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ABSTRACT

This study reports the first experimental demonstration of surface contamination cleaning from a high-repetition supply of thin-tape targets
for laser-driven carbon-ion acceleration. The adsorption of contaminants containing protons, mainly water vapor and hydrocarbons, on
the surface of materials exposed to low vacuum (>107° Pa) suppresses carbon-ion acceleration. The newly developed contamination cleaner
heats a 5-um-thick nickel tape to over 400 °C in 100 ms by induction heating. In the future, this heating method could be scaled to laser-
driven carbon-ion acceleration at rates beyond 10 Hz. The contaminant hydrogen is eliminated from the heated nickel surface, and a carbon
source layer—derived from the contaminant carbon—is spontaneously formed by the catalytic effect of nickel. The species of ions accelerated
from the nickel film heated to various temperatures have been observed experimentally. When the nickel film is heated beyond ~150 °C, the
proton signal considerably decreases, with a remarkable increase in the number and energy of carbon ions. The Langmuir adsorption model
adequately explains the temperature dependence of desorption and re-adsorption of the adsorbed molecules on a heated target surface, and
the temperature required for proton-free carbon-ion acceleration can be estimated.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153578

. INTRODUCTION

Charged particles such as protons and heavy ions exhibit a
characteristic curve of energy deposition vs depth, with a so-called
Bragg peak, which enables the deposition of high radiation doses to
tumors while reducing the dose to adjacent normal tissues.' Unlike
protons, heavy ions deposit a small portion of their energy distally
from the Bragg peak owing to nuclear fragmentation. Therefore,
the ions used for radiotherapy are limited to species that are not
heavier than oxygen. In 1994, the National Institute of Radiologi-
cal Sciences (NIRS) commenced the first clinical trials of heavy-ion

radiotherapy using carbon ions at the HIMAC facility. Carbon
ions exhibit higher linear energy transfer (LET) than high-energy
photons and protons, and a high LET induces sufficient dam-
age to clustered DNA that cellular repair systems can be over-
whelmed.” The benefit of using carbon-ion radiotherapy has been
recognized by health authorities in several countries, leading to
health insurance coverage of this treatment for several types of
cancer.” Typical examples of such insurance coverage in Japan
include high- and intermediate-risk prostate cancer, chordomas,
chondrosarcomas, osteosarcomas, and salivary gland tumors, while
tumor re-irradiation is also covered in Italy, Germany, and Austria.”
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However, although carbon-ion cancer therapy is envisioned to
bring significant benefits to patients, its availability is still very lim-
ited worldwide. The main reasons for this lack of widespread adop-
tion are the high construction, installation, and routine maintenance
costs of the complex and large accelerators that are required.’

The National Institutes for Quantum Science and Technol-
ogy (QST) in Japan have progressed toward developing a compact
accelerator for carbon-ion radiotherapy called “Quantum Scalpel”
to overcome these issues.”® The Quantum Scalpel consists of a laser-
driven injector with an acceleration 4 MeV/u, a superconducting
synchrotron of diameter 8 m, and a superconducting gantry. The
required ion-beam parameters of the laser-driven ion injector were
set with reference to the current ion injector at HIMAC using Radio
frequency acceleration. The laser-driven ion injector needs to inject
>10° carbon ions (C** or C®*) with quasi-monochromatic energy
(10% bandwidth) of 4 MeV per nucleon within 2 s. To suppress the
beam divergence caused by space-charge effects during acceleration
in the synchrotron, the maximum number of particles that can be
injected in a single acceleration phase is limited to ~10®. Therefore,
10® ions are repeatedly injected at 10 Hz until the required num-
ber of particles have been injected into the synchrotron. In addition,
pre-accelerated ions are injected into the synchrotron after compres-
sion to 1% bandwidth using a phase rotation cavity. The synchrotron
accelerates the carbon ions to 430 MeV/u, which is sufficient for
heavy-ion radiotherapy. The gantry enables the treatment of tumors
located deep inside the body from any direction.”

A laser-driven carbon-ion injector requires three systems (laser,
target supply, and surface contamination cleaner) capable of oper-
ating at repetition rates over 10 Hz. With the recent advent of
diode-pumped solid-state lasers,”” it has become possible to irradi-
ate with 10 J-class laser pulses at several Hz, and high-repetition-rate
laser irradiation above 10 Hz is in sight.

With regard to the target, a single-layer thin film of high-
purity carbon is very fragile and therefore difficult to supply at
high repetition rate. We therefore plan to use a double-layer thin
film, consisting of a thicker support metal film with a high-purity
thin carbon layer. The carbon source layer must be resistant to
high temperatures to prevent thermal desorption during contami-
nant cleaning. The solid solution of carbides or precipitated carbon
that results from the catalytic effect of heating transition metals
is a potential candidate for the carbon source layer owing to its
high heat resistance.'”!" In this study, we heated a tape of nickel,
which is a transition metal, and formed a carbon layer originat-
ing from the contamination. This provided a thin carbon-rich layer
for acceleration. As far as the target supply system is concerned,
the conventional scheme of a motor driving a tape-shaped' ™" or
disk-shaped'” solid target is scalable toward a high repetition rate.

However, the performance of surface contaminant cleaners is
insufficient for the immediate cleaning of target surface contam-
ination supplies at high repetition rates."” In the target normal
sheath acceleration mechanism,'®"” protons are selectively acceler-
ated over other heavier ion species because they have the largest
charge-to-mass ratio. The origin of these protons is known to be
water vapor and hydrocarbons that adsorb to the target surface
during the target manufacturing process or after installation in the
vacuum chamber.'® The surface contamination layer is about 1 nm
thick'®"” and comprises CH; (60%) and H,O (12%)." The contam-
inant molecules are chemisorbed on the surface and require about
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100 kJ/mol of energy for desorption.'® Desorption of these molecules
by thermal motion requires heating above 200 °C.”

A variety of contaminant cleaning techniques have been pro-
posed, including blowing off surface contamination (pulsed laser
ablation”! and ion sputtering'’) and heating the target (resistive
heating?> and continuous-wave laser heating””*'). However, the
blow-off method generates unwanted target gas and debris that
stress the vacuum system and laser focusing optics. These problems
become more severe in highly repetitive operations. On the other
hand, the heating methods reported so far do not provide sufficient
heating power for immediate cleaning of the target surface supplied
at high repetition rates (>10 Hz). Here, we report a new method of
cleaning surface contamination by induction heating. The developed
induction heater heats a 5-ym-thick nickel tape to over 400 °C in
100 ms and can be scaled to carbon-ion acceleration at 10 Hz in the
near future.

Il. INDUCTION HEATING FOR DESORPTION
OF SURFACE CONTAMINATION

The induction heater consists of a coil and an electronic oscilla-
tor with a high-frequency alternating current (AC). When an AC is
applied to a coil, a time-varying magnetic field is generated around
the coil. When a conductor is placed near the coil, eddy currents
I flow through the conductor to prevent changes in the magnetic
field. Since the conductor has electrical resistance R, Joule heat cor-
responding to I” x R is generated, and the conductor is heated. The
final process of induction heating is similar to resistive heating,”
in which current is passed directly from electrodes attached to the
target, but with three significant modifications.”

The first modification is that eddy currents are induced contact-
lessly by electromagnetic induction. Unlike resistive heating, there is
no need to attach an electrode to each target, and thus this method
is effective for applications that require the heating of objects that
need to be replaced at a high repetition rate. The second modi-
fication is that eddy currents have the same frequency as the AC
flowing in the coil, and so the eddy current flow is restricted to a
thin layer of the conductor surface by the skin effect, greatly enhanc-
ing the heating effect. Nickel, a ferromagnetic material, is chosen
as the target material. Because the high permeability of ferromag-
netic materials increases the induced eddy currents and surface skin
effect, magnetic materials are more easily heated by induction than
nonmagnetic materials. Also, nickel is a transition metal, and at
high temperatures it assists in the dehydrogenation of hydrocarbons
through its catalytic effect.’”’" In this study, carbon ions in a solid
solution of carbides and precipitated carbon on heated nickel tapes
were accelerated.

The magnetic material is heated by hysteresis losses, which is
a minor benefit in this system. The third modification is that the
shape of the coil can influence the shape of the eddy currents. We
designed three concentrical turned coils (pancake-shaped) of cop-
per pipe. Cooling water flowed inside the pipe, and AC flowed
through the conductor portion of the pipe. The coils were placed
4 mm apart parallel to the tape target. The outer dimension of the
coil was 25 mm, larger than the 20 mm width of the nickel tape
[shown in Fig. 1(a)], i.e., both ends of the coil protruded from the
tape. The temperature distribution of the heated nickel foil results
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from the complex physical processes of induction heating. A finite
element analysis code (Femtet ver. 2021°°) was used to analyze
the heating process. The temperature dependence of the physical
properties of nickel (electrical resistivity,”” thermal conductivity,”®
and specific permeability”’) in the temperature range from room
temperature to 1000 °C was considered in the simulation. Then,
in the simulation, 25 A of AC was applied to the coil at a fre-
quency of 400 kHz to ensure consistency with the experimental
conditions.

The vector map in Fig. 1(b) shows the magnetic flux flow inside
the nickel foil. Loop currents flowing in concentric coils produce
a magnetic flux flow similar to that of a dipole magnet. If a ferro-
magnetic nickel foil is present to obstruct the magnetic flux flow,
the magnetic flux will preferentially flow through the nickel rather
than into the vacuum, resulting in a higher magnetic flux density
with a thin nickel foil. As a result, the magnetic flux flows and accu-
mulates in the center of the coil. This vector map of the magnetic
field is a cutout of a particular time, and the magnetic field’s direc-
tion and intensity change with the phase of the AC flowing through
the coil.

The vector map in Fig. 1(c) shows the eddy current flow inside
the nickel foil. The eddy current flows in the opposite direction on
the same shape as the AC in the coil (in this case, a circle), and the
induced magnetic field cancels the magnetic field created by the coil.
Thus, the current density of eddy currents increases on the left and
right sides of the circle region, where eddy currents flow, owing to
the width limitation of the tape (coil diameter > tape width). This
current density bias is vital to explain the hot-spot formation. The
color map in Fig. 1(d) displays the temperature distribution of the
heated nickel tape at 500 ms after heating was initiated. The temper-
ature distribution obtained in the simulation had two semicircular
hot spots.

Figure 2(a) shows the temperature distribution of the nickel
tape experimentally observed by infrared thermography when the
tape was heated at an AC power of 0.6 kW. The white dashed
lines represent both ends of the 20-mm-wide tape, and the black
dashed lines indicate the simulated 350 °C isotherm. The tempera-
ture distribution observed experimentally accurately reproduces the
distribution obtained in the simulation, including the asymmetry
of the hotspot due to the coil asymmetry. The red line in Fig. 2(b)
depicts the time variation of the temperature of the left hotspot [the
small white square region in Fig. 2(a)] during heating. A partial vol-
ume of nickel tape (~5 mm x 5 mm x 5 ym) was heated to 400 °C
in ~100 ms. From the specific heat of nickel and the volume of the
heating area, the heating areal power density due to induction heat-
ing is estimated to be about 2 W/cm®. When the target is heated to
about 400 °C, about 2 W/cm? of energy is lost by radiation. Radia-
tion loss and heat generation are balanced, and the temperature rise
saturates.

The target temperature under laser irradiation varies with
the time interval between heating and irradiation. The blue line
in Fig. 2(c) depicts the time variation of the hot-spot tempera-
ture after removal from the heating coil. When the vacuum pres-
sure is 0.05 Pa, the vacuum gap limits thermal conduction along
the perpendicular direction to the nickel surface. The nickel tape
heated up to 400 °C cooled rapidly to 180 °C within 1 s (radia-
tion cooling); it then cooled slowly to below 100 °C for about 12 s
(thermal conduction).

RESEARCH ARTICLE pubs.aip.org/aip/mre

I1l. LASER-DRIVEN CARBON-ION ACCELERATION

We used laser-driven ion acceleration as a time-resolved ana-
Iytical technique for surface contamination, and the temperature
dependence of the desorption and readsorption of the adsorbate
molecules was evaluated. A linearly polarized (p-polarized on tar-
get), 40 fs laser pulse (FWHM) with a central wavelength of 795 nm
was focused on a 5-um-thick nickel foil at a 45° incidence angle
using an F/2.7 off-axis parabolic mirror. Then, 23% of the total
energy of 389 mJ was focused into a focal spot with a diameter
of 5 yum (FWHM), and the average laser intensity in the spot was
(6+1) x 10" W/em®.

The top spool was pre-wound with nickel tape, and a motor-
driven rubber roller (composed of heat-resistant silicon that can be
used for 10000 h or more at 200 °C) drew the tape target from the
top spool. The heating coil was placed 10 cm along the tape pass
above the laser irradiation point (Fig. 3).

A series of experiments were performed under the six condi-
tions depicted in Fig. 4: a no-heating condition and five cases of
heating conditions with varying target temperatures under laser irra-
diation (50, 80, 110, 130 and 150 °C). The target temperature at the
laser irradiation point was varied with the time interval between
heating and laser irradiation. Accelerated ion species were analyzed
using a Thomson parabola ion spectrometer.’’ Ions were detected by
a phosphor screen and the scintillation light was transported using a
lens and recorded by a cooled charged-coupled device camera. The
strongest trace agrees with that of the theoretical trace of the pro-
ton (i.e., Z/A = 1.00) in Fig. 4(a) under the no-heating condition.
The charge-to-mass ratios Z/A of the weaker four traces observed in
Fig. 4(a) are estimated to be 0.083, 0.17, 0.25, and 0.33. These ratios
are consistent with the theoretical charge-to-mass ratios of Cct, Cc*,
C**, and C*, respectively.

Under the five heating conditions (50, 80, 110, 130, and 150 °C),
ion species with different trends were accelerated. When the tar-
get temperature cooled to 50 °C and to 80 °C, the proton signal was
dominant, as in the nonheated case, and the maximum charge state
of the carbon ions was 4 [Figs. 4(b) and 4(c)]. These results indi-
cate that once desorbed by heating, hydrogen was reabsorbed by
the surface as it cooled below 80 °C. In the cases of 110 and 130 °C
[Figs. 4(d) and 4(e)], the proton signal was still dominantly observed,
but the maximum charge state of the carbon ions increased to 5,
and the signal of higher-energy carbon ions was increased. Nickel
ions originating from the target bulk were also accelerated. When
the laser was promptly irradiated and kept at 150 °C [Fig. 4(f)], the
proton signal was reduced, and the C** and C* ion signals were
dominant.

An analysis code can be used to precisely link the particle
position on the detector with its kinetic energy and convert the
recorded parabolic traces into ion spectra. The ion spectra under
the no-heating condition [Fig. 4(a)] are illustrated in Fig. 4(h). The
ion spectra were corrected by subtracting the background signals
generated by the high-energy x-rays and the scattered ions from
the pinhole. The maximum energies of protons and carbon ions
were observed to be 1.0 MeV (H") and 0.9 MeV (C'*), 1.3 MeV
(C**), 2.05 MeV (C**), and 2.5 MeV (C**). Figure 4(i) depicts
the ion spectra for the heating condition at 150°C [Fig. 4(f)].
The maximum energies of protons and carbon ions were observed
to be 1.0 MeV (H") and 3.25 MeV (C**), 5.2 MeV (C*"), and
6.52 MeV (C**).
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FIG. 1. A finite element analysis code (Femtet ver. 2021) was used to analyze the heating process. (a) Schematic view of setup. (b) Magnetic flux flow inside the nickel foil.
(c) Eddy current flow inside the nickel foil. (d) Temperature distribution of the heated nickel tape.
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FIG. 2. (a) Temperature distribution of the nickel tape observed by infrared thermography when heated at an AC power of 0.6 kW. (b) Time variation of the temperature of the
hotspot during heating. (c) Time variation of the hot-spot temperature after removal from the heating coil.

the low-energy region (<0.5 MeV) decreased by two orders of mag-
nitude. Moreover, in the energy spectra of the carbon ions, the
maximum charge state of the accelerated carbon ions increased from
4 to 5, with the maximum energy increasing to 6.5 MeV. These

Top spool

I (Tape is pre-wound) =

3 results indicate that heating caused the desorption of contaminant

— N\ hydrogen and reduced the coverage of the contamination layer such

Nickel tape that the sheath field for TNSA could efficiently accelerate the carbon
ions.

To Thomson parabola

spectrometer
IV. ADSORBED MOLECULES ON A HEATED
TARGET SURFACE

The difference in behavior between the accelerated ion species
can be explained by the Langmuir adsorption model, which gives the
equilibrium coverage of molecules on a solid surface. Whenever gas
(adsorbate) is in contact with a solid surface (adsorbent), an equi-
librium will be established between the adsorption rate of molecules
on the surface and the desorption rate of molecules to the gas phase.

FIG. 3. Experimental setup for the demonstration of laser-driven carbon-ion The equilibrium coverage of molecules on a solid surface is given by
acceleration using an induction heater. »

= —+ |
p+po(T)

Motor-driven
rubber roller

where
Regardless of the difference in the conditions with no heat-

ing [Fig. 4(h)] and heating [Fig. 4(i)], the maximum proton energy (T) = (ankBT)3/2k r (_e/NA)
remained constant at 1 MeV. However, the number of protons in po - % kT
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FIG. 4. Traces from the Thomson parabola spectometer observed under six experimental conditions: a no-heating condition (a) and five heating conditions, namely, 50 °C
(b), 80°C (c), 110°C (d), 130 °C (e), and 150 °C (f). (g) Equilibrium coverage calculated from the Langmuir adsorption model. (h) lon spectra for the no-heating condition.

(i) lon spectra for the 150 °C heating condition.

Here, kg, h, Na, and T are Boltzmann’s constant, Planck’s con-
stant, Avogadro’s constant, and the temperature of the adsorbent,
respectively. m, p, and ¢ are the adsorbate’s mass, partial pressure,
and activation energy, respectively. Figure 4(g) shows the isobar
(p = 0.05 Pa) calculated from the Langmuir adsorption model. CH;
(red solid line) or H,O (blue dotted line) were assumed as adsorbate
molecules.

For both molecules, the equilibrium coverage is expected to be
nearly zero at temperatures above 200 °C, exposing the nickel bulk.
Coverage increases as the nickel tape cools, with the bulk nickel sur-
face completely covered by a single contaminating molecular layer
at around 80 °C. Experimental data show that both protons from
contamination and nickel ions from the bulk were accelerated at
110 °C, but the nickel ion signal disappeared at 80 °C. The Langmuir
adsorption model accurately explained the experimentally observed
differences in ion species with respect to temperature. Therefore, if
the nickel is kept above 200 °C until the laser irradiation, heavy ions
are expected to be accelerated under proton-free conditions. How-
ever, high-temperature nickel is known to have a high affinity for
carbon, drawing carbon from hydrocarbons and forming solid solu-
tions of carbides and carbon on the surface and inside the bulk.
Therefore, it is essential to note that heating nickel above 200 °C
does not cause acceleration of pure nickel. However, this property
is useful for application to current heavy-ion accelerators for cancer
therapy that use carbon ions.

V. CONCLUSION

The induction heating contamination cleaner reported here is
a practical method for laser-driven heavy-ion acceleration at high
repetition rates because it is debris-free, unlike the blow-off method,
and has high heating power, unlike conventional heating methods.
Additionally, induction heating can heat any conductive material,
and cleaning the contamination layer can accelerate the bulk ions.
Therefore, this cleaning method can be applied to acceleration of
heavy ions produced from conductive materials with a wide range of
atomic numbers. In particular, the noncontact property of induction
heating is effective for heating fragile, ultrathin targets (with a thick-
ness of tens to hundreds of nanometers), which are used for radi-
ation pressure acceleration. As the conversion efficiency decreases
from high-frequency magnetic field to eddy currents for thinner
targets, the target volume is reduced as well, which is expected to
maintain a high heating performance up to higher temperatures.

Even insulators and room-temperature gaseous atoms can be
accelerated by constructing a multilayer structure with a conduc-
tor layer. For example, gaseous molecules such as helium, argon,
oxygen, and neon can be pre-embedded on the surface of a thin
conductor film using a sputter gun.”’ Current heavy-ion cancer
therapy is performed using carbon ions, but heavier ions, such as
oxygen and neon, may be more effective in treating difficult-to-
treat cancers, such as pancreatic cancer. Conversely, for cancers
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that respond well to radiotherapy, the use of lighter ions, such as
helium, for treatment causes less damage to the tissues surround-
ing the cancer. Therefore, a multi-ion species therapy using helium,
carbon, oxygen, and neon has been proposed, depending on the
nature of the tumor and the surrounding environment.” The clean-
ing method described in this paper has great potential for future
application in heavy-ion cancer therapy. We envision this type of
contamination cleaner to form the basis of a laser-driven heavy-ion
accelerator, such as the “Quantum Scalpel.”* Such a laser-driven
heavy-ion accelerator will reduce the facility size and construc-
tion cost of heavy-ion cancer therapy devices and enable their
widespread use.
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