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22 An experimental investigation of collisionless shock ion acceleration is presented using a multi-
23 component plasma and a high-intensity picosecond duration laser pulse. Protons are the only accelerated
24 ions when a near-critical-density plasma is driven by a laser with a modest normalized vector potential.
25 The results of particle-in-cell simulations imply that collisionless shock may accelerate protons alone
26 selectively, which can be an important tool for understanding the physics of inaccessible collisionless
27 shocks in space and astrophysical plasma.
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29 Collisionless shocks mediated by an ambient magnetic
30 field are ubiquitous in space and astrophysical plasmas and
31 are believed to be sources of high-energy particles or
32 cosmic rays [1–7]. Unmagnetized electrostatic collisionless
33 shocks [8,9] are readily created in laboratory plasmas yet
34 are likely rare phenomena in space [10] and astrophysical
35 systems. However, there are common and important colli-
36 sionless processes resulting from the reflection and accel-
37 eration of particles in the upstream of both magnetized and
38 unmagnetized collisionless shocks, including the excitation
39 of two-stream instabilities [11,12] and shock dissipation by
40 reflected ions [10,12,13]. Therefore, understanding colli-
41 sionless shocks and the associated particle acceleration
42 processes is of general importance in laboratory experi-
43 ments and astrophysical systems. Since these processes
44 are difficult to investigate in astrophysical settings due to
45 their remote locations, laboratory experiments are a unique
46 way of studying them. Laser-driven magnetized collision-
47 less shock experiments have been conducted in the last
48 decade [14–20]; because of the large externally applied

49magnetic field, particle reflection from the magnetized
50collisionless shock experiments are difficult to observe.
51A high-intensity laser-driven plasma can generate a
52strong electrostatic field, accelerating ions to high energies
53over short distances. Electrostatic collisionless shock ion
54acceleration (CSA) [21,22] is one of the laser-driven ion
55acceleration mechanisms that have been proposed in the
56last decade [23–25]. In a laser-driven CSA scheme, the ions
57located ahead of the shock front are reflected at the shock
58and accelerated to twice the shock velocity by the electro-
59static potential at the shock front. By studying reflected and
60accelerated ions from electrostatic collisionless shocks,
61such experiments may provide access to plasma processes
62common to collisionless shocks in general. Furthermore, it
63might be possible by adjusting the laser and plasma
64parameters to study the magnetic field generation and
65amplification mechanisms, such as the Weibel instability
66[26,27], the Bell [28] and the resonant [29,30] instabilities
67with a weak external magnetic field, which are predicted to
68occur in the astrophysical shocks, using the collisionless
69shock-reflected and accelerated ions.
70Various numerical and experimental studies on
71the CSA mechanism have been carried out [31–43].*Contact author: sakawa-y@ile.osaka-u.ac.jp
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72 References [32,34] have presented clear experimental
73 evidence for the proton acceleration via the CSA mecha-
74 nism in a proton plasma using a wavelength of 10-μm laser
75 by measuring a steep electron density profile with the
76 interferometry method when the shock is formed. In the
77 experiments using 0.8 or 1 μm lasers [35–38,40–42], on the
78 other hand, the electron density is hardly measured since
79 the density is too high for the interferometry measurement
80 and assumed to be near or below the critical density
81 (∼1021 cm−3). Therefore, these works using 0.8- or 1-μm
82 lasers are yet to produce clear signatures demonstrating the
83 generation of a collisionless shock and ion acceleration.
84 Recently, we demonstrated in two-dimensional (2D)
85 particle-in-cell (PIC) simulations the possibility of produc-
86 ing proton beams in a multicomponent C2H3Cl plasma
87 [44–46]. [45] showed two electrostatic collisionless shocks
88 at two distinct longitudinal positions when driven with laser
89 at normalized laser vector potential a0 ¼ eE=ðmeωcÞ > 5

90 (here e, E, me, ω, and c are the electric charge, the laser
91 electric field, the electron mass, angular frequency, and the
92 seed of light, respectively). Moreover, these shocks, asso-
93 ciated with protons and carbon (C) ions, accelerate ions to
94 different velocities in an expanding upstream with higher
95 flux than in a single-component hydrogen or C-ion plasma.
96 On the other hand, when a0 < 5, a shock forms only in the
97 proton population. Protons accelerate at this shock, and no
98 C-ion acceleration occurs [44]. This proton-only acceler-
99 ation in a multicomponent plasma is an important and new

100 feature of the CSA mechanism but has not been demon-
101 strated in the experiment.
102 In this Letter, we report an experimental investigation of
103 proton-only acceleration in a multicomponent near-critical-
104 density plasma. A high-intensity ps-pulse laser system with
105 a wavelength of 1 μm and a0 ≃ 2 is used as a “drive” laser.
106 A multicomponent near critical density is formed by pre-
107 ablating a thin foil of C8H7Cl using an ns-pulse “ablation”
108 laser system before the irradiation of the drive laser. The ion
109 energy spectrum is measured simultaneously with several
110 key electron parameters, such as the density, temperature,
111 and energy spectrum. Without the ablation laser, the
112 measured ion density ni is close to the solid density
113 nsolid, and both protons and carbon ions are accelerated.
114 The proton energy spectrum agrees well with a theoretical
115 model for protons accelerated by the target normal sheath
116 acceleration (TNSA) mechanism [47] using the measured
117 hot-electron temperature. When using an ns-duration laser,
118 a near-critical-density plasma is formed by adjusting the
119 timing and energy. At optimum conditions, only protons
120 are accelerated. Furthermore, the electron density ne is
121 measured to ensure that these observations were obtained
122 when driving a near critical density (ncr ¼ 1.1 × 1021 cm−3
123 for a wavelength 1 μm) plasma. The proton spectrum
124 displays more high-energy protons than expected from
125 the TNSA mechanism. The 2D PIC simulations support the

126measured proton-only acceleration in a multicomponent
127near-critical-density plasma.
128The experiments were performed on LFEX laser at the
129Institute of Laser Engineering, Osaka University. LFEX
130delivers up to 210 J/beam of laser energy on target at a
131wavelength of 1 μm in 1.5 ps with one to three beamlets
132combined. Spot diameter is about 60 μm, the incidence
133angle is 21°, the nominal intensity is ð3–6Þ × 1018 W=cm2,
134and a0 ¼ 1.6–2.1. To generate a near-critical-density
135plasma with a long scale length on the rear side of the
136target, a density structure conducive for CSA, the rear
137surface of the target is irradiated with an ablation laser
1382.5 ns before the drive laser. This ablation laser uses one
139of the Gekko XII beams at a wavelength of 1 μm to
140deliver approximately 3 J across a 700-μm diameter spot
141in a 1.3-ns duration pulse. The nominal laser intensity is
1423 × 1011 W=cm2 and the angle of incidence is 32° [48]. The
143target is a foil of C8H7Cl with a thickness of 1 μm.
144The plasma density and bulk temperature measurements
145are conducted with x-ray spectroscopy of highly charged Cl
146ions using a focusing spectrometer with spatial resolution
147(FSSR) instrument [49]. FSSR uses a spherically bent
148crystal (α quartz with Miller indices 101) and provides high
149spectral resolution (λ=Δλ ≃ 3000 for our experimental
150conditions). FSSR is applied from the rear side of the
151target and at 42° to the laser axis. Thomson parabola
152spectrometer (TPS) [50] and electron spectrometer (ESM)
153located on the axis and 21° from the drive laser beam,
154respectively, (or 21° and 42°, respectively, from the target
155normal direction) at the rear side, are used to measure the
156ion and electron spectra from the rear side of the target.
157Image plates (IP), BAS-TR2025/Fuji Film, detect FSSR,
158TPS, and ESM.
159Figure 1 shows the experimental (shaded areas) x-ray
160spectra of highly charged Cl ions using FSSR without
161[Fig. 1(a)] and with [Fig. 1(b)] the ablation laser. The
162spectra cover the wavelength of 3.5–4.5 Å. These spectra
163are normalized to the emission intensity of the Cl Lyα line
164(4.185 Å). Solid lines in Fig. 1 represent the modeled x-ray
165spectra using the collisional-radiative spectral analysis code
166PrismSPECT [51,52]. For the case without the ablation
167laser [Fig. 1(a)], the best fit was obtained, assuming that the
168plasma consists of two zones with different temperatures.
169The first zone, which represents a hot zone, is determined
170by the intensities of the lines emitted by H-like ions. First,
171the intensity ratio of Lyα and dielectronic satellite lines
172Lyα−sat=Lyα is used to adjust the electron temperature Te.
173Furthermore, to reproduce the shape of Lyα, the effect
174of self-absorption is included by assuming that the plasma
175is a sphere with a radius R. Finally, the width of all the
176observed lines is reproduced by adjusting ni. As a result,
177plasma parameters of the hot zone are determined as
178ni ¼ ð3.2� 0.4Þ × 1022 cm−3, Te ¼ 1300� 50 eV, and
179R ¼ 1.0� 0.2 μm. The second zone, a cold zone, is
180determined by the intensities of He-like ions, which the
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181 hot zone parameters cannot fit. The intensity ratio of Heα
182 (4.44 Å) and intercombination lines Heinter=Heα is used to
183 adjust ni and Te, and results in ni¼ð3.2�0.4Þ×1022 cm−3,
184 Te ¼ 600� 25 eV, and R ¼ 1.0� 0.2 μm.We see that the
185 experimental and modeled x-ray spectra agree with each
186 other. The calculated average charge is hZi ¼ 4.3 and the
187 electron density is ne ¼ ð1.4þ0.1

−0.2Þ × 1023 cm−3. Note that
188 the measured ni ¼ ð3.2� 0.4Þ × 1022 cm−3 is close to the
189 solid density nsolid ¼ 7.6 × 1022 cm−3 of C8H7Cl target.
190 For the case with the ablation laser [Fig. 1(b)], nearly 2
191 orders of magnitude smaller ni are derived from a signifi-
192 cantly higher intensity ratio of Heinter=Heα. In this case, the
193 ns ablation laser produces a uniform pre-plasma with small
194 temperature and density gradients. Accordingly, the plasma
195 driven by the ps drive laser is also homogeneous, and a
196 one-zone model is sufficient to describe the results. The
197 intensity ratios of Heinter and Heα, and their intensities
198 relative to that of Lyα are used to adjust ni and Te. The self-
199 absorption of the plasma is also included. As a result,
200 ni ¼ ð3.0� 0.5Þ × 1020 cm−3, and Te ¼ 1370� 60 eV
201 are obtained. In the range of physically reasonable values
202 of R ¼ 0–8 μm, the shape of the theoretical spectrum at
203 fixed ni value depends on weakly on R. Therefore, we do
204 not give the exact value of R, but the theoretical spectrum
205 shown in Fig. 1(b) is obtained for R ¼ 0.25 μm. The
206 modeled x-ray spectrum is shown by the solid line in
207 Fig. 1(b) and agrees well with that obtained from the

208experiment. The calculated average charge hZi ¼ 4.3
209and the electron density ne¼ð1.3�0.2Þ×1021 cm−3.
210The measured ne is close to the critical density ncr¼
2111.1×1021 cm−3, and we confirmed that a suitable plasma
212condition for CSA is achieved when using an ablation laser.
213Figure 2 shows the electron energy spectrum (red dots)
214obtained from ESM without [Fig. 2(a)] and with [Fig. 2(b)]
215the ablation laser. To derive the electron temperature,
216we use the following two-temperature 3D relativistic
217Maxwellian distribution,

dN
dE

¼ ccoldE2 exp

�
−

E
Tcold

�
þ chotE2 exp

�
−

E
Thot

�
: ð1Þ

218219Here, N and E are, respectively, the number and energy of
220the electrons, ccold (chot) and Tcold (Thot) are a scaling factor
221and the electron temperature for the cold (hot) component,
222respectively. In Fig. 2, fitted functions of the cold and hot
223components are displayed with dotted and broken lines,
224respectively, and the sum of the two Maxwellian fits is
225represented by a solid line. The two-temperature approxi-
226mation reproduces the measured electron spectrum in the
227E > 1 MeV energy range. The shifts in the peak energy of
228the cold components result from the plasma potential at the
229target’s rear side. The Te derived from FSSR is roughly 2
230orders smaller than Tcold. This is because FSSR measures
231the temperature of electrons within the bulk plasma, while
232the ESM measures electrons with energies sufficient to
233leave the plasma.
234Figures 3(a) and 3(b) display raw data of TPS without
235and with the ablation laser, respectively. We fit the parabola
236signals with the least squares fitting method [50]. An
237infinite energy point is determined from the dot on the left
238side of the IP. Background signals are taken from the
239trajectory at 10 pixels from each signal. Signals from
240protons and carbon ions appear when the drive laser alone

F1:1 FIG. 1. Comparison of the experimental (shaded areas) and
F1:2 modeled (solid lines) x-ray spectra of highly charged Cl ions from
F1:3 the rear side of C8H7Cl target (a) without and (b) with the
F1:4 ablation laser. These spectra are normalized to the emission
F1:5 intensity of the Cl Lyα line (4.185 Å). Insets are expanded spectra
F1:6 of Heβ satellites, Heα, and Heinter. Matching modeling uses the
F1:7 collisional-radiative spectral analysis code PrismSPECT [51,52].
F1:8 a0 is 1.6 and 2.1 for (a) and (b), respectively.

(a)

(b)

F2:1FIG. 2. Derived energy spectra of electrons (red dots) (a) with-
F2:2out and (b) with the ablation laser. Two-temperature 3D relativ-
F2:3istic Maxwellian distribution [Eq. (1)] is used to fit the measured
F2:4electron energy spectra. The cold and hot components are
F2:5displayed with the dotted and broken lines, respectively, and
F2:6the sum of the two Maxwellian fits is represented by the solid
F2:7line. The derived temperatures are (a) Tcold ¼ 0.16 and Thot ¼
F2:80.5 MeV without the ablation laser, and (b) Tcold ¼ 0.26 and
F2:9Thot ¼ 1.6 MeV with the ablation laser. a0 is 1.6 and 2.0 for (a)

F2:10and (b), respectively.
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241 is used, but only a proton signal is detected when the
242 ablation laser is used.
243 Figures 3(c) and 3(d) present inferred energy spectra
244 of protons (red dots) without and with the ablation laser,
245 respectively. Reference [47] has derived a theoretical
246 energy spectrum for the ions accelerated by the TNSA
247 mechanism using a hot-electron temperature (Thot) as
248 follows,

dN
dE

¼ cionffiffiffiffiffiffiffiffiffiffiffi
EThot

p exp

 
−

ffiffiffiffiffiffiffiffi
E
Thot

s !
; ð2Þ

249250 where N and E are the number and energy of the protons,
251 and cion is a scaling factor. We adjust cion so that Eq. (2)
252 fits the measured spectra. For the no-ablation-laser case
253 [Fig. 3(c)], the measured ion spectrum is in good agreement
254 with the TNSA model (the solid line) with the measured
255 electron temperature Thot ¼ 0.5 MeV. On the other hand,
256 with the ablation laser [Fig. 3(d)], the theoretical energy
257 spectrum of the TNSA protons using the measured Thot ¼
258 1.6 MeV (the solid line) fits the measured spectrum only

259around the proton energy of E ¼ 2.6–6.0 MeV, and above
260E ≃ 6.0 MeV, the number of the accelerated protons is
261larger than the TNSA model. The dashed line in Fig. 3(d) is
262the Maxwellian distribution. These results suggest that
263when the ablation laser is used and the plasma density is
264near critical, some mechanisms other than TNSA contrib-
265ute to ion acceleration.
266To identify the mechanism of the proton-only acceler-
267ation, we examine numerical simulations of CSA in a
268multicomponent C8H7Cl plasma, using the 2D PIC
269simulation code EPOCH [53]. The laser parameters are
270a0 ¼ 2.1 and a Gaussian temporal profile with 1.5 ps full-
271width-at-half-maximum, and the maximum electron den-
272sity is the relativistic critical density a0ncr [44–46]. Details
273of the simulations, including the target density profiles, are
274given in [44].
275Figures 4(a) and 4(b) represent the proton phase space
276and the energy spectrum taken with vx > 0, respectively.
277The velocities (energies) of the shock VP

sh (EP
sh) and the

278reflected protons VP
ref (E

P
ref ) are shown in the dash-dotted

279and dotted lines, respectively. A significant population of
280protons satisfies the condition for CSA, viL ≤ vi0 ≤ Vi

sh

281[44–46,54], where vi0 is the drift velocity of the upstream

282ions, viL ¼ Vi
sh −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðZi=AiÞ

p
eϕ=mp is the lower-threshold

283velocity, Zi and Ai are the ionic charge and mass numbers,
284respectively, e is the electric charge, ϕ is the electrostatic
285potential at the shock front, mp is the proton mass, the

(a)

(b)

(c)

(d)

F3:1 FIG. 3. Raw data of TPS (a) without and (b) with the ablation
F3:2 laser. a0 is 1.6 and 2.0 for (a) and (b), respectively. Derived
F3:3 energy spectra of protons (red dots) (c) without and (d) with the
F3:4 ablation laser. The error bars or standard deviations in the y-axis
F3:5 in (d) are less than 1% in the energy ranges of E ¼ 6–15 MeV.
F3:6 Theoretical energy spectra of protons accelerated by the TNSA
F3:7 mechanism [Eq. (2)] (solid lines) are shown in (c) and (d) for the
F3:8 measured hot-electron temperatures of Thot ¼ 0.5 and 1.6 MeV,
F3:9 respectively. The dashed line in (d) fits the Maxwellian proton

F3:10 distribution.

(a)

(b)

F4:1FIG. 4. 2D PIC simulation results for a C8H7Cl plasma at
F4:2a0 ¼ 2.1 and t ¼ 6.75 ps. (a) Phase space of protons and
F4:3(b) energy spectra of the protons taken with vx > 0. The color
F4:4scale shows the number of protons on a log scale. The velocities
F4:5(energies) of the shock VP

sh (EP
sh) and the reflected protons VP

ref

F4:6(EP
ref ) are shown in the dash-dotted and dotted lines, respectively.
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286 higher-threshold velocity Vi
sh is the shock velocity, and i

287 represents the different ion species (i ¼ P and C for protons
288 and C6þ ions, respectively). As a result, protons in the
289 upstream region are reflected and accelerated at the
290 collisionless shock [44–46]. However, no C6þ ions
291 are reflected by this collisionless shock, as this requires
292 VC

sh ¼ VP
sh since the velocities of upstream C6þ ions are

293 lower than vCL. Furthermore, the carbon-ion Mach number
294 [45] MC < 1 for a0 ¼ 2.1, and no shock is associated
295 with C6þ ions. Furthermore, the maximum proton energies
296 obtained from the experiment [Fig. 3(d)] and PIC
297 [Fig. 4(b)] agree very well with each other. Therefore,
298 proton-only accelerationmay occur via the CSAmechanism.
299 The authors of [55] have measured the TNSA-proton
300 energy spectra as a function of the scale lengths of the rear-
301 side plasma (lrear) by changing the timing of the second
302 high-intensity laser-beam irradiation on the rear side of the
303 target from the drive laser beam. Without the second laser
304 beam or when lrear ¼ 0, the maximum proton energy was
305 ≃13.5 MeV. When lrear ¼ 9.2 μm, the maximum proton
306 energy decreased to ≃7.5 MeV. Note that the proton
307 spectrum up to the proton energy of ≃6 MeV was nearly
308 identical for both cases. Therefore, in their experiment, the
309 maximum density is close to solid density. Protons are
310 accelerated by TNSA, and the maximum proton energy
311 decreases when the second laser is used because of a
312 reduced rear-side sheath electric field [55]. Our case differs
313 from [55], as the ablation laser duration is long and
314 the ne ≃ ncr. We observe a number of protons larger than
315 that predicted for TNSA. As calculated by the 2D PIC
316 simulation, CSA can accelerate only protons at a0 ≃ 2.
317 We suggest this experiment isolates the CSA and that this is
318 the only mechanism accelerating ions, and in this case, only
319 protons. We have used a multicomponent (protons and C6þ

320 ions) in a near-critical-density plasma at a0 ≃ 2.
321 In summary, we investigated collisionless shock ion
322 acceleration (CSA) using a high-intensity ps-pulse laser
323 system with a modest normalized vector potential. In a near-
324 critical-density plasma containing the multicomponent ion
325 species C8H7Cl, only protons are accelerated.
326 In a near-critical-density multicomponent proton and
327 C6þ-ion plasma, 2D PIC calculations suggest that it might
328 be possible to control accelerated ions actively (proton-
329 only or proton and C6þ-ion acceleration) by changing the
330 drive-laser intensity in CSA. The collisionless shock-
331 reflected and accelerated ions are essential in the Galactic
332 cosmic ray generation via diffusive shock acceleration
333 [56–58], and the magnetic field generation and amplifi-
334 cation via instabilities [26–30]. This work illustrates how
335 laboratory studies of ion acceleration at collisionless
336 shocks can be an important tool for understanding some
337 collisionless physics associated with space and astro-
338 physical shocks.
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