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[llumination-Uniformity Considerations for
Direct-Drive Fusion Reactors

Several authors have studied the illumination uniformity attainable
with overlapped multiple laser beams on a spherical target.'* Skupsky
and Lee® were the first to decompose the illumination pattern on a
sphere in terms of spherical harmonics, in order to analyze the
nonuniformity pattern according to its spatial wavelengths. The wave-
length information is important because a short-wavelength nonuni-
formity might be smoothed by thermal conduction within the pellet.
Reference 5 includes a nonuniformity analysis of the existing 24-
beam OMEGA facility at LLE, as well as a 32-beam, f/20 system. It
was shown that the 32-beam system could achieve the required
uniformity of less than 1% rms in a limited focal region while
occupying only 0.5% of the reactor solid angle. Modest thermal
smoothing extended the useful region of the 32-beam geometry to
inciude the entire focal region of interest for direct-drive laser fusion.
We have extended the work in Ref. 5 to include 20, 32, 60, and 96
beams evaluated for 2% and 8% solid-angle fractions in the reactor.
This activity is part of a preconceptual reactor design named SIRIUS
conducted in collaboration with the Nuclear Engineering Department
of the University of Wisconsin.

The disposition of the final optical elements in the reactor chamber
is determined by three related variables: (1)} the size of the laser
aperture, (2) the distance from the target, and (3) the solid angle
subtended by the beams. The laser aperture is determined by the
total laser energy and the laser-induced damage threshold of the last
focusing optic. The final optic spacing from the pellet determines the
reaction-product loading on the optic, and the solid-angle fraction
has an impact on the performance of the reactor-blanket. Any two of
these variables determine the third. We have chosen to estimate both
the laser aperture and an acceptable total solid angle, thereby fixing
the final optic distance without regard to the reaction-product loading.
It should be noted that holding the solid-angle fraction constant as



Table 19.1
SIRIUS parameters.
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the number of beams, N, is varied does not change the distance of
the final optic from the pellet. This allows us to study the illumination
uniformity effects of N beams without changing this basic design
parameter,

The total aperture of the laser driver is determined by the laser
energy and the optical damage threshold of the reflective coating on
the last focusing optic. For this study we have used values of 2 mJ
for the driver energy (at 248 nm) and a damage threshold of
5.0 J/cm?. When the damage threshold value is combined with the
assumed geometrical fill factor (0.7) and a safety factor for ripples on
the beam (0.5), the overall threshold is 1.75 J/cm?. This dictates a
total laser aperture of 144 m? This aperture is independent of the
system configuration, whether direct or indirect drive. The corre-
sponding single-beam apertures for 20, 32, 60, and 96 beams are
given in Table 19.1.

NUMBER OF BEAMS 20 32 60 96

beam aperture (m) 27 2.1 1.6 1.2

f-number for 2%

solid angle fraction 79 100 13.7 7.3

f-number for 8%

solid angle fraction 39 50 638 8.6 |

e [inal optic spacing from pellet
2% solid angle fraction - 21.3 m
8% solid angle fraction - 106 m
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The second variable in the system configuration is the solid-angle
fraction the driver occupies in the reactor. This is related to the
number of beams and the f-number of the beams by the following
expression:

AQ _ N 2f
a2 (1 ) M

For the SIRIUS study we are evaluating 2% and 8% solid-angle
fractions for the laser beams. The appropriate f-numbers for each of
the beam configurations has been calculated using Eqg. 1 and is given
in Table 19.1. This f-number and the individual beam aperture give the
spacing of the final optic from the pellet. The 2% solid-angle fraction
places the final optic 21.3 m from the pellet, and the 8% solid-angle
fraction has a 10.6-m spacing. This approach allows an evaluation of
the effect of dividing the total laser aperture into N beams while
maintaining a constant solid-angle fraction in the reactor. The cost
scaling of the driver with N is not currently well understood and is
beyond the scope of this study. Here we attempt to show the
uniformity scaling with N, so that future work can balance the cost
scaling of a driver against the uniformity scaling.
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The formalism used in this work has been described in detail in
Ref. 6 and is briefly reviewed here. The irradiation pattern on the
sphere is decomposed into spherical harmonics where the standard
deviation of a mode amplitude is given by

1
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The single-beam factor |E,/E,| is determined by the focus position,
f-number, beam profile, and assumed target conditions. This singie-
beam factor is evaluated by tracing rays through the pellet plasma
shown in Figure 19.11. The remainder of Eq. 2 is the geometrical
factor which is determined by the number and orientation of the
beams (Q«) and the beam energies (Wx). The sum is over all beams;
Wr = XWy and P, is a Legendre polynomial. The rms standard
deviation of all modes is defined as

Orms — ({;(?‘2)%' (3)

We have calculated the nonuniformity, in terms of oms, for a
variety of conditions. Earlier work® indicated that a quacdratic beam-
intensity profile of the following form produced good uniformity

Fig. 19.11
Target conditions for single-beam factor
calculations. where r, is the pellet radius.
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The owms for a 2% solid-angle fraction geometry is plotted in Fig.
19.12 for 20, 32, 60, and 96 beams as a function of a focus ratio. The
focus ratio is defined as

focus ratio = £ . (5)

2fro

F is the position (in mm) of the geometrical best focus beyond the
pellet center, ro is the pellet radius (in mm), and f is the beam f-
number. A focus ratio of 1 corresponds to tangential focus where the
beam aperture (2R,) illuminates a hemisphere of the pellet (2r).

The maximum tolerable nonuniformity is generally assumed to be
around 1% rms for targets with a convergence ratio (ratio of initial to
compressed fuel radius) of less than ~ 20. Such uniformity must be
maintained during the entire time of laser irradiation. Figure 19.12
shows that rms nonuniformities of less than 1% can be achieved over
a specific range of focus ratios. The focus ratio changes during the
implosion as the target is compressed [i.e., 1o in Eq. (5) becomes
smaller]. Reactor target simulations indicate that the target can be
driven to ~ 60% of its initial radius by the time that the laser pulse
attains maximum intensity. Therefore, if the initial focus is tangential,
that is, focus ratio = 1, then the focus ratio will increase during target
compression to a value of 1.67 at peak pulse intensity. To obtain high
uniformity over this range, Fig. 19.12 shows that one option for direct-
drive laser fusion is to use 60 or more beams.

20 beams (f/7.9)
20
16 32 beams (1/10.0)
;\3 L
g 121
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| - T_{ focus at peak
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Fig. 19.12
Nonuniformity of laser-energy deposition
for 2% solid-angle fraction.
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Fig. 19.13
The effect of moderate thermal smoothing
on the 32-beam nonuniformity.
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High drive uniformity can aiso be obtained with few beams (~ 32) if
thermal smoothing within the target is found to be effective. This is
illustrated in Fig. 19.13 for a 32-beam system at f/20. The dotted
curve represents the attenuation of nonuniformities due to moderate
thermal smoothing and shows that less than 0.5% rms nonuniformity is
maintained over the entire focal region of interest. For this calculation
it was assumed that the fractional separation distance between the
critical and ablation surfaces (AR/R) was 0.1, which is characteristic
of short-wavelength laser irradiation during the time of significant
laser-energy deposition.

32 beams (f/10)

FOCUS RATIO

The effect of changing the total solid angle subtended by the beams
has been studied and is displayed in Fig. 19.14. There is a small
improvement in uniformity for the 32-beam system in going from 2% to
B% of 4, resulting from the change between /10 and /5 optics.
Changes above ~ /10 have a negligible effect on uniformity as seen
in the 96-beam case which represents a change from /9 to /17,
because the laser rays are already effectively parallel.

The effects of beam-to-beam energy imbalance were also studied.
These create predominantly long-wavelength nonuniformities (£ < 4).
The sensitivity to energy imbalance is reduced as the number of
beams is increased. Figure 19.15 shows the effect of a 2.8% rms
random variation for the 60- and 96-beam geometries. With this
imbalance, typical of the value achieved on OMEGA, the irradiation
nonuniformity still stayed below 1% rms.

These calculations used an idealized laser-beam profile. Realistic
radial-beam profiles might not be as smooth as the quadratic form
used here due to, for example, diffraction effects. The effect of small-



Fig. 19.14
Uniformity
fraction.

for increased solid-angle

Fig. 19.15
Uniformity with energy imbalance.
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Fig. 19.16

32-beamn modulated profile.

scale variations on the radial-beam shape has been examined using
a modulated quadratic profile of the form:

=1, (1- r_j) [1+€ cos (7Mr/1)]

1

where € and M are parameters controlling the magnitude and wave-
fength of the modulations. Physically, M/2 can correspond to the
number of diffraction rings. Figures 19.16 and 19.17 are nonuniformity
calculations for 32 and 96 beams with a 2% solid-angle fraction. To
demonstrate the effect of only a small amount of smoothing, we
multiply each oy by the factor exp(—£/20), corresponding to AR/R =
0.05. Note the rapid drop in nonuniformity for M > 8. Additional
simulations have shown the magnitude of the nonuniformities scales
approximately linearly with €. These results suggest that laser systems
for future fusion reactors should be designed with not less than ~4
diffraction rings and/or an intensity variation Al/| considerably less
than the 20% used here, both of which are within the limits of present-
day technology (see Fig. 19.18). In addition, the effect of the intensity
modulation is greatly reduced as the number of beams is increased.

35
25
S
w
=
os
[~
15
05
TC1399

126

l \; |

32 beams (f/20)
36 R focus
Intensity Profile: Al/} = 20%

| = 1o(1-r2/r2)
x [1+0.1 cos (Nmr/ry)]
Example: N =3

ST,/\;\

With Smoothing: D/R = 0.05

//(0 —o, e-2/20)

Dominant
Nonuniform Mode
=18

8 12 16 20

MODULATION PARAMETER, N




Fig. 19.17
96-beam modulated profile.
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We routinely measure the intensity distribution of LLE lasers at the
plane of the target. These photographs are referred to as equivalent-
target-plane or ETP photos. Generally these are digitized, and an
azimuthally averaged plot is generated. One such plot is shown in
Figure 19.18. This profile was compared with the quadratic and flat-top
profiles for a 96-beam geometry in Figure 19.19. This current profile
approaches both idealized profiles if the focus ratio is around 2.0,
because the central portions of all three profiles are similar.

The extension of the spherical harmonic analysis of symmetric
illumination to 96 beams has shown that the sensitivity of the pellet
illumination uniformity to various perturbations, such as energy imbal-
ance and intensity modulation, is greatly diminished when a large
number of beams are used. Using greater than ~ 60 beams (with the
total beam solid angle at ~ 2%) provides one possible option for the
direct-drive approach to laser fusion. If thermal smoothing is found to
be an effective mechanism for reducing nonuniformities, then fewer
beams, around 32, could provide adequate illumination uniformity.
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Fig. 19.18
Current beam profile from LLE laser system.

Fig. 19.19
Uniformity depends on laser beam profile.
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