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Abstract


This work presents a numerical investigation into broadband radiation effects (with energy flux densities q < 1014 W/cm2) on a magneto–inertial fusion (MIF) target. The calculation results demonstrate the impact of intense energy fluxes on a multi-layer cylindrical target that provides more uniform and homogeneous compression. All principal dynamic parameters (plasma dynamics and radiative) of the compressed target plasma have been determined. The work performed allows us to draw the following initial conclusion: it is advisable to create compact neutron generators based on the MIF scheme on a multi-layer version of the target (made of “heavy” chemical elements).
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1. Introduction


Typically, the MIF scheme [1,2,3,4] achieves compression and heating of the plasma formation by high-speed plasma jets or high-power laser radiation. In this paper, the effect of external broadband radiation on a cylindrical target is studied numerically.



The pulsed radiation source (a Hohlraum design variant) comprises conical cavities embedded within a high-density solid material. Each conical cavity (exposed to external laser radiation) contains gaseous deuterium or its mixture with tritium. The D-T gas is confined within either a flat thin-walled shell or a convex membrane. When interacting with concentrated energy flux (laser beams), the shell implodes into the cavity at supersonic velocity, compressing and heating the D-T fuel. The plasma compression in the conical section of the radiation source can generate intense axis-aligned broadband radiation (  q = σ  T 4     ~  1016–1020 W/cm2). In this configuration, the initial laser radiation (qL  ~  1014 W/cm2) may be amplified by up to 100 times (or more) through thermonuclear burning of the D-T mixture within the conical cavity.



The process of interaction between external broadband radiation and the target can be evolutionarily described as follows: After the initial heating of the target wall material by a strong shock wave (generated by heating the target with external broadband radiation), it accelerates and moves towards the center of symmetry of the target. When the center of symmetry of the fuel-containing target layers is reached, they accumulate (up to the stage of nuclear reactions). The cumulation along the system’s geometric axis compresses the plasma to the stage of nuclear reactions, where the reaction probability is proportional to   exp   −   K  Z 1   Z 2   /   E       ; here, Z1, Z2 are the proton numbers of the interacting nuclei, E is their relative approach energy, and K is a plasma-specific scaling factor in the target.



Addressing this complex scientific–technical challenge requires the concurrent refinement of both plasma–physical models for targets and numerical methods to obtain its solution. Notably, such mathematical models may also enable the evaluation of physico–technical parameters for compact generators with practical applications, particularly those capable of producing intense, long-lifetime sources of high-energy particles (ions, neutrons).



The following is a brief description of the mathematical model used in the work; a variant of the author’s numerical methodology is indicated, and in Section 3 some of the results obtained in the work are analyzed. The conclusion is given at the end of the paper.




2. Mathematical Model and Computational Algorithm


In its full formulation—a multidimensional, multivelocity, multitemperature problem accounting for numerous possible physicochemical processes—this represents an exceptionally challenging computational task, even for modern high-performance computing systems.



However, the problem under consideration can be investigated using magnetohydrodynamic (MHD) models. This approach requires several simplifying assumptions, of which we highlight the following key ones:




	
We will assume that plasma formation (monatomic plasma composition) consists of dissociated neutral and ionized gas. The mathematical description of the dynamics of such a plasma formation is based on a multi-liquid (single-velocity), high-temperature, chemically non-reactive continuous plasma medium.



	
The calculation of dynamic processes (absorption and scattering) related to the solution of the Vlasov (or Fokker–Planck) kinetic equation for relativistic “suprathermal” electrons in a magnetic field is not considered.



	
At the initial time, the plasma formation and the surrounding medium can be differentiated by specifying distinct thermodynamic parameters, as well as the degree of ionization α = ne/n, where ne and n are the electron and heavy particle concentrations, respectively.








Assuming that the energy input by broadband radiation is cylindrically symmetrical and the wall of the multi-layer cylindrical target is thin, we will proceed with a one-dimensional mathematical model describing compression and energy release processes in the target. This mathematical model is based on the equations of radiation plasma dynamics, which take into account a self-sustaining thermonuclear fusion reaction. The governing equations are formulated in a spherically symmetric coordinate system and include the following:


    ∂ ρ  /  ∂ t   + d i v   ρ u     = 0 ,  



(1)
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where the index   v =   1 , 2 , 3     corresponds to cases of planar, axial, and spherical symmetry, and qterm is the density of the external broadband radiation flux directed perpendicular to the generatrix of the multi-layer cylindrical target.



The fictitious impurity method is used to determine the spatiotemporal position of the contact boundary separating the plasma of the D–T mixture from the plasma of metals (Al, Au) or the environment. To do this, several additional equations are introduced into the system of the above equations      ρ g  ∈   0 , 1       of the form     ∂  ρ g   /  ∂ t   + u   ∂  ρ g   /  ∂ r   = 0  . Knowing    ρ g   , it is possible to determine the position of the contact boundary Γ(t) = { ξ :    ρ g    ξ , t   = 0  }, which divides the entire computational domain into several regions, each of which corresponds to a D-T mixture, metal (Al) plasma, or the environment, depending on the sign of the function    ρ g   .



Broadband radiation is calculated using a multigroup diffusion approximation [5,6]:


   d i v (  q v  ) +  χ v  c  U v  =  χ v  4 σ  T 4    ,   −   c 3   ∇  U v  +  χ v   q v  = 0  .  











If the electron and ion distribution functions are Maxwellian, the energy transferred per unit time per unit volume from electrons to ions can be calculated by the formula


   Q  e i   =   ∑  k = 1  s    f k    2  m e     M k     3 2  k    T e  −  T  i , k      v  e i , k    n e  .    











Here,    v  e i , k     is the average frequency of electron–ion collisions with momentum transfer, given by the following [7]:


    v  e i , k   =    4   2 π      n k   Z  i , k  2   e 4  ln  Λ  e i     3  m e   1 / 2        k  T e       3 / 2        ,     τ  e i   =   1   v  e i      ⋅      1 + θ    8   ,   








where     E   F   =        h   2     2   m   e            3   π   2     n   e          2   3        is the Fermi degenerate energy, and   θ =   exp     −      E   F     k   T   e            is the plasma degeneracy parameter that describes, in particular, the limiting cases of classical (  θ ≫ 1  ) and fully degenerate (  θ = 0  ) plasma.



The developed numerical methodology has been verified through solutions to a series of test (model) problems [6,7,8,9,10,11,12,13,14].




3. Calculation Results


The computational domain and MIF target (Figure 1) consist of a central part and two coaxial layers (Al and Au). The computational domain has an outer radius 0.3 cm.



Derivatives of the species     ∂ T  /  ∂ z   ,   ∂ ln    n e     /  ∂ z     are determined along the forming multi-layer cylindrical target [15].



Then, the spatial region    r f  n u c l     and the velocity    V f  n u c l     of the thermonuclear reaction (propagation of the “thermal wave”) are estimated as    r f  n u c l   =   χ  τ   ⁢  n u c l        ,    V f  n u c l   =   1 2      χ /   τ   ⁢  n u c l          . Here,    τ   ⁢  n u c l       is the characteristic time of thermonuclear burning,    τ   ⁢  n u c l     =     M i   ρ   ⋅   1    V σ       , where ρ is the current charge density, Mi is the mass of the ion participating in the thermonuclear reaction, V is the relative velocity of interacting nuclei participating in the thermonuclear reaction, and σ is the cross-section of the thermonuclear reaction.



The propagation velocity of the “photodetonation” wave VD can be found from the relation    V D  =   2    γ 2  − 1     q   ρ 0        1 / 3     , where ρ0 is the medium density ahead of the photodetonation wave front [14]. Assuming equality (  q ≈  P f   r f  n u c l    –ignition by a “light-detonation” wave) of energy releases in the “light-detonation” wave   q   and in the region of the self-sustaining thermonuclear reaction    P f   r f  n u c l    , one can obtain the following estimate for the velocity of the thermonuclear reaction propagating in the “photodetonation” regime:    V D  n u c l   =   2    γ 2  − 1       P f   r f  n u c l      ρ 0        1 / 3     , where    P f  =  n a   n b    σ  V  a , b      E f    is the fusion power per unit volume,    n a   n b    are the volume concentrations of reacting particles of the variety a, b;     σ  V  a , b       is the activity, the product of the reaction cross-section and the average particle velocity in the Maxwell distribution; and Ef is the energy of the thermonuclear reaction.



The expression for the specific power of bremsstrahlung radiation [6] is   Q = 1.5 ×   10   − 27     n   e     n   i     Z   2      T   e      [erg/(s·cm3)], where Z is the charge number of the ion of the element;    n e  ,  n i    is the electron and ion concentration, cm3; and Te is the electron plasma temperature, K. It follows from this ratio (all other things being equal) that the power    Q  A u     of the “braking” radiation at the contact boundary (Figure 2 and Figure 3) from Au to Al is approximately 32 times greater, and from Al to D-T by 42 times.



The process of compression (relative to time t) of the target by a system of pulsed broadband radiators (a variant of the Holraum design) can be described as having several spatial structural phases [15] (the main phases are the “collapse”, “re-reflection”, and “expansion” of the compressed and heated plasma).



Using the graphical dependencies shown in Figure 1, Figure 2, Figure 3 and Figure 4, the paper describes the most interesting phases of “collapse” (Figure 1 and Figure 2) and “re-reflections” (Figure 3 and Figure 4).



The initial phase lasts for a time interval of 0 ≤ t ≤ 0.78 ns (multi-layer case of Al–Au) and 0 ≤ t ≤ 0.4 ns (single-layer case: Al).



The “collapse” phase (Figure 1 and Figure 2) depends on the number of layers and target material, and lasts for the following time intervals, approximately: 0.78 ≤ t ≤ 1.03 ns for the multi-layer case (Figure 1; Al–Au) and 0.4 ≤ t ≤ 0.61 ns for the single-layer case (Figure 2; Al only). In the multi-layer case (note that the atomic mass of aluminum is 2.7 g/cm3, and for gold it is 19.25 g/cm3), a later convergence of the spatial region occupied by the “thermal wave” (thermal wave velocity approximately corresponds to the electron temperature front velocity in the multi-layer target) with the system’s geometric symmetry axis is observed. In Figure 1, at distance r = 0.04 cm (from the symmetry axis), a shock wave is observed, behind the front of which there is a weak (T-Teq~0.6 million K) temperature stratification Te > Teq. Note (Figure 2) that, in the single-layer case, the temperature stratification Te, Teq is more significant (~40 million K).



The flow structure (Figure 2) observed in the single-layer case (the “collapse” phase) consists of a “heat wave”, and the formation of a shock wave (in this case, the front of the “heat wave” and the front of the shock wave coincide and are located in the area r = 0.075 cm) in the substance is observed in the time interval 0.4 ≤ t ≤ 0.61 ns.



Figure 3 shows the spatial distribution (multi-layer case Al–Au) of density ρ and average plasma temperature Teq in the MIF target at the “rebound” phase. In this case, multiple transition regions are present. The most important of these are noted as follows: the first shock wave (SW) front is located near the target symmetry axis, and the second SW front is at a distance from the axis. In the region 0.05 ≤ r ≤ 0.06 cm, a significant separation of the average plasma temperature Teq (b) (green line) and electron temperature Te (red line) is observed. It can also be noted that the maximum temperature value is located in the region T ≈ 240–260 million K, which significantly exceeds the maximum temperature level of the single-layer case.



Figure 4 shows the spatial distributions in a single-layer target resulting from intense broadband radiation exposure during the “recompression” phase. By this time, the maximum temperature T and pressure P are located on the geometric axis of the target and reach values of T ≈ 150 million K (slight separation between ion and electron temperatures is observed),     P ≈ 8 ×   10  9    atm. However, the maximum density ρ = 2.5 × 103 kg/m3 (where the magnetic pressure of the spontaneous field has a relatively high value of P = 4.5 × 104 atm) is not on the target axis, but in the region of 0.06 ≤ r ≤ 0.075 cm of the most intense broadband radiation absorption.



The simplified physical picture (Figure 4) of the thermophysical processes occurring in the flow interaction region is as follows: after the cumulative reflection (T ≈ 150 million K) of plasma from the target axis, it rapidly expands (u = 600 km/s) with shock wave generation in the peripheral region.



As seen in Figure 1, Figure 2, Figure 3 and Figure 4, the situation described may exhibit a spatial state (for relatively short time intervals Δt < 0.1 ns) where the following relation holds:       ∂   q +  q e     /  ∂ r     >       Q  e i      . In this spatial region, “supercooled” or “superheated” plasma [16] may form, which can be in a thermodynamically nonequilibrium (Te ≠ Teq and    Z  c p   ≠    Z −    c p    ) state. Here Zcp is the “nonequilibrium” average charge of heavy particles,      Z −    c p      n e  ,  T e      is the equilibrium average charge of heavy particles, and Teq is the effective temperature that would correspond to the actual equilibrium average charge      Z −    c p     of heavy particles under thermodynamic equilibrium conditions.



As noted in [16], in cases where the plasma ionization state is primarily determined by collisions, one can classify (based on parameters existing at time t) the plasma state by the deviation in its heavy particles’ average charge Zcp from the thermodynamic equilibrium value      Z −    c p      n e  ,  T e     . When    Z  c p   >    Z −    c p    , the predominant ions in the given spatial region mainly recombine, while when    Z  c p   ≤    Z −    c p    , electrons primarily ionize and excite ions. We also note that at high ionization degrees    Z  c p   >    Z −    c p    , the plasma is “supercooled”, and Te < Teq, whereas at low ionization degrees    Z  c p   ≤    Z −    c p    , the plasma is “superheated”, and Te ≥ Teq. This observed temperature “stratification” (in the considered case near shock wave fronts) is shown in Figure 1, Figure 2, Figure 3 and Figure 4 and occurs during both the “implosion” and “recompression” phases.



Overall, the behavior [16] of electron and ion temperatures in the transition region near the shock (detonation) wave front (Figure 1, Figure 2, Figure 3 and Figure 4) can be qualitatively described by the following main physical mechanisms (accounting for e-i exchange): conductive heating of electrons ahead of the shock front; non-adiabatic heating of electrons behind the shock front; and collisional heat exchange (both ahead and behind the shock front) between electrons and ions. The inclusion of thermal conductivity (particularly “radiative” conductivity [6]) leads to the formation of an electron-gas-heating “tongue” ahead of the shock jump, causing greater increase in Te than would occur with adiabatic heating. Collisional e-i exchange results in an overall electron temperature increase behind the shock front.



The number of neutrons Nfus can reach levels of 1015 n/cm (for the single-layer case, Al) and 35 × 1015 n/cm (for the multi-layer case, Al–Au) (Figure 5).



We should note that regardless of the chosen target type (single-layer or multi-layer) hydrodynamic instabilities (not accounted for in these calculations) may develop during compression and prevent the achievement of optimal thermonuclear fuel parameters. It should be noted that, for the more accurate calculation of neutron numbers, accounting for mixing of the target material is required. Broadband lasers for fusion experiments have been discussed recently in other works [17,18,19]. Applications of wideband pulses and plasma jets in an external magnetic field have been studied experimentally and theoretically in papers [20,21,22,23,24,25].




4. Conclusions


The paper evaluates the plasma dynamic parameters of a single-layer and multi-layer cylindrical target under the influence of intense broadband radiation fluxes. During the calculations, a new version (developed by the authors of the article) of the numerical solution method for one-dimensional plasma dynamic equations was used. This method is based (for the “hyperbolic” part of the system for Equation (1)) on a nonlinear quasi-monotonic compact polynomial difference scheme of an increased order of accuracy, and for the “parabolic” part of the system of equations, a new (it allows calculations in cases of intense discontinuities in transport coefficients) numerical method is used to solve the magnetic field diffusion equation and the heat equation using a monotonized difference scheme of an increased order of accuracy.



All stages of compression of the target have been analyzed and it is shown that the temperature of the central part of the target can reach the level of T > 200 million K. The possibility of creating neutron generators (the number of neutrons per unit length    N  f u s   = 1.0 ×   10   17     n/cm by the time of the end of exposure for a multi-layer target) using external broadband radiation is shown at certain points in time (Figure 5). The 1D calculations of the plasma dynamic parameters of the cylindrical target take into account a wide range of physical effects and generally provide information about the dynamics of processes in areas of the 3D target where the study density is either at its most intense or relatively low., i.e., 1D calculations in principle (without taking into account mutual influence) allow us to obtain pictures of 2D distributions of absorbed energy, plasma dynamic and thermodynamic quantities, and therefore judge the operability of the neutron generator circuit based on the effect of broadband radiation on the target.
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Nomenclature




	c
	the speed of light



	Bz
	external magnetic field, T



	EF
	Fermi degenerate energy



	Ef
	energy of the thermonuclear reaction



	E
	energy, W/kg



	H
	magnetic induction, T



	jr
	current density, A/m2



	k
	Boltzmann constant



	K
	plasma-specific scaling factor



	Nfus
	number of neutrons



	n
	heavy particle, cm−1



	ne
	electron concentration, cm−1



	P
	pressure, Pa



	Pe
	electron pressure, Pa



	Pi
	ion pressure, Pa



	Pf
	fusion power per unit volume, W/m3



	Qei
	energy transferred per unit time per unit volume from electrons to ions



	Qfus
	local (thermonuclear) energy release to the electron component



	q
	broadband radiation intensity, W/cm2



	qL
	Laser intensity, W/cm2



	qr
	energy flux from the magnetic field, W/cm2



	qv
	spectral broadband radiation flux, W/cm2



	qterm
	density of the external broadband radiation flux perpendicular to the target



	r
	radial coordinate, m



	t
	time, s



	Teq
	average plasma temperature



	Te
	electron temperature, K



	Ti
	ion plasma temperature, K



	u
	velocity along the coordinate, m/s



	Uν
	spectral flux and volumetric density of broadband radiation



	VD
	velocity of the photodetonation wave, m/s



	    V f  n u c l     
	velocity of the thermonuclear reaction, m/s



	    v  e i , k     
	average frequency of electron–ion collisions, Hz



	ρ
	density, kg/m3



	λe
	electron thermal conductivity coefficient, W/(m K)



	λi
	ion thermal conductivity coefficient, W/(m K)



	τ
	the duration of the broadband radiation pulse, s



	φ
	the azimuthal angle



	Z1
	proton number of the interacting nuclei 1



	Z2
	proton number of the interacting nuclei 2



	      Z −    c p     
	equilibrium average charge of heavy particles



	θ
	plasma degeneracy parameter



	χ
	radiative thermal diffusivity coefficient



	χν
	spectral absorption coefficient



	γ
	adiabatic index of Hugoniot
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Figure 1. Spatial distribution (multi-layer case Al–Au): (a) density (orange line), ρ (kg/m3) and (b) average plasma temperature Teq (green line) and electron temperature Te (red line) at the time moment t = 0.78 ns. Positions of the contact boundaries (green line in (a)): 1 between D-T and Al; 2 between Al and Au, and 3 between Au and air. 
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Figure 2. Spatial distribution (single-layer case: Al): (a) density, ρ (kg/m3) and (b) average plasma temperature Teq (green line) and electron temperature Te (red line) at time moment t = 0.4 ns. 
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Figure 3. Spatial distribution (multi-layer case Al–Au): (a) density (orange line), ρ (kg/m3) and (b) average plasma temperature Teq (green line) and electron temperature Te (red line) at time moment t = 1.03 ns. Positions of contact boundaries (green line in Figure 1a and Figure 3a): 1 between D-T and Al, 2 between Al and Au, and 3 between Au and air. 
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Figure 4. Spatial distribution (single-layer case: Al): (a) density, ρ (kg/m3) and (b) average plasma temperature Teq (green line) and electron temperature Te (red line) at time moment t = 0.62 ns. 
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Figure 5. The number of neutrons Nfus (n/cm) that have left the computational domain by time t: (a) multi-layer case Al–Au and (b) single-layer case: Al. 
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