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In this paper, a six-cylinder-port hohlraum is proposed to provide high symmetry flux on capsule. It is designed to
ignite a capsule with 1.2-mm radius in indirect-drive inertial confinement fusion (ICF). Flux symmetry and laser energy
are calculated by using three-dimensional view factor method and laser energy balance in hohlraum. Plasma conditions
are analyzed based on the two-dimensional radiation-hydrodynamic simulations. There is no Yy, (I < 4) asymmetry in the
six-cylinder-port hohlraum when the influences of laser entrance holes (LEHs) and laser spots cancel each other out with
suitable target parameters. A radiation drive with 300 eV and good flux symmetry can be achieved by using a laser energy
of 2.3 MJ and peak power of 500 TW. According to the simulations, the electron temperature and the electron density
on the wall of laser cone are high and low, respectively, which are similar to those of outer cones in the hohlraums on
National Ignition Facility (NIF). And the laser intensity is also as low as those of NIF outer cones. So the backscattering
due to laser plasma interaction (LPI) is considered to be negligible. The six-cyliner-port hohlraum could be superior to the
traditional cylindrical hohlraum and the octahedral hohlraum in both higher symmetry and lower backscattering without
supplementary technology at an acceptable laser energy level. It is undoubted that the hohlraum will add to the diversity of
ICF approaches.
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1. Introduction

The primary route to ignition and high gain in inertial
confinement fusion (ICF) involves the use of hohlraums.!!!
A hohlraum consists a high Z case with laser entrance holes
(LEHs). The laser beams are efficiently converted into x rays
at the beam spots on the hohlraum wall. The study and de-
sign of a hohlraum target are essentially important in inertial
fusion because it seriously influences the capsule symmetry
and the hohlraum energetics, which are the most important
issues of inertial fusion.!'=3] Typical capsule convergence ra-
tios range from 25 to 45, so that drive asymmetry can be no
more than 1%,[!! a demanding specification for hohlraum de-
sign. The flux symmetry is strongly dependent on hohlraum
geometry and laser beam arrangement. Up to now, various
designs with different hohlraum geometries and beam arrange-
ments have been proposed and investigated, such as cylindrical
hohlraums!! and spherical hohlraums with 4 LEHs!*>! or 6
LEHs.[%8] The cylindrical hohlraums are used most often in
inertial fusion studies and are chosen as the ignition hohlraums
on the US National Ignition Facility (NIF).! In cylindrical
hohlraums, the Legendre polynomial modes P> and P4 of the
flux on capsule are the main asymmetry modes required to be
controlled. The P, asymmetry is controlled by using two rings
per side in the hohlraum and by adjusting the power ratio be-
tween the two rings, the approach that is called beam phas-

DOI: 10.1088/1674-1056/25/8/085202

ing technology, on NIF.!”) However, the laser beams injected
at inner cones encounter complicated laser plasma interaction
(LPI) issues,[!! which reflects laser energy out of hohlraum
directly and reduces the effect of the beam phasing technol-
ogy. A crossed-beam energy transfer (CBET) [ technique is
used to maintain the required symmetry. It makes asymmetry
control on NIF more complicated. The recent work!!'!! on NIF
showed that the fusion fuel gains exceed unity by using a high-
foot implosion method to reduce instability in the implosion.,
and the hot spot at band-time is still far from a sphere due to
the neutron image. The analysis showed that the P> symmetry
of capsule is as high as —34%. This result shows that the cap-
sule asymmetry is a still serious issue, which must be solved
in future.

The spherical hohlraum with 4 LEHs™ has no Yo,
spherical harmonic asymmetry, but there exits Y3, asymme-
try and it cannot be eliminated by adjusting the target param-
eters. In the spherical hohlraum!®®! with 6 LEHs of octahe-
dral symmetry (octahedral hohlraums), the three-dimensional
(3D) laser arrangement shows that some laser beams are likely
to be blocked by the high-Z plasmas created by other laser
spots, which are just above these beams, destroying the sym-
metry control scheme. And some laser spots are very close
to their neighbor LEHs in those hohlraums. Considering the
nominal beam pointing errors, these laser beams are likely to
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transfer outside hohlraum directly. The high laser intensity
of the octahedral hohlraum, due to the small laser spot, can
result in high LPI risk, since LPI linear gains is proportional
to the laser intensity.!!! And the laser beams are likely to be
absorbed by the plasma at LEH due to the very small LEH ra-
dius. Besides, when the LEHs are not placed at the specific
hohlraum-to-capsule radius ratio of 5.14, 6] there is a residual
Y4, asymmetry and it is difficult to eliminate this asymmetry
by adjusting target parameters.

In this paper, we investigate a hohlraum with six cylin-
der ports from theoretical side, addressing the most important
issues of the flux symmetry, laser energy, and LPI.

2. Target study

We consider a six-cylinder-port hohlraum with 192 laser
beams for a capsule of 1.2-mm radius which is designed for
a 300-eV radiation drive. The details of capsule are not dis-
cussed here.
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Fig. 1. (color online) (a) Scenography of the hohlraum with six cyliner ports,
48 laser quads and centrally located fusion capsule. (b) Hohlraum specifica-
tions.

Shown in Fig. 1 is the scenography of the six-cylinder-
port hohlraum and its specifications. The 192 beams are clus-
tered in 48 quads of four beams.!'3] Eight laser quads entering
into each LEH are in one cone at 8 = 55° as the opening an-
gle, the angle that is included between the laser quad beam

and the LEH normal direction. The laser power is shaped to
meet the requirement of capsule with a peak power of 500 TW
and total laser energy of 2.3 MJ. Shown in Fig. 2 are the laser
profile, the resulting temperature in the hohlraum from simula-
tions and the temperature required by the capsule. Each quad
is focused on an elliptical spot, which reduces laser intensity
and the long axis of the ellipse is chosen so there is no loss of
LEH clearance. The nominal spot is 400 um x 600 um at the
best focus. The LEH size is designed to prevent laser from be-
ing absorbed in the plasma of LEH edges. We choose the LEH
radius at R gy = 1400 pm, which is much larger than that in
the octahedral hohlraum.[%-8 So our hohlraum has lower laser
entering risk than the octahedral hohlraum. The hohlraum ma-
terial is gold and the hohlraum is filled with helium gas with
density 1.5 mg/cc which is confined by a window over the
LEH. The gas tamps the motion of the wall and helps to im-
prove laser propagation.!!]
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Fig. 2. (color online) Laser power to drive the target (grey, right scale), the
resulting temperature in the hohlraum from simulations (black, left scale),
and the temperature required by the capsule with 1.2-mm radius (red, left
scale).

As described in Ref. [12], there is an optimal configura-
tion of Ni, LEHs on an outer sphere with radius Royer, in which
the total quantity of the N LEHs aﬁ‘EH’wtal

(Ip =3 when N = 6), are all zero, and a

a = Zin:—l |0‘lm|2

is chosen to describe the [-order flux asymmetry, where a; ,, is

,froml=1tol =1,
LEH, total
lp+1 ?é 0.

spherical harmonic decomposition of the flux after removing a

“closed total hohlraum wall” flux.'2l Because the smooth fac-
LEH,total
lp+1

metry modes for [ > [p. Reference [12] also points out that

tor vanishes quickly for large /, a dominates the asym-
a ring of Ny identical spots incident from an LEH is equiva-
lent to an LEH when Nj is greater than some value (Ng > 5
when N, = 6). In our design, the Y;,, (I = 1,2,3) asymme-
try contributed by the LEHs and the laser spots are all zero
since NI, = 6 and Ny = 8. From Eq. (17) in Ref. [12], the 4-

spot,total

order contribution a, of laser spots, which is proportion

085202-2



Chin. Phys. B  Vol. 25, No. 8 (2016) 085202

to P, (cos26;), could be zero at the nodes of Py (cos26;) at O =
15.28°, 35.06°, 54.94°, and 74.72°. The angle 6; is the inci-
dent angle included between the laser beam and the LEH nor-
mal direction on an outer sphere with radius Royeer and P, (x) is

spot,total

the /-order Legendre polynomial function. a; is positive

when 6; > 74.72°. The same equation also shows that the LEH

LEH, total

contribution a, < 0. The negative sources of LEH and

the positive sources of laser spot with 8; > 74.72° can cancel
each other out to make a{?'¥ = 0 (! = aipm’mtal + aL‘EH’mtal).
In the six-cylinder-port hohlraum (Fig. 3), the radius Router,spot
of the outer sphere with all laser spots is smaller than the ra-
dius Router,LEH Of the sphere with all LEHs. So although the
laser incident angle 6 is 55°, the equivalent laser incident an-
gle 65 in sphere with Router,spot 18 about 80°. It makes the can-
celling possible. Instead, in the octahedral hohlraum,6-81 if
6; > 74.72°, the laser beams will be very close to the hohlraum
wall near LEHs and be prone to being absorbed by the wall
blowoff plasma near LEHs.
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Fig. 3. (color online) Scenography of one single port.

To verify the above theoretical prediction, we further use
a 3D view factor code, based on Ref. [13], to calculate the ra-
diation flux on the capsule. The asymmetry of flux on capsule
can be decomposed into the spherical harmonics defined in
quantum mechanics and by, is defined as harmonic decompo-
sition. We further define Cj,, = by, /boo to describe the quan-
tity of the Yy, asymmetry. Shown in Fig. 4 is the flux distri-
bution on the capsule of 1.2-mm radius. Although the LEHs
with Router LEH/Rc = 4 are not at the node of Y4,, smooth fac-
tor, we can obtain Cy,, ~ 0. We adjust the length of port,
the radius of port, the incident angel of laser quad, and the
position of laser ring to achieve the high flux symmetry. Of
course, while a large number of target parameters are adjusted
to meet the symmetry requirement of capsule, the laser energy
should be acceptable during the whole adjusting procedure.
According to Ref. [12], the Yy, (I = 1,2,3) asymmetries con-
tributed by the LEHs and the laser spots are all absolutely zero

in the whole laser duration because the LEHs and the laser
spots maintain octahedral symmetry over time, respectively.
Y 41 1s the only remaining asymmetry, which varies with time
because the positions of laser spots change over time due to

the wall motion. Just like cylindrical hohlraums, >3]

we can
only adjust time-integrated Y4, asymmetry in a six-cylinder
port hohlraum mainly by changing the initial positions of the
laser spots. In our target design, the laser spots move to about
300 um away from the LEHs as indicated by analyzing the
simulation results (see below) during the whole laser duration.
Considering the motion of the laser spots, the 3D view factor
calculations show that the Y4, asymmetry varies from 1% to
0 (about 1% at the first two nanoseconds and about zero in the
main pulse). And the values of Yy,, are much better than the
symmetry demands of our ignition capsule (The details of the
capsule will be discussed in another paper).
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Fig. 4. (color online) (a) Spot pattern on the wall of the six-cylinder-port
hohlraum. (b) The relative flux (F/F) distribution on the capsule with 1.2-
mm radius. F is the averaged flux.

We use the energy balance!'l to relate the internal
hohlraum radiation temperature to the input laser energy by
balancing the absorbed laser energy with the x-ray energy ra-
diated into the wall, Ew, absorbed by the capsule, Ec, and the
energy that escapes through the LEH, Ey gy, i.e.,

NceNaEL = Ew + Ec + EvLEH, (D
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where 1, is the absorbed laser efficiency and 7cg is the x-ray
conversion efficiency from laser energy to soft x-rays. Ew o<
T0'56E3'45Aw, Ec =< TTr4Ac, and Ey gy o< TT;‘ALEH, where T
is the main pulse duration, 7; the peak radiation temperature,
Aw the hohlraum wall area, Ac the capsule area, and Ay gy the
LEH area. Usually, ncg is around 90% on NIF.®!4] NIF ex-
perimental results!!3 of cylindrical hohlraums shows that 1,
is about 85%. The 15% loss is almost from the inner cones
due to Simulated Raman Scattering (SRS) during peak laser
power, and the outer cones have little energy losses. In our tar-
get design, each port has one cone and its incident angle, laser
intensity and plasma conditions are all similar to those of outer
cones of cylindrical hohlraums on NIF. So 1, of hohlraum
with 6 cylinder ports should be higher than that of cylindrical
hohlraum. In this study, 1, ~ 1. We apply this energy balance
to the ignition target hohlraum with six cylinder ports and find
that 2.3-MJ laser energy is required to produce 300-eV peak
radiation temperature.

To study the plasma conditions of the cylinder ports by
simulations, we consider one cylinder port with 1/6 laser en-
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ergy on one cone in cylindrical symmetry, because we do
not have a 3D hydrodynamics code for the six-cylinder-port
hohlraum. The 1/6 capsule is inside the cylinder port. This
simulation scheme is reasonable since the six cylinder ports
are relatively independent of each other. It is noticeable that
the sum of six single cylinder ports is not equivalent to the
hohlraum with six cylinder ports, but their differences are too
small to influence the plasma conditions and the energy bal-
ance very much. We use a 2D non-equilibrium radiation hy-
drodynamics code LARED-Integration.!'®! Capsule needs a
shaped radiation temperature to launch sequential shocks.!!)
In our design, laser power is tuned to meet the driven temper-
ature requirement of the capsule with 1.2-mm radius. Shown
in Fig. 2 are the laser power put into the port and the radiation
temperature calculated by simulations. From simulations, the
peak power and the total laser energy of the sum of six single
ports are 500 TW and 2.4 MJ, which is close to the energy
estimated by energy balance.

2 /10% pm

Fig. 5. (color online) Maps of plasma at peak power: (a)T.in keV. (b) n./n.. (c) Laser asorption.(d) x-ray emission.

Maps of the spatial distributions of the electron density,
the electron temperature, the x-ray emission, and the laser ab-
sorption at peak power are shown in Fig. 5. The laser beams
(with laser intensity at /i ~ 9.5 x 10" W/cm?) impact the
Au hohlraum wall and create an Au-plasma with high electron
temperature (7. ~ 6.5 keV) and low density (n. ~ 0.09n.).
Here, n, is the laser critical density. For a laser wavelength
A in microns, n.(cm™3) = 1.1 x 102! /A(um)?. The electron
temperature, the electron density, the plasma length (L) and
the laser intensity on laser cone are very similar to those on

outer cones of cylindrical hohlraums!!'” at 300 eV of radia-
tion temperature. The linear gain!'®! of simulated Brillouin
scattering (SBS) is proportional to I Ln./T,. The analysis!!”!
shows that SBS rising from Au plasma is the main LPI risk
on outer cones of cylindrical hohlraums on NIF. Since exper-
iment results!">! on NIF do not show obvious SBS on outer
cones of cylindrical hohlraums, there should be little SBS in
the laser beams of the six-cylinder-port hohlraum. That is why
we supposed 1], ~ 1 before.

Without filling the gas, for laser pulse duration as long
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as those required for ignition, the Au blowoff driven by laser
and radiation has time to fill the hohlraum, and the laser beam
will not propagate to the initial impacting point since it is ab-
sorbed by the Au plasma filled in the hohlraum. This changes
the x-ray emission position and destroys the symmetry con-
trol scheme. In our design, He gas at 1.5-mg/cc initial density
holds back the Au blowoff and ensures that the path of laser
cone is clear (Fig. 5(c)) and the x-ray emission position is very
close to the initial laser impacting points (Fig. 5(d)). This is
the reason why we can use the view factor code to study the

flux asymmetry on capsule.

3. Conclusions

In this work, we propose a new ignition hohlraum with six
cylinder ports for the capsule with 1.2-mm radius. We use the
3D view factor calculations, the energy balance analysis, and
the 2D hydrodynamic simulations to study the hohlraum. Our
theoretical study shows that the six-cylinder-port hohlraum
has very high flux symmetry on capsule. Specially, the Yy,
asymmetry, which exists in the octahedral hohlraum, can be
adjusted to zero by cancelling the influences of laser spots
and LEHs each other out, even though the LEHs are not on a
sphere with golden radius ratio. About 2.3-MJ laser energy is
required to provide the radiation driven of capsule. The simu-
lations show that the plasma conditions in the hohlraum should
simulate little SBS and the x-ray emission positions are still
very close to the initial ones. Obviously, in addition to the
residual Y4, problem, the other problems about laser transfer-
ring and LPI, mentioned before in the octahedral hohlraums,
are solved or eased in the six-cylinder-port hohlraum. Next,
we plan to study more in depth the time-varing Yy, asymme-
try, the asymmetry of M-band flux and the laser beam entering
problem because there is much room for optimization in the
target design. Of course, in future, 3D simulations are nec-
essary to classify the details of asymmetry, plasma, and effi-
ciency in hohlraums. And aboundant experiments are worthy
to be done with six-cylinder-port hohlraums on exiting facili-
ties, since we have little experience of laser arrangement, tar-

get fabrication, and diagnostics.
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