Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Graphene under extreme electromagnetic field:
energetic ion acceleration by direct irradiation of
ultra intense laser on few layer suspended graphene

Yasuhiro Kuramitsu (&% kuramitsu@eei.eng.osaka-u.ac.jp )
Osaka University https://orcid.org/0000-0002-0160-2260
Takumi Minami
Osaka University
Takamasa Hihara
Osaka University
Kentaro Sakai
Osaka University
Takahiro Nishimoto
Osaka University
Shogo Isayama
Kyushu University
Yu-Tzu Liao
National Central University
Kuan-Ting Wu
National Central University
Wei-Yen Woon
National Central University https://orcid.org/0000-0001-7299-9122
Shih-Hung Chen
National Central University
Yao-Li Liu
National Central University
Shi-Ming He
National Central University
Ching-Yuan Su
National Central University https://orcid.org/0000-0001-9295-7587
Masato Ota
Osaka University
Shunsuke Egashira
Osaka University

Alessio Morace


https://doi.org/10.21203/rs.3.rs-373515/v1
mailto:kuramitsu@eei.eng.osaka-u.ac.jp
https://orcid.org/0000-0002-0160-2260
https://orcid.org/0000-0001-7299-9122
https://orcid.org/0000-0001-9295-7587

Osaka University

Youichi Sakawa
Osaka University
Hideaki Habara
Osaka University https://orcid.org/0000-0002-7697-6830

Ryosuke Kodama
Osaka University
Leonard Dohl
University of York
Nigel Woolsey
University of York https://orcid.org/0000-0002-2444-9027

Michel Koenig
Ecole Polytechnique

Masato Kanasaki
Kobe University

Takafumi Asai
Kobe University

Tomoya Yamauchi
Kobe University
Keiji Oda
Kobe University

Kotaro Kondo
QST/KPSI

Hiromitsu Kiriyama
QST/KPSI

Yuji Fukuda
QST/KPSI https://orcid.org/0000-0002-1348-0483

Article

Keywords: graphene, electromagnetic field, energetic ion acceleration
Posted Date: June 17th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-373515/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License


https://orcid.org/0000-0002-7697-6830
https://orcid.org/0000-0002-2444-9027
https://orcid.org/0000-0002-1348-0483
https://doi.org/10.21203/rs.3.rs-373515/v1
https://creativecommons.org/licenses/by/4.0/

Graphene under extreme electromagnetic field: energetic ion acceleration by direct

irradiation of ultra intense laser on few layer suspended graphene
(Dated: April 18, 2021)

Atomically thin graphene is a transparent,
highly electrically and thermally conductive,
light-weight, and the strongest material [1-3]. To
date, graphene has found applications in many
aspects including transport, medicine, electron-
ics, energy, defense, and desalination [4-10]. We
demonstrate another disruptive application of
graphene in the field of laser-ion acceleration, in
which the unique features of graphene play indis-
pensable role. Laser driven ion sources have been
widely investigated for pure science, plasma diag-
nostics, medical and engineering applications [11].
Recent developments of laser technologies allow
us to access radiation regime [12—14] of laser ion
acceleration with relatively thin targets [15-19].
However, the thinner target is the less durable
and can be easily broken by the pedestal or pre-
pulse through impact and heating prior to the
main laser arrival [20, 21]. One of the solutions
to avoid this is plasma mirror, which is a sur-
face plasma created by the foot of the laser pulse
on an optically transparent material working as
an effective mirror only for the main laser peak.
So far diamond like carbon (DLC) is used to ex-
plore the ion acceleration in extremely thin tar-
get regime (< 10 nm) with plasma mirrors [15],
and it is necessary to use plasma mirrors even in
moderately thin target regime (10—-100 nm) to re-
alize energetic ion generation [16—19]. However,
firstly DLC is not 2D material, and therefore, it
is very expensive to make it thin and flat. More-
over, graphene is stronger than diamond at ex-
tremely thin regime [2], and much more reason-
able for mass-production. Furthermore, installing
and operating plasma mirrors at high repetition
rate is also costly. Here we show another di-
rect solution using graphene as the thinnest and
strongest target ever made. We develop a facile
transfer method to fabricate large-area suspended
graphene (LSG) as target for laser ion accelera-
tion with precision down to a single atomic layer
[22]. Direct irradiation of the LSG targets with
an ultra intense laser generates energetic carbons
and protons evidently showing the durability of
graphene without plasma mirror. This extends
the new frontier of science on graphene under ex-
treme electromagnetic field, such as energy fron-
tier and nuclear fusion.

The experiments are performed with the J-KAREN-
P laser at the short-F chamber, Kansai Photon Science
Institute in Japan [25], where the laser intensity reaches
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FIG. 1. (a) Schematic setup of the experiment with the
large-area suspended graphene target (LSG). The J-KAREN-
P laser is focused with an F/1.3 off-axis parabolic mirror
(OAP) on the LSG from 45 degrees to the target normal di-
rection to avoid the back reflection of incident light to de-
stroy the upstream optics, without plasma mirror. The pulse
energy, duration, focal spot and the intensity are ~10 J on
target, 40 fs, ~ 2um, and ~ 5 x 102" Wem ™2, respectively,
measured just before the experiment. (b) and (c) shows the
Raman spectrum and the optical microscope image for a typ-
ical LSG, respectively; from which the narrow bandwidth of
2D band (< 30 cm™') and the higher intensity ratio (> 2.5)
of the 2D and G bands (I(2D)/I(G)) confirmed the presence
of single-layer LSG [23, 24]. The small peak next to the 2D
peak comes from the tiny curvature of LSG due to the large
aspect ration of LSG. We place the convex and concave side
to the laser and detector, respectively, for the better beam
collimation. Note that the ideal LSG is 0.34 nm, while the
obtained transferring graphene is close to 1 nm due to molec-
ular adsorption on the surface [22]. By transferring graphene
layer by layer, we control the target thickness at 1 nm ac-
curacy [22]. The accelerated ions are detected with a stack
of radiochromic films (RCFs) and solid state nuclear track
detector (CR-39) and Thomson parabola spectrometer.

the highest class currently available in the world. Fig-
ure 1 (a) shows the schematic images of experimental
setup, and the specification of laser is provided in the
caption. By irradiating the LSGs with the intense lasers,
energetic ion beams are produced. The ion diagnostics
are stack detector composed of radiochromic films (RCF)
and solid state nuclear track detectors (CR-39), where
the higher energy ions can penetrate through the deeper,
and Thomson parabola spectrometer (TPS) described in
Supplementary Figure 1. When a solid target is irradi-
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FIG. 2. (a) Image obtained with TPS with 8-layer LSG, where
a micro-channel plate (MCP) and CCD are used as detector.
The electric and magnetic fields displace the ion trajectories
depending on the charge to mass ratio (as shown in Supple-
mentary Figure 1). The black and green parabolae corre-
spond to carbon and oxygen ions, respectively. Note that
COT (C3%) overlaps with O%F (0*"). The plus mark in the
dark feature corresponds to the zero displacement determined
from the shots without target. (b) Energy distribution func-
tions calculated from (a) for proton and C°*, normalized as
f fdE =1 with 8-layer LSG. The top and bottom axes show
the proton and carbon energy, where the top axis is adjusted
as 1/6 of carbon energy. The ion pits on CR-39 in stack de-
tector: (c) the carbon pits on the first CR-39 covered with a
12 pm aluminum foil with the energy range between 12 and
94 MeV, and (d) the proton pits on the CR-39 behind the
aluminum foil, two RCFs, and a CR-39 corresponding to the
energy of 12.2 ~ 13.2 MeV. The ion stopping energizes are
calculated with the PHITS code [26]. (e) The proton energy
distribution function obtained with 2-layer LSG with the in-
cident laser angle of 10 degrees between laser axis and the
target normal. We keep the TPS position as in (a).

ated with an intense laser, a proton beam is generated
independent of target material due to the surface con-
tamination from moisture in the air. The CR-39s allow
us to distinguish heavier ions or mostly carbons, as con-
firmed in Supplementary Figure 2, from protons by the
size of ion pits. Furthermore, TPS provides charge-to-
mass ratio together with the energy spectra (Supplemen-
tary Figure 1).

Figure 2 shows the results of 8-layer LSG, i.e., 8 nm
thick target with full energy of J-KAREN-P at the best
focus. In Fig. 2 (a), the raw data of TPS is shown with

the blue, black, and red dotted lines corresponding to
proton, carbon, and oxygen, respectively. Figure 2 (b)
shows the proton and carbon energy distribution func-
tions f(Ep,c), where Ep ¢ are the proton and C%" after
subtracting the background as shown in Supplementary
Figure 1. There are also about 30% oxygen ions as shown
in Supplementary Figure 2. The ion spectra show bump-
on-tail or monoenergetic features in higher energy tails.
When the proton and carbon are accelerated by the same
potential field, which is most of the case in laser ion accel-
eration, the carbon energy is 6 times larger than that of
proton due to the difference of charge-to-mass ratio. The
experimental results show the proton energy is slightly
higher than 1/6 of carbon energy. Figures 2 (¢) and (d)
show the etched pits of mostly carbons and protons, re-
spectively, which is consistent with TPS. Figure 2 (e)
shows the same plot as Fig. 2 (b) except with double-
layer LSG corresponding to 2 nm thickness. This shot
is taken on a different conditions where the laser inci-
dent angle of 10 degrees with moderate contrast level of
~ 1077, while for the 8-layer LSG shot it is ~ 1071% or
better [25]. Since the geometry of the tight focus laser
with F/1.3, a hole on a substrate to suspend graphene
has to be big enough not to irradiate the inner side of
the hole. We use 400 pm hole for safety with the 45 de-
grees incidence. The success rate to make the single and
double-layer graphene suspended over 400 pym hole is still
low, and we just use 200 pum hole for double-layer LSG
here. As mentioned above, the pre-pulse and pedestal
are major practical problem in the extremely thin target
regime and the recent experiments[15-19] all utilize the
single or double plasma mirrors to suppress the pre-pulse
and pedestal to realize the energetic ion acceleration. It
is astonishing that the energetic ions are generated by
irradiating the single figure nanometer thin targets with
the ultra intense laser at ~ 10?2 Wem™? without plasma
mirror. Our double-layer LLSG is the thinnest target ever
generate the energetic ions and even without plasma mir-
ror at this thickness.

Figures 3 (a) and (b) show the schematic setup for the
transmission/reflection measurements with weak laser
and the results, respectively. As indicated in Supple-
mentary Figure 2, the LSG contains the contaminants as
water molecules. We measure the transmission (T") and
reflection rates (R), and obtain the absorption rate (A)
by A =100 — (T + R). The transmission power is mea-
sured with and without graphene, and thus, most reliable
and the error is also small as shown in Fig. 3 (b). As the
reflection power is weak, the error bars on the reflectivity
is large as for the absorption. It is known that a single
atomic layer graphene absorbs white light A = 2.3% de-
fined by the fine structure constant [28], and that the
graphene is highly transparent (T ~ 97.7%) and the re-
flectivity is negligibly small (R < 0.1%) [27, 29]. We plot
the 97.7% transmission (blue dotted) and 2.3% absorp-
tion (red dotted) per layer for reference in Fig. 3 (b).
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FIG. 3. (a) Schematic image of setup for the LSG trans-

mission/reflection measurement. We use a He-Ne laser with
wavelength of 632 nm and focus the beam with an objective
lens with the numerical aperture of 0.5 on to the LSG sus-
pended over 400 pm hole. Measuring the laser powers at po-
sition 1, the transmission rate 7" can be calculated by dividing
the results with and without LSGs on the 400 pm hole. To ac-
quire accurate reflection rate R, the optical properties of the
beam splitter (T, Rs) and the lens (77, R;) are obtained in ad-
vance with the focused beam passing through an empty hole.
Provided the laser power measured at position 2 is P, the laser
power measured at position 4 is PTSTZZRRS + PTsR;Rs, from
which R can be derived. (b) The transmission (7"), reflection
(R), and absorption rates (A) are plotted against the num-
ber of layer of LSG. The error bars represent the standard
deviation of the measurements. The dotted lines represent
the theoretical transmission (blue) and absorption rates (red)
[27].

With 4-layer LSG, the transmission is comparable to the
ideal value of 97.7% transmission per layer. The trans-
mission deviates from the blue line as the number of layer
increases. The reflection rate also increases as the num-
ber of layer increases; it is not negligible for many layer
LSGs. The measured absorption rate excellently agrees
with the theoretical line of 2.3% absorption per layer.
This indicates that the contaminants reflect the light but
not absorb it at low intensity light. There are two sig-
nificant outcome of LSG when used as targets for laser-
driven ion sources; 1. The light exerts pressure only on
the contaminants until the LSG is ionized, and 2. most
of the laser power (97.7%) is not absorbed by LSG until
the LSG is ionized, where only 2.3% laser power is ab-
sorbed and can convert to heat causing the LSG melting
prior to the main laser peak. Furthermore, the thermal
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FIG. 4. (a) The snapshots from 2D Particle-in-cell (PIC) sim-
ulation at ~ 20 fs from the laser peak arrival at the 8 layer
LSG target. The laser electric field E, (blue-red), electron n.
(magenta), carbon n¢ (yellow), and proton number densities
np (cyan) are overlaid. The color scales for the number den-
sities are set to be identical. The laser pedestal and pre-pulse
are not taken into account. (b) The same as Fig. 2 (b) except
calculated from the PIC simulation with all the particles in
the simulation box, where red and blue solid lines represent
carbon and proton, respectively. The maximum ion energies
are higher than that of experiment. The dashed line shows
the carbon spectrum with pure LSG with pre-ionization and
10 times expansion, i.e, 80 nm thick with 0.1 nc. The time 0
corresponds to the laser peak arrival at the target.

conductivity of graphene is extremely high [3], and thus,
the heat can diffuse quicker than other materials within
the layer, but not for interlayers. These significant fea-
tures make the LSG durable against the pre-pulse and
pedestal. Graphene is an ultimate material not only for
target for laser driven ion sources but also for plasma
mirrors.



We perform 2D particle-in-cell (PIC) simulations with
an open code EPOCH [30]. Figure 4 (a) shows the snap
shot of 2D simulation at 20 fs from the laser peak arrival
at the target with the target ionization by laser. We es-
timate the total number of electrons from LSG including
water contaminations, and then replace the oxygen with
carbon for simplicity; the major component of heavy ions
are essentially from graphene carbons as shown in Sup-
plementary Figure 2. The simulation details are given
in the Supplementary information. In Fig. 4 (a) the
lightest electrons (magenta) are firstly accelerated by the
laser electric field, and then, the second lightest protons
(cyan) follow due to the space charge effect. The protons
are localized in thin layers even though the protons dis-
tribute randomly in space within the target and mixed
with carbons in the initial condition. The proton energy
is comparable but higher than the 1/6 of carbon energy
as in Fig. 4 (b). As seen in the experimental results in
Fig. 2 (b), there is also a bump on tail in the proton en-
ergy distribution function for Ep ~ 140 — 160 MeV in
Fig. 4 (b) although it is not clear for carbon. This indi-
cate the thin structures of protons correspond to the lo-
calization in energy space since they are moving together.
In case of experiment, we measure the ions from target
normal direction, which is 45 degrees from the laser axis.
This results in the enhancement of monoenergetic fea-
ture. The numerical results are qualitatively consistent
with the experiment, and quantitatively just factor two
overestimated. This indicates that the target is ionized
before the main laser peak arrival in the experiment due
to the pre-pulse and pedestal.

As shown in Supplementary Figure 3, by assuming the
pre-ionization of the targets due to the pre-pulse and
pedestal, the expanded targets keeping the total num-
ber of particles same result in smaller ion energies as in
the experiment. Our experimental and numerical results
show that the LSGs are melted but still keep the crit-
ical density. Another possibility account for the lower
experimental results is that the LSG optical properties
show in Fig. 3. We consider the homogeneous expansion
including the electrons from the contaminants, however,
as discussed above, the weak light pressure before the
ionization of graphene can act only on the contaminants.
Therefore, we simply consider the pure graphene den-
sity with pre-ionized expanded target by factor 10 with
the reduced density. The carbon energy is still slightly
higher than but comparable to the experimental energies
as shown with the dashed line in Fig. 3. Note that there is
no comprehensive numerical code that includes the quan-
tum electrodynamics-molecular dynamics together with
the corrective plasma dynamics. Our results imply the
necessity of such code. This will be discussed elsewhere
in the future.

In summary, we have developed an extremely thin tar-
get, large-area suspended graphene (LSG), which is the
thinnest, lightest, transparent, and strongest target. By

transferring graphene layer by layer, we control the tar-
get thickness by 1 nm accuracy. We measured the LSG
transmission, reflection, and absorption rates, where the
transmission and reflection deviate from the theoretical
prediction, however, the absorption rate is nearly identi-
cal to the theoretical expectation of 2.3% per layer. By
irradiating the LSGs with J-KAREN-P without plasma
mirror, we observed energetic protons and carbons. The
double-layer LSG is the thinnest target that has ever ac-
tually produced energetic ions with intense lasers. We
also perform 2D PIC simulations with various conditions;
the numerical results are qualitatively and quantitatively
consistent with the experimental results. This clearly
shows that even though the graphene is melted by pre-
pulse, it can keep the critical density at ~ 10*2 Wem ™2
without plasma mirror. Furthermore, our experimental
and numerical results show that the target thickness is
still too thin, and also that we do not need that high in-
tensity to produce several MeV ions. As shown in Supple-
mentary Figure 2 the defocused low energy J-KAREN-P
laser at ~ 1017 Wem ™2 can generate several MeV protons
and carbons; table-top lasers can be also used to gener-
ate the several MeV ions at high repetition rates with
LSGs. Our results also indicates that the thicker LSG
with plasma mirror is promising to explore the energy
frontier of laser-driven energetic ions.
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