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Kilojoule-class relativistic-intensity lasers with multi-picosecond (ps) pulse durations can efficiently produce fast ions in interactions with thin foil plasmas via target normal sheath acceleration (TNSA). We derive the energy partition between fast ions and fast electrons during the expansion of a thin foil plasma irradiated by a relativistic-intensity laser over picosecond timescales. As the expansion proceeds with continuous laser heating, both ion and electron energies increase simultaneously. In this study, we show that the energy partition between fast electrons and fast ions converges to a steady-state level on a ps timescale. This level is determined by the time dependence of the effective temperature of fast electrons and the dimensionality of momentum space. The steady-state level is verified by particle-in-cell simulations. The theory can be used to predict the energy conversion efficiency from the laser to fast ions for applications such as laser-driven proton sources.
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1 INTRODUCTION
Laser-driven ion acceleration has gained a lot of interest as an application of high-power lasers with relativistic intensities over 1018 W/cm2 [1, 2]. Recently, kilojoule (kJ)-class petawatt lasers have become available worldwide [3–6], opening a distinguished regime of ion acceleration with high efficiency. Experiments using the kJ-class lasers and thin foil targets demonstrate proton maximum energies of 10 MeV–50 MeV at intensity levels of 1018−19 W/cm2, and the energy conversion rate from laser to fast protons with energies above several MeV [7–11] via target normal sheath acceleration (TNSA) is observed to be approximately 5% [1]. Such high-energy and high-flux ion beams can be used in applications such as radiography of dense plasmas [12, 13], neutron generation [14, 15], and fast ignition-based laser fusion [16, 17].
Modeling the energy conversion rate from laser to fast ions in the kJ laser-driven TNSA is important for the applications. In relativistic laser–foil interactions, electrons at the laser-irradiated front surface of the foil are accelerated by the laser field and launched into the overdense foil plasma. The laser-accelerated fast electrons create an electric field surrounding the foil, which accelerates ions, leading to a quasi-neutral plasma expansion. Hence, in TNSA, the laser energy is initially converted predominantly into fast electrons, after which a portion of the electron energy is transferred to fast ions during the expansion. The quasi-neutral plasma expansion proceeds with the timescale of ion fluid motion characterized by 2πωpi−1, where ωpi=(4πniZ2e2/Mi)1/2 is the ion plasma frequency, ni is the ion density, Z is the ion charge state, e is the elementary charge, and Mi is the ion mass. The timescale 2πωpi−1 at the critical density nc=meωL2/(4πe2) is in the order of 100  femtoseconds (fs) for the laser wavelength of λL=1  μm, where ωL is the laser frequency and me is the rest mass of an electron. Therefore, when a laser pulse with relativistic intensity and a multi-picosecond (ps) pulse duration irradiates a foil target, as in the case of kJ petawatt lasers, electron heating by the laser and ion energy gain through plasma expansion occur simultaneously, which is different from the adiabatic expansion [18–20].
When the laser pulse duration is sub-ps or shorter, the effective temperature of fast electrons Te remains near the ponderomotive temperature Tp=(γe−1)mec2, where γe=(1+a02/2)1/2 is the average relativistic factor of fast electrons determined by the electron oscillation energy in the linearly polarized laser electric field with the normalized amplitude a0=eEL/mecωL (where EL is the laser electric field and c is the speed of light) [21]. On the other hand, when the pulse duration is over-ps, Te increases temporally beyond Tp during the interaction [22–25], while the plasma expands on a similar timescale. This indicates that a portion of the laser energy is used to heat fast electrons, while the remainder is converted into the kinetic energy of fast ions.
In this paper, we derive the temporal evolution of energies of fast electrons and ions in the expanding plasma under relativistic-intensity laser irradiation based on the non-isothermal plasma expansion model [26], which takes into account the temporal evolution of the effective fast electron temperature during the interaction. The energy partition between fast ions and fast electrons converges to a steady-state level on a ps timescale. The level is determined by the time-dependence of the effective fast electron temperature and the dimensionality of the momentum distribution of fast electrons. The theory derived in Section 2 is verified by one-dimensional (1D) and two-dimensional (2D) particle-in-cell (PIC) simulations in Section 3. Section 4 presents a discussion on the energy conversion efficiency in proton acceleration and provides the conclusion.
2 THEORY
We consider the quasi-neutral expansion of a thin foil plasma irradiated by a laser light with a relativistic amplitude a0>1. The expanding plasma is composed of ions and fast electrons with an effective temperature Te, following a Boltzmann distribution. In this study, we refer to the ions in the expanding plasma as ‘fast ions’ to distinguish them from the bulk ions in the foil. We model the plasma expansion in 1D geometry since the kJ lasers have large spot sizes that are typically over 50 μm, and the expansion can be treated as 1D up to several ps without lateral energy loss [27]. We limit the discussion here to a non-relativistic regime for ions, where the ion sound velocity Cs=(ZTe/Mi)1/2 is much slower than c and the ions are cold, Ti≃0.
We define the areal energy density of ions in the expanding plasma in the rear side of the foil as follows:
Uit≡∫−Rxf12Mivi2x,tnix,tdx.(1)
We define that of fast electrons as follows:
Uet≡∫−RxfN2Tetnex,tdx,(2)
where N is the degree of freedom of fast electrons in momentum space, vi is the ion fluid velocity, and ne=ni/Z is the electron density. Here, the plasma occupies the area of x≤0 initially with an ion density ni0 and expands from x=−R to the front position xf(t), where the quasi-neutral condition is satisfied for x<xf. Here,
Rt=∫0tCst′dt′,(3)
which is the scale length of the expansion at time t. Ui, obtained using Equation 1, is the ion kinetic energy associated with the expansion per unit area, and Ue, obtained using Equation 2, corresponds to the internal energy owned by fast electrons with an effective temperature Te per unit area.
Here, we use ni and vi derived using the non-isothermal plasma expansion model [26].
nix,t=ni0⁡exp−1+xR+ε22−xR,(4)
vix,t=Cs1+xR−ε2xR,(5)
which takes into account the time evolution of Te up to the first order of the smallness parameter εdefined as
εt≡RĊsCs2.(6)
ε<1 indicates that the timescale of the temperature evolution, (d(logTe)/dt)−1=(2Ċs/Cs)−1, is slower than that of the plasma expansion R/Cs, where the dot denotes the time derivative and R is given by Equation 3. For ε=0, Equations 4, 5 reproduce the self-similar solution for the isothermal plasma expansion [28, 29]. The model is applicable for the timescale ωpit≫1.
Substituting Equations 4, 5 into Equations 1, 2 and using the relation Cs2=ne0Te/(ni0Mi), we obtain the following:
Uit=ni0MiCs2R1+ε/2exp3ε2×A1−A2⁡exp−xfR+11+ε2,(7)
Uet=N2ni0MiCs2R1+ε/2exp3ε2×1−exp−xfR+11+ε2,(8)
where the coefficients A1 and A2 are given by the following Equations 9, 10.
A1=1−ε1+ε/22+ε2+ε,(9)
A2=1+xf/R21−ε2+1+xf/R221−ε1+ε/2+ε+A1,(10)
and the terms of order εn (n≥2) are neglected. The time dependence is included in the scale length R, the smallness parameter ε, and the front position xf, which is given by
xft≃Rττ⁡lnτ+τ2+1−τ2+1+1,(11)
with an approximation R≃Cst as the isothermal model [29], where τ=ωpi0t/2⁡exp(1) and ωpi0 is the ion plasma frequency at ni=ni0.
We plot Equations 7, 8 for N=3 normalized by the total areal energy density U≡Ui+Ue in Figure 1a as a function of xf/R, which is the front position normalized by the expansion scale length.
[image: Graph (a) shows normalized energy ratios, \( U_i/U \) in red and \( U_e/U \) in blue, against \( x_f/R \). Two epsilon values are highlighted: \( \varepsilon = 0 \) (dashed lines) and \( \varepsilon = 0.2 \) (solid lines). Graph (b) presents \( x_f/R \) against time in picoseconds, displaying a curve increasing from 2 to 10.]FIGURE 1 | (a) Energy partitions of fast electrons Ue/U (blue) and fast ions Ui/U (red) for N=3 as a function of xf/R. Dashed lines are Equations 8, 7 with ε=0, and solid lines are those with ε=0.2. (b) Dependence of xf/R on the time given by Equation 11, where ωpi0 is evaluated for deuteron ions at the critical density for an electromagnetic wavelength of 1  μm.The dashed and solid lines are represent ε=0 and ε=0.2, respectively. Note that ε=0 is the case where the effective electron temperature Te is constant temporally, and ε=0.2 denotes that Te increases gradually during the expansion. The temporal evolution of xf/R given by Equation 11 is shown in Figure 1b, where ωpi0 is evaluated for deuteron ions at the critical density ni0=nc for the laser wavelength λL=1  μm, i.e., 2πωpi0−1≈200  fs. In the early stage, where xf/R≫1 is not satisfied, fast electrons carry the dominant share of the energy. The ion energy partition increases afterward, and in the later stage xf/R≳5, the energy partition converges to a steady-state level, i.e., Ui/U=0.4 for ε=0. Note that Equation 11 is valid under the approximation R≃Cst, and therefore, Figure 1b has an accuracy of the zeroth order of ε. The steady-state level of the energy partition is derived under the long time approximation xf/R≫1, by which Equations 7, 8 are reduced to the following:
Uit=ni0MiCs2R1+ε/2A1⁡exp3ε2,(12)
Uet=ni0MiCs2R1+ε/2N2exp3ε2.(13)
The energy partitions Ui/U and Ue/U are then obtained from Equations 12, 13 as follows:
UiU=22+N1−3ε2N2+N,(14)
UeU=N2+N1+3ε222+N,(15)
in the first order of ε. When the time evolution of ε is negligible, Equations 14, 15 are time-independent, which denotes that the energy partition reaches to a quasi-steady-state on the long timescale xf/R≫1. The steady-state levels of Equations 14, 15 are determined by the temporal evolution of the fast electron effective temperature represented by ε and the dimensionality of the momentum distribution of fast electrons N. The values of Ui/U and Ue/U for ε=0 are shown in Table 1.
TABLE 1 | Ratio of the ion energy Ui and electron energy Ue given by Equations 14, 15 for ε=0.	Electron momentum dimension N	Ion energy partition Ui/U (ε=0)	Electron energy partition Ue/U (ε=0)
	1	2/3	1/3
	2	1/2	1/2
	3	2/5	3/5


The energy partition of fast ions decreases as N increases because the momentum coupling from fast electrons to the 1D ion expansion becomes weaker. In the laser–foil interaction, the plasma expansion that takes place both at the front and rear sides of the foil is nearly symmetrical [11, 30, 31] due to the recirculation of fast electrons in the expanding plasma. Therefore, the total areal energy densities of fast ions and fast electrons in the foil expansion on both sides are expected to be twice those given by Equations 12, 13, while their ratios, Equations 14, 15, remain valid for the expansion on both sides.
After the laser irradiation ends, the plasma expansion becomes adiabatic. In the ideal case where the interaction after the laser irradiation is 1D without energy dissipation, the ion energy partition increases while satisfying the energy conservation d(Ue+Ui+Ufield)/dt=0 [19, 20], where Ufield is the areal energy density of the field. In this case, Ui/U≃1 can be achieved eventually after electron cooling by the expansion. In multidimensional situations, the lateral energy loss limits Ui/U in the adiabatic expansion. The energy gain of fast ions will then be dominated by the acceleration during the laser energy input, especially for the case of multi-ps pulse lasers. In contrast, when the laser pulse duration is shorter than 2πωpi−1, which is approximately 200  fs for ni=nc for deuterium plasmas, the adiabatic process after the pulse time plays an important role in determining the ion energy gain. Therefore, the energy partitions given by Equations 14, 15 are applicable to describe TNSA by the kJ lasers that have pulse durations much longer than 2πωpi−1 and spot sizes that are sufficiently larger than the expansion length.
As shown in Figure 1a, the energy partitions converge to the values described by Equations 14, 15 when xf/R≳5. The time t for this condition is estimated on the zeroth order of ε from Equation 11 as follows:
ωpi0t≳exp4−ln2≈39,(16)
where we used the approximation ωpi0t≫1 in Equation 11. For ωpi0 of deuteron ions at the critical density for the laser wavelength λL=1  μm, Equation 16 yields t≳1.2  ps. Hence, one can expect that the steady-state energy levels given by Equations 12, 13 are achieved on a ps timescale.
3 PIC SIMULATION
We verify the above theoretical model by 1D and 2D PIC simulations using the PICLS code [32]. In the simulations, a foil plasma is irradiated by a laser from the left side with a wavelength of 1  μm and p-polarization. The foil is modeled as a fully ionized deuterium (D) plasma, and the initial electron and ion temperatures are 0. The laser amplitude a0 increases exponentially with a Gaussian profile of temporal width τrise to the peak amplitude â0, and it stays constant afterward.
To examine the expansion with N=1, i.e., a 1D electron momentum distribution, we use a 1D PIC simulation that does not include Coulomb collisions. The foil thickness is 5  μm, and the initial density of the foil is 233 nc. We place a pre-plasma having an exponential profile with a scale length of 5  μm. The foil surface is located initially at x=453  μm in the 1000  μm-long simulation box. t=0 is the time at which the laser front reaches the foil surface position. The laser peak amplitude is â0=2, and the rise time is τrise=70  fs. The mesh size is 0.017  μm, and 15 particles per cell are used for each species.
The temporal evolution of energy in the 1D simulation system is shown in Figure 2a. The values are normalized by the total input laser energy Ein up to the final time of the simulation, t=4.5  ps. The electron energy increases rapidly at early time t<0.5 ps, and the ion energy catches up to the electron energy on a ps timescale by the plasma expansion. The ion expansion front at the rear-side at the final time t=4.5  ps is approximately 200  μm away from the initial target position, as shown in (b), which presents the ion distribution in the x–px plane.
[image: The image consists of three panels: (a) shows a graph of energy over time with three lines representing electrons and ions, ions, and electrons separately; (b) displays a plot of momentum versus position for ions with a color gradient indicating normalized ion density; (c) features a momentum plot for electrons with normalized electron density indicated by color.]FIGURE 2 | One-dimensional PIC simulation result. (a) Temporal evolution of energies of electrons (blue) and ions (red). The black line is the sum of the electron and ion energies. The values are normalized by the total input laser energy Ein up to the final time of the simulation, t=4.5  ps. (b) Ion distribution in the phase space x–px at t=4.5  ps. The initial foil surface position at the rear side is indicated by the dotted line. (c) Electron distribution in momentum space px–py at t=4.5  ps.In (b), the maximum absolute value of px at the front side is approximately 1.2 times larger than that at the rear side, while the ratio of the total energy of ions at the front side x<453  μm, Ef, and that at the rear side x>458  μm, Er, was Ef:Er=0.39:0.61. The expansion is, thus, not completely symmetric, which can cause a deviation of the simulation results from the theoretical prediction. Figure 2c shows the electron distribution in the momentum space px–py. The distribution is almost 1D, py≪px, and therefore, N=1 is applicable for this interaction.
The slope temperature of fast electrons increases temporally, as observed from the electron energy distributions in Figure 3a, where the distributions are composed of all the electrons in the simulation system. In Figure 3b, the slope temperatures Te obtained by the fitting of the electron energy distribution is shown by crosses, where the Maxwell distribution proportional to exp(−Ee/Te) is assumed for the fitting. Here, Ee is the electron energy, and the fitting lines are shown by the black dashed lines in (a). Circles filled with blue in (b) are the average energy Eav of electrons whose energies are above 0.2 MeV, which is approximately half of the ponderomotive energy. The value of Eav is approximately half of the slope temperature Te at the same time, which indicates that the relation Eav=TeN/2 with N=1, i.e., the 1D momentum distribution of the fast electrons, is satisfied in this interaction. Here, we fit Eav with Eav=T0(1+(t/τ)α)N/2 for N=1 and α=1, as shown by the blue dashed line in (b). This fit yields the parameter values T0=1.6  MeV and τ=2.7  ps. The temporal evolution of Te is then obtained from the relation Te=2Eav/N, and the smallness parameter ε defined by Equation 6 is calculated for N=1 as shown in Figure 3c. As shown in Figure 3c, ε<0.3 is maintained during the simulation, and therefore, the theory in Section 2 that assumes ε≪1 is applicable.
[image: Panel (a) shows a graph of electron energy spectra at different times (0.5 ps, 2.5 ps, 4.5 ps) with a decreasing trend. Panel (b) illustrates electron energy over time with a linear trend line showing average energy and slope. Panel (c) depicts the smallness parameter over time, showing an increasing curve. Panel (d) presents a graph of the ratio of electron and ion energy over total energy, with opposite trends intersecting near 1.5 ps.]FIGURE 3 | (a) Temporal evolution of the electron energy distribution in the 1D PIC simulation. The vertical axis is in logarithmic scale. (b) Temporal evolution of the average energy Eav of electrons whose energies are above 0.2 MeV (filled circles), and the slope temperature Te of fast electrons (crosses). Te is obtained by the fitting of the energy distributions as the black dotted lines in (a) with Maxwell distributions proportional to exp(−Ee/Te). The dotted line in (b) is a fitting line of the average energy Eav using Eav=T0(1+(t/τ)α)N/2 for N=1 and α=1, which results in T0=1.6  MeV and τ=2.7  ps. (c) Temporal evolution of the smallness parameter ε obtained from the fitting line in (b). (d) Temporal evolution of the energy partition of fast ions Ui/U and fast electrons Ue/U. The arrows on the right side of panel (d) indicate the values of Ui/U and Ue/U calculated from Equations 14, 15 for N=1 and ε at the final time of the simulation t=4.5  ps in (c).Figure 3d presents the temporal evolution of the energy partitions of the fast electrons and fast ions in the 1D simulation. For fast electrons, we calculated the sum of the energies of electrons whose energies are above 0.2 MeV. This corresponds to Ue defined by Equation 2 multiplied by the length of the simulation box in the y-direction. For fast ions, we calculated the sum of energy of ions whose energies are above 1 MeV as the corresponding value for Ui. The calculated values are then divided by the total particle energy, U=Ue+Ui, to show the energy partitions Ue/U and Ui/U. The fast ion energy partition increases and tends to saturate after approximately 1.5  ps. This timescale agrees with that indicated by Equation 16, i.e., t≳1.2  ps for ωpi0 of deuteron ions at the critical density. Theoretical values of Ui/U and Ue/U under the long time approximation xf/R≫1 in Equations 14, 15 are indicated by red and blue arrows, respectively. Here, we substitute N=1, and ε=0.26, which is obtained from Figure 3c at the final time of the simulation. The theory well-predicts the saturation values of the energy partition.
To investigate the energy partition with a multidimensional electron momentum distribution, we perform 2D PIC simulations. The 2D simulation includes Coulomb collisions, and a hydrogen plasma layer is attached to the backside of the deuterium foil to model a realistic TNSA by a kJ laser. The laser peak amplitude is â0=1.6, the spot radius is r=25  μm, and the laser amplitude a0 increases with a Gaussian profile, having a temporal width of 1.7  ps, to the peak amplitude â0 and remains constant afterward. The thicknesses of the deuterium foil and the hydrogen layer are 3.4  μm and 100 nm, respectively, and the plasma is distributed uniformly in the y-direction, initially with a density of 103 nc for the deuterium foil and 100 nc for the hydrogen layer. The initial position of the front surface of the foil is x=216  μm. The laser front reaches the foil surface position at t=0 with a normalized amplitude of a0=0.1. The amplitude at the foil surface exceeds a0=1 at t=1.02  ps, assuming that the laser propagation speed is c. In front of the deuterium foil, pre-plasma is initially distributed at a scale length of 14  μm. The simulation box size is (x,y)=(500  μm,198  μm), the mesh size is 0.025  μm, and the number of particles per cell per species is 15.
The energy of ions increases gradually with the plasma expansion after approximately 1.5   ps, as shown in Figure 4a, which shows the temporal evolution of particle energies in the simulation system normalized by the input laser energy Ein. Figure 4b presents the spatial distributions of the electric field in the x-direction Ex averaged over the laser cycle, i.e., the sheath electric field, at t=4.3  ps. The front position of the positive Ex field represents the plasma expansion front. The expansion front is approximately 110  μm away from the initial position of the backside surface of the foil, indicated by the black dotted line. As shown in Figures 4c, d, the electron momentum distribution is three-dimensional and nearly isotropic, differing from the 1D case shown in Figure 2c. Here, the momentum distributions are observed within the central area |y|≤r/2, where r is the laser spot radius.
[image: (a) Line graph displaying energy over time for different particle combinations: electrons, deuterium, and hydrogen. (b) Color map showing electric field distribution across a plane with x and y axes in micrometers. (c) and (d) Scatter plots showing normalized electron momentum distributions in different planes, with p_x versus p_y and p_y versus p_z, respectively. Each plot has a color bar indicating normalized electron count.]FIGURE 4 | Two-dimensional PIC simulation result. (a) Temporal evolution of the energies of electrons (blue), protons (green), and all ions, including deuterium ions and protons (red). The black line is the sum of the electron and ion energies. The values are normalized by the total input laser energy Ein up to the final time of the simulation t=4.5  ps. (b) Electric field in the x-direction Ex at t=4.3  ps averaged over the laser period. The initial foil surface position at the rear side is indicated by the dotted line. Electron distribution in momentum space (c) px–py and (d) py–pz at t=4.3  ps. The color indicates the normalized number of electrons.From the electron energy distributions in |y|≤r/2 shown in Figure  5a, we obtained the average energy Eav and the slope temperature Te of fast electrons in (b) using the same procedure as in the 1D PIC simulation. The ratio between Te and Eav at the same time is 0.75 (average). Assuming the relation Te=2Eav/N, the effective degree of freedom in the electron momentum space is N=2.66, which is between 3D (N=3) and 2D (N=2). This reflects the momentum distribution in Figures  4c,d, which is not perfectly isotropic. We fit Eav with Eav=T0(1+((t−t0)/τ)α)N/2 for N=3, α=1/2, and t0=1  ps, as shown by the blue dashed line in Figure 5b. This fit yields the parameter values T0=0.11  MeV and τ=0.045  ps. Note that, at approximately t=1  ps, the laser amplitude at the foil surface exceeds a0=1 in this simulation. Figure 5c shows the smallness parameter ε of Equation 6 calculated for N=3 using the fitting line in Figure 5b and the relation Te=2Eav/N. It is observed that ε≪1 is also satisfied in this 2D simulation. Compared with the 1D simulation, Eav and ε in Figures 5b, c increase rapidly just after t=1  ps. This is attributed to the increase in energy absorption due to a multidimensional effect associated with the plasma surface modulation occurring on the timescale of the electron plasma frequency [33].
[image: (a) Graph of electron energy distribution over time, showing three curves for 1.3, 2.3, and 4.5 picoseconds, decreasing with energy. (b) Graph of electron energy versus time displaying average energy and slope, with rising dots. (c) Graph of smallness parameter versus time, beginning at zero and leveling at around 0.2. (d) Graph of energy ratios for electrons and ions over time, with electrons decreasing and ions increasing, referencing Equations 14 and 15.]FIGURE 5 | (a) Temporal evolution of the electron energy distribution in the 2D PIC simulation. The vertical axis is in logarithmic scale. (b) Temporal evolution of the average energy Eav of electrons whose energies are above 0.2 MeV (filled circles) and the slope temperature Te of fast electrons (crosses). Te is obtained by the fitting of the energy distributions as the black dotted lines in (a) with Maxwell distributions proportional to exp(−Ee/Te). The dotted line in (b) is a fitting line of the average energy Eav using Eav=TeN/2 and Te=T0(1+((t−t0)/τ)α) for N=3, α=0.5, and t0=1  ps, which results in T0=0.11  MeV and τ=0.045  ps. (c) Temporal evolution of the smallness parameter ε obtained from the fitting line in (b). (d) Temporal evolution of the energy partition of fast ions Ui/U and fast electrons Ue/U. The arrows on the right side of the panel (d) indicate the values of Ui/U and Ue/U calculated from Equations 14, 15 for N=3 and ε at the final time of the simulation t=4.5  ps in (c).In Figure 5d, we show the temporal evolution of the energy partitions of fast electrons and fast ions in |y|≤r/2 in the 2D simulation, which are calculated using the same method as in the 1D simulation. The ion energy partition Ui/U (red) increases temporally and tends to saturate, as predicted by the theory, after approximately t=4  ps. The saturation levels of Ui/U and Ue/U derived from Equations 14, 15 are indicated by the arrows on the right side of the panel (d), where we substitute N=3 and ε=0.19, which is the final value of ε in Figure 5c, into Equations 14, 15. The simulation and theoretical results are close, but the ion energy partition Ui/U in the simulation is approximately 20% lower than the theoretical value. The reduction is due to the multidimensionality of the plasma expansion, i.e., the expansion length becomes larger than the laser spot diameter, as shown in Figure 4b during the multi-ps interaction, and also due to errors in fitting the average energy of fast electrons in Figure 5b.
4 DISCUSSION AND CONCLUSION
Equations 14, 15 can be used to predict the energy conversion efficiency ηi from laser to protons accelerated by TNSA at the rear side of the foil when the laser absorption rate from laser to plasma, ηab, is known. We assume that the absorbed energy is converted to the particle energies in the expanding plasma at the front and rear sides of the foil equally. The energy conversion efficiency to fast ions at the rear side of the foil is then written as
ηi=ηab2UiU,(17)
where Ui/U is given by Equation 14. In most cases, the rear-side plasma is occupied by protons from the contaminant layer, and thus, Equation 17 corresponds to the energy conversion efficiency from laser to protons. Equation 17 indicates that, for the multidimensional case N=3, the absorbed energy is converted to the fast protons at a rate of 1/(2+N)=1/5 at the maximum by TNSA during the laser irradiation.
For the 2D simulation in Section 3, the black line in Figure 4a indicates ηab=0.23 at a final time t=4.5  ps, and Equation 14 yields Ui/U=0.33, as indicated by the red arrow in Figure 5d. Substituting them into Equation 17, we obtain ηi=3.8 %. In the simulation, Figure 4a shows that the ratio of the total proton energy and the input energy, which is equivalent to ηi, is 4.6% at t=4.5  ps (green line). Hence, the theoretical and simulation results are in close agreement, with a relative error of 17%. Although protons gain energy further in the adiabatic expansion after the pulse irradiation, the energy gain during the pulse irradiation dominantly determines the energy conversion efficiency to protons in the kJ laser interactions [34] because of the large-scale plasma expansion within the multi-ps pulse time.
In conclusion, we derived the energy partition of fast ions and fast electrons in a foil plasma expansion under kJ relativistic laser irradiation. The expansion proceeds with the over-picosecond laser heating, and energies of both fast ions and fast electrons increase simultaneously. Based on the non-isothermal quasi-neutral plasma expansion theory in 1D geometry, we find that the energy partition between fast ions and fast electrons converges to a steady-state level on a ps timescale. The level is determined by the time dependence of the effective temperature of fast electrons and their momentum distribution dimensionality. The theory is tested by PIC simulations in 1D and 2D geometry with a large laser spot (r=25  μm). In both cases, the energy partition converges to a steady-state level close to that predicted by the theory. The derived formula can be used to predict the energy conversion efficiency to fast ions in kJ laser experiments, which is important for applications of laser-driven ion sources, such as proton radiography and plasma heating in laser fusion.
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