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ABSTRACT: We fabricated ultrathin metal-semiconductor Schottky diodes for use as transmission
particle detectors in the biological microbeam at Columbia University’s Radiological Research
Accelerator Facility (RARAF). The RARAF microbeam can deliver a precise dose of ionizing
radiation in cell nuclei with sub-micron precision. To ensure an accurate delivery of charged par-
ticles, the facility currently uses a commercial charged-particle detector placed after the sample.
We present here a transmission detector that will be placed between the particle accelerator and
the biological specimen, allowing the irradiation of samples that would otherwise block radiation
from reaching a detector behind the sample. Four detectors were fabricated with co-planar gold
and aluminum electrodes thermally evaporated onto etched n-type crystalline silicon substrates,
with device thicknesses ranging from 8.5 µm - 13.5 µm. We show coincident detections and pulse-
height distributions of charged particles in both the transmission detector and the commercial de-
tector above it. Detections are demonstrated at a range of operating conditions, including incoming
particle type, count rate, and beam location on the detectors. The 13.5 µm detector is shown to
work best to detect 2.7 MeV protons (H+), and the 8.5 µm detector is shown to work best to de-
tect 5.4 MeV alpha particles (4He++). The development of a transmission detector enables a range
of new experiments to take place at RARAF on radiation-stopping samples such as thick tissues,
targets that need immersion microscopy, and integrated microfluidic devices for handling larger
quantities of cells and small organisms.
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1 Introduction/background

The use of ionizing radiation microprobes for biological applications [1] has led to major advances
in assessing intra- or inter-cellular biological responses to ionizing radiation, such as DNA damage
in subnuclear targets [2], or bystander responses [3]. The advantage of single ion microprobes is
their ability to deliver known doses in precise locations within a cell or population of cells. In the
early 1990’s, the Radiological Research Accelerator Facility at Columbia University was one of
the first facilities to build a single ion microbeam [4, 5], and today there are over 30 radiobiological
microbeams globally [6].

Since a major advantage of a single-ion microprobe is the precise delivery of a known dose
of radiation, an important component of any microbeam facility is the detection of the charged
particles. Further, a particularly important feature of a detector is whether the particles are detected
between the accelerator and the sample (transmission detection) or beyond the irradiated sample.
A transmission detector is required when the target specimen would otherwise prevent radiation
from reaching a detector mounted beyond the sample.

In order to highlight the importance of a transmission detector, we first consider particle energy
deposition and absorption in section 1.1. Then we discuss how this energy deposition can be
used for detection in section 1.2, and present the current state of the art of available detectors in
section 1.3.
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1.1 Particle range and energy deposition into an absorbing material

When heavy charged particles such as protons (H+) and alpha particles (4He++) pass through a
material, they can have two types of interactions: Nuclear interactions (e.g. Rutherford scattering)
between the nuclei of the particle and the material, and Coulombic interactions between the charged
particle and the electrons in the absorbing material [7]. The dominant interaction with the particle
energy in this work will be the Coulombic interaction.

The Coulombic interactions occur as excitation or ionization of the irradiated material. Either
bound electrons are excited into a higher energy state (excitation), or are removed from the atom
completely creating an electron/ion pair (ionization) in a gas, or an electron-hole pair in a semi-
conductor. The energy loss due to Coulombic interactions is called Linear Energy Transfer (LET),
which is the linear rate of energy loss (dE/dx) of a charged particle due to ionization and excitation.
The LET of a particle in an absorbing material follows the Bethe-Bloch formula [7]:

−dE
dx

=
4πe4z2

m0v2 NB and B = Z
[

ln
2m0v2

I
− ln

(
1− v2

c2

)
− v2

c2

]
Where v is the velocity of the particle, z is the charge of the particle, N is the number density

of the absorber atoms, and Z is the atomic number of the absorber atoms, m0 is the particle’s rest
mass, and e is the electronic charge. I is an experimentally determined parameter for each element
representing the average excitation and ionization potential of the absorber.

The amount of energy, E, that is deposited by a particle with a certain energy, into a material
with certain thickness, can be estimated using LET for thin materials and small changes in energy.
However, once the particle starts losing energy, LET increases, resulting in an energy deposition
following a Bragg curve [7]. The range of a particle can be simulated for multiple layers using
SRIM (the Stopping and Range of Ions in Matter), a semi-empirical software that tabulates exper-
imental LET values and performs simple Monte Carlo simulations for several layers of absorbing
material [8]. Figure 1(a) shows the LET of hydrogen and helium particles in silicon as a function of
particle energy, as calculated by SRIM. Figure 1(b) shows the range of these particles in silicon as
a function of particle energy. For example, a 5 MeV alpha particle has an LET of 140 KeV/µm in
silicon, or 90 KeV/µm in tissue. This particle has a range of just ∼25 µm in silicon, or a range of
∼35 µm in tissue, and therefore a transmission silicon detector must be much thinner than 25 µm
to leave enough energy in the particle to reach the sample. While particles with such short ranges
make the fabrication of a transmission detector difficult, the dose delivered to a cell nucleus by
even a single alpha particle is biologically relevant [9].

Currently RARAF uses a 300 µm thick solid state detector (ORTEC model R-015-050-300,
Oak Ridge, TN) [5]. With this thickness detector, incident alpha particles will deposit all their
energy and will be stopped by the detector. This setup is limited to detection of radiation behind
thin samples that do not stop alpha particles, such as cells or small organisms (e.g. C. Elegans)
mounted on 3 µm polypropylene substrates, with very thin layers of medium. Thicker samples (e.g.
tissues), thicker layers of medium, immersion microscopy, or microfluidic channels would stop the
radiation, and require a transmission detector mounted prior to the sample. RARAF currently
estimates dose rates in these situations by timed irradiations: assuming the beam rate is constant,
the dose is calculated by the amount of time that the shutter is open. This is accurate with higher
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Figure 1. (a) LET, and (b) Range as a function of Particle Energy. Values obtained from SRIM.

doses, but not accurate when interested in low doses (e.g. down to single particle irradiations) due
to the Poisson distribution of the generated ions.

1.2 Detector physics

As mentioned in the previous section, incident radiation will cause ionization or electron-hole pair
generation in the absorbing material. The average energy required to create an ion pair or electron-
hole pair, ε , depends on the absorbing material, e.g. 3.62 eV for Silicon at room temperature or
typically 15–30 eV in a gas detector [7, 10].

Therefore, the number of electron-hole pairs that are generated from a charged particle passing
through a material will be equal to the energy deposited in that material (E) divided by the average
energy required to generate an electron-hole pair (ε), or: n = E/ε . As an example, if a 5 MeV alpha
particle deposits 1 MeV into a thin silicon layer, then 2.76e5 electron-hole pairs are created.

If the irradiated material is a rectifying junction (i.e. a diode) biased in the reverse direction,
and the flow of leakage current is negligible, an electric field will form and deplete the material from
intrinsic charge carriers (free electrons and holes) that are generated due to background sources (i.e.
heat or light). If the charged particle passes through the depleted region, the newly generated charge
carriers (electron-hole pairs) will be swept towards their respective electrodes (negative charges to
the cathode, and positive charges to the anode), and can be detected as a pulse of current after
amplification.

The rectifying junction can be created by dopants in a semiconductor (p-n or p-i-n diodes), or
at the interface of a metal and a semiconductor (Schottky barriers). We developed Schottky diodes
by depositing aluminum and gold electrodes onto silicon [11].

1.3 Detector applications

There are 3 technologies typically used for detection of radiation: semiconductor detectors, gas
detectors and scintillators coupled to photon detectors [12]. Plastic scintillator sheets (10–50 µm
thick BC400R) emit photons when hit with charged particles, and when coupled to photomultiplier
tubes have been used as detectors in microbeam applications [13]–[15]. However, the energy res-
olution is poor; the typical energy required to produce 1 photoelectron is on the order of 1000 eV
or more [7]. Gas detectors rely on the ionization of a gas (such as P10, 10% methane in argon),
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and have also been used as microbeam transmission detectors [13]. The average energy to create
an ion pair in a gas is 15–30, roughly 5–10 times more than the materials used in semiconductor
detectors, where the energy required to create an electron-hole pair in silicon is 3.62 eV. RARAF
currently has a custom built gas counter that has an 8 mm long gas ionization chamber [5]. Com-
mercial semiconductor detectors are available from companies such as ORTEC, and are reverse
biased diodes that rely on the generation of electron-hole pairs by charged particles. The thinnest
commercial detector currently offered by ORTEC is 100 µm.

All three technologies listed above have the same problem when being used as a transmission
detector for alpha particles - they are usually too thick, and will block these high-LET particles
from reaching the sample. As mentioned in section 1.1, the range of a 5MeV alpha particle is
only ∼25 µm in silicon, and these commercial products are typically not thin enough to be used as
transmission detectors for these particles.

The current state of the art fabrication of ”ultra thin” p-i-n diode detectors, which range from
4.5–22 µm, is shown in [10, 16, 17]. These devices are made from 380 µm, <100> , p-type silicon
wafers, which are anisotropically etched with TMAH for 14 hrs. The detector diode is formed by
phosphorous (n) doping to form a p-n junction, and aluminum is deposited on both sides for metal
contacts. Initially developed as a ∆E-E telescope to measure energy and identity of particles in
vacuum, the device was incorporated at the Lund Microprobe as a 9–11 µm thick transmission
detector for cell irradiation [16].

At RARAF we pursued the creation of ultra-thin metal-semiconductor Schottky diodes as
transmission detectors for alpha particles. This type of detector maintains the sensitivity of semi-
conductor detectors, which generate 5–10 times more electron-hole pairs per particle than gas
detectors, and do not lose sensitivity by converting electrons to photons. Further, this type of diode
does not require doping of the silicon, and therefore fabrication can be simpler and cheaper. The
next section will describe the fabrication of our devices.

2 Materials and Methods

2.1 Fabrication

A crystalline silicon wafer with initial thickness 10 +/- 4 µm (Virginia Semiconductor, Freder-
icksburg, VA) was cleaved into approximately 10mm x 10mm squares. These wafer chiplets were
suspended over a 6mm hole drilled into a glass slide, and glued permanently in place using a 50 µm
layer of SU-8 2050 (Microchem, Newton MA).

A shadow masking procedure was used to deposit the 100nm co-planar gold and aluminum
electrodes on the silicon substrate. A plastic film (PMMA, 100 µm thick) was cut to the approxi-
mate size and aligned manually to physically mask one half of the suspended wafer, and aluminum
was thermally evaporated. A similar shadow mask was then used to cover the aluminum electrode
and a small gap (∼500 µm), and gold was evaporated onto the rest of the wafer.

The sample was then turned over and etched to different thicknesses using a SF6 plasma etch-
ing in an inductively coupled plasma reactive ion etcher (Oxford Instruments Plasmalab 80plus
ICP-RIE, Concord MA). Only the area exposed by the hole in the glass slide was etched, leaving a
locally thinned suspended membrane. We prepared 4 samples: etching for 10s, 30s, 60s, and 90s
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Figure 2. Exploded view of the detector (a), and images of top (b) and bottom (c) of detector

Figure 3. (a) placement of the transmission detector between a radiation source and the commercial absorp-
tion detector above it. (b) Cross-section view of the endstation and detector placement.

with 20 sccm of SF6 at 400W ICP power and 50W RF power. Conductive epoxy (Epotek H20E,
Billerica MA) is then used to connect wires to the electrodes. Figure 2 shows the exploded view of
our detector, and pictures of the fabricated device.

2.2 Experimental setup

The detector is placed between the radiation source and a commercial detector above it. Figure 3
shows a 3D CAD drawing of the placement of the detector (a), and a 2D cutout view (b). The
commercial detector is place 21.9mm away from the radiation source and the transmission detectors
are placed 1.1 mm away from the radiation source.

The output signals from both detectors are fed into charge sensitive preamplifiers (Canberra
2003BT, Meriden, CT). The preamplifier converts the charge into a voltage, with a sensitivity of
0.45V/pC. The output from the preamplifiers are fed into a shaping amplifier, with a rectangular
filter, that yields a gaussian pulse after 100–1000x gain, and 1–10us shaping constants (ORTEC
model 570, Oak Ridge, TN). Figure 3 shows the electronics used in the detection experimental
setup.

– 5 –
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Figure 4. Experimental setup: electronics used for detection

After amplification, the pulses are read in two manners: oscilloscope traces of pulses as a
function of time and analog to digital multiple channel analyzer (ADC-MCA) output, as shown in
figure 4. The oscilloscope can be used to verify that both pulses from the transmission detector and
the commercial detector are coincident. The ADC-MCA displays a distribution of pulse heights,
where each channel of the ADC corresponds to a narrow bin of pulse voltage. Thousands of pulses
can be registered, and the length of acquisition is recorded. Total counts are found by integrating
beneath the distribution, and count rate is found by dividing the total counts by the acquisition
time. We calibrated the ADC-MCA channel numbers to input voltage pulses and incoming particle
energy using the test input of the Canberra preamplifier and a function generator.

2.3 Thickness measurement

We use an energy loss measurement method similar to that described in [17] to determine the
thickness of the etched samples. Briefly, we measure the energy of particles with and without
passing through the etched samples, and estimate each sample’s thickness with SRIM calculations.
In this section, we use 2.7 MeV protons (H+) incident on the commercial detector.

Figure 5 shows the energy deposited in the commercial detector with and without passing
through our four detectors. The energy loss range for each of our samples was found to be 320
KeV, 270 KeV, 250 KeV and 195 KeV. We performed a range of SRIM calculations to estimate
what the energy loss is using our geometry and multiple thicknesses of silicon. The layers used
in the calculations were a 500nm silicon nitride window, 1.1 mm of air, 1–15 µm of silicon, and
20.9 mm of air. The energy loss after transmission across these layers was found for different
incoming energies of protons and alpha particles. Using these SRIM calculations as a calibration,
we estimate thicknesses of our wafers to be 13.5 µm, 11.5 µm, 11 µm, and 8.5 µm thick.

We performed the same experiment as above with alpha particles (helium nuclei) to ensure
that high-LET particles can pass through our detectors. Figure 6 shows the distribution of pulses
detected by the commercial detector from alpha particles with and without passing through our
samples. The integral beneath the ADC-MCA distribution represents the count rate.

It can be seen from figure 6 that only the thinnest detector allows the alpha particles to pass
through with enough remaining energy to ensure that it reaches the commercial detector. Therefore
in the following sections we characterize only the 8.5 µm detector for use with alpha particles, and
characterize the 13.5 µm detector for use with protons.

– 6 –
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Figure 5. Proton energy loss measurement to determine the thickness of the samples. Protons were detected
in the commercial detector, with and without passing through our samples.

Figure 6. ADC-MCA distribution of 5.4 MeV 4He++ particles through our samples. Measurements were
taken from the commercial detector set up behind our transmission detector. t is the thickness of the sample
between the radiation source and the commercial detector, and c is the count rate measured by the integral
beneath these curves. It appears that these 4He++ particles only pass cleanly through the 8.5 µm sample.
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Figure 7. I-V curves and C-V curves of 4 diode samples to ensure they behave like diodes, and that current
only flows in the forward direction. This allows an electric field to be set up when biased in the reverse
direction.

3 Experiments

We performed 3 sets of experiments with our detectors. The first set of experiments is characteri-
zation of the fabricated devices to determine the thickness and electrical properties of the samples,
and ensure that we indeed fabricated Schottky diodes (section 3.1). The second set of experiments
tested the devices with alpha particles (section 3.2), and the third set of experiments tested the
devices with protons (section 3.3).

3.1 Diode characteristic measurements: I-V curves and C-V curves

First, we verified that the devices behaved as Schottky diodes. To measure the I-V curves, we used a
high voltage source measurement tool (Kiethley 237, Cleveland, OH). To measure the C-V curves,
we used a parameter analyzer (Agilent 4155C) coupled to an inductance-capacitance-resistance
(LCR) measurement tool (Agilent 4284A). An oscillating AC voltage of 25mV and 1kHz was
added to a bias voltage ranging from -0.5V to 4V to measure capacitance via a phase shift.

The curves in figure 7 demonstrate that we have indeed fabricated diodes. Applying a positive
voltage to the gold electrode causes current to flow, and when a negative voltage is applied, the
Schottky barrier limits the flow of current to less than 20 µA. This rectifying junction is required
to set up an electric field across the silicon detector, as discussed in section 1.1.

3.2 Helium nuclei (4He++) with the 8.5 µm detector

3.2.1 Simultaneous pulses from the transmission and commercial detectors

This section shows the simultaneous capture of oscilloscope (Tektronix TDS3052C, Beaverton,
OR) traces from our detector and the commercial detector above it. Using helium nuclei from
the RARAF microbeam, we show that a single particle causes a pulse in both detectors. The data
collection was triggered on the commercial detector, and shown in figure 8.

Figure 8 shows a representative oscilloscope trace of the two detectors. The noise on the
transmission detector channel is expected to be higher with our device than with the commercial
device due to packaging and RF noise from unshielded wires compared to the packaged commercial

– 8 –



2
0
1
2
 
J
I
N
S
T
 
7
 
P
1
2
0
0
1

Figure 8. Oscilloscope trace of coincident pulses from the 8.5 µm transmission detector and the commer-
cial absorption detector mounted behind it. These traces were taken with 40V bias at the center between
electrodes, and triggered on the commercial detector.

detector. The difference in noise between the two devices was found to be minimal, and attributable
to the signal-gathering electronics.

Ignoring relativistic effects, the kinetic energy of the alpha particle is equal to 1/2mV2, and a
5 MeV (8.01 e-13 Joule) alpha particle has a velocity of 1.55e7 m/s. This is 5% of the speed of
light, so our assumption to ignore relativistic effects is valid. Given that the speed of the particle,
and the detectors are 2cm away from each other, it is expected that the time between pulses should
be 1.3 ns. Since the integration time of the signal is 10 µs, these pulses occur at essentially the
same time, and any discrepancy is due to the electronics and signal gathering.

3.2.2 Traverse across 8.5 µm transmission detector

The next experiment we performed was to characterize the performance of the detector as a func-
tion of the location of the beam. Since the electrodes were defined by a wide shadow masking
procedure, the diode is essentially a 1D structure, and we can traverse from one electrode to the
other.

Figure 9 shows the location of the detector with respect to the beam. The right side of the
figure shows the pattern that we used to traverse across the detector from the gold to the aluminum
electrodes. The aluminum electrode is 720 µm away from the gold electrode.

Figure 10(a) plots these distributions in pulse height as a function of distance away from
the gold electrode edge, and figure 10(b) plots the count rate as a function of this distance. It
appears that the maximum pulse height increases as the beam gets closer to the aluminum edge,
the distribution broadens, but the count rate stays essentially the same. Once the beam reaches the
aluminum electrode, the count rate diminishes. It appears that there is no depletion region beneath
the aluminum electrode.

– 9 –
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Figure 9. The beam was traversed across the detector perpendicular to the gold and aluminum electrodes.
The gap between the electrodes is 720 µm, and measurements were taken at 150 µm intervals.

Figure 10. Traverse experimental results, showing distribution of pulses as a function of (a) distance from
the gold electrode and (b) count rate at the same points. The aluminum electrode is 720 µm from the gold
electrode. This experiment was done with 5.4MeV He and a 40V bias voltage.

3.2.3 Count rate analysis, 8.5 µm transmission detector

The MCA pulse height distribution from the transmission detector is plotted in figure 11 along
with the pulse distribution from the commercial detector behind it, and the commercial detector
with nothing in the way. The count rate is found by integrating beneath these curves.

Figure 11(a) shows for a single operating condition that the count rate is the same for the
8.5 µm transmission detector and the commercial absorption detector above it, with and without
our sample in the way. This shows that our detector (a) counts all of the particles, (b) does not stop
the particles from getting through. We repeated this measurement at several operating conditions
to verify that the count rate remains the same between our detector and the commercial detector
above it.

Figure 11(b) shows a plot of the ratio of transmission detector’s count rate to the absorption
detector’s count rate at multiple operating conditions. The error bars in the count rate are deter-
mined by the variance of a Poisson distribution, σ =

√
µ [18], where σ is the variance and µ is

the mean count rate. It appears that the count rates from the transmission detector and absorption
detector are within 10% of each other, and fall within the variance from a Poisson distribution.

– 10 –
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Figure 11. (Left) ADC-MCA histograms of detections from the transmission detector and the absorption
detector, with and without the transmission detector in the way. The count rate is 737, 757, and 734, respec-
tively for the transmission detector, and the absorption detector with and without the transmission detector
in the way. (right) Comparing the count rate from the 8.5 µm transmission detector and the commercial
detector above it for multiple operating conditions. It appears that the count rates are within 10% for the
transmission and absorption detector.

The count rate analysis for each detector in figure 11(b) was taken sequentially using one
analog-digital converter multichannel analyzer (ADC-MCA), and therefore each detector was used
to measure different particles. In this scenario, the accuracy of an efficiency measurement depends
on the stability of the particle accelerator, and is limited by the variance of a Poisson distribution.
Therefore we also used a gated single-channel analyzer (SCA), triggered on the commercial de-
tector, to quantify the ability of the transmission detector to detect the very same particles as the
commercial detector. The gated counter only counted pulses from the transmission detector when
the gate signal (i.e. the commercial detector signal) was above 2 volts; the result is a counter that
only registers a pulse when the two detectors are triggered simulataneously, or a coincidence par-
ticle counter. The efficiency of detection can be found by η = ccoincident/ctransmission, where η is
efficiency, and ci is the counted number of particles from the coincidence counter and the transmis-
sion detector. In a series of 10 measurements, each, it was found that our transmission detector is
>98% efficient.

3.2.4 Beam broadening effects

The transmission of the alpha particles through the thin detector might increase the beam size due
to scattering effects. In order to quantify the amount of beam broadening, we performed two knife
edge scans using a 3 µm thick layer of polypropylene; the first scan without the detector in the
way, and the second scan passing through the 8.5 µm detector. These scans are shown below in
figure 12.

The beam size increased by 50% due to scattering effects. This limits the resolution of the
microbeam to 1 µm instead of 0.7 µm, and only affects experiments that require ultra high res-
olution [5]. For the bulk of experiments at RARAF, such as the investigation of inter-cellular
communication effects, a 1 µm beam is sufficient to ensure one cell is targeted and not a bystander
cell [19].

– 11 –
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Figure 12. Polypropylene knife edge scans of the beam before (red) and after (black) passing through the
8.5 µm detector. This graph shows the relative energy of the particles that pass through the knife edge
as a function of distance. A line is fitted to the slope of the curve, and the beam size is determined by the
intersection of the linear fit at fully occluded (relative energy = 0) and fully unoccluded (relative energy = 1).

Figure 13. Oscilloscope trace and ADC-MCA distribution of pulse heights for protons. Enough energy
appears to be deposited in the 13.5 µm detector for the detection of protons.

3.3 Protons (H+) measurements with the 13.5 µm transmission detector

We also placed our detectors in the path of a proton microbeam. Protons have lower LET, and
deposit less energy in thin samples, and therefore are harder to detect. Only the 13.5 µm thick
sample was able to detect pulses sufficiently above noise.

Figure 13(a) shows a simultaneous oscilloscope trace gathered from our 13.5 µm detector and
the commercial detector above it. While it seems that a smaller amount of energy is deposited in
the detector compared to alpha particles, protons are still detectable by the transmission detector.
Figure 13(b) shows the distribution of pulses from the transmission detector and the commercial
detector with and without passing through the transmission detector.
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4 Conclusion

The main contributions of this work are the design and fabrication of a transmission particle detec-
tor that works as well as a commercial absorption detector for high-LET alpha particles in biolog-
ical microbeams. We characterized 4 samples’ performance as Schottky diodes and used energy
loss measurements to calculate their thicknesses. We showed that with the 8.5 µm transmission de-
tector, 5.4 4He++ particles pass through the sample with plenty of energy to reach the commercial
detector mounted above the sample. Also, we show that with the 13.5 µm transmission detector,
H+ particles deposit enough energy to be detected. The implications of this are a range of new ex-
periments able to take place at RARAF on radiation-stopping samples such as thick tissues, targets
that need immersion microscopy, and integrated microfluidic devices for handling larger quantities
of cells and small organisms.
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