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We present first-principles theoretical calculations for the electronic stopping power (SP) of both
protons and anti-protons in LiF. Our results show the presence of the Barkas effect: a higher stopping
for positively charged particles than their negatively charged antiparticles. In contrast, a previous
study has predicted an anti-Barkas effect (higher stopping for negative charges) at low velocity [Qi,
Bruneval and Maliyov, Phys. Rev. Lett. 128, 043401 (2022)]. We explain this discrepancy by
showing that this anti-Barkas effect appears for highly symmetric trajectories and disappears when
considering trajectories that better reproduce the experimental setup. Our low-velocity results show
that the SP of both protons and anti-proton vanish for velocities under 0.1 a.u. .

Since the discovery of its thermoluminescent properties
at the beginning of the 1950s [1], lithium fluoride (LiF),
in addition to being a prototypical large band-gap insula-
tor, it has been considered a crystal both of fundamental
interest to understand the interaction of ionizing radia-
tion with matter and of practical relevance as a dosimeter
measuring absorbed dose in medical, space and occupa-
tional personal dosimetry and in environmental monitor-
ing [2]. Studying the interaction of charged particles,
like electrons, protons, and heavier ions, with matter is
important in many areas of science and technology, in-
cluding radiotherapy and nuclear and space activities.

Electronic stopping power (SP) is a quantity that de-
fines the capability of a material to cause a charged par-
ticle to lose kinetic energy through electronic processes.
SP is measured in energy per unit length traveled into
matter. Several historic approximations, such as Fermi-
Teller [3] for low-velocities, Bethe [4] at large velocities
and linear response coincide in predicting a SP propor-
tional to the square of the projectile charge (Z2). Un-
der these analytic descriptions, the SP for a particle and
its oppositely charged antiparticle should be the same.
Nevertheless, Barkas and co-workers reported that for
a similar initial velocity, the range of negative pions was
longer than that of positive pions [5, 6]. Such results sug-
gested that the stopping power for the positive projectile
is larger than that for the negative counterpart [5]: the
so-called “Barkas effect”. They attributed this effect to
the asymmetric polarization of the target electrons with
respect to attraction and repulsion. The SP for protons
and antiprotons in Si has been measured in the velocity
range between 4.64 a.u. and 11 a.u. finding a contribu-
tion of order Z3 to the stopping power and the antiproton
stopping power smaller than the proton by 19% at low-
velocities and 3% at high-velocities, which confirmed the

FIG. 1. LiF supercell of 216 atoms with two projectile tra-
jectories, in a random incommensurate direction (red), and
in a ⟨111⟩ channeling (blue), for a small impact parameter
p = 0.225Å. The small impact parameter produces frequent
repeating close approaches to host atoms. (The trajectories
are 3-dimensional.) The gray and green balls represent F and
Li, respectively.

Barkas effect in solids [7].
Several experimental studies about SP of protons (H+)

in LiF have been reported [8–11], but to the best of our
knowledge, only one for antiprotons (H−) by Møller et
al. [9]. They experimentally investigated the SP for pro-
tons and antiprotons in LiF at velocities down to 0.3 a.u.
and 0.4 a.u., respectively [9]. They reported differences
in the SP for protons and antiprotons of around 50%-
60%. They also concluded that the SP for the antipro-
ton is almost linear with the velocity [9]. Measurements
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of the SP of low-velocity protons (v < 0.5 a.u.) in LiF
indicated that the SP vanishes below a certain velocity
threshold of approximately 0.1 a.u [10, 11]. Theoretical
studies based on real-time time-dependent density func-
tional theory (rt-TDDFT) simulations have confirmed
these results [12–14]. From theory, a strict threshold is
not expected but rather a smooth but strongly depressed
SP at low velocities [15, 16] based on conservation argu-
ments [17]. However, for low-velocity antiprotons where
only rt-TDDFT simulated data exist, the results are still
controversial. For antiprotons moving in ⟨100⟩ chan-
neling trajectories, a similar velocity threshold and the
Barkas effect have been obtained from rt-TDDFT sim-
ulations using atomic orbitals [12]. In contrast, results
from rt-TDDFT using Gaussian basis sets with the pro-
ton moving along a ⟨111⟩ channeling trajectory suggested
a negative Barkas effect (SP for antiprotons greater than
that for protons) at velocities below 0.25 a.u. and, re-
markably, no velocity threshold for antiprotons [14].

This letter presents SP results for protons and an-
tiprotons in LiF via rt-TDDFT simulations within a
pseudopotential plane-wave framework. Good agreement
with available experimental data is obtained for both pro-
tons and antiprotons. A similar threshold effect is ob-
served for both, with no trace of the reported anti-Barkas
effect in the low-velocity limit, in apparent contradiction
with the Gaussian basis simulation results.

Simulations via rt-TDDFT were performed through
the open-source code Qball [18, 19] which is based on the
plane-wave approach. In that code, the temporal evolu-
tion of the system’s total energy caused by the dynamic of
the charged particles is described by the time-dependent
Kohn-Sham equations. Optimized norm-conserving Van-
derbilt (ONCV) pseudopotentials [20] were used to de-
scribe the interaction between valence electrons and core
ions (Li and F ions with 3 and 7 valence electrons, re-
spectively). For the proton, a local Coulomb pseudopo-
tential for hydrogen was used, with the equivalent re-
pulsive pseudopotential for the antiproton. The Perdew-
Burke-Ernzerhof (PBE) functional [21] was used for the
exchange-correlation (XC) functional. It is well known
that PBE underestimates the band gap, which could
affect proportionally the predicted velocity threshold.
However, as we will show in this letter, it does not do
it noticeably, since what we obtain is similar to experi-
ments on the scale we are studying. The electronic wave
function evolved through the enforced time reversal sym-
metry propagator [22]. The plane-wave basis set was the
one corresponding to a 50 Hartree energy cutoff.

A time step, ∆t = 1 attosecond was used for veloci-
ties < 0.5 a.u. and for greater velocities, a constant dis-
placement of ∆x = 0.005 Å was set in each integration
step (∆t = ∆x/v). Both projectiles were moved in a di-
rection incommensurate with the crystalline lattice [23]
at constant velocity through a 3 × 3 × 3 supercell of a
pristine LiF containing 216 atoms (Fig.1 ). The geom-

FIG. 2. Electronic total energy gain (projectile´s kinetic en-
ergy loss) versus projectile displacement x along an incom-
mensurate trajectory, for proton/antiproton (upper/lower
panel), and for v = 0.5 a.u./1.0 a.u. (red/blue color).

etry of the pristine supercell was previously optimized
at the hybrid PBE0 level rendering a lattice constant of
4.028 Å [24]. For the calculation of electronic stopping
power, the host atoms were frozen during the simulation,
thereby avoiding nuclear stopping effects by construc-
tion. The SP Se = dE/dx in this work was obtained
as the slope from a linear regression of the total elec-
tronic energy versus the projectile displacement x (see
Fig. 2). Among different trajectory sampling techniques
discussed in the literature for SP averaging [23, 25–27]
the incommensurate-trajectory method has been shown
to be the simplest and satisfactorily accurate.

Figure 3 displays our rt-TDDFT results of the SP for
protons and antiprotons in LiF as a function of the pro-
jectile velocity. Note that no negative Barkas effect is ob-
served in the SP for antiprotons, as the antiproton stop-
ping is consistently lower than proton stopping. Com-
pared with the experiments [9–11], we find good agree-
ment with the simulation for the proton where a velocity
threshold of v ∼ 0.1 a.u is also obtained. Relative to
the SRIM [28, 29] and PSTAR [30, 31] data, the maxi-
mum SP obtained in the simulation is smaller by about
2 eV/Å. This discrepancy is due to the 1s electrons of
F being frozen into its pseudopotential [25, 32]. Con-
cerning the antiproton, note a slight difference (or shift)
with the experiment which is relatively more pronounced
at lower velocities. This discrepancy can presumably be
associated with the uncertainties in the thickness of the
foils used in the experiment [9], which could result in a
systematic error.

Furthermore, similarly to the protons, a velocity
threshold, where the SP vanishes, exits for the antipro-
tons. For the antiprotons, a velocity threshold at around
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v = 0.2 a.u. is obtained. Such a result contrasts with
the hypothesis that the velocity threshold where the SP
vanishes for the antiprotons should be smaller than for
protons [33].

To understand the negative Barkas effect reported by
Qi et al. [14], we performed simulations for antiprotons
moving at several constant velocities along the ⟨111⟩ di-
rection in channeling trajectories with a low impact pa-
rameter p = 0.225 Å relative to the fluorine or lithium
sites. This result is shown in Fig. 3 and, interestingly,
the negative Barkas effect is observed in the velocity
range studied and a local maximum at velocity below
v = 0.3 a.u., as also reported by Qi et al. for the smallest
impact parameter p = 0.225 Å (see inset of Fig. 2 from
Ref. [14]).

According to the Fermi-Teller theory regarding cap-
ture of mesons [3], the presence of a low negative charge
moving within one lattice parameter from an atom in
an insulator can generate a gap state, which has been
confirmed by calculations of Solleder et al. who showed
a localised state in the LiF gap caused by the repulsive
potential of the antiproton [33]. They did not find an
in-gap state for the proton. Based on the Fermi-Teller
approach, at low velocity, there would exist a critical dis-
tance (Fermi-Teller radius, rFT = 0.639/ZaB) where the
antiproton will be captured by the fluorine, provoking a
resonance that locally enhances the energy loss by the
antiproton [3]. This extra energy loss may explain the
anti-Barkas effect observed on the SP calculated in chan-
neling trajectories reported by Qi et al. [14] at low veloc-
ity and low impact parameter. An oscillatory gap state
characteristic of an antiproton traveling at repeated close
approaches would lower the effective large gap of LiF,
which is otherwise responsible for the threshold behav-
ior. Since this state sits at the Fermi level, it would be
able to carry electrons from the valence to the conduc-
tion band in analogy to the effect termed ‘electron ele-
vator’ reported in Ref. [34] and more generally modeled
in Ref. [35], providing a mechanism for sub-threshold be-
havior observed for the channeling trajectories assumed
by Qi et al.

To model the subthreshold structure for low-impact
parameters and at low velocity (v < 0.2 a.u., we use the
theory developed by Horsfield et al. [35], which was ini-
tially designed to capture the effect of a gap level formed
by a slow projectile on the electronic stopping in insu-
lators. The mentioned gap level in LiF observed for the
antiproton (and not the proton) [33] makes the Hors-
field model suitable to model the antiproton electronic
SP. This perturbative model establishes that a general
gap level (carried by the slow projectile) generates an
additive stopping Sd on top of the normal interband
(valence-conduction) stopping power. Sd is a function
of (i) the energy distance |ε̄d| below/above the unoccu-
pied/occupied band with a electronic density of states
D, (ii) the amplitude of this oscillation η, and (iii) the

FIG. 3. Electronic stopping power for protons (filled sym-
bols) and antiprotons (open symbols) travelling through LiF
versus projectile velocity. Upper panel: Results obtained via
rt-TDDFT simulations are compared with reported experi-
mental results and data from SRIM and PSTAR. Lower panel:
Simulation results for low-velocity proton and antiproton av-
eraged trajectories are compared with a ⟨111⟩ channelling
trajectory for antiprotons with an impact parameter (clos-
est approach to fluorine atom) of p = 0.225Å. The dark blue
continuous line shows the Horsfield model, with contributions
from the Sd formula in the text, which generates the shoulder
at around 1.5 a.u., plus from an adjusted linear contribution
from interband stopping (dashed extrapolated line).

passing frequency ω.

Sd ∝
∑
ℓ

ℓ|Iℓ(η/h̄ω)|2D(ε̄d + ℓh̄ω), (1)

where Iℓ(x) = 1
2π

∫ π

0
sin(ℓu+x sinu)

ℓ+x cosu sinudu which we de-
nominate the Horsfield function. Note that ω, inverse of
a passing time, is proportional to the velocity ω = 2πv/λ.
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A single (conduction) parabolic band of width ω is as-
sumed, D(ε) ∝

√
ε with a soft energy cutoff (band width)

Ω. We fix η and ε̄d at 12 eV and −6 eV, which respec-
tively correspond to the amplitude and average relative
to the bottom of the conduction band, based on Fig. 3a
of Ref. [33] for the antiproton gap level. A non-linear
least-square fitting results in λ = 0.15 Å, Ω = 3.84 eV.
(For these parameters, ℓ ≥ 2 contributions are vanish-
ingly small.) The total electronic stopping power from
this simple model (Sd plus an adjusted linear interband
stopping) is depicted in Fig. 3b.

Subthreshold behavior for the antiproton is only ob-
served for these unique trajectories (channeling and small
impact parameter), and our results for the average stop-
ping power do not reveal subthreshold features. In this
regard, we attribute the discrepancy with Ref. [14] to a
different way of sampling trajectories. (The plane wave
methods are more amenable to simulations at random
directions thanks to periodic boundary conditions.) This
illustrates that the random direction (or incommensu-
rate) averaging method is not necessarily equivalent to
sampling impact parameters for strict channeling trajec-
tories over a crossing plane. We interpreted that such
theoretically described subthreshold behavior would not
be directly observed in simple experiments since projec-
tile trajectories with small impact parameters (in a chan-
nel) would be unfavored by nuclei scattering.

In conclusion, by comparing systematic simulations of
the electronic stopping power of protons and antiprotons,
we find a positive Barkas effect; that is, the positively
charged projectile has larger electronic stopping power
than the negatively charged counterpart across the in-
vestigated velocity range. Both projectiles have a simi-
lar threshold velocity within the simulation’s resolution
(at v = 0.1 a.u.). The proton stopping is five or more
times larger than the antiproton stopping at low veloc-
ity. The relative difference reduces to less than half near
the maxima (at v = 2.0 a.u. and 2.5 a.u., respectively).
At higher velocities (>3.5 a.u.), we expect the stopping
values of protons and antiprotons to eventually converge
when linear theory and the Bethe limit become more ex-
act. Accurate reporting at such high velocities would
require simulations with more explicit valence electrons
within the pseudopotential method. The antiproton re-
sults are systematically lower than Møller’s experiment
by ∼ 1 eV/Å. We explain the apparent discrepancy be-
tween the theoretical results of the previous first prin-
ciples by combining arguments regarding the trajectory
sampling method and a physical effect characteristic of
small impact parameter channeling trajectories.
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