PRL 119, 203401 (2017)

PHYSICAL REVIEW LETTERS

Shakeoff Ionization near the Coulomb Barrier Energy
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We measure the projectile K x-ray spectra as a function of the beam energies around the Coulomb barrier
in different collision systems. The energy is scanned in small steps around the barrier aiming to explore the
nuclear effects on the elastically scattered projectile ions. The variation of the projectile x-ray energy with
the ion-beam energies exhibits an unusual increase in between the interaction barrier and fusion barrier
energies. This additional contribution to the projectile ionization can be attributed to the shakeoff of outer-
shell electrons of the projectile ions due to the sudden nuclear recoil (~1072! sec) caused by the attractive
nuclear potential, which gets switched on near the interaction barrier energy. In the sudden approximation
limit, the theoretical shakeoff probability calculation due to the nuclear recoil explains the observed data
well. In addition to its fundamental interest, such processes can play a significant role in dark matter
detection through the possible mechanism of x-ray emissions, where the weakly interacting massive
particle-nucleus elastic scattering can lead to the nuclear-recoil-induced inner-shell vacancy creations.
Furthermore, the present work may provide new prospects for atomic physics research at barrier energies as
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well as provide a novel technique to perform barrier distribution studies for two-body systems.
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The well-known disparity between the interaction range
and coupling constant for the electromagnetic and strong
force suggests an independent treatment of atomic and
nuclear phenomena. However, some distinct processes,
viz., bound-state § decay [1], nuclear excitation by electron
capture [2], etc., occurring at the borderline between atomic
and nuclear physics, provide a possibility to explore the
interference between such interactions. Similarly, the
Coulomb barrier region also may provide an opportunity
to study the interplay between atomic and nuclear processes
[3]. Nevertheless, no effort has been invested yet in studying
the influence of the nuclear interaction on the atomic
processes at barrier energies during ion-atom collisions.
In order to investigate the nuclear influence on the atomic
processes, we have recorded the projectile ion K x-ray
spectra as a function of the beam energies around the barrier.
With great surprise, we observe an unusual increase or a kink
in the gradual variation of x-ray energy as the beam energy
approaches to the Coulomb barrier regime. Noteworthy,
when the swift projectile ions pass through a solid target, the
electron loss and capture processes are the primary phenom-
ena. These processes mainly depend on electron-nucleus
and electron-electron correlation and generally exist at every
beam energy. However, the influence of nuclear-nuclear
interaction on the electronic environment can be exhibited
only if the two collision partners come close to the short
nuclear ranges. Hence, the nuclear interaction can be a
possible effect for such a kink.

In this Letter, the underlying physical origin is explained
in terms of the shakeoff ionization caused by the sudden
recoil of projectile ions [4,5] as they encounter the barrier
potential. This finding has been validated with three
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different systems, viz. 'C(°®Fe,®Fe), '“C(°®Ni,®Ni),
and 'C(%*Cu, Cu). Interestingly, the ionization and exci-
tation of bound atomic electrons of detector material can
also be induced by the elastic recoiling of the atomic
nucleus with the impact of the weakly interacting massive
particles (WIMPs), which may result in characteristic x-ray
emissions to provide excellent opportunities to detect sub-
GeV WIMPs [6,7]. Therefore, the present work may
complement earlier theoretical works [4,5] and has impli-
cations in the dark-matter search experiments [6,7].

Three experimental runs were carried out using the 15
UD tandem [8]. Ton beams of °Fe, *Ni, and ®Cu
(current = 1-2 pnA) at several beam energies covering
the Coulomb barrier region in small steps were passed
through carbon foil. The foil thickness was 80 ug/cm?
for the °Fe and ®Ni experiments and 60 ug/cm? for the
%3Cu experiment. To avoid any deterioration effect due
to ion-solid collisions, the target with similar thickness
was replaced in each experimental run. The pressure
around 1 x 107 Torr was maintained in the experimental
chamber.

During the passage of projectile ions through the bulk of
the target, various charge-changing processes including
ionization, excitation, electron capture, etc., lead to a
certain distribution of the projectile charge states. After a
large number of collisions, the projectile ions attain an
equilibrium charge state distribution (CSD), and the cor-
responding target thickness is called equilibrium thickness.
However, the electron capture processes occurring at the
exit of the target surface greatly influence the projectile
charge state attained in the bulk. Conventional electromag-
netic methods measure the total charge state of the ions and,
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FIG. 1. Systematics of the analysis for a typical case of the
120 MeV *Ni'>* beam on 80 pg/cm? (~113 pg/cm? at 45°)
carbon foil: (a) x-ray spectrum showing the projectile x rays
corresponding to K, K, K,,, and K-REC peaks. The Fe K, and
K peaks due to the beam halo hitting the target frame are also
shown. A schematic of the setup is shown in the inset.
(b) Deconvolution of the K, x-ray peak corresponding to
different charge states (H-like to F-like). (c) CSD calculated
using Eq. (1). The raw x-ray spectra, observed at different beam
energies are shown in Supplemental Material [14].

therefore, cannot determine the actual CSD occurring in the
bulk only [9]. In the present work, we have used the
characteristic x-ray emissions to determine the projectile
CSD [9] as employed in other fields [10,11].

Two germanium ultralow-energy detectors (GULO055
and GULO0035, Canberra Inc., with a 25 ym thick Be
entrance window, resolution 150 eV at 5.9 keV, and constant
detector efficiency in the range of 5-20 keV) were placed at
490° to the beam axis as shown in the inset of Fig. 1(a). The
x rays enter the detectors through the thin Mylar windows of
6 um. This geometry of the detectors covers the ion-solid
collision zone through the back and front surfaces of the foil.
The collimating system of suitable sizes was placed in front
of the detectors to ensure the probing of the ion-solid
collision zone only. For this geometry, the Doppler broad-
ening is maximum, but the first-order Doppler shift is zero
and the second-order shift appears at the fourth or fifth
decimal place depending on the beam energies. Hence, the
x-ray energy peaks do not require any further corrections.
The measured spectra from both the detectors were alike and
followed the same trend. It is noteworthy that the target foil
holder has been put at 45° to the beam axis for recording the
prompt x-ray spectra emanating right from the collision
zone. At this orientation, the target thickness used turns out
to be about twice the theoretical equilibrium thickness at the
highest beam energy [12]. Hence, a charge equilibrium is
most likely attained for all the beam energies [13]. To check
the systematic errors, the observed x-ray spectra, collected
from both the detectors, were calibrated with different
radioactive sources like Fe, 3’Co, and 2*'Am before as
well as after the experiments and no significant deviations
were found. Furthermore, the calibrations were also

supervised during the online data collection through observ-
ing the Fe K, and Fe K; peaks due to the beam halo hitting
the foil holder made of stainless steel in the case of **Ni and
3Cu projectile ions. However, for the Fe-beam experiment,
the beam was passed through a blank target frame to
minimize the halo and its effect on the peak structure
originating from the projectile ions.

A typical x-ray spectrum consisting of characteristic
transitions (K,, Kz, and K,) and a radiative electron
capture (REC) peak for the ®Ni projectile ions passing
through the carbon foil at 120 MeV is shown in Fig. 1(a)
with different patterns and colors. As the ion passes
through the foil, several charge states are evolved due
to the multiple vacancy creations in both the atomic
systems. These vacancies decay subsequently through
various rearrangement processes leading to the character-
istic x-ray emissions. Since the x-ray detectors used in the
experiments cannot resolve the x-ray emissions from the
individual projectile charge states, each peak represents a
convolution of different x-ray lines [Fig. 1(b)], and its
centroid denotes the x-ray transition energy of the mean
charge state (g,,) [9]. With increasing collision energy,
multiple vacancy creations in projectile ions increase, which
results in the enhancement of the relative fraction of higher
charge state ions compare to lower charge state ions. As a
consequence, the centroid of the convoluted projectile x-ray
peak shifts gradually towards the higher x-ray energy side, as
evident in Fig. 2, where the variations of the K, and K3 x-ray
energies are portrayed as a function of the beam energies.
The fitting error in the centroid energy is found to be less
than 1% and smeared in the symbol size except for the *Cu
K curve [Fig. 2(c’)]. The x-ray energy increases monoton-
ically with variation in the third decimal place up to a certain
point, and then it jumps suddenly to the second decimal
place. This feature can be amplified in the derivative curve as
depicted in Figs. 2(a)-2(c) and 2(a’)-2(c’), where the curves
display sudden jumps at 119.75 £ 0.62, 133.95 £ 0.32, and
142.56 +0.43 MeV for the experiments with Fe, “®Ni,
and %Cu beams, respectively. Note that these values are in
between the theoretical interaction barrier and fusion barrier
energies of the corresponding two-body systems [15] as
given in Table L.

Worth noting, the interaction barrier energy (E,), unlike
the fusion barrier energy (E) required by the participating
nuclei to be within touching distance (*R| + R,, where R =
1.2 x A3 fm and R and A are the nuclear radius and mass
number, respectively), describes the minimum kinetic
energy needed by the participating nuclei to undergo a
dynamic quasielastic nuclear-nuclear interaction. It is the
actual distance where the two nuclei start influencing each
other. These facts can readily be seen in Figs. 2(a”)-2(c”),
where the kink occurs far from touching distance and near
the interaction barrier energy. It implies that K x-ray
emissions are altered in the nuclear length scale, as observed
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FIG. 2. Variation of projectile characteristic x-ray energy versus beam energy: (a) *Fe K,,, (a’) *°Fe K, (b) **Ni K, (b’) **Ni K,
(c) BCu K, and (¢’) ®Cu K ;- Error bars are tiny and smeared in the symbol size except the Cu K 5 curve. All solid lines are to guide
the eye only. The dash-dot vertical lines represent the theoretical interaction barrier (Eg“‘”) and theoretical fusion barrier (E}‘.‘e‘”) of the

corresponding systems [15], whereas the solid vertical line corresponds to the measured interaction barrier (E;"). The values of E}he"r,

EMeor and E}* for each system are given in Table 1. The distance of closest approach versus beam energy for the systems (a”) *°Fe on

12C, (™) 38Ni on 2C, and (c”) ®Cu on '2C are also shown.

in an earlier study [16], which shows that the K-shell
excitation probability is significant and narrowly peaked
around the interaction barrier position. Therefore, the
present method can be the simpler alternative for barrier
distribution studies [17], which have paramount importance
in probing both the static and dynamical properties of atomic
nuclei during heavy-ion fusion reactions [18] and quasie-
lastic nuclear reactions [19].

To verify whether any atomic processes are involved in
the unusual ionization so observed, we examine the
variation of g,, with the beam energy using the available
theories. The mean charge states are measured by segregat-
ing the individual x-ray intensity with respect to different
charge states using the x-ray spectroscopy method [9]. By
fixing the centroid of the peaks to F-like to H-like projectile
K, x-ray energies, the convoluted x-ray peak is fitted with
the different Gaussian functions corresponding to each
charge state, as shown in Fig. 1(b). The overall fit has been
ensured through varying the full width half maxima and
intensities until the condition of least residuals achieved.
The K, x-ray energies of various ionic states of the
respective projectile ions are obtained from the NIST

TABLE 1. Comparison between the measured interaction
barrier (EZXp ) and theoretically estimated interaction barrier
(E‘bhe"r) from the Bass model [15]. The predicted fusion barrier

(E;he"r) is also given for comparison [15].

Systern E}heor Egleor EZXP

56Fe on 12C  128.16 MeV 114.16 MeV  119.75 + 0.62 MeV
58Ni on 12C  141.38 MeV 127.54 MeV  133.95 +0.32 MeV
63Cu on '2C 155.06 MeV 140.12 MeV  142.56 + 0.43 MeV

database [20] and multiconfiguration Dirac-Fock method
using the GRASP-2K code [21]. Thus, we have measured
the distribution of charge state fractions (CSFs) directly
from the measured distribution of x-ray intensities as
follows:

_ _ Iy/o,
quq/<wq ed) quq/wq ’

()

where I, and w, represent the x-ray intensity and fluores-
cence yield of the projectile ion for the particular charge state
(g), respectively, whereas €, corresponds to the detector
efficiency (constant). Furthermore, the fluorescence yield
data for different projectile charge states were taken from
Hasoglu [22,23]. Subsequently, the mean charge states are
calculated from the Lorentzian fitting of measured CSFs as
shown in Fig. 1(c), and their uncertainties are simply the
fitting errors. The measured mean charge states are com-
pared with the semiempirical formalism [24] as well as
theoretical code, ETACHA [12], in Fig. 3. Both the
predictions are smoothly varying functions and thus unable
to explain the unusual kink seen in the present experiments.
Similar behavior is also evident in the only available
measured charge state data for %*Cu on '*C [25], which
exhibits the incapability of electromagnetic methods in
probing such ionization process.

As discussed, Figs. 2(a)-2(c) and 2(a’)-2(c’) exhibit a
sudden enhancement in projectile ionization as soon as the
projectile ions approach the nuclear-nuclear interaction
regime. At such short distances, the projectile and target
nuclei no longer only repel due to the Coulomb interaction
but rather attract also momentarily due to the strong
interaction for the nuclear time scale of the order of
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102! sec. In contrast, the atomic time scale is large, of
the order of 10~'® sec. Consequently, the nucleus of the
projectile ion having a K vacancy can experience the
resultant of the electromagnetic and strong interaction as
a sudden recoil before decaying through the K x-ray
emissions. For the present case, the projectile ions must
be affected by the interaction barrier potential all of a
sudden, which results in the nuclear recoil leading to the
shakeoff ionization of outer electrons, i.e., L-shell elec-
trons. The shakeoff probability under such a sudden
perturbation can be evaluated as

Weo= [l exolf- Dy PaE. — (2)
where y; is the hydrogenic electron wave function in the
initial bound state, whereas y, is the final hydrogenic
continuum wave function of the electron with kinetic
energy between E and E + dE in the final recoiled state
of the corresponding atomic system. k is the wave vector of
the final system and given as

m,

k=——""—
M+ Zm,

p
.. ®

where p (= /2MEp, Ey is the recoil energy) represents the
momentum of the recoiled nucleus in the center of mass
frame, m, is the electron mass, and M and Z are the mass
and atomic number of the projectile ion, respectively.

Near the interaction barrier energy, the recoil energy of
projectile nucleus may vary within two limiting conditions:
(i) it is zero for large impact parameters and does not
contribute to the shakeoff, and (ii) it is maximum (E;") for
zero impact parameter and maximum change (Aggg)
occurs with the ¢, as follows:

exp
E,”

AqSO = LImZ(anmWnlm) M (4)

nlm

where N,,;,, is the total number of electrons in the particular
subshell. W, E;"* /M represents the electronic shakeoff

probability, where E;'*/M is in MeV/u, calculated using
Eq. (2). The values of W, are given in Table II. The
symbols n, [, and m are the principle, orbital, and magnetic
quantum number, respectively.

For the large impact parameter case, the projectile mean
charge state (g,,) is due to Coulomb ionization, which can be
deduced by extrapolating the measured, smoothly varying
charge state versus the beam energy curve, as shown by the
red dotted line in Fig. 3. Whereas, for the zero impact
parameter case, the projectile mean charge state near E}
can be defined as ¢,, + Aggo and is depicted by the green
line in Fig. 3. The changes in ¢,, due to the shakeoff for all
three systems at various beam energies are compared with
the measured ones in Figs. 3(a)-(c). As expected, the
variation of measured mean charge states lies between
two limiting cases (red dotted and green lines in Fig. 3),
as mentioned above, and follows the same trend as the
theoretically calculated values. The recoil-induced shakeoff
processes may have potential importance in dark matter
search experiments, where the WIMP-nucleus short-range
interaction creates a sudden nuclear recoil in the target
material. It can subsequently result in the creation of
additional vacancies in the target atom, which decay through
various rearrangement processes leading to characteristic x-
ray production and electron emission. As noted in recent
studies [6,7,26], these channels may be advantageous in the
search for sub-GeV WIMPs detection. However, no detailed
investigation of shakeoff processes exists in the field yet. We
believe that, besides the new direction in the cross-link of
atomic and nuclear physics, the present work might provide
some new insights and scope for future dark matter search
experiments.

TABLE II.  Values of W, for different L subshells (2s, 2p_,
and 2p, ,) electrons of various projectile ions.

System Wago (25) Waio 2p2) Worsr 2pyy)
3Fe on '2C 0.0491 0.0402 0.0274
3Nji on '2C 0.0423 0.0346 0.0236
%Cu on ’C 0.0395 0.0323 0.0221
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In conclusion, experiments performed with projectile K
x rays have revealed an unusual enhancement in the
ionization with the projectile ions approaching the nuclear
interaction region during the passage through a thin carbon
foil. The appearance of such an increase does not corre-
spond to any usual charge changing processes. The
unexpected increase in ionization near the interaction barrier
is attributed to the influence of the resultant of the strong and
electromagnetic force. It gives rise to the sudden recoil in the
projectile nuclei that leads to the shakeoff ionization of the L-
shell electrons of the projectile ions, which in turn provides
the sudden change in the charge state of the projectile ions at
the interaction barrier energy. The theoretical calculations
corroborate the fact that the sudden shakeoff ionization
process due to the nuclear recoil is responsible for the kink
observed in the variation of projectile ionization as a function
of beam energies. This study provides an exciting opportunity
to advance our knowledge of charge-changing processes
near the barriers, whereas in the nuclear physics front,
the technique is evolved as a new method to measure the
interaction barrier of two-body systems. Importantly, the
present work draws attention to the significance of consid-
ering the shakeoff ionization as a possible mechanism for
production of x rays during WIMP-nucleus scattering.
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