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[bookmark: Abstract]To achieve ignition with inertial confinement fusion (ICF), it is important to under- stand the effect of asymmetries on the hydrodynamics and energetics of the compres- sion. This paper describes a theoretical model for the compression of distorted hot spots, and quantitative estimates using hydrodynamic simulations. The asymmetries are categorized into low (A < 6) and intermediate (6 < A < 40) modes by comparison of the wavelength with the thermal-diffusion scale length. Long-wavelength modes introduce substantial nonradial motion, whereas intermediate-wavelength modes in- volve more cooling by thermal ablation. We discover that for distorted hot spots, the measured neutron-averaged properties can be very different from the real hydro- dynamic conditions. This is because mass ablation driven my thermal conduction introduces flows in the Rayleigh–Taylor bubbles, this results in pressure variation, in addition to temperature variation between the bubbles and the neutron-producing region (∼ 1 keV for intermediate modes). The differences are less pronounced for long-wavelength asymmetries since the bubbles are relatively hot and sustain fusion reactions. The yield degradation —with respect to the symmetric— results primarily from a reduction in the hot-spot pressure for low modes and from a reduction in burn volume for intermediate modes. It is shown that the degradation in internal energy of the hot-spot is equivalent for both categories, and is equal to the total residual energy in the shell including the bubbles. This quantity is correlated with the shell residual kinetic energy for low-modes, and includes the kinetic energy in the bubbles for mid-modes.
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I. [bookmark: Introduction][bookmark: Introduction]INTRODUCTION


In inertial confinement fusion (ICF)1,2, a shell of cryogenic deuterium (D) and tritium
(T) filled with DT gas is imploded either with direct laser illumination (direct drive)3 or with an x-ray bath produced inside a laser-irradiated hohlraum (indirect drive)4. Energy from the laser or x ray is absorbed near the outer surface of the shell, causing mass ablation. The shell is imploded at high velocities of 300-to-500 km/s to compress the DT fuel to high pressures (>100 Gbar for direct drive and > 350 Gbar for indirect drive). The implosion heats up the low-density (30-to-100 g/cm3) DT-plasma core (the hot spot) to high central temperatures (3-to-10 keV) while the dense cold fuel (the shell) is compressed around it. The 14 MeV D+T fusion neutrons are detected and the resulting neutron yield is the primary observable determining implosion performance. The hot spot pressure is confined by the cold (200-to-500 eV) near-Fermi-degenerate and dense (300-to-1000 g/cm3) fuel layer. The shell decelerates during the compression, transferring its kinetic energy to internal energy of the hot spot. An outward-propagating strong shock—the return shock—driven by the hot-spot pressure onto the compressible shell stops a part of the shell, separating it into two regions: the shocked part and the free-fall part. The compression efficiency is defined as the fraction of the kinetic energy of the imploding shell that has been converted into internal energy of the compressed hot spot at bang time, i.e. time of peak neutron rate tb, and is estimated to be ≈ 0.5-to-0.6 for a symmetric (i.e. 1-D) compression.
It is well known that the interface between the hot spot and the shell is unstable to the Rayleigh–Taylor instability (RTI) during the deceleration phase (dp)5–12. The dp-RTI spikes cause cold shell material to penetrate and cool the hot spot. Moreover, the instability is anticipated to induce lateral (nonradial) flows causing degradation in the compression efficiency13. Theoretical and numerical modeling of the dp-RTI is complicated by the time dependence of the deceleration g(t) and spherically converging (diverging) geometry experi- enced by the RTI spikes (bubbles). The hot spot and shell do not share a sharp boundary; their interface can be characterized by a time-dependent minimum density-gradient scale length Lm(t). Mass ablation occurs from the shell into the hot spot characterized by the ablation velocity Va(t)7. The dp-RTI experiences stabilization5,8 because of mass ablation by thermal conduction, reabsorption of emission from the core in the shell12, and alpha-particle deposition14. All of these can be modeled using diffusive terms in the energy equation and
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[bookmark: _bookmark1][image: ][image: ][image: ][image: ]FIG.  1.      Generalization  of  the  hot-spot  asymmetries  into  three  categories:   long  wavelength  (or low modes, A ≤ 6), intermediate wavelength (modes 6 < A ≤ 40), and short wavelength (high
modes A > 40).  The categorization is based on comparison of the thermal-diffusion scale length   and asymmetry wavelength, i.e.  Lm/λRT.  This plot shows linear dp-RTI growth factors for all   mode numbers.  Low modes experience little ablative stabilization since Lm/λRT  < 1.  Mid-   and
short-wavelength modes experience greater ablative stabilization as Lm/λRT  → 1 and Lm/λRT             1,
respectively.  However, the nonlinear evolution of the RTI in implosions is more involved than the  linear theory.

can stabilize the dp-RTI by increasing Lm and Va. However, the relative impact of each ef- fect can be estimated by comparing the scale length introduced by each and its dependence on hot-spot temperature Th(t, ˙r).  The scale lengths carried over from the classical problem are the radius of the hot spot Rh(t) and the wavelength of the distortion λRT(t); only in- teger mode numbers A = 2πRh/λRT can be accommodated. Modes A ≤ 6 are categorized as low (long-wavelength) modes and 6 < A ≤ 40 as intermediate-wavelength modes. The linear growth factors for various modes A calculated from numerical simulations are shown in Fig. 1. However, the nonlinear evolution of the dp-RTI and its impact on the implosion performance is much more complicated and has been discussed in this paper.
Low-mode asymmetries are thought to be a main cause of degradation in indirect-drive implosions on the National Ignition Facility (NIF)4,15. Understanding the hydrodynamic evolution of the nonuniformities is essential for assessing the degradation in performance, and could lead to either innovative methods to correct the low-modes16–21 or to new target designs that make the asymmetries beneficial to the final performance22. Kritcher et al.23 showed that low mode asymmetries introduce significant residual kinetic energy at peak

 (
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compression, and the residual kinetic energy for low modes is correlated with the yield degradation. Gu et al.16 showed that low modes cause a degradation of compression efficiency and suggested shimming of the shell to correct the asymmetry. Since, the objective of this paper is investigation of the effect of asymmetries on the compression hydrodynamics and energetics, therefore, we do not consider heating by deposition of alpha particles. We provide a theoretical model to relate the hydrodynamic parameters (i.e. pressure, volume and temperature) with the residual energy in implosions. Through numerical calculations we determine the distribution of the residual energy between the hot spot, the shocked shell and the free-fall part of the shell.

For direct-drive implosions on OMEGA24 it is anticipated that the core is degraded by a combination of low and intermediate modes, shown by Bose et al.25. Although the actual source of the asymmetries is not uniquely identified, low modes can arise from several factors including long-wavelength DT ice modulations, target positioning, laser beam balance, and laser beam pointing26–28. In addition, the superposition of all 60 laser beams on OMEGA can produce overlap intensity variations, which is expected to introduce intermediate-mode non-uniformities. Nevertheless, irrespective of the actual source of the degradation, it has been shown (in Ref. 25) that all experimental observables pertaining to the core can be reconstructed by introducing a combination of long- and intermediate-wavelength distortion to the hot spot for several cryogenic implosions on OMEGA. This technique is based on recognizing trends in the implosion observables due to the two mode categories29,30. The long-wavelength asymmetries cause degradation in the hot-spot pressure by increasing the hot-spot volume. To compensate for the increase in volume, intermediate modes are nec- essary since they reduce the neutron-producing volume (or burn volume) of the hot spot. This effect was also observed by Kishony and Shvarts6, who referred to this as the clean volume. In this paper we provide the physical explanation involved in these effects, serving as a guide to explaining the trends observed in several cryogenic implosions on OMEGA. These implosions repeatedly exhibit high ion temperatures (i.e., comparable to the 1-D sim- ulation) with large variations in the ion-temperature measurements ≈ 300 eV-to-1 keV, the ρR’s are similar to the 1-D simulation results, although the yields are low, ≈ 30% of the one dimensional value (Y1D)25,28. We also show that the interpretation of the neutron-averaged observables is not straightforward for implosions with asymmetries.
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[bookmark: _bookmark2][image: ][image: ][image: ][image: ][image: ]FIG.  2.     (a)  Yield  degradation  Y/Y1D  for  corresponding  initial  velocity  perturbation  ∆V/Vimp.
(b) The plot of compression efficiency IEh/KEsh  [i.e., the fraction of shell kinetic energy at the     end of the laser drive (t0 = 0) transformed into internal energy of the hot spot at bang time (tb)] versus Y/Y1D.

II. [bookmark: Simulations of the deceleration phase][bookmark: _bookmark3][bookmark: _bookmark3]SIMULATIONS OF THE DECELERATION PHASE


The radiation–hydrodynamics code DEC2D was used to simulate the deceleration phase of ICF implosions; details of the code have been described in Ref. 12. The acceleration phase was simulated using the 1-D code LILAC 31. This includes the laser drive with models for cross-beam energy transfer32 and nonlocal thermal transport33. The hydrodynamic pro- files at the end of the laser pulse were used as initial conditions for the deceleration-phase simulations in 2-D. Initial perturbations for the dp-RTI were introduced at the interface of the shell and the hot spot through angular variation of the velocity field6.
The stagnation physics for conventional hot-spot ignition is equivalent for both direct and indirect drive; therefore this analysis is applicable to both. For the numerical simulations however, a typical direct-drive cryogenic implosion design was used, as shown in Refs. 25 and 28. The pulse shape and target from OMEGA shot 77068 was used, it is also the best performing shot in terms of implosion performance metric χno-α  and other experimental
observables such as neutron yield and areal density25. The target was driven with 26.18 kJ
of laser energy to an implosion velocity of 380 km/s, coupling 1.1 kJ as kinetic energy of the imploding shell (KEsh) at start of deceleration (t0) —this was estimated using LILAC. Out of this, 550 J was transformed into internal energy of the compressed hot spot (IEh) at bang time (tb) for the symmetric or 1-D case —a compression efficiency of 0.5.       The
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hydro-parameters for the symmetric implosion are listed in the headers of Table I. There is almost no kinetic energy in the hot spot (KEh) at tb, only 3 J of KEh 550 J of IEh. As a result, the hot spot is subsonic and isobaric. The neutron-averaged pressure of the hot spot
is 97 Gbar, which is close to ≈ 120 Gbar required for hydro-equivalent ignition27,29, and the
neutron-average temperature is 3.81  keV.
Single-mode velocity perturbation ∆V as a fraction of the implosion velocity Vimp was used to seed the dp-RTI and degrade the neutron-yield compared to the symmetric case, the results of which are shown in Fig. 2(a). The A = 2 perturbation of the core was used to represent the low-mode asymmetry category (blue), and A = 10 was used to represent the intermediate-wavelength asymmetry category (red). For simulations with ∆V/Vimp < 2.5%, the dp-RTI is within the linear regime, and with increasing levels of velocity perturbation it becomes nonlinear and saturates. For intermediate modes the very nonlinear single-mode RTI spike heads coalesce to serve as a secondary piston and confine a smaller volume. However, this is the outcome of perfectly symmetric single mode spikes converging to the center, a very unlikely event in reality. Therefore, this effect has been removed from the simulations by introducing sideband modes A = 8 and 12 along with the dominant single mode A = 10, at a lower initial perturbation level (20% of the ∆V/Vimp used for A = 10). This sideband-modified intermediate mode is denoted as A = 10∗. The degradation in compression efficiency IEh(tb)/KEsh(t0) with yield degradation Y/Y1D  is shown in Fig.  2(b).
To calculate the parameters pertaining to the hot spot, it was necessary to define a boundary separating it from the shell, as shown in Fig. 3. The following condition in hot-spot density ρh(t), based on the maximum of the shell’s density profile from the 1-D simulation ρmax-1D(t), was used:
ρh(t) < 1/e × ρmax-1D(t).	(1)

A condition in density instead of temperature is advantageous because variation in density has a sharper contrast at the interface, evident from comparison of proximity of contour lines between Figs. 4(i-a) and 4(ii-a), or from profiles of density (gray) and temperature (red) in Fig. 5. The shocked and free-fall parts of the shell were tracked by the position of the return shock, marked by a jump in the density and pressure profiles. The three regions are shown in Fig. 3. The arrows represent the velocity flow field with their lengths proportional to the magnitude of velocity.
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[bookmark: _bookmark4][image: ]FIG. 3. Snapshot of  implosion simulations  at  bang  time  tb  showing  the  three  regions:  hot  spot, shocked  shell,  and  free-fall  shell.   The  figures  illustrate  the  shape  and  plasma  flow  pattern for
(a) a symmetric 1-D; (b) a low- (A = 2) and (c) an intermediate- (A = 10∗) mode asymmetry at
Y/Y1D  = 0.6.  The A = 2 mode introduces non-radial flow in the shocked shell and in the hot-spot.  For  the A = 10∗ mode there is little nonradial flow; instead there is radially inward flow in the   spikes and radially outward flow within the bubbles.


III. [bookmark: Effect of asymmetries on the implosion h][bookmark: _bookmark5][bookmark: _bookmark5]EFFECT OF ASYMMETRIES ON THE IMPLOSION HYDRODYNAMICS

In this section we discuss the effect of the two categories of distortion on the hydrodynamic parameters and provide physical explanations for the differences with the symmetric case.
A comparison of the velocity flow pattern is shown in Fig. 3. For a symmetric implosion the flow is in the radially inward direction [Fig. 3(a)]. The magnitude of the velocity is small in the hot spot and shocked shell since they have stagnated at bang time, while the free-fall part of the shell continues to implode. Low-mode asymmetries introduce nonradial flow in the shell and the hot spot [Fig. 3(b)]. This is because the wavelength of the instability, and likewise the extent of the perturbed fields around the interface, is comparable to the radius of the hot spot. However, intermediate-wavelength asymmetries introduce little nonradial flow in the shell, as shown in Fig. 3(c). The spikes move radially inward, penetrating the hot spot, and the bubbles are pushed radially outward. Most of the mass ablation occurs near the tip of the spikes for both categories of distortion. The flows in the hot spot then carry the ablated mass into the bubbles.
7
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[bookmark: _bookmark6]FIG.  4.   Contour  plots  at  bang  time  tb   showing  (i)  density,  (ii)  temperature,  (iii)  possibility  of fusion reaction, (iv) pressure, and (v) Mach2, for comparison between (a) the symmetric 1-D and asymmetric implosions at Y/Y1D  = 0.6 with mode (b) A = 2 or (c) A = 10∗.  The blue-dashed line   [in (iii) and (iv)] shows the hot-spot boundary and the red-dashed line [in (iii)] shows the (neutron producing or) burn voulme.  Notice that the dp-RTI bubbles are relatively cold for the A = 10∗
8
(ii-c) but not for the A = 2 (ii-b), therefore the possibility of fusion reactions is low in the mid-mode

The time evolution of an asymmetric implosion is influenced by the mass density of the spikes. A comparison of the density of the spikes can be made using Fig.  4, row (i).  For A = 2 the spikes are more massive [see Fig. 4(i-b)] and when nonlinear, they carry enough momentum to jet through to the center of the implosion. Therefore, displacing the peak in temperature from the geometric center, this can be seen in the temperature profile (red) of Fig.  5(b). The plasma in the bubbles expands with a low velocity during the disassembly
because the bubbles are large in volume. The A = 10∗ has several less-massive spikes [see
Fig. 4(i-c)] that always stop before reaching the center, even for the very nonlinear cases [see Fig. 5(c)]. The spikes continue to remain stationary after bang time; however, the bubbles keep expanding throughout. Therefore, the disassembly phase for implosions with an intermediate mode involve several jets of high-velocity plasma expanding in the bubbles and are distinctly different from low modes.
The heat flux leaving the hot spot is recycled back as internal energy (IE), kinetic energy (KE), and P dV work of the material ablated from the inner surface of the shell. It has been shown in Refs. 7 and 8 that although there is no energy loss due to thermal ablation, the temperature of the hot spot is reduced and the hot-spot density is increased. Figure 6 compares the simulations with and without thermal conduction, illustrating that ablation results in an increase in the mass of the hot spot. For a symmetric implosion this happens in such a way that the hot-spot pressure is independent of heat conduction. The profiles for the symmetric case are shown in Fig. 5(a). The hot-spot temperature and density profiles
follow ≈ (1 − rˆ2)2/5  and ≈ (1 − rˆ2)−2/5, respectively, where rˆ ≡ r/Rh.  It is known that this
is a consequence of Spitzer thermal conduction [κspitzer  ∼ T 5/2].
For implosions with asymmetries, however, the hot-spot temperature profiles are very different [shown in Fig. 4, row (ii), and in Fig. 5 in red]. The spikes penetrate into the hot spot, where the tip of the spikes encounter steep temperature gradients, resulting in higher mass ablation than in the 1-D case. The ablated material is carried by the vortex flow induced by the dp-RTI and accumulates within the bubbles, causing a drop in temperature. It is shown that the plasma within the bubbles for A = 2 is hotter than the A = 10∗ case. This is because of cooling by thermal conduction, for the A = 10∗ case the thermal diffusion scale length is comparable to the wavelength of the asymmetry, resulting in more mass ablation into the hot spot (shown in Fig.6). There are more spikes (and bubbles) for A = 10∗ (than A = 2), several spikes approach the hot center, undergoing enhanced ablation. In addition
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the surface-to-volume ratio of the bubbles is higher6, which enhances cooling by conduction.
For a symmetric implosion the KE of the material ablated into the hot spot is negligible compared to its IE, i.e. Mach2 is small ≈ 0.01 and the hot spot is subsonic. Therefore the hot-spot pressure profile spatially equilibrates, and the hot spot is approximately isobaric; this was observed by Betti et al.7,8 for 1-D implosions and Sanz et al.9 for weakly distorted implosions. However, for implosions with large asymmetries, the hot spot is not isobaric, and in general the variation in pressure profile is dependent on the Mach2 as follows (derived in Sec. V):
[bookmark: _bookmark7]∇P ∼ Mach2.	(2)
A comparison of the contour plots of pressure [Fig. 4(iv-b/c)] and Mach2 [Fig. 4(v-b/c)] illustrates this. Regions of high Mach2 are accompanied by a drop in pressure. Clear correlation can also be seen from the lineout of pressure and Mach2 in Fig. 5. The Mach2 increases near the tip of the spikes and within the bubbles because of mass ablation and accumulating flows, respectively; therefore, as expected, for low modes there is a more isobaric pressure profile than for intermediate modes. A highly distorted hot spot has islands of subsonic region, where the pressure equilibrates quickly, separated by channels of high Mach2 flows that isolate the subsonic regions. For example, in Fig. 5(c) the small central isobaric region for A = 10 is surrounded by the conglomerating high Mach2 spike tips, or in Fig. 5(b) within the large A = 2 bubble.


IV. [bookmark: Comparison of neutron-averaged and hot-s][bookmark: Comparison of neutron-averaged and hot-s]COMPARISON OF NEUTRON-AVERAGED AND HOT-SPOT–AVERAGED QUANTITIES

The purpose of this section is to correlate the hydrodynamic properties discussed in Sec. III with the neutron (n)-averaged quantities measured with nuclear diagnostics. The comparisons are shown in Fig. 7 and Table I and described here. For distorted implosions the physical conditions of the hot spot can be very different from what is depicted by  the n-averaged quantities. The differences arise because n-averaging provides information pertaining only to the localized region where the neutrons are produced [i.e. region inside the dashed-red line of Fig. 4(iii)]. Therefore, the following explanation can be useful in relating the n-averaged observables to trends arising from asymmetries of different  categories.
The hot-spot–averaged quantities, denoted by the subscript (hs), represent the hydro-
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[bookmark: _bookmark8]FIG. 5.             Lineouts along the bubble axis showing profiles at tb  for density ρ (gray),  pressure P
(blue), temperature T (red), and Mach2 (orange dashed), enabling comparison between (a) the symmetric  1-D  and  asymmetric  implosions  at  Y/Y1D  = 0.4  with  nonlinear  dp-RTI  for  modes  (b)        A = 2 and (c) A = 10.



[bookmark: _bookmark9]FIG. 6. Mass of the hot spot versus time for simulations with and without thermal and radiation  transport,  which  causes  mass  ablation  into  the  hot  spot.   Notice  that  the  mass  ablation  for the
A = 10∗ asymmetry (in red) exceed others significantly.


dynamic conditions of the hot spot [Fig. 7, column (a)]. They are calculated from the simulations by taking volume averages of the profiles over the entire hot spot at bang time (i.e. tb or the time of peak neutron rate). It is seen that asymmetries result in an increase in the hot-spot volume V(hs) [Fig. 7(a-ii)] and a corresponding drop in the average pressure P(hs) [Fig. 7(a-i)], independent of their wavelength. The increase in volume is because the
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[bookmark: _bookmark10]FIG. 7. Comparison of the hot-spot–averaged quantities at bang time (tb): pressure P(hs), volume V(hs), and temperature T(hs), with the neutron-averaged quantities: pressure Pn, volume Vn and temperature Tn. The plots show each of these quantities (normalized with their 1-D values) versus yield  degradation  Y/Y1D   resulting  from  either  A  =  2  or  A  =  10∗  asymmetry.    The  n-averaged quantities are correlated closely to the experimentally measurable; however, the plots point out     that they can be very different from the actual hydrodynamic conditions of the hot spot represented by (hs)-averaged quantities.


bubbles encounter a spherically diverging geometry and expand more than the compression provided by the converging spikes. Notice that the P(hs) and V(hs) are almost the same for both categories at any given Y/Y1D, therefore, the internal energy ∼ P(hs)V(hs)  and entropy
 (
Γ
)∼ P(hs)V(hs)  (where Γ  =  5/3) of the hot spot must be equivalent,  at least to the    leading
12

[bookmark: _bookmark11]TABLE  I.   A  summary  of  the  effect  of  long-  (A =  2)  and  intermediate-  (A =  10∗) wavelength
asymmetries  on  the  neutron  (n)-averaged  measurable  and  (hs)-averaged  parameters,  normalized with the corresponding symmetric 1-D quantities.  For a quantitative comparison, see accompanying   Fig. 7.
	A
	Y /Y1D
	∆V /Vimp%
	Pn/Pn-1D
	P(hs)/P(hs)-1D
	Vn/Vn-1D
	V(hs)/V(hs)-1D
	Tn/Tn-1D
	T(hs)/T(hs)-1D

	
	Y1D =
	Vimp =
	Pn-1D =
	P(hs)-1D =
	Rn-1D =
	R(hs)-1D =
	Tn-1D =
	T(hs)-1D =

	
	1.7 × 1014
	380 km/s
	97 Gbar
	93 Gbar
	19 µm
	21.1 µm
	3.81 keV
	3.27 keV

	2
	0.6
	5
	0.76
	0.72
	1.09
	1.29
	0.97
	0.94

	10∗
	0.6
	5
	0.99
	0.73
	0.57
	1.31
	1
	0.77

	2
	0.4
	7.5
	0.64
	0.57
	1.15
	1.52
	0.93
	0.88

	10∗
	0.4
	10
	1.08
	0.59
	0.33
	1.56
	1
	0.6



order. Considering details, the small difference in volume V A=10∗ > V A=2 [Fig. 7(a-ii)] at low
(hs)	(hs)


Y/Y1D  results in [P V Γ]A=10∗  > [P V Γ]A=2

[shown in Fig. 11(a)]. This is caused by the flows

(hs)	(hs)
in the hot spot, resulting in a non-isobaric hot spot and a reduced compression (∆pdV ), this will be discussed in Sec.V.
Since the A = 10∗ bubbles experience more cooling by ablation, the average temperatures

are significantly different, T A=10∗
 (
hs
)(  )

A=2
 (
< T
)(hs)

[see  Fig.   7(a-iii)],  at  the  same  Y/Y1D.   The  low-

mode bubbles are relatively hotter.
The n-averaged quantities are experimentally measurable and therefore they are impor- tant for the comparison. The following formula is used to calculate the n-averaged pressure Pn and temperature Tn:
¸ dt ¸ dV nDnT (σv) Q

Qn =

¸ dt ¸ dV nDnT

.	(3)
(σv)

The volume that produces neutrons Vn is calculated using the following formula with the
power index a = 1:
 (
2
)¸ dt .¸ dV (nDnT (σv))a.

Vn =

¸ dt ¸ dV [nD

nT (σv

2a   .	(4)
 (
]
))

Here, a determines the statistical weight assigned to the number of fusion reactions per unit volume per unit time. A higher value of a results in a smaller volume, determining more tightly the high temperature part of the hot spot, i.e. the region producing neutrons. A lower a results in a bigger volume, including lower-temperature regions, i.e. the bubbles.
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We consider a = 1 because the resulting volume provides an excellent estimate of the size of the neutron-producing region consistently for all asymmetry shapes and levels [Fig. 4(iii)]. Considering only mid-mode asymmetries, this is similar in concept to the clean volume of Ref. 6 and 34, which is defined as the volume contained within the RT spikes. However, this formulation is more general and convenient to implement   numerically.
The  n-averaged  pressure  Pn,  volume  Vn,  and  temperature  Tn   versus  Y/Y1D   are  shown in Figs. 7(b-i), 7(b-ii), and 7(b-iii), respectively, representing conditions of the region that produces fusion-neutrons. For the A = 2 case, since the bubbles are hot and sustain fusion reactions (discussed in Sec.  III), the Vn  is comparable to the V(hs), only slightly  smaller.
Likewise, Pn  and Tn  are comparable to P(hs)  and T(hs)  for the low mode A = 2, i.e.      they
decrease with increasing asymmetry level. However, for the intermediate modes (A = 10∗), the bubbles are cold (Sec. III), so the neutrons are produced only within a smaller central
region; as a result, Vn is significantly smaller than V(hs). In the same way, Pn and Tn represent
pressure and temperature, respectively, of the n-producing region (i.e., the “clean” region6,34) and are therefore comparable to the 1-D case.
The burn-width τ/τ1D becomes shorter than in 1-D with increasing asymmetry level [Fig. 8]. Since ablation cools the bubbles relative to the center, the neutron burn-width is determined by the characteristic time for the evolution of the n-producing region,  i.e.
 (
imp
)the velocity of the spikes, which is higher than Vimp-1D.  Since τ ∼ V −1 , the burn-width is
expected to be shorter, which explains the burn-truncation. For very large A = 2 asymmetry (i.e.   Y/Y1D   <  0.4),  however,  the  τ  increases  because  the  implosion  dynamics  along  the orthogonal directions (i.e., along the pole and the waist) are sufficiently mismatched in time leading to a prolonged but inefficient compression, i.e., an increase in the total burn duration even though the hot-spot pressure and total yield is low.
We  write  the  degradation  in  neutron-yield  Y/Y1D  in  terms  of  the  n-averaged  quantities and the burn-width (τ ) in the following way:


[bookmark: _bookmark12]Y	. Pn

.2 .  (σv) /T 2

. . Vn

. . τ .

 (
n-1D
)=	 	n    	 		 	

,	(5)

Y1D

Pn-1D

(σv) /T 2

Vn-1D

τ1D

where (σv) is the fusion reactivity35, a function of Tn.  Figure 9 shows that the Y/Y1D[Pn, Tn, Vn, τ ] calculated using Eq.(5) matches very well with the Y/Y1D  obtained from simulations, irre- spective of the asymmetry level and shape. This validates the calculation of the n-averaged quantities for both categories and strengthens the consistency of the physical explanation
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[bookmark: _bookmark13][image: ][image: ][image: ][image: ][image: ][image: ]FIG.  8.       Plot  showing  the  burn-widths  τ/τ1D   versus  yield  degradation  Y/Y1D   resulting  from low- (A = 2) or intermediate- (A = 10∗) mode asymmetries. The burn-widths are calculated using super-Gaussian  fit  to  the  neutron rate.
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[bookmark: _bookmark14]FIG.  9.      Plot  showing  yield  degradation  Y/Y1D   calculated  using  Eq.(5)—based  on  n-averaged quantities—versus  the  same  obtained  directly  from  the  numerical  simulations.   The  good  agree- ment validates the calculation of n-averaged quantities and the yield formula,  irrespective  of  the asymmetry  level  and shape.

to account for the yield degradation Y/Y1D  discussed in this section.


V. [bookmark: Model for compression of an asymmetric h][bookmark: _bookmark15][bookmark: _bookmark15]MODEL FOR COMPRESSION OF AN ASYMMETRIC HOT  SPOT

We present a model for the adiabatic compression of the core including distortion by dp-RTI. This clarifies the conclusions reached in Sec. III and relates them to the implosion
15


energetics of Sec. VI. The hot-spot energy equation is solved by applying subsonic-flow ordering; however, we retain all higher-order flow correction terms, unlike previously existing models, therefore allowing variations in the hot-spot pressure-profile. The pressure variations increase with the degree of distortion.


A. [bookmark: Flow correction to adiabatic compression][bookmark: Flow correction to adiabatic compression]Flow correction to adiabatic compression

We start with the momentum and energy equations for the hot-spot plasma during the compression  phase,


 (
16
)
[bookmark: _bookmark16]ρ (∂t˙v + ˙v.∇˙v) = −∇P,

∂t .P/(Γ − 1) + ρv2/2. + ∇.˙v .ΓP/(Γ − 1) + ρv2/2.
= ∇.κ∇T − Srad + Sα;



(6)




(7)


here  ρ, ˙v, T  and  P  are  the  mass  density,  velocity,  temperature,  and  pressure,  respectively; κ(T ) = κ0T 5/2 is the Spitzer thermal conductivity;  Srad  accounts for the energy density  in bremsstrahlung emission leaving the hot spot; and Sα accounts for the fusion-α energy density deposited in the hot spot.  Radiation transport in distorted implosions have been
discussed in Ref. 12, using an analytic and numerical model. The effect of alpha heating has been discussed in Refs. 36 and 37. Both Srad ∼ T −3/2 and Sα ∼ T 1.7 [for 2 < T < 7 keV
(Ref. 38)] are terms involving only power-law dependence on temperature, unlike thermal conduction, which depends on ∼ ∇T . Here we simplify Eq.(7) by dropping Sα and Srad because of the following reasons: alpha-heating and radiative-ablation12 are negligible for
the sub-ignition implosion considered here (Sec. II). Furthermore, the competition between fusion self-heating and radiation losses becomes important starting from peak compression, i.e., when the core becomes hot following the compression. Their feedback on the implosion dynamics prior to peak compression (t0 < t < tb) is very limited, but that is not the case for thermal conduction (which depends on ∼ ∇T ).
Implementing subsonic-flow ordering, the hot-spot pressure can be written as  follows:

[bookmark: _bookmark17]P(˙r, t) = P (t) + p(˙r, t),	(8)

where P is the average pressure of the hot spot (i.e. volume average) and p is the variation in pressure profile. Applying Eq.(8) in Eq.(6) we find
[bookmark: _bookmark18]∇P = 0,	(9a)
ρ (∂t˙v + ˙v.∇˙v) = −∇p.	(9b)
Equation (9a) leads to P = P (t). For a symmetric 1-D implosion .P .  |p|, so the smaller-
.  .

order Eq.(9b) does not contribute, resulting in an isobaric hot spot. Equation (9b) involves subsonic-flow correction to the pressure profile [∼ O(Mach2)] and can be written as in Eq.(2);
this can be significant for nonlinear dp-RTI.
Similarly, implementing the subsonic-flow ordering [i.e., applying Eq.(8) to the energy Eq.(7)] yields,

 (
17
)
[bookmark: _bookmark19]. ∂	P

ΓP	.
+	∇.˙v

∂t Γ − 1	Γ − 1

∂ .	p
+
∂t	Γ − 1

ρv2 .
+
2

+ ∇.˙v

. Γp
+
Γ − 1

ρv2 .


2

= ∇.κ∇T.	(10)

The first term on the left is the leading-order term, followed by the two flow-correction terms on left. Integrating Eq.(10) over the hot-spot volume Vh(t) leads to
[bookmark: _bookmark20].Vh∂tP + ΓP ∂tVh. /(Γ − 1) + F = 0.	(11)
The  conduction  term  on  the  right-hand  side  vanishes  H (κoT 5/2)nˆ.∇T  dSh   ≈ 0.   This  is because the shell is cold (Tsh∼100 eV   Th∼ 3–10 keV) so [Tsh/Th]5/2  ≈ 0; therefore there are negligible conduction losses through the shell. All of the heat flux at the boundary is recycled back into the hot spot, which causes mass ablation. Figure 6 illustrates this by comparing simulations with and without conduction. The flow-correction term F,
[bookmark: _bookmark21]¸ Vh
F =	∂t .p/(Γ − 1) + ρv2/2. dV
0
¸ Vh
+	∇.˙v .Γp/(Γ − 1) + ρv2/2. dV
0
= ∂t .¸  Vh  ρv2/2	dV . + I  p˙v.nˆdS,	(12)
0
 (
0
)was rewritten using ¸ Vh pdV = 0 [since p is the variation about the average P in Eq.(8)] and the divergence theorem.  Therefore F involves two aspects of the hot-spot dynamics:

the rate of change of kinetic energy of the hot spot, and the change in P dV work rate done on the hot spot by the shell, a consequence of non-isobaric profile. Equation(11) can be rewritten by multiplying throughout with the ratio of the adiabaticity parameter and the
 (
h
)internal energy of the hot spot .P V Γ. / .P Vh/(Γ − 1). as follows,

[bookmark: _bookmark22]∂tP V Γ − P V Γξ = 0,	(13)
h	h
with	ξ = −F/ .P Vh/(Γ − 1). .	(14)
The term ξ involves flow-correction and scales as ξ ∼ Mach2/τ [from Eqs.(12) and (14)] where τ ∼ Rh/Vimp is the characteristic pressure confinement time. In order to solve Eq.(13) analytically, we approximate ξ(t) with a time average over ∆t = (tb − t0), this is reasonable since ξ∆t ∼ Mach2  < 1. Therefore,

 (
18
)
[bookmark: _bookmark23]∆flow  ≡ ξ ∆t ≈ −

∆KEh  + ∆pdV
(IEh)


,	(15)

 (
h
h
t
 
¸
0
)where (IE ) is the time-averaged internal energy.  Similarly ∆KE    ≈ [∂	Vh (ρv2

/2)dV ]∆t

and ∆pdV  ≈ [H p˙v.nˆdS]∆t represent the net change in hot-spot kinetic energy and change
in P dV work on the hot-spot resulting from a non-isobaric profile. Solving Eq.(13) we get

[bookmark: _bookmark24]Γ
 (
P
 
b
V
) 	b    = e∆flow ,	(16)
 (
0
)P 0V Γ
where P 0, V0 are the average hot-spot pressure and volume at the beginning of the decel- eration phase (t0) and P b, Vb are the same at bang time (tb, i.e. time of peak neutron rate).
In order to determine the sign and relative magnitude of the flow correction to adiabaticity
(∆flow) we consider two limiting cases: a symmetric implosion and an implosion with mid- mode asymmetry (A = 10∗) at a very nonlinear stage of dp-RTI. For the symmetric case the kinetic energy of the hot spot decreases over the deceleration phase (∆t) because the hot-spot stagnates (i.e.  ∆KEh-1D  < 0).  This can be seen from Fig.  13(a) by comparison  of KEh at times t0 = 0 ns and tb = 0.2 ns. In order to determine the sign of the ∆pdV term  (=  ∆t H p˙v.nˆdS),  one  needs  to  consider  the  signs  of  the  variation  in  pressure  (p)  at the interface and (˙v.nˆdS),  i.e.,  whether  the surface element is compressing  (˙v.nˆdS < 0) or expanding (˙v.nˆdS > 0).  For the symmetric case, p < 0 [at the interface of the shell and hot spot, this is shown in Fig. 4(iv-a) with the blue dashed line representing the location of the interface]; and the volume of the hot spot continues to decrease (˙v.nˆdS < 0) during the time

 (
−
)interval ∆t, therefore, ∆pdV > 0. Note that for the symmetric case, both of the terms in Eq. 15 are small [∼ O(Mach2)], and they have opposite signs, as a result ∆flow   1D ≈ 0 and

[bookmark: _bookmark25] (
b-1D
)Pb-1DV Γ
 (
0
)P 0V Γ

= e∆



flow-1D
 (
1
.
(17)
)≈

Therefore for a 1-D implosion the compression of the hot-spot is approximately adiabatic and isobaric.
Considering the extremely non-linear mid-mode asymmetry case: this can be attained by starting with an extremely high initial velocity perturbation [for example, a ∆V ∼ 10 − 25% of Vimp].  The ∆KEh  → 0 [similar to Fig.  13(a) in red] this is because mass is  introduced
into the hot-spot which is stirred by  the RTI  vortices,  therefore,  the hot-spot does   not
stagnate.   Also  ∆pdV  =  ∆t H p˙v.nˆdS  <  0,  because  near  the  tip  of  the  spikes  p  >  0  but (˙v.nˆdS  <  0)  and  near  the  tip  of  the  bubbles  p  <  0  but  (˙v.nˆdS  >  0),  at  other  locations

on  the  interface  ˙v.nˆ

→ 0.  This can be seen from Fig.  4(iv-c) by following the   interface

(dashed-blue line), near the tip of the spikes the pressure is higher than the average hot- spot pressure (p > 0) whereas near the tip of the bubbles the pressure is lower than the average pressure (p < 0) —the figure shows a moderately non-linear case, and the differences are larger for the extremely nonlinear RTI. Consider the flow lines shown in Fig. 3(c), the bubbles  expand  outward  and  near  the  tip  of  the  bubbles  (˙v.nˆdS  > 0),  this  is  because  the bubbles –which are surrounded by spikes– contain pairs for opposite vortices which produce a resultant outward flow in the center of the bubble, and push the bubble tip outward. The spikes  stream  inward  (˙v.nˆdS < 0)  with  high  velocities  which  quickly  exceed  the  implosion
velocity.  As a result, the effective ∆pdV < 0 and ∆KEh  → 0, therefore, the ∆flow  > 0 [from
Eq. 15] for such implosions with large asymmetries. The monotonicity of the adiabaticity

function [P bV Γ/P 0V Γ] between the two limiting cases (i.e for different asymmetry levels)
b	0
can be assumed based on observations from numerical simulations, and is shown in Fig. 11(a). Therefore, we can conclude that for asymmetric implosions with mass ablation the flow correction term ∆flow > 0, and it increases with increasing Mach2 introduced into the hot-spot.
Dividing Eq. 17 by Eq.(16) gives,
[bookmark: _bookmark26] (
 
     
P
 
b
V
)Γ
 (
P
 
b-1D
V
 
Γ
)b	  = e∆flow−∆flow-1D  ≈ e∆flow  ≥ 1,	(18)
 (
3D
)b-1D

 (
1D
)since ∆flow-1D  is small if Mach2

  Mach2

, indicating that the deviation from adiabaticity

in multi-dimensions is due to flow effects inside the hot spot that are of the order of Mach2.


B. [bookmark: Relating pressure degradation and total ][bookmark: Relating pressure degradation and total ]Relating pressure degradation and total residual energy

Asymmetries cause degradation in the hot-spot pressure (P b/P b-1D < 1) and an in- crease in volume (Vb/Vb-1D > 1), resulting in degradation of internal energy of the hot spot [(P bVb)/(P b-1DVb-1D)] as shown in Sec.  III, where the notation (hs) represents quantities at tb. In this, and all subsequent sections, we will be considering quantities only at tb; therefore we will omit the subscript “b”.
The total residual energy (TotResE) for an asymmetric implosion is the residual energy (kinetic and internal) in the shell and the residual kinetic energy in the hot spot, in excess of the symmetric 1-D case. Stated otherwise, this is the energy that was not converted into internal energy of the hot spot because of asymmetries, i.e.  TotResE = ∆IEh,  where
∆IEh ≡ (IEh-1D − IEh) is the degradation in internal energy.
Taking the ratio of the energy of the hot spot (Eh  = IEh + KEh) for a distorted case and
the 1-D case,

[bookmark: _bookmark27]  Eh      =	P V

KEh
+	.	(19)

Eh-1D	P 1DV1D

Eh-1D

where we used Eh-1D  ≈ P 1DV1D/(Γ−1) because for a symmetric implosion KEh-1D  → 0 (from
simulations KEh-1D  = 3 J  IEh-1D  =550 J). Substituting V/V1D  obtained from Eqs.(18)   into Eq.(19), the pressure degradation can be written as



[bookmark: _bookmark28]P
    	=
P 1D

. Eh Eh-1D

   Γ 
KEh  .Γ−1
− Eh-1D

∆flow
e 1−Γ .	(20)


Using energy conservation, considering the symmetric case and any asymmetric implosion, Eh-1D  + Esh-1D  = Eh  + Esh.  This  can  be rewritten as
[bookmark: _bookmark29] (
−
.
(21)
)  Eh     = 1	Esh − Esh-1D

Eh-1D
Using Eqs.(20) and (21), we get

Eh-1D


[bookmark: _bookmark30]   Γ      ∆flow

P	.
    	=	1 −
P 1D

Esh  − Esh-1D  + KEh .Γ−1
Eh-1D

e 1−Γ .	(22)


The TotResE is comprised of residual kinetic energy (ResKE) including both the shell and the hot spot, and residual internal energy (ResIEsh) in the shocked part of the  shell.

Therefore,

[bookmark: _bookmark31]∆IEh = TotResE = ResIEsh + ResKE
= (Esh  − Esh-1D) + KEh,	(23a)
where	ResIEsh  = (IEsh  − IEsh-1D)	(23b)
and	ResKE = (KEsh  − KEsh-1D) + KEh.	(23c)

The degradation in pressure (i.e. hot-spot averaged [P(hs)/P(hs)-1D]) can be related to the total residual energy [using Eqs.(22) and (23a)] as

[bookmark: _bookmark32]P	.
    	=	1 −
P 1D


   Γ 
TotResE.Γ−1


Eh-1D

∆flow
e 1−Γ .	(24)


Notice that the flow-correction ∆flow (responsible for variation in pressure-profile) enhances the pressure degradation P /P 1D  by the factor e∆flow/(1−Γ).
A similar relation for the increase in hot-spot volume [V(hs)/V(hs)-1D] can be derived using Eqs. 18 and 24,

V V1D

.
=	1 −

 −1 
TotResE.Γ−1


Eh-1D

−∆flow
e  1−Γ   .	(25)

A relation for the degradation in hot-spot averaged temperature [T(hs)/T(hs)-1D] with total residual energy can be derived using the ideal gas equation of state integrated over the
volume of the hot-spot, i.e., [P(hs)V(hs)/P(hs)-1DV(hs)-1D  = MhT(hs)/Mh-1DT(hs)-1D], where Mh  is the mass of the hot-spot at bang time tb,



T
    	=
T 1D

. Mh Mh-1D

.−1 .
1 −

TotResE. Eh-1D


.	(26)


1. [bookmark: Results: Limit of negligible mass ablati][bookmark: Results: Limit of negligible mass ablati]Results:  Limit of negligible mass ablation (∆flow → 0)
This is the case of classical dp-RTI without heat conduction and radiation losses; as    a result there is no mass ablation into the hot spot [see Fig. 6 (dashed lines)], the hot- spot Mach number is negligible (Mach2 → 0), and KEh → 0 even for distorted implosions. Therefore, the total residual energy in Eq.(23a) reduces to TotResE = (Esh − Esh-1D)    and
∆flow → 0. In this limiting case, Eq.(18) simplifies to
[bookmark: _bookmark33] (
1D
)P V Γ ≈ P 1DV Γ .	(27)
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[bookmark: _bookmark34]FIG. 10. Results from simulations with no mass ablation (i.e., without thermal and radiation transport). (a) Plot showing the ratio of hot-spot entropy at bang time (tb) and the start of the deceleration phase (t0), i.e., P bV Γ/P 0V Γ  versus yield degradation Y/Y1D.  Notice that the hot-spot
b	0
entropy is conserved irrespective of the shape and level of asymmetry, in accordance with Eq.(27).
(b) Pressure degradation P /P 1D versus the formula for pressure degradation [Eq.(28)], showing that the numerical calculations are in good agreement with the model.

This implies that irrespective of the asymmetry level and shape, the hot spot is adiabatic and isobaric. We verify this conclusion using numerical simulations performed by turning off thermal conduction and radiation transport in DEC2D. The results from simulations [shown in Fig. 10(a)] agree with Eq.(27).
The pressure degradation from the model Eq.(22) reduces to the following:


[bookmark: _bookmark35]P	.
    	=	1 −
P 1D

   Γ 
Esh  − Esh-1D .Γ−1
Eh-1D


.	(28)


Note that since there are no flow-corrections (∆flow  → 0 and Mach2  → 0), the    pressure
degradation is caused by asymmetries alone. As shown in Fig.10(b) the simulations agree
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[bookmark: _bookmark36]FIG. 11.	Results from simulations with mass ablation into the hot spot.  (a) Plot of the increase
in  hot-spot  entropy  P bV Γ/P 0V Γ  versus  degradation  in  yield  Y/Y1D.  Notice  that  the  increase  in
b	0
entropy for the A = 10∗ asymmetry is more than the A = 2.  (b) Plot showing pressure degrada-     tion P /P 1D versus the formula for pressure degradation [Eq.(24)], validating the model against numerical calculations.

with the analytic model. This confirms that at any given pressure degradation level P /P 1D, the total residual energy is identical for both mode categories (i.e., independent of the shape of the asymmetries).


2. [bookmark: Results: Complete solution with mass abl][bookmark: Results: Complete solution with mass abl]Results:  Complete solution with mass ablation and flow-correction (∆flow)

As stated earlier, for a symmetric implosion ∆flow  is negligible and the hot spot is adi-


 (
1D
)abatic, i.e., P1DV Γ

is a constant with time.  This has been verified in simulations, shown

[image: ]in  Fig.11(a),  at  Y/Y1D  = 1.  For  distorted implosions,  mass ablation  into  the  hot  spot  can

23

introduce flow-correction ∆flow-3D > ∆flow-1D, which increases with the asymmetry level and depends on the asymmetry shape. As a result the departure from adiabaticity of the hot spot is expected to increase [Eq.(18)]. Since there is more mass ablation for intermediate modes,
 (
flow
) (
flow
)they are expected to introduce a greater flow correction ∆flow  (i.e.,  ∆A=10∗  > ∆A=2 ).      The
explanation provided by the model satisfy the results from the simulations [shown in Fig. 11(a)]. Using the simulation results [in Fig. 11(a)] and Eq.(18), it was possible to calculated the ∆flow  quantitatively.  This was used to estimate the factor e∆flow/(1−Γ)  [in Eqn.(24)].
The pressure degradation P/P1D predicted by the model [Eq.(24)] agrees with the simula- tion results [Fig. 11(b)]. Verifying that the flow-correction can enhance pressure degradation (compared to the limiting ∆flow → 0 case; i.e., degradation with distortions only), this is because there is kinetic energy introduced into the hot spot (KEh), which enhances the flow-correction factor in Eq.(24), i.e., e∆flow/(1−Γ)  < 1.


VI. [bookmark: Effect of asymmetries on the implosion e][bookmark: _bookmark37][bookmark: _bookmark37]EFFECT OF ASYMMETRIES ON THE IMPLOSION ENERGETICS

Although there are differences in the hydrodynamics between the two categories of asym- metries (shown in Sec. III and Figs. 12 and 13), their effect on the total residual energy (or degradation in internal energy of the hot spot) is equivalent. This is estimated quantitatively in this section, through the energy accounting shown in Figs. 14–19.
For implosions with long-wavelength (A = 2) asymmetry, at any time the spike and bubble axis are at different stages in the implosion; therefore, there is no overall stagnation. This leads to a higher residual kinetic energy in the shell compared to the symmetric case, shown in Fig.12(a). This is distributed between inward and outward motion of the shell [Fig.12(b)]. Moreover, the long-wavelength distortion introduces more lateral (i.e. nonradial) kinetic energy in the shell as compared to the other shorter wavelengths [Fig. 12(c)]. There is more mass ablation compared to the symmetric case, inducing flows and enhancing kinetic energy into the hot spot, shown in Figs. 13(a) and 13(b).
For implosions with intermediate-mode (A = 10∗) asymmetry, mass ablation exceeds that
from low modes, resulting in a higher hot spot mass. The increase in mass is transformed into additional kinetic energy of the hot spot by the RTI [shown in Fig. 13(a)]. Ablation occurring at the spike ends adds to the inward kinetic energy (within the hot spot); the outward flow motion within the bubbles (during the disassembly) results in higher outward
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[bookmark: _bookmark38]FIG. 12. Comparison of energy versus time between the symmetric 1-D case (black) and asymmet- ric implosions with low mode A = 2 (blue) or intermediate mode A = 10∗ (red) at Y/Y1D  = 0.4.  (a) Plot showing time evolution of the shell kinetic energy (KEsh) (solid line), which is large initially     t = 0 and the hot-spot internal energy (IEh) (dashed line) which reaches its maximum at bang time (tb) marked by the vertical line.  (b) Shell kinetic energy (KEsh) for the radially inward motion    (solid line) and the radially outward motion (dashed line). (c) Kinetic energy in the nonradial  motion within the shell KEsh  (solid line) and within the hot-spot KEh  (dashed line).
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[bookmark: _bookmark39]FIG. 13. (a) Plot of hot-spot  kinetic  energy  (KEh)  versus  time  for  comparison  between  the symmetric 1-D case (black) and asymmetric implosions with low mode A = 2 (blue) or intermediate mode A = 10∗ (red) at Y/Y1D  = 0.4.  (b) Plot showing kinetic energy of the hot spot (KEh) for the radially inward motion and the radially outward     motion.
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[bookmark: _bookmark40][image: ]FIG. 14.	Plot of total residual energy or ∆IEh/Eh-1D  (i.e., degradation in internal energy   of the hot spot) as a percent of the internal energy of the hot spot in 1-D versus degradation in yield
Y/Y1D.  The plot shows that the long (A = 2)- and intermediate (A = 10∗)-wavelength asymmetries
for any given Y/Y1D  are equivalent with regard to compression energetics.
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[bookmark: _bookmark41]FIG. 15.             Plots showing (a) residual internal energy of the shell [i.e.  ResIEsh  of Eq.(23b)] and
(b) residual kinetic energy of the shell and hot spot [i.e. ResKE of Eq.(23c)], both as a percent of  the internal energy of the hot spot in 1-D, versus total residual energy or ∆IEh/Eh-1D. The plots cumulatively account for the degradation in internal energy of the hot spot ∆IEh/Eh-1D  resulting  from the asymmetries  [Eq.(23a)].  The  inset (a-i) shows  shift  in  bang  time tb  < tb-1D,  i.e.,  the time of peak neutron-production rate is earlier for an implosion with asymmetries.   Therefore,     IEsh < IEsh-1D because less of the shell is compressed by the  return  shock  at  tb  for  distorted implosions.
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[bookmark: _bookmark42]FIG. 16.   Plots accounting for the distribution of the residual kinetic energy either (a) in the shell   or (b) within the hot spot, as represented in Eq.(23c) as a percent of the internal energy of the hot spot in 1-D, versus degradation in internal energy of the hot spot ∆IEh/Eh-1D. Enhanced mass ablation for the intermediate A = 10∗ mode results in a greater amount of kinetic energy in the hot spot over the A = 2 distortion.


kinetic energy compared to an A = 2 hot spot [Fig. 13(b)]. There is less residual kinetic energy  in  the  “shell”  compared  to  the  A =  2  at  the  same  yield  Y/Y1D   [Figs.  12(a)–12(c)]. This is because some of the shell energy is used to enhance the hot spot kinetic energy.
Regardless of the differences in dynamics, however, Fig. 14 (and Appendix A) shows that the total residual energy (TotResE = ∆IEh/Eh-1D) —at any given yield degradation level Y/Y1D— is very weakly dependent on the asymmetry shape.  For mid modes the lower yield at the same internal energy is mainly due to a smaller burn volume [Fig. 4(iii)]. According to Eq.(23a), at any given ∆IEh/Eh-1D the total residual energy is comprised of the residual kinetic energy (ResKE) in the shell and hot spot and the residual internal energy in the shell (ResIEsh).  The accountings for the ResIEsh  and ResKE are shown in Figs.  15(a)  and 15(b). Interestingly, both quantities are independent of the asymmetry mode number, i.e., at the same level of implosion total residual energy the distribution between  kinetic
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[bookmark: _bookmark43]FIG. 17. This figure provides a summary of the energy distribution between kinetic and internal energy, and  at  different  regions  of  the  compressed  target  —namely  the  hot  spot,  the  shocked shell and free fall shell. The total energy coupled to the system at the end of the laser drive is  ETOTAL   =  1.75  kJ.  The  initial  distribution,  i.e.,  at  the  beginning  of  the  deceleration  phase  t0 is shown in (a), and the final energy distribution, i.e., at bang time tb is shown in (b).  Energy
partition for implosions with (i) low-mode A = 2 or (ii) mid-mode A = 10∗ asymmetry are shown,
for different yield degradation levels Y/Y1D.  Notice that majority of the residual kinetic energy is stored in the shocked part of the shell, however, for mid-modes some of this is used to enhance the hot-spot residual kinetic energy.  The single parameter that includes all of the asymmetry effects    on implosion energetics is the degradation in the internal energy of the hot spot (i.e. the total  residual energy).

and internal residual energy is the same for both mode categories. It is important to note that all the energies are calculated at bang time tb, which is also the time of peak neutron production and peak hot-spot internal energy. Since tb shifts ahead for increasing degrees of asymmetry, shown in Fig. 15(a-i), this decreases the mass of the shell that has been shocked
28
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[bookmark: _bookmark44]FIG. 18.    This figure summarizes the residual energy distribution (i.e.  difference in energy between    an asymmetric and the symmetric case) for a (a) low-mode A = 2 and a (b) mid-mode A = 10∗
asymmetry.  Out of the two stacks for each Y/Y1D  level, the first stack represents quantities shown    in Figs.  15 and 16.  Notice that for the low-mode case there is more nonradial residual kinetic  energy in the shocked part of the shell, and for the mid-mode case there is more residual kinetic energy in the hot spot.  The second stack represents the total residual energy (i.e.  the sum total       of the first stack) also shown in Fig.14.


by the return shock. Therefore, for distorted implosions the ResIEsh = (IEsh − IEsh-1D) < 0 [Fig. 15(a)].

According to Eq.(23c), the ResKE is distributed between the shell and the hot spot. A quantitative accounting is shown in Figs. 16(a) and 16(b). The residual kinetic energy in the shell is the major contributer, greater than that in the hot spot. This clearly shows that all modes—irrespective of their asymmetry category—exhibit comparable ResKE, out of which the fraction of KE that is transferred into the hot spot is higher for intermediate modes than low modes because they experience higher mass ablation.

The distribution of the total energy in this implosion is shown in Fig. 17, and a summary for the residual energy distribution and total residual energy is shown in Fig. 18. It is clear that although there are differences in the hydrodynamics between the two categories of asymmetries their effect on the total residual energy (or degradation in internal energy of the hot spot) is equivalent.
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VII. [bookmark: Conclusions][bookmark: Conclusions]CONCLUSIONS

Here we have presented a detailed study of the physics involved in the asymmetries of the two categories (i.e., long and intermediate wavelengths). This has been done based on simulations of the deceleration phase and models describing the compression of asymmetric hot spots. Taking into account the flows introduced into the hot spot by the ablative dp-RTI it has been shown that the hot spot is not isobaric, and the variation in pressure results from Mach2 introduced into the hot spot. The flows withing the hot spot (∆flow ∼ Mach2) results in an increase of the adiabaticity parameter (i.e. an increase in P V Γ ∼ e∆flow of the hot-spot compression). In addition, mass ablation cools the bubbles compared to the center, i.e., it enhances the temperature variations. We point out that for intermediate modes the thermal diffusion scale length is comparable to the wavelength, therefore, hot-spot ablation is the predominant mechanism involved. As a result, the above-mentioned variations (in pressure, temperature and adiabaticity) are amplified. For long-wavelength modes, the extent of the perturbed fields around the unstable interface is also long, as a result, there is nonradial motion, and there is no stagnation (because the spike and bubble axis are always at different implosion stages).
A comprehensive energy accounting, considering kinetic and internal energy distribution between the shell and the hot spot or between radial and lateral motions, has been presented. It has been shown that the total residual energy, which is comprised of residual kinetic energy and residual internal energy, can be used as a parameter to which all of the hot spot averaged quantities can be related. Simple analytic relations between the degradation in stagnation pressure (also volume and hot-spot averaged temperature) and the total residual energy has been provided, these are valid for all asymmetry shapes. Unlike the residual kinetic energy in the shell, which is applicable only for low-modes.
We showed that the neutron-averaged observables can be different from the actual hy- drodynamic conditions of the hot spot because they provide information pertaining only to the region of the hot spot that produces neutrons (i.e., the hot region). The yield degrada- tion —with respect to the symmetric— results primarily from a reduction in the hot-spot pressure for low modes and from a reduction in burn volume for intermediate modes.
The degradation in yield due of asymmetries has been related with the degradations in neutron-averaged quantities (temperature, pressure, volume and burn width).  Similarly  the

 (
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)
total residual energy or degradation in hot spot internal energy due to asymmetries has been related with the hot-spot averaged quantities (pressure and volume). In the forthcoming publication [The physics of long- and intermediate-wavelength asymmetries of the hot spot: (Part II) Implosion performance metric] we will use this theory to find the corrections to the no-alpha Lawson parameter used to estimate the level of alpha heating in distorted implosions.
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[bookmark: Other shapes =2 with a opposite phase an][bookmark: _bookmark45]Appendix A: Other shapes A = 2 with a opposite phase and A = 4, 6, 8

Figures 19(a)–19(h) illustrate a gradual transition from the long-wavelength category (Lm/λRT < 1) to the ablation-dominated intermediate-wavelength category (Lm/λRT → 1 and eventually Lm/λRT > 1), for which the bubbles are colder. This serves to justify A = 2 and A = 10∗ as representatives for each category. The A = 2 asymmetry with an opposite phase is also included in this comparison for completeness. Irrespective of the differences, it is shown that the total residual energy (which is also related to the degradation in the hot-spot internal energy) is equivalent for both asymmetry categories.
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[bookmark: _bookmark46]FIG. 19. Contour plots of temperature at bang time for various shapes of the hot spot: (a) symmetric  1-D,  and  asymmetric  implosions  at  Y/Y1D  =  0.6  with  low-mode  distortions  (b)A =  2, (c)A = 2 with an opposite phase, (d)A = 4 and intermediate mode distortions, (e)A = 6, (f)A = 8,  (g)A = 10∗,  and (h)A =  30.  (i) This plot is the same as Fig.14 but includes other asymmetry  shapes. It shows that the degradation in internal energy of the hot spot, expressed as a percent of  the  internal  energy  of  the  hot  spot  in  1-D  (∆IEh/Eh-1D)  at  any  given  Y/Y1D  is  equivalent  for different shapes.
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