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Abstract

The first version of the PASS code was developed in 2000 on the basis of binary
theory of electronic stopping, a generalization of Niels Bohr’s 1913 theory of the
stopping of alpha particles in matter. The code has been applied in a number of
fundamental studies of energy-loss problems, including Barkas-Andersen effect
and straggling as well as channeling and electron emission, and it underlies the
ICRU tabulation of stopping data for ions with atomic numbers 3-16 in 25 ele-
mentary and 32 compound materials over an energy range from 25 keV/u to 1
GeV/u.

We report about a major expansion of the code, so that mean energy losses can
be computed for 92 ions in 92 elemental targets. Comparisons with measurements
have been made over the entire energy range for which experimental data are listed
in the IAEA database.

The code allows to compute energy losses for arbitrary compound target ma-
terials by assuming Bragg additivity. Predictions beyond the Bragg rule are avail-
able for selected materials.

In this paper we specify the underlying physics and improvements of the code
during the period since its first implementation. Strengths and weaknesses are
demonstrated graphically for a number of ion-target combinations. Tables for
92×92 ion-target combinations over an energy range from 1 keV/u to 1 GeV/u
are freely accessible on the internet in the DPASS (Dataset PASS) code.
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1. Introduction

Quantitative data characterizing the energy loss of energetic charged particles
in matter are essential in all applications of accelerators. The central parameter
is the mean energy loss per pathlength, commonly characterized by the stopping
force (or stopping power) dE/dR or the stopping cross section

S = − 1

N

dE

dR
, (1)

where N is the number of atoms or molecules per target volume.
A large number of data has been accumulated since the first experimental stud-

ies early in the past century. New experimental data are being reported year for
year and are being compiled in a database listing the results of more than a thou-
sand studies [1]. Numerous parametrizations of these results, guided in part by
theory, have been condensed in tabular form, of which we mention [2, 3, 4, 5, 6,
7, 8].

At the same time, stopping of charged particles has been and still is an active
research area within theoretical atomic and condensed-matter physics. Among
numerous reviews we mention [9, 10, 11, 12]. Theoretical considerations have
contributed significantly to the ICRU tables for protons and alpha particles [7].
ICRU tables for ions heavier than helium [13] are theory-based but need input in
the form of empirical data for atomic properties. The same holds for the CasP
code [14] which provides stopping data for a very wide range of ions, targets and
energies.

With the present paper we follow the request by numerous users of acceler-
ators to make PASS output easily accessible. One reason for the long delay to
follow this request was the limited number of target elements for which reliable
input data, primarily oscillator-strength spectra over a wide frequency range, are
available. Another critical point is noticeable discrepancies between PASS pre-
dictions and experimental data in the velocity range around and below the Bohr
speed v0, i.e., in an energy range of central importance in numerous applications
of ion beams such as micro, nano and fusion technology.

We have now found ways to overcome these obstacles and, consequently, have
established a standard version of PASS which we hope will become useful for
applications in science and technology. Output of this code has been compiled
in a program DPASS, which allows instant delivery of stopping data for a given
ion-target combination amongst all 92×92 pairs of elements for a specified range
of beam energies within the interval between 1 keV/u and 1 GeV/u [15].
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After a brief recapitulation of binary stopping theory [16] and later develop-
ments in Sect. 2 we specify in some detail the procedure leading to the stopping
tables in Sect. 3. Output is illustrated in a number of representative graphs in
Sect. 4.

2. Recapitulation of Binary Stopping Theory

2.1. Basics
Binary stopping theory [16] is an extension of Niels Bohr’s classical theory

of 1913 [17]. Bohr considered the interaction of a swift point charge with in-
dependent electrons bound harmonically to a target nucleus. A distinction was
made between close (small impact parameter) collisions which were described by
free-Coulomb scattering, and distant collisions characterized by forced oscillators
initiated by the Coulomb force from a uniformly moving point charge. In essence,
the binding force causes the Coulomb force between the ion and the target elec-
tron to be screened to within the so-called adiabatic radius aad = v/ω, where ω is
the resonance frequency of the oscillator modeling an individual electron.

Lindhard [18] went a step further and replaced the binding force by changing
the Coulomb interaction potential between the ion and a target electron into a
Yukawa potential with the adiabatic radius serving as a screening radius. This
had the effect that the stopping cross section became dependent on the sign of
the projectile charge, an effect that had been found experimentally long ago by
Barkas and coworkers [19] and was demonstrated to affect the stopping of swift
ions by Andersen et al. [20]. In essence, the stopping cross section of an ion with
atomic number Z1 was taken to be proportional to Z2

1 in accordance with Bethe’s
quantum theory [21] and amended by a Barkas-Andersen correction ∝ Z3

1 .
In binary stopping theory [16], Lindhard’s idea is taken beyond an expansion

in powers of Z1. Here the interaction between the projectile and a target electron
is described by the full classical scattering integral for a Yukawa potential. In
this way there is a smooth transition between close and distant interactions, and a
Barkas-Andersen correction is inherent in the theory.

The classical scattering integral describes kinetic-energy transfer to a target
electron, but Bohr theory also includes transfer of potential energy to the oscilla-
tor. In binary theory this contribution is described in terms of angular-momentum
transfer. Somewhat surprisingly, this equivalence was found to be exact for Yukawa-
type interaction [16] at least for distant collisions.

The model so defined constitutes the kernel of the PASS stopping code. It de-
livers the energy transfer to one target electron that is initially at rest as a function
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of the impact parameter and, after integration, the stopping cross section versus
beam velocity or energy.

According to Bohr [9] the range of validity of this picture is limited by the
condition that

κ =
2Z1e

2

~v
> 1. (2)

Conversely, the range of validity of Bethe’s quantum theory [21] is defined by the
Sommerfeld criterion Z1e

2/~v < 1. The transition between these two regimes is
conventionally described in terms of the Bloch correction [22] to the Bethe theory.
In binary theory this transition is described by an inverse-Bloch correction to the
extended Bohr theory [23].

2.2. PASS Code
2.2.1. Modeling the Atom

In Bohr stopping theory the atom is characterized by Z2 electrons with a set
of resonance frequencies ωj . In Bethe theory [21] this picture is generalized to
a spectrum of oscillator strengths. In accordance with common practice, PASS
characterizes target atoms by a discrete spectrum of oscillator strengths fj satis-
fying the sum rule ∑

j

fj = Z2, (3)

where j denotes individual shells and/or subshells, for which there is specified a
resonance frequency ωj = Ij/~ defined by

ln Ij =

∫
j
d(~ω)f(~ω) ln(~ω)∫

j
d(~ω)f(~ω)

, (4)

where
∫
j

denotes the integral over that portion of the continuous oscillator-strength
spectrum which is associated with the jth shell/subshell. In other words, Ij is the
equivalent of the mean logarithmic excitation energy or ”I-value” in the Bethe
theory for shell j. In addition to Ij-values we also need shell binding energies
(ionization potentials) Uj . These quantities limit the potential-energy transfer,
since energy transferred beyond the ionization energy must be kinetic.

PASS offers two ways to determine Ij-values:

• For all elements covered in [13], oscillator-strength spectra extracted from
[24, 25, 26, 27] were discretized, guided by absorption edges, nominal oc-
cupation numbers of principal and/or subshells and the sum rule (3),
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• Alternatively, Ij-values can be determined by the SBS scheme [28], where
fj is taken to be the nominal occupation number of the shell or subshell and
Ij is taken to be = αUj , with α defined so that∑

j

fj ln Ij = Z2 ln I, (5)

where I is the total I-value which, for this option, is the only input quantity
besides the shell binding energies Uj . The factor α was introduced origi-
nally as a fitting parameter [29] between adopted values of Ij and Uj . In
ref. [28], a simple theoretical estimate led to the value α =

√
e = 1.649 for

all elements. Our assumption of α being a constant for all subshells of a
given element is intermediate between these two approaches.

2.2.2. The Projectile
In accordance with Bohr and Bethe theory, binary stopping theory treats the

motion of the projectile as uniform. In addition to the dynamic screening charac-
terized by the adiabatic radius, additional screening is due to electrons bound to
the penetrating ion. Moreover, excitation of these electrons gives rise to additional
loss of kinetic energy by the projectile, and so does charge exchange.

The screened ion-electron interaction potential is taken as

V (r) = −q1e
2

r
e−r/aad − (Z1 − q1)e2

r
χ(r/a), (6)

where r denotes the distance between the projectile nucleus and the target elec-
tron, q1 is the ion charge, χ(r/a) a screening function, aad = v/ω the adiabatic
radius and

1

a2
=

1

a2ad
+

1

a2sc
. (7)

The screening radius asc is given by [30]

asc = aTF

(
1− q1

Z1

)r

, (8)

where aTF = 0.8853a0/Z
1/3
1 and r is a numerical coefficient with the default

value 1.
For the screening function the default is

χ(r/a) = e−r/a, (9)
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but also Molière screening [31] is an option.
PASS offers two basic options for the projectile charge, either a frozen charge

which can be anywhere between 0 and Z1e, or an equilibrium charge dependent
primarily on the beam velocity. Several options are offered for the latter,

1. a simple Thomas-Fermi-type charge function,

q1 = Z1e
(
1− e−v/vTF

)
, (10)

where vTF = v0Z
2/3
1 and v0 is the Bohr speed,

2. a fitting formula approximating the genuine Thomas-Fermi charge state
[12],

q1 = Z1
1− e−1.43v/vTF

1 + e−3.56v/vTF
, (11)

3. an evaluation of the Lamb criterion [32] based on tabulated binding energies
[33],

4. a modified Thomas-Fermi formula,

q1 = Z1

(
1− e−Av/Z0.45

1 v0
)C

(12)

with parametersA,C that can be chosen to match a given charge-state func-
tion,

5. The Shima formula [34]

q1 = Z1

(
1− e−1.25X+0.32X2−0.11X3

)
F (Z2, X) (13)

F (Z2, X) = 1− 0.0019(Z2 − 6)
√
X + 0.00001(Z2 − 6)2X (14)

with or without the correction factor F (Z2, X), whereX = 0.608v/Z0.45
1 v0,

and
6. formulae by Schiwietz & Grande [35] for gas and solid targets.

On the basis of extensive comparisons of these options with measured stopping
cross sections we have found that the simplest option, Eq. (10), which we adopted
in generating the tables in ref. [13], represents the best overall solution over a
wide range of energies and atomic numbers. In specific cases, where a reliable
expression for the mean charge state or experimental data exists, option 12 may
be appropriate. We have applied this option in ref. [36].
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2.2.3. Projectile Excitation
Projectile excitation is treated in analogy with target excitation by viewing

the collision event from a reference frame moving with the projectile, taking due
account of the charge state. An important difference is that the energy lost in
projectile ionization is taken to be the ionization energy Uj of the pertinent shell,
while additional energy received by a liberated electron may just as well accelerate
as slow down the projectile, depending on the direction of its momentum [37].

PASS offers two options for the electron configuration in a partially stripped
ion,

• Energy levels are occupied from the bottom up, or

• All energy levels of the neutral atom are occupied, but all oscillator strengths
are reduced by a factor (Z − q)/Z.

The second solution, called ‘distributed’, accounts approximately for the fact that
an ion in motion is typically not in its ground state. While this model is admittedly
crude, the difference between the two options is small in practice. Moreover,
projectile excitation itself is a relatively small effect.

2.2.4. Energy Loss by Electron Capture and Loss
Cross sections for electron loss can readily determined by PASS, but cross

sections for charge exchange have not been included so far. However, in charge
equilibrium, the energy lost in a capture-loss cycle is determined by the cross
section for projectile ionization and the requirement that cross sections for capture
and loss must be equal. This option is included in PASS.

2.2.5. Shell Correction
Shell corrections account for the orbital motion of target electrons in their

initial state. This effect is not present in the original Bohr theory but has been
considered much later [38]. The effect is taken fully into account in the formalism
leading to Bethe’s quantum theory [21] but ignored in the final formula. Shell
corrections were subsequently allowed for by adding terms to the stopping number
of inner-shell electrons [39]. Fano formulated shell corrections as an additive term
in the form of an expansion in powers of 〈v2e〉/v2 [10], where ve denotes the orbital
speed of a target electron.

PASS introduces shell corrections by a procedure proposed in [40], which rep-
resents a convolution of the stopping cross section for a stationary target electron
with the velocity distributions of the individual orbital. PASS offers two options
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based on either hydrogenic or Hartree-Fock orbitals, the latter based on [41] for
Z1 ≤ 54 and [42] for Z1 > 54.

2.2.6. Relativity
Relativistic effects enter at several stages. Relativistic kinematics has been

treated both in Bohr’s [43] and Bethe’s stopping theories [44], with slightly dif-
ferent results. For light ions the relativistic range falls into the Bethe regime.
Therefore we have incorporated the Bethe expression as the standard relativistic
correction.

For heavy ions Lindhard & Sørensen [45] established an extension of the
Bethe theory incorporating several pertinent effects, including a relativistic Bloch
correction and deviations from Coulomb interaction in view of the finite size of
the nucleus. This Lindhard-Sørensen correction has been incorporated into PASS.

2.2.7. Compound Targets
PASS allows two options for computing stopping cross sections of compound

materials,

• the so-called Bragg additivity rule [46],

S(Xa, Yb . . . ) = CaSX + CbSY . . . , (15)

where Ca is the fraction of X-atoms, i.e., a/(a+ b+ . . . ) or

• assigning a modified spectrum of oscillator strengths to a compound. In
practice this is done by keeping the resonance frequencies of the elements
involved but changing the occupation numbers in accordance with the chem-
ical structure. As an example, for NaCl occupation numbers for inner shells
are kept unchanged in both atoms, but the single valence electron in Na will
be added to the Cl atom, so that both atoms appear as a Ne-Ar pair, except
for the I-value of the transferred electron. This option was employed for
some compunds in [13] and more recently in ref. [47].

2.3. Applications
Pass has been coded to produce several kinds of output,

• Stopping numbers, stopping cross sections or stopping forces as a function
of beam velocity [23, 13],

8



• Energy-loss spectra and secondary-electron emission spectra in ion-atom
collisions [48, 49],

• Linear energy-loss straggling, i.e., collisional straggling due to isolated tar-
get electrons [50],

• Impact-parameter-dependent energy loss [51] with application to channel-
ing [52] as well as correlated straggling, i.e., bunching and packing caused
by the proximity of target electrons [53],

• Analysis of stopping measurements in transmission [54].

3. The DPASS Code

DPASS is a compilation of stopping cross sections based on PASS that is freely
accessible on the internet [15]. In this section we specify the package of options
that have been applied in compiling the underlying tables.

3.1. Oscillator Spectrum
Oscillator spectra (fj, ωj) have been prepared for all subshells of elements

Z = 1 . . . 92 by means of the SBS scheme specified in Section 2.2.1.
I-values have been determined on the basis of stopping cross sections for MeV

protons in selected target materials. In principle this is the procedure underlying
all existing comprehensive tabulations such as [55] and [7]. The procedure applied
here is based on the PASS code which incorporates shell and Barkas-Andersen
corrections from the beginning.

In practice we relied on stopping cross sections reported from Risø ([56] and
later references from the same group compiled in [1]) and Nara ([57] and later
references from the same group compiled in [1]). A program ISBS was written
that runs PASS for a series of I-values and minimizes the rms deviation from a
given set of data over a predefined energy interval. The lower energy limit was
set to 1 MeV. As is seen in the upper graph of Figure 1, there is generally good
agreement between Risø and Nara data, while there are noticeable deviations from
the ICRU49 data mainly for Z-values above 40.

The lower graph in Figure 1 shows the set of I-values underlying the current
version of DPASS compared with the values from [7]. We used data from Risø
or Nara where available, and where data from both sources are available we took
the average. Missing I-values were filled in by linear interpolation. Gas data
were treated separately, because both Risø and Nara measurements concern solid
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Figure 1: I-values determined by analysis of proton stopping data. Top: Data from Risø and Nara
compared with values recommended by ICRU [7]. Bottom: Data adopted for the current version
of DPASS compared with ICRU49 data.
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targets. For H and He, standard I-values have been taken. For Z from 5 up to 36
we applied ISBS to stopping cross sections compiled in [1], and for Z = 54 and
86 we adopted ICRU values from [7].

3.2. Shell correction
Shell corrections have been evaluated element by element on the basis of

ref. [40] via velocity distributions determined from [41] up to Z = 54 and from
[42] for higher Z. The fact that relativity is ignored in these tabulations is a source
of error for heavy target and projectile atoms, which we intend to eliminate in a
later version of DPASS. We note, however, that relativity is fully accounted for in
the basic PASS code, and that ignoring relativity in the determination of I-values
mainly affects the innermost shells which, for high-Z targets, only contribute a
minor portion of the stopping cross section.

3.3. Conductors
For metals, PASS treats the valence shell as a free electron gas. Standard

schemes like ref. [58] are limited to light projectiles such as protons and electrons.
Instead, a classical description of the electron gas has been used from the very
beginning [23] with the plasma frequency reflecting the density of conduction
electrons defining the I-value of the outermost shell. The shell correction for
conduction electrons is determined via the Fermi-Dirac distribution.

PASS also allows to treat the valence shell of bound atoms with the aim of
comparing the stopping in metal vapor with stopping in a metal. However, DPASS
only considers metal targets in the solid state.

3.4. Remaining Options
For most of the remaining options we used the defaults in the current version

of DPASS. Specifically we mention the following:

• Equilibrium ion charge: The simple Thomas-Fermi expression (10),

• Projectile screening: Exponential,

• Projectile configuration: Distributed.

3.5. User Interface
DPASS is a Windows program freely available from [15] and easy to install.

It delivers stopping cross sections for Z1,2 = 1 . . . 92 in units of 10−15eVcm2,
MeVcm2/mg or eV/nm over a chosen grid of energies between 0.001 and 1000
MeV/u.
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4. Examples

4.1. Solid Targets
Figure 2 shows stopping cross sections for several ions in Al, Ag and Au (top

to bottom) over the energy range for which data are found in the IAEA database
[1]. Near and above the stopping maximum we find full agreement with the PASS
curves within experimental scatter. This has to be so for H ions, since those data
have served to determine the I-values of these three metals. The fact that similarly
good agreement is found for ions up to U supports the theoretical scheme, in
particular the screening model and the Barkas-Andersen correction. We note that
at 10 MeV/u the equilibrium charge of a uranium ion is 58 according to Eq. (10),
i.e., we are still far away from a point projectile.

At lower beam energies the situation changes markedly. In a few cases such
as O-Al as well as part of the data for H and He in Ag and Au we see near-perfect
agreement with the PASS curves, but the bulk of the data lies below the PASS
predictions. We come back to this point below.

Figure 3 shows similar data for C and Si targets. Again we find excellent
agreement between theory and existing data at energies above the stopping max-
imum. There are minor deviations, 10-20%, in the stopping maximum. Again,
some of the data, like C and O in C as well as C and Xe in Si, fall right on the
theoretical curves, and for both H and He in Si there are data close to theory and
others far away.

4.2. Nitrogen target
We have studied stopping in gas targets, especially He, Ne and Ar extensively

in two recent papers [59, 60]. Therefore we here only consider nitrogen as a target.
For energies around and above the stopping maximum the same observations can
be made as for C and Si. For H ions we find relatively good agreement also
at low energies with the data, better than 20%, if five low-lying data points at
the low-energy end, taken on solid nitrogen targets [61] are considered separately.
Dramatic differences, up to a factor of three, are found for He, Li and, in particular,
Ne ions at the low-energy end.

4.3. Heavy Ions
Figures 5 and 6 show comparisons between stopping cross sections for Xe, Au,

Pb and U ions and data from the IAEA compilation [1]. There are not many data
for these heavy ions, and most of those are included in the plots. While for xenon
ions we still find perfect agreement between theory and measurements above the
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Figure 2: Stopping cross sections from PASS for Al, Ag and Au targets (top to bottom) compared
with data from the Paul compilation [1]
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stopping maximum, discrepancies of up to 20-30% are found in the peak region.
Differences at low energies are similar to those found in the previous graphs, but
we note that also here, experimental data lie below the predictions.

For gold ions (Figure 5, lower graph) we still find acceptable agreement at
energies down to slightly below 1 MeV/u, but further down all plotted data devi-
ate by 30% or more from the predictions. For lead ions (Figure 6, upper graph)
significant deviations, ∼ 20%, are already found in the energy range around the
maximum, and similarly for U ions in the lower graph.

5. Discussion

Considering the breadth of coverage in terms of beam energy and atomic num-
bers we find the degree of agreement between DPASS output and experimental
data promising. However, there are discrepancies, some of which appear system-
atic. Therefore we find it useful to summarize possible reasons for those with a
view to further development of the code. We divide this discussion into aspects of
the PASS code and experimental aspects.

5.1. The PASS Code
5.1.1. Oscillator strength spectrum and I-values

The weakest point in our adopted oscillator-strength spectrum is the interpo-
lation of I-values for Z > 30 shown in Figure 1. This does not seem to have
dramatic consequences on the graphs shown here, since those materials where re-
liable I-values have been determined are, by and large, those for which there exist
reliable stopping data. However, establishing a narrower grid of reliable I-values
is an obvious item on our road map.

Errors originating from the adoption of the SBS scheme to determine oscillator-
strength spectra (fj, ωj) are negligible in the Bethe regime, where the total I-value
is the dominating input. There is an influence at lower energies, but the dramatic
discrepancies seen in some of our graphs have a different origin, as discussed be-
low. We note that also the alternative procedure that led to the spectra utilized in
ref. [13] is not free of ambiguities, especially with regard to the treatment of outer
shells which govern stopping at low energies.

5.1.2. Shell correction
While the theoretical basis of our shell corrections [40] is widely accepted, the

use of nonrelativistic wave functions [42] is a source of error which is likely to
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Figure 7: Comparison of calculated electronic stopping cross sections for straight and bent trajec-
tory, He in Ne.

affect both our determination of I-values for heavy atoms and the comparison of
calculated with measured stopping cross sections.

However, differences seen in Figure 1 between our I-values and those adopted
in [7] are unrelated to relativity: Those I-values were determined by a procedure
equivalent to ours but employing shell corrections based on hydrogenic, nonrela-
tivistic wave functions and a Barkas-Andersen correction which is no longer up-
to-date.

5.1.3. Threshold behavior, electron gas, Z1 structure
The current version of PASS predicts velocity-proportional stopping from v .

v0 down to v = 0 for conductors, insulators and gas targets. While deviations from
such behavior are evident in numerous experimental data, in particular from the
groups in Linz and Bariloche discussed in refs. [54, 59], there are also theoretical
reasons, depending on the electronic structure of the target. Here we mention an
effect that causes deviations from velocity-proportional stopping for all materials.

Standard theory of electronic stopping assumes uniform projectile motion.
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Exceptions are the low-velocity schemes by Firsov [62] and Kishinevskii [63]
which, approximately, take into account that the projectile is deflected under a
collision. This has the effect that there is a nonvanishing distance of closest ap-
proach, Rmin(p, v), even at impact parameter p = 0 . Figure 7 illustrates this
effect on the example of He in Ne. It is seen that the Firsov formula predicts a
significant correction from ∼ 0.0001 MeV/u downward.

We are not yet able to produce a similar graph by PASS, but we have shown
in ref. [54] that the effect of impact-parameter-dependent electronic energy loss
is more pronounced when evaluated from PASS than from the Firsov formula.
Therefore, as a matter of caution, the lower bound in the current DPASS compila-
tion [15] has been set to 0.001 MeV/u.

Our stopping model for conduction electrons, which ignores the plasma mode,
is clearly oversimplified. Standard theory [58] is readily applicable to H and per-
haps He ions, but a nonlinear approach is needed for heavier ions. Relevant op-
tions have long been available in the literature [12]. Such an approach should
account for Z1 structure, ‘Z1 oscillations’ in low-velocity stopping, first observed
by Ormrod & Duckworth [64]. Several nonlinear theoretical schemes predict such
oscillations [65, 66, 67], but all of them operate with an electron-gas target, yet
equally pronounced Z1 structure has been found in gas targets [68]. Here we still
see an open end.

5.1.4. Screening, charge state, projectile excitation, electron capture and loss
PASS offers two options for projectile screening (exponential or Molière screen-

ing). Differences in the output have been found barely significant. We have kept
exponential screening as the default.

PASS also offers two options for projectile excitation, bottom-up or distributed.
There is a small but noticeable difference. Comparison with a few standard cases,
especially O-Al, suggests a slight preference to the ‘distributed’ option which also
appears more appropriate intuitively. This option, as well as exponential screen-
ing, also underlies the tabulations in ref. [13].

We have repeatedly explored various options for the mean equilibrium charge
on PASS output [23, 69], and again in connection with the present study. Even
though differences are significant, we still find that as long as all output is de-
termined with a single jobfile, the simple Thomas-Fermi charge (10) is the best
compromise.

PASS determines the energy loss at the mean charge instead of the mean value
of the charge-dependent energy loss. This assumption is a significant source of
error for light projectiles, mainly H, He and Li ions. A better solution, which also
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affects projectile excitation and charge exchange, is on our road map.

5.2. Nuclear stopping, impact-parameter-dependent energy loss
On the experimental side we have paid attention to two significant sources

of error, the necessary correction for nuclear stopping at low energies and the
impact-parameter dependence of electronic energy loss.

In the literature we have identified papers that do not mention nuclear stop-
ping at all [60]. More often, the description of the applied correction for nuclear
stopping is incomplete [70], and cases have been identified, where the full nu-
clear stopping has been subtracted from the measured energy loss, neglecting the
fact that when energy loss is measured in transmission, ions that experience large
nuclear energy losses are deflected by large angles and do not enter the detector
[54, 59]. In ref. [54] we discussed two ion-target combinations where we found
that this action causes a rather sudden change of slope from a

√
E to an approxi-

mately linear dependence on E of the deduced electronic stopping cross section.
A more general source of error is the neglect of the dependence of electronic

energy loss on impact parameter in an individual ion-atom collision. We have
studied this effect extensively for the most-frequently applied transmission tech-
nique for measuring electronic energy loss [54, 59, 60], but some influence is also
expected on alternative techniques, including inversion of ion ranges.

In brief, the need to minimize nuclear stopping suggests to measure the energy
loss of a narrow beam cone, so that the majority of elastically scattered ions are
not recorded in the detector. However, ions scattered at a large angle experience
relatively large electronic energy loss. Therefore, the recorded electronic energy
loss will underestimate the actual electronic stopping cross section. This is the
main reason why the vast majority of stopping data in the graphs shown above lie
below the theoretical prediction.

We have shown in ref. [59] that this effect causes a change in slope of the
stopping cross section versus energy, and that its magnitude depends on the open-
ing angle φ of the detector and the target thickness x via ξ = Nxa20, where N
is the number of atoms per volume and a0 the Bohr radius. Unfortunately, com-
plete information on these two quantities is rarely found in the literature. The
effect is most pronounced for thin targets. This means that its influence is greatest
in measurements on gas targets, where thinner layers can be studied in practice.
Numerous examples may be found in refs. [54, 59, 60].

We note that amongst numerous ion-target combinations considered in Figures
2-6, several have been analysed previously, such as H ions in N, Al, Si and Ag in
[54], H-Au and Ni-Au in [59], as well as He-N, Ne-N and Si-Al in [60]. In
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Figure 8: Electronic and reduced stopping for Au in Ni. φ = 0.02, ξ = 4. See text.
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Figure 8 we show that these effects also occur at relatively high energies for the
heaviest projectiles. From 1 MeV/u down, the reduced stopping cross section (red
dotted line) – which takes into account the p-dependence of electronic energy loss
[54] – is seen to lie up to a factor of two below the unrestricted value (red solid
line). The expected (restricted) nuclear energy loss (black dash-dotted line) is
negligible, whereas the full nuclear energy loss (black solid line) is significant in
the left half of the graph. The authors of ref. [71] have performed a correction
for nuclear stopping on the basis of the unrestricted stopping cross section Sn

full. It is seen that the dot-dashed green line, the difference between the reduced
electronic stopping cross section – which we assert to be the quantity measured –
and the full nuclear stopping cross section agrees well with the reported data.

6. Summary

• Output for almost 100 atom pairs (Z1, Z2), covering atomic numbers from
1 to 92 and an energy range from 100 eV/u to 1 GeV/u has been compared
with experimental data extracted from the IAEA database [1].

• The main motivation for this study has been the wish to define a set of
options to make PASS output freely available on the internet [15].

• For ions heavier than Li but lighter than Xe, agreement with experimental
data is typically better than 5% above the Bragg peak and better than 20%
around the Bragg peak. Major discrepancies at energies below the Bragg
peak are ascribed primarily to the analysis of experimental data.

• For ions from Xe upward, in the energy range above the maximum, the
agreement between PASS output and experimental stopping cross sections
is typically within experimental scatter.

• Around the stopping maximum, PASS data tend to lie slightly below PASS
predictions, although within (often quite large) experimental scatter in most
cases.

• Good agreement is generally found below the stopping maximum down to
the Bohr speed [69], with the exception of He and Li ions, where our de-
scription involving a mean charge state becomes questionable.

• Published data on stopping at velocities below the Bohr speed need spe-
cial attention, since commonly applied procedures for data analysis treat
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electronic energy loss as a friction force without attention to its impact-
parameter dependence.

• In those cases that we have analyzed explicitly [54, 59, 60] and Figure 8, we
argue that estimates from PASS come closer to the true electronic stopping
cross section than do the reported values.

Cordial thanks are due to Valery Kuzmin for modifying his REST code to au-
tomatize the compilation of PASS stopping tables. This work has been supported
by the Carlsberg Foundation.
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