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A B S T R A C T

While rare on Earth, multiply-charged ions (MCIs) are abundant species in outer space. For spacecraft outside the 
Earth’s atmosphere, MCIs are some of the main contributors to the failure of electronic devices. While the 
detrimental effects of MCIs on space electronics have been known for quite some time, the underlying physics of 
their interactions, which are tied to the coupling of both electronic and lattice degrees of freedom, are complex 
and remain relatively unexplored. The impacts of MCIs on superconducting electronics used for detection and 
communication in outer space are particularly unknown. Here, we aim to shed light on such interactions by 
examining the effect of low- to medium-dose Ar8+ irradiation on the physical characteristics (e.g., surface 
topography, electrical transport) of microfabricated niobium (Nb) wires.

1. Introduction

Multiply-charged ions (MCIs) are a unique form of matter defined as 
ionized atoms that are missing two or more electrons, which means they 
possess partially, or even completely, unscreened nuclei and intense 
electric fields associated with their charge [1,2]. Such ions are extremely 
rare on Earth, but they are plentiful in space beyond Earth’s magneto
sphere, primarily found as charged components of the solar wind [3–5]. 
There is a direct coupling of the magnetosphere to the solar wind 
through fluctuations in the wind’s speed and density, which allows the 
position of the sphere’s protective boundary or magnetopause to shift 
dramatically. Therefore, it is not uncommon for shifts in the magneto
pause by up to several Earth radii exposes man-made objects such as 
geosynchronous satellites directly to the solar wind and, hence, to MCIs.

The Advanced Composition Explorer (ACE) system’s Solar Wind Ion 
Composition Spectrometer (SWICS) measurements have shown that the 
heavy components of the solar wind are elements such as Si, O, and Fe in 
highly charged ionic states [6]. The potential energies of such ions, 
which correspond to the sum of the ionization energies of the element up 
to its charge state, range from 1.369 keV for Si4+ to 1.166 keV for O7+

and 0.549 keV for Fe8+. It should be noted that MCI components of the 
solar wind constitute no more than 1 % of the total constituents [7]. 

However, if one considers that these ions have kinetic energies that fall 
in the range of 5 keV to 185 keV, it is clear that the combined damage 
that each component (kinetic plus potential) can inflict on exposed parts 
in the space environment is severe. Additionally, the deexcitation pro
cesses that are initiated when a multicharged ion contacts a surface 
include neutralizing not only electrons but also secondary X-ray emis
sions from the ions [8,9].

Superconducting electronics, particularly superconducting de
tectors, are often considered the best candidates for the detection of 
radiation in the form of particles and electromagnetic waves over a 
broad energy range, with high energy and time resolution [10,11]. As 
quantum sensors, a superconducting detector should discriminate single 
events within the period of arrival and collision with the surface. 
Superconducting single-particle detectors (SSPDs) with nano-striplines 
are particularly useful for charged particle detection studies in outer 
space thanks to their very fast response time and high detection reso
lution [10,12,13]. SSPDs can, in principle, also be used for high-fidelity 
detection of MCIs. However, the impact of MCI radiation on super
conducting materials and devices is not known. Detailed investigations 
of the SSPDs in terrestrial beamlines is essential in shedding light on the 
underlying mechanisms of MCI-superconductor interactions.

Here, we present the first study of the impact MCI irradiation has on 
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the physical characteristics of superconducting micro-devices. We uti
lized Ar8+ as our model ion with acceleration energies of 36 keV and 
fluences as high as 3.66 x 1015 cm−2. Niobium microwires are used as 
common superconducting devices that can be readily integrated into 
future MCI detectors. Using atomic force microscopy and cryogenic 
transport measurements, we monitor the impact of low to medium Ar8+

on Nb microwires’ surface topology and electrical properties. Sputtering 
effects are calculated from a change in the resistance of the films before 
and after irradiation and agree well with simulated results from the 
Stopping and Range of Ions in Matter (SRIM) software. These results 
may be used to guide future experiment design.

2. Experimental details

The superconducting microwires were fabricated from 200 nm thick 
Nb films deposited via DC sputtering at 3 mTorr of Ar carrier gas. The Nb 
film was deposited on a 4-in semi-insulating Si(001) wafer that under
went RCA clean (developed by the Radio Corporation of America) and 
oxide etch (using buffer oxide etchant solution). The Nb/Si wafer was 
then patterned into an array of microwires using electron beam lithog
raphy (JEOL 8100 FS E-Beam). Each cell of the array consisted of pat
terns for four microwires of 90 µm, 60 µm, 30 µm, and 10 µm in width. 

The microwires were then realized through reactive ion etching using an 
SF6/Ar etching, followed by resist removal. The Si wafer was then diced 
into 1 x 1 cm2 chips that included single cells with four microwires each.

The MCI irradiation experiments on the Nb microwire chips were 
carried out at the Clemson University Electron Beam Ion Trap (CU-EBIT) 
beamline. The irradiation station consists of a rotatable 4-sample holder 
(Fig. 1). One face has a Faraday cup (FC3) mounted in an equivalent 
position to the sample. The Nb microwire chip was mounted on one of 
the other three positions of the holder. The Ar8+ beam was tuned into 
the FC3, and a HeNe laser was used to confirm the ion beam alignment 
by directing the laser into the aperture for the FC3. The kinetic energy of 
the beam was set to 4.5 keV/Q (equal to 36 keV for Ar8+ ions). The 
irradiation procedure consisted of first tuning the ion beam into the FC3 
and monitoring the beam for stability. Upstream of FC3 is another 
Faraday cup (FC2), which can be lowered to block the beam, as well as to 
measure the beam current intermittently throughout the sample expo
sure process. Once the beam is considered stable, the sample holder is 
rotated such that the laser is incident on the appropriate section of the 
sample.

We evaluated the nanoscale surface topography of the Nb films and 
microwires before and after each exposure step using atomic force mi
croscopy (AFM Workshop HR-2D). The AFM uses a silicon tip in vibra
tional mode to scan across the sample surface in areas as large as 50 x 50 
µm2. Furthermore, we monitored the electrical properties of the 
microwires by measuring the differential resistance (dV/dI) vs. tem
perature, magnetic field (applied perpendicular to the chips), and DC 
bias current. The dV/dI signals were acquired in 4-point geometry via 
lock-in amplifiers with an AC excitation current of 100 μA. All electrical 
transport measurements were performed in a cryogen-free refrigerator 
(Oxford Instruments Teslatron PT) with a base temperature of 1.5 K and 
a maximum single-axis magnetic field of 12 T.

3. Results & discussion

The Nb microwires were exposed to the Ar8+ beam in 3 steps. The 
cumulative ion doses after steps 1 to 3 of the exposure were 5.39 x 1013 

cm−2, 6.78 x 1014 cm−2, and 3.66 x 1015 cm−2, respectively. Fig. 2
displays 2.5 µm x 2.5 µm nanoscale topographical maps for 10 µm wide 
Nb microwires as-deposited and after each of the 3 exposure steps. The 
as-deposited devices showed a fine-grained structure consistent with 
previous studies on sputtered Nb thin films [14,15]. Several pinholes 
(seen as black dots in the maps) emerged after the first step of the 
irradiation and persisted throughout the following steps, while the Nb 
grain structure was preserved in the matrix. The Ar8+ irradiation also 

Fig. 1. Figure of the 4-sample holder and Faraday cup.

Fig. 2. Surface topography of the Nb microwires as a function of Ar8+ exposure dose: (a) As-fabricated with no exposure; (b) 5.39 x 1013 cm−2; (c) 6.78 x 1014 cm−2; 
(d) 3.66 x 1015 cm−2.
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reduced the root-mean-square roughness (Rq) of the samples by 0.1 nm 
after the first exposure, followed by another 0.06 nm reduction after the 
last step. This is consistent with the gradual sputtering of Nb atoms from 
the microwires’ top surface leading to a smoother structure.

The changes in the surface topography can lead to detectable shifts in 
the transport properties of the Nb microwires. Fig. 3 shows the super
conducting transport characteristics of a 10 µm wide Nb wire in an as- 
deposited state and after all 3 steps of Ar8+ exposure (dose of 3.66 x 
1015 cm−2). Fig. 3a shows the resistance vs. temperature for the Nb 
microwire from 300 K to 1.5 K before and after 3 steps of exposure. The 
residual resistance ratio (RRR=R300K/R10K) for each condition is pro
vided in the inset table. The Ar8+ exposure resulted in a slight decrease 
in the RRR, which could be attributed to a more disordered film struc
ture due to sputtering. The superconducting transition for the Nb 
microwire occurs at around 9 K, with the Ar8+ exposure only reducing 
the onset of the transition by 0.1 K (Fig. 3b), which is within the margins 
of error for such measurements. Fig. 3c shows the superconductor- 
normal (S-N) transition in the 10-µm Nb microwire as a function of 
the out-of-plane magnetic field. Ar8+ radiation has a small effect on the 
critical magnetic field (Bc) as it shifts the onset of S-N transition to higher 
fields by 0.15 T. This is consistent with thinning the Nb microwires. The 
effect of radiation, however, is most significant on the critical current of 
the microwires, as shown in Fig. 3d, where the microwire’s differential 
resistance (dV/dI) is plotted as a function of DC current bias. The 3-step 
exposure reduced the critical current (Ic) from 54.78 mA to 30.43 mA, a 
significant shift that could not be accounted for solely by the thinning of 
the channel through sputtering.

It is necessary to investigate sputtering effects to constrain irradia
tion parameters in future measurements. The enhanced sputtering ef
fects of MCIs on bulk insulators and semiconductor substrates are well 
known, [16] but are not observed in bulk metallic samples due to the 
abundance of free electrons available to shield any electron–phonon 
coupling effects. However, in the nanometer regime, enhanced 

sputtering due to charge state effects has been observed [17,18].
We have carried out pre- and post-irradiation four-point probe 

measurements on our samples to estimate the sputter yield for multiply- 
charged ion irradiation. The resistance R of a microwire depends on the 
sputtering yield s according to: 

R =
ρl

w(t0 − sdv
wl )

(1) 

where ρ is the resistivity, l is the length in the direction of the current of 
the four-point probe, t0 is the initial thickness in the direction along the 
ion beam irradiation, w is the dimension orthogonal to length and 
thickness, d denotes the fluence of the ion beam (or dose), and v is the 
atomic volume of each target atom (i.e., Nb). For approximate calcula
tions, we have assumed that the sputtering effect is uniform across the 
film and neglected the effect of implanted ions on the resistivity and the 
atomic volume. A plot of 1/R vs. the fluence d is expected to be linear for 
doses that have not yet resulted in complete removal of the thin film 
[19], with a slope m that can be used to calculate the sputter yield ac
cording to: 

s =
ρl2|m|

v
(2) 

The four-point measurements were conducted before and after the 
multiple dosing steps for a cumulative fluence of 3.66 x 1015 per cm2 and 
resulted in an increase in measured resistance from 203.8 Ω to 207.53 Ω 
(resulting in a slope |m| of 1.20 x 10-16). Using 1.5 x 10-5 Ω.cm for ρ, 0.2 
nm as the atomic radius (to calculate the atomic volume), and 2 mm and 
10 µm for l and w, respectively, we obtain an estimated sputtering yield 
of 2.16 atoms/ion.

To model our experimental results, we have used the well-known 
Monte Carlo simulation package SRIM [20]. Sputtering yield for a 
target consisting of a 200 nm Nb thin film grown on bulk Si (simulated as 

Fig. 3. The electrical characteristics of a 10 µm wide Nb microwire as-fabricated (orange) and after Ar8+ exposure dose of 3.66 x 1015 cm−2: (a) resistance vs. 
temperature from room temperature down to 1.5 K; (b) resistance vs. temperature near the superconducting transition region; (c) resistance vs. magnetic field applied 
perpendicular to the chip’s surface; (d) differential resistance vs. DC bias current to determine the critical current (Ic).
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1000 nm Si layer) irradiated with singly charged Ar+ in the “monolayer 
collisions steps” calculation mode was employed for ion kinetic energies 
of 10 keV, 36 keV, and 50 keV. Ions penetrate to the first 20 nm of the Nb 
film, as shown in Fig. 4. We expect the implantation range for the 
multiply charged argon ions to be lower than (or equal to) that of the 
singly charged ions due to possible enhanced stopping effects.

Surface binding energies estimated from the sublimation energy at 
room temperature were used by default, and the resultant sputter yield 
was approximately 2.5 atoms/ion for the kinetic energies considered, 
which compares well with our experimental number (2.16) above.

The effects of the charge state of MCIs on the stopping power and, 
consequently, the sputtering cross-sections are not yet included in 
popular Monte-Carlo Binary Collision Approximation (BCA) packages. 
We note that even while considering only singly charged ions, various 
binary collision approximation codes (SRIM, TRIDYN, SDTrimSP) are at 
odds with each other when estimating sputtering data, as reported here 
[21,22]. Additionally, at lower kinetic energies, which may be necessary 
to separate potential energy effects from kinetic energy effects in future 
experiments, collective surface effects are more prominent, and tools 
like molecular dynamics (MD) may be used to capture these effects with 
greater accuracy. We plan to run in-silico sputtering experiments using 
MD to measure yields and compare them to existing data.

4. Conclusions

We presented the first study examining the impact of MCI irradiation 
on the physical properties of superconducting micro-devices. We 
employed Nb microwires as our model system and Ar8+ at 36 keV as our 
model MCI for the irradiation studies. We found that a moderate dose of 
Ar8+ (3.66 x 1015 cm−2) leads to decreased RMS roughness in the 
microwires, achieved through sputtering. The changes in the transport 
characteristics of the Nb microwires supported this observation: a slight 
increase in the critical magnetic field and a notable decrease in the 
critical current. SRIM modeling confirmed that our experimental doses 
could produce the sputtering yields necessary to create such detectable 
changes in superconducting transport properties.
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