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Although conventional wisdom suggests that, for space-based-laser missions, the shortest wavelength is most
desirable, this is not always the case. We show, for reasonable values of wave front error and jitter (with the majority
of the wave front error in the high spatial frequencies), that deuterium fluoride (DF) is the preferred choice over
shorter, e.g., hydrogen fluoride, wavelengths. Here we have considered only free-space propagation; atmospheric
effects, which give further advantage to DF, are not considered.

Introduction

HIS paper is a companion to those of Acebal.!*? It is an exten-

sion of a paper presented by the author at the AIAA 28th Plas-
madynamics and Lasers Conference.> We have chosen to restrict
our wavelength-selection consideration to issues of beam control
technology; Acebal'*? extends his considerations to broader laser-
related issues.

To limit the problem, we consider that several key variables,e.g.,
laser power, telescope diameter, etc., are constant. We take as our
performance variable the time-averaged, on-axis peak irradiance at
the target and observe its functional dependence on beam control
performance and wavelength. We characterizethe beam control per-
formance in terms of the residual beam jitter and wave front error.

We assume that these beam control performancevariableshave an
impacton the phase of the laser beam, which scales with wavelength
in a geometric-opticsfashion. We find the wavelengththatoptimizes
the target’s time-averaged,on-axis peak irradiance for variouslevels
of residual jitter and wave front error. We consider three versions of
the space-based-lasertechnology—a deuterium fluoride (DF) laser,
ahydrogenfluoride (HF) laser,and an HF overtonelaser—and define
a two-dimensional map of jitter and wave front error, with regions
specified where each of these three laser types is the choice for the
highestvalue of the target’s time-averaged, far-field peak irradiance.

This paper is organized into three parts. The first part is a dis-
cussion of our assumptions for this analysis. The second part is the
derivation of our wavelength-scalingequations. The third is a para-
metric presentation of the results of the wavelength-optimization
analysis.

Analysis Assumptions

We assume that the degradation of the far-field peak irradiance
can be attributed to three sources: residual beam jitter, residual
wave front error containing low spatial frequencies, and residual
wave front error containing high spatial frequencies. We designate
these as residual because we assume that they are the errors remain-
ing on the laser wave front after correction by both a fast steering
mirror and a deformable mirror. We assume that these sources are
independentof the laser wavelength, for the following reasons.

1) The uncorrected sources of beam jitter and wave front error
are independent of wavelength. The jitter arises from vibrations in
the system, which do not depend on laser wavelength. The wave
fronterror (in microns) is determined by the static and time-varying
mirror misfigures, which do not depend on laser wavelength.

2) The error rejection of the beam control system is independent
of wavelength. Although the signal-to-noise ratio of the measured
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wave front is generically better at shorter wavelengths, it will be
made high at any wavelength because there is ample laser power
for the measurement. In a well-executed design, noise in the wave
front measurement has become a small part of the residual wave
front error. What dominates both the residual wave front error and
the residual jitter is the unrejected error remaining after the control
system had operated on the wave front out of the laser. The fre-
quency response of the beam control system is determined by the
mechanical properties of the fast steering mirror and the deformable
mirror, in conjunctionwith the time it takes the control computer to
calculateits correction. These are independentof laser wavelength.
Consequently, the error rejection function will be independent of
laser wavelength. Because the residual jitter and wave front error
are each sums of products of an uncorrected set of sources and the
corresponding error rejection functions and because both sources
and functions are independent of laser wavelength, the sums of the
products, i.e., residual jitter and wave front error, are also indepen-
dent of laser wavelength.

Derivation of Wavelength-Scaling Equations

Approach

We will start with the far field of an ideal beam and show how
wave front error and jitter can be modeled as degradations to that
ideal beam. We begin with the Strehl ratio. Next we add a term for
beam jitter. We modify our expressionsto differentiatebetween low
spatial frequencies and high spatial frequencies. Finally, we solve
for the optimum wavelength.

Diffraction-Limited Performance

The theoretical value of far-field peak irradiance I, for a uni-
formly illuminated circular aperture has been calculated by Holmes
and Avizonis*:
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where [PT] is the power leaving the aperture, D is the aperture
diameter, z is the distance to the far-field target, and A is the wave-
length. The term P is the laser power, and 7 is a transmission factor
that accounts for beam train losses. This functional form, with the
wavelengthraised to the —2 power, shows the potentially significant
advantage a shorter wavelength can have.

Strehl Ratio
The Strehl intensity has been defined by Born and Wolf.5 They
start by expanding the phase function
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with k = 2 /1. The Strehl intensity at a focus point p is given as
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where the mean square phase is defined by an area integral

(8 )2 _ fgl OZﬂ(SP _E)Z/Od/o dé
rms)  — o
o I pdpds

=52-Gr) &

This Strehl intensity multiplies the ideal far-field irradiance of
Eq. (1). Thus, it is also called the Strehl ratio, which is the ratio of
the degraded far-field peak irradiance to that of the ideal far-field
peak irradiance.

Generalized Far-Field Peak Irradiance
Holmes and Avizonis® have generalized the degraded time-
averaged far-field peak irradiance:

I exp[—(2n6rms/)»)2]
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where the numerator is a generalized Strehl ratio and the denomi-
nator is a term that accounts for the effects of beam jitter: o, is the
two-axis, line-of-sightrms value of the beam jitter.

Degradation by Beam Jitter: Derivation

We will follow the approach used by Holmes and Avizonis® to
derive Eq. (5) and obtain identical results, exceptfor a numeric con-
stant. Beam jitter causes the far-field spot to wander in the vicinity
of the target. Typically, for transverse coordinates x and y, beam
jitter (an angle measured in radians) in either coordinate is written
as a zero-mean Gaussian random variable with standard deviations
o, and o, for each respective coordinate. Assuming the jitter is ap-
proximately equal in x and y, the two-axis, line-of-sight rms jitter

o can be defined as
oy =,lol+0} 6)

where the radial line-of-sightjitter has a Rayleigh probability den-
sity function given by
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Following Holmes and Avizonis,” we take the far-field distribution
to be an Airy disk, given by

24,7 (p/p,)] }2 »
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Note that the function J; is a Bessel function of the first kind and

order one. The time-averaged, far-field peak irradiance of this ideal

beam can be found (assuming ergodicity) by integrating over the

probability density function:
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A plot of this function is shown in Fig. 1 as the solid line. Using
the expression of Holmes and Avizonis, their form of the far-field,
jitter-degradedirradiance is

1
e = 10,07 o

which is shown in Fig. 1 by the dashed line. Adjusting the constant
in this equation from 1.67 to /2 =1.571 gives a least-squares fit
through the 20 data points calculated. We write

1
111©) = TG /200, DIjap b
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Fig.1 Jitter-degraded,far-field peakirradiancely; vs jitter level o ;/p,.

This equationis shown as the crossesin Fig. 1. This is the functional
form we choose to retain, a slight modification to the results of
Holmes and Avizonis® in our Eq. (5). We now modify our form of
the far-field peak irradiance:

P exp[—(278ums/1)?]
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Combining this with Eq. (1) and rearranging, we write

B exp[—(2n6rms/)»)2]
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We define a line-of-sight diffraction spot size
op, =21/ D (14)
which allows us to write

o P oexp[—@rdn /2]
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Revised Far-Field Peak Irradiance

The equationspresented so far have made the assumptionthat the
far-field spot remains approximately an Airy disk. Although this is
the case for high spatial frequencies, it is not correct for low spatial
frequencies, such as astigmatism. We say that the beam quality is
degraded and that the far-field spot is broadened to f, times its
diffraction-limitedsize. We associate the Strehl-type degradation of
the numerator in Eq. (15) with high spatial frequencies and write

Iy=L7E2 [-Cbnm/2)] (16)
2 w[(Bropy)? +07]

where the low-spatial-frequencybeam quality is defined by Acebal':

2716ers ?
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We have defined the preceding equations in terms of two-axis, line-
of-sightbeamjitter. Temporarily,recallingthat the line-of-sightjitter
is related to the single-axisjitter by a factor of the /2,

o, =20, (18)
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We also can expand the numerator of Eq. (16) and retain the first
two terms:

PT 1

It = —
T2 1+ Qb /N2 [(Bron,)? + o]
PT/7?
—— /z (19)
Bt @m)[(Brop:)* + o]
where
2
2718 rms
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A
and the single-axis diffraction spot size is
Oy = N2/ D @21

Equation (19)is the form for the far-field intensity givenby Acebal.!

Wavelength Dependency
Equation (16) can be written with its specific wavelength de-
pendency:

P exp[— 2781 ms /1)’
2 7{[1+ Q@r8pms/M)?] 20/ D)2 + 03}

Iy = (22)

We find the optimum wavelength by differentiating Eq. (22) with
respect to wavelength, setting this equal to zero, and solving for the
wavelength. The resulting optimum wavelength is

Dot = /051 \/ 284 ms + \/431,“5 + 1682, + 02D (23)

This can be written as

462

H rms

1652+ o2D>
hopt = 703/ 28 471ms 1+\/1+“"“—o’ (24)

Analysis of Laser Wavelength Optimization
We analyzed the choice of laser wavelength parametrically, as a
function of wave front error and jitter. For the residual wave front
error, we chose various values of high and low spatial frequencies:
1 V2
1

)

These wave front errors are assumed independent and therefore
combine to produce the total wave front error

— 2
(ST rms — 81—1 rms

+ 812‘ ms (25)
Because the beam control system has a much greater error rejection
at low spatial (and temporal) frequencies, the most likely residual
error is one that is predominately high spatial frequencies.

We define a two-dimensional map of 87 s Vs o7 D. On this map
we define regions for which one of the three wavelengths (a DF
laser, A =3.8 um; an HF laser, A =2.7 um; and an HF overtone
laser, A = 1.35 um) is the best choice. We also show as lines on the
map where the three wavelengthsare the exactoptimum wavelength.
These maps are shownin Figs. 2-7. We choosea representativeset of
wave front error and jitter levels. These are translated into two-axis,
line-of-sight numbers for a telescope diameter of 4.0 m and shown
in Table 1. We plotted these values as the crosshairin Figs. 2-7. For
each of these, except for dr, values of 2 and 5, the crosshair fell
inside the DF preferred region. Consequently, we conclude that, for

[—4- 6% 722, (1435

Table1 Nominal wave front error and jitter values

Beam control variable Single axis  Line of sight
Device OPD,* um 0.285 0.403
Beam train OPD, um 0.338 0.478
Total OPD, um 0.442 0.625
1o jitter, urad 0.3 0.424
Jitter-diameter product, ©m 1.2 1.697

20PD, optical path difference.
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Fig. 3 Low spatial frequencies one-half of high spatial frequencies.
Preferred wavelength for unequal levels of low spatial frequencies:
(SL/‘SH =1/2.

residual wave front errors with the low spatial frequency/high spa-
tial frequency as high as 141%, the choice of the DF (A =3.8 um)
wavelength will provide superiortargetirradiance for the wave front
error and jitter of the reference, considering only free-space propa-
gation. Figure 7, for which the low spatial frequenciesare five times
the high, shows the characteristicof a system with little high spatial
frequencies and also shows that the shortest wavelength is the best.

Here is a brief note on the developmentof the lines and regionsin
Figs. 2-5. The lines labeled 1.35,2.7, and 3.8 are lines of constant
wavelength in Egs. (23) or (24), where Ao is, respectively, 1.35,
2.7, and 3.8 um. A more convenient form for these equations may
be as follows:

+ 2

opt

(1 482,) —16- 5
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The approachto obtaining the boundariesbetween the DF preferred,
HF preferred, and HF overtone preferred was as follows. Equa-
tion (22) was evaluated for each of the three wavelengths for the
range of values of the two independent variables: jitter x diameter,
pm, and rms wave front error, um. The boundary between DF pre-
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ferred and HF preferred is where Eq. (22) has the same value for
3.8 and 2.7 um. Similarly, the boundary between HF preferred and
HF overtone preferred is where Eq. (22) has the same value for 2.7
and 1.35 um. The boundary between two wavelength regions is
described by
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Conclusions

We have presented an analytical formulation for the time-
averaged, on-axis, far-field peak irradiance. The independent vari-
ables in our formulation are transmitter diameter, beam jitter, low-
spatial-frequency wave front error, high-spatial-frequercy wave
front error, and wavelength. Using derivative techniques, we have
found an expression for the optimal wavelength as a function of the
otherindependentvariables. We have shown, for a reasonable set of
the independentvariables, that a 3.8-um wavelength of the DF laser
is preferred over the shorter wavelengths of HF and HF overtone.
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