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a  b  s  t r  a  c  t

A model  to  calculate  the  optical  field  distribution  of  quadruplet  beams  on  a hohlraum  target  wall  is  pre-
sented.  This  model  combines  geometrical  ray  tracing,  coordinate  transformation,  and  Fresnel  diffraction
eywords:
ptical field distribution
ohlraum target
uadruplet beams

integral  to  capture  the  quadruplet  beams  propagating  in four different  directions  and  the typically  non-
planar  geometry  of the  hohlraum  wall.  The  results  demonstrate  that  the optical  field  distribution  arises
mainly  from  individual  beam  diffraction,  and  the  interference  with  other  beams  in the  quadruplet  hardly
devotes  to the distribution.  A movie  is  also  produced  to  interpret  the  spatio  and  temporal  evolution  of
the optical  field  on  a cylindrical  hohlraum  wall.

© 2016  Elsevier  GmbH.  All  rights  reserved.
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. Introduction

In indirect laser-driven inertial confinement fusion (ICF) [1,2],
asers are focused on the inner wall of a hohlraum target to gen-
rate X-rays, which more uniformly irradiate a target pellet. Laser
eams in typical giant high-power laser drivers, such as those at the
ational Ignition Facility (NIF) [3] and the Laser Mégajoule (LMJ)
roject [4], propagate grouped together, usually in a 2 × 2 quadru-
let, or quad. Different quads are focused into the target hohlraum
hrough different final optics assemblies (FOAs) [5], which are dis-
ributed on the target chamber at different polar and azimuthal
ngles. In this manner, the target hohlraum is more completely and
niformly irradiated. As shown in Fig. 1, one quad is focused at the
enter of the laser entrance hole (LEH) to irradiate the hohlraum
all; the beam spot on the wall appears as four separated spots

nstead of the desired single whole beam spot. To develop the best
ptical design of the target area, and the hohlraum target design,
tself, requires analysis of the size, profile, and spacing between the
ndividual spots and the optical field distribution within the beam
pots. Such analysis will allow researchers to better understand the
eam spots in the hohlraum wall, leading to improved laser driver
esign and X-ray generation processes.
Two issues make analytically calculating the beam spots dif-
cult. First, the hohlraum target used in indirect driven ICF is
ypically a cylindrical hohlraum [6], a rugby hohlraum [7], or a
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spherical hohlraum [8,9]. As shown in Fig. 1, the cross-section of the
beam quad and the cylindrical hohlraum is not a plane. Second, a
wedged focus lens (WFL) is introduced in the FOA to focus and chro-
matically separate the beams [5]. The WFL  directs the quad beams
in separate directions from each other. Further, the four entrance
planes of the WFL  are not in the same plane. These issues make it
difficult to calculate the optical field distribution on the inner wall
of the hohlraum using existing beam propagating algorithms.

Jiao [10] reported a method combining a fast Fourier transform
(FFT) with chromatography to calculate the spatio-temporal opti-
cal field distribution characteristics on a cylindrical hohlraum wall.
However, their simulation modeled only one beam and chromatog-
raphy principles do not suit the optical distribution generated by
four beams propagating in four different directions. Studies on the
beam conditions of the focus spots in both the NIF and LMJ  [11,12]
have been published. The plane used to detect the focus spot were
all in planes perpendicular to the quad, and not a realistic hohlraum
target wall surface, which is usually non-planar and has a certain
angle with the quad. In this article, a model combining optical ray
tracing and Fresnel diffraction integrals is proposed to calculate
the beam spot generated by quad beams on the hohlraum wall.
This model is not limited to the cylindrical hohlraum, but can cal-
culate the optical distribution on spherical and other geometrically
shaped targets.
2. Model and calculations

In calculating the conventional diffraction pattern of an opti-
cal field distribution on a plane [13], the calculating plane and the

dx.doi.org/10.1016/j.ijleo.2015.12.121
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Fig. 1. Schematic of laser quad entrance into the hohlraum target. The beam spots
appear as four distinct spots.
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Fig. 3. Transformation relationships between QCS(O − XqYqZq) and
BCS(B1 − XbYbZb). Distances between the quad center, beam center, and LEH
center were �x, �y, and �z. The lens rotated  ̨ and  ̌ degrees along Yq and Xq axes,
ig. 2. Transformation relationships between TCCS(T  − XtYtZt ) and QCS(O − XqYqZq).
ohlraum diameter 2R and total length 2H. Polar angle �.

aser emission plane must be parallel to each other. While in a
uad, the emergence planes of the four laser beams are not copla-
ar with each other, or with the calculating plane on the hohlraum
all. Therefore, some modifications to the conventional calcula-

ions were required to calculate the optical field distribution with
FT [14]. First, the profile and shape of the beam spots on the
ohlraum wall are obtained by a geometrical ray tracing method.
he points in the area defined by the beam spots are then trans-
ormed into the four laser beam coordinate systems in two-step
oordinate transformations. In each individual beam coordinate
ystem, the optical field value of each transformed point is calcu-
ated by FFT. Finally, the actual optical field of the original point
n the hohlraum wall is calculated as the interference of the four
eld values. This procedure is applied to each point in the orig-

nally defined area to acquire the whole beam spot optical field
istribution.

The detailed calculation proceeds as follows: The target cham-
er coordinate system (TCCS), T − XtYtZt is taken as the reference

oordinate system. The hohlraum is a cylinder with the diameter 2R
nd total length 2H.  Each quad has its own quad coordinate system
QCS), O − XqYqZq. Fig. 2 shows the position and rotating relation-
hip between TCCS and QCS of the quad with the polar angle �
respectively. Focus length of the WFL  f.

focused at LEH center F of the target hohlraum. Each quad has
four different beam coordinate systems (BCSs); Fig. 3 illustrates the
beam in the first quadrant, as an example. Its coordinate B1 − XbYbZb
can be transformed to QCS by translation and rotation. The transfor-
mation relationships between the three coordinate systems can be
expressed as Eqs. (2-1) and (2-2), where �x  and �y  are the x and y
translations, respectively, between the quad center and beam cen-
ter, and �z  is the distance between the quad center and the LEH
center. The focus length of the WFL  f relates to these translation

values as f =
√

(�x)2 + (�y)2 + (�z)2. A thin lens rotated  ̨ and
 ̌ degrees along Yq and Xq axes, respectively, simulates the simul-

taneous focusing and chromatic separation of the beams by the
WFL, where tan  ̨ = �x/�z  and sin  ̌ = �y/f. The coordinates of a
point in all three systems are (xt, yt, zt), (xq, yq, zq), and (xb, yb, zb),
respectively.

⎡
⎣

cos  ̨ − sin  ̨ sin  ̌ − sin  ̨ cos ˇ
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⎤
⎥⎦ (2-2)

We calculated the beam spot optical field distribution of the
FOA [5] in the outer cone of the NIF target chamber as an example.
The polar angle was � = 50◦; the distances between the quad center,
beam center, and LEH center were �x  = 278.3 mm,  �y  = 316.25 mm,
and �z  = 7688.47 mm;  and focus length was f = 7700 mm.  The
hohlraum target was  cylindrical, with R = 2.5 mm and H = 5 mm.  The
laser had a wavelength � = 351 nm,  beam size 400 mm × 400 mm,
and a 10-order super Gaussian beam with waist radius
ω = 200 mm.

All parameters were first transformed into TCCS, and underwent
ray tracing. The resulting beam spot shape and profile are shown in
Fig. 4. The calculating area was defined to cover the total beam
spots area, indicated by the red dotted rectangle in Fig. 4. Each
point in the calculating area was  transformed from TCCS coordi-
nates, to QCS, and then into all four BCS, Bi − XbiYbiZbi, i = 1, 2, 3, 4.
For P(Xbi,Ybi,Zbi) in BCS, the optical field distribution in the plane
z = Zbi can be easily calculated by FFT. However, the point (Xbi,Ybi)
was not necessarily one of the sample dots in the plane z = Zbi, so 2D
interpolation was  performed to acquire the precise optical field. The

final optical intensity distribution on the hohlraum wall, shown in
Fig. 5, was calculated by interfering the optical fields from the four
BCSs.
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Fig. 4. Profile and shapes of the beam spots obtained by the ray tracing method. The
red rectangle is the defined range covering all the beam spots. (For interpretation of
the  references to color in this figure legend, the reader is referred to the web  version
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longer than the pulse width, for example an ultra-short laser pulse
with pulse width of 15 fs. The pulse is too fast to evolve the complete
beam spot that there will be only four lines in the hohlraum wall
instead of the four spots. Therefore, to obtain higher power in the
f  this article.)

The final intensity distribution results from diffraction of indi-
idual beams and interference between quad beams. In Fig. 5,
iffraction was evident in the significant intensity differences
ithin each beam, while interference can hardly been observed,

or the quad lasers were too separated that they had little effects

n the optical distribution of each beam.

Fig. 5. Intensity distribution on the hohlraum wall, viewed along Yt axis.
2016) 3629–3632 3631

3. Discussion

3.1. Effects of polar angles

The quad beams in all four cones on the target chamber can be
calculated by this method. In order to clearly observe the effect of
polar angle on intensity distributions on the hohlraum, we varied
the polar angles and graphed the results in the same plot, shown in
Fig. 6. As the incident angles decreasing from 50.0◦ to 23.5◦, both the
optical spots areas and the interval distances among the four beams
become larger and larger, so the intensities in the inner cones (23.5◦

and 30◦) are obviously lower than the outer cones (44.5◦ and 50◦).
However, there are 32 quads in the outer cones and 16 quads in the
inner cones, so the generated X-ray densities will not be uniform
between inner and outer cones, which will affect the irradiation to
the target pellet in the hohlraum.

3.2. Spatio and temporal evolution of the optical field

When considering the temporal characteristics of the laser
pulse, 50-order super-Gaussian pulses with pulse width of 3 ns
and a rising edge of approximately 200 ps is taken as an example.
According to the hohlraum size and the distance between the cen-
ter of LEH and beam quad, it takes about 2 ps for the quad beams to
evolve its beam spot in the inner wall of the hohlraum, as shown
in Fig. 7, which was  extracted from a movie on this 2 ps evolu-
tion process. Because the evolution time is far less than the rising
edge, the intensity of the laser is supposed to be constant during
the evolution.

Consider another situation where the evolution time is much
Fig. 6. The intensity distributions on hohlraum wall by quads with different polar
angles.
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Fig. 7. Spatio and temporal evolution of t

arget wall with Peta-Watt laser beam combination, both the target
nd the manner of laser shooting the target need to be carefully
esigned.

. Conclusions

A model was proposed to calculate the intensity distribution of
uad beams focused on a hohlraum target wall. Although it was
ound to arise from both individual beam diffraction and interfer-
nce between beams in the quad, individual diffraction dominated
he distribution. According to the calculation of different NIF quads,
nner cones had lower intensity in the hohlraum wall than that of
uter cones. However, only 1/3 of the total quads were attributed
o inner cones and that maybe not conducive to the uniform irra-
iation to the target pellet. The spatio and temporal evolution of
he optical field in the hohlraum wall was demonstrated by a short

ovie. Given the evolution time and pulse width, the 2 × 2 quadru-
let beam combination was not suitable for the ultra-short pulse

aser to obtain higher power in the hohlraum.
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