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We have investigated the flux symmetry on the capsule in a six-cylinder-port hohlraum for improving the design of
the hohlraum. The influence factors of drive symmetry on the capsule in the hohlraum are studied, including laser power,
laser beams arrangement, hohlraum geometric parameters, plasma condition, capsule convergence, etc. The x-ray radiation
flux distribution on the capsule is obtained based on the three-dimensional view factor model. In the six-cylinder-port
hohlraum, the main drive asymmetry is the C49 mode asymmetry. When the C49 mode asymmetry approaches zero, the
drive symmetry on the capsule is optimal. Our results demonstrate that in order to have a high flux symmetry on the capsule
in the laser main-pulse stage, more negative initial C49 modes are needed, which can be realized by adjusting the hohlraum
geometry parameters. The hohlraum with column length Ly = 4.81 mm has an optimal symmetry in the laser main-pulse

stage.

Keywords: inertial confinement fusion (ICF), six-cylinder-port hohlraum, flux symmetry, three-dimensional
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1. Introduction

Cylindrical hohlraum is most commonly used in indirect-
drive central ignition inertial confinement fusion (ICF).! The
US National Ignition Facility (NIF) used cylindrical hohlraum
with two laser entrance holes (LEHs), but the National Ignition
Campaign (NIC) failed because of excessive instability of the
capsule implosion and some issues with the hohlraum, such
as difficulty in optimizing symmetry and laser plasma inter-
action (LPI) problem.?! For optimizing symmetry, spherical
hohlraum with 6 LEHs has been proposed.*->! However, in
spherical hohlraum, the laser spots are very close to LEHs, and
therefore, the expanding plasma from plasma bubbles could
impede laser beams from entering the hohlraum. To avoid
this, six-cylinder-port hohlraum has been proposed.!®” Al-
though hohlraums with 6 LEHs lose a considerable amount
of radiation energy because of the large number of LEHs, the
six-cylinder-port hohlraum combines the advantages of cylin-
drical geometry and laser beams arrangement with 6 LEHs.
In the six-cylinder-port hohlraum, every cylinder is relatively
independent, and the aforementioned issues in the spherical
hohlraum are improved.

The capsule flux symmetry is one of the important aspects
of indirect-drive ICE.18-13] Typical capsule convergence ratios
range from 25 to 45, so that the initial drive asymmetry no
more than 1% is required. In cylindrical hohlraums, the Leg-
endre polynomial modes P, and Py of the flux on the capsule
are the main asymmetry modes required to be controlled. The
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asymmetry is controlled using three or four spot rings. The ad-
justment of the power ratio between the rings can reduce the P,
asymmetry. The P, asymmetry is controlled by choosing suit-
able positions for the laser spots.!!*"'8 The six-cylinder-port
hohlraum with octahedral symmetry!!!! has advantages over
cylindrical hohlraum with 2 LEHs. Because of the symmetri-
cal geometry with 6 LEHs, there is no P; (I < 4) asymmetry
mode.!'!! Higher modes with / > 4 can be neglected because
they quickly smoothen themselves with a suitable choice of
hohlraum size (these high modes are below the order of 10™4);
so, only the P, asymmetry mode needs to be controlled. In six-
cylinder-port hohlraum, through adjusting the incident angle
of laser beams, the effects of laser spots and LEHs are com-
pensated, and the Py asymmetry mode is close to zero. %)

The sources of asymmetry on the capsule are laser spots
and LEHs. Changes in geometrical parameter and evolutions
of various physical processes can be attributed to the varia-
tions of laser spots and LEHs. The relative intensity, position,
and size of laser spots influence their contribution. The laser
power and albedo of hohlraum wall affect the relative inten-
sity of laser spots, and the incident angle of laser beams influ-
ences their position and size. The shrinking of LEHs and the
movement of hohlraum walll'®! caused by plasma expansion
affect the symmetry too. In this study, based on the three-
dimensional (3D) view factor model,?! the factors that influ-
ence the symmetry on the capsule have been investigated for
improving the design of the six-cylinder-port hohlraum. The
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effect of capsule compression on symmetry has also been stud-
ied. The variation in flux symmetry with changes in various
geometric parameters has been simulated. Based on these sim-
ulation results, the design of the six-cylinder-port hohlraum
has been optimized.

This paper is arranged as follows. In Section 2, the char-
acteristic quantities for describing the flux symmetry on the
capsule are introduced. In Section 3, based on the 3D view
factor model, the simulation results of various factors influ-
encing the flux symmetry on the capsule are discussed. In
Section 4, a new design for the six-cylinder-port hohlraum is
proposed. In Section 5, the conclusions based on the results
obtained in the study are presented.

2. Characteristic quantities

There are, in general, two measurements of the radiation
flux symmetry on the capsule; one is peak-to-valley €y ex-
pressed as Eq. (1) and the other is root-mean-square €, €x-
pressed as Eq. (2).[2!]

1
Epv = 5 (Srnax - Smin) /So, 9]
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Here, S. is the radiation flux distribution on the capsule, R is
the radius of the capsule, and dA; is the area of element i on
the capsule. Spax and Sy, are the maximum and minimum
radiation flux intensities on the capsule, respectively. Sy is the
average radiation flux intensity on the capsule, which is given
by

1 1
$0= i [ setryan— R LS O

The radiation flux on the capsule has a significant in-
fluence on the compression of the capsule. Because differ-
ent modes have different response on the behavior of capsule
implosion, it is necessary to know the amplitude of various
modes. The radiation flux distribution on the capsule can be
represented by a spherical harmonic function

5e(2)/S0 =Y CimYim(2). “)
Im

Y, () is an [, m degree spherical harmonic. Cy,, is a spherical
harmonic coefficient given by

1 r S (0
Cin =1 3= Vi@ aa. )

The correlation between the spherical harmonic coeffi-

cients and &, can be expressed using Eq. (6)

w 41 1/2
Ems = (Z Z |C1m|2> . (6)

I=1m=—1
€ty cannot describe the flux asymmetry globally; so, in this
study, we are more focused on &, and Cy,,, especially Cyp.

3. Simulation results

In order to realize the sensitivity of various influence fac-
tors on capsule drive asymmetry, the single factor effect is
studied. In our simulations, unless otherwise stated, the ge-
ometric parameters of the hohlraum are shown in Figs. 1(a)
and 1(b). The relative intensity of spot changes with the tem-
perature in the hohlraum. The relative fluxes of the laser spot,
the hohlraum wall, and the LEH are simply approximated as 2,
1, and 0, respectively. The nominal spot is 400 pmx600 pm
at the best focus.

There are two sources of asymmetry on the capsule: the
laser spots yield positive contribution, and the LEHs generate
negative contribution. In the six-cylinder-port hohlraum with
geometric parameters as shown in Fig. 1,[%! the contribution
of laser spots is C40 = 0.19%, €ms = 0.29%, and the contri-
bution of LEHs is C49 = —0.34%, &ms = 0.46%. The total
asymmetry on the capsule is the superposition of the two con-
tributions: Cy49 = —0.15%, &mms = 0.17%. The contribution of
LEHs is greater; so, the holistic asymmetry on the capsule is
negative.

Laser spot is one of the sources of asymmetry on the cap-
sule, and the relative intensity, position, and size of the spot
affect its contribution. In a hohlraum, the albedo of hohlraum
wall and the laser power can change the relative intensity of
laser spots. In the pre-pulse stage, the albedo of hohlraum
wall is small, and the relative intensity of spots is high. With
the increase of temperature in the hohlraum, the relative in-
tensity between the spot area and the non-spot area gradually
decreases. We find that the radiation symmetry on the capsule
is optimal while relative intensity of spots keeps the value of
2.3 for the design described above (as shown in Fig. 2(a)). In
the main-pulse stage, the intensity ratio of the spot area and the
non-spot area is close to 2.0, and the symmetry on the capsule
is also good.

In the hohlraum with fixed geometric parameters, laser
beam focus size, and laser beam arrangement, the position and
shape of the spot are only influenced by the incident angle of
the laser (denoted as 6). In the six-cylinder-port hohlraum,
while 6 = 55°, the contribution of laser spots to the cap-
sule compensates the negative contribution of LEHs very well;
thus, the symmetry on the capsule is the best, but there is still
a little C49 (Fig. 2(b)). In Fig. 2(b), A0 is the distance of devi-
ation from the spot position of 8, = 55°. With larger A6, the
symmetry is worse.
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Fig. 1. Schematic diagram of six-cylinder-port hohlraum and two sources of asymmetry. (a) Illustration of the hohlraum with six cylinder
ports, 48 laser quads, and centrally located fusion capsule. (b) Hohlraum geometry. (c) and (d) Radiation flux distributions on the capsule only

with laser spots and LEHs, respectively.
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Fig. 2. (a) Flux symmetry as a function of relative intensity of laser
spots, denoted by Sspot : Swali- (b) Flux symmetry as a function of laser
injection angle 6. A6 is the distance of deviation from the spot po-
sition of B = 55°. Red line and black line represent C4o and &g,
respectively.

In the design of the hohlraum, the LEH size is a very im-
portant parameter. On one hand, a sufficiently large LEH is
needed to ensure the normal injection of the laser. On the other
hand, a bigger LEH will cause more leakage of laser energy
and lower radiation temperature in the hohlraum. With the
plasma temperature rising and the plasma expanding, shrink-
ing of LEHs occurs, which may affect not only the laser in-
jection, but also the flux symmetry on the capsule. As shown
in Fig. 3(a), with the shrinking of LEHS, they become smaller
in the view field of the capsule. Therefore, the negative con-
tribution of LEHs is reduced, and the asymmetry mode Cag
changes from negative to positive. The total asymmetry in-
dex &5 reaches its minimum when Ry gy ~ 1.0 mm (Cyo ap-
proaches zero).

In the six-cylinder-port hohlraum, the relative indepen-
dence of each column is very beneficial to the symmetry con-
trol, and tuning column length of the hohlraum is an important
method for changing the symmetry on the capsule. As shown
in Fig. 3(b), as the length of each column Ly increases, the
solid angle of LEHs to the capsule decreases, C4o increases
gradually, and the & first becomes smaller and then becomes
larger. When Ly ~ 4.9 mm, &y is close to the minimum and
the symmetry on the capsule is optimal. Ly = 4.852 mm is
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close to the optimal column length.

With the injection of the laser, the internal temperature
of the hohlraum gradually increases, the wall material with
high Z expands, the laser energy deposit area and radiation
shining surface move inward (schematic shown in Fig. 4(a)).
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Fig. 3. (a) Flux symmetry as a function of radius of LEH Ry gy. (b) Flux
symmetry as a function of column length Ly. Red line and black line
represent C4o and &g, respectively.
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Fig. 4. Movement of laser spots affects the symmetry on capsule.
(a) Schematic diagram of spot movement. (b) Flux symmetry as a func-
tion of A, which is the distance of movement of the hohlraum wall from
the initial position. Green, blue, red, and black lines represent C49 con-
tribution from spots, C4o contribution from LEHs, total Cso, and &g,
respectively.

Figure 4(b) depicts the symmetry varying with A, which is the
distance of movement of the hohlraum wall from the initial
position. In the view field of the capsule, the inward move-
ment of laser spots makes them reach near the capsule, and the
Cy contribution from the spots increases gradually. While the
negative contribution from LEHs keeps unchanged, the total
Cy changes from negative to positive. When A =70 pm, Cyo
is close to zero, and the symmetry on the capsule is optimal.
In the preceding simulations, we do not consider the
shrinking of the capsule. In the process of capsule implosion,
the capsule will be highly compressed due to radiation abla-
tion. The changes of the capsule size cause changes in the
flux symmetry. We denote Ry as the initial radius of the cap-
sule, and Ry/Rc represents the convergence ratio. As shown
in Fig. 5, in the process of capsule implosion, the convergence
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Fig. 5. Variation of symmetry with the compression of capsule. (a) Flux
symmetry as a function of the convergence ratio Ry/Rc. Green, blue, red,
and black lines represent C4g contribution from spots, Cy4 contribution from
LEHSs, total Cy9, and &ms, respectively.
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ratio becomes larger, and C49 changes from negative to posi-
tive. The Cy4g contribution from LEHs becomes zero when the
distance between LEH and the capsule center is 5 times the
capsule radius, and then the smooth factor changes its sign (as
shown in Fig. 9.15 in Ref. [21]). So, the C4 contribution from
LEHs changes from negative to positive. Surprisingly, with the
shrinking of the capsule, the contribution from spots changes
alittle. When Ry/Rc = 1.1, C40 = 0, &y is minimum, and the
symmetry is optimal. In Figs. 5(b) and 5(c), at the beginning
of capsule implosion, the six areas of capsule corresponding to
the LEHs are dark (blue areas), and after C49 > 0, they become
bright (red areas). When Ry/Rc > 10, &mns changes slightly,
the bright and dark areas clearly separate, and the flux symme-
try becomes worse.

4. Design optimization

In the design of hohlraum, the time evolution of flux
asymmetry must be considered. Because the capsule can en-
dure slightly higher asymmetry in the pre-pulse stage, but cap-
sule is very sensitive to the asymmetry in the main-pulse stage,
the hohlraum design should be optimized to endure good flux
symmetry during main-pulse stage.

From the above results, we find that the asymmetry on the
capsule is derived from the joint contribution of the laser spots
and LEHs, and C49 mode is the main residual asymmetry. To
control the asymmetry on the capsule in the six-cylinder-port
hohlraum, we should mainly regulate the C49 mode. The sim-
ulation data above provide a basis for regulating the symme-
try of main-pulse stage. A simple and effective method is to
use the column length Ly to control the symmetry, while the
other parameters are fixed, such as intensity of laser spots and
other hohlraum size. The shrinking of capsule, movement of
hohlraum wall, and compressing of capsule are included. It
should be noticed that with the time evolution, all of them have
the tendency to make C49 from negative to positive.

In a radiation hydrodynamic simulation of a six-cylinder-
port hohlraum with geometric parameters as shown in
Fig. 1(b), the movement of hohlraum wall (A), shrinking of
LEHs (A_Rygn), and laser power (P.) change as a function
of time, as shown in Fig. 6(a). In this simulation, foam wall
material and CH liner have been used to restrain the move-
ment of the hohlraum wall and shrinking of LEHs. When
t =19 — 22 ns, the laser is in the main-pulse stage, and the
movement of the hohlraum wall and shrinking of LEHs are
obvious. In the laser main-pulse stage, A > 70 pum, and to
have high symmetry in this stage, more negative initial Cy is
needed. As shown in Fig. 3(b), a smaller Ly makes the ini-
tial C40 more negative. The flux symmetry on the capsule with
different Ly values changes as a function of time, as shown
in Fig. 6(b). In the hohlraum with Ly = 4.852 mm, &y is
optimal at + = 10 ns, and &3 becomes larger in the laser

main-pulse stage. Smaller initial Ly makes &, be optimal
subsequently. In the ¢t = 19-22 ns stage, the hohlraum with
Ly = 4.81 mm has the best symmetry. The 3D view factor
model is a highly approximate model, thus our quantitative
optimization is uncertain when considering all complex physi-
cal processes in the hohlraum. In general, the six-cylinder-port
hohlraum is a well-adjustable design.

— =
N O
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A, A_Rppy/pm
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o o

o
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0.0018F
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Fig. 6. (a) Movement of hohlraum wall A, shrinking of LEHs A_R gq,

and laser power P, change as a function of time. (b) Evolution of sym-
metry in hohlraum with different Ly values.

5. Conclusion

In indirect-drive ICF, the x-ray radiation symmetry on the
capsule is an important issue for compression and ignition.
The six-cylinder-port hohlraum is a new design with advan-
tages of cylindrical geometry and laser beams arrangement
with 6 LEHs, and it is predicted to have good symmetry. In
this study, the factors that affect the drive symmetry of the
capsule in the six-cylinder-port hohlraum, such as intensity of
laser spots and laser incident angle, geometric parameters of
the hohlraum, movement of hohlraum wall, and capsule com-
pression, have been investigated.

When the C490 mode asymmetry approaches zero, the
drive symmetry on the capsule is optimal. The changes of
physical state in the hohlraum, such as movement of hohlraum
wall and shrinking of LEHs, always change Cso from nega-
tive to positive. Changing the initial C49 can adjust the time
at which the capsule attains the optimal symmetry. The col-
umn length Ly has been used to control the initial Csg. A suit-
able value of Ly can render the capsule better symmetry in the
main-pulse stage.

In this study, the radiation on the capsule has been sim-
ulated using the 3D view factor model, which is a highly ap-
proximate model. In a future study, the symmetry obtained
using the radiation hydrodynamics code will be discussed.
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