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Introduction
Direct-drive inertial confinement fusion experiments are 
performed by uniformly illuminating spherical cryogenic 
deuterium–tritium (DT) fuel-bearing CH shell capsules with 
high-power laser beams.1 A goal of inertial confinement fusion 
(ICF) experiments is thermonuclear ignition and gain; in order 
for this to occur, the fuel must be symmetrically compressed 
to high areal densities, i.e., at least 0.3 g/cm2, and the central 
hot-spot temperature must be at least 10 keV (Refs. 2–4). Tar-
get performance is degraded by imperfections in symmetric 
laser illumination and in the target itself. Perturbations of the 
intensity in the low Legendre modes ( # 6), which may include 
target offset, can distort the core at stagnation while higher-
mode ( $ 6) perturbations lead to Rayleigh–Taylor unstable 
growth, target breakup, and mixing of the materials in the shell 
and fuel.5 These perturbations reduce the peak temperature 
and areal density of the final fuel region; therefore, minimizing 
them is desired. Assessing the performance of the implosions 
requires one to simulate the implosion with one-dimensional 
(Ref. 6) and multidimensional hydrocode simulations,7 and the 
multidimensional simulations require accurate values of target 
offset from beam aiming to accurately simulate the implosions. 
This article describes our method of measuring initial target 
offset from the aim point of the beams and determining the 
core offset resulting from target offset from this aim point.

Measurements of Initial Target Offsets
Targets illuminated by the 60 beams of OMEGA at inten-

sities ranging from +1014 to +1015 W/cm2 emit x rays, easily 
imaged by pinhole cameras, in the range of 1 to 10 keV. A set 
of x-ray pinhole cameras (XRPC’s) is used on OMEGA to 
precisely align the laser beams to the target center.8 This is 
currently done to an accuracy of +7-nm rms (root mean square) 
using a set of fixed and retractable XRPC’s, all digitally record-
ing the images with charge-injection–device (CID) cameras.9 
This set includes five fixed XRPC’s, which are attached to the 
OMEGA target chamber, and six ten-inch-manipulator (TIM)–
based XRPC’s, which are retractable through a vacuum gate 
valve. The fixed XRPC’s remain in use during both cryogenic 
target and non-cryogenic target implosions. 

Measurement of Cryogenic Target Position  
and Implosion Core Offsets on OMEGA

Since the targets used to precisely align the OMEGA beams 
by locating the x-ray spot emitted by each beam on pointing 
shots8 are positioned by visible light cameras, all other non-
cryogenic targets are aligned to this same point. This position 
is referred to as target chamber center (TCC), although it is 
really the aim point of the beams determined through precision 
pointing using the CID-based XRPC’s. The precise locations of 
TCC in the XRPC images are determined by measuring x rays 
emitted by a precisely located non-cryogenic target; these TCC 
reference images are all from target shots taken on the same 
day as the cryogenic target shots. This effectively eliminates the 
possibility of changes in the XRPC’s contributing to the deter-
mined offsets. Positioning cryogenic targets is complicated by 
the need to view the cryogenic target through windows in the 
shroud that maintains the target at near the triple point (+20 K). 
These windows refract the light passing through them by an 
amount that must be determined by testing prior to the actual 
shots. Furthermore, vibration of the cryogenic target stalk while 
the shroud is in place and impulses transmitted to this stalk 
when the shroud is retracted (+50 ms before the shot) can mis-
place the cryogenic target. This can cause the cryogenic target 
to be offset from TCC at t0 (the beginning of the laser pulse).

The example of a non-cryogenic target XRPC image in 
Fig. 151.25(a) shows a 1.5 # 1.5-mm region at the target plane. 
The outer edge of the x-ray emission, which occurs at t0, is 
determined from the maximum gradient using a Sobel filter.10 
This set of positions is then fit to a circle whose center posi-
tion is then determined [overlaid circle and central cross in 
Fig. 151.25(a)]. An example cryogenic target x-ray image is 
shown in Fig. 151.25(b). The fusion neutrons created by the 
implosion of this target (yn = 3 # 1013) have generated copious 
amounts of noise including a gamma-ray–induced background, 
single-pixel upsets caused by neutron-scattering events that 
produce protons, and line and column noise caused by similar 
interactions with the readout structure of the CID camera. 
This noise can in large part be removed by first filtering the 
image using a single-pixel upset detection and replacement 
algorithm,11 next by removing the average line and column 
noise measured away from the image itself, and lastly by using a 
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median filter to reduce additional noise. The result of perform-
ing this noise removal procedure is shown in Fig. 151.25(c), and 
the position of the center of the cryogenic target is determined 
in like fashion to the reference non-cryogenic target. The pixel-
location differences of the two centers are then converted to 
microns, and the difference between the cryogenic target posi-
tion and the reference target position is a measured projected 
offset at t0.

Two methods are employed to determine the three-space 
offset r of cryogenic targets at t0 from TCC. Both methods 
use the projected offsets of the cryogenic target centers at t0 
from the reference non-cryogenic targets whose centers are at 
TCC. The view vectors for each XRPC are related to the target 
chamber vector coordinates by the following formulas:

 ,q
z v

z v

#

#
=  (1)

 ,p
v q

v q

#

#
=  (2)

where q is the horizontal vector in an image whose view direc-
tion is v and the normalized cross product of z (straight up) 
and v, while the vertical direction in the image plane p is given 
by the normalized cross product of v and q (see Fig. 151.26).

The XRPC’s provide multiple quasi-orthogonal views of the 
target x-ray emission, from which r can be determined. The 
first method uses the projected offsets from pairs of cameras 
to determine the three-space offsets. For an offset in space of 
r, the projections of r in a pair of camera views are given by

 ,r q r q r qr q x x y y z z1 1 1 1
: = + +  (3)

 ,r r rp p pr p x x y y z z1 1 1 1
: = + +  (4)

 ,r q r q r qr q x x y y z z2 2 2 2
: = + +  (5)

 ,r p r p r pr p x x y y z z2 2 2 2
: = + +  (6)

where 1 and 2 refer to the first and second view, respectively. 
The results can be combined into two different matrices by 
choosing to solve for r using either Eqs. (3), (4), and (5) or 
Eqs. (3), (4), and (6). This is equivalent to using the vertical 
offset from either camera 1 or 2. These choices can be written 
in matrix form as follows:
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Figure 151.25
X-ray images from the OMEGA H4 x-ray pinhole camera (XRPC) charge-injection device (CID). (a) Target chamber center (TCC) reference image on shot 85780, 
(b) unfiltered image from a cryogenic target on shot 85784, and (c) filter image of the same. Both the reference image (a) and the filtered cryogenic target shot 
image (c) have the best-fit positions indicated by a circle and a cross in the center.
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Figure 151.26
Vector representation displaying view direction, solution direction, and unit 
vectors of image plane with respect to each other.
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Inverting the matrices gives two possible solutions to the 
offset as follows:

 ,Mr rq q p q q p121 1 2 1 1 2 1
:=

1-
 (9)

 .Mr rq q p q q p122 1 2 2 1 2 2
:=

1-
 (10)

The average of these two solutions is the choice used in this 
method and is given by

 .r
r r

2
121 122

=
+_ i

 (11)

To improve the accuracy of determining r, values are com-
puted from as many quasi-orthogonal camera pairs as possible. 
The results are averaged and the standard deviations of the 
values are used as an estimate of the errors of these values.

The second method of determining r uses a least-squares 
approach. For a given assumed offset of the target r, the values 
rqi

 and rpi
 that would be observed in the ith view are given by

 ,r r q r q r qq x x y y z zi
= + +  (12)

 .r r p r p r pp x x y y z zi
= + +  (13)

The least-squares search is performed to minimize the 
quantity |2 given by

 ,r w,i
i

i
2 2 2

| D= =` j/  (14)

where the values wi are the weights given to the ith view and 
the quantities Dr9,i are the perpendicular offsets in the ith view 
in turn given by

 ,r r q r p,i q i p i
2 2

i i
- -D D D= += a ak k  (15)

where Dqi and Dpi are the horizontal and vertical offsets of the 
target in the ith view. The value of r that minimizes |2 is taken 
as the best value, while the error dr is given by

 r wd
/

i
2 1 2

|= b l/  (16)

and is equivalent to the error of the mean of the best-fit value. 
When only two views are available, the first method of deter-
mining r is the best method to use, whereas when more than 
two views are available, the second method gives the most 
unbiased result. Table 151.I shows the current set of fixed 
XRPC’s used in this position analysis. Typical errors when 
determining  the position are +3 to 5 nm.

Table 151.I:  X-ray pinhole camera (XRPC) parameters.

Camera Position i (°) Position z (°) Magnification

h4
29.52* 
45.23** 234.00

4.047* 
3.861**

h8 79.30 153.78 2.028

h12 108.89 54.00 4.000

h13 9.74 342.00 4.043

p2 68.43 54.00 3.992

 *Before 17 March 2017 
**After 17 March 2017

Measurement of Implosion Core Offsets
The implosion cores are imaged by the gated monochromatic 

x-ray imager (GMXI)12 operating in time-integrating mode 
with four CID cameras recording the four images formed by 
the Kirkpatrick–Baez (KB) microscope optical assembly. Two 
of these images (GMXI-c and GMXI-d, filtered by 50.8 and 
76.2 nm of Al, respectively) had signal levels that did not exceed 
the capacity of the CID cameras for all cryogenic and non-
cryogenic target experiments that determined reference core 
positions. As for determining the t0 offset, the non-cryogenic 
reference target is assumed to be perfectly centered at TCC. The 
energy bands are approximately the same for these two images 
being +5 to 8 keV and +5.5 to 8 keV for images GMXI-c and 
GMXI-d, respectively. The GMXI cameras observe the implo-
sion cores from the common spherical coordinates i = 96.02°, 
z = 54° with respect to the target plane (each being +1° away).

In contrast to the t0 images where the limb of the image is 
used to determine the center, core images are centrally peaked, 
so the centroid is a better measure of the core’s position in 
the CID image. Figure 151.27 shows example GMXI images, 
trimmed to 200 # 200 nm. The reference images used in this 
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case are from a target experiment with a non-cryogenic target 
consisting of an 18-nm-thick CH shell filled with 3 atm of D2 
gas, imploded with the same pulse shape used on the subsequent 
cryogenic target shots [these are referred to as pulse-shape setup 
(PSS) shots]. Figures 151.27(a) and 151.27(b) are from the ref-
erence non-cryogenic target implosion (OMEGA shot 81056, 
GMXI-c and GMXI-d images); Figs. 151.27(c) and 151.27(d) 
are from a cryogenic target implosion (OMEGA shot 81060, 
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Figure 151.27

Four 200 # 200-nm gated monochromatic x-ray imager (GMXI) images, 
including a reference and a cryogenic shot. The “#” represents the centroid 
centers, diamonds represent the cross-correlation maximums, and squares 
represent the averages between those points. The offset of OMEGA shot 81060 
from OMEGA shot 81056 is (–22.0,–5.0)!(0.0,2.0). 
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Figure 151.28
Comparisons of implosion core offset coordinates, GMXI-c against GMXI-d. Errors were calculated using the rms deviations from the lines of best fit, which 
are very nearly y = x lines.

GMXI-c and GMXI-d images). The “#” symbols denote the 
centroids of the images; the diamond symbols on the GMXI-c 
and GMXI-d images of OMEGA shot 81060 show the points 
of maximum cross correlation between the cryogenic and PSS 
shots in the GMXI-c and GMXI-d images, respectively. The 
square symbols on shot 81060 images denote the averages 
between the centroid centers and the cross-correlation maxi-
mums. The amount of core offset is taken as the amount by 
which the image must be shifted to maximize the cross correla-
tion. Figure151.28 shows the core offsets determined from the 
GMXI-c and GMXI-d images for a large number of cryogenic 
target shots; their consistency is evident. The average offset 
of the GMXI-c and GMXI-d images is therefore taken as the 
offset and the difference is an estimate of the error of this offset. 

The t0 offsets are compared with the GMXI offsets by 
computing the projections of the t0 offsets in the view of the 
GMXI in the horizontal and vertical directions q0,GMXI and 
p0,GMXI, respectively, given by

 ,q r q0,GMXI GMXI:=  (17)

 ,p r p0,GMXI GMXI:=  (18)

where qGMXI and pGMXI are the horizontal and vertical vec-
tors, respectively, of the GMXI view. Since there is no other 
digitally recorded view of the core, the three-space core offset 
cannot be determined but the GMXI core offset and the pro-
jection of the t0 offset into the GMXI view can be compared.

Results
Figures 151.29 and 151.30 show the measured core offsets 

compared to the projected t0 offsets for horizontal, vertical, and 
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radial directions, respectively. The offsets in Fig. 151.29 are for 
a quasi-uniformly distributed sample of cryogenic target shots 
that span offsets from near zero to >100 nm and whose offset 
directions were nearly perpendicular to the GMXI view direc-
tion. Figure 151.29(a) shows that the horizontal displacement of 
the core is in the same direction as the t0 offset and nearly equal 
in magnitude; i.e., the core is forming at approximately the 
position of the offset target center. In large part the core offsets 
confirm the accuracy of the t0 offsets. Figure 151.30 compares 
the horizontal, vertical, and radial offsets of the implosion cores 
and the projected t0 offsets for all recent cryogenic target shots 
(since 2015). The horizontal components of the t0 and core 
offsets [Fig. 151.30(a)] are approximately uniformly distributed 
about the origin and most are <20 nm. The few large horizontal 
offsets agree in direction and are nearly of the same magnitude. 
In contrast, the vertical t0 offsets are biased toward positive 
offset (in this case, from the TCC reference), whereas the core 
vertical offsets (y axis) are more uniformly distributed between 

positive and negative values. The reason for the positive bias 
of the t0 vertical target offset is not known, but it is suggestive 
that the cryogenic targets are systematically above TCC at t0 
with an average offset of +5 nm.

A large offset is expected to have a very detrimental effect 
on the fusion neutron yield, and even small offsets are calcu-
lated to have an effect on the yield under ideal simulated condi-
tions,13 so placing the target at TCC as accurately as possible is 
desired. But in real experimental conditions where many other 
factors may affect the implosion in addition to target offset, it 
may be difficult to assess the importance of target offset alone. 
To explore this dependence, the measured neutron yield divided 
by the calculated yield [yield-over-clean (YOC)] by the 1-D 
hydrocode LILAC6 is plotted in Fig. 151.31 as a function of the 
measured t0 offset for all recent cryogenic target shots (since 
2015). Figure 151.31 shows that the YOC varies from +0.2 to 
0.7 for offsets less than +15 nm and is smaller (+0.3 or less) 
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Figure 151.30
Comparisons of offset coordinates of implosion cores at image capture against the cores at time t0.

Figure 151.29
Comparisons of earlier OMEGA shots with large offset, implosion core positions against t0 positions.
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for offsets greater than +20 nm. These results are consistent 
with requiring a small offset to get a large value of the YOC 
but that a smaller value may be obtained at a small initial target 
offset for other unrelated reasons.
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Figure 151.31
The measured cryogenic target neutron yield divided by the calculated yield 
ratio [yield-over-clean (YOC)] plotted as a function of the offset of the target 
at t0.

Conclusions
This work describes the method for determining the offsets 

of cryogenic targets relative to the aim point of the OMEGA 
laser beams (t0 offset) and shows measurements of the implo-
sion core offsets from well-centered targets as determined in 
one direction (that of the GMXI). The t0 offsets projected in 
the direction of the GMXI agree in direction and are close in 
magnitude to that of the core offsets with considerable scatter 
at small t0 offsets (<20 nm). The approximate dependence 
of the YOC on target offset is such that no large YOC’s are 
obtained when the t0 offset is large (>20 nm). Knowing the 
accurate value of the t0 offset is therefore critical in assessing 
the fusion performance of the implosion.
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