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Abstract
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We investigate irradiation uniformity in direct-drive laser fusion using beam layouts generated
from the full rotational icosahedral group. By expanding the incident intensity in spherical
harmonics, we show the selection rules imposed by exact icosahedral invariance and identify the
forbidden multipole degrees. These exclusions are independent of the single-beam profile and
therefore remain valid for both delta-function and finite-width beams. Using flat-top and von
Mises—Fisher beam profiles, we evaluate the resulting root-mean-square nonuniformity and
compare an optimized 60-beam icosahedral layout with the conventional OMEGA 60-beam
geometry. For smooth beam profiles, this model predicts substantially lower nonuniformity for
the optimized icosahedral layout than for the OMEGA-60 geometry, because exact low-degree
cancellation is combined with efficient high-degree attenuation by the beam-profile transfer
coefficients. We further examine random beam-weight imbalance and show that optimized
high-beam-count icosahedral layouts remain robust over the range studied. These results
establish a symmetry-based design principle for low-mode control and improved irradiation

uniformity in direct-drive laser implosions.

Keywords: direct-drive laser fusion, irradiation uniformity, icosahedral group,

spherical harmonics, beam layout optimization
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1. Introduction

Highly uniform spherical drive symmetry is a fundamen-
tal requirement for laser inertial confinement fusion [1-3].
Irradiation nonuniformity seeds hydrodynamic instabilities,
distorts implosion symmetry, reduces stagnation pressure, and
degrades ignition and burn performance. Achieving uniform
drive with a finite number of beams, therefore, requires solving
a fundamental geometric problem. For certain small beam
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numbers, highly symmetric configurations derived from reg-
ular polyhedra provide natural candidates. In the general case,
however, the problem becomes one of optimal point distribu-
tion on the sphere. It is closely related to the Thomson prob-
lem, one of the classical formulations of discrete point opti-
mization on the sphere [4, 5].

From this perspective, beam layout in laser inertial fusion is
not merely an engineering choice, but a physically constrained
spherical optimization problem. This perspective provides a
natural framework for appreciating the appeal of illumination
schemes based on regular polyhedra, specifically the regular
icosahedron in this paper, and for extending them to practical
beam configurations.

Because direct-drive implosions are intrinsically spherical,
the angular distribution of the incident drive intensity /(€2) on
the capsule surface is naturally described as a function defined
on the unit sphere, where {2 specifies a direction on the sphere.

© 2026 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA
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It is expanded in spherical harmonics,

[e'S) 14
Q)= am"(Q), (1)

{=0m=—1¢

where Y;" form an orthonormal basis on the unit sphere with
degree ¢ and order m, and ay, are the corresponding expan-
sion coefficients. The degree ¢ characterizes the angular scale.
Small values of ¢ correspond to long-wavelength distortions
of the drive, while larger values represent progressively finer
angular structure. The coefficient with ¢ =0 represents the
uniform component of the drive and equals its spherical aver-
age intensity. Coefficients with £>1 quantify deviations from
perfect symmetry.
For each degree ¢, we define the angular power

4
Pe=>_ laml. 2
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It measures the total strength of asymmetry at that angular
scale. The root-mean-square (RMS) nonuniformity, oy, is
then defined as

2 Z@lpl! 3
Urms - 2 ’ ( )
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i.e. the total power in all nonzero spherical-harmonic degrees
normalized to the squared monopole component. This spec-
tral representation reveals a natural hierarchy in spherical
implosions. Low-degree asymmetries couple directly to global
deceleration dynamics and stagnation geometry, whereas
higher-degree modes can degrade performance through hydro-
dynamic instability growth and mixing. Both low- and high-
degree components, therefore, influence fusion performance
through distinct physical pathways.

Low-degree asymmetry is a well-recognized performance
limiter in ignition-regime experiments at the National Ignition
Facility (NIF). Simulations show that low-order flux asymme-
tries degrade stagnation and reduce yield, while experiments
demonstrate a clear sensitivity of implosion performance to
low-mode distortions and symmetry tuning [6—10].

In direct drive, beam geometry is directly linked to low-
degree drive structure, because the long-wavelength nonuni-
formity is governed mainly by the angular distribution of beam
axes and their relative powers. At the OMEGA laser facil-
ity [11-14], diagnostics and simulations have shown that low-
degree asymmetries can strongly limit cryogenic implosion
performance [15, 16]. Simulations including smoothing by
spectral dispersion and cross-beam energy transfer (CBET)
further show that coherent low-degree components may per-
sist, or arise from global system-level interactions, even when
higher-degree structure is partially smoothed [17]. Therefore,
reducing the overall o,y and suppressing low-degree spectral
power are complementary but distinct requirements for high-
performance direct-drive implosions [18].

Laser—plasma-interaction effects further couple drive
nonuniformity to implosion performance through CBET
and nonuniform absorption. Measurements on OMEGA

and NIF direct-drive implosions show that CBET modi-
fies angularly resolved mass-ablation rates and ablation-
front trajectories [19], while unabsorbed-light diagnos-
tics indicate that absorption in OMEGA implosions
is less uniform than previously assumed [20]. Recent
direct-drive-relevant CBET simulations likewise show
that energy transfer between crossing beams can redis-
tribute laser energy and inhibit implosion performance
[21,22].

A key step in the theoretical analysis of irradiation uni-
formity was the analysis of Skupsky and Lee [11], who
separated the nonuniformity into a single-beam factor and
a purely geometrical factor determined only by the beam
directions and weights. Their formulation made explicit that
low-degree spectral content is governed predominantly by
beam geometry and showed that suitable angular arrangements
can suppress selected low-degree modes. Schmitt showed,
in an idealized setting, that absolutely uniform illumination
of a laser-fusion pellet can be obtained when the single-
beam energy-deposition profile is appropriately shaped on the
target sphere with suitable beam directions [23]. McGeoch
and Obenschain optimized beam configurations based on
Schmitt’s framework using approximate hyper-Gaussian pro-
files [24]. Murakami and collaborators also investigated irradi-
ation uniformity through practical mode-resolved studies [25,
26] and electrostatic optimization methods that treat beam
directions as mutually repelling points on a sphere, thereby
providing a numerical route to near-uniform multibeam con-
figurations [27, 28]. In contrast to the specific profile require-
ment in Schmitt’s construction, our framework ensures that
symmetry-forbidden spherical-harmonic degrees cancel for
any common axisymmetric beam profile, provided that the
beams within each complete icosahedral orbit have equal
weights.

A complementary strategy is embodied in the StarDriver
concept, which reduces global oy, through beamlet multi-
plication and strong spatial and temporal incoherence [29—
31]. Such statistical smoothing is effective against high-degree
structure, but systematic suppression of low-degree modes
requires structural control of the angular beam distribution.
Our previous paper [32] presented the concept of a direct-
drive laser fusion reactor employing high beam counts above
about 500 in order to improve irradiation uniformity. However,
that work did not quantitatively evaluate the irradiation uni-
formity of the beam layout itself, nor did it examine the
present symmetry-based spectral structure of the irradiation
nonuniformity. Specifically, the present paper (i) clarifies
how icosahedral symmetry constrains the allowed and forbid-
den multipole orders of the irradiation pattern, (ii) quantita-
tively compares the optimized 60-beam configuration based
on the full rotational icosahedral group, denoted Icgy, with
the conventional OMEGA 60-beam geometry, denoted (¢,
and (iii) evaluates the robustness of optimized high-beam-
count icosahedral configurations, denoted Icy, against ran-
dom beam-weight imbalance as the total beam number N
increases. In the present idealized irradiation model, the result-
ing nonuniformity reaches levels comparable to, or lower
than, values often regarded as important design targets for
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ignition-class implosions, while remaining within a direct-
drive configuration. This provides a mathematically grounded
route to direct-drive configurations with very low calculated
irradiation nonuniformity and a scalable design framework for
high-beam-count fusion systems.

2. Icosahedral symmetry and spectral selection
rules

In this section, we examine how icosahedral symmetry con-
strains the spherical-harmonic content of the incident beam
intensity introduced in section 1. We first recall the low-
order cancellation implied by spherical-design theory. We then
show that exact rotational icosahedral symmetry imposes a
stronger constraint and excludes additional multipole orders
beyond the spherical 5-design range. Finally, we show that
the same symmetry-based restriction remains valid for finite-
width beams and is therefore not limited to the delta-function
case.

2.1. Tight spherical 5-design

A direct geometric explanation for the suppression of the
lowest-order multipoles is provided by spherical-design
theory. The 12 vertices of the regular icosahedron provide
a classical example of a tight spherical 5-design on the unit
sphere S? [5]. Let {;}!2, denote the corresponding vertex
directions. Because these points form a spherical 5-design,
the discrete average over the 12 vertices reproduces the uni-
form spherical average for all spherical harmonics up to degree
¢ =5. One therefore obtains

12

1 m _ 1 m
ﬁzyz (Q")_E,/Szyl () d€2,

i=1

(1<I<5).  (4)

Since the spherical average of Y;" vanishes for all £>>1, it fol-
lows immediately that

1 12
o S oY) =0,  (I<5). 5)

i=1

Therefore, all multipole components up to £ = 5 are eliminated
purely by geometry. This argument explains the absence of
the lowest-order multipoles, but by itself it does not determine
which higher-order modes with £>6 are also excluded. To clar-
ify the full set of forbidden orders, one must use the exact rota-
tional icosahedral symmetry of the beam configuration.

2.2. Exact invariance under the full icosahedral rotation
group

The rotational icosahedral group I consists of the 60 proper
rotations listed in table 1 [33]. In the equal-weight construc-
tion considered here, the beam pattern is generated by applying
every element g € I to a reference beam profile 5(£2). The total

Table 1. Conjugacy classes of the rotational icosahedral group /.
The group contains 60 proper rotations, which generate the full orbit
in equation (6). These rotations define the symmetry operations
under which the incident intensity is required to remain

invariant [33].

Number
of

Class Rotation angle elements
Ci 0 1
C T 15
C3 2m/3 20
Cs 2m/5 12
c: 4r/5 12

intensity is therefore

1Q) =) b(g'9), ©)

g€l

where g runs over the full 60-element orbit summarized
in table 1. Here, b(g~'Q2) denotes the reference beam pro-
file b, rotated by the group element g and evaluated at the
direction (2.

Equation (6) makes the symmetry explicit. Rotating the
entire configuration by any element of the same group pro-
duces no new beams and merely permutes the 60 copies
already present in the sum. Because all copies are identical
and enter with equal weight, this permutation leaves the total
intensity unchanged. The resulting pattern is therefore exactly
invariant under the rotational icosahedral group /.

This invariance has an important consequence for the mul-
tipole expansion. Rotations do not mix different multipole
orders ¢ and only mix the m components within a fixed ¢.
Accordingly, the symmetry constraint can be imposed inde-
pendently at each degree ¢. For a given /, the icosahedral rota-
tions act within the (2¢+ 1)-dimensional space spanned by
{Y/"}¢ __,. A nonzero degree-( contribution can therefore sur-
vive only if this space contains at least one angular pattern that
remains unchanged under every rotation in /.

2.3. Allowed and forbidden multipole orders

We denote by n, () the dimension of the subspace of degree-
¢ spherical-harmonic patterns that remain invariant under all
rotations of . Equivalently, n4(¢) is the multiplicity of the
totally symmetric representation in the degree-¢ spherical-
harmonic space. Thus, n4 (¢) = 0 means that no nonzero icosa-
hedrally invariant angular pattern exists at degree ¢, whereas
na(€)>=1 means that one or more linearly independent invari-
ant patterns are allowed. The previous discussion then imme-
diately implies that, if ns (¢) = 0, the entire £th multipole com-
ponent must vanish.

Cohan tabulated the multiplicity ns(¢) up to £=15 in
table 8 of [33]. Within that range, ns(¢) =0 for £=1,...,5,
consistent with the spherical 5-design result above, and also
for £=17,8,9,11,13, and 14 [33]. The first nontrivial totally
symmetric multipole beyond the monopole ¢ =0 appears
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at £ =6, for which ns(6) =1 [33]. Thus, exact icosahedral
symmetry excludes additional multipole orders beyond those
removed by the 5-design property alone.

For higher degrees, Meyer [34] derived a generating func-
tion for the number of linearly independent icosahedrally
invariant spherical harmonics at each degree. Let

hED =3 m(0) ™

£=0

denote this generating function, where ¢ is a formal expansion
variable. In other words, the coefficient of ¢* in h(z; 1) gives the
number of symmetry-allowed degree-¢ icosahedral harmonics.
Meyer showed that, for the rotational icosahedral group 7,

1415

h(t;]) = m.

(®)

To interpret this expression [34, 35], we use the geometric-
series expansion

%6 = if’”v Z 1o, ©)
a=0

1—t10
so that
6a 106 6a-+10b
e TN t t = t .
e (5) (5) - %
(10)
Thus, the denominator generates powers only of the

form *+'%  where a and b are non-negative integers.
Multiplication by the numerator (14 ¢'%) then produces two
branches,

and

E t6a+10b

a,b>0

§ : t15+6a+10b
)

a,b>0

(1)

so that totally symmetric icosahedral harmonics can occur
only for degrees of the form

{=6a+10b or {(=15+6a+10b, a,b=0. (12)

It follows that the next forbidden degrees beyond ¢ = 15 are
¢ =17,19,23, and 29, whereas all degrees ¢>>30 are allowed
by symmetry. Combining this result with the low-degree clas-
sification above, the only degrees for which no totally sym-

metric icosahedral component exists are
(=1,2,3,4,5,7,8,9,11,13,14,17,19,23,and 29.

Accordingly, if the incident intensity is exactly invariant under
the rotational icosahedral group generated by the 60 rotations
listed in table 1, then all spherical-harmonic coefficients at
these forbidden degrees must vanish.

These symmetry constraints depend only on the com-
plete 60-element icosahedral orbit in equation (6), not on the
detailed form of the single-beam profile. A finite beam width
can modify the amplitudes of symmetry-allowed modes, but it

cannot generate a multipole order forbidden by the rotational
icosahedral symmetry itself. Therefore, the same excluded
degrees apply to delta-function beams as well as to smooth
or sharp-edged finite-width beam profiles.

3. Single-beam profile model and transfer
coefficients

We consider axisymmetric single-beam angular profiles and
their associated transfer coefficients B,. The beam width is
parameterized by a single angular scale 6. For the flat-top
profile, we set 6, = o, where « is the beam half-angle. For
the von Mises—Fisher (VMF) profile [36 371, 6y is defined by
the half-maximum condition b(6,) = 15(0). In what follows,
both models are expressed in terms of Hb

Let €2y denote the beam-axis direction. For an axisymmetric
beam, the profile depends only on the offset angle ~, defined by
cosy = - Qy, so that b(Q2) = b(~y). We normalize the profile
on the sphere as

1
27 [ b au=1,  p=cosy.  (3)
—1
The profile then admits the Legendre expansion
20+ 1
b(7) :Z 4—7’; B¢ Py (cosv), (14)
£=0
where the transfer coefficients are
1
Be=2r [ b(3() Pe(u) dp. (15)
—1

With this convention, By = 1.
For a discrete set of beam axes (2; with weights w;, the
spherical-harmonic coefficients are

N
aom =By wi ¥, (%)
i=1

where w; is the weight of the jth beam. We define the total
weight by

(16)

N
W= Z 17)
For the icosahedral orbit construction with K seeds, one has

N = 60K. Unless otherwise noted, all numerical examples in
this paper use equal weights w; = 1, so that W = N.

3.1. Flat-top profie

We first consider the flat-top profile, which is constant within a
cone of half-angle 6}, about the beam axis and vanishes outside
it. The normalized profile is

1
27 (1 —cosBy)’
0, 0b<’7<ﬂ'.

OS’YSOb,

b(v) = (18)
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Let p49 = cosBy,. Then, for £ > 1, the transfer coefficients are

Pe1 (o) = Perr (po)

QD) "

1!
By = / Py (p) dpu=
1- Ho Ho
This profile provides a simple reference model with a sharp
angular cutoff.

3.2. vMF profile

We next consider the axisymmetric vMF profile [36, 37],
parameterized by a concentration parameter &,

exp (kcos?y)

b= et (20)

where iy () denotes the modified spherical Bessel function. In
particular,

. sinh x
ig (k) = . 1)
K
The corresponding transfer coefficients are
B, — ). 22)
ig (k)

To express the beam width in the same form as for the flat-
top profile, we parameterize x by the half-maximum angle 6,
defined through b(6,) = 15(0). This gives

In2

== 23
1 —cosby (23)

In the narrow-beam limit v < 1 and & > 1, the normalized

vMEF profile approaches
2
K Ky
2r P < 2 > ’

with angular variance o? ~ 1/. This profile provides a
smooth Gaussian-like model on the sphere while preserving
exact spherical normalization for any beam width.

Figure 1 compares the transfer coefficient B, for these
two beam models. Here, f =2sinf}, is used as a common
normalized spot-size parameter. For the vMF profile, 6, is
defined through the half-maximum condition and therefore
corresponds to a full width at half maximum on the sphere.
For the flat-top profile, the same parameter instead represents
the full angular diameter. The flat-top case is retained mainly
as a sharp-edge reference model, whereas the vMF profile
serves as a smooth spherical model that is more representa-
tive of reactor-relevant spots. Both profiles are idealized, and a
more detailed treatment of realistic focal-spot smoothing and
plasma transport is left for future work. Owing to its sharp
angular cutoff, the flat-top profile exhibits oscillatory behav-
ior at large ¢, whereas the vMF profile shows a smooth decay.
In both cases, increasing the normalized spot size f filters
out higher-degree spherical harmonics and shifts the spectral
weight toward lower-degree modes.

b(v)~ (24)

4. Numerical method for o.,s with transfer
coefficients

4.1. Delta-function limit

Let {Q; }N denote the set of beam-axis directions on the unit
sphere. In the delta-function limit, the deposited intensity is
represented as a sum of point contributions,

(25)

N
=) wid(Q,),
j=1

where §(£2,€)) is the Dirac delta distribution on S2, and w;
is the weight of the jth beam. Expanding /5 in orthonormal
spherical harmonics gives

Z Z aly) You (2 (26)
L=0m=—1
with coefficients
agfn) - / (Q) Ylm dQ ZWJ Ylm (27)
Using equation (17), the monopole coefficient is
0__W
ay, = . (28)
00 \/47_(_

Thus, in the point-beam limit, the spherical-harmonic content
is determined entirely by the weighted angular distribution of
the beam axes.

4.2. Finite-width beams and transfer coefficients

For an axisymmetric single-beam profile b(+) normalized as in
the previous subsection, the deposited intensity is represented
as a superposition of rotated copies,

29

N
Q) =S wib(y(2,9),
j=1

where cos~y(Q,€;) = Q- ;. The Legendre expansion of b(~)
implies that each spherical-harmonic degree is filtered by the
transfer coefficient By. The spherical-harmonic coefficients,
therefore, take the form

am=Bral) = By Zw, Y, (Q (30)

so that the delta-function limit corresponds to B, = 1 for all £.
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Figure 1. Transfer coefficients B, for several normalized spot sizes f = 2sin 6, where f denotes the laser spot diameter normalized by the
target diameter. (a) Flat-top profile. The sharp angular cutoff produces oscillatory behavior at large £. (b) von Mises—Fisher (vMF) profile.
The smooth profile yields a correspondingly smooth decay with increasing ¢.

4.3. Implementation with real and imaginary parts

In the implementation, we store the real and imaginary parts
of the complex coefficients for m>0 as arrays a7, and a'f". For
each beam-axis direction §; = (6;, ¢;), we evaluate

RY ¢ () Newpy (cos;) cos (mgy;)
SYem () = Newpy (cosb;)sin(mg;), 31
where
2+ 1 (L —m)!
New = 4 ((+m) (32)

includes the Condon—Shortley phase through the associated
Legendre functions. We denote these functions by p}'(cos6)
to avoid confusion with the power spectrum Py.

The code first accumulates the weighted geometric sums
over beam directions and then applies the transfer coefficient
By degree by degree, i.e.

N
arfm = By ij RY o (Q]) ,
=
(m=0).

dp = BrY wiSYe (%) (33)

Thus, the stored coefficients already include the finite-width
filtering by By.

The degree-resolved power spectrum is evaluated in the
implementation as

am z:: [ aZm aem)2:| .

(34)

This expression is equivalent to equation (2) after using the
+m symmetry of the spherical-harmonic coefficients.

By the spherical-harmonic addition theorem, the same
quantity can be written purely in terms of pairwise angular
separations,

2€+1

| ZZw,ijg (- ),

i=1j=1

(35)

which corresponds to the geometrical-factor formulation
introduced by Skupsky and Lee [11].

4.4. Power spectrum and oms

Using By = 1 together with agy = W/v/4m, the RMS nonuni-
formity is given by

(36)

4 £ N
Ooms = 2 D 1Bel® D | D owy ¥ ()

01 m=—¢|j=1

Equivalently, if one defines the geometric power spectrum
in the delta-function limit by

P = ZI“)IZ, 37
m=—/{
then
o2 = o8 Z\B PP (38)

£>1

In the numerical optimization, the low-degree contributions to
oms are controlled both by geometric cancellation in the sums
over {2; and by the profile-dependent filtering provided by By.
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4.5. Numerical optimization method

The optimized icosahedral layouts are constructed from K
generic seed directions on the unit sphere. For each seed direc-
tion, the full set of beam axes is generated by applying all
60 proper rotations of the rotational icosahedral group 1. We
denote the resulting configuration by Icy, where N = 60K is
the total number of beam axes. For example, Icgy corresponds
to a single generic seed orbit generated by the 60 rotations
of L.

Seed directions located exactly on symmetry axes of the
icosahedral group are excluded from the optimization. For
such special seed positions, some rotations leave the seed
invariant or map it onto a previously generated direction. As
a result, the group orbit contains fewer than 60 distinct beam
axes and does not represent a generic Icy configuration with
N = 60K independent directions. To keep the beam number
and symmetry construction well defined, only off-axis seeds
that generate full 60-element orbits are used as optimization
variables.

The optimization variables are the angular coordinates of
the K seed directions. For a given trial set of seeds, the full
beam set is first generated. The spherical-harmonic coeffi-
cients, angular power spectrum Py, and o are then evaluated
for the specified beam profile, spot size, and beam weights. For
the smooth vMF profiles emphasized in this paper, the results
are only weakly sensitive to further increases in /;,,x because
the transfer coefficients suppress the high-degree spectrum
rapidly. The flat-top case is retained primarily as a reference
model. In that case, the quantitative value of o5 can depend
more strongly on the chosen truncation because of the slower
decay of the high-degree spectrum.

The search itself is performed by repeated random per-
turbations of the seed directions. For each trial perturbation,
o2, is evaluated from the angular power spectrum. The per-
turbation is accepted when o2 decreases and rejected oth-
erwise. This procedure is iterated until no further substan-
tial reduction is obtained. Because this is a stochastic local-
improvement search, the final result can depend on the initial
seeds. To reduce that sensitivity, many random initial condi-
tions are tested and the configuration with the smallest con-
verged value of o2, is retained. We therefore do not claim a
rigorous proof of global optimality. For configurations with
Omms at or below the 10™# level, residual numerical and opti-
mization uncertainties may produce relative variations of order
100% in the reported value. Nevertheless, repeated conver-
gence from many starting conditions substantially reduces the
likelihood that the reported Icy layouts are artifacts of a single
unfavorable initialization.

5. Comparison between Icq and Qg

We next compare Icgy with the actual OMEGA 60-beam
pointing geometry, denoted (2¢p. The OMEGA geometry has
been widely used as a reference configuration for direct-
drive implosions [12, 13, 38, 39]. The present comparison is
between a layout generated from the full rotational icosahedral

group and the actual OMEGA pointing geometry. The pur-
pose of this comparison is not to reproduce the full on-target
uniformity of the OMEGA facility, which depends on mea-
sured focal spots, beam balance, smoothing by spectral dis-
persion, CBET, and plasma response. Rather, it isolates the
geometrical contribution of the beam-axis distribution under
common idealized beam profiles. Accordingly, throughout this
section, statements that Icey is more favorable than (g refer
specifically to the spherical-harmonic nonuniformity metric
used here for the beam-axis distribution, and not to a universal
ordering of the two layouts under all possible geometrical or
facility-level criteria.

The comparison is carried out in terms of the degree-
resolved nonuniformity spectrum and the resulting oyms. Since
the preceding sections showed that o, is determined by
the geometrical spectrum together with the profile-dependent
transfer coefficients By, this comparison makes it possible to
separate purely geometrical effects from beam-profile effects.
The single-beam profile itself is still idealized in the present
study. OMEGA-specific super-Gaussian spot models are not
used here. Instead, the comparison is made between a sharp-
edge flat-top reference model and a smooth vMF model, with
a super-Gaussian case expected to lie between these limiting
cases.

Figures 2(a) and (d) shows the spectra in the delta-function
limit, corresponding to f=0. In this limit, the spectrum
directly reflects the underlying weighted point set on the
sphere, without additional filtering by finite beam width. The
difference between the two configurations is already evi-
dent at this stage. The Icgp spectrum exhibits exact zeros
at the selected low spherical-harmonic degrees discussed in
section 2. These vanishing amplitudes arise from algebraic
cancellations enforced by the full icosahedral group. Thus, the
Icgp construction removes selected low-degree nonuniformity
modes at the level of the beam geometry itself.

The conventional gy layout shows a different type of
symmetry. Its most characteristic feature is the presence of
antipodal beam pairs, which, for equal beam weights, causes
all odd-degree modes to vanish identically, as follows from
equation (35). This property is clearly visible in figure 2(d).
The cancellation of odd modes automatically lowers the total
nonuniformity and reduces o, by a factor of about 1/ V2
relative to a comparable spectrum in which odd- and even-
degree contributions have similar weight. However, this sym-
metry alone does not suppress the even low-degree modes in
the same systematic manner as the Icgg construction. In this
sense, {2¢0 has a favorable parity symmetry, but it does not
exhibit the same systematic suppression of low-degree modes
as Icqp.

The practical significance of this difference depends
strongly on the beam profile through the transfer coeffi-
cients B,. We first consider the vMF profile at f = 0.8, shown
in figures 2(b) and (e). Because the vMF transfer coeffi-
cients decay rapidly with increasing ¢, high-degree modes are
strongly attenuated, and the final nonuniformity is governed
mainly by the remaining low-degree part of the spectrum.
This is precisely the regime in which the geometrical struc-
ture becomes most important.
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Figure 2. Degree-/{-resolved nonuniformity spectra for the optimized Icgo layout and the {26y layout at N = 60. Panels (a) and (d) show the
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For Icg, the selected low-degree modes are already zero in
the delta-function limit. Once the finite beam width is intro-
duced, the vMF profile suppresses the higher-degree modes as
well, so that both low- and high-degree nonuniform compo-
nents are simultaneously reduced. Consequently, the resulting
oms becomes extremely small, as shown in figure 2(b). In this
case, the geometrical selection rule and the spectral filtering
by B, act cooperatively.

The behavior of {29 at the same spot size is qualitatively
different. As seen in figure 2(e), the odd modes are absent,
and the lowest surviving amplitudes remain relatively small.
The first nonzero contributions appear around ¢ = 6, and the
low-degree spectrum is modest. However, these low-degree
components are not canceled in the same exact way as in Icg,
and substantial even-degree contributions remain. In particu-
lar, the surviving even-degree modes around ¢ = 8 and ¢ = 10
contribute appreciably to the total nonuniformity. As a result,
although Q¢ already yields a relatively small oy, the Iceo
configuration gives a significantly smaller calculated oy, for
the vMF profile within the present spherical-harmonic nonuni-
formity metric for the beam-axis distribution. At f = 0.8, the
Icgp value is about one order of magnitude smaller than that
of Q6O~

A rather different trend is found for the flat-top profile.
Figures 2(c) and (f) compares Icgy and 260 at f = 0.8 for this
beam model. In this case, the spectra of the two configurations
remain much more similar. The reason is that the flat-top pro-
file does not suppress high-degree modes efficiently. Because
of the sharp beam edge, the corresponding transfer coefficients

decay slowly and oscillate, so that substantial high-degree
spectral power survives even at large spot size. Therefore,
although Icg still retains the mathematically important prop-
erty that selected low-degree modes are exactly zero, the
remaining higher-degree modes continue to contribute signif-
icantly to the total nonuniformity. The same is true for (g.
Although the odd modes are canceled by antipodal pairing,
many even higher-degree modes remain. Consequently, nei-
ther configuration exhibits the dramatic reduction in oy, seen
for the vMF case.

This overall behavior is summarized in figure 3, which plots
0ms as a function of normalized spot size f for both layouts and
both beam profiles. For the vMF profile, Icgg shows a clear and
systematic advantage over ()¢, and the difference becomes
especially pronounced at large spot size, reaching about one
order of magnitude near f = 0.8. By contrast, for the flat-top
profile, the two curves remain close over a broad range of f, and
around f~ 0.7 the Icgo value can even become slightly larger
than that of Q2¢o. Thus, the superiority of Icg in the calculated
omms 18 not universal for all beam profiles. Rather, it emerges
most strongly when the beam profile efficiently removes the
higher-degree modes that are not canceled geometrically.

The comparison also clarifies the mathematical role of the
present optimization. The advantage of Icg is not merely an
empirical reduction of the overall nonuniformity, but the exact
cancellation of selected low-degree nonuniformity modes
enforced by full rotational icosahedral invariance. Although
Qo is already a highly symmetric configuration, its symmetry
is reflected primarily in the cancellation of odd-degree modes
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(vMF) beam profiles.

by antipodal pairing, and it does not impose the same icosahe-
dral selection rules on the low-degree spectrum. In this sense,
the Icgg construction more fully exploits the cancellation capa-
bility of the icosahedral group.

The practical gain from this geometrical cancellation is
realized most strongly when it is combined with a beam pro-
file that suppresses the remaining high-degree spectrum. The
icosahedral selection rules remove selected low-degree modes,
while the transfer coefficients B, of a smooth beam profile
attenuate the residual high-degree modes. Consequently, Icgo
yields substantially higher irradiation uniformity than Q¢ for
the vMF profile, whereas the advantage is weaker for the flat-
top profile because the sharp edge leaves significant high-
degree power. This leads to the design principle that geomet-
rical low-mode cancellation and profile-based high-mode sup-
pression should be optimized together.

6. Sensitivity to weight imbalance

We next examine the sensitivity of the irradiation nonunifor-
mity to beam-to-beam weight imbalance. In the preceding
calculations, all beams were assigned equal weights. Here,
the equal-weight condition is relaxed by introducing beam-
dependent weights.

For each beam, a provisional weight is first assigned as

wi=14+A,02r-1), ri ~U(0,1), 39)
where U(0,1) denotes the uniform distribution on the inter-
val [0,1]. Thus, 2r; — 1 is uniformly distributed over [—1,1],
and A, specifies the imposed fractional amplitude of the
beam-weight imbalance before normalization. The provisional

weights therefore satisfy
1=A, <wi<l+A,. (40)

The provisional weights are then multiplied by a common nor-
malization factor,

Nw;
Wi = — (41)
Zj:l Wi
This normalization gives
N
> wi =N, (42)

so that the total beam weight is the same as in the equal-weight
case. The irradiation profile and the corresponding nonunifor-
mity are then evaluated using the normalized weights w;.
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Figure 4. Effect of random beam-weight imbalance on the optimized Iceo, Ici20, and Ica4 layouts for the von Mises—Fisher beam profile.
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curves include the equal-weight case and random beam-weight variations with nominal amplitudes A,, = +1%, +5%, +10%, and £20%
before total-weight normalization. Panels (d)—(f) show the corresponding degree-resolved spectra for the vMF profile at f = 0.8.

Figure 4 shows the change in RMS nonuniformity when
random beam-weight imbalance is imposed. Figures 4(a)—(c)
show o5 as a function of the normalized spot size f for Icg,
Ic 120, and Icyag, respectively. For small f, the curves with finite
A,, are close to the equal-weight result. As fis increased, the
difference from the equal-weight case becomes much larger.
The wider-beam region is therefore more sensitive to beam-
to-beam weight variations.

In the equal-weight case, A,, = 0, the larger-fregion shows
an even stronger dependence on beam number, and Oymg
decreases with increasing beam number. The reduction is not
uniform over the range of N shown here. In particular, at
f = 0.8, the decrease from Icg to Icy is very large, and opmg
is reduced to approximately 278 of its Icgy value. This corre-
sponds to a reduction of more than two orders of magnitude.
The further reduction from Icyg to Ico4o is more modest, and
is approximately a factor of two.

The strong reduction observed in the equal-weight case
shows a feature similar to that discussed by Shvydky et al [40]
for spherical t-design beam configurations. In a spherical #-
design, the beam directions are arranged so that low-degree
angular components are strongly suppressed under equal
weighting. The equal-weight curves obtained here show a sim-
ilar tendency. When the beam profile is sufficiently wide, the
geometrical contribution to the irradiation nonuniformity can
be reduced by orders of magnitude as the beam number is
increased.

10

The results for finite A, further show that o, can be
reduced by decreasing the amplitude of the beam-weight
imbalance. For a fixed beam number, the increase in oy is
approximately proportional to the imposed imbalance ampli-
tude A,, over the range shown in figures 4(a)—(c). At the same
values of fand A, oyys is smaller for a larger beam num-
ber. This reduction is clearly seen when comparing Ice, Ici20,
and Icy4g. For finite A,,, the values of o, in the wider-beam
region decrease approximately in proportion to N~! over the
range N = 60-240.

Figures 4(d)—(f) show the corresponding degree-resolved
spectra for the VMF profile at f = 0.8. As shown in figure 2,
in the equal-weight case, the dominant remaining components
appear mainly around geometrical modes such as ¢ = 10 and
£ =12. When A,, is finite, additional low-degree components
appear. In particular, the modes from ¢ =1 to { =9 become
nonzero, and large peaks are often observed around ¢ =2 or
¢ = 3. These newly generated low-degree components are the
main reason why the o, becomes larger than in the equal-
weight case at large f.

As the number of beams is increased, most of the low-
degree components generated by beam-weight imbalance are
reduced. On the other hand, the geometrical components
already present in the equal-weight case do not necessarily fol-
low the same trend. When random beam-weight imbalance is
present, increasing the number of beams can cause some of
the modes already present in the equal-weight case to increase



Nucl. Fusion 67 (2027) 016018

A. Sunahara et al

slightly. For example, the component near ¢ = 10 can become
slightly larger as N is increased in the present calculations.

Figure 5 summarizes the beam-number dependence
more directly. For the wider-beam case, f = 0.8, the finite-
imbalance cases initially decrease approximately as N~!
over the low-to-intermediate beam-number range. After about
N ~ 500, however, the slopes become steeper; for N > 1000,
the decrease can be regarded as closer to an N~ trend than to
an N~! trend. Thus, the important result is not a single N~!
scaling over the entire range, but a systematic steepening of
the beam-number dependence in optimized high-beam-count
icosahedral layouts. This behavior is distinct from the N—!/2
trend expected from uncorrelated random sampling of inde-
pendent beam directions.

The origin of this stronger reduction is that the beam direc-
tions are not random points on the sphere. They are orga-
nized into complete icosahedral orbits whose equal-weight
low-degree moments are exactly canceled or strongly sup-
pressed. Beam-weight errors, therefore, perturb an already
symmetry-canceled spectrum, and the fractional contribution
carried by each individual beam also decreases as the total
beam number increases. As a result, the low-degree compo-
nents produced by weight imbalance are reduced much more
efficiently than in a random angular distribution.

The f=0.6 case shows a different low-N behavior. At
smaller N, the decrease is closer to an N~'/2 trend than to an
N~! trend. This is because a narrower vMF beam has larger
transfer coefficients at higher spherical-harmonic degrees, so
higher-degree angular structure is less strongly filtered. For
smaller f and smaller N, these residual high-degree com-
ponents remain more important, and the imbalance-induced
nonuniformity is therefore closer to the random-averaging
behavior. As N is increased, the optimized icosahedral geom-
etry suppresses a larger part of the relevant angular spectrum,
and the dependence on N becomes steeper. In this respect,
both f = 0.6 and f = 0.8 cases show a stronger beam-number
dependence as N becomes large.

The comparison with spherical 7-designs is useful for inter-
preting the equal-weight limit. Shvydky et al [40] showed that
arranging beam directions according to a spherical 7-design
can strongly suppress irradiation nonuniformity under equal-
weight conditions. The equal-weight results in figure 4 show
the same kind of geometrical suppression, especially in the
larger-f region. The present calculation extends this picture by
examining how that cancellation is broken by unequal beam
weights. A mode canceled by the equal-weight sum over beam
axes is no longer guaranteed to vanish when the weights fluc-
tuate, because the corresponding weighted sum contains the
random perturbations of the individual beam powers.

Nevertheless, high-beam-count optimized geometry
remains beneficial in the presence of weight imbalance.
Increasing N reduces the fractional weight carried by each
beam and distributes the weight errors over more symmetry-
related directions. Thus, two distinct mechanisms are
involved: exact or near-exact geometrical cancellation in the
equal-weight limit, and reduction of the residual imbalance-
induced modes through many-beam averaging on an opti-
mized icosahedral layout. The results in figures 4 and 5 show

that these two mechanisms work together to reduce the sensi-
tivity to beam-weight imbalance.

These results indicate that increasing the number of beams
improves the robustness of the irradiation uniformity against
moderate beam-to-beam weight imbalance. For reactor-scale
laser systems, where small beam-to-beam weight variations
are difficult to eliminate completely, this redundancy is a prac-
tical advantage. The present calculation, therefore, supports
the use of a large number of beams not only for improving
the equal-weight irradiation uniformity, but also for reducing
the sensitivity to realistic beam-weight variations.

Follett et al reported that, in their OMEGA-based surro-
gate design model, reducing the Rayleigh-Taylor (RT) seed
amplitude by a factor of 10 can increase the target gain by
about 50%, whereas recovery of the performance of the corre-
sponding 1-D designs would require an approximately 1000-
fold reduction in the RT seed level [41]. They also found that
several laser-system upgrades, including increasing the num-
ber of drive beams from 60 to 720, can provide performance
enhancements comparable to reducing the RT seed.

The connection between irradiation nonuniformity and the
hydrodynamic seed can be expressed in terms of the ablation-
pressure response. If the local ablation pressure P, scales as
the ath power of the laser intensity I,

P, I?, 43)
then a small fractional intensity perturbation produces
OP, 4
L =a—. (44)
P, I

Thus, the irradiation nonuniformity 81/ represents a direct
upstream drive perturbation that produces ablation-pressure
nonuniformity 6P,/P,. For 351 nm direct-drive ablation,
Fratanduono et al measured approximately P, oc 17!, giv-
ing o ~0.71 [42]. The resulting pressure perturbation can
generate shock, velocity, and shell-displacement perturba-
tions, which act as hydrodynamic seeds for subsequent RT
growth [43, 44].

Within this linear-response interpretation, the present oy
should be regarded as an illumination-side estimate of the
laser-driven input to imprint and beam-mode hydrodynamic
seeds, rather than as the total RT seed itself, because this
estimate does not include other possible seed sources, such
as target roughness, target offset, beam mistiming, stalk per-
turbations, polarization effects, or other target imperfections.
If the laser-imprint component of the RT seed were domi-
nant and scaled approximately linearly with the relevant irra-
diation nonuniformity spectrum, then a 1000-fold reduction
from an OMEGA-level irradiation nonuniformity of order
Oms = 2% [39] would correspond to an equivalent irradiation-
uniformity level of approximately 2 x 107>, Based on figure 5,
this equivalent level can be reached at about N = 1920 when
the random weight perturbation is +1%. This result sug-
gests that, if the laser-driven component of the seed is a
dominant contribution, high-beam-count icosahedral irradia-
tion could reduce the drive-induced seed to a level relevant
to the RT-seed reductions discussed by Follett et al. This
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irradiation-uniformity requirement is complementary to other
future direct-drive driver requirements, such as broadband-
laser mitigation of laser—plasma instabilities discussed by
Froula et al [22].

7. Conclusion

We have presented a symmetry-based framework for high irra-
diation uniformity in direct-drive laser fusion using beam lay-
outs generated from the full rotational icosahedral group. The
main results are as follows. First, exact icosahedral invariance
imposes a strict selection rule on the spherical-harmonic spec-
trum: the degrees ¢ =1,2,3,4,5,7,8,9,11,13,14,17,19,23,
and 29 are forbidden, and this statement remains valid for
finite-width beams as well as in the delta-function limit.
Second, the practical performance of the optimized layouts
depends on the interplay between this symmetry-based low-
mode suppression and the profile-dependent transfer coeffi-
cients that attenuate the remaining high-order spectrum. Third,
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the optimized Icgo layout quantitatively outperforms the actual
OMEGA 60-beam geometry for smooth beam profiles, while
the advantage is smaller for a sharp-edge flat-top reference
profile because higher-order modes remain important. Fourth,
optimized Icy layouts remain robust against random beam-
weight imbalance, with an approximately linear response
to imbalance amplitude and a residual o,y that decreases
approximately as 1/N at low-to-intermediate beam numbers
for f = 0.8, steepens after about N ~ 500, and approaches a
nearly 1/N? trend for N > 1000 in the range examined here.
These results extend our previous Opt. Express study [32] by
providing an explicit spectral analysis, a direct comparison
with the actual (¢ geometry, and quantitative scaling results
under beam-weight imbalance. By combining full icosahedral
symmetry, smooth beam profiles, and a sufficiently large num-
ber of beams, irradiation nonuniformity can be reduced to lev-
els relevant to ignition-class or reactor-class implosions.

At the same time, the present paper should be interpreted as
establishing an illumination-geometry design principle rather
than as a complete assessment of the effects of nonuniformity
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on implosion performance. Hydrodynamic validation remains
anecessary next step, and realistic target imperfections such as
out-of-roundness, surface roughness, and other nonuniformity
sources must also be included in a full reactor assessment [45].
Our model also omits intrabeam speckle, mutual coherence
between beams, and optical-field statistics. These effects and
optical smoothing techniques, such as those investigated by
Lehmberg and Goldhar [46], remain topics for future work.
Even with these caveats, the substantial reduction of drive
nonuniformity demonstrated here is important for direct-drive
fusion, because irradiation asymmetry is a primary source of
implosion asymmetry and can also couple to laser—plasma-
interaction physics through CBET, nonuniform absorption,
and feedback on the coronal plasma conditions. The present
icosahedral layouts, therefore, provide a promising and scal-
able basis for robust low-mode and RMS drive-nonuniformity
control in future direct-drive fusion systems.
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