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Abstract

An initial study and design on ignition elliptical hohlraum (ellipraum) is given by using the expended plasma-filling model
with criterions. As a result, in an ellipraum with a smaller ratio of major-to-minor axis (a/b), the radius ratio of ellipraum-
to-capsule (b/R¢) should be larger (hence more sphere-like) to meet the criterions of plasma-filling and laser deposition,
meanwhile the required laser energy and peak power are lower and the coupling between different modes is weaker. To
produce a 300 eV radiation pulse to ignite a capsule of 1 mm radius, an ellipraum of a/b = 1.6 and b/R.=2.8 is
superior to a cylinraum with a length-to-diameter ratio of 1.81 and a cylinraum-to-capsule radius ratio of 2.54 in saving
more than 10% laser energy and reducing 50% coupling between different modes.
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1. INTRODUCTION

Hohlraum plays a key role in indirect drive inertial fusion
(Haan et al., 1995, 2011; Atzeni & Meyer-ter-Vehn, 2004;
Lindl et al., 2004), which converts incident laser beam into
X-rays to uniformly drive a capsule placed inside the hohl-
raum to ignite. Because many factors that greatly influence
the ignition are strongly related to the hohlraum geometry,
such as the coupling efficiency from hohlraum to capsule,
the X-ray emission, capsule radiation uniformity, and laser
plasma interactions, so the design of hohlraum is very impor-
tant (Callahan, 2006, 2008; Li, 2010; Lan, 2010; Rosen,
2011). The traditional hohlraum is a cylinder (hereafter
called “cylinraum”), now being used for the national ignition
campaign (Haan er al., 2011). However, in order to have a
more efficient hohlraum, researchers have also been
making efforts in exploiting hohlraums with different
shapes. Elliptical hohlraum (hereafter called “ellipraum”)
was first proposed in 1991 (Caruso, 1991), but until recent
years, it began to arouse much interests worldwide. Up to
now, there are many simulation design and experiments on
rugby-like or ellipraums for the OMEGA and the LMJ
laser facilities (Amendt, 2007, 2008; Vandenboomgaerde,
2007; Casner, 2009; Robey, 2010; Philippe, 2010). These
shapes of hohlraum have the possible advantages over cylin-
raum in enhancing X-ray drive and reducing mode coupling
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for symmetry control, and this has already been demonstrated
(Vandenboomgaerde, 2007; Robey, 2010). Presently, the
main strategy to design a rugby-like or ellipraum was given
by Amendt et al. (2008).

In this work, we will present our initial study and design
on ignition ellipraum by using the extended plasma-filling
model with criterions of plasma-filling and laser deposition
(Lan, 2010), and give an initial design of ellipraum size
and pertinent laser power to produce a typical 300 eV
ignition radiation (Callahan, 2008). In addition, we will com-
pare the mode coupling efficiencies in ellipraum and cylin-
raum. For a hohlraum with given shape, there are three
ratios to describe the hohlraum geometry, which are the
ratio of hohraum semi length-to-radius, the radius ratio of
hohlraum-to-capsule, and the radius ratio of laser entrance
hole (LEH) to capsule, respectively, denoted as &y, &, and
&, hereafter. Usually, the capsule radius is given by the im-
plosion design and the LEH sizes is decided by the laser
beam conditions, so only &y and & are left to design.
Here, we want to make clear that there are two points in
our design strategy different from that of Amendt et al.
(2008). First, Amendt et al. (2008) keep the same & of
rugby-like hohlraum as that of the compared cylinraum,
then used the calculus of variations to assess the minimal sur-
face area for a given enclosed hohlraum volume in order to
decide the detail hohlraum shape; while in our design, we di-
rectly used ellipraum, which schematic is show in Figure 1.
Second, Amendt et al. (2008) adjust &z (and laser cone point-
ings) of the rugby-like hohlraum with chosen shape to
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capsule

Fig. 1. (Color online) Geometry for ellipraum and capsule. Here, O is the
center, P is point on capsule and P is a point on ellipraum surface.

achieve optimal implosion core symmetry; while in our
design, we obtain §- from the extended plasma-filling
model with criterions to meet the requirements of plasma-
filling and laser deposition at different &, and &y will be
decided by a two-dimensional (2D) simulation. Because
the optimal & is relevant to the tolerable LEH size and the
laser beam arrangement, so a detail 2D simulation is
needed to optimize the ellipraum size together with the
laser pointing position, and the relative beam powers after
balancing all factors. We will present our 2D simulation in
a forthcoming paper, and will only focus on the initial
design in this work. As a result, & of ellipraum from our
design is higher than that of the rugby-like hohlraum de-
signed by Amendt et al. (2008), and also the coupling
from hohlraum to capsule in our ellipraum is lower than
their rugby. Notice that the intents are different in the two
designs. Amendt er al. (2008) intend to drive high yield
with low-convergence capsules, so they design a rugby-like
hohlraum with a smaller volume and a smaller & to get a
higher coupling efficiency from hohlraum to capsule than
our design, and they did successfully obtain a very high
X-ray enhancement and very high neutron yield with the
rugby-like hohlraum compared with the cylinraum, while
they also observed a significantly high simulated Brillouin
scattering backscatter that affect the implosion symmetry
(Robey, 2010). Our intent in this work is to design an elli-
praum for ignition. Hence, in addition to the enhancement
of X-ray radiation, the plasma-filling is an important issue
to concern in our work.

This work is arranged as follows. In Section 2, we will
apply the extended plasma-filling mode in ellipraum and
give criterions of plasma-filling and laser deposition. In Sec-
tion 3, we will present our method to give an initial design of
hohlraum size and pertinent laser power to produce a
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required radiation inside the hohlraum, and then give an
initial design of ellipraum to produce a 300 eV ignition radi-
ation. In Section 4, we will compare the mode coupling effi-
ciencies in ellipraum with that in cylinraum. Finally, we
summarize in Section 5.

2. EXTENDED PLAMAS-FILLING MODEL FOR
ELLIPRAUM

In our previous work (Lan ef al., 2010), we extended the
plasma-filling model (Dewald et al., 2005; McDonald
et al., 2006; Schneider et al., 2006) to a case when a cylin-
raum is driven by a shaped laser pulse with high contrast
(>1) between different steps, which is a typical drive for
ignition goal. In the extended model, we assume that the
differences of radiation temperature 7, between steps are
large and calculate the ablated mass of the wall in each
step independently. The ablation in each step increases the
wall albedo and contributes to the sum of the ablated mass,
and therefore eventually influences the plasma-filling time
in hohlraum. In this part, we apply this extended plasma-
filling model to an ellipraum.

For an ellipraum considered in our study, it rotates along
its major axis and the LEH are opened at both ends of elli-
praum along the major axis, in order to keep the radiation
uniformity of capsule inside. The schematic of an ellipraum
is shown in Figure 1. We use a to denote the major axis of an
ellipraum, b is the minor axis, R is the radius of LEH, and y,,
is the angle of LEH to the rotating axis z. Defining e¢ =

,/{az—bz/a2| and t:a,/l—rf/bz, then we have

Y, = arccos(t/ ri—%—tz). Thus, the wall area Ay and

volume Vy can be, respectively, expressed as:

1
Ay = 2nab|:cos Y, X4/ 1 — e?cos? y, + — X arcsin (e cos yL)],
e

M

3

Vy = 2nab® <c0s Y. — COS3 YL). )
We use A; to denote the area of LEH and A to denote the
area of capsule. Under the jth step of a laser pulse, the geo-
metrical factor f; of hohlraum with a capsule inside is (Sigel
et al., 1988):

(I —acj)Ac+AL

=1+ 2
f/ (1 _aW,j)AW

3

Here, ac ; is the albedo of capsule and dy,; is an effective
albedo of the wall under the jth step. Thus, the hohlraum
power balance (Lindl, 1995) under the jth step pulse

nP; = [(1 — aw DAw + (1 — ac )Ac) + A ]oT,; %,
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can be written as:

nP; = (1 — aw )fiAwoT, ;" )

Here, P; is laser power at the jth step, and o is the Stefan-
Boltzmann constant. Usually, the wall albedo at time t
under a radiation temperature of 7, can be expressed as
(Lindl, 1995):

aw = 1 — H/(T}P), )

where H, y, and P are fitting parameters. Therefore, we can
express 7T, ; as (Lindl, 1995):

T,; = DP;Ey;". (©6)

Here, the coefficients D, E, and F can be obtained by taking
Eq. (5) into Eq. (4), and they are related to the laser power at
every step.

Summing the radiation ablated mass under all laser pulse
steps; we get the material density inside hohlraum (Schneider
et al., 20006):

Aanl
p=x 2 m @

J

Here, m; is the area mass ablated in the jth step of radiation,
A, 18 an effective ablated wall area. Considering the hydro-
dynamic losses and coronal radiative losses from LEH, we
take A,y =Aw — Ay, here Appy is the area of LEH.
Then, the ion density n;, is:

n,:sz—6><>\/x*:/“:x;m,. ®)
Here, n; is in units of the critical density, A is the atomic
number of wall material, A\, (in um) is the wavelength of
driven laser, Ay, is in cm?, Vj; is in em®, and m;isin g/ cm?.

Furthermore, as in the plasma-filling model (Schneider,
20006), considering the power balance of the laser hot channel
and the pressure balance between the laser channel and sur-
rounding plasmas, we can finally obtain the average electron
density n, in laser hot channel at filling time (Lan ef al.,
2010).

Because n, depends on laser pulse, wall material, and
hohlraum size, so the plasma-filling model can be used in
the initial design of a hohlraum target. More than that, the
plasma-filling model can be actually applied to the initial
design of an ignition hohlraum, although the latter usually
uses low-Z gases fill to suppress hohlraum high-Z plasma
expansion, while the former normally refers to the vacuum
hohlraums filled with high-Z plasmas due to laser heating.
The reason is that, from our 2D simulations, the low-Z
gases fill does play an important role in suppressing hohl-
raum high-Z plasma expansion and helping to improve the
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radiation uniformity on capsule during the pre-pulses of driv-
ing laser, but its role can be almost neglected when very hot
and massive hohlraum high-Z plasmas is ablated during the
main pulse. In other words, the hohlraum filling during
the main pulse of laser heating is also mainly caused by
the high-Z wall plasmas for an ignition target. Therefore,
an initial design of ignition hohlraum can be obtained from
the plasma-filling model.

Certainly, criterion is needed to design a suitable hohlraum
for ignition besides the requirement on hohlraum geometrical
factors from capsule radiation uniformity. As known
(Schneider et al., 2006), when the plasma filling becomes
serious, the laser absorption region shifts far from the hohl-
raum wall and the hydrodynamic loss and the thin coronal ra-
diative loss from LEH increase rapidly. Usually, n, = 0.1 is
used as a threshold that prevents the laser from propagating
into the hohlraum due to absorption. On the other hand,
the laser is required to deposit near the wall surface for an
ignition target in order to get X-ray emission near hohlraum
wall. Therefore, we define two semi-empirical criterions
for ignition hohlraum. One criterion is n, = 0.1, and another
one is np=1. Here, n;z can be defined either as
(R/(V/2sin 8))/(\ip) or (v2Ryer/ sin8)/(\jp), in which Az
is the inverse bremsstrahlung absorption length (Dawson
et al., 1969) and § is an effective incident angle of laser to
hohlraum axis. According to our experience, we usually
take & = 50° for ignition design. Under different criterion,
it may give a different size of hohlraum. We choose the lar-
gest hohlraum as our initial design after considering all the
criterions. Hereafter, the extended plasma-filling model
with criterions is shortened as EPFC.

3. INITIAL DESIGN OF ELLIPRAUM UNDER
300 EV IGNITION RADIATION

The above EPFC, together with one-dimensional (1D) simu-
lation, can be used to give an initial design of hohlraum size
and pertinent laser power to produce a required radiation
inside the hohlraum. In this part, we first present our initial
design method, and then use it to design an ellipraum and
pertinent laser power to produce a 300 eV radiation pulse
for a given capsule.

As discussed in Section 1, R is given by implosion
design, &; is usually decided by the laser beam conditions,
and &y will be chosen by 2D simulation after taking the
laser beam conditions into consideration. Hence, what we
need to give from the initial design is & at different &z. In
addition, we need some iteration in the initial design so as
to get P;, the laser power at the jth step. Our initial design
method has five steps:

(1) As the first step, we have to assume a primary value of
&c at a given &, such as taking the values from tra-
ditional cylinraum in which the radiation uniformity
has already been taken into consideration. Because
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R is given, we therefore have the primary values of a,
b, R;.

(2) Then we have the time-dependent wall albedo and
capsule albedo under the required radiation pulse
from 1D simulation.

(3) After that, we obtain the primary profile of laser power
by putting the albedo of wall, the albedo of capsule,
and the primary ellipraum size into the hohlraum
power balance. Thus, all coefficients needed in Egs.
(5) and (6) can be obtained.

(4) Furthermore, we obtain the first design of ellipraum
size by using EPFC.

(5) If the first size is smaller than the primary size, then
we take the primary size and the primary laser
power as the initial design result. Otherwise, we
modify the laser power profile by putting the first
size into the power balance and recalculate all coeffi-
cients, and then we obtain the second size from EPFC.
We iterate this process until the profile of laser power
is convergent. Finally, the convergent laser power and
relevant hohlraum size are the initial design result.

As an example, now we give an initial design of ellipraum
and pertinent laser power to produce the 300 eV radiation
pulse in the 2010 ignition target design on the NIF (Callahan
et al., 2008). This radiation pulse has four steps, as shown in
Figure 2. The coupling efficiency from laser to X-ray is taken
as 75%. To compare with the design given in Callahan et al.
(2008), we also take R.= 1 mm and &, = 1.27. About &,
usually it is taken from 1.7 to 1.81 for inertial fusion study
(Lindl, 1995; Cavailler, 2005; Callahan, 2008; Haan,
2011). Here, we take &y =a/b as 1.4, 1.6, 1.8, and 2 for el-
lipraum. In addition, we also consider one model for cylin-
raum of & =0.5L/R = 1.81, same as in Collahan (2008),
just for comparison.

First, we calculate the albedo of U under the 300 eV radi-
ation pulse by using our 1D multi-groups radiation transfer
code, radiation hydrodynamic code of multi-groups

1.0 ' ' 1300
0.8}
—— {200
- 0.6 =
o —_—
- 2
° 1100
0.2}
ool . . .. — ...
0 5 10 15
Time(ns)

Fig. 2. (Color online) Albedo (blue line) of U wall from RDMG code under
300 eV radiation pulse (black line) given in Collahan (2008).
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(RDMG) (Feng et al., 1999), as shown in Figure 2. Then, fol-
lowing the initial design method given above, we finally
obtain the contour lines of 7,=300eV, n,=0.1, and
nyp = 1 in the plane of laser energy E; and hohlraum semi-
length at a given & for ellipraum or cylinraum. The contour
line of 7, =300eV may have different intersections with
contour lines of n, = 0.1 and n;z = 1, resulting in two sizes
of hohlraum and two laser energies. We take the larger size
with higher laser energy as our initial design. As shown in
Figure 3, are initial design results for the five kinds of
hohlraums.

For cylinraum, our initial design gives a result of 9.1 mm
length with 0.93 MJ laser energy, which is close to the design
given in Callahan et al. (2008).

For ellipraum, the intersections give: (1) a =4 mm and
E, =08 MJ at £,=1.4; 2) a=4.48 mm and E;, = 0.83
MJ at &5 =1.6; (3) a =4.95mm and E; = 0.85 MJ at &; =
1.8; and (4) a=54mm and E;, =0.88 MJ at a/b=2.
Notice that the laser energy required for the four ellipraums
is obviously smaller as compared with the cylinraum. From
a, &y, and R., we can obtain & (1) &-=2.86 at &, = 1.4;
2)Ec=28at&y=1.6; 3) §&c=2.75at &y = 1.8, and (4)
Ec=2.7 at &, =2. As a result, the initial design gives a
lower E; and a larger & at a shorter &, which certainly
benefits to save laser energy and improve capsule radiation
uniformity.

From Eq. (7), the filling density inside hohlraum is related
to the ratio of wall area to hohlraum volume. Table 1 lists the
area and volume ratios of ellipraum-to-cylinraum for above
models, which helps us to understand the advantage of
ellipraum in saving laser energy while meeting the
plasma-filling requirement at the same time. From Table 1,
both ellipraum volume and area are smaller as compared

1.2
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Laser Energy E, (MJ)
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Solid: T=300 eV
Dashed: n,=0.1

Dotted: ng=1
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4 5 6 7 8

a for ellipraum or L/2 for cylinraum (mm)

Fig. 3. (Color online) Initial design of laser energy and hohlraum size to pro-
duce a 300 eV ignition radiation in ellipraums of £;=1.4 (violet), 1.6 (red),
1.8 (blue), and 2.0 (green) and in a cylinraum of £ = 1.81 (black).
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Table 1. Volume and area ratios of ellipraum-to-cylinraum. Here,
the compared cylinraum is at &g = 1.81 and &c = 2.54. The values
of & and &c given in the table are for ellipraum. Here, the subcripts
“ellip” and “cylin” refer respectively to ellipraum and cylinraum.
In addition, Ay, is also listed for comparison.

EyxEc 1.4x2.86 1.6x2.8 1.8x2.75 2x2.7
Vettip! Veytin 0.73 0.786 0.839 0.883
Aw,etiip] Aw, eyiin 0.704 0.761 0.816 0.865
Agpiettip! Aavl,cylin 0.686 0.747 0.805 0.857
AW,elIip/AW.cylin 0.964 0.968 0.972 0.98

Vettip /' Veyiin
Aubleltip [ Aabl, cylin 0.94 0.95 0.96 0.97
Vellip / chlin

with the cylinraum, but the ellipraum area is much smaller. It
is easy to understand when a sphere is associated. As a result,
either (AW,ellip /AW,cylin)/(Vellip/chlin) or
(Aabl,ellip/Aabl,cylin/Vellip)/(vcylin) are smaller than 17 but very
near to 1 to meet the criterions. They do not exactly equal
to 1 because the coefficients in Eq. (6) are also related to
the wall area.

In Figure 4, we give the pertinent laser power to produce
the 300 eV radiation pulse in the ellipraum of a/b = 1.6
and b/R. = 2.8. The result for the cylinraum is also presented
for comparison. As shown, the required peak power is 300
TW for the ellipraum, which is about 10% lower than what
required for the cylinraum.

4. THE COUPLING BETWEEN DIFFERENT
MODES IN AN ELLIPRAUM

As we know, it is a key requirement in ignition research to
control capsule implosion symmetry (Lindl, 2004; Haan,
2011). For Legendre asymmetry modes, P, and P, are

2 10} ;
o) ,
=
o) i
wn
E [
1005 _:
0 5 10 15
Time (ns)

Fig. 4. (Color online) Laser powers to produce the 300 eV ignition radiation
in an ellipraum of & = 1.6 and in a cylinraum of & = 1.81.
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main issues in hohlraums of &~ < 4. Normally, P, is con-
trolled by laser ring separation and P, is controlled with
the inner/outer cone ratio (Lindl, 2004). However, there is
coupling between modes for capsule in non-spherical hohl-
raums (Suter, 1985; Lindl, 2004), because different points
on the capsule see different solid angles of the hohlraum
wall and therefore have different smoothing factors. It
means that P, and all higher even modes appear at the cap-
sule even if only a pure P, is applied to the hohlraum. Never-
theless, the coupling between modes is relevant to hohlraum
shape and it is somewhat easier to control in a hohlraum with
weaker coupling. In this part, we compare the coupling be-
tween modes in an ellipraum with that in a cylinraum.

As in Caruso and Strangio (1991), we consider a capsule
that is illuminated by the radiation emitted from an optically
thin plasma layer at the ellipraum surface. The geometry of
ellipraum and capsule is shown in Figure 1, and the geometry
relevant for the definition of position between point P on
capsule and point P* on ellipraum surface is shown in
Figure 5. We use I(P*) to denote the emitted power density
from P, then the total power density flux F at P is:

7 27
FP) = J:)cos 0 sin 9,[0 I(Px)de. 9)

Both ellipraum and radiation source distribution are cylindri-
cal symmetry in our consideration. Then /(P-) can be rep-
resented in terms of Legendre polynomials P, with
argument of cos y, where y is the angle of OP* with the
symmetry axis, as in Figure 1:

I(Px) = Y~ c,Pu(cosy). (10)

n=0

On the other hand, the radiation on capsule can also be

-~
1

4 |

X

Fig. 5. Geometry relevant for the definition of the position between point P
on capsule and point P on ellipraum surface. Here, 7’ is in the direction of
OP, both %’ and j are tangential directions, and ' is defined to point into
paper.
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Fig. 6. Contour lines of (P,) on capsule when (P,) is applied to cylinraum,
in the plane of & and &c.

represented in terms of P, but with argument of cos 0:
F(P) = Z a,P,(cosfy). an
n=0

Here, we call a,, (P,) as the coupling coefficient between the
modes m and n when a pure P, (c, = 1) is applied to the
hohlraum.

In Figures 6 and 7, it gives a4 (P,) and a, (P,) for cylin-
raum in the plane of &4 and &c. In Figures 8 and 9, it gives
as (P») and a, (Py) for ellipraum in the plane of £ and &c.
Usually, the cylinraum designed for ignition study has ratio
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Fig. 7. Contour lines of (P,) on capsule when (P) is applied to cylinraum,
in the plane of & and &.
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Fig. 8. Contour lines of (P,) on capsule when (P,) is applied to ellipraum, in
the plane of &5 and &c.

values of about &, = 1.6-1.8 and &~ = 2.5. Here we choose
the ellipraum of &;=1.6 and §-=2.8 for comparison.
Then, as shown, ay (P,)=—0.03 and a, (P,) = —0.07
for the cylinraum, while a4 (P;)= —0.015 and a,
(P4) = —0.035 for the ellipraum. Hence, the mode coupling
in the ellipraum is about half of that in the cylinraum. In fact,
the mode coupling is weaker in a more sphere-like hohlraum,
which benefits to control the different modes separately.

5. SUMMARY

We have applied EPFC to give an initial design on ignition
elliptical hohlraum and pertinent laser pulse to generate a
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Fig. 9. Contour lines of (P,) on capsule when (P,) is applied to ellipraum, in
the plane of &5 and &c.
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required radiation pulse. We have also compared the mode
coupling between ellipraum and cylinraum. As a result, in
an ellipraum with a smaller &, the value of & should be
larger in order to satisfy the criterions of plasma-filling,
meanwhile the required laser energy and peak power are
lower and also the coupling between different modes is
weaker. In addition, a large & has the benefit in capsule radi-
ation uniformity. To produce a 300 eV radiation pulse inside
hohlraum to ignite a capsule of 1 mm radius, an ellipraum of
&y = 1.6 and §- = 2.8 is superior to a cylinraum of §; = 1.81
and & = 2.54 in saving more than 10% laser energy and re-
ducing 50% coupling between different modes, here the
radius of laser entrance hole is taken as 1.27 mm.

However, the optimal £ and & for ellipraum are also rel-
evant to the tolerable R; and the laser beam arrangement. The
transfer distance of laser beam inside the ellipraum of & =
1.6 and §-=2.8 is shorter than inside the cylinraum of
&y = 1.81 and & = 2.54 when laser incident angle is larger
than 50°, but longer when the angle is smaller than 50°.
Therefore, a detail 2D simulation is needed to determine
the optimum ellipraum size, the pointing position and the
relative beam powers after balancing all factors.
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