of the beam relative to the transmitting aperture
platform. The f|, f5, and f; functions relate to the finite attenu-
ation, focusing, and slewing of the beam.

Now, with the inclusion of thermal blooming, more nonlin-
earity i$ explicitly introduced into the problem, e.g., P?, R%,
and D%, Large complex optics codes have been constructed to
examine in detail the propagation of the laser beam through
the atmosphere accounting for the nonlinearities and physical
property changes along the path.'? If we remove thermal
blooming from. the problem by assuming sufficient clearing
wind and/or modest beam intensities, a rather straightforward
solution can be obtained for optimum propagation conditions.

Note that such an assumption (removal of L) is reasonable

for systems incorporating adaptive optics, where it 1s assumed
that the thermal blooming will be corrected to essentially the
same level as the turbulence. Even systems without AO are
assumed to be capable of correcting tilt and focus errors in-
duced by turbulence.

Prior to developing a solution to Eg. (19), let us first lay
additional foundation. Laser systems can be compared by their
capability to deliver a required level of energy into a specified
spot. Frequently, target material damage criteria are specified
by the intensity at the edge of the damage spot and by the spot
size. It is desired to minimize the total beam power while
providing the required edge intensity. The peak intensity I is
related to the edge intensity of a spot of radius r; by

I =1Ip exp(—r/G?) (22)

where G is the Gaussian beam radius and is equal to Re. It can
be shown that the laser power is minimized when

I/l =e™! (23)

The relationship between the spot radius and the Gaussian
beam is then

r,=G=Ro (24)

Since the total beam spread ¢ contains the turbulence contri-
bution, which in turn has-a nonlinear range dependency, Eq.
(24) is most easily solved by iterating R, the range, using a
calculator or microcomputer to any reasonable degree of accu-
racy (say 0.01 km). Note that the solution is that particular
range, R, at which the propagated beam delivers exactly the
desired edge intensity at the required spot size. With the opti-
mum range determined, the corresponding minimum power is
then

Prin = Igm(Rop0)*/ [exp( — TRy — 1)] (25)
When the range is less than optimum, the beam can be
dithered or defocused to spread it to fill the damage spot. The

required power slightly decreases, since the transmission loss
decreases with range. For R < Rgpy

P =I.nr?/[exp(—TR —1)] (26)
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For R > Rgypr, the power must be increased to provide suffi-
cient energy at the spot edge. Note that the actual beam, as
defined by the 1/e intensity point, is now larger than the defined
damage spot.

P = I.n(Ro)? expir?/(Ro)?]/ exp(~T'R) 27N

Solutions to Egs. {25-27) can be obtained for laser systems
at different wavelengths with and without AQ, which can be
explicitly included by selecting either the desired level of correc-
tion or the desired number of actuators to drive the deformable
mirror surface. For a zonal AQO correction scheme, the number
of actuators is given by:!*

N, =10.323/¢x(1/SR)]**(D[re,)? (28)

where SR is the Strehl ratio, which is defined as the actual peak
intensity divided by the theoretical peak intensity, as if there
were no atmospheric turbulence aberrations. The atmospheric
correlation length r; 1s defined by

rep =3.024 [CH RQa/N3 5 (29)

Sometimes it is desirable to know the Strehl ratio for a given
number of actuators. Equatlon (28) can be combined with Eq.
(29) to give

SR = exp] — 2.016C% RAYD?/N,)9] (30)
For a system containing AQ, the turbulence term is corrected
such that the total beam spread ¢ becomes

0> =(oh+0})B:+0h(1/SR - 1) (31)

The above system of equations can be solved for the optimum
range and power for given input parameters for laser systems
with and without AO. An example of such a solutlon set will
now be given.

System Effectiveness
There is continuing interest throughout the laser technical
community regarding the selection of the best laser for a given
application. For very long range applications ( > 100 km), the
difference between peak and average intensity is insignificant
for aperture sizes on the order of one meter. A measure of
merit for comparing candidate systems is

My =1p/W (32)

A measure of how effectively each unit of system weight is used
to deliver the laser energy to an object is M. For shorter range
engagemerits where there is a significant difference between
peak and average intensities over a specified spot, the following
measure of merit is deemed more appropriate:

M,=I /W (33)
Let us now compare two laser candidates for an airborne appli-

cation. Conditions and assumptions common to both are given
in Table 2 and the comparison results are shown in Fig. 5.

Table 2. Common system parameters

Beam quality, § 1.5 System pointing jitter, 6, 1.25
Output aperture, D 1.0m  Target spot radius, r, 8.5
Aircraft altitude 12km ~ DF atm. ext. coeff., '),  0.0021
Target altitude 12km T atm. ext. coeff., I'; 0.0016

Maximum range, R = 60km - Path C%, [m~%?]
No. of actuators, Ny 61

1.05(10~7)
Edge intensity, [W/cm? 50
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120 - Iodine:
i —ls = 50 M, = 50/2800 = 0.018 W /kg — cm?
r --1e =19.2
90 [~
N For a metallic (aluminum) target, the measures of merit are
i oF now dependent on the equivalent incident edge intensity, but
80 — the iodine system weight is decreased due to lower power re-
P ikl B sulting from better coupling.
L i
30 — DF: .
L L NN S M, = 50/1870 = 0.027 W /kg — cm>
I i 1 1 I3
0 10 20 30 40 50 60 lodine:
Range (km) 2
. M, = 50/2620 = 0.019W /kg — cm”
Fig. 5 Power vs range. :

For these conditions and assumptions, the DF system hav-
ing a measure of merit better than the iodine system would be
selected. However, a different decision might be made at higher
power levels. For example, the weight curves for the DF and

b iodine lasers cross in the vicinity of 2 MW. For a similar set of
3000} : requirements as discussed above, other factors such as device
volume and cost would have to be included to reach an equi-
table decision (assuming, of course; that weight curves are still
v accurate after an order of magnitude scale-up in power). If the
2500 |- . . s :
mirror surface finish and system pointing accuracy can be im-
“'&':,'" proved to take full advantage of the better diffractive proper-
L ties of the shorter wavelengths, then these factors will also have
2000 - of an impact on the selected system.
15005 20 40 80 80 100 120 Conclusions
Power (kW)

Fig. 6 Weight-power relations for DF and iodine systems.

When the target material is factored into the overall prob-
lem, there can be an advantage to the shorter wavelength laser.
For targets made from fiberglass or graphite-epoxy materials;
there is no significant’ wavelength sensitivity to irradiation.
Metals do have a wavelength dependence. The coupling co-
efficient for aluminum can be expressed by

n.=021"9° (34)

where 4 is in gm. Thus, the coupling coefficients for DF and
iodine, respectively, are 0.06 and 0.156. If the target is alu-
minum, the iodine laser power can consequently be reduced by
a factor of 2.6, as shown by the dashed line in Fig. 5. The
thermomechanical effects of materials subject to laser irradia-
tion have recently been reported.!*

Thermal blooming was insignificant (L;5 = 0.9999) for the
example scenario because of the low power levels of the candi-
date systems, as well as other contributing factors.

Now let’s determine the measure of merit for the two sys-
tems. The DF laser will be configured to operate in the high
mass throughput (#1/4) regime, so that an auxiliary ejector will
not be required. The iodine laser must operate at very low
cavity pressure and will, therefore, require a single stage ejector
to exhaust the laser gas to the ambient pressure at the 12 km
altitude. By the substitution of the appropriate values into Eq.
(1), we can generate weight curves as shown in Fig. 6. Taking
the values for weight at the maximum required power points
for DF and iodine results in the following:

DF:
M, = 50/1870 = 0.027W jkg — cm?>

Following the procedures outlined in this paper, one can
determine optimum ranges and powers for candidate laser sys-
tems’ in ground, air, naval, and space scenarios. For fixed
ground based lasers, the most appropriate measure of merit is
system cost, which in turn is predominantly a function of the
device efficiency and the atmospheric transmission of its corre-
sponding wavelength. One searches for the wavelength that is
the best combination of overall propagation properties, cou-
pling coefficient, if there is a metallic target, and mirror perfor-
mance. Space laser system. selection is strongly driven by
minimum weight on orbit, Wthh implies M, as the appropriate
comparator.
~ The work described in this paper is currently being extended

to include integration algorithms for slant path propagation, as
well as models for pulsed chemical laser weight, propagation,
and target coupling.
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