Simulations of the Propagation of Multiple-FM Smoothing
by Spectral Dispersion on OMEGA EP

Introduction

Smoothing by spectral dispersion! (SSD) is a technique that,
when coupled with the use of a distributed phase plate (DPP),
smoothes on-target laser illumination. The principle is shown
in Fig. 134.10. Frequency modulation (FM) at a frequency
wy is applied to the laser beam. After transiting a diffraction
grating, the beam is angularly deflected at @y as its instanta-
neous frequency varies. In the far field of the beam, where the
target is positioned, the focal spot is laterally deflected. If the
deflection is sufficiently greater than the far-field feature size of
a DPP located before the focusing lens, significant smoothing
is obtained on a time-averaged basis.

The selection of the appropriate @y, grating dispersion
d6/dA, asymptotic smoothing time Tasymps and DPP feature
size is subject to an optimization that depends on the target
hydrodynamics and the particular Legendre modes to be
reduced.? For the work described here, three simultaneous
modulation frequencies were optimum,? therefore the “multi-
FM” nomenclature.

Electro-optic Oscillator

phase modulator

Power
amplifiers

?}rain‘g T
(spectral dispersion)

Frequency
converter

1723]R

LLE Review, Volume 134

Phase
plate

II-(III Al H=

The actual implementation of SSD puts the modulator(s) and
the grating in the front end of the laser where the apertures and
energies are small, thereby avoiding optical-damage issues and
the high cost of large specialty optics such as gratings. This
requires, however, the propagation of dispersed FM beams
through the amplifier and frequency-conversion sections
of the laser. Conversion of this dispersed FM to amplitude
modulation (AM) becomes a concern, particularly in the high-
energy/high-intensity sections of the laser. There are numerous
mechanisms for the conversion of FM to AM,* particularly in
fiber components. The conversion of FM to AM inherent in
free-space propagation is the mechanism of exclusive concern
in this article.

FM-to-AM Conversion from Free-Space Propagation
1. Geometrical-Optics Model

Undispersed FM beams, by definition, have no AM. This
condition is readily seen by examining the Bessel-function
expansion of a single-tone FM signal, E(f):

E(1) = Aexp|iwgt + 8 sin(@y)|

=A +z°° J,8)exp|i(@g + nay)i] M

n=—co

where J,, is the nth-order Bessel function,  is the modulation
depth, @ is the optical frequency, ), is the modulation (tone)
frequency, and A is a constant. Taking the magnitude of Eq. (1)
leads to | E()| = A. Note that this result depends critically on
maintaining the phase relationship® of each sideband in the

Figure 134.10

The smoothing by spectral dispersion (SSD)
concept. Frequency modulation from one or
more sequential electro-optic phase modula-

tors is applied to the beam in the front end of
the laser system prior to lateral magnification,
amplification, and frequency conversion.
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Bessel-function expansion. This result may be readily extended
to two-tone modulation:

E(t)=Aexp [ia)ot +i8, sin(a)l t) +i8, sin(a)zt)]

=A %o %O ‘In(sl)Jm(SZ)

n=—00 m=—00

X exp [i(a)o +nw; + ma)z)t] @)

and so on for multitone modulation. The result is the same: as
long as the sideband phases are maintained, there is no AM.

The effect of diffraction from the grating is to introduce
a dephasing of the sidebands that depends on the sideband
frequency, the dispersion of the grating, and the distance from
the grating plane. Rewriting Eq. (1) with the grating disper-
sion in the y direction of a beam propagating in the z direction
included yields

+ oo

E()=A X 1,8)exp|i(@y+noy)i—ik, x|, 3)

n=—oo

where k,, * r is given by

@+ nwy,

kn'r: C

[sin(6,,)j +cos(6,,)k]+ (v + k)
wy+nw . @)
_ %o ! M[y sm(6”)+zcos(9n)]

with the z direction taken along the propagation direction of
the fundamental frequency (n = 0, z = 0 at the grating), j and
k being the unit vectors in the y and z directions, the r vector
being the distance from the grating to a point on the beam at
coordinates (y,z), and 6, being the propagation angle of the
nth sideband. The angle 6,, is given by

de
en = @an (5)

Equation (3) demonstrates that for any finite distance from the
grating, the sideband n becomes dephased from the pure-FM
phasing by the quantity k,, * .
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In the case of two-tone modulation, Eq. (3) becomes

E)=A 3 % 1,(5,)7n(6)

n=—00m=—00
><exp[i(a)0+na)1 +ma)2)t—kn’m-r], ©)
where k,, ,  r is given by

@o+nw | +mw,
kK, r=——"=

n,m c

|ysin(6, ,)+zc0s(6,,)] D

and 0, ,, is given by

0, = % (neo, +ma,) ®)

n,m

and so on for multitone modulation.

Because this dephasing is a function of r, it leads to not
only temporal AM but also spatial AM. Chuang’ developed an
analytic expression for the spatiotemporal AM from a single
modulator in the geometrical-optics approximation. In the case
of free-space propagation, the intensity /(y,z,f) in a plane at a
distance z from the grating is given by’

1y
5 SO

1+ Tozsin[wa‘*' Byo(v.z f)]

I(y,z.1) =

where [ is the intensity at the grating plane (assumed to be at
z=0) and y is the y location of the ray being traced at z = 0.
Note that since the beam has not yet propagated any distance,
Iy will have no SSD-induced time variation or y- (dispersion)
direction variation. The quantity 3 is the grating-induced shear
in radians per unit transverse length in the dispersion direction
at the modulation frequency wy,. A straightforward calculation
of the shear® yields
do “m
ﬁ =27 a 0)70 (10)
The result in Eq. (9) is valid where diffraction effects are
negligible. Since some regions of /; will have positive phase
curvature (i.e., be focusing), there will exist a critical distance
z,-at which the intensity goes to infinity (i.e., a caustic exists) in
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the geometrical-optics approximation and Eq. (9) is no longer
valid. This is trivially seen by inspecting the denominator in
Eq. (9). At

2=2,= 5 (11

the denominator of Eq. (9) is equal to zero where the sine
function is equal to —1. The distance z, is termed the “criti-
cal distance.”

It is more physically intuitive to derive this result from a
wavefront curvature standpoint. This is shown in Fig. 134.11.
From Eq. (4) we may write the expression for the wavefront
in terms of either the phase ¢ or the optical path difference
(OPD) z as:

¢ = 5sin(a)Mt+ﬁy),
12
z=k%sin(a>Mt+ﬁy). (2

The critical distance z,.is calculated by applying the expression
for the radius of curvature of an arc at the point wyt + By = —7/2
where the wavefront is focusing:

[1+(dz/dyp] 302

13
dzz/dy2 (49

z,=

oy t+By=—n/2

Inserting the expression in Eq. (12) for the OPD z into
Eq. (13) yields
2}3/2
ko

5B
koil+|-—
0{ + Ky cos(a)Mt+ﬁy)
—5,82 sin (a)Mt + ﬂy)
=— 14
552 (14

r

W\ i+By=—nl2

for the critical distance. The critical distance z,. plays the same
role as a focal length in geometrical optics. As such, the usual
geometrical-optics formulae may be applied to it.

For distances z < z,., the model in Eq. (9) can be used to visu-

alize the spatiotemporal modulation related to the propagation
of SSD. The case of a 1.054-um-wavelength, 0.75-ns x 10-cm
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FWHM (full width at half maximum) Gaussian pulse modu-
lated at 10 GHz, & = 4 rad with 60-A/urad dispersion is shown
in Fig. 134.12. Note that a similar plot of the intensity versus

¢ = 8sin(ayt + By) phase

Image

z= %sin(wMt + By) OPD
plane —> 0
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Figure 134.11

Schematic of the calculation of the critical distance z,., from the local radius
of curvature of the phase front. The usual formula for the curvature of an
arc is applied to the expression for the optical path difference (OPD) at the
location of positive phase curvature or wyt + By = —7/2.
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Figure 134.12

Relative intensity 2000 cm from the grating for a 0.75-ns x 10-cm FWHM
Gaussian pulse phase modulated with & = 4 rad at 10 GHz with 60-A/urad
dispersion. This is a replot of Fig. 6-2 in Chuang’s thesis.”
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x,t rather than y,# would show no modulation. It is worth noting
that for this particular example, z = 2000 cm and z, = 6800 cm;
therefore the geometrical-optics condition for validity is well
satisfied. The ratio of z/z,. ~ 0.3 is typical of the ranges of inter-
est for large laser systems. Figure 134.13 displays lineouts in
the temporal and spatial dispersion directions. The intensifica-
tion relative to the unmodulated beam becomes of concern in
those regions of a laser where the beam is close to the coating-
damage, self-focusing, or stimulated-scattering limits.

From Eq. (9) an expression may be written for the normal-
ized peak-to-valley amplitude modulation ¢, assuming that the
slowly varying envelope is removed:

2
I inox ~Imin 2637z

a(Z): (Imax+1min>/2 ) ko

(15)

From Eq. (15) it is seen that the normalized peak-to-valley
modulation, in the geometrical-optics limit, is proportional
to the propagation distance z, the modulation index &, and the
square of the shear S.

2. Linear-Dispersive-Filter Model

Hocquet ez al.? developed a similar metric termed a “distor-
tion criterion” for temporal AM caused by SSD propagation
away from a grating. Starting with the concept of free-space
propagation as a linear dispersive filter,!? the temporal Fourier
transform of the electric field, E(z,w), at a distance z from a
grating is written as

E(z,0)=Ey(0)H (z.0), (16)

where H(z,w) is a Fourier-domain transfer function. In the
case of a grating, this transfer function is a phase-only filter.
The phase can be expanded in a Taylor series in @ of which
the quadratic component ¢,, the quadratic spectral phase, is
the first term of interest for AM calculation. Assuming ¢, is
small, the transfer function is written as

H(z,0) =[1 —%qﬁz(z)wz]. (17)

Substituting Eq. (17) into Eq. (16) and using Eq. (1) for Ey(w)
and then inverse transforming and taking the magnitude of the
resulting inverse transform yields

1(z.t) ~ 1= §,(2) Swycos (wy). (18)
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Figure 134.13

Lineouts (red line) in the temporal direction at (x,y) = (0,0) and in the y (disper-
sion) direction at x = 0 and 7 = 0 of the relative intensity shown in Fig. 134.12.
In both plots the unmodulated beam profile is also shown to illustrate the local
intensification (black line).

Hocquet defines the “distortion criterion” « as in Eq. (15). The

values of I,,, and I,,);, obtained by substituting +1 for the

extrema of the cosine function in Eq. (18) lead to

1+ ¢, (2) 8wy — 1+, (2) 5wy

1+¢, ()83 + 1~ ¢, (2) 5wy

a (z) =2
=26, (z) Sy (19)

Substituting Chanteloup’s!! expression for the quadratic part
of the spectral phase ¢,(z) at y = 0, the center of the beam,
into Eq. (19) yields
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20PN

alz)= Sz, (20)

- wjcos’ (60)

where a grating at Littrow angle 6 and a linear groove density
of N per unit length have been assumed. Applying the expres-
sion for the dispersion of a grating at the Littrow angle

de _ N
dA Jg = 6, Cos (60)

2D

in Eq. (10) and substituting kj = a)o/c, Eq. (20) is seen to be
identical to Eq. (15), which is Chuang’s result.” The geometri-
cal-optics and linear-dispersive-filter models, using completely
different approaches, lead to the same result for the normalized
peak-to-valley amplitude modulation. We choose to continue
with Chuang’s result since it provides a spatiotemporal descrip-
tion of the pulse intensification resulting from SSD propagation
that may be readily compared to numerical models.

3. B-Integral Considerations

The so-called B- or “breakup” integral is an important
measure of the transverse stability of a high-intensity beam.
Physically, it is the integral of the local phase pushback in
radians caused by propagation of the beam through media of
thickness L with a positive x>. By definition, it is

B2 27” I\ 1 (xy,20)dz, 22)

where ¥ is a characteristic of the material.!2 In large laser sys-
tems, values of B in excess!'3 of 2.0 to 2.2 rad between spatial
filters can lead to catastrophic small-scale self-focusing of the
beam. Laser-performance limits, particularly for temporally
short pulses that do not experience significant gain saturation,
are determined by the requirement to limit B. This is known
as the “peak-power limit.”

During laser design, the B-integral is calculated using the
average local intensity; that is, transverse small-scale features
that would be eliminated in a spatial-filtering operation are
averaged out prior to computing B. In a system with SSD
applied, the pinholes are carefully sized to ensure passage of
the dispersed beam (at least to the Carson!* limit = 28y,)
through the system. The local intensification on any optical
component induced by the propagation of SSD therefore needs
to be carefully included in the calculation of the system’s
peak-power limit.
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Modeling

LLE’s OMEGA EP laser is a multipass-architecture laser
similar to that of the National Ignition Facility (NIF)!> with
important differences to optimize it for its primary mission of
radiography of cryogenic implosions on the OMEGA laser!®
and separate flat-target experiments. The laser is shown sche-
matically in Fig. 134.14. The multipass cavity formed by the
end mirror and the deformable mirror is identical to that of
the NIF. The input—output arm containing the booster ampli-
fier is different, however, than that of the NIF. Because the
beam-path distance to OMEGA EP’s UV target chamber is
significantly shorter than that to the NIF’s (80 m versus ~140 m
from the fold mirror to the target), the transport spatial filter is
shorter. OMEGA EP’s frequency-conversion crystals (FCC’s)
are located 8.1 m in front of the f/6.5, UV focus lens with a
3.4-m effective focal length. The most-damage-threatened
component, the 4.0-cm-thick fused-silica vacuum window, is
located 25 cm downstream of the focus lens in the converging
beam. The distributed phase plate (DPP) is located 20 cm in
front of the focus lens.

Unlike on the NIF, the 11-mm-/9-mm-thick, type-I/type-II,
KDP/KD*P frequency-conversion crystals are located on the
floor upstream of the focus lens. The IR input polarization is
vertical. The SSD dispersion direction is in the sensitive direc-
tion of the doubler (horizontal) at the FCC’s.!” The sign of the
dispersion is chosen to compensate the frequency detuning!®
at the FCC’s. A more-optimal choice, in terms of conversion
efficiency, would have the dispersion direction in the sensitive
direction of the tripler. The two UV transport mirrors imme-
diately following the UV diagnostic beam splitter (DBS) are
dichroic and strip residual 1w and 2w light from the beam so
that only UV light is delivered to the focus lens.

Frequency conversion is an intensity-dependent nonlinear
process that can increase amplitude modulation, particularly
if operating in an unsaturated input intensity regime like the
11-mm-/9-mm-thick OMEGA EP FCC’s. Since amplitude
modulation from SSD propagation is minimized at the actual
SSD grating and its image planes, the FCC’s are located at a
grating image plane. In the simulation, this is accomplished by
translating the SSD grating in the front end of the system in the
axial direction to make use of the large longitudinal magnifica-
tion!® M ~ 400 M = m?2, where m is the lateral magnification)
of the system to shift the image. Magnification differs in the
horizontal and vertical directions at least in part because of
the large number of multipass tilted slabs.20 Detailed ray-trace
models of the system were used to set the SSD grating image
on the FCC’s.
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The multi-FM temporal pulse shape consists of one to three
“pickets” in front of a main compression “drive” pulse. A typi-
cal shape is shown in Fig. 134.15. Multi-FM SSD is applied to
only one or more of the pickets; the system is capable of apply-
ing 17-GHz, single-FM SSD modulation to the drive pulse.?!
Although the available 17-GHz, single-FM SSD was not applied
to the drive pulse for the majority of the demonstration shots,
S = 5.5 of 3.0-GHz stimulated Brillouin scattering suppres-
sion (SBSS) modulation was applied to the drive pulse for all
the demonstration shots. The bulk of the on-target smoothing
benefit is obtained prior to the second picket.2 The pickets
themselves have a UV FWHM of 150 ps.
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Figure 134.15
Unsheared UV on-target (UVOT) pulse shape. The three pickets are followed
by a main drive pulse.

90

Figure 134.14

Schematic of the configuration of OMEGA EP with IR and UV
beam patterns plotted in red and blue respectively. The multipass
main cavity (lower line) is identical to that of the NIF. The input—
output arm is significantly shorter and frequency conversion is
done prior to the target chamber.

The pickets shown in Fig. 134.15 are temporally short
(150-ps FWHM in the UV, ~175 ps in the IR) compared to
the main pulse. Because of their short pulse width, as these
pickets increase in energy, they represent a peak-power threat
to the system rather than an optical coating damage—fluence
threat. It is therefore necessary to calculate the maximum
B-integral attained at any spatiotemporal point in the pulse
to assess the threat to the system. In order to do that for the
complicated actual case of three modulators and laser system
components including frequency conversion, the propagation
code Mird is used.

Mir6 is a comprehensive laser design and simulation code
developed?2:23 at CEA/CESTA, France. Miré models typical
high-peak-power laser components and operations such as (but
not limited to) free-space propagation, amplifiers, frequency
converters, and gratings. Consistent with the progressively
increasing levels of sophistication in the typical design process
of high-peak-power lasers, Mir6 offers increasing levels of
modeling sophistication in the form of “modes” of calculation
starting with basic one-dimensional (1-D) ray tracing up to full
diffraction calculation that includes broad-spectrum propaga-
tion with group-velocity dispersion.

For these simulations of multi-FM SSD, Mir¢’s “broad spec-

trum” mode and “inhomogeneous wave” grid transformation
are used to render the problem computationally tractable. (For
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more details, refer to the Mir6 V5, Reference Manual.24) To
ensure that the SSD model was being set up correctly in Mird,
the analytical case of Chuang in Fig. 134.13, was first simulated.
The results are shown in Fig. 134.16. The close agreement
between the Mir6 prediction and the analytical treatment of
Chuang gives confidence that the Miré SSD model has been
constructed correctly and can be confidently used to predict
AM in the region where z < z,..

Since the expected picket energies are low (~100 J) and
the beam areas are large (~1200 cm?), the picket fluence

Normalized intensity

-0.8 -0.4 0.0 0.4 0.8
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(~0.08 J/cm?) is low compared to the equivalent (beam-normal)
saturation fluence of the system (~5.7 J/cm?). The pickets are
therefore in the small-signal-gain regime and their highest
intensities are attained after the booster (final) amplifier, which
has a small-signal gain of ~6. The highest B-integral, which
is essentially an intensity/length product, is in the section of
OMEGA EP downstream from the transport spatial filter to the
target with the most-threatened component being the vacuum
window on the target chamber. The relevant part of OMEGA EP
is shown in Fig. 134.17.

The three modulation frequencies applied to the beam are
detailed in Table 134.III. These modulation frequencies and
their modulation depth have been chosen for optimal smooth-
ing. 2> If the grating-induced beam shear across the nominal
w = 35-cm beam width is given by

At=w2 tan (0), 23)

where 0 is the angle of incidence on the grating (assumed to
be at Littrow), then writing tan(6) in terms of the dispersion
do/dA yields

wAd dé

At=—"-

c A= 360 ps 24)

for the temporal shear introduced by an 1800-lines/mm dif-
fraction grating.

Time (ns)
1.0 T T T T T The phasing of the modulators in the Miré model is impor-
(b) tant to ensure that the maximum intensification is calculated.
0.8 | The 22.8- and 31.9-GHz modulators impart the most bandwidth
z to the beam and therefore the most local phase curvature. These
5 modulators have a 9.1-GHz frequency difference, so near-
g 06F b maximum local wavefront curvatures can be expected in any
-03 pulse longer than ~110 ps. For this reason the modulators are
S 04+ . modeled as co-sinusoidal modulators with zero relative phase
g and ¢ = 0 is centered on the picket.
g 0.2 r 4
Table 134.111: FM parameters for the multi-FM SSD system
0.0 1 | | | I on OMEGA EP.
-15 -10 - 0 5 10 15 Modulator 1 2 3
GoT6IR x (cm) Frequency (GHz) 21.165 | 22.838 | 31.881
Figure 134.16 IR modulation %epth (radians) | 0.450 1.040 2.071
Lineouts of the relative intensity predicted by Mir6 (blue line) in the (a) tem- IR bandwidth (A) 0.7 1.8 49
poral and (b) spatial directions for the case of Fig. 134.13 compared to the IR dispersion (,urad/f\) 203 203 293
predictions of the Chuang model (red line) with § = 4 rad at 10 GHz and ]
60-A/urad dispersion. This is at a distance from the grating of 2000 cm ﬁ (m™) 136.9 1477 206.3
compared to z, = 6800 cm. Z,- (m) 707.9 263.1 67.8
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To minimize amplification of AM in the frequency-conver-
sion process, the SSD grating was carefully imaged onto the
FCC’s.26 The component located the farthest from the image
plane of the grating will experience the greatest intensification
as a result of propagation. From Fig. 134.17 it is clearly seen
that these components are the IR diagnostic beam splitter and
the transport spatial filter’s (TSF’s) output lens upstream of
the image plane and the vacuum window downstream of the
image plane. The TSF output lens is ~17 m from the image
plane. When calculating the expected intensification, it is use-
ful to first estimate how close the caustic is approached. To do
that, the concept of critical distance z, must be extended to a
multifrequency-modulated beam. Recall from the discussion
surrounding Fig. 134.11 that z, is the radius of curvature of
the wavefront caused by one modulation. At points in space
and time where the frequency modulations are in phase, the
resulting phase curvature is the sum of the individual phase
curvatures. The thin-lens law? for two thin lenses in contact
may be applied to add the phase curvatures where 1/f is the
power of a lens of focal length f

1.1 1 1 (25)
=
f2 f3 ftotal

to obtain
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Figure 134.17

The modeled part of OMEGA EP with IR and UV beam patterns
plotted in red and blue, respectively. The most-threatened component
is the vacuum window on the target chamber. DBS: diagnostic beam
splitter; DPP: distributed phase plate; FCC: frequency-conversion
crystal; TSF: transport spatial filter; HR: high reflector.

(N S B 26)

Zr, total’

where z,.; is the critical distance corresponding to the ith
modulation. Using Eq. (26) it is immediately found that
2 total TOT this system is 50.1 m and the TSF output lens, 17 m
from the image plane, is far from the caustic and in the region
(z/z,~ 0.34) where the Mir6 SSD model has been tested.

The vacuum window is in the UV section of OMEGA EP.
The critical distance for the UV beam is required. Recall from
Fig. 134.11 that

ko kor kouv /3 ko,uv o
I 2 - 2 - 2
8" SrBir  (Suv/3)Buv  SuvBiv

because the propagation vector k triples after tripling to the
UV (kg yv = 3ko 1r)> the modulation index & is increased by a
factor of 3 (§yy = 391R), and the grating-induced shear in radi-
ans B at the modulation frequency is unchanged (Byvy = Bir)-
Equation (27) implies that for a single modulation, z, is
unchanged under frequency conversion. This is expected since
the local wavefront radius of curvature is not expected to be
changed by frequency conversion.28 By Eq. (26) this also holds
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for zyo,- The vacuum window is located a physical distance
of 8.5 m from the image plane and is therefore also far from
the caustic and in the region where the Miré SSD model has
been tested.

A screen shot of the Miré model used for these simula-
tions is shown in Fig. 134.18 with the source shown in the
lower left. The modeled beam was temporally 450 ps long
and had an experimentally measured temporal profile. This
is longer than the actual pickets propagated in the system and
was chosen to ensure that multiple cycles of all three modula-
tors were at the maximum intensity of the pulse shape. The
spatial shape of the 1w beam was a 20th-order, square super-
Gaussian with 35-cm FWHM. The grid size for these simula-
tions was 16 x 384 x 1024 (x x y x u), where y is the dispersion
direction and u is the “inhomogeneous wave”2? transformed
grid coordinate.

The IR phase modulators and the reflection grating used in
the model to disperse the beam are in the lower left. To reduce
the model’s complexity and therefore computation time, the
model’s phase modulation and SSD dispersion were applied at
the 40-cm aperture (35-cm-sq beam). This required a model
grating with 289.57 lines/mm used at its Littrow angle of
8.78° for A = 1.054 um. The distance in the model from the
reflection grating to the cavity end mirror was adjusted to
ensure the grating was imaged onto the mid-plane of the FCC’s.

Although the booster amplifier disks are included in the Mir6
model for future work, they are modeled as zero-B-integral,

Cavity

00
[l . Spatial . [l .
Plate filter Plate

Fold Mir DM

N

Mirror

Mirror

Booster
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unity-gain optics to reduce computation time. The main laser
cavity, including the cavity spatial filter (CSF), is modeled as a
two-pass instead of the actual four-pass to model the imaging
of the cavity while again reducing model computation time. All
components in this early part of the laser have their nonlinear
coefficient y set to zero. All components from the TSF pinhole
onward have their y’s specified to ensure B is accurately calcu-
lated. The y’s for the optical materials in OMEGA EP at their
use wavelengths are detailed in Table 134.IV.

Three components have more than one wavelength on them
simultaneously: the KDP doubler, the KD*P tripler, and the
fused-silica UV diagnostic beam splitter. The IR B contributed
by the doubler consists of the B as a resuslt of the IR beam
itself and the cross-phase-modulation contribution caused by
the 2w beam on the IR beam. Similarly, its 2w B contribution
is the B attributed to the 2@ beam itself plus the cross-phase—
modulation term contribution attributed to the IR beam. Where
there are three wavelengths present as in both the tripler and
the UV diagnostic beam splitter, the calculation is generalized
for three waves. The actual calculation proceeds by finding the
temporal maximum of the intensity and then calculating the
B through the crystal by a split-step method.

The preceding calculates the contribution of the particular
crystal to the B-integral. The B-integral at each harmonic
does not start at a zero value and must be initialized.3? For the
doubler, the conservative assumption is made that the initially
small divergence added to the fundamental frequency beam
by nonlinear ripple growth (B) is completely transferred to
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Figure 134.18

The OMEGA EP Miré model. The IR phase modulators are in the lower left. A reflection grating was used in the model to disperse the beam at the 40-cm

aperture. Although the booster amplifier disks are included in this model, they are modeled as zero-B-integral, unity-gain plates to reduce running time.
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Table 134.IV: Nonlinear coefficients (y) for OMEGA EP components.

Component Wavelength Material Thickness (cm) | y (cm2/GW)
TSF output lens IR fused silica 5.6 27 % 1077
Diagnostic beam splitter IR fused silica 1.0 2.7 %1077
KDP doubler IR and 20 KDP 11 2.5 %1077
KD*P tripler IR, 2w, and UV KD*P 0.9 3.0 x 1077
Diagnostic beam splitter IR, 2w, and UV | fused silica 1.0 3.88 x 1077
Distributed phase plate uv fused silica 4.0 3.88 X 1077
Focus lens uv fused silica 4.0 4.00 x 1077®
Vacuum window uv fused silica 4.0 4.86 x 1077@
Free space IR or UV air various 5.0 x 10710

®The component values have been increased to account for other effects.

the harmonic beam(s). By this assumption the initial B of
the second harmonic (2w) is simply set equal to the B of the
fundamental beam.

The case of frequency tripling, which involves the mixing
of two different frequencies, is more complicated. In this case
Miré makes use of a phenomenological expression for the
transmission 7 of a spatial filter’! as a function of the B-integral
B, and an experimentally determined “noise parameter” €, for

the system under consideration:32

T(B)=1- [ (1+2B%)+cosh (2B) ] . 28)

£
2
The loss L in transiting the spatial filter is from Eq. (27):
£ 2
LB)=5 [ (1+2B%)+cosh (23)]. (29)

Miré6 postulates that these losses, weighted by frequency
(energy), are conserved in frequency conversion. This is
roughly equivalent to postulating that the energy-weighted
modulations on the beams to be mixed appear on the harmonic.
Mathematically, the equation

30[1+2B3, +cosh (285, |

2
= nw[1+23iw+cosh(23nw)]

n=1

(30)

is solved numerically for B3, given B}, and B, ,.
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The focus lens is modeled as a 4-cm-thick plane-parallel
plate of fused silica. The vacuum window is located 25 cm
downstream of the 3.4-m effective-focal-length focusing lens
in the converging beam. This portion of the UV system can
be efficiently modeled by making use of the Talanov3? trans-
formation. To determine the beam modulation on the vacuum
window, the beam is propagated the transformed distance
' with coordinates (x’,y’) given by

Z’ = ﬁ, (31)
XY
(.y)= 71<_ Z)f : (32)

This transformation yields the beam profile at the vacuum
window by propagating the 40-cm aperture beam 7' = 27 cm
instead of z = 25 cm. Since only the resulting increase of the
B-integral is of interest, rather than applying the transverse grid
transformation in Eq. (32), the value of y for the vacuum win-
dow was simply increased by the square of 1/(1-z/f) to model
the beam area’s reduction and therefore intensity increase. This
changed the value of y from 3.88 x to 4.52 x 107 cm%/GW.

An additional complication of the model is the presence
of the DPP 20 cm in front of the focusing lens. The DPP’s
spatial-phase modulation will itself be converted into spatial-
amplitude modulation by propagation. The DPP’s spatial
phase will add and subtract from the SSD-induced phase in
a complicated way. In the worst case, converging phase fea-
tures from SSD and the DPP will increase the intensification.
The DPP used for the OMEGA EP demonstration experi-
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ments was designed at LLE3* to produce a 1.1-mm-diam
focal spot. Adequately resolving the phase features gener-
ated by this optic required very large spatial-grid resolutions
(>1024 x 1024). Over the 47 cm of equivalent propagation
distance from the DPP to the vacuum window, no caustics
are generated. A simulation generated by propagating the
design phase map of the DPP over the distances in question
is shown in Fig. 134.19. In the absence of any other modu-
lation, the peak intensity increase caused by modulation
from the DPP on the focus lens and the vacuum window
would be 3.2% and 7.6%, respectively. As a zero-order
approximation to the effect of the DPP on B, the y’s for the
focus lens and the vacuum window were further increased
by 3.2% and 7.6%, respectively, to 4.00 x 10~ cm?/GW and
4.86 x 1077 cm?/GW.

Results

The temporal shape used in the model is shown in
Fig. 134.20, along with the modulators’ waveform. This shape
was taken from an early measurement of one of the IR pickets
in the front end. The pickets generated for the OMEGA EP
demonstration shot campaign were closer to Gaussian with
a shorter (~150-ps) temporal width. The advantage of wider
pickets for these simulations is to ensure that the peak temporal
intensity extends over the time the modulators are co-phased.
Since OMEGA EP operates in the small-signal regime for
these pickets, it is an excellent representation of the picket at
the TSF lens output.

The B-integral as a function of distance from the FCC’s for
the maximum power determined by a B-integral limit equals
2.0, as shown in Fig. 134.21. The UV B-integral starts at 0.5 rad

SIMULATIONS OF THE ProrAGATION oF MuLTIPLE-FM SMOOTHING By SPECTRAL DispERSioN oN OMEGA EP
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Figure 134.19
The normalized peak fluence and the normalized contrast caused by modu-
lation from the 1.1-mm-spot DPP as a function of distance from the DPP.

at the FCC’s largely because of the IR contribution from the
TSF output lens and the IR DBS. This result was obtained by
adjusting the peak input intensity until a B-integral of 2.0 was
obtained. This was achieved at a peak UV power measured
at the vacuum window of 1.6 TW, which represents an upper
bound for the picket power.

This result is the B-integral due only to AM resulting from
the propagation of multi-FM SSD in the OMEGA EP Laser
System. Many other effects have been neglected in this analysis
including, but not limited to, gain narrowing in the amplifiers,
etaloning in beamline components, etc. Therefore, this result is
not the ultimate peak-power limit of OMEGA EP with multi-
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Figure 134.21

B-integral as a function of distance from the FCC’s for a 710-J, 444-ps pulse
of 1.60-TW peak power. The B-integral at the output of the vacuum window
for this pulse is 2.0 rad.

FM SSD applied. Indeed, there is significant uncertainty in
this calculation simply caused by the knowledge of the y’s of
each of the materials.

Conclusions and Additional Work

An estimate of the peak-power limit resulting from the addi-
tion of multi-FM SSD to the OMEGA EP Laser System has
been calculated. A connection was made between the work of
Chuang’ and the work of Hocquet,? and it was shown that their
predictions are the same. The advanced laser design code Miré
was then applied to first computationally replicate the results
of Chuang and then compute the OMEGA EP peak-power
limit in the presence of multi-FM SSD. This peak-power limit
then becomes one part of a budget that determines the actual
on-target peak-power limit of the system.

The B-integral is a convenient metric to rapidly estimate the
damage threat to a system from self-focusing. The actual threat
to the final optic is most accurately assessed> by comprehen-
sive modeling that includes the phase contributions of all the
system optics to directly model the beam filamentation at the
vacuum window. Further work would involve high-resolution
simulations to compute these effects. The issue of the longi-
tudinal magnification should be addressed by an actual mea-
surement on the system of the AM as a function of transverse
beam location in the dispersion direction. Additional amplitude
modulation caused by gain narrowing in the amplifiers can be
added to the existing Miré model.
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