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Abstract

The mixing of impurities with deuterium-tritium (DT) fuel affects the energy deposition of α particles in

inertial confinement fusion (ICF). This study investigates how impurity mixing influences energy partition

during α-heating when the ion temperature (Ti) exceeds the electron temperature (Te). Two kinds of impurity

ions, beryllium (Be) and gold (Au), are considered. We conduct calculations at mixture densities of 4.15

and 415.0 g/cm3, with Te ranging from 0.1 to 100.0 keV. The average ionization degree and partial density

of each ion species are obtained through the average atom model. Results show that when the number ratio

of impurity ions to DT ions (R) reaches 0.05, the mixing of Be significantly reduces the energy partition

fraction of DT ions (ηDT). In the case of Au mixing, it occurs at R = 0.01. At fixed Te and R, the reduction

in ηDT grows slowly with Ti, while the energy partition to electrons remains independent of Ti. Meanwhile,

the heating of both impurity ions is easier than that of DT ions, with Au ions being heated faster than Be

ions. The different effects caused by the two impurities primarily originate from their distinct charge states

and masses. Our work quantitatively analyzes the influence of realistic two-temperature plasma conditions

on impurity mixing effects. The findings provide references for impurity tolerance and shell material selection

in ICF target design.
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1. Introduction

The process of α-heating, whereby fusion-born 3.54 MeV α particles deposit their energy into the deuterium-

tritium (DT) fuel, is fundamental for maintaining self-sustained plasma burning in inertial confinement fusion

(ICF) [1,2]. A quantitative understanding of α-heating is essential for the modeling of ICF, which requires

precisely calculating the stopping power of α particles in the medium. Numerous theoretical frameworks have

been proposed on this issue over the past century. In general, they can be divided into two categories. One
∗Corresponding author. E-mail: hebin-rc@163.com
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is based on the binary collision theory, and the other employs dielectric functions. Within the binary collision

framework, early models mainly adopted classical mechanics [3–5], while the development of quantum mechan-

ical methods further incorporated inelastic collision processes [6–10]. The dielectric approach was originally

introduced by Lindhard for describing stopping powers in the electron gas [11]. Later developments based on

it have also branched into classical [12] and quantum [2,13] formulations. In recent models, methods such as

the generalized Fokker-Planck equation [14] and dimensional continuation [15] have been introduced into the

calculation of stopping powers.

In the ignition target design of indirect-drive ICF, materials with low atomic number (Z) such as carbon-

hydrogen (CH), beryllium (Be) and polyimide are often used as ablators. Especially, Be shells have merits

like lower albedo and higher mass density, which make them absorb energy more efficiently and have better

tolerance to ice-layer roughness during the ablation [16]. Meanwhile, to limit radiative losses from the fuel

and enhance inertia for delaying disassembly, high-Z materials such as gold (Au) and tungsten (W) are utilized

in the double-shell ignition target design [17]. Impurities from the ablator or shell materials inevitably mix

into the central DT fuel because of hydrodynamic instabilities such as the Rayleigh-Taylor instability during

the implosion, or due to the use of chemical compounds containing hydrogen isotopes [18]. This mixing can

significantly degrade performance by absorbing energy from α particles, reducing ion heating, neutron yield, and

target gain, while increasing the ignition energy [18,19]. Utilizing the widely-used model proposed by Brown,

Preston, and Singleton Jr (BPS) [15], prior work [20,21] examined the influence of Be and uranium (U) mixed

with DT on the transport of α particles. They reported that both the range of the projectile and the energy

deposition in electrons exhibit an inverse correlation with the density and Z of the impurity particles. Our

recent study [22] investigated the electron-ion energy partition fraction during α-heating in the DT fuel mixed

with Au ions, which finds that Au impurity can drastically reduce the energy allocated to DT ions and enhance

the range of α particles. The authors proposed that the BPS model is invalid in this case, since the high charge

state of Au ions leads to a strong coupling with projectiles, while the BPS model employs the perturbation

method to deal with weakly coupled plasmas.

During the process of actual ICF implosions, electron-ion temperature non-equilibrium arises due to un-

equal α particle energy deposition caused by their different masses, in combination with energy losses from

bremsstrahlung radiation and electron heat conduction. In the self-heating stage after ignition, ions experience

higher energy deposition and have less energy loss than electrons, which leads to ion temperature exceeding

electron temperature [23]. The increase in ion temperature enhances the fusion reaction rate, which produces

more α particles and forms a positive feedback. In a series of experiments conducted on the OMEGA facil-

ity [24], the ratio of average ion temperature to average electron temperature in ICF implosions can reach about

2.56 to 4.21.

To our knowledge, analyses of impurity mixing effects on α-heating have predominantly focused on scenarios

with equal electron and ion temperatures. Owing to the mass differences among impurity ions, DT ions, and

electrons, the energy deposition of α particles differs across various plasma compositions. Furthermore, since the

stopping power of α particles in a given composition is strongly affected by its temperature, it follows qualita-

tively that two-temperature conditions will alter the effect of impurities on α-heating. Therefore, investigating

the energy deposition of α particles in two-temperature mixed plasmas is of significant importance, which is
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the primary motivation of the present study. While our previous work [22] has examined Au mixing in DT fuel

under equal electron and ion temperatures, here we are concerned with non-equal temperature conditions. Our

research can provide a quantitative understanding of how different types of impurities affect energy partition

in α-heating under various ion and electron temperature conditions. The results can serve as a reference for

impurity tolerance and shell material selection in ICF target design. In this study, we take Be and Au ions,

respectively, as representative low-Z and high-Z impurities, which are separately considered in mixture with

the DT fuel. A comparative investigation of these two elements helps us enhance the overall understanding of

impurity mixing effects on α-heating.

This paper is structured as follows. Section 2 will discuss the average ionization degree and the partial

density of each ion component in the mixtures under equilibrium conditions. In Section 3, we will briefly

introduce the methods for calculating the stopping powers and their key properties. Section 4 will present

the derived electron-ion energy partition fractions in α-heating, analyzing their trends and underlying physical

mechanisms. Section 5 will summarize the conclusions. For simplicity, D and T ions are treated as a single ion

species with equal numbers of each in this work (referred to as DT ions), yielding an effective mass number of

∼ 2.5. The density of the mixture (ρmix) is set to 4.15 and 415.0 g/cm3, which corresponds to the ion number

density of 1024 and 1026 cm−3 in pure DT plasmas, respectively. The electron temperature ranges from 0.1

to 100.0 keV. According to particle-in-cell simulation results of the National Ignition Facility (NIF) capsule

implosions [25], high-density (∼ 1026 cm−3) regions appear at the edge of the hot spot during the compression

and ignition/burn stages, while low-density (∼ 1024 cm−3) conditions are observed in the expansion stage. After

ignition, the center of the hot spot can reach temperatures near 100.0 keV. The low-temperature (∼ 0.1 keV)

environment corresponds to the hot spot periphery during the compression stage. All projectiles are α particles.

2. Plasma States in the Mixtures

The stopping power of α particles depends on the states of the mixed plasmas. Due to the sufficiently

short relaxation time of the investigated dense plasmas, we consider the electron component to be in thermal

equilibrium at the temperature Te [22]. Furthermore, all ion species including DT and impurity ions are simply

assumed to be in equilibrium at a common ion temperature Ti. In ICF plasmas, the ion temperature often

exceeds that of electrons (Ti > Te). In the following calculations, we fix Te at selected values within the range

of 0.1 to 100.0 keV, and for each we choose a series of Ti above Te but not exceeding 100.0 keV, so as to more

clearly identify the trends of impurity mixing effects under varying two-temperature conditions. DT ions are

taken as fully ionized over the temperature range of 0.1-100.0 keV, which corresponds to an average ionization

degree of 1.0. For impurity ions, their average ionization degrees are calculated through the Hartree-Fock-Slater

approach based on the average atom model [26]. The derived average ionization degrees of Be (< ZBe >) and

Au (< ZAu >) are shown in Figure 1. For Be ions, the ionization degree is ∼ 3.4 when ρBe = 4.15 g/cm3 and

Te = 0.1 keV, and it becomes close to 4.0 under other conditions. This signature suggests that Be ions are

almost fully ionized over the studied temperature range. In contrast, < ZAu > rises rapidly between 0.1-5.0 keV

and approaches 79.0 at higher temperatures, which indicates the presence of bound electrons when Te is low.

At the density of 415.0 g/cm3 and low temperatures, < ZBe > and < ZAu > can exceed their corresponding

values at 4.15 g/cm3, which may be attributed to the pressure ionization [27].
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Fig. 1. Average ionization degrees of Be (< ZBe >, the red curves) and Au (< ZAu >, the blue curves) ions varying

with the electron temperature Te, calculated from the average atom model. The solid curves with squares and the

dashed curves with circles mark the results when densities of Be (ρBe) and Au (ρAu) are equal to 4.15 g/cm3 and

415.0 g/cm3, respectively.

Here we discuss the composition of the plasma mixture under equilibrium conditions. Following prior

work [22], the partial density of an ionic species s (ρs) can be defined as the ratio of its mass to the volume

it occupies within the mixture. Besides, the total density (ρmix−s) is defined as the mass divided by the total

volume of the mixture. Correspondingly, one can define the partial and total number densities (ns and nmix−s)

for species s. The degree of mixing R is given by the total number density of impurity ions relative to that of DT

ions, which also equals the corresponding ratio of their particle numbers in the mixture. Generally, the number

of hot impurity ions entering the DT fuel region is expected to be much smaller than that of DT ions. Using

measured data including X-ray emission, neutron yield, and hot spot temperature, Ma et al. [19] estimated the

percentage of atomic CH mixed into the DT fuel in ICF experiments conducted at the NIF. The derived values

typically range from approximately 0% to 5%. Therefore, we adopt R = 0.001, 0.01, and 0.05 in the following

calculations. For the situation of Be mixing, R = 0.05 corresponds to an impurity mass fraction of 0.18. When

the impurity is Au ions, the mass fraction becomes 0.80.

According to the average atom model [26], the total volume of the mixed plasma equals the sum of volumes

occupied by its individual components. Moreover, from the condition of thermodynamic equilibrium under

Fermi-Dirac statistics, the chemical potentials of all components in the mixture are equal. This suggests that

the number densities of free electrons ionized by them are also equal. Based on the aforementioned conditions,

the following relationships are derived for the case of Be mixing: 2.5+9R
ρmix

= 2.5
ρDT

+ 9R
ρBe

and ρDT
2.5 = ρBe

9 · < ZBe >,

in which the mass number of Be ions is taken as 9. For the case of Au mixing, similar expressions can be

established: 2.5+197R
ρmix

= 2.5
ρDT

+ 197R
ρAu

and ρDT
2.5 = ρAu

197 · < ZAu >, where 197 is the mass number of Au ions [22].

Thus, we can calculate the partial densities ρDT and ρBe (or ρAu) at different ρmix, Te and R. The stopping

power of each component can be further determined.
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3. Calculation Methods and Properties of the Stopping Power

In this study, the stopping power is defined as: SP = dE
nsdx , where ns denotes the number density of plasma

species s, and dE the energy loss of the projectile when it moves a distance dx in plasmas due to collisions with

particles of species s.

For Be and Au plasmas, the nuclear stopping power is calculated using the model developed by He and

Wang [28]. Based on the binary collision theory [5,29] and employing the potential given by the average atom

model [26], it accurately captures the negative nuclear stopping power that occurs when the projectile energy

falls below the ion temperature. This model agrees well with the binary collision model that uses a corrected

Coulomb logarithm in high-Z plasmas. For low-Z conditions, its results reduce to those given by the conventional

binary collision model [5,28]. Throughout the considered temperature range, Be ions are treated as fully ionized,

whereas Au ions are partially ionized at lower temperatures. Consequently, the electronic stopping power in the

Be plasma only results from free electrons, while for the Au plasma it includes contributions from the impact

excitation and ionization of bound electrons, along with their inverse processes. The stopping power caused

by free electrons is evaluated using the quantum dielectric function [13], which introduces the Bose statistics

to account for the projectile recoil effect. This approach ensures the end of heating when the projectile energy

is lower than the electron temperature, and can well reproduce the results given by the recommended Jackson

model [10,30]. For contributions from bound electrons, we adopt the model of He and Wang [10], which uses

the first-order Born approximation based on the relativistic average atom model [27]. The derived cross sections

show good agreement with results from solving the time-dependent Schrödinger equation over a wide range of

projectile energies. This model also successfully explained the experimental energy loss data in partially ionized

plasmas [31,32].

The calculated nuclear stopping power for Be and Au plasmas when Te = 5.0 keV and Ti > Te are shown

in Figures 2a and 2b. The density is set to be 4.15 g/cm3 as an example. The nuclear stopping power increases

rapidly with the projectile energy Ep at low energies for all Ti. Then it reaches a peak and gradually decreases

to near 0. As Ti increases, the peak height decreases, while the corresponding peak position shifts to higher

Ep. When the projectile energy is sufficiently high (e.g., Ep ≥ 100 keV/u for Be and Ep ≥ 50 keV/u for Au),

the nuclear stopping power curves at different Ti gradually converge and eventually coincide, becoming almost

independent of Ti. This is because in this case the velocity of the projectile is much higher than that of the

target ions. Henceforth such Ep range is referred to as the asymptotic region [22]. The electronic stopping

power increases monotonically with Ep and shows no dependence on Ti, since the mass of electrons is too small

compared with that of ions. The ionic component dominates the total stopping power only over a limited range

of Ep. Its contribution diminishes as Ti increases. Under the circumstance of Ti = Te, the nuclear stopping

power is about 0 when the total projectile energy is comparable to Te [22]. In the investigated two-temperature

plasmas, this energy grows with Ti, and it is larger than the value when Ti = Te = 5.0 keV. Compared to the

nuclear stopping power in Be plasmas (SPBe−i, Figure 2a), that in Au plasmas (SPAu−i, Figure 2b) is larger

due to the higher charge state of Au ions. Moreover, at the same Ti, the peak of SPAu−i corresponds to a lower

Ep, which can be attributed to the smaller thermal velocity of Au ions. For the same reason, the Ep value at

which SPAu−i = 0 is also lower than that at which SPBe−i = 0. For the case in which the density is 415.0 g/cm3,

the behaviors of relevant stopping powers are similar with those shown in Figures 2a-2b. However, since the
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radius of the ion sphere where the average atom is enclosed becomes shorter, SPBe−i and SPAu−i are smaller

at the same temperature. The electronic stopping powers (SPBe−e and SPAu−e) are also smaller, because the

screening from target electrons is stronger at higher number densities.
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Fig. 2. (a) Nuclear stopping power SPBe−i for α particles moving in Be plasmas varying with the projectile energy

Ep, when ρBe = 4.15 g/cm3 and Te = 5.0 keV. The colors and symbols of curves mark different ion temperatures

Ti. The curve with open circles represents electron stopping power SPBe−e. (b) Similar to (a) but for α particles

moving in Au plasmas. (c) Similar to (a) but for α particles moving in DT plasmas.

For the DT plasma, the stopping power is calculated from the model proposed by He et al. [2]. It treats

the plasma as an ion-electron two-component system to consistently incorporate the plasma polarization [33]

and the projectile recoil [13]. Comparisons by He et al. [2] with the model proposed by Li and Petrasso [14]

and the BPS model [15] demonstrate good agreement and reliable performance of this model for a wide range

of plasma temperatures and densities.

The stopping power in the DT plasma exhibits similar characteristics to those discussed above, as shown

in Figure 2c. Since DT ions are fully ionized, their electronic stopping power SPDT−e is entirely contributed by

free electrons. As for the nuclear stopping power SPDT−i, it also rises rapidly from 0 with increasing Ep, reaches

a peak, and then gradually decreases toward near 0. At a fixed electron temperature, SPDT−i decreases as Ti

enhances, with its peak moving to higher Ep. When compared with SPBe−i and SPAu−i, the peak in SPDT−i is

located at larger Ep under the same conditions, owing to the smaller mass and hence higher thermal velocity

of DT ions. The SPDT−i curves with various Ti enter the asymptotic region at high Ep as well. The value of

SPDT−i is smaller than SPBe−i and SPAu−i, which results from the lower charge state of DT ions. Additionally,

SPAu−i/79.0 is always smaller than SPDT−i. This is because the screening of the nuclear potential by electrons

in the average-atom model weakens the interaction between the projectile and the target ion [22]. SPBe−i/4.0,

however, can be either higher or lower than SPDT−i, which demonstrates that the electron screening in Be is less

effective than that in Au. The fact that some SPBe−i/4.0 values exceed those of SPDT−i may also be attributed

to the different nuclear stopping power models applied to the impurity and DT ions in this study.

4. Electron-Ion Energy Partition in the Mixed Plasmas
Table 1. The energy partition fraction of DT ions, electrons and Be ions multiplied by 100, when ρmix = 4.15 g/cm3 and

Ti > Te. Here the symbols DT, e, and Be represent 100ηDT, 100ηe, and 100ηBe, respectively.
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Te [keV] Ti [keV]
R = 0.0 R = 0.001 R = 0.01 R = 0.05

DT e DT e Be DT e Be DT e Be

1.0

5.0 3.54 96.3 3.53 96.3 0.01 3.42 96.3 0.13 2.99 96.3 0.55

10.0 3.24 96.4 3.22 96.4 0.01 3.12 96.4 0.13 2.71 96.4 0.55

30.0 2.32 96.7 2.31 96.7 0.01 2.23 96.6 0.11 1.93 96.6 0.47

50.0 1.82 96.5 1.81 96.5 0.01 1.75 96.5 0.09 1.52 96.4 0.40

5.0

10.0 13.2 86.4 13.2 86.4 0.05 12.7 86.4 0.52 11.1 86.3 2.24

30.0 12.1 86.8 12.1 86.8 0.05 11.7 86.8 0.53 10.1 86.6 2.27

50.0 10.9 87.4 10.9 87.4 0.05 10.5 87.3 0.51 9.02 87.1 2.19

10.0
30.0 21.8 77.2 21.7 77.2 0.10 20.9 77.2 0.93 18.1 77.0 3.98

50.0 20.6 77.7 20.5 77.7 0.10 19.8 77.6 0.94 17.0 77.3 3.98

Table 2. The energy partition fraction of DT ions, electrons and Au ions multiplied by 100, when ρmix = 4.15 g/cm3 and

Ti > Te. Here the symbols DT, e, and Au represent 100ηDT, 100ηe, and 100ηAu, respectively.

Te [keV] Ti [keV]
R = 0.0 R = 0.001 R = 0.01 R = 0.05

DT e DT e Au DT e Au DT e Au

1.0

5.0 3.54 96.3 3.45 96.3 0.10 2.44 96.7 0.70 1.08 97.2 1.51

10.0 3.24 96.4 3.04 96.3 0.09 2.10 96.7 0.65 0.89 97.2 1.37

30.0 2.32 96.7 2.17 96.3 0.08 1.44 96.6 0.56 0.58 96.9 1.14

50.0 1.82 96.5 1.71 96.4 0.08 1.13 96.5 0.52 0.45 96.7 1.05

5.0

10.0 13.2 86.4 12.4 86.5 0.56 8.20 87.6 3.64 3.34 88.8 7.28

30.0 12.1 86.8 11.2 86.8 0.57 7.16 87.8 3.61 2.76 88.9 6.91

50.0 10.9 87.4 10.2 87.4 0.60 6.32 88.2 3.66 2.37 89.1 6.74

10.0
30.0 21.8 77.2 20.2 77.4 1.03 13.1 78.9 6.59 5.14 80.6 12.8

50.0 20.6 77.7 19.2 77.8 1.11 12.1 79.2 6.80 4.64 80.8 12.7

We now examine the effects of impurity mixing by calculating the electron-ion energy partition fractions

in the two-temperature mixed plasmas. According to previous studies [2,22,34], the energy partition fractions

for DT ions, electrons, and impurity ions can be defined as: ηDT =
∫ E0
Em

τDT(Ep)dEp
E0

, ηe =
∫ E0
Em

τe(Ep)dEp
E0

, and

ηIP =
∫ E0
Em

τIP(Ep)dEp
E0

, in which IP represents Be or Au in this work. The integrands for the above equations

are given by: τDT = SPDT−i
(SPDT−i+SPDT−e)+R(SPIP−i+SPIP−e)

, τe = SPDT−e+R·SPIP−e
(SPDT−i+SPDT−e)+R(SPIP−i+SPIP−e)

, and τIP =

R·SPIP−i
(SPDT−i+SPDT−e)+R(SPIP−i+SPIP−e)

. The upper integration limit, E0 = 885 keV/u, corresponds to the birth

energy of α particles in DT fusion. The lower limit Em is the Ep at which α-heating ends, ensuring that all the

stopping powers remain positive within the integration domain. For R = 0 and R → +∞, the definition of the

energy partition fraction reduces to the cases of pure DT plasmas and pure impurity plasmas, respectively.

Based on the expressions above, we calculated the energy partition of α-heating in the mixtures when

Ti > Te. The results for Be-mixed and Au-mixed cases at ρmix = 4.15 g/cm3 are presented in Tables 1 and 2,

respectively. For both cases, ηDT decreases with R for fixed Te and Ti. In the DT-Be mixture, the decline is

gradual within the range of R ≤ 0.01. For the DT-Au mixture, this range is R ≤ 0.001. A significant (> 10%)

drop in ηDT occurs as R takes larger values. In other words, the mixing of Be ions has a strong influence on ηDT

when R ≥ 0.05, while Au mixing does so at a lower concentration of R ≥ 0.01. This difference is caused by the

higher charge state and consequently greater stopping powers of Au ions relative to Be ions, as shown in Figures

2a-2b. The energy partition fractions of ions, including ηDT, ηBe and ηAu, rise up with Te when both Ti and R
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are fixed, due to the rapid decreasing of the electronic stopping powers with Te. The sum of energy partition

fractions in both Tables 1 and 2 is always smaller than 1. This is attributed to the fact that the heating stops

when Ep falls to Em, so the energy of α particles cannot be fully transferred to the target ions.

To investigate the tendency for ηDT to vary with Ti, we define the reduction percentage resulting from the

impurity mixing as: β = 1 − ηDT(R ̸=0)
ηDT(R=0) . Figure 3 shows the calculated β at different Te and R. All the curves

in both cases share a similar shape, which indicates the dependence of β on Ti is almost unaffected by Te and

R. The β value in the DT-Be mixture remains around 0.04 at R = 0.01, while it varies between 0.15 and 0.18

at R = 0.05 (Figure 3a). In the case of Au mixing, β already reaches 0.3 to 0.4 at R = 0.01 and can exceed 0.7

with R increasing to 0.05 (Figure 3b). This characteristic is consistent with the behavior of ηDT presented in

Tables 1 and 2, which is attributed to the distinct charge states of impurity ions.
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Fig. 3. (a) Parameter β = 1 − ηDT(R ̸=0)
ηDT(R=0)

varying with Ti in the case of Be mixing when ρmix = 4.15 g/cm3. The

curves with solid and empty symbols show the results of R = 0.01 and 0.05, respectively. The blue, red and black

curves give the results when Te = 1.0 keV, 5.0 keV and 10.0 keV, respectively. (b) Similar to (a) but in the case of

Au mixing.

Parameter β in Figure 3 increases slowly in a narrow range along with the huge increasing of Ti at fixed Te

and R. To understand this behavior, we examine the integrand τDT(Ep) at different Ti when ρmix = 4.15 g/cm3

and Te = 5.0 keV (Figure 4). In both Be-mixed and Au-mixed cases, the value of τDT at R = 0 (no mixing) is

larger than that at R = 0.01. The curves for two R values in Figure 4a show little difference, while a notable

discrepancy is observed in Figure 4b. This also demonstrates that Au mixing already has a pronounced effect

on the energy partition of DT ions at R = 0.01, but the influence of Be mixing remains limited under this

condition. Figure 4 indicates that the Ep value contributing to the majority of the integral in the expression of

ηDT lies within the range of ∼ 75 to 885 keV/u. Taking R = 0.01 as an example, the contribution from this

energy range to ηDT at Ti = 10.0, 30.0, and 50.0 keV is about 58%, 63%, and 69% for the DT-Be mixture,

whereas it is about 54%, 62%, and 69% for the DT-Au mixture. According to Figure 2, the stopping powers

related to ηDT show little variation with Ti at fixed Te over the range of ∼ 75 to 885 keV/u, which is close to

the asymptotic region. Therefore, the τDT determining the majority of ηDT is almost independent of Ti. This

appears as the coincidence of τDT curves across different Ti values over this energy range in Figure 4. As for the

rest part of Ep, its contribution to ηDT under both R = 0 and R = 0.01 conditions varies synchronously with
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Ti. Consequently, the changes from this part cancel each other out in the expression of β when Ti is altered.

The aforementioned reasons together result in the observed weak dependence of β on Ti.
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Te=5.0 keV

(b)

DT+A 
ρmix=4.15 g/cm3
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R=0.01, Ti=30.0 keV
R=0.01, Ti=50.0 keV
R=0, Ti=10.0 keV
R=0, Ti=30.0 keV
R=0, Ti=50.0 keV

Fig. 4. (a) Parameter τDT varying with Ep in the case of Be mixing, when ρmix = 4.15 g/cm3 and Te = 5.0 keV.

The curves with empty and solid symbols show the results of R = 0.01 and 0, respectively. The red, blue and black

curves give the results of Ti = 10.0 keV, 30.0 keV and 50.0 keV, respectively. (b) Similar to (a) but in the case of

Au mixing.

We next focus on ηe in Tables 1 and 2. It can be seen that ηe is insensitive to Ti when Te and R are

fixed. The integrand τe(Ep) at ρmix = 4.15 g/cm3, Te = 5.0 keV, and R = 0.05 is illustrated in Figure 5 to

aid interpretation. For all values of Ti, the dominant contribution to ηe comes from the Ep range of ∼ 100 to

885 keV/u. In the Be-mixed case, this part contributes 96%, 95%, 95%, and 95% of the integral at Ti = 10.0,

30.0, 50.0, and 100.0 keV, respectively. For the Au-mixed case, the corresponding contribution is 95% at all given

Ti. Figure 5 suggests that τe remains almost independent of Ti in this energy range. The reason responsible for

this phenomenon is that, the nuclear stopping powers relevant to ηe calculation have entered their asymptotic

regions according to Figure 2, while the electronic stopping powers do not depend on Ti. Therefore, the areas

surrounded by different curves between ∼ 100 and 885 keV/u in Figure 5 are almost equal, which dominates ηe

in the entire range of Ep.

In Table 1, ηe shows little variation with R when Te and Ti are fixed. However, Table 2 exhibits a gradual

increase in ηe with R. To understand this difference, we also investigate how τe varies with R. Following the

definition, τe = 1
1+b(Ep,Te,R) , in which parameter b(Ep, Te, R) = SPDT−i+R·SPIP−i

SPDT−e+R·SPIP−e
= SPDT−i

SPDT−e
· 1+(SPIP−i/SPDT−i)R
1+(SPIP−e/SPDT−e)R

and IP = Be,Au. Hence, the monotonic relationship between τe and R depends on the relative magnitude of

coefficients SPIP−i/SPDT−i and SPIP−e/SPDT−e. In the Be-mixed case, the two ratios are very close, which

keeps b(Ep, Te, R) and τe nearly independent of R. For the DT-Au mixture, SPAu−i/SPDT−i is smaller than

SPAu−e/SPDT−e. This makes b(Ep, Te, R) decrease slowly with R rising, resulting in a gradual increase in τe

and ηe.
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Fig. 5. (a) Parameter τe varying with Ep in the case of Be mixing, when ρmix = 4.15 g/cm3, Te = 5.0 keV, and

R = 0.05. The colors and symbols of curves mark different Ti. (b) Similar to (a) but in the case of Au mixing.

The energy partition fraction of impurity ions is also insensitive to Ti when Te ≥ 5.0 keV, since all the

related stopping powers enters their asymptotic regions in the energy range dominating the integral as discussed

above. However, when Te = 1.0 keV, ηBe decreases 31% and 27% with Ti varying from 5.0 to 50.0 keV when

R = 0.01 and 0.05, while ηAu reduces 26% and 30%. We find that at low Te, the Ep range over which nuclear

stopping powers significantly affect the energy partition fractions becomes much narrower with increasing Ti.

This makes ηBe and ηAu sensitive to Ti when Te = 1.0 keV.

The results of ρmix = 415.0 g/cm3 are also investigated. For the sake of briefness, we present the scopes

for 100β to vary with Ti from the minimum value that satisfies Ti > Te to 50.0 keV at fixed Te in Table 3. The

data under two density conditions are close to each other, and their variations with R, Te, and Ti are similar

to those seen in Figure 3. For the Be-mixed case, 100β at ρmix = 415.0 g/cm3 is nearly identical to that at

ρmix = 4.15 g/cm3. In contrast, for the Au-mixed case, the values at higher ρmix is slightly lower. As suggested

by Figure 1, within the studied Te range, < ZBe > is similar under both density conditions, whereas < ZAu >

is significantly lower at the higher density. Thus, at ρmix = 415.0 g/cm3, the lower charge state of Au ions gives

rise to a smaller nuclear stopping power, which in turn causes a weaker reduction in ηDT and results in a lower

β value.

We define a parameter γ = ηIP
ηDTR to characterize the energy gained by each impurity ion compared to that

by each DT ion on average during α-heating. Our calculations show that it is weakly dependent on R, which

is consistent with the conclusion in the reference [22]. We give the scopes for γ to change with Ti at R = 0.01

in Table 3 as well. In the case of Be mixing, the γ value varies in a small range between 3.72 and 5.73. At

fixed Te, γ shows a slow enhancement with Ti. With increasing Te, the scope of γ shifts, exhibiting a slightly

raised lower limit and a reduced upper limit. In the Au-mixed case, γ is much larger, which also results from

the higher charge state of Au ions. When ρmix = 4.15 g/cm3 and Te = 1.0 keV, γ changes from 29.0 to 47.0 as

Ti increases from 5.0 to 50.0 keV. With Te increasing to 5.0 and 10.0 keV, it rises further to the range of 45.0

to 56.0. When ρmix = 415.0 g/cm3 is considered, the results are similar, except that γ takes a slightly lower

value than under the low-density condition. The rise of γ with Ti is attributed to the earlier entry of SPIP−i

into its asymptotic region compared to SPDT−i. This leads to a situation in which SPIP−i changes very few
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with Ti while SPDT−i falls with Ti. The disparity between asymptotic regions of SPAu−i and SPDT−i is more

pronounced, which explains the steeper increase of γ with Ti in the DT-Au mixture. The increment of γ with

Te is driven by the increasing of < ZAu > in hot plasmas, while its suppression at higher ρmix is again caused

by the lower < ZAu > under the dense condition.

Table 3. Scopes for 100β and γ = ηIP
ηDTR

(IP = Be,Au) to vary with Ti from the minimum value satisfying Ti > Te to 50.0 keV,

at Te = 1.0, 5.0, and 10.0 keV for ρmix = 4.15 g/cm3 and 415.0 g/cm3. For 100β the values at R = 0.01 and 0.05 are shown, while

for γ the values at R = 0.01 are presented.

Be Mixing

ρmix [g/cm3] 4.15 415.0

Te [keV] 1.0 5.0 10.0 1.0 5.0 10.0

100β
R = 0.01 3.54 ∼ 3.88 3.66 ∼ 4.07 3.97 ∼ 4.12 3.42 ∼ 3.91 3.66 ∼ 4.08 4.00 ∼ 4.16

R = 0.05 15.5 ∼ 16.8 15.9 ∼ 17.4 17.0 ∼ 17.6 15.0 ∼ 16.9 15.9 ∼ 17.5 17.2 ∼ 17.8

γ [R = 0.01] 3.72 ∼ 5.32 4.07 ∼ 4.89 4.45 ∼ 4.73 4.11 ∼ 5.73 4.35 ∼ 5.09 4.73 ∼ 4.99

Au Mixing

ρmix [g/cm3] 4.15 415.0

Te [keV] 1.0 5.0 10.0 1.0 5.0 10.0

100β
R = 0.01 32.6 ∼ 37.9 37.4 ∼ 42.0 39.1 ∼ 41.3 29.5 ∼ 37.9 34.4 ∼ 39.8 38.0 ∼ 39.6

R = 0.05 70.2 ∼ 75.3 74.5 ∼ 78.3 76.1 ∼ 77.5 66.4 ∼ 75.3 71.3 ∼ 76.1 74.7 ∼ 76.1

γ [R = 0.01] 29.0 ∼ 47.0 45.0 ∼ 48.0 50.0 ∼ 56.0 27.0 ∼ 44.0 43.0 ∼ 49.0 46.0 ∼ 51.0

5. Conclusions

In this study, we investigate the influence of impurity mixing with ICF DT plasmas on α-heating when

the ion temperature is higher than the electron temperature (Ti > Te), by calculating the electron-ion energy

partition in the mixtures. Two kinds of impurity ions, Be and Au, are considered, which are taken as examples

of low-Z and high-Z materials, respectively. We study two mixture densities of 4.15 and 415.0 g/cm3, which

correspond to ion number densities of 1024 and 1026 cm−3 in pure DT plasmas, respectively. Te ranges from

0.1 to 100.0 keV in our work. The partial densities of DT and impurity ions in the mixture are derived

under thermodynamic equilibrium using the average atom model. The nuclear stopping power in the impurity

plasma is calculated using the binary collision model based on the average atom model potential [28]. The

stopping power contributed by free electrons is obtained through the quantum dielectric function that includes

the projectile recoil effect [13]. The contribution from bound electrons is computed via the first-order Born

approximation based on the relativistic average atom model [10,27]. We apply the model developed by He et

al. [2] to calculate stopping powers in DT fuels, which combines the projectile recoil and the plasma polarization

together in electron-ion two-component plasmas. The results are summarized as follows.

1. When the degree of mixing (R) reaches 0.05, Be mixing reduces the energy partition fraction of DT ions

(ηDT) by approximately 15% to 18%, while Au mixing can induce a drop exceeding 30% even at R = 0.01.

2. The reduction percentage of ηDT increases slowly with Ti at fixed Te and R. Meanwhile, its dependence

on Ti is insensitive to Te and R.
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3. The energy partition fraction of electrons is independent of Ti for fixed Te and R. Besides, it varies weakly

with R in the Be-mixed case, while a gradual increase with R is observed in the Au-mixed case.

4. The energy partition fraction of impurity ions decreases with Ti at Te = 1.0 keV, but its variation becomes

much smaller at higher Te.

5. The relative energy gain of each Au ion over each DT ion on average is greater than that of a Be ion, and

this ratio increases slowly with Ti at fixed Te.

We have evaluated the extent of the impact of different impurities under two-temperature conditions based

on the calculation results, which suggest that Au mixing is more harmful to the self-sustained burning in ICF

than Be mixing, especially at high ion temperatures. Moreover, when ions are hotter, the energy partition for

the DT fuel becomes smaller at a fixed electron temperature. The different charge states of ions lead to the

fact that Au ions are heated more readily by α particles than Be ions, and Be ions more so than DT ions.

This differential heating could result in temperature differences among the plasma species, which would be

the topic of our next study. It should be noted that, in this work we only compute the stopping powers and

energy partition in mixed plasmas under the assumption of equal ion temperatures, but we do not model the

subsequent species-dependent temperature evolution arising from different energy gains.

The usage of the average atom model do not affect the conclusions of this work. The average ionization

degrees of Be and Au ions are governed by the electron temperature, and the interactions between ion spheres

neglected by the model have minor influences on the calculations. We previously applied the same model

to compute the average ionization degree in solid-density Be plasmas [32], and the results agreed well with

experimental measurements. Besides, the ionization degree mainly affects the bound electron stopping power in

the investigated mixture system, which has limited influences on the calculation of energy partition fractions.

We also employed the same model to calculate stopping powers in partially ionized Aluminum plasmas [31] and

solid-density Be plasmas [32]. The results again showed good agreement with experiments, which indicates that

the uncertainties associated with the choice of the atomic model are negligible. In addition, several stopping

power models over a broad range of density, temperature, ionization state, and atomic number are combined

in our calculations. For the investigated hot dense DT plasmas, the recoil effect of the projectile and the

polarization effect between DT ions and electrons are non-negligible. We adopt the dielectric model based on

the two-component plasma [2], which can better handle the aforementioned effects. For the impurity ions, their

charge states are significantly higher than those of DT ions (especially for Au ions), which leads to stronger

coupling with the incident α particles. In such cases, the BPS model and the dielectric model, both of which

are based on perturbation theory, are no longer applicable. Therefore, we choose the binary collision model

based on the non-perturbative approach [28] to compute the nuclear stopping power of impurity ions. For the

free electrons in the impurity plasmas which have low charge states, we describe their stopping power using

a dielectric formalism similar to that for the DT plasmas [13]. For the partially ionized dense Au plasmas,

we use the first-order Born approximation [10] based on the relativistic average atom model [27] to calculate

the stopping power due to inelastic collisions with bound electrons. In strongly coupled and degenerate dense

plasmas, the average atom model provides a good description of the screened Coulomb interaction potential.

Moreover, this model allows a detailed treatment of atomic processes in the plasma. As mentioned before, the
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results given by our model agreed well with experiments [31,32]. The above discussions validate that our models

are suitable for addressing the hot dense mixed plasmas considered in this study. A limitation of our current

models is the reduced accuracy for the inelastic collision stopping power at low and intermediate projectile

energies, which arises from the usage of the first-order Born approximation. The development of high-order

Born approximation methods is needed in future work to achieve better accuracy in this regime.

In the calculation of energy partition fractions in mixed plasmas, we combine the stopping contributions

of DT and impurity components using their separately calculated stopping powers. We believe that the effect

of mixing on the calculation of stopping powers is relatively weak through qualitative analysis. According to

our calculations using the average atom model based on single element and comparisons with experimental

results [10,31,32], the primary factors affecting stopping powers are the plasma temperature, density, and the

corresponding average ionization degree, while the influences of electron correlation and atom correlation are

negligible. Besides, the dominant contribution of the energy partition fraction arises from the free electron stop-

ping power. The correlation effects induced by mixing do not alter the final outcomes. Therefore, we conclude

that for mixed plasmas, despite the changes in electron response and inter-species correlations introduced by

mixing, these effects are not dominant factors affecting the stopping powers, and their impact on the energy

partition results is minor. Although we are unable to quantitatively assess the influence of mixing-induced

correlation effects on stopping powers currently, density functional theory [35] may offer a viable approach.

However, the substantial computational cost makes this method challenging. To the best of our knowledge,

no such study has been reported to date. The findings of this study offer insights for future investigations on

the temperature relaxation process in hot dense plasmas. They also contribute to the accurate modeling of

controlled fusion and provide practical references for ICF ignition target design.
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