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A recent nuclear physics experiment [C. J. Chiara et al., Nature (London) 554, 216 (2018)] reports the
first direct observation of nuclear excitation by electron capture (NEEC) in the depletion of the *"Mo
isomer. The experiment used a beam-based setup in which Mo highly charged ions with nuclei in the

isomeric state *>"Mo at 2.4 MeV excitation energy were slowed down in a solid-state target. In this process,
nuclear excitation to a higher triggering level led to isomer depletion. The reported excitation probability
P.. = 0.01 was solely attributed to the so-far unobserved process of NEEC in lack of a different known
channel of comparable efficiency. In this work, we investigate theoretically the beam-based setup and
calculate excitation rates via NEEC using state-of-the-art atomic structure and ion stopping-power models.

For all scenarios, our results disagree with the experimental data by approximately 9 orders of magnitude.
This stands in conflict with the conclusion that NEEC was the excitation mechanism behind the observed

depletion rate.
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In nuclear physics, the term isomer denotes a long-lived
excited nuclear state. Isomers pose challenging riddles to
nuclear structure theory [1,2] and may play a significant
role for nucleosynthesis in astrophysical plasmas [3]. In
terrestrial laboratories, one hopes to achieve control of
isomeric state population to design novel energy storage
solutions. Isomer depletion refers to the core idea behind
such energy storage: The excitation of the nuclear isomer to
a higher-lying so-called triggering state together with an
advantageous decay branching ratio thereof can lead to the
controlled release on demand of the stored nuclear energy
[1,4-10]. Excitation can occur over several channels, by
photoabsorption, Coulomb excitation, inelastic scattering,
or coupling to the electronic shell.

Nuclear excitation by electron capture (NEEC) is one of
these possible excitation mechanisms [9]. This process is
the time-reversed internal conversion (IC) and occurs
when electron recombination into the atomic shell at the
exact resonance energy excites the nucleus [11,12].
Theoretically, NEEC has been investigated for channeling
through crystals [13-15], in laser-generated plasmas
[2,16-23], or in storage ring scenarios [24,25]. The
state-of-the-art NEEC theory was so far benchmarked
using the data available on its inverse process IC
[9,26,27]. The first experimental evidence of NEEC was
only recently reported in the isomer depletion of the
2.4 MeV %Mo isomer (half-life 6.85 h) in a beam-based
setup [28]. Fast recoiled **"Mo isomers were produced via
nuclear reactions in collisions of a 840 MeV **Zr beam on a
Li target. This secondary isomeric beam then reached a
stopping target comprising a thin carbon layer backed with
208pb, as illustrated in Fig. 1. In the stopping process,
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Mo ions were stripped of electrons, which recombined back
later upon ion deceleration. Provided the resonance con-
dition in the rest frame of the ion was fulfilled, NEEC
depleted the isomer by driving the 4.85 keV electric
quadrupole (E2) transition from the isomer to a triggering
level T (see the partial level scheme in Fig. 1), which
subsequently decayed via a cascade to the ground state.
Reference [28] reports the clear signal of isomer
depletion observed by a direct measurement of the
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FIG. 1. Sketch of the beam-based experimental setup with a

graphical illustration of the NEEC process and the partial level
scheme of *>"Mo. In Ref. [28], the stopping target comprised a C
and a Pb layer. The nuclear isomeric (IS), triggering (7)),
intermediate (F), and ground-state (GS) levels are labeled by
their spin, parity, and energy in keV, taken from Ref. [29]. Energy
intervals are not to scale.
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268 keV gamma-ray photon emitted in the transition
from state T to state F' below the isomer. The depletion
probability P, = 0.01 per **"Mo was extracted from the
experimental data. Since the branching ratio of the 268 keV
transition from 7 to F equals unity, this probability is both
the isomer depletion probability and the nuclear excitation
probability from the isomeric state to the triggering level 7.
The direct experimental evidence does not point at any
nuclear excitation mechanism in particular and confirms
only the depletion of the **Mo isomer. Reference [28]
carefully checked that the signal is not due to contaminant
reactions and also provided theoretical estimates on
Coulomb excitation and inelastic scattering, which yielded
much smaller probabilities than the observed one. However,
theoretical NEEC rates for the experimental setting were not
provided. With previous works on beam-based setups
[30,31] giving only qualitative arguments, the question on
the magnitude of NEEC for **”Mo isomer depletion
remained unanswered from the theory side.

It is the purpose of this Letter to provide the missing
theoretical study of a beam-based scenario for NEEC as a
depleting mechanism for **Mo. Our analysis models the
ion charge-state distribution of the **Mo isomers, the ion
deceleration, and the NEEC process using state-of-the-art
atomic structure calculations and several stopping-power
models. For all considered models, we obtain NEEC
probabilities of approximately 107!, 9 orders of magnitude
smaller than the experimental value P,.,. = 0.01 reported in
Ref. [28]. A comparison between different stopping-power
models and consistency checks with another NEEC sce-
nario available in the literature support the obtained values.
The tremendous difference between the theoretical and
experimental isomer depletion probabilities speaks against
NEEC as the underlying nuclear excitation mechanism for
the isomer depletion observed in Ref. [28]. Our findings
support further investigations of the so-far considered
experimental and theoretical channels and the search for
new possible depletion mechanisms.

The total theoretical probability per **”Mo ion in the
beam-target scenario is given by the sum of NEEC
probabilities over all the possible recombination channels
(orbitals) a and over the entire charge-state distribution of
the incoming ions, integrated over the interaction time

P= Z/J;(pagdr, (1)
q,a

where f, is the ion fraction in charge state g, ¢ the electron
flux in the rest frame of the ion, and 67 the NEEC cross
section into channel a for an initial ion with charge state g.
These quantities depend indirectly on time via the varying
ion energy in the deceleration process. A change of variable
can be made [32,33] by introducing the stopping power
through the material —dE"°"/dx, which determines the

time-dependent ion velocity and correspondingly (in the
rest frame of the Mo ions) the electron recombination
energy for the NEEC process. The resonant NEEC cross
section depends on the recombining continuum electron
energy E primarily via a normalized Lorentz profile:

Tya/ (27)

(E—E,.)*+iI2,
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where S§(E) is the NEEC resonance strength, only slowly
varying with respect to the electron energy, and E,, and
I', . are the recombining electron energy and the natural
width of the resonant state, respectively. The continuum
electron energy is given by the difference between the
nuclear transition energy 4.85 keV and the electronic
energy transferred to the bound atomic shell in the
recombination process. For NEEC into the electronic
ground state, I, , is given by the nuclear state width
and is 1077 eV for the 2429.80 keV level T above the
isomer [29]. The Lorentz profile can then be approximated
by a Dirac-delta function. However, if the electron recom-
bination occurs into an excited electronic configuration, the
width of the Lorentz profile is determined by the electronic
width, typically on the order of 1 eV [34]. This value is still
small compared to the continuum electron energies of a
few keV.

In order to relate the electronic and ion energies, we
assume that the electron temperature in the solid-state target
is very small, so that we can neglect the electron velocity in
the laboratory frame. For the C target, this is well justified
and introduces only deviations of a few percent compared
to the more accurate treatment based on the Thomas-Fermi
approximation [14,15]. This leads to the relation
E = (m,/m;)E"°", where m, and m; are the electron and
ion masses, respectively. The very narrow Lorentz profile in
the expression of the NEEC cross section justifies consid-
ering the ion fraction f, the electron flux ¢, the stopping
power —dE™" /dx, and the NEEC resonance strength §g to
be constant for the narrow energy interval of the resonance
[, o This approximation has a relative accuracy of
[ya/Eqq; i€, it is for all practical purposes exact for
NEEC into ground-state configurations for which I'; , ~
1077 eV and has a relative accuracy of 1073 for the case
that the capture occurs into excited electronic states and
I',« S 1 eV. Performing the energy integration over the
normalized Lorentz profile, we obtain the total NEEC
probability

m; 1

m, ~(dE®/dx)]
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where 7, is the electron density, for which we consider the
solid-state value to obtain an upper limit estimate.
Furthermore, P§ denotes the NEEC probability into chan-
nel a for an initial ion with charge state g.

We calculate the NEEC cross sections following
the formalism first developed in Ref. [24] and later used
for a number of NEEC studies for highly charged ions or
plasmas [20-23,35]. We use a multiconfigurational-Dirac-
Fock method implemented in GRASP92 [36] for the rela-
tivistic bound electronic wave functions and numerical
solutions to the Dirac equation with Z.; = ¢ for the free
electrons under the single-active electron approximation.
The nuclear reduced transition probability B = 3.5 W.u.
(Weisskopf units) for the 4.85 keV transition IS — T in
Mo was taken from the model calculation in Ref. [37]. We
have checked the accuracy of our electronic matrix ele-
ments by reproducing existing experimental [29] or theo-
retical internal conversion coefficients [38]. The agreement
is on the level of 10%.

For the ion charge distribution in the beam f,(E*%) and
the stopping power —(dE""/ dx)| g, we employ state-of-
the-art models, empirical fits, and software packages
developed mostly by Schiwietz and Grande. For the
charge-state distribution, we adopt for each ion energy a
Gaussian distribution with mean charge state g and width w
defined as w = [Y_, (¢’ — §)*f;]"/* [39]. The values g and
w can be obtained from multiparameter least-square fits
applied to a large collection of experimental data points.
For our purposes, we compare three different models: (i) a
general fitting formula introduced in 1968 by Nikolaev and
Dmitriev [40], (ii) a multiparameter least-square fit by
Schiwietz and Grande that has been applied to published
solid-state data for 840 experimental data points [41], and
(iii) an improved charge-state formula for g with asymp-
totic dependencies that include resonance effects and shell-
structure effects in an iterative fitting procedure [42]. For
Mo channeling through a C foil, the calculated mean charge
state using models (ii) and (iii) are nearly identical, such
that we use only model (ii) in the following. Figure 2
illustrates the good agreement of the mean charge state g
and the width w obtained for Mo ions using models (i) and
(ii) [40,41].

We now proceed to calculate the stopping power of Mo
ions and to evaluate the NEEC probabilities Pg. Since
Ref. [28] assumes that NEEC occurs in the C layer of the
target, we consider the scenario that a **"Mo ion beam of
energy 820 MeV traverses a C target of density 2.0 g/cm?
[44] and thickness approximately 100 um, sufficient to
bring the ions to a full stop. Upon deceleration, electrons
recombine into the Mo ions in the available atomic
vacancies depending on the ionic charge state. The con-
sidered energy interval allows NEEC into the L, M, N, and
O shells and is larger than the one available in the
experiment [28], thus providing an upper limit for the
NEEC probability within the C target.

1.5 X 165
g
= 30
= Q
% 1.0 §
(&) 17
g ’ — 120 &
=% - — = model (i) g
205 —— model (i) || ©
& &2 10
2 = O  CasP Equilibrium
g ‘ —- Eq.()

0.0 ‘ ‘ ‘ ‘ ‘ 10

5 10 50 100 500 1000
Ion energy [MeV]

FIG. 2. Right axis: Mean charge state g (lines) and width w
(shaded area) for ®*Mo ions as a function of the ion energy using
the fit formulas (i) from Ref. [40] (blue dashed line and blue
shading) and (ii) in Ref. [41] (orange solid line and orange
shading). Left axis: Stopping power for >*Mo ions in the carbon
solid target as a function of the total ion energy. Gray circles: Casp
simulation considering an averaged equilibrium charge state.
Brown dash-dotted line: The Javanainen semiempirical formula
[43]. A density of 2.0 g/cm? for the carbon target was considered.

The stopping power was obtained using the state-of-the-
art unitary-convolution-approximation stopping-power
model implemented by Schiwietz and Grande in the
convolution approximation for swift particles (CasP) code
[45-52]. casp takes ionization and electron capture proc-
esses into account and can provide both —(dE""/dx) £
for an ion of given charge ¢ at the resonance energy of
interest in each possible channel a as well as an equilibrium
charge-state-distribution-averaged stopping power at a
specific ion energy. For the total NEEC probability (3),
it is appropriate to consider the stopping power for specific
charge states in the CasP calculation, henceforth denoted as
CasP-q. However, we have also used the equilibrium Casp
calculation to check the reliability of the stopping-power
results by comparison with the semiempirical formula
introduced by Javanainen [43]:

dE™» B 4712127 et

dx m,v?

NZ,L, (4)

where e is the electron charge, v is the projectile velocity,
N is the atomic density of the target, Z, and Z, are
the atomic numbers of the projectile and the target,
respectively, and L is the stopping number L=
1.1209\/1+0.20211n(Zp/Zt)ln(1+K)() with x ~ 1.1229

and y =02853[Z//2/(1.2Z*))¢.  Furthermore, &=
[(m,v*)/(Z ,hwgvy)] with iy being the mean excitation
energy of the target electrons given by hwy = Z,1) =
10Z, eV and v, the Bohr velocity. The calculated stopping
power in the carbon target as a function of the ion energy is
compared for the case of Mo ions in Fig. 2. For the Casp
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FIG. 3. NEEC probability P for all considered 648 recombi-

nation channels as a function of charge state g and ion energy. For
illustration, the L-shell values are presented in the inset.

equilibrium calculation, we have used 200 points with
50 keV/u ion energy spacing from 50 to 1000 keV/u.
Figure 2 shows that both models deliver similar stopping
powers. The CasP results underestimate the stopping power
at low ion energies, a feature that has been already
addressed in Ref. [53].

We obtain the partial P§ NEEC probabilities into each
possible channel combining the stopping power calculated
with CasP-q and the corresponding NEEC resonance
strength values according to Eq. (3). The results are shown
in Fig. 3. We consider 648 NEEC channels for charge states
from Mo!4* to Mo*** and recombination into all possible
orbitals of the L, M, N, and O atomic shells. Among these,
23 consider NEEC into the respective electronic ground
state and 625 into excited states. This builds upon the
smaller set of 333 NEEC cross sections calculated and
presented in Refs. [22,23] to consider all relevant channels
for the present scenario. We note that NEEC into the K
shell is not possible due to the corresponding binding
energy larger than 4.85 keV. The lowest charge state Mo'4*
occurs according to Fig. 2 only for very small ion energies,
for which NEEC into the free N and O shells is energeti-
cally forbidden. NEEC into these atomic shells can proceed
only for higher ion energies and higher charge states, larger
than 20+. The largest calculated Pg value is the one for
NEEC into the L-shell orbitals, with P ~ 1072 for the
2p3), orbital. NEEC with recombination into the higher
considered shells is less probable, with PZ values of
approximately 107!, 1072, and 10~'2 for the M, N, and
O shells, respectively. Recombination in even higher
shells is not possible, since the resonance condition would
require that incoming ions have higher energies than
considered here.

Summing over all the possible NEEC channels and
including the charge-state distribution according to the
second line of Eq. (3), we obtain the total probability P. The
numerical results are shown in Table I for the discussed
stopping-power models and the charge-state distributions

TABLE 1. The total NEEC excitation probability P for *"Mo
via the 4.85 keV E?2 transition for the discussed stopping-power
and charge-state distribution models.

q
—dE/dx (1) [40] (i1) [41]
CasP-q 2.66 x 10! 2.58 x 107!
CasP equilibrium 2.73 x 10711 2.54 x 107!
Ref. [43] 243 x 1071 226 x 1071

(i) and (ii). Using the CasP-q model and the charge-state
distribution (ii), we obtain P = 2.58 x 107!, This value
changes only slightly when using the older charge-state
distribution model (i) (P = 2.66 x 10~!1). We also present
the NEEC probability calculated with the equilibrium
charge-state distributions from cCasP calculations or the
semiempirical formula in Ref. [43]. Among all calculated
probabilities, the difference between the largest and the
smallest value is only 17%, confirming that all considered
combinations of models predict a much smaller NEEC
probability than the observed isomer depletion probability.

Table II presents the individual contribution from each
atomic shell to the probability of NEEC excitation.
Surprisingly, although Pg is largest for the L shell, the
corresponding total NEEC probability is negligible. The
reason is that the fraction of ions f, (Ei%) with high charge
states and L-shell vacancies is vanishingly small for the ion
energy required by the resonant condition. We note that the
L-shell contributions in Table II have a one order of
magnitude difference between the two charge-state distri-
bution models. This is expected, because the charge state
required for the capture into the L shell is far away from the
averaged charge state at the resonance condition [39,54].
However, this discrepancy does not affect the total NEEC
probability, which is determined by recombination into the
M, N, and O shells. The largest contribution to the NEEC
probability is from the capture into the M-shell channels,
for which all predictions are very close to each other on the
few percent level, regardless of the chosen charge-state
distribution model.

The 9 orders of magnitude discrepancy between the
theoretical NEEC probability calculated in this work and
the experimental excitation probability in Ref. [28] sheds
doubt on whether NEEC was the process behind the
observed isomer depletion. We note that our predictions

TABLEIL. The NEEC excitation probability for each individual
capture shell. The stopping power was calculated with the charge-
selective CasP-q code.

g model L shell M shell N shell O shell
(i) 5.68 x 10718 1.53 x 10711 7.54 x 10712 3.77 x 10712
(ii) 1.48 x 10719 1.47 x 10711 7.34 x 10712 3.73 x 102
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should be considered as upper limits for the excitation
probability, since in the experiment the ions are expected to
have only energies between approximately 600 and
300 MeV at the presumed NEEC site. This energy interval
covers the largest contribution from recombination into the
M shell but only partially the ones of other shells. Since in
the experimental target the C layer was backed by a
stopping Pb layer, we have calculated also the NEEC
probability for a 820 MeV ion beam channeling and
coming to a full stop through a Pb target of density
11.35 g/cm® [44]. We find P~ 5 x 10~!! using the stop-
ping-power model [43] and charge-state distribution (ii).
This value is likely an overestimate, since for Pb our
approximations for the recombining electrons are more
inaccurate. Therefore, the NEEC probability in the exper-
imental target with C and Pb layers considering smaller ion
energies than we have assumed for our calculation should
remain on the order of P~ 107! or less. This order of
magnitude corroborates with the results obtained for a
laser-plasma-based NEEC scenario for Mo isomer
depletion, where recombination into the L shell had a
sizable contribution and P =~ 10710 [22].

Which process could be responsible for the observed
excitation? Reference [28] presents estimates of Coulomb
excitation and inelastic scattering probabilities which yield
approximately 107 for the Pb and C targets, respectively.
These values, although too small to explain the observed
excitation, are much larger than the calculated NEEC
probability. Since our theoretical results have shown that
for NEEC only a very small ion energy interval in the
deceleration process contributes and the strongest channels
are suppressed, it is not surprising that nonresonant nuclear
excitation processes may be more efficient. It remains an
open question whether the observed excitation can be
related to a novel channel so far disregarded in the state-
of-the-art theory.

*yuanbin.wu@mpi—hd.mpg.de
TPalffy@mpi—hd.mpg.de

[1] P. Walker and G. Dracoulis, Nature (London) 399, 35
(1999).

[2] G.D. Dracoulis, P. M. Walker, and F. G. Kondev, Rep. Prog.
Phys. 79, 076301 (2016).

[3] R. Reifarth, S. Fiebiger, K. Gobel, T. Heftrich, T. Kausch,
C. Koppchen, D. Kurtulgil, C. Langer, B. Thomas, and
M. Weigend, Int. J. Mod. Phys. A 33, 1843011 (2018).

[4] A. Aprahamian and Y. Sun, Nat. Phys. 1, 81 (2005).

[5] D. Belic, C. Arlandini, J. Besserer, J. de Boer, J. J. Carroll, J.
Enders, T. Hartmann, F. Kippeler, H. Kaiser, U. Kneissl
et al., Phys. Rev. Lett. 83, 5242 (1999).

[6] C.B. Collins, F. Davanloo, M.C. Iosif, R. Dussart,
J.M. Hicks, S. A. Karamian, C. A. Ur, L. I. Popescu, V. L.
Kirischuk, J.J. Carroll et al., Phys. Rev. Lett. 82, 695
(1999).

[7] D. Belic, C. Arlandini, J. Besserer, J. de Boer, J. J. Carroll, J.
Enders, T. Hartmann, F. Kippeler, H. Kaiser, U. Kneissl
et al., Phys. Rev. C 65, 035801 (2002).

[8] J.J. Carroll, Laser Phys. Lett., 1 275 (2004).

[9] A. Palfty, J. Evers, and C. H. Keitel, Phys. Rev. Lett. 99,
172502 (2007).

[10] A.A.Zadernovsky and J. J. Carroll, Hyperfine Interact. 143,
153 (2002).

[11] V.I. Goldanskii and V. A. Namiot, Phys. Lett. 62B, 393
(1976).

[12] A. Pélfty, Contemp. Phys. 51, 471 (2010).

[13] N. Cue, J.-C. Poizat, and J. Remillieux, Europhys. Lett. 8,
19 (1989).

[14] J. Kimball, D. Bittle, and N. Cue, Phys. Lett. 152A, 367
(1991).

[15] Z.-S. Yuan and J. C. Kimball, Phys. Rev. C 47, 323 (1993).

[16] M.R. Harston and J. F. Chemin, Phys. Rev. C 59, 2462
(1999).

[17] G. Gosselin and P. Morel, Phys. Rev. C 70, 064603
(2004).

[18] G. Gosselin, V. Méot, and P. Morel, Phys. Rev. C 76,
044611 (2007).

[19] E. Gobet, C. Plaisir, F. Hannachi, M. Tarisien, T. Bonnet, M.
Versteegen, M. M. Aléonard, G. Gosselin, V. Méot, and P.
Morel, Nucl. Instrum. Methods Phys. Res., Sect. A 653, 80
(2011).

[20] J. Gunst, Y. A. Litvinov, C. H. Keitel, and A. Palffy, Phys.
Rev. Lett. 112, 082501 (2014).

[21] J. Gunst, Y. Wu, N. Kumar, C. H. Keitel, and A. Palffy,
Phys. Plasmas 22, 112706 (2015).

[22] Y. Wu, J. Gunst, C. H. Keitel, and A. Pélffy, Phys. Rev. Lett.
120, 052504 (2018).

[23] J. Gunst, Y. Wu, C. H. Keitel, and A. Pélffy, Phys. Rev. E97,
063205 (2018).

[24] A. Palffy, W. Scheid, and Z. Harman, Phys. Rev. A 73,
012715 (2006).

[25] A. Palffy, Z. Harman, C. Kozhuharov, C. Brandau, C. H.
Keitel, W. Scheid, and T. Stohlker, Phys. Lett. B 661, 330
(2008).

[26] A. Gagyi-Pilffy, Theory of nuclear excitation by electron
capture for heavy ions, Ph.D. dissertation, Justus-Liebig-
Universitit Gieen, 2006.

[27] P. V. Bilous, G. A. Kazakov, 1. D. Moore, T. Schumm, and
A. Pilffy, Phys. Rev. A 95, 032503 (2017).

[28] C.J. Chiara, J. J. Carroll, M. P. Carpenter, J. P. Greene, D. J.
Hartley, R. V.F. Janssens, G.J. Lane, J. C. Marsh, D. A.
Matters, M. Polasik et al., Nature (London) 554, 216 (2018).

[29] Evaluated Nuclear Structure Data Files, official Web site
(2019), https://www.nndc.bnl.gov/ensdf/.

[30] S. A. Karamian and J. J. Carroll, Phys. At. Nucl. 75, 1362
(2012).

[31] M. Polasik, K. Stabkowska, J.J. Carroll, C.J. Chiara, L.
Syrocki, E. Weder, and J. Rzadkiewicz, Phys. Rev. C 95,
034312 (2017).

[32] Z. Wei, Y. Yan, Z.E. Yao, C.L. Lan, and J. Wang, Phys.
Rev. C 87, 054605 (2013).

[33] M. Aikawa, S. Ebata, and S. Imai, Nucl. Instrum. Methods
Phys. Res., Sect. B 353, 1 (2015).

[34] J. L. Campbell and T. Papp, At. Data Nucl. Data Tables 77, 1
(2001).

212501-5


https://doi.org/10.1038/19911
https://doi.org/10.1038/19911
https://doi.org/10.1088/0034-4885/79/7/076301
https://doi.org/10.1088/0034-4885/79/7/076301
https://doi.org/10.1142/S0217751X1843011X
https://doi.org/10.1038/nphys150
https://doi.org/10.1103/PhysRevLett.83.5242
https://doi.org/10.1103/PhysRevLett.82.695
https://doi.org/10.1103/PhysRevLett.82.695
https://doi.org/10.1103/PhysRevC.65.035801
https://doi.org/10.1002/lapl.200310065
https://doi.org/10.1103/PhysRevLett.99.172502
https://doi.org/10.1103/PhysRevLett.99.172502
https://doi.org/10.1023/A:1024063610971
https://doi.org/10.1023/A:1024063610971
https://doi.org/10.1016/0370-2693(76)90665-1
https://doi.org/10.1016/0370-2693(76)90665-1
https://doi.org/10.1080/00107514.2010.493325
https://doi.org/10.1209/0295-5075/8/1/004
https://doi.org/10.1209/0295-5075/8/1/004
https://doi.org/10.1016/0375-9601(91)90740-Y
https://doi.org/10.1016/0375-9601(91)90740-Y
https://doi.org/10.1103/PhysRevC.47.323
https://doi.org/10.1103/PhysRevC.59.2462
https://doi.org/10.1103/PhysRevC.59.2462
https://doi.org/10.1103/PhysRevC.70.064603
https://doi.org/10.1103/PhysRevC.70.064603
https://doi.org/10.1103/PhysRevC.76.044611
https://doi.org/10.1103/PhysRevC.76.044611
https://doi.org/10.1016/j.nima.2011.01.106
https://doi.org/10.1016/j.nima.2011.01.106
https://doi.org/10.1103/PhysRevLett.112.082501
https://doi.org/10.1103/PhysRevLett.112.082501
https://doi.org/10.1063/1.4935294
https://doi.org/10.1103/PhysRevLett.120.052504
https://doi.org/10.1103/PhysRevLett.120.052504
https://doi.org/10.1103/PhysRevE.97.063205
https://doi.org/10.1103/PhysRevE.97.063205
https://doi.org/10.1103/PhysRevA.73.012715
https://doi.org/10.1103/PhysRevA.73.012715
https://doi.org/10.1016/j.physletb.2008.02.027
https://doi.org/10.1016/j.physletb.2008.02.027
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1038/nature25483
https://www.nndc.bnl.gov/ensdf/
https://www.nndc.bnl.gov/ensdf/
https://www.nndc.bnl.gov/ensdf/
https://www.nndc.bnl.gov/ensdf/
https://doi.org/10.1134/S1063778812110117
https://doi.org/10.1134/S1063778812110117
https://doi.org/10.1103/PhysRevC.95.034312
https://doi.org/10.1103/PhysRevC.95.034312
https://doi.org/10.1103/PhysRevC.87.054605
https://doi.org/10.1103/PhysRevC.87.054605
https://doi.org/10.1016/j.nimb.2015.04.002
https://doi.org/10.1016/j.nimb.2015.04.002
https://doi.org/10.1006/adnd.2000.0848
https://doi.org/10.1006/adnd.2000.0848

PHYSICAL REVIEW LETTERS 122, 212501 (2019)

[35] A. Palffy, Z. Harman, and W. Scheid, Phys. Rev. A 75,
012709 (2007).

[36] F. A. Parpia, C.F. Fischer, and I. P. Grant, Comput. Phys.
Commun. 94, 249 (1996).

[37] M. Hasegawa, Y. Sun, S. Tazaki, K. Kaneko, and T.
Mizusaki, Phys. Lett. B 696, 197 (2011).

[38] F. Rosel, H. M. Fries, K. Alder, and H. C. Pauli, At. Data
Nucl. Data Tables 21, 91 (1978).

[39] H.-D. Betz, Rev. Mod. Phys. 44, 465 (1972).

[40] V.S. Nikolaev and I.S. Dmitriev, Phys. Lett. 28A, 277
(1968).

[41] G. Schiwietz and P.L. Grande, Nucl. Instrum. Methods
Phys. Res., Sect. B 175-177, 125 (2001).

[42] G. Schiwietz, K. Czerski, M. Roth, F. Staufenbiel, and P. L.
Grande, Nucl. Instrum. Methods Phys. Res., Sect. B 226,
683 (2004).

[43] A. Javanainen, Nucl. Instrum. Methods Phys. Res., Sect. B
285, 158 (2012).

[44] NIST compositions of materials used in STAR databases
(2019), https://physics.nist.gov/cgi-bin/Star/compos.pl?ap.

[45] CasP Web site (2019), https://www.helmholtz-berlin.de/
people/gregor-schiwietz/casp_en.html.

[46] G. Schiwietz and P.L. Grande, Phys. Rev. A 84, 052703
(2011).

[47] P.L. Grande and G. Schiwietz, Phys. Rev. A 58,3796 (1998).

[48] G. Schiwietz and P.L. Grande, Nucl. Instrum. Methods
Phys. Res., Sect. B 153, 1 (1999).

[49] G.d. M. Azevedo, P.L. Grande, and G. Schiwietz, Nucl.
Instrum. Methods Phys. Res., Sect. B 164-165, 203 (2000).

[50] P.L. Grande and G. Schiwietz, Nucl. Instrum. Methods
Phys. Res., Sect. B 195, 55 (2002).

[51] P.L. Grande and G. Schiwietz, Nucl. Instrum. Methods
Phys. Res., Sect. B 267, 859 (2009).

[52] G. Schiwietz and P.L. Grande, Nucl. Instrum. Methods
Phys. Res., Sect. B 273, 1 (2012).

[53] P. Sigmund, Particle Penetration and Radiation Effects
Volume 2, Springer Series in Solid-State Sciences Vol. 179
(Springer International, New York, 2014).

[54] L. S. Dmitriev and V. S. Nikolaev, Sov. Phys. JETP 20, 409
(1965).

212501-6


https://doi.org/10.1103/PhysRevA.75.012709
https://doi.org/10.1103/PhysRevA.75.012709
https://doi.org/10.1016/0010-4655(95)00136-0
https://doi.org/10.1016/0010-4655(95)00136-0
https://doi.org/10.1016/j.physletb.2010.10.065
https://doi.org/10.1016/0092-640X(78)90034-7
https://doi.org/10.1016/0092-640X(78)90034-7
https://doi.org/10.1103/RevModPhys.44.465
https://doi.org/10.1016/0375-9601(68)90282-X
https://doi.org/10.1016/0375-9601(68)90282-X
https://doi.org/10.1016/S0168-583X(00)00583-8
https://doi.org/10.1016/S0168-583X(00)00583-8
https://doi.org/10.1016/j.nimb.2004.05.043
https://doi.org/10.1016/j.nimb.2004.05.043
https://doi.org/10.1016/j.nimb.2012.05.013
https://doi.org/10.1016/j.nimb.2012.05.013
https://physics.nist.gov/cgi-bin/Star/compos.pl?ap
https://physics.nist.gov/cgi-bin/Star/compos.pl?ap
https://physics.nist.gov/cgi-bin/Star/compos.pl?ap
https://physics.nist.gov/cgi-bin/Star/compos.pl?ap
https://www.helmholtz-berlin.de/people/gregor-schiwietz/casp_en.html
https://www.helmholtz-berlin.de/people/gregor-schiwietz/casp_en.html
https://www.helmholtz-berlin.de/people/gregor-schiwietz/casp_en.html
https://www.helmholtz-berlin.de/people/gregor-schiwietz/casp_en.html
https://www.helmholtz-berlin.de/people/gregor-schiwietz/casp_en.html
https://doi.org/10.1103/PhysRevA.84.052703
https://doi.org/10.1103/PhysRevA.84.052703
https://doi.org/10.1103/PhysRevA.58.3796
https://doi.org/10.1016/S0168-583X(98)00981-1
https://doi.org/10.1016/S0168-583X(98)00981-1
https://doi.org/10.1016/S0168-583X(99)01074-5
https://doi.org/10.1016/S0168-583X(99)01074-5
https://doi.org/10.1016/S0168-583X(01)01164-8
https://doi.org/10.1016/S0168-583X(01)01164-8
https://doi.org/10.1016/j.nimb.2009.02.017
https://doi.org/10.1016/j.nimb.2009.02.017
https://doi.org/10.1016/j.nimb.2011.07.023
https://doi.org/10.1016/j.nimb.2011.07.023

