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PW-class laser facilities should be able to demonstrate ion acceleration to 
energies exceeding 100 MeV/u in near term

https://www.eli-beams.eu/about/

L3 HAPLS: 1 PW
L4 ATON: 10 PW

https://zeus.engin.umich.edu/

ZEUS: 3 PW

Multi-PW (>2PW) laser facilities: Station of Extreme Light, 
EP-OPAL, SULF, Apollon (F1), PEARL-X, L4, HPLS, 
J-EPOCH, SG-II 5 PW, CAEP-PW, CoReLS, ZEUS, ATLAS-
3000, Qiangguang…

PW (1-2 PW) laser facilities: BELLA, LFEX, 
J-KAREN-P,  PETAL, Xtreme Light III, Z-Petawatt, 
Vulcan Petawatt, Orion, Apollon (F2),  PEnELOPE, 
VEGA-3, CETAL, L2, L3 (HAPLS)…

BELLA PW: 1.3 PW
https://bella.lbl.gov/

For a detailed list of laser facilities see A. Gonoskov, et al., Rev. Mod. Phys. 94, 045001 (2022)

BELLA Center
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The Ion Acceleration Mechanism is Determined by Laser Intensity and Target 
Surface Density

Applications: Radiography, Deflectometry, Cancer Therapy, Injection into conventional accelerators, Fast 
Ignition, Isochoric heating of matter, Nuclear Physics…

TNSA
Laser: Low Intensity
Target: Thick solid density foils
Ion Energy: ~100 MeV

RPA & CE
Laser: High Intensity
Target: Thin solid density foils
Ion Energy: hundreds of MeV

MVA
Laser: High Intensity
Target: Near Critical Density slab
Ion Energy: hundreds of MeV to  GeV
Ion Energy ~ Laser Power2/3

Ion Energy ~ Laser Power

Ion Energy ~ Laser Power1/2

PW
-class laser
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The transparency of the target is one of the most important parameters 
characterizing laser ion acceleration

TNSA
Laser: Low Intensity
Target: Thick solid density foils
Ion Energy: ~100 MeV

RPA & CE
Laser: High Intensity
Target: Thin solid density foils
Ion Energy: hundreds of MeV

MVA
Laser: High Intensity
Target: Near Critical Density slab
Ion Energy: hundreds of MeV to  GeV

S. S. Bulanov, et al., Physics of Plasmas 23 , 056703 (2016)

Ion Energy ~ Laser Power2/3

Ion Energy ~ Laser Power

Ion Energy ~ Laser Power1/2
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Advanced Acceleration Mechanisms are needed to generate ion beams with 
energies needed for applications

J. Fuchs et al., C. R. Physique 10 (2009) 176 and references therein
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Radiation Pressure Acceleration has a long history
The idea goes back to 

P. N. Lebedev, Ann. Phys. (Leipzig) 6, 433 (1901); 
A. Einstein, Ann. Phys. (Leipzig) 17, 891 (1905 );
A. S. Eddington, Mon. Not. R. Astron. Soc. 85, 408 (1925).

In the mid 1950's ion acceleration by strong electromagnetic wave 
was suggested by V. I. Veksler, Sov. J. Atomic Energy 2, 525 (1957).

The radiation pressure of a super-intense electromagnetic pulse 
on a thin plasma slab was studied in

T. Zh. Esirkepov, M. Borghesi, S. V. Bulanov, G. Mourou, 
T. Tajima, Phys. Rev. Lett. 92, 175003 (2004).

Electrons

Protons

There is an analogy between the RPA mechanism and the “Light Sail” 
scheme for the spacecraft propulsion. This scheme, which uses the 
photon momentum transfer to the light-sail, was proposed by

The use of lasers for propelling the sailcraft over 
interstellar distances has been considered in
R. L. Forward, Missiles and Rockets, 10, 26 (1962); 
G. Marx, Nature, 211, 22 (1966); 
J. L. Redding, Nature, 213, 588 (1967);
J. F. L. Simmons and C. R. McInnes, American Journal 
of Physics 61, 205 (1993)

F. A. Zander, Technika i Zhizn, No. 13, 15 (1924).
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Breakthrough Starshot is a 
$100 million research and 
engineering program aiming 
to demonstrate proof of 
concept for a new 
technology, enabling ultra-
light unmanned space flight 
at 20% of the speed of light; 
and to lay the foundations 
for a flyby mission to Alpha 
Centauri within a generation.
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The calculation of the reflection coefficient plays a central role in the analytical 
model of radiation pressure acceleration

T. Zh. Esirkepov, M. Borghesi, S. V. Bulanov, G. Mourou, T. Tajima, Phys. Rev. Lett. 92, 175003 (2004).
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<latexit sha1_base64="cEQF15VBnrzqmU7R3yq6nEQ0Tqg=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARFKRmpKDLghuXFewFOsOQSTNtaCYzJJlCGdpXcOOruHGhiFtX7nwb03YWtvWHwJ/vnENy/iDhTGmEfqzC2vrG5lZxu7Szu7d/YB8eNVWcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVDO6m9daQSsVi8ahHCfUi3BMsZARrg3z7wh1iSRPFuLmhK+yjSziZLECXc2i4b5dRBc0EV42TmzLIVfftb7cbkzSiQhOOleo4KNFehqVmhNNxyU0VTTAZ4B7tGCtwRJWXzVYawzNDujCMpTlCwxn9O5HhSKlRFJjOCOu+Wq5N4X+1TqrDWy9jIkk1FWT+UJhyqGM4zQd2maRE85ExmEhm/gpJH0tMtEmxZEJwlldeNc3rioMqzkO1XKvmcRTBCTgF58ABN6AG7kEdNAABT+AFvIF369l6tT6sz3lrwcpnjsGCrK9fbgWdPg==</latexit><latexit sha1_base64="cEQF15VBnrzqmU7R3yq6nEQ0Tqg=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARFKRmpKDLghuXFewFOsOQSTNtaCYzJJlCGdpXcOOruHGhiFtX7nwb03YWtvWHwJ/vnENy/iDhTGmEfqzC2vrG5lZxu7Szu7d/YB8eNVWcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVDO6m9daQSsVi8ahHCfUi3BMsZARrg3z7wh1iSRPFuLmhK+yjSziZLECXc2i4b5dRBc0EV42TmzLIVfftb7cbkzSiQhOOleo4KNFehqVmhNNxyU0VTTAZ4B7tGCtwRJWXzVYawzNDujCMpTlCwxn9O5HhSKlRFJjOCOu+Wq5N4X+1TqrDWy9jIkk1FWT+UJhyqGM4zQd2maRE85ExmEhm/gpJH0tMtEmxZEJwlldeNc3rioMqzkO1XKvmcRTBCTgF58ABN6AG7kEdNAABT+AFvIF369l6tT6sz3lrwcpnjsGCrK9fbgWdPg==</latexit><latexit sha1_base64="cEQF15VBnrzqmU7R3yq6nEQ0Tqg=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARFKRmpKDLghuXFewFOsOQSTNtaCYzJJlCGdpXcOOruHGhiFtX7nwb03YWtvWHwJ/vnENy/iDhTGmEfqzC2vrG5lZxu7Szu7d/YB8eNVWcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVDO6m9daQSsVi8ahHCfUi3BMsZARrg3z7wh1iSRPFuLmhK+yjSziZLECXc2i4b5dRBc0EV42TmzLIVfftb7cbkzSiQhOOleo4KNFehqVmhNNxyU0VTTAZ4B7tGCtwRJWXzVYawzNDujCMpTlCwxn9O5HhSKlRFJjOCOu+Wq5N4X+1TqrDWy9jIkk1FWT+UJhyqGM4zQd2maRE85ExmEhm/gpJH0tMtEmxZEJwlldeNc3rioMqzkO1XKvmcRTBCTgF58ABN6AG7kEdNAABT+AFvIF369l6tT6sz3lrwcpnjsGCrK9fbgWdPg==</latexit><latexit sha1_base64="cEQF15VBnrzqmU7R3yq6nEQ0Tqg=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARFKRmpKDLghuXFewFOsOQSTNtaCYzJJlCGdpXcOOruHGhiFtX7nwb03YWtvWHwJ/vnENy/iDhTGmEfqzC2vrG5lZxu7Szu7d/YB8eNVWcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVDO6m9daQSsVi8ahHCfUi3BMsZARrg3z7wh1iSRPFuLmhK+yjSziZLECXc2i4b5dRBc0EV42TmzLIVfftb7cbkzSiQhOOleo4KNFehqVmhNNxyU0VTTAZ4B7tGCtwRJWXzVYawzNDujCMpTlCwxn9O5HhSKlRFJjOCOu+Wq5N4X+1TqrDWy9jIkk1FWT+UJhyqGM4zQd2maRE85ExmEhm/gpJH0tMtEmxZEJwlldeNc3rioMqzkO1XKvmcRTBCTgF58ABN6AG7kEdNAABT+AFvIF369l6tT6sz3lrwcpnjsGCrK9fbgWdPg==</latexit>

Transparent foil:

"0p
1 + "20

, a0 ⌧ "0
<latexit sha1_base64="IAHJtROnLcwINpfvT35cYY6kGLQ=">AAACLXicbZDLSsNAFIYnXmu9RV26GSyCoJSkFHRZ0IXLCvYCTQyT6aQdOpnEmUmhhPSB3PgqIrioiFtfw2mbhW09MPDz/edw5vx+zKhUljUx1tY3Nre2CzvF3b39g0Pz6Lgpo0Rg0sARi0TbR5IwyklDUcVIOxYEhT4jLX9wO/VbQyIkjfijGsXEDVGP04BipDTyzDsnEAinzhAJEkvKNLOy1JHPQqX25QJ+qmTZ1XiMPMthbMHxzJJVtmYFV4WdixLIq+6Z7043wklIuMIMSdmxrVi5KRKKYkayopNIEiM8QD3S0ZKjkEg3nV2bwXNNujCIhH5cwRn9O5GiUMpR6OvOEKm+XPam8D+vk6jgxk0pjxNFOJ4vChIGVQSn0cEuFQQrNtICYUH1XyHuIx2f0gEXdQj28smrolkp21bZfqiWatU8jgI4BWfgAtjgGtTAPaiDBsDgBbyBCfg0Xo0P48v4nreuGfnMCVgo4+cXip2qDQ==</latexit><latexit sha1_base64="IAHJtROnLcwINpfvT35cYY6kGLQ=">AAACLXicbZDLSsNAFIYnXmu9RV26GSyCoJSkFHRZ0IXLCvYCTQyT6aQdOpnEmUmhhPSB3PgqIrioiFtfw2mbhW09MPDz/edw5vx+zKhUljUx1tY3Nre2CzvF3b39g0Pz6Lgpo0Rg0sARi0TbR5IwyklDUcVIOxYEhT4jLX9wO/VbQyIkjfijGsXEDVGP04BipDTyzDsnEAinzhAJEkvKNLOy1JHPQqX25QJ+qmTZ1XiMPMthbMHxzJJVtmYFV4WdixLIq+6Z7043wklIuMIMSdmxrVi5KRKKYkayopNIEiM8QD3S0ZKjkEg3nV2bwXNNujCIhH5cwRn9O5GiUMpR6OvOEKm+XPam8D+vk6jgxk0pjxNFOJ4vChIGVQSn0cEuFQQrNtICYUH1XyHuIx2f0gEXdQj28smrolkp21bZfqiWatU8jgI4BWfgAtjgGtTAPaiDBsDgBbyBCfg0Xo0P48v4nreuGfnMCVgo4+cXip2qDQ==</latexit><latexit sha1_base64="IAHJtROnLcwINpfvT35cYY6kGLQ=">AAACLXicbZDLSsNAFIYnXmu9RV26GSyCoJSkFHRZ0IXLCvYCTQyT6aQdOpnEmUmhhPSB3PgqIrioiFtfw2mbhW09MPDz/edw5vx+zKhUljUx1tY3Nre2CzvF3b39g0Pz6Lgpo0Rg0sARi0TbR5IwyklDUcVIOxYEhT4jLX9wO/VbQyIkjfijGsXEDVGP04BipDTyzDsnEAinzhAJEkvKNLOy1JHPQqX25QJ+qmTZ1XiMPMthbMHxzJJVtmYFV4WdixLIq+6Z7043wklIuMIMSdmxrVi5KRKKYkayopNIEiM8QD3S0ZKjkEg3nV2bwXNNujCIhH5cwRn9O5GiUMpR6OvOEKm+XPam8D+vk6jgxk0pjxNFOJ4vChIGVQSn0cEuFQQrNtICYUH1XyHuIx2f0gEXdQj28smrolkp21bZfqiWatU8jgI4BWfgAtjgGtTAPaiDBsDgBbyBCfg0Xo0P48v4nreuGfnMCVgo4+cXip2qDQ==</latexit><latexit sha1_base64="IAHJtROnLcwINpfvT35cYY6kGLQ=">AAACLXicbZDLSsNAFIYnXmu9RV26GSyCoJSkFHRZ0IXLCvYCTQyT6aQdOpnEmUmhhPSB3PgqIrioiFtfw2mbhW09MPDz/edw5vx+zKhUljUx1tY3Nre2CzvF3b39g0Pz6Lgpo0Rg0sARi0TbR5IwyklDUcVIOxYEhT4jLX9wO/VbQyIkjfijGsXEDVGP04BipDTyzDsnEAinzhAJEkvKNLOy1JHPQqX25QJ+qmTZ1XiMPMthbMHxzJJVtmYFV4WdixLIq+6Z7043wklIuMIMSdmxrVi5KRKKYkayopNIEiM8QD3S0ZKjkEg3nV2bwXNNujCIhH5cwRn9O5GiUMpR6OvOEKm+XPam8D+vk6jgxk0pjxNFOJ4vChIGVQSn0cEuFQQrNtICYUH1XyHuIx2f0gEXdQj28smrolkp21bZfqiWatU8jgI4BWfgAtjgGtTAPaiDBsDgBbyBCfg0Xo0P48v4nreuGfnMCVgo4+cXip2qDQ==</latexit>

Opaque foil:
The dependence 

of the reflection coefficient on a0
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Radiation pressure acceleration mechanism shows most favorable scaling 
with laser energy

Eref
=
Ein

4�
2

<latexit sha1_base64="IYGo7sx2CtwQWYiTUh4pMAH1zG8=">AAACCXicbVDNS8MwHE3n15xfVY9egkPwNNox0IswFMHjBPcBay1plm5hSVqSVBilVy/+K148KOLV/8Cb/43Z1oNuPgi8vPf7kbwXJowq7TjfVmlldW19o7xZ2dre2d2z9w86Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6Ybjq6nffSBS0Vjc6UlCfI6GgkYUI22kwIbXQSZJlF94kUQ4Mzcq8jxreEPEObqv54FddWrODHCZuAWpggKtwP7yBjFOOREaM6RU33US7WdIaooZySteqkiC8BgNSd9QgThRfjZLksMTowxgFEtzhIYz9fdGhrhSEx6aSY70SC16U/E/r5/q6Nw32ZJUE4HnD0UpgzqG01rggEqCNZsYgrCk5q8Qj5CpRJvyKqYEdzHyMunUa65Tc28b1eZlUUcZHIFjcApccAaa4Aa0QBtg8AiewSt4s56sF+vd+piPlqxi5xD8gfX5A/qkmn8=</latexit><latexit sha1_base64="IYGo7sx2CtwQWYiTUh4pMAH1zG8=">AAACCXicbVDNS8MwHE3n15xfVY9egkPwNNox0IswFMHjBPcBay1plm5hSVqSVBilVy/+K148KOLV/8Cb/43Z1oNuPgi8vPf7kbwXJowq7TjfVmlldW19o7xZ2dre2d2z9w86Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6Ybjq6nffSBS0Vjc6UlCfI6GgkYUI22kwIbXQSZJlF94kUQ4Mzcq8jxreEPEObqv54FddWrODHCZuAWpggKtwP7yBjFOOREaM6RU33US7WdIaooZySteqkiC8BgNSd9QgThRfjZLksMTowxgFEtzhIYz9fdGhrhSEx6aSY70SC16U/E/r5/q6Nw32ZJUE4HnD0UpgzqG01rggEqCNZsYgrCk5q8Qj5CpRJvyKqYEdzHyMunUa65Tc28b1eZlUUcZHIFjcApccAaa4Aa0QBtg8AiewSt4s56sF+vd+piPlqxi5xD8gfX5A/qkmn8=</latexit><latexit sha1_base64="IYGo7sx2CtwQWYiTUh4pMAH1zG8=">AAACCXicbVDNS8MwHE3n15xfVY9egkPwNNox0IswFMHjBPcBay1plm5hSVqSVBilVy/+K148KOLV/8Cb/43Z1oNuPgi8vPf7kbwXJowq7TjfVmlldW19o7xZ2dre2d2z9w86Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6Ybjq6nffSBS0Vjc6UlCfI6GgkYUI22kwIbXQSZJlF94kUQ4Mzcq8jxreEPEObqv54FddWrODHCZuAWpggKtwP7yBjFOOREaM6RU33US7WdIaooZySteqkiC8BgNSd9QgThRfjZLksMTowxgFEtzhIYz9fdGhrhSEx6aSY70SC16U/E/r5/q6Nw32ZJUE4HnD0UpgzqG01rggEqCNZsYgrCk5q8Qj5CpRJvyKqYEdzHyMunUa65Tc28b1eZlUUcZHIFjcApccAaa4Aa0QBtg8AiewSt4s56sF+vd+piPlqxi5xD8gfX5A/qkmn8=</latexit><latexit sha1_base64="IYGo7sx2CtwQWYiTUh4pMAH1zG8=">AAACCXicbVDNS8MwHE3n15xfVY9egkPwNNox0IswFMHjBPcBay1plm5hSVqSVBilVy/+K148KOLV/8Cb/43Z1oNuPgi8vPf7kbwXJowq7TjfVmlldW19o7xZ2dre2d2z9w86Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6Ybjq6nffSBS0Vjc6UlCfI6GgkYUI22kwIbXQSZJlF94kUQ4Mzcq8jxreEPEObqv54FddWrODHCZuAWpggKtwP7yBjFOOREaM6RU33US7WdIaooZySteqkiC8BgNSd9QgThRfjZLksMTowxgFEtzhIYz9fdGhrhSEx6aSY70SC16U/E/r5/q6Nw32ZJUE4HnD0UpgzqG01rggEqCNZsYgrCk5q8Qj5CpRJvyKqYEdzHyMunUa65Tc28b1eZlUUcZHIFjcApccAaa4Aa0QBtg8AiewSt4s56sF+vd+piPlqxi5xD8gfX5A/qkmn8=</latexit>

Efoil = Ein

✓
1� 1

4�2

◆

<latexit sha1_base64="LJBKAGOSkpsAiziV75E65rEP730=">AAACGnicbVDLSgMxFM34rPU16tLNYBHqwjIpBd0IRRFcVrAP6NSSSTNtaDIzJHeEMsx3uPFX3LhQxJ248W9MHwttPRA4nHMvN+f4seAaXPfbWlpeWV1bz23kN7e2d3btvf2GjhJFWZ1GIlItn2gmeMjqwEGwVqwYkb5gTX94NfabD0xpHoV3MIpZR5J+yANOCRipa+PrbhpEXGQXhvAw8wQLoIhPvUARmuIsrXh9IiW5L2ee4v0BnHTtgltyJ3AWCZ6RApqh1rU/vV5EE8lCoIJo3cZuDJ2UKOBUsCzvJZrFhA5Jn7UNDYlkupNOomXOsVF6ThAp80JwJurvjZRIrUfSN5OSwEDPe2PxP6+dQHDeMYnjBFhIp4eCRDgQOeOenB5XjIIYGUKo4uavDh0QUwqYNvOmBDwfeZE0yiXslvBtpVC9nNWRQ4foCBURRmeoim5QDdURRY/oGb2iN+vJerHerY/p6JI12zlAf2B9/QA7b6D3</latexit><latexit sha1_base64="LJBKAGOSkpsAiziV75E65rEP730=">AAACGnicbVDLSgMxFM34rPU16tLNYBHqwjIpBd0IRRFcVrAP6NSSSTNtaDIzJHeEMsx3uPFX3LhQxJ248W9MHwttPRA4nHMvN+f4seAaXPfbWlpeWV1bz23kN7e2d3btvf2GjhJFWZ1GIlItn2gmeMjqwEGwVqwYkb5gTX94NfabD0xpHoV3MIpZR5J+yANOCRipa+PrbhpEXGQXhvAw8wQLoIhPvUARmuIsrXh9IiW5L2ee4v0BnHTtgltyJ3AWCZ6RApqh1rU/vV5EE8lCoIJo3cZuDJ2UKOBUsCzvJZrFhA5Jn7UNDYlkupNOomXOsVF6ThAp80JwJurvjZRIrUfSN5OSwEDPe2PxP6+dQHDeMYnjBFhIp4eCRDgQOeOenB5XjIIYGUKo4uavDh0QUwqYNvOmBDwfeZE0yiXslvBtpVC9nNWRQ4foCBURRmeoim5QDdURRY/oGb2iN+vJerHerY/p6JI12zlAf2B9/QA7b6D3</latexit><latexit sha1_base64="LJBKAGOSkpsAiziV75E65rEP730=">AAACGnicbVDLSgMxFM34rPU16tLNYBHqwjIpBd0IRRFcVrAP6NSSSTNtaDIzJHeEMsx3uPFX3LhQxJ248W9MHwttPRA4nHMvN+f4seAaXPfbWlpeWV1bz23kN7e2d3btvf2GjhJFWZ1GIlItn2gmeMjqwEGwVqwYkb5gTX94NfabD0xpHoV3MIpZR5J+yANOCRipa+PrbhpEXGQXhvAw8wQLoIhPvUARmuIsrXh9IiW5L2ee4v0BnHTtgltyJ3AWCZ6RApqh1rU/vV5EE8lCoIJo3cZuDJ2UKOBUsCzvJZrFhA5Jn7UNDYlkupNOomXOsVF6ThAp80JwJurvjZRIrUfSN5OSwEDPe2PxP6+dQHDeMYnjBFhIp4eCRDgQOeOenB5XjIIYGUKo4uavDh0QUwqYNvOmBDwfeZE0yiXslvBtpVC9nNWRQ4foCBURRmeoim5QDdURRY/oGb2iN+vJerHerY/p6JI12zlAf2B9/QA7b6D3</latexit><latexit sha1_base64="LJBKAGOSkpsAiziV75E65rEP730=">AAACGnicbVDLSgMxFM34rPU16tLNYBHqwjIpBd0IRRFcVrAP6NSSSTNtaDIzJHeEMsx3uPFX3LhQxJ248W9MHwttPRA4nHMvN+f4seAaXPfbWlpeWV1bz23kN7e2d3btvf2GjhJFWZ1GIlItn2gmeMjqwEGwVqwYkb5gTX94NfabD0xpHoV3MIpZR5J+yANOCRipa+PrbhpEXGQXhvAw8wQLoIhPvUARmuIsrXh9IiW5L2ee4v0BnHTtgltyJ3AWCZ6RApqh1rU/vV5EE8lCoIJo3cZuDJ2UKOBUsCzvJZrFhA5Jn7UNDYlkupNOomXOsVF6ThAp80JwJurvjZRIrUfSN5OSwEDPe2PxP6+dQHDeMYnjBFhIp4eCRDgQOeOenB5XjIIYGUKo4uavDh0QUwqYNvOmBDwfeZE0yiXslvBtpVC9nNWRQ4foCBURRmeoim5QDdURRY/oGb2iN+vJerHerY/p6JI12zlAf2B9/QA7b6D3</latexit>

12

- non-relativistic case: ion energy ~ [laser energy]2

- ultra-relativistic case: ion energy ~ [laser energy]

Ea = 6.25⇥ (1011/Ntot)(Elas/100 J) GeV

O. Klimo, et. al., Phys. Rev. STAB 11, 031301 (2008) 
S. V. Bulanov, et. al., Comp. Rendus Physique 10, 216 (2009)

Ea = 8⇥ (1011/Ntot)
2(mp/ma)(Elas/1 J)2 MeV
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There are several factors that limit the effectiveness 
of the radiation pressure acceleration.

-Transparency

-Group velocity

-Transverse expansion/deformation

-Off-normal incidence

S. S. Bulanov, et al., 
PRL 114, 105003 (2015)

S. S. Bulanov, et al., 
Physics of Plasmas 23 , 056703 (2016)

S. S. Bulanov, et al., 
Physics of Plasmas 19 , 093112 (2012)

13

Instabilities?
(not covered in this talk)

Effects of laser contrast?
(not covered in this talk)
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Transverse expansion of the target dominates the limiting of maximum ion 
energy due to the increasing target transparency

RPA of on-axis element of the foil:

laser: 1.8 PW, 30 fs, 
f/D=1 or f/D=2

Foil: 0.25 λ, 400 ncr

d�

!t
= �g(1� �2)1/2(�g � �)(1� ��g)

<latexit sha1_base64="00/wYHZItj8Z9qF/yRJoZmtqWCA="></latexit><latexit sha1_base64="00/wYHZItj8Z9qF/yRJoZmtqWCA="></latexit><latexit sha1_base64="00/wYHZItj8Z9qF/yRJoZmtqWCA="></latexit><latexit sha1_base64="00/wYHZItj8Z9qF/yRJoZmtqWCA="></latexit>

S. S. Bulanov, et al., PRL 114, 105003 (2015)
14

Transverse 
expansion/deformation

Limiting effect of laser group velocity
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<latexit sha1_base64="yOgfxv41Usmp10zT0kzYY8FezoI=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch4MVjBPOQZAmzk95kyMzsMtMrhJCv8OJBEa9+jjf/xkmyB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTZtkhkODJzIx7YhZkEJDAwVKaKcGmIoktKLR7cxvPYGxItEPOE4hVGygRSw4Qyc9diNA1hvcBL1yxa/6c9BVEuSkQnLUe+Wvbj/hmQKNXDJrO4GfYjhhBgWXMC11Mwsp4yM2gI6jmimw4WR+8JSeOaVP48S40kjn6u+JCVPWjlXkOhXDoV32ZuJ/XifD+DqcCJ1mCJovFsWZpJjQ2fe0LwxwlGNHGDfC3Ur5kBnG0WVUciEEyy+vkuZFNfCrwf1lpXaZx1EkJ+SUnJOAXJEauSN10iCcKPJMXsmbZ7wX7937WLQWvHzmmPyB9/kDMGGP8g==</latexit><latexit sha1_base64="yOgfxv41Usmp10zT0kzYY8FezoI=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch4MVjBPOQZAmzk95kyMzsMtMrhJCv8OJBEa9+jjf/xkmyB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTZtkhkODJzIx7YhZkEJDAwVKaKcGmIoktKLR7cxvPYGxItEPOE4hVGygRSw4Qyc9diNA1hvcBL1yxa/6c9BVEuSkQnLUe+Wvbj/hmQKNXDJrO4GfYjhhBgWXMC11Mwsp4yM2gI6jmimw4WR+8JSeOaVP48S40kjn6u+JCVPWjlXkOhXDoV32ZuJ/XifD+DqcCJ1mCJovFsWZpJjQ2fe0LwxwlGNHGDfC3Ur5kBnG0WVUciEEyy+vkuZFNfCrwf1lpXaZx1EkJ+SUnJOAXJEauSN10iCcKPJMXsmbZ7wX7937WLQWvHzmmPyB9/kDMGGP8g==</latexit><latexit sha1_base64="yOgfxv41Usmp10zT0kzYY8FezoI=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch4MVjBPOQZAmzk95kyMzsMtMrhJCv8OJBEa9+jjf/xkmyB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTZtkhkODJzIx7YhZkEJDAwVKaKcGmIoktKLR7cxvPYGxItEPOE4hVGygRSw4Qyc9diNA1hvcBL1yxa/6c9BVEuSkQnLUe+Wvbj/hmQKNXDJrO4GfYjhhBgWXMC11Mwsp4yM2gI6jmimw4WR+8JSeOaVP48S40kjn6u+JCVPWjlXkOhXDoV32ZuJ/XifD+DqcCJ1mCJovFsWZpJjQ2fe0LwxwlGNHGDfC3Ur5kBnG0WVUciEEyy+vkuZFNfCrwf1lpXaZx1EkJ+SUnJOAXJEauSN10iCcKPJMXsmbZ7wX7937WLQWvHzmmPyB9/kDMGGP8g==</latexit><latexit sha1_base64="yOgfxv41Usmp10zT0kzYY8FezoI=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch4MVjBPOQZAmzk95kyMzsMtMrhJCv8OJBEa9+jjf/xkmyB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTZtkhkODJzIx7YhZkEJDAwVKaKcGmIoktKLR7cxvPYGxItEPOE4hVGygRSw4Qyc9diNA1hvcBL1yxa/6c9BVEuSkQnLUe+Wvbj/hmQKNXDJrO4GfYjhhBgWXMC11Mwsp4yM2gI6jmimw4WR+8JSeOaVP48S40kjn6u+JCVPWjlXkOhXDoV32ZuJ/XifD+DqcCJ1mCJovFsWZpJjQ2fe0LwxwlGNHGDfC3Ur5kBnG0WVUciEEyy+vkuZFNfCrwf1lpXaZx1EkJ+SUnJOAXJEauSN10iCcKPJMXsmbZ7wX7937WLQWvHzmmPyB9/kDMGGP8g==</latexit> �g = 1

<latexit sha1_base64="yOgfxv41Usmp10zT0kzYY8FezoI=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch4MVjBPOQZAmzk95kyMzsMtMrhJCv8OJBEa9+jjf/xkmyB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTZtkhkODJzIx7YhZkEJDAwVKaKcGmIoktKLR7cxvPYGxItEPOE4hVGygRSw4Qyc9diNA1hvcBL1yxa/6c9BVEuSkQnLUe+Wvbj/hmQKNXDJrO4GfYjhhBgWXMC11Mwsp4yM2gI6jmimw4WR+8JSeOaVP48S40kjn6u+JCVPWjlXkOhXDoV32ZuJ/XifD+DqcCJ1mCJovFsWZpJjQ2fe0LwxwlGNHGDfC3Ur5kBnG0WVUciEEyy+vkuZFNfCrwf1lpXaZx1EkJ+SUnJOAXJEauSN10iCcKPJMXsmbZ7wX7937WLQWvHzmmPyB9/kDMGGP8g==</latexit><latexit sha1_base64="yOgfxv41Usmp10zT0kzYY8FezoI=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch4MVjBPOQZAmzk95kyMzsMtMrhJCv8OJBEa9+jjf/xkmyB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTZtkhkODJzIx7YhZkEJDAwVKaKcGmIoktKLR7cxvPYGxItEPOE4hVGygRSw4Qyc9diNA1hvcBL1yxa/6c9BVEuSkQnLUe+Wvbj/hmQKNXDJrO4GfYjhhBgWXMC11Mwsp4yM2gI6jmimw4WR+8JSeOaVP48S40kjn6u+JCVPWjlXkOhXDoV32ZuJ/XifD+DqcCJ1mCJovFsWZpJjQ2fe0LwxwlGNHGDfC3Ur5kBnG0WVUciEEyy+vkuZFNfCrwf1lpXaZx1EkJ+SUnJOAXJEauSN10iCcKPJMXsmbZ7wX7937WLQWvHzmmPyB9/kDMGGP8g==</latexit><latexit sha1_base64="yOgfxv41Usmp10zT0kzYY8FezoI=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch4MVjBPOQZAmzk95kyMzsMtMrhJCv8OJBEa9+jjf/xkmyB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTZtkhkODJzIx7YhZkEJDAwVKaKcGmIoktKLR7cxvPYGxItEPOE4hVGygRSw4Qyc9diNA1hvcBL1yxa/6c9BVEuSkQnLUe+Wvbj/hmQKNXDJrO4GfYjhhBgWXMC11Mwsp4yM2gI6jmimw4WR+8JSeOaVP48S40kjn6u+JCVPWjlXkOhXDoV32ZuJ/XifD+DqcCJ1mCJovFsWZpJjQ2fe0LwxwlGNHGDfC3Ur5kBnG0WVUciEEyy+vkuZFNfCrwf1lpXaZx1EkJ+SUnJOAXJEauSN10iCcKPJMXsmbZ7wX7937WLQWvHzmmPyB9/kDMGGP8g==</latexit><latexit sha1_base64="yOgfxv41Usmp10zT0kzYY8FezoI=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch4MVjBPOQZAmzk95kyMzsMtMrhJCv8OJBEa9+jjf/xkmyB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTZtkhkODJzIx7YhZkEJDAwVKaKcGmIoktKLR7cxvPYGxItEPOE4hVGygRSw4Qyc9diNA1hvcBL1yxa/6c9BVEuSkQnLUe+Wvbj/hmQKNXDJrO4GfYjhhBgWXMC11Mwsp4yM2gI6jmimw4WR+8JSeOaVP48S40kjn6u+JCVPWjlXkOhXDoV32ZuJ/XifD+DqcCJ1mCJovFsWZpJjQ2fe0LwxwlGNHGDfC3Ur5kBnG0WVUciEEyy+vkuZFNfCrwf1lpXaZx1EkJ+SUnJOAXJEauSN10iCcKPJMXsmbZ7wX7937WLQWvHzmmPyB9/kDMGGP8g==</latexit>

�
g
<

1
<latexit sha1_base64="XIYZeDwOBe9034p578xxyJi8RxM=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0MIiYGMZwXxIcoS9zVyyZHfv2J0TQsivsLFQxNafY+e/cZNcoYkPBh7vzTAzL0qlsOj7315hbX1jc6u4XdrZ3ds/KB8eNW2SGQ4NnsjEtCNmQQoNDRQooZ0aYCqS0IpGtzO/9QTGikQ/4DiFULGBFrHgDJ302I0AWW9wE/TKFb/qz0FXSZCTCslR75W/uv2EZwo0csms7QR+iuGEGRRcwrTUzSykjI/YADqOaqbAhpP5wVN65pQ+jRPjSiOdq78nJkxZO1aR61QMh3bZm4n/eZ0M4+twInSaIWi+WBRnkmJCZ9/TvjDAUY4dYdwIdyvlQ2YYR5dRyYUQLL+8SpoX1cCvBveXldplHkeRnJBTck4CckVq5I7USYNwosgzeSVvnvFevHfvY9Fa8PKZY/IH3ucPLtyP8Q==</latexit><latexit sha1_base64="XIYZeDwOBe9034p578xxyJi8RxM=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0MIiYGMZwXxIcoS9zVyyZHfv2J0TQsivsLFQxNafY+e/cZNcoYkPBh7vzTAzL0qlsOj7315hbX1jc6u4XdrZ3ds/KB8eNW2SGQ4NnsjEtCNmQQoNDRQooZ0aYCqS0IpGtzO/9QTGikQ/4DiFULGBFrHgDJ302I0AWW9wE/TKFb/qz0FXSZCTCslR75W/uv2EZwo0csms7QR+iuGEGRRcwrTUzSykjI/YADqOaqbAhpP5wVN65pQ+jRPjSiOdq78nJkxZO1aR61QMh3bZm4n/eZ0M4+twInSaIWi+WBRnkmJCZ9/TvjDAUY4dYdwIdyvlQ2YYR5dRyYUQLL+8SpoX1cCvBveXldplHkeRnJBTck4CckVq5I7USYNwosgzeSVvnvFevHfvY9Fa8PKZY/IH3ucPLtyP8Q==</latexit><latexit sha1_base64="XIYZeDwOBe9034p578xxyJi8RxM=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0MIiYGMZwXxIcoS9zVyyZHfv2J0TQsivsLFQxNafY+e/cZNcoYkPBh7vzTAzL0qlsOj7315hbX1jc6u4XdrZ3ds/KB8eNW2SGQ4NnsjEtCNmQQoNDRQooZ0aYCqS0IpGtzO/9QTGikQ/4DiFULGBFrHgDJ302I0AWW9wE/TKFb/qz0FXSZCTCslR75W/uv2EZwo0csms7QR+iuGEGRRcwrTUzSykjI/YADqOaqbAhpP5wVN65pQ+jRPjSiOdq78nJkxZO1aR61QMh3bZm4n/eZ0M4+twInSaIWi+WBRnkmJCZ9/TvjDAUY4dYdwIdyvlQ2YYR5dRyYUQLL+8SpoX1cCvBveXldplHkeRnJBTck4CckVq5I7USYNwosgzeSVvnvFevHfvY9Fa8PKZY/IH3ucPLtyP8Q==</latexit><latexit sha1_base64="XIYZeDwOBe9034p578xxyJi8RxM=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0MIiYGMZwXxIcoS9zVyyZHfv2J0TQsivsLFQxNafY+e/cZNcoYkPBh7vzTAzL0qlsOj7315hbX1jc6u4XdrZ3ds/KB8eNW2SGQ4NnsjEtCNmQQoNDRQooZ0aYCqS0IpGtzO/9QTGikQ/4DiFULGBFrHgDJ302I0AWW9wE/TKFb/qz0FXSZCTCslR75W/uv2EZwo0csms7QR+iuGEGRRcwrTUzSykjI/YADqOaqbAhpP5wVN65pQ+jRPjSiOdq78nJkxZO1aR61QMh3bZm4n/eZ0M4+twInSaIWi+WBRnkmJCZ9/TvjDAUY4dYdwIdyvlQ2YYR5dRyYUQLL+8SpoX1cCvBveXldplHkeRnJBTck4CckVq5I7USYNwosgzeSVvnvFevHfvY9Fa8PKZY/IH3ucPLtyP8Q==</latexit>

Time

En
er

gy
, G

eV �g < 1
<latexit sha1_base64="XIYZeDwOBe9034p578xxyJi8RxM=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0MIiYGMZwXxIcoS9zVyyZHfv2J0TQsivsLFQxNafY+e/cZNcoYkPBh7vzTAzL0qlsOj7315hbX1jc6u4XdrZ3ds/KB8eNW2SGQ4NnsjEtCNmQQoNDRQooZ0aYCqS0IpGtzO/9QTGikQ/4DiFULGBFrHgDJ302I0AWW9wE/TKFb/qz0FXSZCTCslR75W/uv2EZwo0csms7QR+iuGEGRRcwrTUzSykjI/YADqOaqbAhpP5wVN65pQ+jRPjSiOdq78nJkxZO1aR61QMh3bZm4n/eZ0M4+twInSaIWi+WBRnkmJCZ9/TvjDAUY4dYdwIdyvlQ2YYR5dRyYUQLL+8SpoX1cCvBveXldplHkeRnJBTck4CckVq5I7USYNwosgzeSVvnvFevHfvY9Fa8PKZY/IH3ucPLtyP8Q==</latexit><latexit sha1_base64="XIYZeDwOBe9034p578xxyJi8RxM=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0MIiYGMZwXxIcoS9zVyyZHfv2J0TQsivsLFQxNafY+e/cZNcoYkPBh7vzTAzL0qlsOj7315hbX1jc6u4XdrZ3ds/KB8eNW2SGQ4NnsjEtCNmQQoNDRQooZ0aYCqS0IpGtzO/9QTGikQ/4DiFULGBFrHgDJ302I0AWW9wE/TKFb/qz0FXSZCTCslR75W/uv2EZwo0csms7QR+iuGEGRRcwrTUzSykjI/YADqOaqbAhpP5wVN65pQ+jRPjSiOdq78nJkxZO1aR61QMh3bZm4n/eZ0M4+twInSaIWi+WBRnkmJCZ9/TvjDAUY4dYdwIdyvlQ2YYR5dRyYUQLL+8SpoX1cCvBveXldplHkeRnJBTck4CckVq5I7USYNwosgzeSVvnvFevHfvY9Fa8PKZY/IH3ucPLtyP8Q==</latexit><latexit sha1_base64="XIYZeDwOBe9034p578xxyJi8RxM=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0MIiYGMZwXxIcoS9zVyyZHfv2J0TQsivsLFQxNafY+e/cZNcoYkPBh7vzTAzL0qlsOj7315hbX1jc6u4XdrZ3ds/KB8eNW2SGQ4NnsjEtCNmQQoNDRQooZ0aYCqS0IpGtzO/9QTGikQ/4DiFULGBFrHgDJ302I0AWW9wE/TKFb/qz0FXSZCTCslR75W/uv2EZwo0csms7QR+iuGEGRRcwrTUzSykjI/YADqOaqbAhpP5wVN65pQ+jRPjSiOdq78nJkxZO1aR61QMh3bZm4n/eZ0M4+twInSaIWi+WBRnkmJCZ9/TvjDAUY4dYdwIdyvlQ2YYR5dRyYUQLL+8SpoX1cCvBveXldplHkeRnJBTck4CckVq5I7USYNwosgzeSVvnvFevHfvY9Fa8PKZY/IH3ucPLtyP8Q==</latexit><latexit sha1_base64="XIYZeDwOBe9034p578xxyJi8RxM=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0MIiYGMZwXxIcoS9zVyyZHfv2J0TQsivsLFQxNafY+e/cZNcoYkPBh7vzTAzL0qlsOj7315hbX1jc6u4XdrZ3ds/KB8eNW2SGQ4NnsjEtCNmQQoNDRQooZ0aYCqS0IpGtzO/9QTGikQ/4DiFULGBFrHgDJ302I0AWW9wE/TKFb/qz0FXSZCTCslR75W/uv2EZwo0csms7QR+iuGEGRRcwrTUzSykjI/YADqOaqbAhpP5wVN65pQ+jRPjSiOdq78nJkxZO1aR61QMh3bZm4n/eZ0M4+twInSaIWi+WBRnkmJCZ9/TvjDAUY4dYdwIdyvlQ2YYR5dRyYUQLL+8SpoX1cCvBveXldplHkeRnJBTck4CckVq5I7USYNwosgzeSVvnvFevHfvY9Fa8PKZY/IH3ucPLtyP8Q==</latexit>

⇢
6=

1
<latexit sha1_base64="AN8+IYdaLdKb1VUj2UkWJfq3d5M=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cK9gObUDbbSbt0s4m7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8M/M7T6g0T+S9maQYxHQoecQZNVZ68NUo8SU+Eq9frbl1dw6ySryC1KBAs1/98gcJy2KUhgmqdc9zUxPkVBnOBE4rfqYxpWxMh9izVNIYdZDPL56SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xeZqLrIOcyzQxKtlgUZYKYhMzeJwOukBkxsYQyxe2thI2ooszYkCo2BG/55VXSvqh7bt27u6w1Los4ynACp3AOHlxBA26hCS1gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4A+hSQZg==</latexit><latexit sha1_base64="AN8+IYdaLdKb1VUj2UkWJfq3d5M=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cK9gObUDbbSbt0s4m7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8M/M7T6g0T+S9maQYxHQoecQZNVZ68NUo8SU+Eq9frbl1dw6ySryC1KBAs1/98gcJy2KUhgmqdc9zUxPkVBnOBE4rfqYxpWxMh9izVNIYdZDPL56SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xeZqLrIOcyzQxKtlgUZYKYhMzeJwOukBkxsYQyxe2thI2ooszYkCo2BG/55VXSvqh7bt27u6w1Los4ynACp3AOHlxBA26hCS1gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4A+hSQZg==</latexit><latexit sha1_base64="AN8+IYdaLdKb1VUj2UkWJfq3d5M=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cK9gObUDbbSbt0s4m7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8M/M7T6g0T+S9maQYxHQoecQZNVZ68NUo8SU+Eq9frbl1dw6ySryC1KBAs1/98gcJy2KUhgmqdc9zUxPkVBnOBE4rfqYxpWxMh9izVNIYdZDPL56SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xeZqLrIOcyzQxKtlgUZYKYhMzeJwOukBkxsYQyxe2thI2ooszYkCo2BG/55VXSvqh7bt27u6w1Los4ynACp3AOHlxBA26hCS1gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4A+hSQZg==</latexit><latexit sha1_base64="AN8+IYdaLdKb1VUj2UkWJfq3d5M=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cK9gObUDbbSbt0s4m7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8M/M7T6g0T+S9maQYxHQoecQZNVZ68NUo8SU+Eq9frbl1dw6ySryC1KBAs1/98gcJy2KUhgmqdc9zUxPkVBnOBE4rfqYxpWxMh9izVNIYdZDPL56SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xeZqLrIOcyzQxKtlgUZYKYhMzeJwOukBkxsYQyxe2thI2ooszYkCo2BG/55VXSvqh7bt27u6w1Los4ynACp3AOHlxBA26hCS1gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4A+hSQZg==</latexit>

The evolution of the maximum 
ion energy



Office of
Science

/3015

Optimization of the radiation pressure acceleration

Composite targets Shaped targets Mass limited, 
phase locked target

Hybrid schemes

fo
il

Near Critical Density 
(NCD) plasma

S. S. Bulanov, et al., PRL (2015)

T. Wang, et al., PRL (2021)

S. V. Bulanov, et al., PRL (2021)

Laser pulse shaping
- RPA+TNSA

- RPA+CE
A. Higginson, et al., Nat. Comm. (2018)

- Intensity profile
- Frequency chirp

S. S. Bulanov, et al., PoP (2012)
F. Mackenroth & S. S. Bulanov, PoP (2019) S. S. Bulanov, et al., Med. Phys. (2008)

fo
il

Near Critical Density 
(NCD) plasma

J. H. Bin, et al., PRL (2015)
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Most simulation setups of laser ion acceleration lead to the demonstration of  
hybrid mechanisms: WARPX simulation of laser thin foil interaction

https://ecp-warpx.github.io
Vay, J-L., et al., Nucl. Instrum. Meth. A 909 (2018)

WarpX: open-source particle-in-cell code 
with advanced algorithms at Exascale

Ø Advanced algorithms for plasma acceleration
Ø Performance-portability 
Ø Built on AMReX (LBNL, ECP co-design center)
Ø Users/contributors welcome!

>30  contributors from LBNL, LLNL, CEA, DESY, SLAC
Ø 2021: 10 multi-GeV stages
Ø Goal 2023: TeV multi-stage collider

PI: Jean-Luc Vay (LBNL)
DoE Exascale Computing Project

Foil: 50 nm
Laser: a0=42, w0=2.1 λ
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• Introduction
o Ion acceleration mechanisms
o Possible applications

• Radiation Pressure Acceleration
o Basic theory
o Limiting factors
o Optimization
o Hybrid mechanisms

• Magnetic Vortex Acceleration
o Basic theory
o Structured targets

• Conclusions
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Magnetic Vortex Acceleration (MVA) in Near Critical Density plasma
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Near Critical density Targets: 
• Less requirements for laser contrast than in RPA
• Potential high repetition rate operation
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Laser pulse propagates in self-generated channel, channel radius and laser field amplitude 
are determined by plasma density and laser power

Electron density profile

channel radius

Laser pulse in a waveguide

19

Laser pulse

Rch ⇠ n�1/3
e P 1/6
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Radius of the self-generated channel

Amplitude of the laser field in the channel

Target transparency is determined by laser 
depletion in near critical density plasma

The MVA relies on the laser ability to reach 
the back side of the target

Ltarget < Lch ⇠ n�2/3
e P 1/3
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The electron current in the channel is pinched. 
This leads to the magnetic field intensification.

The magnetic field generated by the pinched 
electron current in the laser generated 
channel is determined by the laser power
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- non-relativistic case: ion energy ~ [laser power]4/3

- ultra-relativistic case: ion energy ~ [laser power]2/3

E ⇠ P 2/3
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The electric field generated at the back of the target 
accelerates and collimates ions 
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MVA model parameter:
• Target: e- + p plasma with density 

~3.3ncrit
• Target length: L = 40λ

Laser:
λ=0.8µm, P=1 PW, I=3x1022 W/cm2

a0=118, w0=1.86λ 

3D PIC simulations illustrate the key features of the theoretical model: channel 
creation, pinching of the electron current, and strong magnetic field generation

WarpX  – open-source particle-in-cell code 
with advanced algorithms at Exascale
PI: Jean-Luc Vay (LBNL)
>30 contributors internationally
https://ecp-warpx.github.io
Vay, J-L., et al., Nucl. Instrum. Meth. A 909 (2018)J. Park, et al., PoP (2019)
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Charge density and electric field 
at t=185, 206, 226 fs

Maximum proton energy

Maximum magnetic field strength

The magnetic field strength and maximum proton energy scalings with laser 
power from 3D PIC simulations agree well with theoretical predictions

J. Park, et al., PoP (2019)
S. Hakimi, et al., PoP (2022)

Off-normal incidence

WG6: New capabilities of the iP2 beamline 
for laser-solid interaction studies at the BELLA PW facility
9 Nov 2022, 13:50
S. Hakimi
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Laser ion acceleration from structured targets leads to the production of quai-
monoenergetic high charge ion beams

LBL/UCSD/HZDR
collaboration

24
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Energy-chirp compensation of laser-driven ion beams 
enabled by structured targets

Z. Gong, et al., Phys. Rev. Res., in press

2-PW, 120-fs laser can produce a quasi-monoenergetic peak centered at 230 MeV. 
The number of protons in a 40 MeV energy interval is about 5 × 1010 particles (7.8 nC).
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• Introduction
o Ion acceleration mechanisms
o Possible applications

• Radiation Pressure Acceleration
o Basic theory
o Limiting factors
o Optimization
o Hybrid mechanisms

• Magnetic Vortex Acceleration
o Basic theory
o Structured targets

• Conclusions

26

Experimental studies of MVA mechanism at PW-class laser facilitie
s



Office of
Science

/3027

BELLA Center houses multiple laser facilities addressing laser, accelerator, 
and light source R&D and applications, including laser ion acceleration.

BELLA-HTT
3 Joule in 30fs (100 TW @ 5Hz)
• Mono-chromatic gamma rays
• Pump-probe X-rays
• Medium-intensity p+ acceleration

BELLA-IP2 at BELLA-PW
40 Joule in 30fs (1 PW @ 1Hz)
• High-intensity p+ acceleration
• Strong-field physics

BELLA-HTU, 3 Joule in 30fs 
(100 TW @ 5Hz)
• Electron transport line
• Undulator X-rays

1TW-kHz, 4mJ Joule in 4fs (1 
TW @ 1kHz)
• Few-MeV electrons & X-rays
• Emergency response etc

BELLA FIBER
100s mJ in <100fs (>1kHz)
• Laser R&D
• Light sources at >1kHz

Future kBELLA: 100TW, 
operation at 1kHz

All systems are Ti:sapphire-based except for the fiber system under construction

BELLA-PW 1st and 2nd beamlines
40 Joule in ~30fs (1 PW @ 1Hz)
• multi-GigaVolt e- acceleration
• Medium-intensity p+ acceleration
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BELLA iP2: Short focal length setup to achieve high intensity on target f
or ion acceleration and HEDS studies

iP2: New short focal length F/2.5

Focal spot measurements indicate >5x1021 W/cm2

for 40 J pulse energy

OAP

Option for double plasma mirror in PL1 →
Ultra high contrast and advanced ion acceleration mechanisms for iP2

Available for user 
experiments through 

LaserNetUS

28
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BELLA iP2: Proton energies > 40 MeV demonstrated 
at 17 J pulse energy on target using TNSA. Stay tuned for MVA results!

29
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Conclusions

1. Advanced Ion Acceleration Mechanisms are needed to accelerate ions to energies exceeding 
100 MeV/u  

2. Radiation Pressure Acceleration and Magnetic Vortex Acceleration seem to be the most 
promising options

3. The concept of target transparency plays the central role in analyzing the efficiency of advanced 
ion acceleration mechanisms

4. Optimization of acceleration mechanisms is needed to overcome different limiting factors and 
generate ion beams with required for application properties

• Composite targets for RPA and MVA
• Laser pulse and target shaping

5. Looking forward to the results of ion acceleration experiments at PW-class laser facilities in the 
MVA and RPA regimes


