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Three orthogonal proton emission imaging cameras were used to study the 3-D effects of low-mode drive 

asymmetries and target asymmetries on nuclear burn symmetry and yield in direct-drive, inertial-

confinement-fusion experiments.  The fusion yield decreased quickly as the burn region became 

asymmetric due to either drive or capsule asymmetry. Measurements and analytic scaling are used to 

predict how intentionally asymmetric capsule shells could improve performance by compensating for drive 

asymmetry when it cannot be avoided (such as with indirect drive or with polar direct drive). 
 

 

I. INTRODUCTION  
 

 The object of inertial-confinement fusion (ICF) is to 

compress a fuel capsule to a state with high enough density and 

temperature to ignite, starting a self-sustaining fusion burn that 

consumes much of the fuel and releases a large amount of 

energy
1,2

. Compression is accomplished by driving the capsule 

with radiation, usually in the form of either laser light (direct 

drive) or x rays generated by laser light striking the inner walls 

of a small chamber, or hohlraum, containing the capsule 

(indirect drive). Ignition will be sparked by the products of 

nuclear fusion reactions in the hot, compressed core. Efficient 

conversion of drive energy to fusion energy requires that the 

fuel be assembled into a symmetric configuration, and 

achievement of ignition is expected to require that any low-

mode asymmetry of the burning fuel be on the level of 2% or 

less
1
. Two problems that can prevent symmetric fuel 

compression, and greatly reduce the yield of the initial fusion 

burn that will spark ignition, are asymmetry in the drive or 

asymmetry in the capsule. 

 In direct-drive experiments such as those normally 

performed at the OMEGA Laser System
3
, both the fuel capsule 

and the laser drive are symmetric by design. In some other 

scenarios, true symmetric drive is difficult to achieve. With 

indirect drive, which is the standard approach at the National 

Ignition Facility (NIF)
1
, x-ray illumination on the capsule is 

axially symmetric but not quite spherically symmetric because 

of the cylindrical geometry of the hohlraum. (Methods that have 

been proposed or implemented for minimizing drive asymmetry 

in hohlraums have included use of “shine shields” inside the 

laser-entrance holes
4
, adjustments in the positions where lasers 

illuminate the inside wall of the hohlraum
5
, and use of different 

laser wavelengths for different laser beams
6
.)  

 A version of direct drive at the NIF utilizes laser beams 

positioned as for indirect drive, with axial symmetry but 

predominately from the polar directions. The approach for this 

“Polar Direct Drive”
7,8

 is to repoint the beams slightly and vary 

their intensities to come as close as possible to spherical 

symmetry, but there will always be more drive at the poles than 

at the equator.  

           
a)  
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 For these situations in which some drive asymmetry is 

unavoidable, it has been suggested
7,9

 that capsule shells 

intentionally asymmetric in thickness (“shimmed”) might 

improve implosion symmetry. Here we present new and 

quantitative experimental observations (e.g. Fig. 1) 

demonstrating that in direct-drive ICF experiments both drive 

asymmetry and capsule-shell asymmetry have predictable 

effects on 3-dimensional asymmetries in the spatial distribution 

of nuclear burn, indicating that capsule shimming could be used 

to control implosion asymmetry in a predictable way. This has 

just been experimentally tested in the polar-direct-drive context 

at OMEGA,
10

 and it will soon be tested in indirect-drive 

experiments at the NIF.
11

  

 

FIG. 1 (Color). Three proton-emission images recorded from 

orthogonal directions show how asymmetric D3He burn results from 

(intentional) drive asymmetry in experiments at OMEGA (lighter 

color means more D3He reactions). The target capsule was 

sphericdal (Fig. 2b).  Laser intensity was axially symmetric, and 

lower than average in the pole directions (see Fig. 2a, curve A2/A0 = 

-0.36), resulting in an elongated, or prolate, burn distribution.  
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 The experimental results were shown to be approximately 

consistent with a simple scaling law that equalizes radial 

implosion velocity at different angles through acceleration and 

coasting phases by balancing the local force of ablation with the 

local shell thickness. The result is a quantitative prediction of 

how shimming could be used to counteract some of the negative 

effects of low-mode drive asymmetry.   
 

II. EXPERIMENTS 
 
A.  Procedure 
 

 Observations of direct-drive implosions at OMEGA were 

made using three orthogonal proton emission imaging 

cameras
12,13,14

 to study the spatial distribution of D
3
He fusion 

burn by recording 14.7-MeV D
3
He protons. To the best of our 

knowledge, the images in Fig. 1 were the first burn images made 

with D
3
He protons and the first complete set of three orthogonal 

burn images of any kind.  (DT burn regions have been studied 

with neutron imaging from one direction,
15,16,17,18

 and just 

recently our approach was used to look at the D
3
He burn region 

in a Polar Direct Drive  implosion at the NIF
19

.) Each imaging 

camera utilized a penumbral aperture, a CR-39 imaging 

detector, and a spatial deconvolution algorithm described 

previously
12,20

 to provide a 2-dimensional image of the 3-

dimensional distribution of fusion reactions and to provide an 

absolute measurement of the total D
3
He yield. 

 The nuclear burn images, which integrate over the total 

burn interval of ~150 ps, are of fundamental importance because 

they reflect the cumulative effects on the fuel of drive and all of 

the physics affecting implosion dynamics. To complement the 

burn images, x-ray emission images
21,22

 filtered to be sensitive 

mostly to shell emission were also recorded to provide a more 

complete picture and a consistency check. In each experiment, 

x-ray framing cameras viewed the plasma from directions 

opposite two of the burn-imaging cameras. 

 The experiments involved the use of laser drive with 

angular variations in on-target intensity or capsules with angular 

variations in shell thickness. Spatial distributions of drive, 

capsule shell thickness, and burn are each represented here as 

sums of Legendre polynomials )(cos


PA . We are  

 

 
FIG. 2 (color online).  Three angular distributions of laser intensity 

I on target (a), and structures of spherical (b) and shimmed (c) 

targets. Each intensity distribution is labeled with the ratio of its 2nd 

and 0th Legendre amplitudes.  The burn images shown in Fig. 1 

resulted from the drive intensity distribution labeled “(A2/A0) = -

0.36” together with a spherical target capsule (b).  

Interested here in low mode numbers, and will refer primarily to 

P2 asymmetries that are quantified by the ratio A2/A0. 
 

B.  Effects of drive asymmetry 
 

 The effects of drive asymmetry on spherical capsules were 

studied using 17-µm-thick CH shells with 860-µm outer 

diameters, filled with 20 atm of D
3
He gas (Fig. 2b).  Laser drive 

was provided by 60 OMEGA beams in a 1-ns-square, 18-kJ 

pulse, but the intensities of individual beams were adjusted to 

produce nearly pure P2 distortions with several values of the 

ratio (A2/A0)drive spanning the range from -0.36 to +0.17, as 

illustrated in Fig. 2a.  The images in Fig. 1, recorded from along 

the drive symmetry axis (at the “pole”) and from two nearly 

orthogonal directions (on the “equator”) for (A2/A0)drive = -0.36, 

show that the burn region was prolate, elongated in the direction 

of the axis of drive symmetry. This was expected, since the 

equator was driven hardest.   

 Contour plots of Fig. 1 images are shown in Fig. 3a, along 

with contour plots for two other cases. In the symmetric-drive 

case (A2/A0)drive = 0, the pole and equator images are both fairly 

round and equal in size, indicating a spherically symmetric burn. 

In the case (A2/A0)drive = 0.17, the pole view is fairly round (but 

larger than the symmetric-drive case) while the equator view is 

somewhat elongated in the direction perpendicular to the polar 

axis, indicating an oblate burn distribution. 

 

 

 
 

FIG. 3 (color online).  Contour plots of burn images of spherical 

capsules show that asymmetries in the burn result in a predictable 

way from asymmetries in the drive. The contours are linearly 

spaced at 10%, 20%, … , 90% of the peak value.  The data come 

from (a) OMEGA shots 35172 and 35173 (summed), (b) 36020 and 

(c) 35174. As discussed in the Appendix, the statistics-constrained 

spatial resolutions of these burn distributions are 20 µm for (b) and 

(c) but 35 µm for (a), because of the very low proton yield for this 

case.  The noise structures outside the main burn region indicate the 

spatial scale and amplitude of noise-generated spurious structure in 

the inferred burn distribution. 
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FIG. 4 (color online).  X-ray emission images of the shell near peak 

burn time from OMEGA shot 35173, compared to the inferred 

distribution of fusion burn from shots 35172 and 35173 with drive 

asymmetry (A2/A0)drive = -0.36.  The x-ray images have a spatial 

resolution of about 10 µm. The original burn images, shown in Figs. 

1 and 3a, have a resolution of 35 µm (because very low yield 

required serious filtering) so for comparison the burn distribution 

shown here is an estimate of the true burn distribution derived as 

discussed in the Appendix.  (This estimation process was not 

necessary for the burn images shown in Fig. 5, which come from a 

higher-yield shot.) 

 
 It is useful to compare spatial distributions of nuclear burn 

to the x-ray emission images of the shell that were recorded at 

approximately the same time and that are dominated by 

radiation from the hottest shell material at the fuel-shell 

interface.  For the burn distribution of Fig. 1 (and Fig. 3a) the 

result is shown in Fig. 4, where it can be seen that the main 

burn-image structures and sizes are compatible with the x-ray-

inferred shell structure (see also Fig. 5, below, and Ref. 14 for 

other comparisons of D
3
He burn region size to x-ray images).  

The brightness of the central portion of the equatorial x-ray 

image appears to indicate convergence of hot shell material on 

the symmetry axis, which would explain why the D
3
He fusion 

yield is lower there.  
 

C.  Effects of target capsule shimming 
 

 The effects of target shimming were studied in separate 

experiments using 860-µm-diameter, 20-µm-thick CH shells 

filled with 18 atm of D
3
He, and symmetric drive in a 1-ns-

square, 22-kJ pulse. A symmetric (spherical) capsule was 

imploded for reference, and D
3
He burn images indicated 

spherical symmetry. Shimmed capsules tried next (Fig. 2c) were 

similar, except that the shell thickness was 19.1 µm at the 

equator and 21 µm at the pole [(A2/A0)shell = 0.07].  Results for 

this case are shown in Fig. 5.  The nuclear burn images indicate 

that the spatial distribution of fusion reactions was prolate, with 

symmetry axis aligned with the shimmed-target axis; there was 

less compression of the hot fuel where the shell was thicker. In 

addition, the nuclear burn images correlate well with an x-ray 

image recorded near peak burn time. As shown in Fig. 5, the x-

ray image demonstrates that the inner shell surface was also 

prolate, with the same axis of symmetry as the burn image and 

with a slightly larger size. 

 
FIG. 5 (color online).  Images of the spatial distribution of D3He 

reactions in the compressed fuel (top and right), and the spatial 

distribution of 4–5 keV x-rays from the fuel-shell interface (left), at 

peak burn time for OMEGA shot 40532 utilizing the shimmed 

target. 

 

 

D.  Quantitative overview 
 

 Quantitative results of all experiments are summarized in 

Fig. 6, where the top two plots show the asymmetries of the 

burn regions and the bottom two plots show the D
3
He-proton 

yields and the DD-neutron yields (measured as described in Ref. 

23). Although the asymmetric-drive and asymmetric-capsule 

experiments utilized slightly different capsule shell thicknesses,  

 

 

 
                                          

FIG. 6 (color online).  Measured dependence of nuclear burn 

asymmetry (top plots) and fusion yield (bottom plots) on drive 

asymmetry for spherical capsules (left) and on shell-thickness 

asymmetry for spherical drive (right). The dashed lines indicate 

trends, and are not quantitative fits or predicted extrapolations. All 

yields decrease quickly as the burn region loses spherical symmetry. 
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fill pressures, and drive energies, they were quite similar and 

allow us to make some general comparisons. From Fig. 6 it can 

be seen that deviations of either drive or shell thickness from 

spherical symmetry leads to a rapid falloff of fusion yield in 

conjunction with a loss of burn symmetry. Furthermore, both 

drive asymmetry and shell asymmetry lead to burn asymmetry 

in systematic and expected ways. This implies that it should be 

possible to compensate for drive asymmetry with an appropriate 

amount of shell asymmetry. From the slopes of the two upper 

plots, which differ by a factor of about -2.5, we could predict 

that an implosion would be approximately symmetric if 

(A2/A0)shell ≈ 0.4 (A2/A0)drive.  Keeping in mind the fact that this 

conclusion is based on slightly mismatched experimental 

conditions, we will now try to understand it and make more 

general predictions. 

 
III. DISCUSSION 
 

 The burn-asymmetry trends seen in Fig. 6 are logical 

consequences of the “rocket equations”
 1,2

, which describe the 

development of shell implosion velocity V in response to 

pressure from the illumination-induced ablation of shell material 

at rate m  (g/cm
2
/s), with exhaust velocity vex: 

dtdMMvdtdV ex // 1 , where M is the shell mass per unit 

solid angle, mRdtdM 2/  , and R(t) is the shell radius. The 

effects of illumination intensity I are  approximately aIAm   

and b

ex IBv  , where A, B, a and b are constants that differ for 

direct and indirect drive
1
. If I is independent of time during the 

laser pulse, and if M0 and M1 are initial and final values of M, 

then the final V is    fvMMvV exex  1lnln 101
, 

where f is the fraction of the shell thickness ablated away. If M0 

(or I) is independent of angle θ on the shell, higher I (or lower 

M0) on one shell segment than others leads to higher dV/dt. At 

the end of the acceleration phase, that segment has traveled 

farther and has a higher V; by the end of the coasting phase, the 

velocity differential leads to an even larger difference in R. 

Since most of the radial convergence has taken place by this 

time, any asymmetry in R going into the deceleration phase 

results in asymmetry in the assembled fuel and burn.  

 Treating each shell segment for the moment as 

independently described by the rocket equations, M0(θ) can be 

chosen so V is independent of θ at the end of the acceleration 

phase for a given I(θ). In particular, if reference values M0r and 

Ir are known to generate good performance, with resulting 

values fr and Vr, then
24
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Numerical integration of the rocket equations shows that this 

results in all shell segments having essentially the same V and 

the same R at the end of the acceleration phase, and therefore 

also at the end of the coasting phase, even if the laser pulse 

shape is not flat. This rough scaling should greatly reduce the 

fuel asymmetry that would otherwise occur due to I(θ) at burn-

time. More accurate calculation of M0(θ) requires full 

simulations that include effects of other processes such as the 

final deceleration of the shell, any possible lateral mass flow in 

the shell due to lateral pressure gradients, and shock waves; but 

Eq. (1) can be used to define a first trial distribution for M0(θ). 

 Application of this scaling requires the constants a = b = 

1/3 for direct drive, or a = ¾ and b = 1/8 for indirect drive
1
. For 

the direct-drive experiments discussed here, f can be estimated 

by using the fact that a total laser power of 22 kJ in a 1-ns pulse 

at OMEGA ablates away ≈ 10 – 12 µm of a CH shell
25

. The 

mean shell thicknesses here were 17 – 20 µm, so f ≈ 0.6 and 

dM0(θ)/M0 ≈ 0.5 dI(θ)/I. For P2 asymmetries this is 

equivalent to (A2/A0)shell ≈ 0.5 (A2/A0)drive, which is very similar 

to the (A2/A0)shell ≈ 0.4 (A2/A0)drive that was estimated above 

directly from data; that similarity inspires confidence that 

shimming according to a scaling such as that of Eq. (1) or (2) 

should, at the very least, lead to significant reduction of 

implosion asymmetry when drive is asymmetric. 

 
IV. CONCLUSION 
 

 In summary, we have made quantitative, 3-D observations 

of the individual effects of low-mode drive asymmetries and 

capsule shell asymmetries on nuclear burn symmetry and on 

fusion yield; compared the burn images favorably with x-ray 

images; and predicted quantitatively how target shimming might 

compensate for asymmetric drive.  

 The images do not show what happens before nuclear burn. 

In indirect drive, particularly, it is known that the symmetry of a 

capsule can sometimes “swing” during compression, 

introducing complications to implosion dynamics.
26

 This results 

in a fraction of the total available energy being converted to 

nonradial motion, thus robbing the hot spot of some energy it 

would otherwise have. Nevertheless, the burn images show the 

configuration of the hot fuel at the time of compression burn, 

and thus illustrate the total net effect of all physical processes 

occurring as a direct-drive capsule implodes. 

 Definitive experiments involving both drive asymmetry and 

capsule shimming simultaneously have only recently been 

performed, in the context of polar-direct drive,
10

 and an 

upcoming campaign at the NIF will explore capsule shimming 

in indirect drive.
11
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APPENDIX: Spatial resolution and statistical noise in 
the burn images 
 
 Reconstruction of burn images from raw penumbral data 

requires filtering to suppress statistical noise that results from 

the finite number of D
3
He protons detected.

12
  The filtering used 

here is adjusted so RMS image noise outside the burn region 
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doesn’t exceed about 10% of the peak emission level. The result 

is effectively a convolution of the true burn distribution with a 

two-dimensional Gaussian.  That Gaussian has a FWHM of 20 

μm for all burn images shown here except for those from the 

case (A2/A0)drive = -0.36, where the very low proton yield 

required a value of 35 µm. The size of this Gaussian determines 

the image spatial resolution, and it also determines the size of 

the dominant image noise structure.
12 

 This is useful information for calculating accurate sizes and 

asymmetries from any images that required a lot of filtering 

because of low proton yields, like those of Fig. 3a. To determine 

absolute burn-region dimensions, we can model the source as an 

ellipsoid with Gaussian radial profiles (or two ellipsoids, in the 

case of Fig. 3a) and adjust radii so that, convolved with the 

appropriate filter, the result makes the best match to the image.  

The model can then be compared directly to x-ray images that 

have better spatial resolution, as shown in Fig. 4 for the burn 

image of Fig 3a.  
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