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Improving proton acceleration with circularly polarized intense laser pulse
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Energetic proton acceleration from interaction of intense short circularly polarized laser pulse with
a sandwich target is investigated using two-dimensional particle-in-cell simulation. The sandwich
target consists of a hydrogen-plasma layer surrounded by carbon-plasma layers. It is found that the
transverse electric fields generated at the plasma layer interfaces efficiently confine the
longitudinally accelerated protons to within the hydrogen-plasma layer such that they are collimated
and have smaller energy spread compared with a pure proton layer target. The proton energy
spectrum can be controlled by adjusting the target parameters, in particular the width of the
hydrogen-plasma layer and the density of the carbon-plasma layer. © 2010 American Institute of

Physics. [doi:10.1063/1.3302536]
I. INTRODUCTION

With rapid development of the chirped pulse amplifica-
tion technique, ultraintense ultrashort laser pulses with peak
intensity as high as 1022 W/cm? have become available,'”
and have opened a new regime for ion acceleration from
intense laser-plasma interactions.®" In particular, generation
of monoenergetic ion beams has attracted much attention be-
cause of its potential applications in proton diagnosis, cancer
therapy, fast ignition in inertial confinement fusion, etc.'0"
Hegelich et al.”® have obtained quasimonoenergetic laser-
driven C>* ions with energy spread of 17% and Schwoerer et
al.*' have obtained similar proton beams by laser irradiation
of a microstructured solid target. In these experiments, the
laser pulse is linearly polarized (LP). Recently, radiation
pressure acceleration by circularly polarized (CP) laser
pulses has been modeled for monoenergetic ion beam
generation.zzf25 Without the oscillating component of the
ponderomotive force, the target electrons are less heated than
that from of a LP laser and are thus accelerated forward and
compressed by the CP laser light pressure. The intense elec-
trostatic space-charge field thus formed can effectively accel-
erate the target ions. One-dimensional simulations have
shown that monoenergetic ions can be generated. For ex-
ample, Ji et al.** have obtained nearly monoenergetic heavy
ions by using a target consisting of a thin heavy-ion layer
sandwiched by two light-ion layers. In reality, multidimen-
sional effects such as hole boring and other instabilities can
reduce the quality of the generated ion beams.”* > Chen ez
al.” proposed to use intense CP laser pulses with a super-
Hermite and Gaussian profile instead of the usual Gaussian
profile to avoid the multidimensional effects.

Here we propose to use a sandwich target consisting of a
hydrogen layer surrounded by two heavy-atom layers. Proton
acceleration by a CP laser pulse irradiating the layered side
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of the sandwich target, as shown in Fig. 1, is studied using
two-dimensional (2D) particle-in-cell (PIC) simulation. Our
results indicate that, comparing with that from a simple pro-
ton target, energetic protons with smaller energy spread can
be obtained. This result can be attributed to the formation of
transverse space-charge electric fields at the two proton-
heavy-ion interfaces. The fields suppress the transverse mo-
tion of the protons in the sandwich target, such that the pro-
tons are accelerated longitudinally forward with smaller
energy spread.

Il. SIMULATION PARAMETERS

In our 2D PIC simulation, the simulation box is 60\,
X 40N, where \;=1 um is the laser wavelength, and con-
tains 2400 X 1600 cells. A CP Gaussian laser pulse with
beam waist radius wy=10\; is normally incident from the
left side. The dimensionless laser amplitude a=eE/m,wc,
where E, w, and ¢ are the laser electric field, frequency, and
speed, respectively, and m, and e are the electron mass and
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FIG. 1. (Color online) (a) Structure of the sandwich target. Here, h and d are
the width and thickness of the proton layer, respectively. (b) Structure of the
reference proton target.
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FIG. 2. (Color online) Proton energy spectra for the sandwich and reference target at (a) r=28T, (b) t=36T, and (c) =48T. Here, h=2 pm, and d=1 um,
and the initial plasma densities in the proton and carbon layers are 10n, and 30n,, respectively.

charge, rises from 0 to 30 (corresponding to a laser intensity
of I;=2.48 X 102! W cm™) in 27T, where T is the laser pe-
riod. It remains constant at a=30 for 207 and then vanishes.
The hydrogen plasma is bounded on the two sides by carbon
(C%*) plasmas. The front of the 32X 1 um? sandwich target,
shown in Fig. 1(a), is located at x,=20 wum. The initial tem-
perature of the electrons, protons, and carbon ions is 1 keV.
The width & of the proton layer is 2 um and that of the two
C%* layers is 15 um. The electron densities of the proton
and C® layers are 10n, and 30n,, respectively, where n,
=w’m,/4me® is the critical density. As reference, we also
simulate proton acceleration in a simple hydrogen target with
initial density ny=10n,, shown in Fig. 1(b).

lll. SIMULATION RESULTS

Figure 2 shows the proton energy spectra obtained for
the reference and sandwich targets. Figures 2(a)-2(c) corre-
spond to the times r=28T, t=36T, and t=48T, respectively.
One sees that at the early time =287 the proton energy
spectrum from the reference target has a small peak around
10 MeV. For the sandwich target, the spectrum shows a
larger peak at the higher energy 12 MeV. At r=367, the
energy spectrum from the reference target is much broadened
and the peak vanishes. In contrast, for the sandwich target
the energy peak survives for a much longer time, even up to
48T, when it reaches 60 MeV. That is, a proton beam of
significantly better quality can be achieved by using the
sandwich target.

Figure 3 shows the distributions of the cycle-averaged
transverse electric field £, and the transverse momentum M,
of the accelerated protons for the sandwich and reference
targets. In the reference target, the transverse electric field in
20 pm<x<2l um is positive in the upper part and nega-
tive in the lower part of the target, as shown in Fig. 3(a). This
field accelerates the protons outward, i.e., the accelerated
protons expand into the surrounding vacuum. In contrast, in
the sandwich target the transverse electric field is negative at
the upper proton-carbon interface and positive at the lower
interface, as shown in Fig. 3(b). These electric fields thus
tend to confine the protons in the proton layer, preventing
them from migrating into the carbon layers. The confinement
and collimation of the accelerated protons in the sandwich
target can also be seen in the distribution of the transverse

proton momentum M, shown in Fig. 3(d). The confinement
and collimation lead to prolonged proton acceleration and
suppression of higher dimensional effects. The accelerated
protons can thus retain a peak at increasing energy, as shown
in Fig. 2. As long as they are still inside the sandwich target,
the transverse electric field confines and collimates them.
However, once they leave the rear target surface they will
expand transversely, similar to that of the reference case.

IV. EFFECT OF THE TARGET PARAMETERS
ON PROTON ACCELERATION

Figure 4 shows the proton energy spectra for the sand-
wich target with different mass-to-charge ratio A/Z of carbon
ions (i.e., C®*, and C** ions). It is seen that the proton energy
spectra are nearly identical for C®* ions and C3* ions, indi-
cating that the parameter A/Z is not a crucial parameter to
affect the proton acceleration. This is contrary to the previ-
ous results where either double-layer (i.e., front heavy ion
layer and rear proton layer) targets or one-layer (i.e., mixture
of heavy ions and protons) targets were simulated.*** In
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FIG. 3. (Color online) [(a) and (b)] are cycle-averaged transverse electric
field E,. [(c) and (d)] are the distributions of the transverse proton momen-
tum M, at r=28T for the reference and sandwich targets, respectively. The
electric field is normalized by the laser electric field E,. The front of the
target is at x=20 um, and the laser and target parameters are the same as
those for Fig. 2.
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FIG. 4. (Color online) Proton energy spectra for the sandwich target for different carbon ion charge states at (a) t=28T, (b) t=46T, and (c) r=56T. The other
simulation parameters are the same as those for Fig. 2 except h=1 um.
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FIG. 5. (Color online) Proton energy spectra for the sandwich target for different width / of the proton layer at (a) t=28T, (b) t=46T, and (c) r=56T. The other
simulation parameters are the same as those for Fig. 2.
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FIG. 6. (Color online) Proton energy spectra for the sandwich target for different carbon-ion densities at (a) r=28T, (b) t=46T, and (c) r=56T. The other
simulation parameters are the same as those for Fig. 2, except that the width of proton layer is A=1 um.
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these simulations, heavy ions with different A/Z values can
strongly affect the longitudinal ponderomotive acceleration
field of the protons and thus result in the large difference in
the proton energy spectra. However, in the present study, the
heavy ions do not affect the longitudinal acceleration field
but act to radially confine the protons so as to prolong the
longitudinal acceleration of the protons.

Figure 5 shows the dependence of the proton energy
spectra on the width of the proton layer. The peak energies in
all the three cases shown are almost the same. However, the
peak can be narrowed by decreasing the width / of the pro-
ton layer. The narrowest energy spread and highest proton
yield is for the h=1 um case. This behavior can be attrib-
uted to the fact that collimation of the accelerated protons is
due to the confining effect of the transverse interface electric
fields. As h increases the strength and thus the effect of the
latter decreases, so that the lateral motion of the accelerated
protons cannot be efficiently suppressed and the proton en-
ergy peak broadens.

Figure 6 shows the proton energy spectra for two differ-
ent initial carbon densities. When the density of the carbon
layer is 10n,., there is no obvious peak in the energy spectrum
since the transverse electric fields at the interfaces are too
small to bunch the protons effectively. A fairly sharp peak in
the proton energy spectrum appears when the density of car-
bon layer is increased to 30n,.

V. CONCLUSION

In conclusion, proton acceleration using a sandwich tar-
get consisting of a hydrogen-plasma layer surrounded by
carbon-plasma layers has been investigated by 2D PIC simu-
lation. When an ultraintense CP laser pulse irradiates a sand-
wich target, the transverse space-charge electric field around
the proton-carbon interfaces prevents the protons from mov-
ing radially into the surrounding carbon layers and thus sup-
presses the deformation of the proton layer. The protons can
thus be longitudinally accelerated with smaller energy spread
compared to the simple proton target. It is found that the
width of the proton layer and the density of carbon layer can
affect the proton energy spectrum. The peak in the proton
energy spectrum can be narrowed by decreasing the width of
the proton layer and/or increasing the density of the carbon
layer. In real experiments the sandwich target can be re-
placed by a concentric cylindrical target with the hydrogen
plasma at the center.

ACKNOWLEDGMENTS

The work was supported by the Natural Science Foun-
dation of China under Grant Nos. 10775165, 10835003,
10875158, and 60921004, and the Science and Technology
Commission of Shanghai Municipality under Grant No.
08PJ14102.

'D. Strickland and G. Mourou, Opt. Commun. 56, 219 (1985).

’IN. Ross, P. Matousek, M. Towrie, A. J. Langley, and J. L. Collier, Opt.
Commun. 144, 125 (1997).

M. D. Perry, D. Pennington, B. C. Stuart, G. Tietbohl, J. A. Britten, C.
Brown, S. Herman, B. Golick, M. Kartz, J. Miller, H. T. Powell, M.

Phys. Plasmas 17, 013106 (2010)

Vergino, and V. Yanovsky, Opt. Lett. 24, 160 (1999).

4y, Kitagawa, H. Fujita, R. Kodama, H. Yoshida, S. Matsuo, T. Jitsuno, T.
Kawasaki, H. Kitamura, T. Kanabe, S. Sakabe, K. Shigemori, N. Miy-
anaga, and Y. Izawa, Quantum Electron. 40, 281 (2004).

SM. Aoyama, K. Yamakawa, Y. Akahane, J. Ma, N. Inoue, H. Ueda, and H.
Kiriyama, Opt. Lett. 28, 1594 (2003).

°S. P, Hatchett, C. G. Brown, T. E. Cowan, E. A. Henry, J. S. Johnson, M.
H. Key, J. A. Koch, A. B. Langdon, B. F. Lasinski, R. W. Lee, A. J.
Mackinnon, D. M. Pennington, M. D. Perry, T. W. Phillips, M. Roth, T. C.
Sangster, M. S. Singh, R. A. Snavely, M. A. Stoyer, S. C. Wilks, and K.
Yasuike, Phys. Plasmas 7, 2076 (2000).

R. A. Snavely, M. H. Key, S. P. Hatchett, T. E. Cowan, M. Roth, T. W.
Phillips, M. A. Stoyer, E. A. Henry, T. C. Sangster, M. S. Singh, S. C.
Wilks, A. MacKinnon, A. Offenberger, D. M. Pennington, K. Yasuike, A.
B. Langdon, B. F. Lasinski, J. Johnson, M. D. Perry, and E. M. Campbell,
Phys. Rev. Lett. 85, 2945 (2000).

8E. L. Clark, K. Krushelnick, J. R. Davies, M. Zepf, M. Tatarakis, F. N.
Beg, A. Machacek, P. A. Norreys, M. I. K. Santala, I. Watts, and A. E.
Dangor, Phys. Rev. Lett. 84, 670 (2000).

°K. Krushelnick, E. L. Clark, M. Zepf, J. R. Davies, F. N. Beg, A.
Machacek, M. I. K. Santala, M. Tatarakis, I. Watts, P. A. Norreys, and A.
E. Dangor, Phys. Plasmas 7, 2055 (2000).

'OA. Pukhov, Phys. Rev. Lett. 86, 3562 (2001).

A, Macchi, F. Cattani, T. V. Liseykina, and F. Cornolti, Phys. Rev. Lett.
94, 165003 (2005).

M. Schniirer, S. Ter-Avetisyan, and P. V. Nickles, Phys. Plasmas 14,
033101 (2007).

3F. Pegoraro and S. V. Bulanov, Phys. Rev. Lett. 99, 065002 (2007).

l4g, Ter-Avetisyan, M. Schniirer, T. Sokollik, P. V. Nickles, W. Sandner, H.
R. Reiss, J. Stein, D. Habs, T. Nakamura, and K. Mima, Phys. Rev. E 77,
016403 (2008).

BA. Yogo, H. Daido, S. V. Bulanov, K. Nemoto, Y. Oishi, T. Nayuki, T.
Fujii, K. Ogura, S. Orimo, A. Sagisaka, J.-L. Ma, T. Zh. Esirkepov, M.
Mori, M. Nishiuchi, A. S. Pirozhkov, S. Nakamura, A. Noda, H. Na-
gatomo, T. Kimura, and T. Tajima, Phys. Rev. E 77, 016401 (2008).

M. Tabak, J. Hammer, M. E. Glinsky, W. L. Kruer, S. C. Wilks, J. Wood-
worth, E. M. Campbell, M. D. Perry, and R. J. Mason, Phys. Plasmas 1,
1626 (1994).

"T. Katsouleas, Nature (London) 431, 515 (2004).

BK. Ta Phuoc, A. Rousse, M. Pittman, J. P. Rousseau, V. Malka, S. Fritzler,
D. Umstadter, and D. Hulin, Phys. Rev. Lett. 91, 195001 (2003).

19J. F. M. Borghesi and O. Willi, J. Phys.: Conf. Ser. 58, 74 (2007).

2B, M. Hegelich, B. J. Albright, J. Cobble, K. Flippo, S. Letzring, M.
Paffett, H. Ruhl, J. Schreiber, R. K. Schulze, and J. C. Fernandez, Nature
(London) 439, 441 (2006).

2g. Schwoerer, S. Pfotenhauer, O. Jackel, K. U. Amthor, B. Liesfeld, W.
Ziegler, R. Sauerbrey, K. W. D. Ledingham, and T. Esirkepov, Nature
(London) 439, 445 (2006).

2M. Chen, A. Pukov, Z. M. Sheng, and X. Q. Yan, Phys. Plasmas 15,
113103 (2008).

g, Ter-Avetisyan, M. Schniirer, P. V. Nickles, M. B. Smirnov, W. Sandner,
A. Andreev, K. Platonov, J. Psikal, and V. Tikhonchuk, Phys. Plasmas 15,
083106 (2008).

XL, Ji, B. Shen, X. Zhang, F. Wang, Z. Jin, X. Li, M. Wen, and J. R. Cary,
Phys. Rev. Lett. 101, 164802 (2008).

M.-P. Liu, H.-C. Wu, B.-S. Xie, J. Liu, H.-Y. Wang, and M. Y. Yu, Phys.
Plasmas 15, 063104 (2008).

20, Klimo, J. Psikal, J. Limpouch, and V. T. Tikhonchuk, Phys. Rev. ST
Accel. Beams 11, 031301 (2008).

"X, Q. Yan, C. Lin, Z. M. Sheng, Z. Y. Guo, B. C. Liu, Y. R. Lu, J. X. Fang,
and J. E. Chen, Phys. Rev. Lett. 100, 135003 (2008).

BA P L. Robinson, M. Zepf, S. Kar, R. G. Evans, and C. Bellei, New J.
Phys. 10, 013021 (2008).

T, V. Liseikina and A. Macchi, Appl. Phys. Lett. 91, 171502 (2007).

1. 7. Esirkepov, S. V. Bulanov, K. Nishihara, T. Tajima, F. Pegoraro, V. S.
Khoroshkov, K. Mima, H. Daido, Y. Kato, Y. Kitagawa, K. Nagai, and S.
Sakabe, Phys. Rev. Lett. 89, 175003 (2002).

6L Dudnikova, V. Y. Bychenkov, W. Rozmus, R. Fedosejevs, and A.
Maksimchuk, Laser Phys. 18, 1025 (2008).

ALV Brantov, V. T. Tikhonchuk, V. Y. Bychenkov, and S. G. Bochkarev,
Phys. Plasmas 16, 043107 (2009).

3] H. Bin, A. L. Lei, X. Q. Yang, L. G. Huang, M. Y. Yu, W. Yu, and K. A.
Tanaka, Laser Part. Beams 27, 485 (2009).

Downloaded 23 Feb 2010 to 130.183.90.175. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp


http://dx.doi.org/10.1016/0030-4018(85)90120-8
http://dx.doi.org/10.1016/S0030-4018(97)00399-4
http://dx.doi.org/10.1016/S0030-4018(97)00399-4
http://dx.doi.org/10.1364/OL.24.000160
http://dx.doi.org/10.1109/JQE.2003.823043
http://dx.doi.org/10.1364/OL.28.001594
http://dx.doi.org/10.1063/1.874030
http://dx.doi.org/10.1103/PhysRevLett.85.2945
http://dx.doi.org/10.1103/PhysRevLett.84.670
http://dx.doi.org/10.1063/1.874027
http://dx.doi.org/10.1103/PhysRevLett.86.3562
http://dx.doi.org/10.1103/PhysRevLett.94.165003
http://dx.doi.org/10.1063/1.2695277
http://dx.doi.org/10.1103/PhysRevLett.99.065002
http://dx.doi.org/10.1103/PhysRevE.77.016403
http://dx.doi.org/10.1103/PhysRevE.77.016401
http://dx.doi.org/10.1063/1.870664
http://dx.doi.org/10.1038/431515a
http://dx.doi.org/10.1103/PhysRevLett.91.195001
http://dx.doi.org/10.1088/1742-6596/58/1/011
http://dx.doi.org/10.1038/nature04400
http://dx.doi.org/10.1038/nature04400
http://dx.doi.org/10.1038/nature04492
http://dx.doi.org/10.1038/nature04492
http://dx.doi.org/10.1063/1.3019105
http://dx.doi.org/10.1063/1.2968456
http://dx.doi.org/10.1103/PhysRevLett.101.164802
http://dx.doi.org/10.1063/1.2937817
http://dx.doi.org/10.1063/1.2937817
http://dx.doi.org/10.1103/PhysRevSTAB.11.031301
http://dx.doi.org/10.1103/PhysRevSTAB.11.031301
http://dx.doi.org/10.1103/PhysRevLett.100.135003
http://dx.doi.org/10.1088/1367-2630/10/1/013021
http://dx.doi.org/10.1088/1367-2630/10/1/013021
http://dx.doi.org/10.1063/1.2803318
http://dx.doi.org/10.1103/PhysRevLett.89.175003
http://dx.doi.org/10.1134/S1054660X08090041
http://dx.doi.org/10.1063/1.3105991
http://dx.doi.org/10.1017/S0263034609990218

