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A B S T R A C T

In outer space down to the altitudes routinely flown by larger aircrafts, radiation can pose serious issues for
microelectronics circuits. The 88-Inch Cyclotron at Lawrence Berkeley National Laboratory is a sector-focused
cyclotron and home of the Berkeley Accelerator Space Effects Facility, where the effects of energetic particles on
sensitive microelectronics are studied with the goal of designing electronic systems for the space community.
This paper describes the flexibility of the facility and its capabilities for testing the bombardment of electronics
by heavy ions, light ions, and neutrons. Experimental capabilities for the generation of neutron beams from
deuteron breakups and radiation testing of carbon nanotube field effect transistor will be discussed.

1. Introduction

The atmosphere and the Earth’s magnetic field shield the planet’s
surface from most of the ionizing radiation that originates from the Sun
and other stars.

The solar wind boils continuously off the Sun and is constituted of
80% protons, 18% alpha particles, and traces of heavier charged par-
ticles [1]. It has a similar composition to the galactic cosmic rays that
originate outside the solar system. Occasionally, however, a magnetic
disturbance in the Sun results in an explosive ejection of huge amounts
of matter from the solar corona, known as coronal mass ejection, which
can be responsible for showers of high energy particles impacting
Earth’s atmosphere within 15–20 min of the event [2].

The first spacecrafts lost due to total radiation dose effects occurred
unexpectedly in 1962. Telstar and six other satellites were lost within a
seven-month period after a high altitude nuclear weapon test produced
a large number of beta particles, which caused a new and very intense
radiation belt lasting until the early 1970 s [3].

When high-energy ions enter a material, they lose energy to the
medium. The energy loss from the projectile per unit path length is known
as stopping power, which has nuclear and electronic components.

The nuclear stopping power is caused by elastic collisions with the
nuclei of the target material. The electronic stopping power is produced
by inelastic collisions with the electrons [4]. Electronic stopping power
is equivalent to the linear energy transfer (LET) for the ions produced
by the cyclotron.

The energy deposited from the electronic stopping power produces a
dense track of electron-hole pairs along the ion track by the ionization
process. If the ion interacts with an electronic semiconductor compo-
nent, some charge will be collected at the p-n junction, while others will
recombine [5]. As a result, a very short duration current pulse is gen-
erated at the circuit node, which can produce transient effects such as
single-event upset and multiple-bit upset, catastrophic events with
single-event latch-up and snapback, and single-event hard errors [6].
Long term material degradation may be produced by rapid charge
collection, annealing, or by displacement damage caused by elastic
collisions with lattice nuclei.

Knowledge of the mechanisms underlying the radiation response of
electronic devices is of paramount importance for devising hardness
assurance methodologies to test device reliability, and developing ra-
diation hardened circuits and design techniques to improve the toler-
ance of electronic circuits to specific effects of radiation.
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Ions traversing a material have the property of depositing most of
the energy immediately before coming to rest, i.e. at the Bragg peak.
This allows ions to be used to probe isolated parts of electronic devices.

As the loss of a piece of equipment in space can be very costly,
scientists and engineers from the aerospace industry, NASA and the
Department of Defense perform radiation effects studies using accel-
erators and other facilities.

This paper discusses the capabilities of the 88-Inch Cyclotron at
Lawrence Berkeley National Laboratory, which is the home of the
Berkeley Accelerator Space Effects (BASE) Facility, to provide well-
characterized beams of neutrons, heavy ions, and light ions that si-
mulate the space environment [7].

2. 88-Inch Cyclotron

The cyclotron has five experimental caves, as shown in Fig. 1. Cave
0 research is mainly for neutron beam, chemistry, and isotope pro-
duction. Cave 4A and 4B, part of the Berkeley Accelerator Space Effects
(BASE), are a Light-Ion Irradiation Facility (LIIF) and Heavy-Ion Irra-
diation Facility (HIIF), respectively. Cave 4C is used for radioactive
beams and nuclear structure experiments and it is the cave where the
world’s most sensitive gamma-ray detector, GRETINA [8], was com-
missioned. Cave 1 has the Berkeley Gas-filled Separator (BGS) used for
chemistry and physics research of the super heavy elements [9]. The by-
products of BGS go to a recently commissioned gas catcher, RF quad-
rupoles, and an acceleration region before entering Cave 2 and reaching
the Facility for Identification of Nuclide A (FIONA) isotope separator
[10]. Caves 3, 4, and 5 currently do not have any ongoing experiments.

2.1. Electron cyclotron resonance ions sources

The cyclotron has three ion sources that have led to progressively
higher intensities and charge states of heavier ions, Fig. 2. The first
generation of electron cyclotron resonance (ECR) ion source was cou-
pled to the cyclotron in the early 1980 s. It has a 6.4 GHz Klystron that
generates 2.5 kW of power and provides the primary heating frequency.
In conventional ECR sources [11], the ECR zones are usually thin an-
nular, ellipsoidal-shaped surfaces which surround the optical axis of the
source. The ECR magnetic field for confinement is less than 0.4 T.

Geller’s scaling law [12] predicts that the density of the plasma is
directly proportional to the RF frequency squared, so it encourages to
increase the frequency with the consequent rise of the magnetic field.

The second generation, the Advanced ECR – Upgrade ion source
(AECR-U), was built and upgraded in the 1990 s with maximum con-
finement magnetic field of 1.7 T [13]. It has one 14 GHz Klystron that
generates 2.5 kW of power and provides the primary heating frequency

and a 10.75–12.75 GHz Traveling-Wave Tube (TWT) amplifier that
generates 400W of RF power and provides the secondary heating fre-
quency. The TWT, installed in 2010, replaced a Klystron amplifier with
the goal of further optimizing the source performance [14].

The third generation, the superconducting ECR source named
Versatile Ecr ion source for Nuclear Science (VENUS), was operational
in early 2000 s [15]. It has a 28 GHz Gyrotron that provides 10 kW of
power for the primary heating frequency, and a 18 GHz Klystron that
provides 2.5 kW of power for the secondary heating frequency. VENUS
is the first ECR to reach a maximum magnetic field strength of 4 T and it
has produced a great number of record intensity of medium and high
charge state heavy ion beams, which places it among the most powerful
superconducting ECR ion source worldwide.

The feasibility study and preliminary development to build a fourth
generation ECR ion source, called Mixed Axial and Radial field System –
Demonstration (MARS-D), are underway. The operating frequency will
be up to 45 GHz with a magnetic confinement field of 6 T [16] and is
expected to further enhance the capability of the 88-Inch Cyclotron.

2.2. “Cocktail” of ions

Ions produced by ECR ion sources are injected inside the 88-Inch
Cyclotron. After the ions enter the cyclotron, they are accelerated by a
radiofrequency (RF) electric field and held to a spiral trajectory by a
static magnetic field. The RF fields cause the ions to bunch up into
packets. The ions gain velocity and the orbit increases with radius. The

Fig. 1. Layout of the 88-Inch Cyclotron Facility.

Fig. 2. Argon current versus charge state produced by ECR, AECR-U, and
VENUS sources.
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ions that are not synchronized with the RF are lost.
The cyclotron operates in the frequency range of 5.5–16.5MHz, but

it can operate using harmonic acceleration, so the energy range of the
machine is limited only by the capabilities of the magnet, not the RF
system.

During the cyclotron operation, ions of near identical mass-to-
charge ratio are tuned out of the source simultaneously and adjustments
of the cyclotron frequency can separate them with a mass resolution of
1/3000 [17]. Therefore, the combination of cyclotron and ECR sources
provide the unique ability to run “cocktails” of ions. A cocktail is a
mixture of ions of near-identical charge-to-mass ratio [18]. The current
heavy ion cocktails available are the 4.5, 10, 16, and 30MeV/u.

The wideband driven RF system for the cyclotron provides fast beam
tuning, allowing users to switch back and forth between several ion
species of the same cocktail with small frequency adjustments, so a new
beam does not require retuning the whole accelerator and is accom-
plished in approximately one minute.

The cyclotron provides different ion species and charge states for
energy variable experiments, which take advantage of the different
stopping power and range of ions into the components under ex-
amination.

To improve the cyclotron efficiency and allow high-current experi-
ments, the innermost trim coils 1 and 15 were modified in 2013–14 to
provide a current imbalance and alter the center region magnetic field
strength, producing a magnetic mirror effect that offsets and displaces
the beam axially [19].

A nondestructive beam current monitor, mounted after the de-
flectors and commissioned in 2014, can concurrently monitor the beam
current delivered. It has exceptional resolution, long term stability, and
can measure the beam current extracted from the cyclotron as low as 1
nA [20].

3. Radiation testing capabilities

3.1. BASE facility

The layout of the 88-Inch Cyclotron Facility, Fig. 1, shows the BASE
Facility at the shaded lower left side.

3.1.1. Heavy-ion irradiation facility (HIIF)
The HIIF testing takes place in the vacuum chamber located in Cave

4B. Four heavy ion cocktails regularly available (4.5, 10, 16 and 30 A
meV) are summarized in Table 1. Depending on the cocktail, LETs from
1 to 100MeV/mg/cm2, range from 40 µm to 1400 µm, and flux levels of
up to 107 ions/cm2/sec are available.

To tune the beam into the cave, the beam is first evenly spread out
to a circle of 5 cm diameter on the cave phosphor and viewed with a
digital camera. Then the beam is attenuated and five Hamamatsu R647
photomultiplier tubes (PMTs) are inserted. Four PMTs are placed
around the edge of the beam, and one is placed in the middle. These
PMTs are then calibrated against the current, after which the center
PMT is removed to permit exposure of the target.

The PMT signal is then sent up to a data acquisition system. The
beam may be stopped manually or by setting run time, fluence, or ef-
fective fluence limits.

Parts tested can be remotely positioned horizontally, vertically, or
rotationally with a motion table inside the vacuum chamber. An
alignment laser is available to ensure the part is in the center of the
beam.

3.1.2. Light-ion irradiation facility (LIIF)
The LIIF is located in Cave 4A and it is set up to run samples in air.

Beam particles are tuned to a 10 cm diameter and travel through a
nitrogen-filled ion chamber, where they leave a trail of electrons that
are collected by four quadrant concentric electrodes with diameters of
1, 2, 4, 6, and 8 cm. After the beam has achieved proper uniformity, a

collimator with diameters of 2.5, 5, 7.5, or 10 cm is placed on the ion
chamber and an exposure is made with Gafchromic film and scanned.

The final processing and indication of ion chamber data provides
the user with flux and fluence values for each ring and quadrant, so
fluence limits can be set to stop the beam upon reaching a threshold
level.

The LIIF is capable of providing standard fluxes of up to 109 pro-
tons/cm2/sec. Standard proton energies include 13.5, 20, 30, 40, 50,
and 55MeV, but it can be used with other light-ions and the light-ion
cocktail. The energy loss in the ion chamber and air limits the lower
energy running in this facility. If the experiment requires, lower energy
protons can be run in the vacuum chamber located in cave 4B.

3.2. Neutron beams

In the cave 0 beamline, a deuteron beam hits a beryllium or tan-
talum thin target and splits up into a proton and neutron [21], because
deuterons have a low binding energy of 2.22MeV.

This process yields a tunable forward focused quasi-monoenergetic
neutron beams that are available with tunable energies that range of
from 8 to 30MeV and fluxes of up to 108 neutrons/cm2/sec.

The beryllium target provides a higher yield neutron beam and the
tantalum target produces a lower yield to cave 01/02. The absolute flux
can be measured at the target station using standard activation foil
techniques.

The energy distributions can be measured directly using time-of-
flight (TOF) techniques and neutron activation and pulse height spec-
trum unfolding methods [22].

Microampere-level energetic deuteron beams also can be used to
form intense, broad-spectrum neutron beams for use in a host of basic
and applied nuclear science activities. The neutrons are produced via
the thick target deuteron break-up (TTDB) mechanism that has been
studied in the past by Schweimer [23] and Meulders [24]. The TTDB
mechanism involves a combination of nuclear and Coulombic break-up
of the deuteron beam as it traverses a thick target. While the average
energy of the neutrons from TTDB is approximately half of the incident
beam energy less the deuteron binding energy, the fact that the beam is
slowing as it traverses a thick target gives rise to a relatively broad
energy spectrum whose end point is at the beam-energy plus the re-
action Q-value. The TTDB mechanism is an efficient way to generate
fast neutrons, particularly if a low-Z break-up target such as carbon or
beryllium is used where up to 10% of the beam can be converted into
neutrons at forward angles.

Fig. 3 shows the layout of the TTDB neutron beam at the cave.
High-current energetic deuteron beams are sent through a switching
magnet and a bending magnet and made incident on a water-cooled
breakup target in the vault. The resulting forward-focused neutron
beam travels through the wall separating the vault from Cave 01
where its energy can be determined using the time-of-flight (TOF)
approach or by unfolding the measured pulse height spectrum. This
mechanism has already been used by researchers at UCB, LBNL and
LLNL to determine the temporal characteristics and light-yield for
novel neutron scintillating materials [25]. Given that the cyclotron
has multi-turn extraction, the train of bunches width cannot be ad-
justed below few hundred nanoseconds. An effort to produce a single
turn extraction is underway to space the bunches to avoid the “wrap
around” effect, where slow neutrons from the previous bunch su-
perimpose fast neutrons from the present bunch, allowing un-
ambiguous measurement of the neutron energy via TOF. If the deu-
teron beam is made incident on a breakup target in Cave 01, wide-
spectrum neutron damage studies can be carried out where dis-
placement-driven damage can be carried out at an exceptional ac-
celerated rate as compared to a nuclear reactor core.

In addition, the TTDB neutron beam is being used by the LBNL/UC
Nuclear Data Group to perform (n,n′γ) measurements to improve neu-
tron transport simulations and to probe the properties of highly-excited
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nuclear states below of the neutron separation energy. Similar mea-
surements are taking place at HZDR [26] and GELINA [27].

3.3. Microbeam

As semiconductor parts become more miniaturized, new modes of
failure appear and experimenters not only need to test whole compo-
nents, but also to isolate and probe small sections of the electronics
from the device under test (DUT) to pinpoint problems. Furthermore,
accelerators can be used to produce pencil beams for studying the basic
mechanisms contributing to single event effects (SEE).

The 88-Inch Cyclotron is unique in producing parallel beams. A
series of collimators with precision slits, located inside cave 4B,

produce a Milli-Beam for SEE characterization [28], shown in Fig. 4.
The advanced test sub-system provides SEE spatial error isolation of
approximately 10–30 µm minimum and up to 100–300 µm maximum,
depending on the desired scan rate.

4. Experimental measurements

4.1. Neutron spectrum from 16MeV deuteron breakup

Fig. 5 shows a set of representative neutron beam spectra from the
TTDB for a 20 µA 16MeV deuteron on beryllium (LBNL 16MeV on Be)
and a 33MeV deuteron on tantalum (LBNL 33MeV on Ta) with error
bars included together with a similar measurement by Meulders for a

Table 1
4.5, 10, 16 and 30 AMeV ion cocktails.

*Special request only.
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33MeV deuteron on beryllium (Meuders 33MeV on Be) [24]. Also
plotted is the spectrum from the Weapons Neutron Research Facility at
Los Alamos National Laboratory (WNR-15L) assuming a beam current
of 4 µA and a 6% duty cycle.

For the LBNL 16+Be and 33MeV+Ta TTDB measurements,
neutrons were detected using an EJ-309 organic scintillator coupled to
a Hamamatsu H1949-50 photomultiplier tube at 683.78 cm and
686.4 cm from the breakup target, respectively. For the LBNL
16MeV+Be, pulse height and pulse shape data were obtained using
the mesytec MPD-4 modules as fast variable gain input amplifiers fed to
a CAEN V785 peak sensing analog-to-digital converter (ADC). Data
were acquired for a period of 48.8 min and recorded using the MIDAS
data acquisition system [29]. Data reduction was performed using the
ROOT data analysis framework [30]. For the LBNL 33MeV+Ta, sig-
nals were read using a 500MHz, 14-bit digitizer (CAEN V1730) with
on-board pulse shape discrimination and digital pulse shaping. Data

were acquired for a period of 921 s and recorded using CAEN DPP-PSD
control software.

The neutron spectra were obtained using pulse height spectrum
unfolding via the GRAVEL and MIEKE sequence from the HEPROW
package [31]. The characteristic response matrix of the EJ-309 detector
was simulated using an experimentally-benchmarked GEANT4 simula-
tion and smeared with a measured resolution function [32,33]. The
unfolded spectrum was normalized using the beam current measured at
the Faraday cup on the breakup target in cyclotron vault.

The TTDB neutron beam in Cave 0 is remarkably intense and well
suited to a wide variety of nuclear science and engineering experiments.
The comparison between the LBNL and WNR sources in Fig. 5 high-
lights valuable aspects of the neutron beam at the cyclotron.

While both neutron sources have a broad energy spectrum, the 88-
Inch Cyclotron neutron source can be “tuned” to cover a wider or
narrower energy range.

The LANSCE/WNR source includes neutrons up to the incident
proton beam energy of 800MeV, whereas the vast majority of neutron
nuclear science and engineering applications are centered below
20MeV. These higher energy neutrons can be a troublesome feature in
some applications, leading to complications in determining instrument
response and rendering activation-based flux measurement impossible
to perform.

This combination of characteristics makes the TTDB neutron source
at LBNL well-suited for a wide range of nuclear science and engineering
applications ranging from (n,x) cross section measurements to neutron
damage studies to detector characterization [34].

4.2. Radiation testing of carbon nanotube field effect transistor

Progress in device-level research has matured carbon nanotube field
effect transistors (CNT FETs), and they are now being considered as a
promising new technology for next-generation micro- and nano-elec-
tronic devices and circuitry because of the potential performance ad-
vantages and novel properties available [35–40]. Single-walled CNTs
also provide an excellent system for studying one-dimensional physics
[41–48].

As nanoelectronic devices are scaled to smaller node sizes and in-
corporate alternative device structures, radiation effects studies are
needed to understand the effects of these changes on device perfor-
mance in radiation environments such as in space or particle accel-
erators. Several important radiation studies on CNT based field effect

Fig. 3. Schematic of the thick target deuteron breakup neutron source in Cave 0
at the LBNL 88-Inch Cyclotron.

Fig. 4. Milli-Beam Schematic. The arrows show the possible motion of the
different collimators.

Fig. 5. Comparison between the neutron spectrum in Cave 0 at the LBNL 88-
Inch Cyclotron from 16 MeV deuteron breakup on Be, 33 MeV breakup on Ta
and 33 MeV breakup on Be from an earlier work by Meulders is plotted as well
as the spectrum at the 15L beamlines at LANSCE/WNR.
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transistor (FET) devices have shown marginal to minimal [49–52]
sensitivity to total ionizing dose (TID) effects. In general, scaling has
resulted in some mitigation of TID effects in all nanoelectronic devices,
and conversely, an increase in sensitivity to SEE, caused by the lower
capacitance of individual nodes in microelectronics and higher sensi-
tivity to charge deposition and transport.

As electronic devices are scaled further toward the one-dimensional
channel limit, fluctuations in charge and bonding configuration of de-
fects and traps near the channel have become increasingly important,
even at the single electron level. This has been seen in CNTs [53–56], in
molecular electronic systems [57], and also as random telegraph noise
in scaled silicon devices [58–60]. When the root cause for these events
involves radiation, they are generically referred as transient radiation
events (TREs).

In this study, isolated, suspended, single-walled carbon nanotube
FETs were electrically probed in-situ during exposure to proton radia-
tion fluxes. Threshold voltage shifts and large changes in resistance by
up to two orders of magnitude were observed, which are attributed to
one-at-a-time adsorption of radiation-induced gaseous ions in the sur-
rounding atmosphere. The CNT FET devices were fabricated as reported
elsewhere in the literature [42,61,62]. Fig. 6 illustrates the device
layout.

The 88-Inch Cyclotron was used to direct 50MeV protons and
10MeV/Nucleon Xe ions onto the samples, while the electrical prop-
erties of the devices were characterized in-situ with an Agilent 4155
semiconductor parameter analyzer. The average proton flux during
these measurements was 1.5 × 108 protons/cm2/s. Fig. 7 shows a
picture of the experimental setup.

Fig. 8 plots the drain current versus gate voltage for the CNT FET
before and after exposure to 2 × 1012 protons/cm2, which gives an
equivalent dose of 326 krad(Si). After exposure to the proton radiation,
there is a positive threshold voltage shift of less than 200mV. This is
attributed to negative charge traps in the underlying SiNx on the edges
of the trench (100 nm thickness). The suspended nature of these devices
results in minimal gate-dielectric TID effects.

Fig. 9 plots the drain current versus time for a CNT FET during
exposure to proton radiation, showing the observed TREs, which is
attributed to interaction of ionized gas molecules in the surrounding
atmosphere interacting with the device. These data are characteristic of
the devices that showed such TREs, where the device current is reduced
substantially, sometimes by over two orders of magnitude. The source-

drain voltage applied to the device was 0.1 V, and the gate voltage was
held at 0 V. The average duration of ion residency varies greatly, from
as low as 8ms (instrument limited) to many hours.

The ability of a single charge to cause large changes in conductance
in a single carbon nanotube device is rooted in the one-dimensional

Fig. 6. Suspended carbon nanotube field effect transistor. (a) Scanning electron
microscope image. (b) Schematic representation. Suspended portion is 500 nm
to 2 µm in length, with 500 nm of air between the gate and CNT.

Fig. 7. Picture of the experimental setup. The proton beam was passed through
a beam aperture and directed onto the sample in air. CNT FET devices were
electrically characterized in-situ, during radiation exposure.

Fig. 8. Drain current versus gate voltage before (blue) and after (green) ex-
posure to 2 × 1012 protons/cm2. The corresponding dose is 326 krads(Si). A
small threshold voltage shift of less than 200 mV is observed. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 9. Drain current versus time during single-gaseous ion adsorption event
and subsequent desorption a fraction of a second later. Inset shows a cartoon
depiction of an ionized nitrogen molecule on the surface of a CNT.
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nature of electrical transport in CNTs. Charge carriers are not free to
route around scattering sites or potential barriers, and the conductance
of the entire device is compromised, giving rise to the large changes in
conductance. The ramifications of these measurements are that as
electronic devices are scaled down to nanometer dimensions, they may
become increasingly sensitive to radiation induced switching or char-
ging of individual defects in sensitive areas. Understanding these de-
fects may therefore be a key step in developing nano-electronics for use
in the space environment. Further details of this work are published
elsewhere [63,64].

5. Conclusions

In the upper layers of the atmosphere and in outer space, radiation
constitutes a serious problem for the aerospace electronics.

When high-energy ions enter a material, they lose most of the en-
ergy at the Bragg peak. As a result, an energy variable accelerator can
be used to regulate the depth and amount of energy deposited to sys-
tematically test electronics parts in a controlled manner.

The combination of the 88-Inch Cyclotron with the ECR ion sources
makes a unique apparatus that allows switching ion species and en-
ergies in minutes. Currently, it produces 2000 h per year of heavy and
light ions, neutrons, and microbeams devoted to study transient and
long lasting effects of ions impacting electronics.

As the electronics structures and devices are constantly scaled to
smaller sizes, the effects of radiation become increasingly more im-
portant. Experimental measurements of the neutron spectra from thick
target deuteron breakups demonstrate the advantages of the high-flux
tunable spectrum neutron beam produced at the 88-Inch Cyclotron
compared to the LANSCE/WNR Facility and illuminate opportunities
for neutron damages studies.

New technologies, such as the Carbon nanotube field effect tran-
sistor, were tested in a radiation controlled environment to understand
its performance and degradation mechanisms in the presence of ra-
diation.

The 88-Inch Cyclotron can simulate the space environment condi-
tions that the electronics will be exposed over the years in matter of
minutes. It constitutes an essential tool to develop radiation-hardened
circuits and design techniques to avoid very costly loss of equipment
from the aerospace industry.
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