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The nuclear plus interference scattering (NIS) effect on the stopping power of hot dense beryllium (Be) plasma
for multi-MeV protons is theoretically investigated by using the generalized Brown-Preston-Singleton (BPS)
model, in which a NIS term is taken into account. The analytical formula of the NIS term is detailedly derived.
By using this formula, the density and temperature dependence of the NIS effect is numerically studied, and the
results show that the NIS effect becomes more and more important with increasing the plasma temperature or
density. Different from the cases of protons traveling through the deuterium-tritium plasmas, for a Be plasma,
a prominent oscillation valley structure is observed in the NIS term when the proton’s energy is close to
Ep = 7 MeV. Furthermore, the penetration distance is remarkably reduced when the NIS term is considered.
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I. INTRODUCTION

The problem of the stopping power of charged particles
in dense plasmas is of considerable interest for many fields
of modern physics, including astrophysics, fusion physics,
condensed-matter physics, and other related fields [1]. In-
creasing efforts have been devoted to understanding the
physical properties involved in the stopping power. As a
consequence, many theoretical models for the stopping power
have been developed. The first classical theoretical model
about the energy loss of ions in matter may be proposed
by Bohr in 1913 [2], followed by Bethe and Bloch using
perturbative quantum-mechanical calculations [3]. Later, more
elaborate approaches beyond the perturbation theory were also
developed [4]. For example, Brown, Preston, and Singleton
developed a dimensional continuation method, in which both
short- and long-distance physics are taken into account by
the Boltzmann and the Lenard-Balescu equations [5]. A
method of coupled mode energy relaxation rate [6–9] has
also been derived, in which the effects of particle screening,
electron degeneracy, and correlations between electrons and
ions are considered via local field corrections. This approach
could be regarded as an extension of the Fermi golden rule
approach [10], in which the dynamics of electronic and
ionic subsystems are treated independently. By now, ion
stopping in cold matter is relatively well understood with
abundant experimental data and several available simulation
codes [11,12].

However, because of various theoretical and experimental
challenges, ion stopping in ionized plasmas is far from being
understood. Only a few experimental data have been collected.
The advanced progresses of the OMEGA laser facility at
University of Rochester, USA [13–15], the PHELIX laser
facility at GSI Helmholtzzentrum für Schwerionenforschung,
Germany [16,17], and the ITEP facility at Institute for
Theoretical and Experimental Physics, Russia [18] enable an
investigation of the ion energy loss in a hot dense plasma.
Recently, the stopping power of protons in a warm dense
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beryllium (Be) plasma with solid-density and an electron
temperature of 32 eV has been measured successfully on
the OMEGA laser facility [14]. The experimental data,
in contrast, cannot be perfectly explained by the present
theoretical models [4,5,19]. More recently, the stopping of
ions produced in the nuclear reactions in weakly coupled
fusion plasmas has also been quantitatively measured [15],
and the experimental results generally support the predictions
of the Brown-Preston-Singleton (BPS) [5] and Li-Petrasso
models [19]. The diagnostics of plasmas with ions [20]
are arising applications that require a good understanding
of the beam-plasma interaction. In order to predict inertial
confinement fusion (ICF) [21,22], the stopping power of dense
plasma is one of many quantities that must be calculated
accurately.

To our knowledge, most of the present models for the
stopping power focus on the Coulomb scattering (CS) con-
tributions, but many other important physical effects were
ignored. Recently, the mixing effect of deuterium-tritium (DT)
plasmas [13,23–30] with Be, gold, as well as uranium has
been extensively studied [31–34]. DT neutron yield and ion
temperature decrease abruptly when the hot spot mix mass
increases above several hundred nanogram in the indirect-drive
ICF experiments. It has also been found that the high-Z plasma
from the inner side of the hohlraum blow-off results in low
mode number implosion asymmetries [32]. During the ignition
period of DT fuel in the indirect-driven ICF experiments, the
energy loss of charged particles in the DT capsule should be
influenced remarkably by the plasmas from the inner-side of
hohlraum because of its admixture with DT plasma.

In addition, the nuclear plus interference scattering (NIS)
effect should be very important during the implosion dynam-
ics. This is because the experimental measured differential
scattering cross sections for muti-MeV particles on nuclei
mainly include three components: (i) the CS component, (ii)
the nuclear scattering component, and (iii) the component
denoting interference between these two processes. If one
focuses on the analysis of collisional phenomena, the dominant
process in the energy deposition of charged particles traveling
in plasmas is the small-angle CS [15]. If the energy of
the projected particle is high enough (multi-MeV) and the
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temperature of the background hot dense plasma is relatively
higher than several tens keV, however, the minimum distance
can be of the order of the nuclear force range. At this condition,
NIS will take place and the energy of the projected particle
is deposited directly to the ion species in the background
plasmas [35,36]. This is because the CS time is relatively
long. Multi-MeV charged particles, such as the 14.6 MeV
proton produced in the fusion reaction D + 3He →4He +p,
can undergo several NIS collisions with the background ions
before reaching thermal energies.

The CS constitutes the dominant energy deposition process,
and is modeled by a large cross section and small energy
transfer [5,15]. While the NIS is a non-Coulombic, large-
energy-transfer scattering process. The effect of NIS on the
energy deposition of several fast particles passing through a D

plasma has been first studied by Devaney and Stein [37]. In the
modern conceptual designs of next generation fusion devices,
a particle-beam with energy of multi-MeV is considered to be
used. For instance, the design of advanced fast ignition [38]
experiments on upgraded facilities (OMEGA-EP, FIREX,
and HIPER) [39–42] requires more accurate and realistic
studies of energy deposition and ignition. In this case, the
NIS effect on energy deposition of beam particles should not
be ignored comparing with those due to CS. The stopping
of fast electrons in fusion plasmas has been theoretically
discussed [43–45]. Recently, Mahdavi and Koohrokhi [46]
calculated the NIS effect on the energy loss and penetration of
multi-MeV protons into a uniform DT plasma. The interaction
of a quasi-monoenergetic proton beam with a pre-compressed
inertial fusion fuels has also been studied based on a kinetic
model including the effect of NIS [47]. The maximum proton
energies above 85 MeV with high particle numbers has also
been successfully realized in the most recent experiment [48].
With the advanced progress of the National Ignition Facility
(NIF) [49–51], it is possible for the studies of hot dense
plasmas with electron densities exceeding 1025 cm−3 and
temperatures up to tens keV. These developments of techniques
may give the possibility to study the NIS effect during the
implosion in the future experiments.

As mentioned above, Be [52–57] is very important in
ICF due to its appearance in the ablator of the DT capsule.
Michel et al. reported that the implosion velocity of Be
shells was increased by 20% compared to carbon and CH
shells in direct-driven implosions [54]. Casey et al. found
that indirect-driven Be implosions showed good performance
on the average DD neutron yield [56]. Most recently, ICF
targets with silicon layered between an inner Be (14 μm) and
outer silicon-doped plastic ablator were used in the implosion
experiments performed on the OMEGA laser facility. The
experiments showed that a factor-of-5 reduction in hot-electron
generation was observed in the multilayer targets relative to
pure CH targets [57]. However, to our knowledge, there is little
report about the NIS contribution to the stopping of protons
in hot dense Be plasma. Because of the basic interest and
the importance to the ICF experiments, it is a timely task to
provide a theoretical analysis for the proton stopping power of
the Be plasma in the presence of both the CS and NIS effect.
Therefore, in this paper, we study the energy deposition of
protons in the Be plasma by using the generalized BPS model,
in which both the CS and NIS effects are considered.

The paper is organized as follows. In Sec. II we introduce
the stopping power formulas used in this work. The formulas
of calculating the CS term in the BPS model is simply given.
Starting from the classical Boltzmann equation, we carefully
derive the NIS part of the stopping power of charged particles,
and the analytical expression is obtained. In Sec. III, based
on the generalized BPS model given in the last section,
we numerically calculate the stopping power for multi-MeV
protons moving in the hot dense Be plasma with temperatures
from 10 keV to 100 keV and number densities from 1024cm−3

to 1027 cm−3. Three main results are obtained: (i) the NIS
effect becomes more and more important by increasing plasma
temperature or density; (ii) a prominent oscillation valley is
observed in the NIS term as a function of the proton’s energy
near Ep = 7 MeV; and (iii) the penetration distance of proton
in the plasma is remarkably reduced when the NIS effect is
considered at high plasma temperature and/or under dense
plasma density. The relevant physical analyses are also given
in this section. A summary is given in Sec. IV.

II. THE STOPPING POWER FORMULAS

The charged particles moving in the plasmas lose their ener-
gies in two ways: (i) by Coulomb collisions with background
ions and electrons, and (ii) by nuclear scattering with ions.
Furthermore, there exists interference between the Coulomb
collisions and the nuclear scattering. In this work, we focus
on the NIS effect on the stopping power of plasmas. The total
stopping power is expressed as

dE

dx
= dECoul

dx
+dENI

dx
, (1)

where dECoul

dx
= ( dE

dx
)
Coul

e
+ ∑

b �=e ( dE
dx

)
Coul

b
is the CS term, and

dENI

dx
= ∑

b �=e ( dE
dx

)
NI

b
denotes the NIS one. The superscripts

Coul and NI refer to Coulomb and NIS contributions, respec-
tively. The subscript b = i,e refers to ion species and electron
species in the plasma. The CS term is quite based on the BPS

theory [5], which is given by dECoul

dx
= ∑

b (
dEC

b,S

dx
+ dE<

b,R

dx
+ dE

Q
b

dx
).

The first term represents the classical short-distance con-
tribution, the second term is the classical long-distance
contribution, and the third term denotes the quantum correction
to the classical part. For brevity, detailed expressions for each
term are not given here, but can be found in Refs. [5] and [34].
Notice that the electrons and ions are considered as classical
particles which obey the Maxwell-Boltzmann distribution, and
the quantum correction herein becomes remarkable when the
quantum Debye wavelength is much larger than the classical
minimum approach distance. Otherwise, the contribution of
dE

Q
b

dx
is too small to be omitted comparing with the classical

parts.
In order to describe this process, the transport equation

should include an additional Boltzmann collision term. Ex-
plicitly, the Boltzmann equation is given by[

∂

∂t
+vp

]
fp(r, pp,t) =

∑
b

Cpb(r, pp,t). (2)

Here, the NIS effects on the stopping power can be derived
through generalizing the scattering integrals in the dynamical
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friction coefficient and the dispersion tensor to include the

NIS differential cross section
dσNI

pb

d�
. From the collision term,

Cpb(r, pp,t), one can get the stopping power of projectile due
to NIS as the following form:

dENI

dx
= −

∑
b

∫
d3 pb

(2π�)3 vpbfb( pb)
∫

d�(E
′
p−E p)

dσNI
pb

d�
,

(3)

where the NIS differential cross section
dσNI

pb

d�
can be expressed

as [35]

dσNI
pb (μ,Ep)

d�
= PNI (μ,Ep)σNI

pb (Ep). (4)

Here, PNI (μ,Ep) is the angular distribution, where μ= cos �

with � being the scattering angle in the center-of-mass system,
and σNI

pb (Ep) is the total cross section. On the experimental

side,
dσNI

pb

d�
is defined by subtracting Coulomb contributions

from the experimental data (
dσNI

pb

d�
= dσ

exp
pb

d�
− dσ Coul

pb

d�
). The NIS

effect on the differential cross section has been clearly ob-
served in the nuclear fusion experiments [58,59], and R-matrix
calculations [35] are well consistent with the cross-section
measurements. The energy change of the projectile particle
after a two-body elastic collision in Eq. (3) is given by

�E = E
′
p−E p = 1

2mpv′2
p − 1

2mpv2
p, (5)

where v′
p (vp) is the velocity of projectile particle after

(before) the nuclear elastic scattering with the superscript
“′” denoting the physical quantity after the elastic collision.
By introducing the coordinate transformations vpC ≡ vp−V ,
vbC ≡ vb−V , v′

pC ≡ v′
p−V , and v′

bC ≡ v′
b−V , where vb is the

average thermal velocity of the plasma species b and

V = mpvp+mbvb

mp+mb

(6)

is the velocity in the center of mass system with the subscript
C referring to the center-of-mass system, we have

�E = − mpbV ·(vpb−v′
pb). (7)

The reduced mass of the projectile and plasma particles is
defined as mpb = mpmb/(mp+mb), and the relative velocity
is described by vpb = |vp−vb|. Here, we have used the
relationships that |vpC | = |v′

pC | and |vpb| = |v′
pb|. Moreover,

one can define vpb = |vpb|êz, the x-axis lies in the plane
decided by vp and vb, and the y-axis lies in the plane
perpendicular to the one that decided by vp and vb. After
some algebraic transformation, we get

�E = mpb

[
�Epb

mp

(1− cos �)+|V |∣∣vpb

∣∣ sin � cos � sin ψ

]
,

(8)
where ψ is the angle between V and vpb, (�,�) is the spherical
solid angle of v′

pb, and

�Epb = mpbv
2
pb−mpvp · vpb. (9)

Substituting this formula into Eq. (3) and finishing the integral
of ψ from 0 to 2π , the contribution of NIS to the stopping

power is rewritten as

dENI

dx
= − 1

vp

∑
b

mpb

mp

∫
d3 pb

(2π�)3 fb( pb)vpb

×
∫

d��Epb(1− cos �)
dσNI

pb

d�
. (10)

In addition, considering vp · vpb = vpvpb cos θ, the distribu-
tion function is presented as

fb( pb) = nb(2πβb/mb)3/2e− 1
2 βbmbṽ

2
, (11)

where ṽ2 = v2
p+v2

b+v2
pb−2vpvpb cos θ , and then Eq. (10)

could be ulteriorly derived as

dENI

dx
=

∑
b

ANI

∫
dvpb

v3
pb

vp

f (vp,vpb)σ tr
pb(vpb), (12)

where ANI = −(2πβbmb)1/2mpbnb/�
3, the effective distribu-

tion function is

f (vp,vpb) = (1+BNI )e−v++(1−BNI )e−v− (13)

with BNI = mp/(mbβb)+mpbv
2
pb

mpvpvpb
, and the transport cross section is

expressed as

σ tr
pb(vpb) =

∫ 1

−1
dμ(1−μ)

dσNI
pb (μ,vpb)

d�
. (14)

Notice that NIS contribution to the total stopping power is
a non-Coulombic scattering term. This NIS contribution is
different from the theoretical scheme in Refs. [60,61], in which
the strong beam-plasma coupling effects are taken into account
in the framework of the T -matrix approach, which describes
the two-body interaction by the screened Coulomb potential.

III. NUMERICAL RESULTS AND ANALYSIS

A fundamental understanding of charged particle stopping
in hot dense plasmas is essential to realizing fusion ignition.
This requires accurate knowledge about the evolution of
plasma conditions and the energy loss of charged particles
in plasmas for a wide range of temperatures ranging from
tens eV to 100 keV, and electron number densities from
1021 to 1026 cm−3 [15,21,22]. Based on these formulas, we
numerically study the stopping power properties of fully
ionized Be plasma for the proton. The differential NI cross-
section dσNI

pb (μ,vpb)/d� data of a proton with Be plasma
are obtained from the international database package [36].
In this work, we consider the plasma temperature T changes
from 10 keV to 100 keV, and the ion density of Be changes
from 1024 to 1027 cm−3. The projectile proton energy is about
multi-MeV magnitude. The above parameters for the projectile
proton and Be plasma are the specially concerned plasma
condition for studies of ICF ignition, and could be realized
under the present experimental technology. Therefore, the
results obtained herein could be validated by the concerned
experiments, and may be useful for the ICF studies.

From the international database package [36], we find
the magnitude of dσNI

p,Be/d� is about 0.1 barn, which is
much smaller than the Rutherford Coulomb cross section,
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FIG. 1. (a) The total NI cross section σNI
p,Be(Ep) (black solid line)

and one special differential cross section dσNI
p,Be/d�(� = π/2,Ep)

(red dashed line) of proton traveling Be plasma vs. Ep . (b) The
transport cross section σ tr

p,Be(Ep) (black solid line) as a function
of Ep .

dσ Coul/d�= Z2
pZ2

be
4/m2

pbv
4
pb(1−μ)2. Due to the interfer-

ence effect, dσNI
p,Be/d� may be negative values in certain

cases. Taking �= π/2 as an example, we find the value of
dσNI /d�(�= π/2,Ep) is negative when Ep is smaller than
1 MeV. In Fig. 1(a), we plot the total cross section σNI

p,Be(Ep)
(black solid line) and its one special differential cross section
dσNI

pb /d�(�= π/2,Ep) (red dashed line) as functions of Ep.
These characters of cross section may result in negative values
in the stopping power. Furthermore, we also illustrate the
transport cross section σ tr

p,Be(Ep) in Fig. 1(b) as a function
of the energy of the projectile proton. From Fig. 1(b), one
can see that there exits an oscillation near E = 7 MeV since
the remarkable interference effect, which may induce the
oscillation in the stopping power as varying the velocity of
the proton.

We show the stopping power of Be plasma with tem-
peratures T = 10 keV [see Fig. 2(a)] and T = 100 keV [see
Fig. 2(b)] as a function of the projectile proton’s energy Ep.
In Fig. 2, the black lines correspond to the CS part while the
red dotted lines present the NIS contributions to the stopping
power. In the calculations, the density of plasma is chosen as
nBe = 1025 cm−3. One can observe from Fig. 2 that oscillation
phenomenon appears in the NIS part, and especially, one large
valley appears near Ep = 7 MeV, which is consistent with
the behavior of the cross section near Ep = 7 MeV shown
in Fig. 1. Furthermore, the NIS part of the stopping power
dENI /dx becomes negative when Ep≈1 MeV, which means
that the proton is accelerated due to the NIS effect considered

FIG. 2. Stopping power dE/dx of proton projectile moving fully
ionized Be plasma with temperatures (a) T = 10 keV and (b) T =
100 keV. The black solid line and the red dotted line correspond to
the CS part dECoul/dx and the NIS part dENI /dx, respectively. The
density of Be ion species is chosen as nBe = 1025 cm−3.

herein. In addition, in the case of T = 10 keV, it is clear that
the NIS scattering part is much smaller than the CS part, see
Fig. 2(a). However, one can clearly see from Fig. 2 that with
increasing the plasma temperature to T = 100 keV, the CS part
dECoul/dx decreases remarkably while the NIS part dENI /dx

nearly keeps unchanged. Under this plasma condition, the ratio
between NIS part and CS part,

γ = dENI /dx

dECoul/dx
, (15)

increases from ∼1% to ∼10%. In other words, the NIS effect
becomes important when the temperature of Be plasma is
high to hundreds eV or much higher temperature. Using our
formulas presented above, we have also calculated the stopping
power of proton in the DT plasma. The numerical results are
similar to those given by Mahdavi et al. in Ref. [46] and we do
not show them here. We found that on one side, the NIS effect
also becomes significant with increasing the temperature of
DT plasma. On the other side, the NIS part dENI /dx will not
exhibit oscillation phenomenon in the DT plasma, which is
dramatically different from that in an Be plasma shown in this
work.

It is clear that the NIS part is proportional to the density of
plasma species, i.e., dENI /dx ∝ nBe, see Eq. (12). Therefore,
the NIS effect will be enhanced remarkably if we increase the
density of plasma. The typical results of the radio between
the NIS part and CS part, i.e., Eq. (15), as a function of Ep

for different densities nBe varying from 1024 to 1027 cm−3 are
presented in Fig. 3. From Fig. 3, we find that, with the increase
of density, the contribution of dENI /dx will be more signif-
icant than dECoul/dx on the stopping power of the projectile.
Therefore, in the dense plasmas, such as the ICF plasmas,
NIS effect plays an significant role on the stopping power of
projectiles. There are at least two additional things need to

FIG. 3. Ratio between NIS stopping power dENI /dx and CS
stopping power dECoul/dx for proton projectile moving in Be plasma
as a function of energy Ep . In the calculations, several plasma
number densities are chosen as nBe = 1024 cm−3 (black solid line),
nBe = 1025 cm−3 (red dashed line), nBe = 1026 cm−3 (blue dotted line),
and nBe = 1027cm−3 (olive dash-dotted line), and the temperature is
chosen as T = 10 keV.
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FIG. 4. The penetration of proton with initial energy Ep =
10 MeV in the Be plasma with nBe = 1025 cm−3, and T = 100 keV.
The red dotted line (black solid line) corresponds to the result in the
presence (absence) of NIS effect in the calculations.

noticed. For one thing, when Ep = 1.6 and 7 MeV,γ tends to
vanish since the cross section dσNI /d� obtained from the
international database package [36] equals to zero. This may
be a special nuclear scattering and interference phenomenon
for Be plasma; For another thing, consistent with the result
of the cross section shown in Fig. 1, when Ep<1.6 MeV, γ

becomes negative. Additionally, the ratio between NIS part
and CS part approaches the maximum value when the energy
of proton Ep increases up to 18 MeV, see Fig. 3.

The physical qualities related to the stopping power,
such as penetration distance of charged particles, should be
accurately estimated if the NIS effect is taken into account
in the calculations. The penetration distance x that a proton
projectile, starting with energy E0, is slowed down to reach
the energy E is given by

x(E,E0) =
∫ E0

E

dE

(
dE

dx

)−1

. (16)

As an example, we numerically calculate the penetration
distance of proton with initial energy Ep = 10 MeV in the
Be plasma with nBe = 1025 cm−3 and T = 100 keV. The
corresponding numerical results are shown in Fig. 4. In the
absence of the NIS effect in the calculation, the obtained
penetration distance is x = 188 μm (see black solid line in
Fig. 4). While in the presence of the NIS effect, the penetration
distance is reduced to x = 178 μm (see red dotted line in
Fig. 4). We see that the NIS should be of importance for
multi-MeV charged particles moving in the plasmas with high
temperature and dense density. This NIS effect accelerates the
slowing-down process and shortens the penetration distance,
and thus enhances the heating of background ions.

The pure Coulomb cross section is analytically expressed
by using the Rutherford formula, and it can be subtracted from
the total scattering cross section. The other part of the total
scattering cross section, i.e., the NI cross section is suggested
as Eq. (4), or a polynomial expansion [35]. The NI cross
section for protons on Be nuclei has been experimentally
measured, see Ref. [36]. Presently, the validity of BPS
model for pure Coulomb interaction has been quantitatively
checked in the ion-stopping experiment performed at the
OMEGA laser facility [15]. It has been proven that spectrally
resolved x-ray scattering [62] should be an outstanding tool

to characterize dense plasma parameters. Recent experiments
at the OMEGA laser facility of University of Rochester on
directly driven beryllium capsule could investigate electron
densities up to 1024 cm−3 [63] and electron temperatures up
to tens keV [15,64]. With the availability of the National
Ignition Facility (NIF), these studies can be extended to
much higher densities and temperatures. Most recently, Kraus
et al. [49] reported that the platform for spectrally resolved
x-ray scattering from imploding capsules at NIF has been
constructed. This platform will allow for the studies of
hot dense plasmas with electron densities approaching and
eventually exceeding 1025 cm−3. The researchers at NIF plan
to perform the experimental measurements using Be capsules
to achieve the extreme plasma conditions. Therefore, this
platform at NIF [49–51] may give the possibility to study
the NIS effect during the implosion in the future.

Moreover, Shuy and Conn pointed out that [65] the
fusion reaction cross sections and reaction rate parameters
are likewise influenced by NIS effect, and the reactivity
of advanced fusion fuels could be enhanced by taking into
account the NIS effect. Perkins and Cullen estimated that [66]
the NIS may approach zero for projectile energies in or
near the energy range from BL to BL/10, where BL is
the laboratory Coulomb barrier energy. The data given in
Refs. [66,67] allow one to calculate both the rate at which
particles interact and the rate at which they lose energy due
to NIS effect. Of particular interest for our concern in this
work is the 6Li +3He →p + 8Be fusion reaction, where 8Be
can be in different energy states [66]. The fusion reaction
products, such as proton particles, are energetic and may react
with elements in the background plasma prior to completely
slowing down. NIS between the energetic products and the
background plasma products additionally heats particles which
can undergo fast fusion and further propagate the reaction. The
maximum ratio between the NIS part and CS part occurs when
the proton energy is up to 18 MeV, see Fig. 3. Therefore, the
influence of NIS on the reaction cross section for the various
channels may be also significantly enhanced by the energetic
protons with energy about ∼20 MeV [65,66].

IV. SUMMARY

In summary, we have theoretically investigated the NIS
effect on the stopping power of hot dense Be plasmas for
multi-MeV protons. The analytical expression of the NIS
stopping power was carefully derived, and the BPS model
was generalized. By applying this generalized BPS formula,
we numerically showed the NIS effect on the stopping power
of proton moving in the Be plasma. The results show that with
increasing the plasma temperature and/or the number density,
the NIS effect will be enhanced. As a result, the penetration
distance of charged particles in the hot dense plasmas, may
be remarkably affected by the NIS effect. Different from the
cases of protons traveling through the DT plasmas, a prominent
oscillation valley structure is observed in the NIS term of the
stopping power of the Be plasma for protons as a function
of the proton’s energy near Ep = 7 MeV. The maximum ratio
between NIS part and CS part occurs when the proton energy is
up to 18 MeV. Furthermore, the penetration distance is reduced
due to the NIS effect.
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D. O. Gericke, L. Hallo, G. Malka, A. Ortner, An. Tauschwitz
et al., Phys. Rev. E 92, 053109 (2015).

[18] B. Yu. Sharkov, D. G. Koshkarev, M. D. Churazov, N. N.
Alexeev, M. M. Basko, A. A. Golubev, and P. R. Zenkevich,
Nucl. Instrum. Methods Phys. Res. A 415, 20 (1998).

[19] C. K. Li and R. D. Petrasso, Phys. Rev. Lett. 70, 3059 (1993);
114, 199901(E) (2015).

[20] A. Golubev, M. Basko, A. Fertman, A. Kozodaev, N. Mesh-
eryakov, B. Sharkov, A. Vishnevskiy, V. Fortov, M. Kulish, V.
Gryaznov et al., Phys. Rev. E 57, 3363 (1998).

[21] J. D. Lindl, Inertial Confinement Fusion: The Quest for Ignition
and Energy Gain Using Indirect Drive (Springer-Verlag, New
York, 1998).

[22] G. H. Miller, E. I. Moses, and C. R. Wuest, Nucl. Fusion 44,
S228 (2004).

[23] J. Jacoby, D. H. H. Hoffmann, W. Laux, R. W. Müller, H. Wahl,
K. Weyrich, E. Boggasch, B. Heimrich, C. Stöckl, H. Wetzler,
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