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Abstract

:

The performance of fusion capsules on the National Ignition Facility (NIF) is strongly affected by the physical properties of the hot deuterium–tritium (DT) fuel, such as the mass, areal density, and pressure of the hot spot at the stagnation time. All of these critical quantities depend on one measured quantity, which is the ratio of the specific peak implosion energy to the specific internal energy of the hot spot. This unique physical quantity not only can measure the incremental progress of the inertial confinement fusion capsules towards ignition but also measures the conversion of the peak implosion kinetic energy of the pusher shell into the internal energy of the hot fuel in a capsule. Analysis of existing NIF shots to date are performed. The ratio metric is compared quantitatively with the ignition criterion. Results provide new perspectives on the NIF experiments by which the performance of the burning plasma can be determined and controlled through the fine tune of the implosion parameters, which improves future designs and predictions of the ignition capsules.
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1. Introduction


Recently, fusion capsule performance has been improved enormously on the National Ignition Facility (NIF) by using two designs: a shaped non-cylindrical hohlraum to delay plasma filling for better inner-beam propagation (I-Raum) and high-yield big-radius implosion design (Hybrid) [1,2,3,4,5,6,7] together with finely manufactured capsules with much smoother capsule surfaces and smaller-diameter fill tubes [1,5]. The Hybrid-E design also increased the amount of energy delivered to the hot spot by increasing the capsule radius by   15 %   compared to previous experiments [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22] and reduced the hohlraum scale at a fixed capsule size compared to previous Hybrid designs, thereby increasing the hohlraum efficiency and energy coupled to the capsule. The highest neutron yield of 1.35 MJ then was achieved in shot N210808 [1,6] through several design optimizations. In order to systematically characterize the design progress and continuous improvements of the capsules towards a robust burning plasma and ignition, it is useful to introduce an observable metric to measure the incremental design progress of the capsules relative to the ignition criteria.



The paper is organized as follows. Theory and detailed analysis of the new metric are given in Section 2. Section 3 presents expanded discussions on key physics concepts, including important time scales in inertial confinement fusion and a comparison of existing ignition metrics. Conclusion are given in Section 4.




2. Theory and Analysis


In the framework of the minimal energy implosion model [23,24,25], the physical properties of the hot fuel in an inertial confinement fusion (ICF) capsule are described by the peak implosion kinetic energy. Given an implosion energy, there is an optimal (or maximum) hot-spot pressure (  P  h s   ), which can be expressed in terms of the peak implosion velocity (  V  i m p   ) and the pusher adiabat [23], and has the expression


   P  h s   =  P 0  [   γ p    ( 3  γ p  − 1 )   ϵ 0    η  V  i m p  2   ]   γ p    γ p  − 1    .  



(1)




Here, the pusher is the sum of the remaining ablator and cold fuel for the NIF point design. The pusher adiabat is closely related to the effective adiabatic index of the pusher (  γ p  ) [26,27]. For a high-adiabat pusher—effective adiabat index    γ p  ≈ 5 / 3  —Equation (1) gives    P  h s   ∝  V  i m p  5    [23,28], which is in good agreement with the NIF experimental data [29,30] and differs from the scaling law    P  h s   ∝  V  i m p  3    predicted by many simulations and theoretical models [6,31,32]. Although most NIF experiments do not have an optimal energy partition between hot spot and pusher and the implosion energy has not yet been minimized, optimizing the thickness of the pusher is a necessary step to achieve optimal energy split and MJ performance using a minimal implosion energy.



In Equation (1),   P 0  ,   ρ 0  , and   ϵ 0   are, respectively, the pressure, mass density, and specific internal energy of the pusher at the time of the peak implosion velocity.  η  is a coefficient accounting for the fraction of the total peak implosion energy going into the compression of the capsule (radially). Assuming a gamma law equation of state (EOS) for the cold deuterium–tritium fuel,   P /  P 0  =   ( ρ /  ρ 0  )   γ p     and    ϵ p  =  ϵ 0    ( P /  P 0  )     γ p  − 1   γ p     , then the ratio of the hot-spot mass (  M  h s   ) to the pusher mass (  M p  ) has the expression


    M  h s    M p   =    (  γ p  − 1 )  η  V  i m p  2     ( 3  γ p  − 1 )  2  ϵ  h s     ,  



(2)




where    ϵ  h s   = 2 R T /  [  A  D T    (  γ g  − 1 )  ]    represents the specific internal energy of the hot DT prior to self-heating by alpha particle deposition, T is the peak no-burn temperature of the hot spot,   A  D T    is the average atomic mass of the DT mixture, R is the gas constant and   γ g   is the adiabatic index of the DT.



We would like to point out that, although the energy losses from radiation and thermal conduction during the implosion phase (i.e., the phase of assembling the hot spot prior to alpha-heating) are not explicitly itemized in the minimal energy model, the coefficient   ( 1 − η )   actually accounts for all other energies and energy losses that do not involve the compression of the hot-spot and pusher [23]. Simulations show that the energy losses from radiation and thermal conduction during implosion are negligible compared to the internal energy of the hot spot at maximum compression (see Figure 2 in reference [6]). All energy losses during the phase of TN burn and fusion expansion of the hot spot are taken into account by the requirement of energy doubling of the hot-spot during the hydrodynamic disassembly time in the ignition theory developed by Cheng et al. [23,24,25,33]. More discussions are given in Section 3.



2.1. Metric   ν ˜  


Now, we define an observable metric   ν ˜   as the ratio of the specific peak kinetic energy (  η  V  i m p  2  / 2  ) to the specific internal energy of the hot spot (  ϵ  h s   ):


   ν ˜  ≡ η   V  i m p  2  2  /  ϵ  h s   =  5 12  η   V  i m p  2   R T   ,  



(3)




where    A  D T   = 2.5   and    γ g  = 5 / 3   have been applied. In Expression (3), the peak implosion velocity can be measured through ConA experiments by maintaining the same design configuration and implosion conditions and can also be inferred from simulations that match the ConA and VISAR data. The DT temperature is usually obtained from the variance of the Doppler-broadened 14 MeV DT neutron spectra. At the NIF, the DT temperature is measured using several neutron-time-of-flight (NTOF) detectors arrayed around the target chamber. However, the 14 MeV neutron peak can be broadened not only by thermal ion motion but also by the presence of residual velocity flow, or residual kinetic energy (RKE), in the hot spot resulting from incomplete conversion of implosion kinetic to thermal energy at peak compression. In this case, the variance of the 14 MeV neutron peak corresponds to an apparent temperature,   T  a p p   , which is the sum of the neutron-weighted thermal ion temperature and the neutron-weighted bulk fluid velocity variance along the detector line-of-sight [15,34,35] The efficiency  η  is usually not measured, but it can be estimated using expression   η ≃ 1 −  ( 1 +  M  h s   /  M p  )    (  V  R K E   /  V  i m p   )  2   , where we have neglected any rotation and vibration of the capsule as well as the energy losses during implosion (as discussed earlier) and   V  R K E    represents the residual velocity of the flow in the hot spot and pusher at peak compression. For    M  h s   /  M p  ∼  1/10 and    V  R K E   /  V  i m p   < 1 / 5   (e.g.,    V  R K E   ∼ 68   km/s and    V  i m p   ∼ 391   km/s in N210808 [1,2,6]),   η ≃ 0.96  . For convenience, we take   η ∼  0.96 for most NIF experiments.



In terms of   ν ˜  , the mass ratio (2) and other hot-spot physical parameters, such as the ratios of energy, mass density, and areal density of the hot spot to pusher, are given as follows [23]:


    M  h s    M p   =   (  γ p  − 1 )   ( 3  γ p  − 1 )    ν ˜  ,  



(4)






    E  h s    E p   =    γ p  − 1   2  γ p    ,    E  h s    E  t o t    =    γ p  − 1   3  γ p  − 1   ,    V  h s    V p   =  1  3  γ p    ,  



(5)






    ρ  h s    ρ p   = 3  γ p    (  γ p  − 1 )   ( 3  γ p  − 1 )    ν ˜  ,  



(6)






     ( ρ R )   h s     ( ρ R )  p   = ψ  (  γ p  )   ν ˜  ,     ( ρ R )   h s     ( ρ R )   t o t    =   ψ  (  γ p  )   ν ˜    1 + ψ  (  γ p  )   ν ˜    ,  



(7)




where   ψ  (  γ p  )  ≡ [   ( 1 + 3  γ p  )   1 / 3   +   ( 1 + 3  γ p  )   2 / 3   + 1 ]  (  γ p  − 1 )  /  ( 3  γ p  − 1 )    is a function of the adiabatic index of the hot spot and the pusher [23].   E p  ,   V p  ,   ρ p  , and    ( ρ R )  p   are the energy, volume, mass density, and areal density of the pusher, respectively. Similarly,   E  h s   ,   V  h s   ,   ρ  h s   , and    ( ρ R )   h s    are the corresponding physical quantities of the hot spot.    ( ρ R )   t o t    is the total areal density of the capsule that includes hot spot and pusher (the sum of cold fuel and remaining ablator), i.e.,     ( ρ R )   t o t   ≡   ( ρ R )   h s   +   ( ρ R )  p    and     ( ρ R )  p  ≡  ρ  c f    (  R  c f   −  R  h s   )  +  ρ  r a   Δ  R  r a    , where   ρ  c f    and   R  c f    are, respectively, the mass density and outer radius of the cold DT fuel,   ρ  r a    is the mass density of the remaining ablator, and   Δ  R  r a   ≡  R p  −  R  c f     is the thickness of the remaining ablator.



At the time of peak implosion velocity, nearly all of the energy into the capsule in the radial direction is in the form of kinetic energy of the pusher. At stagnation time, nearly all of the kinetic energy is converted into the internal energy of the system, i.e., the sum of the internal energy of the pusher and the hot spot. We assume   4 %   of the total peak implosion energy becoming residual kinetic energy in the capsule in this analysis. The higher the hot spot internal energy, the better the energy conversion of the capsule and the more robustly the hot spot burns. Therefore, the ratio of the specific peak kinetic energy to the specific internal energy of the hot spot,   ν ˜  , given by Equation (3), is an important measure to quantify the energy conversion of the capsule during implosion. Substituting the gas constant R into   ν ˜   reduces Equation (3) to


   ν ˜  = 4.32 η   V  i m p  2   T ( k e V )   ,  



(8)




where the peak implosion velocity (  V  i m p   ) is in units of 1000 km per second and the peak no-burn temperature of the hot spot, T, is in keV.



If there is no alpha heating, the peak no-burn temperature (  T  p n b   ) is the measured hot-spot temperature, as in the early NIF shots during the National Ignition Campaign (NIC). In the presence of alpha heating, the measured temperature (  T  h s   ) is the sum of the peak no-burn temperature and the temperature increase (  Δ T  ) due to alpha heating, that is,    T  h s   =  T  p n b   + Δ T  . Thus, in terms of   T  h s   , the expression   ν ˜   can be written as


   ν ˜  = 4.32 η   V  i m p  2    T  h s   − Δ T   ≃ 4.32 η    V  i m p  2  /  T  h s     1 − Δ T /  T  h s     ≥  ν o  .  



(9)




where     ν ˜  o  ≡ 4.32 η  V  i m p  2  /  T  h s     is defined as the observed specific energy ratio of the hot spot. In the absence of alpha heating,   Δ T ≃ 0   and    ν ˜  =   ν ˜  o   .



Equation (9) shows that, for a given peak implosion velocity, the measured    ν ˜  o   of the hot spot is always less than the peak no-burn   ν ˜   if alpha-heating is present in the capsule. The dependence of the ratio of the hot-spot areal density    ( ρ R )   h s    to the total areal density    ( ρ R )   t o t    on   ν ˜   is demonstrated in Figure 1, from which we see that the hot-spot areal density increases with the specific energy ratio   ν ˜  .



In terms of metric   ν ˜  , the original NIF ignition criteria     ( ρ R )   h s   ≥ 0.3   g/cm2 and     ( ρ R )   t o t   = 1   g/cm2 at   T ≃ 4.5   keV [31] would become condition    ν ˜  ≥ 0.43 / ψ  (  γ p  )   . For a low-adiabat (  α ∼ 1.5  ) pusher,   ψ (  γ p  ) ≃ 1.95   and    ν ˜  ≥ 0.22  ; for a high-adiabat (  α ∼ 3  ) pusher,   ψ (  γ p  ) ≃ 1.02   and    ν ˜  ≥ 0.42   will be required. A detailed description of the physical variables is displayed in Table 1, which shows the relationship between the critical variables of the capsule and the specific energy ratio at the various pusher adiabats.



The goal of the NIF capsule design is to maximize conversion of the implosion kinetic energy to hot-spot internal energy to produce a self-sustained thermonuclear burn on the hot spot. The specific energy ratio of the hot spot is able to capture the incremental progress of the design of the NIF ignition capsules and also remains sensible and robust at gain   ≫ 1  .




2.2. Ignition Criterion in Verious Forms


The   ρ R − T   condition [24,25,33] for the hot spot to have self-sustained TN burn is given by


    ( ρ R )   h s   ≥ Φ  ( T )  ,  



(10)




where


  Φ  ( T )  ≡    [   ( 1 + d )  2  / d ]   ( E /  n  D T   )   C s *   A  D T      [  σ v   W α  −   Q ˙  l    ( 1 + d )  2  /  ( d  n  D T  2  )  ]   g ˜   N A    ,  








in which E is the total energy of the hot spot [23], i.e., the sum of the energies of ions, electrons, and radiation. Thermal equilibrium between ions and electrons is assumed in the derivation.    n  D T   ≡  ρ  D T    N A  /  A  D T    ,   ρ  D T    is the mass density of the hot DT;   d =  N D  /  N T    is the D to T ratio, where   N D   and   N T   are, respectively, the total numbers of deuterium and tritium atoms in moles;   < σ v >   is the DT nuclear reaction rate; and    W α  ≡ 3.52  f α  + 14  f n    MeV is the energy deposited into the hot DT per fusion reaction.   f α   is the fraction of the  α -particle kinetic energy and   f n   is the fraction of the 14 MeV fusion neutron energy deposited in the fuel. In most cases,    f n  ∼ 0   because the mean free path of the 14 MeV neutrons is much larger than the hot-spot radius   R  h s   .   f α   is determined using the formula given in Ref. [36]. The effective sound speed   C s *   is equal to the sound speed   C s   in the hot spot divided by the tamping factor   f T  , but the tamping factor in the NIF point design capsule is almost negligible because   f T   is proportional to the value of     ρ p  /  ρ  h s      [26] at the boundary between the hot spot and the cold fuel. In the NIF point design, this boundary is smooth in density due to the nature of continuous plasma of the cold fuel, i.e.,    ρ p  ∼  ρ h    at the boundary and, hence,   f T   has a value of ∼1 [26,33].   N A   is Avogadro’s number and   g ˜   is a shape factor having a value of 1 for spherical and <1 for non-spherical hot spots [37].     Q ˙  l  ≡ d  Q l  / d t   denotes the energy loss rate from bremsstrahlung emission and electron heat conduction. For DT temperatures of 3 keV   < T <   5 keV,   Φ  ( T )  ≈ 4  κ c  /  (  f T   g ˜  )  /  T  2.5     g/cm2, and, for 5 keV   ≤ T ≤ 10   keV,   Φ  ( T )  ≈ 2.063  κ c  /  (  f T   g ˜  )  /  T  2.0     g/cm2, where    κ c  ≈ 5.514   [33].



An alternative expression of the ignition condition in (10) is the minimum hot-spot mass [24,25,33]:


   M  h s   m i n   ≥ I  ( T )     [  R 0   ( cm )  /  C f  ]  2   (  g ˜   f T  )    g ,  



(11)




where


  I  ( T )  =       92.34  /   T  2.5    ( keV )        if   3  < T < 5   keV  ,        47.63  /   T  2.0    ( keV )        if   5  < T < 10   keV  .       



(12)




   C f  ≡  R 0  /  R  h s     is the convergence ratio and   R 0   is the initial radius of the pusher (∼ the initial radius of the DT fuel). Substituting Equations (4) and (10) into Equation (11) gives the requirement for the specific energy ratio of the hot spot:


   ν ˜  ≥   ( 3  γ p  − 1 )    (  γ p  − 1 )   M p   ( g )      I ( T )    g ˜   f T    [    R 0   ( cm )    C f    ] 2  ,  



(13)




and, for the total areal density of the capsule,


    ( ρ R )   t o t   ≥   ( 1 + ψ  ν ˜  )   ψ  ν ˜    Φ  ( T )   



(14)




to have self-sustained TN burn. If the remaining ablator mass is comparable to the mass of the cold fuel, as demonstrated in NIF simulations, assuming spherical symmetry and uniform density distribution, we have    ρ  r a    (  R p 3  −  R  c f  3  )  ≃  ρ  c f    (  R  c f  3  −  R  h s  3  )   , which gives a relationship     ( ρ R )   r a   ≤   ( ρ R )   c f    ( 1 +  R  h s   /  R  c f   +  R  h s  2  /  R  c f  2  )  / 3  ; here, an approximation of    R p  ∼  R  c f     is used for simplicity. At peak compression,    R  c f   ≃   ( 1 + 3  γ p  )   1 / 3    R  h s     [24,26]. Thus,     ( ρ R )   r a   ≈   ( ρ R )   c f    [ 1 +   ( 1 + 3  γ p  )   − 1 / 3   +   ( 1 + 3  γ p  )   − 2 / 3   ]  / 3 ≡  f  r a     ( ρ R )   c f    , and    f  r a   ≡   ( ρ R )   r a   /   ( ρ R )   c f   =  [ 1 +   ( 1 + 3  γ p  )   − 1 / 3   +   ( 1 + 3  γ p  )   − 2 / 3   ]  / 3  . For high adiabat,    f  r a   ≃ 0.62   and, for low adiabat,    f  r a   ≃ 0.56  . Substituting these into    ( ρ R )   t o t    gives     ( ρ R )   t o t   =  ( 1 +  f  r a   )    ( ρ R )   f u e l   −  f  r a     ( ρ R )   h s    . Because the measured areal density of the fuel is proportional to the neutron downscattered ratio (DSR), i.e.,     ( ρ R )   f u e l   ≈ 21 D S R   [31], we can rewrite Condition (14) into the form


  D S R ≥   [ 1 +  f  r a   + 1 /  ( ψ  ν ˜  )  ]   21 ( 1 +  f  r a   )   Φ  ( T )  .  



(15)







Substituting   Φ ( T )   into Equation (15) gives


  D S R ≥   [ 1 +  f  r a   + 1 /  ( ψ  ν ˜  )  ]   21 ( 1 +  f  r a   )   (   22.06    f T   g ˜    )   (  T keV  )   − 2.5    



(16)




for 3 keV   < T < 5   keV and


  D S R ≥   [ 1 +  f  r a   + 1 /  ( ψ  ν ˜  )  ]   21 ( 1 +  f  r a   )   (   11.38    f T   g ˜    )   (  T keV  )   − 2.0    



(17)




for 5 keV   < T < 10   keV.



The temperature dependences of   ν ˜   and   D S R   are plotted in Figure 2 and Figure 3, respectively. In the figures, the red solid line represents the theoretical threshold for having a self-sustained TN burn hot spot in a capsule with a high pusher adiabat. The blue dashed line represents the theoretical threshold for an ignition capsule with a low pusher adiabat. The open circles are the NIF data. Here, we would like to point out that the specific energy ratios corresponding to the NIF data are the measured    ν ˜  o   values because the observed hot-spot temperature was used in the calculations. The peak no-burn   ν ˜   values in these capsules should be higher than the observed    ν ˜  o   values. For many NIF shots,    ν ˜  ∼   ν ˜  0    because the alpha heating was minimal in the capsules. By Criterion (13), N210808 achieved ignition on the hot spot [6] but failed to propagate the TN burn. Propagation burn is important for many applications; the difficulty in achieving successful TN burn propagation in the point design will be presented in a separate paper.



The ignition threshold on DSR is expected to be less rigorous and also weaker than the ignition threshold on   ν ˜  . As demonstrated in Figure 2 and Figure 3, at about   5.5   keV of the hot-spot temperature, several NIF shots that seemed very close to the ignition curve of   D S R   in Figure 3 are actually far below the ignition threshold of   ν ˜   in Figure 2. The reason for such a discrepancy is that the threshold for   ν ˜   is directly derived from the hot-spot   ρ R − T   ignition condition, while the threshold on   D S R   is translated from the total areal density of the DT, which depends on model approximations for the relationship between the hot-spot areal density and the total areal density of the DT. The total areal density of the fuel plays less of a role in fusion performance of the capsules than the areal density of the hot spot. The critical difference between them has been discussed in article [33]. As such, the ignition threshold on DSR is more relaxed and less restricted than the   ρ R − T   ignition condition that is directly equivalent to the Lawson criterion.



Figure 2 and Figure 3 show that the thresholds on both   ν ˜   and   D S R   for self-sustained TN burn decrease with the increase in (or runaway of) the hot-spot temperature. Experimental data show that NIF shots with high performance have observed specific energy ratios    ν ˜  o   typically at values around 0.12–0.15. The reason that high-performance capsules have low measured   ν ˜   is not because of a low energy conversion from the implosion energy to the internal energy, but due to the alpha energy deposition and heating that increase the hot-spot temperature.



A similar analysis applies to the DSR. In high-performance capsules, the TN burn in the hot spot is intense and may launch burn propagation. The burn propagation wave heats up the surrounding higher-density cold DT fuel and ablates them into lower-density hot fuel, which decreases the total fuel areal density of the DT (the sum of hot and cold fuel) in the capsules and, in turn, the DSR, as observed in a number of recent high-yields shot in the hybrid series given in Table 2 [1,38] (particularly, shot N210808 [6]).



As an example, we consider an ignition capsule with pusher mass    M p  ≃ 340    µg, high pusher adiabat (  α ∼ 3 ,   γ p  ∼ 5 / 3  ), initial outer radius    R 0  ≃ 1000    µm, convergence ratio    C f  ≈ 30  , and peak no-burn hot-spot temperature   T ≃ 4.8   keV. Substituting these numbers into Equations (13) and (15) gives the thresholds of the peak no-burn    ν ˜  ≥ 0.37   and the downscatter ratio   D S R ≥ 0.055   for the hot spot of the capsule to have self-sustained TN burn. All of the observed specific energy ratios in the NIF shots, plotted in Figure 2, are lower than the peak no-burn   ν ˜  , as expected.





3. Discussions


3.1. Important Time Scales


We performed an analysis of the recent NIF high-yield shot N210808 using the publicly announced data [1,6]. According to the NIF announcement [1,39], the capsule in N210808 has a measured neutron yield ∼4.3   ×  10 17   , hot-spot radius    R  h s   ∼ 51.2    µm, and average hot-spot temperature    T  h s   ∼ 11   keV. The neutron downscatter ratio for this capsule is about   2.87 % ± 0.1 %   and the peak implosion velocity is approximately   391    µm/ns. Using these numbers, we can estimate the average nuclear reproduction time in the capsule during the TN burn,    τ  r e p   ≃ E /  [  N D   N T  < σ v >  W α  / V ]  ∼   28 ps, which is significantly shorter than the hydrodynamic disassembly time,    τ H  =  R  h s   /  C s  ∼ 42.8   ps, of the capsule that is required for achieving self-sustained TN burn. Here,    f T  ≃ 1   was used to be conservative. Clearly, the TN burn in N210808 was self-sustained for a period of time.



It is worthwhile to point out that the nuclear energy reproduction time is an important time scale in fusion. It is different from burn width and confinement time. It is the time required for an equal amount of energy to be liberated by thermonuclear DT reactions or the time required for the energy of the hot fuel to double itself (e-folding) and achieve self-sustained thermonuclear burn at or above the critical ignition temperature and areal density as a result of DT interactions. This quantity measures the nuclear energy reproduction rate of the system. It is a useful concept for comparing the competing processes of heating versus cooling at various densities and temperatures per unit time in a system. The confinement time in nuclear fusion devices is defined as the time the plasma is maintained at a temperature and an areal density above the critical ignition temperature and areal density and has self-sustained burn, which is completely different from the burn time (or burn width) of the capsule. Burn time is defined as the full burn width at half maximum (FWHM) or the time period during which at least   50 %   of the maximum neutron production rate is observed [24,25,26]. Different definitions of burn width and confinement time can be found in [40]. Obviously, every NIF experiment has a full burn width, but not every experiment has a non-zero confinement time and self-sustained burn. For example, most of the early NIF shots, conducted during the National Ignition Campaign, had very long burn width, but no alpha-heating. The confinement time in those shots was nearly zero because the necessary condition    τ  r e p   <  τ H    was never achieved and the DT hot spot was never burnt near the critical   ρ R − T   ignition condition.



According to our analysis, the ignition capsule in N210808 had self-sustained TN burn for a short period of time during which    τ  r e p   ≤  τ H    was satisfied and burn propagation was launched. However, the mass of the adjacent cold DT fuel swept up by the propagating sound wave was too large to be heated enough to burn. For example, the cold mass swept by the burn wave within ∼4 ps of propagation would be comparable to the hot-spot mass itself, so the TN burn front would be stopped, as indicated in the diagnostic data of the shot [6].



The existence of such a momentary burn propagation in the N210808 may have revealed some unexpected challenges to hot-spot ignition via burn propagation, which require an extensive and robust hot-spot burn front that seems hard to be produced reliably on the current NIF. The measured specific energy ratio in N210808 is     ν ˜  o  ≈ 0.06  . The low value of    ν ˜  0   and the observed ignition on the hot spot of N210808 suggest that the peak no-burn temperature of the hot spot in N210808 may be higher than the announced 4.9 keV, as indicated by post-shot simulations, and the peak implosion velocity may be higher than the released 391 km/s in order to be consistent with the measured neutron yield, hot-spot sizes and temperatures, and TN burn width in N210808.



Researchers may think that the observed hot-spot ignition in N210808 contradicts the required laser energy of 10 MJ to ignite a high-adiabat target given by the authors in reference [25]. Here, we would like to point out that the minimum required laser energy (  E L  m i n   ) or the minimal peak implosion kinetic energy (  E  p k   m i n   ) for achieving ignition on NIF depend on the energy-coupling efficiency,   η  η L   , where   η L   is the conversion efficiency of the laser energy to the peak pusher kinetic energy,    E  p k   m i n   =  η L  η  E L  m i n    . It has expression [24,25]    E  L   m i n   ≥  2 R T  ( 3  γ p  − 1 )   M  h s    /  [   A  D T    η L  η  (  γ p  − 1 )   (  γ g  − 1 )   ]  ≃ 0.1157 ×  10  − 4    ( 3  γ p  − 1 )   (  M  h s   / μ g )   ( T / keV )  /  [  η L  η  (  γ p  − 1 )  ]    MJ [24]. For    η L  η ≈ 1.6 %  , as in most NIF high-foot experiments, substituting the minimum required hot-spot mass of 40  μ g for ignition at   T = 4   keV and convergence ratio of 27 into the expression, we obtain    E L  m i n   ≥ 10   MJ or    E  p k   m i n   ≥ 160   kJ for a high pusher adiabat (  α ∼ 3 ,  γ p  ≈ 3  ) target. Recent improvements in the Hybrid-E design have increased the energy-coupling coefficients significantly, for example, in shot N210808,    η L  η ≈ 6.7 %   (about 4.2 times higher than the number of   1.6 %   used in Refs. [2,3,6,24,25]). Substituting this improved energy efficiency into the expression of the minimal laser energy, we obtain the required laser energy to ignite a high-adiabat target,    E L  m i n   ≥ 10 / 4.2 ≃ 2.39   MJ, which is consistent with the ongoing NIF experimental data [1,2,6,41]. With continuing improvements of energy-coupling efficiency, high yield with lower required laser energy on NIF becomes possible.



The dependence of the neutron yield upon the measured specific energy ratio in the NIF experiments is plotted in Figure 4. In the figure, the recent high-yield shots listed in Table 2 are plotted in blue circles, which are shown to be very well behaved and uniquely lined-up in a straight line, which is also consistent with the trend line shown in previous ignition experiments.




3.2. Comparison of Ignition Metrics


Compared to other ignition metrics, for example, the metrics listed in Table 2 in reference [6], important differences among them are worth noting. The generalized Lawson criterion,    GLC L  > 1  , derived by Lindl et al. [42], is expressed in terms of time-averaged hot-spot pressure and radius and based upon a definition of ignition as a yield amplification of 30 (yield ratio of  α -on to no- α ), which corresponds to the doubling of the hot-spot temperature. The value of the threshold was calibrated to fit the large 1D simulations. This metric describes the resultant behavior of ignition but cannot tell when ignition would occur prior to ignition. An improved form,   GLC H  , was derived by Hurricane et al. [32,43,44,45] from thermodynamics by defining ignition (or self-heating) as a point of breaking adiabacity of the hot spot. This metric takes into account some 3D effects. The threshold was determined from power balance between  α -heating and energy losses through radiation, thermal conduction, and mechanical work, particularly by requiring hot-spot pressure increase (  ∂  P  h s   / ∂ V ≥ 0  ) after stagnation.    GLC H  = 1   corresponds to a yield amplification of 16–32 according to simulations. However, the appearance of breaking adiabacity of hot spot and hot-spot pressure increase after stagnation do not necessarily ensure an ignition or self-sustained TN burn in the hot spot. The reasons are (i) the hot-spot itself in the NIF point design is an open system; it continuously gains mass from the ablation of the cold DT fuel during implosion and explosion, so the compression process is not adiabatic and the product   P  V γ    is not conserved for the hot spot during the entire process; and (ii) in addition to the identified energy losses (radiation, thermal conduction and mechanical work), there are other unlisted energy losses, for example, non-radial kinetic energy of the shell (e.g., rotational, vibrational, etc.). Thus,   ∂  P  h s   / ∂ V ≥ 0   may not guarantee that the hot-spot temperature will not drop below the ignition temperature momentarily due to other energy losses. Therefore, the criterion given by this condition is relatively weaker than the criterion    GLC L  > 1  . Similar to metric   GLC L  , the ignition condition,    E α  /  E  h s   > 1.4  , proposed by Christopherson et al. [46] was obtained by fitting the 1D simulations from LILAC and 2D simulations from DRACO [46]. This threshold corresponds to a yield amplification of 20–30. Similar arguments apply to the ignition threshold experiment metric (ITFX) and its most up-to-date version [6,15]. ITFX is a complicated function of the metric with  α -on (ITFXα), calibrated to large simulations in terms of fuel mass and DSR. A common feature of these ignition thresholds is that they depend on the calibrated simulations and vary with simulations. Considering the fact that simulations are generally optimistic, the simulation fitted criteria are, thus, usually weaker than the requirements in real experiments.



Several analytical ignition metrics and thresholds have been proposed by researchers. Similar to the metric   GLC H  , the ignition condition given by Atzeni et al. [47] was derived from power balance by taking into account the power losses from bremsstrahlung radiation, thermal conduction, and mechanic work (ignored for isobaric model) and expressed in terms of a   ρ R − T   condition. Because of the neglection of other energy losses, this metric has the same weakness as metric   GLC H   and gives a lower threshold than the other ignition metrics. The ignition condition presented by Cheng et al. is different from all above metrics. In this model, the ignition criterion is derived by requiring the nuclear energy reproduction time (i.e., the hot-spot energy doubling time) in the hot DT fuel being less than the hydrodynamic disassembly time (   R  h s   /  C s   ) during TN burn, which leads to a   ρ R − T   condition [23,24,25,33]. The energy doubling requirement in this framework ensures the self-sustained TN burn maintained at or above the ignition temperature and areal density in the hot fuel and all of the energy losses (both identified and unidentified) that decrease the temperature of the hot fuel compensated. The fusion confinement time is the duration of the TN burn at or above the ignition temperature and areal density. Thus, the ignition criterion given by this model is more pessimistic than the other metrics. Here, we would like to point out that the ignition condition by Tipton [48] is similar to the condition by Cheng et al.—the only difference is in the approximation of the DT reaction rate   < σ v  >  D T    . The ignition criterion by Coutant [49] was obtained by using 1/4 of hydrodynamic disassembly time for fusion confinement time in the Lawson criterion. Thus, the Coutant condition seems more stringent than all other thresholds. Using 1/4 instead of one hydrodynamic disassembly time is a good idea to account for any 3D effects, hydrodynamic instabilities, and turbulence in the capsules [50,51,52,53]. In our view, condition    d 2  T / d  t 2  > 0   [43] has minimal information because the condition itself does not specify whether the hot spot is at or above ignition temperature and whether the TN burn in the hot spot is self-sustained. The threshold only means that the hot-spot temperature is increasing with time and ensures that the condition at   d T / d t = 0   [43] is a minimum, not a maximum.



Because threshold Equation (13) for   ν ˜   is directly derived from the   ρ R − T   condition by Cheng et al. [23,24,25,33], compared with other metrics, metric   ν ˜   shows a number of advantages. First, metric   ν ˜   has a definite and clear physical meaning, i.e., it represents the ratio of the specific kinetic energy of implosion to the internal energy of the hot spot at peak compression.   ν ˜   characterizes how the kinetic energy of implosion was converted into internal energy of the capsule during implosion and, in turn, reflects the quality of implosion of the capsule. Second, metric   ν ˜   is analytic and independent of code simulations and models. And third, metric   ν ˜   is observable from experiments. We point out that, although the peak implosion velocity cannot be directly measured with the current diagnostic technology in the same experiment in which the temperature is determined, it can be measured in a separate convergent ablator, or “Con A,” experiment [54] by keeping the same implosion conditions as in previous experiments. In this sense, ratio   ν ˜   can be viewed as a measured metric.





4. Conclusions


The new physical metric   ν ˜  —the ratio of the specific peak implosion energy to the specific internal energy of the hot spot—captures the improvements in performance during the design process of fusion capsules. Additionally, it quantifies the energy conversion of the capsule from the implosion kinetic energy of the pusher shell into the internal energy of the hot fuel and the degree of alpha heating, as well as the possible burn propagation in the capsules. Our results show that the specific energy ratio of the hot spot and the DSR of the capsules decrease with increasing hot-spot temperature, alpha heating, and the launching of burn propagation from the hot spot into the cold fuel (as does the ignition threshold). These results are consistent with recent NIF experiments. This new metric can provide a new perspective to the NIF experiments by which the performance of the burning plasma can be determined and controlled through the fine-tuning of the implosion parameters, which helps future point designs and can be applied to the double-shell designs as well.
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Figure 1. The dependence of the ratios of hot-spot areal density to the total areal density on the specific energy ratio   ν ˜  . The red solid line represents the high pusher adiabat ( α ∼3) case and the black solid line expresses the low pusher adiabat ( α ∼1.5) case. 
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Figure 2. The minimum required specific energy ratio of the hot spot for self-sustained TN burn as a function of the hot-spot temperature. The red solid line is the theoretical threshold for self-sustained burn for capsules with high-adiabat (  α ∼  3) pushers. The blue dashed line represents the theoretical threshold for capsules with low-adiabat (  α ∼  1.5) pushers. The open circles are the NIF data. By this criterion, N210808 achieved ignition in the hot spot [6]. 
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Figure 3. The minimum required DSR of the capsules for self-sustained TN burn as a function of the hot-spot temperature. The red solid line is the theoretical threshold for capsules with high-adiabat ( α ∼3) pushers. The blue dashed line represents the theoretical threshold for capsules with low-adiabat ( α ∼1.5) pushers. The open circles are the NIF data. The blue open circles are the shots listed in Table 2. N210808 achieved ignition in the hot spot. 
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Figure 4. Neutron yield vs. observed specific energy ratio in the NIF shots. 
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Table 1. The relationship between the hot-spot variables and metric   ν ≡ 3  ν ˜    at various pusher adiabats.    Δ p  ≡  R p  −  R  h s     is the thickness of the pusher at the stagnation time; here,   R p   is the outer radius of the pusher.
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Theory




	
Adiabat

	
    γ p  = 4 / 3   

	
    γ p  = 5 / 3   

	
    γ p  = 3   






	
    Δ p  /  R  h s     

	
0.71

	
0.816

	
1.153




	
    E  h s   /  E p    

	
1/8

	
1/5

	
1/3




	
    E  h s   /  E  t o t     

	
1/9

	
1/6

	
1/4




	
    V  h s   /  V p    

	
1/4

	
1/5

	
1/9




	
    M  h s   /  M p    

	
   ν / 27   

	
   ν / 18   

	
   ν / 12   




	
     ( ρ R )   h s   /   ( ρ R )  p    

	
   0.21 ν   

	
   0.34 ν   

	
   0.65 ν   




	
    ρ  h s   /  ρ p    

	
   0.148 ν   

	
   0.28 ν   

	
   0.75 ν   




	
     ( ρ R )   t o t   /   ( ρ R )   h s     

	
   4.76 / ν + 1   

	
   2.94 / ν + 1   

	
   1.54 / ν + 1   











 





Table 2. Experimental data from recent high-yield shots on NIF [1,6,38].
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Shot

	
Y

	
    T hs    

	
   DSR   

	
    V imp    

	
     ( ρ R )  hs    

	
     ν ˜  0    




	

	
(kJ)

	
(keV)

	
(%)

	
(km/s)

	
(g/cm2)

	






	
N201101

	
98.4

	
4.95

	
3.44

	
383

	

	
0.123




	
N201122

	
106.2

	
5.17

	
3.33

	
376

	

	
0.114




	
N210207

	
170

	
5.66

	
3.16

	
389

	
0.37

	
0.111




	
N210220

	
160.6

	
5.54

	
3.31

	
369

	

	
0.102




	
N210307

	
145

	
5.55

	
3.49

	
385

	
0.38

	
0.112




	
N210808

	
1370

	
11

	
2.87

	
391

	
0.456

	
0.06
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