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Abstract

Since their discovery, laser accelerated ion beams have been the subject of great interest. The ion beam peak power and
beam emittance is unmatched by any conventionally accelerated ion beam. Due to the unique quality, a wealth of
applications has been proposed, and the first experiments confirmed their prospects. Laser ion acceleration is strongly
linked to the generation and transport of hot electrons by the interaction of ultra-intense laser light with matter.
Comparing ion acceleration experiments at laser systems with different beam parameters and using targets of varying
thickness, material and temperature, some insight on the underlying physics can be obtained. The paper will present
experimental results obtained at different laser systems, first beam quality measurement on laser accelerated heavy ions,
and ion beam source size measurements at different laser parameters. Using structured targets, we compare information
obtained from micro patterned ion beams about the accelerating electron sheath, and the influence of magnetic fields on
the electron transport inside conducting targets.
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1. INTRODUCTION et al, 2002; Bellet al, 1997. The recent discovery of
intense, well-collimated, picosecond-duration ion beams

The advent of ultra-intense laser systgsrry & Mourou, . . L .
1994 has opened the regime of relativistic plasma physicsbelng generated by these electrons in laser so!|d interaction
(Clark et al., 2000; Snavelyet al., 2000; Hegelictet al.,

leading to a multitude of new and exciting phenomena like : ] .
laser induced nuclear transmutati®antalaet al., 2001, 2002, has raised the hope to use the ion beam in order to

. . . ' explore the electron transpa(ffuchset al., 2003. More-
high harmonics generation, and megagauss magnetic fields; : .

‘ . gver, because of the unique properties of the laser produced
One of the most interesting new phenomena was the gener-

ation of ultra-intense, high-energetic electron bedksy ion beams, and the close correlation to the transport of the

et al, 1999, which penetrate deep inside the irradiatedeIeCtronS inside the target, the investigation of the latter is

target. Because of the importance for applications like iSOyltal in order to control the beam properties for applications

choric heating or fast ignition in inertial confinement fusion glt(;dl;gggsmrft;grbgfehd t‘zr:tﬁern?:i%g(ilﬁzge?n;%gﬁ)m
(Tabaket al., 19949, the transport of these electrons into the N P g y :

. . L material sciencéBoodyet al., 1996, and as next generation
matter is a subject of extended research worldviidiartinolli ion sources for high energy physidsaseroth & Hill, 1996,

. Laser accelerated proton and ion beams offer a tool for

Address correspondence and reprint requests to: M. Roth, Gesellschaft . ts of the distributi f tic el
fur Schwerionenforschun@GSl), University of Technology, Darmstadt, precise measurements or the 'S_n _u |pn _O energe'lc elec-
Germany. E-mail: markus.roth@physik.tu-darmstadt.de tron component, because of their intrinsic low emittance
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(Cowanet al., 2009. The excellent beam quality allows for has beeninvestigated experimentally and theoretically using
the detection of small variations in electron distribution atplastic and metal target®isaniet al., 2000. In the exper-
the rear, non-irradiated surface of the target. iments, special care must be taken to avoid extensive pre-
At Gesellschaft fiir Schwerionenforschui@sl), research  pulses or large amounts of amplified spontaneous emission
has focused on the interaction of energetic heavy ions wittASE). The preceding ASE launches a shock wave into the
plasma, in order to explore the regime of strongly coupledarget altering the initial conditions via shock wave heating
plasmaHoffmannet al., 2005. Having noticed the advan- thereby changing the target density and resistively.
tage of the unique combination of an intense laser with a
powerful heavy ion beam, GSl has started to build a petawa
high energy laser for ion experiment8HELIX). In recent g EXPERIMENTS
years, we have reported on measurements of the ion beaBxperiments have been performed at different laser systems
quality (Rothet al., 2002, and have developed a technique varying the on-target intensity, pulse length, and target
to precisely determine the ion beam emittance and energthickness by at least an order of magnitude. For this purpose
spread. Using this technique, we have been able to detewe carried out experiments at the 100 TW laser system at
mine the real ion beam source size at the rear surface of tHeaboratoire pour I'Utilisation des Lasers IntendeJLl)
target, and deviations of the electron density distribution. (30 Jat 300 fs, 5 10*°W/cm?), at the Rutherford petawatt
laser systeniRAL) (500 J at 500 fs, X 10%° W/cm?), and
atthe 30 TW Los Alamos Trident laser systé30J at 850 fs,
7 X 108 W/cm?). A typical diagnostic setup is depicted in
Thin foils irradiated by ultra-intense laser beams at intensifFigure 1. A screen of radiochromic filtfRCF) was posi-
ties in the order of 18 W/cm?, generate intense bursts of tioned a few cm behind the target to record the spatial beam
ions off the rear surface, propagating normally to the reaprofile. The RCF changes through polymerization of a
surface orientation. It is common understanding that theliacetylene active layer, from transparent to dark blue in
high laminarity, or low emittance, of these beams stemgroportion to the absorbed dogads of ionizing radiation.
from the fact that the acceleration process takes place on tha certain experiments, a slot in the RCF allowed a free line
rear, non irradiated surface of the target. There, a densef sight from the target to the particle spectrometers to
relativistic electron sheath is formed by the laser-acceleratesheasure the energy distribution of the emitted particles.
electrons that have propagated through the target. The sheathThe target consisted of gold, aluminium, and plastic foils
produces an electrostatic field10'? V/m that ionizes the of millimeter size, and varying thickness from 5 to 106.
surface atoms almost instantaneously, forminggla nm  For heavy ion acceleration, we used thin titanium foils,
thick ion layer which, together with the electron sheath,which have been coated with the material of interest at the
resembles a virtual cathodRuhl et al., 2009. rear surface, and have been heated to several hundred degrees
There are other mechanism which also produce forwardin order to remove the proton containing contaminants.
accelerated ions, although in lower numbers, and at loweBeveral attempts have been made to measure the beam
energies. Protons having the largest charge-to-mass ratemittance or the corresponding source size by using projec-
and originating from target surface contaminatiovater  tion, on afar distant film, objects like knife-edges or meshes
vapor and hydrocarbohsare preferentially accelerated in placed in the beam path. However, due to charging effects of
favor of heavier ions over a distance of a few microns, andhe obscuring object and deviations of the ion trajectories
up to tens of MeV. In typical experiments this forms a from a pure, ballistic propagation, the beam emittance can-
collimated beam with an approximately Maxwellian energynot be reconstructed precisely from such measurements.
distribution at kT= 5—-6 MeV. The extremely strong, tran-  The technique we have developed to overcome these
sient acceleration taking place from an initially cold, unper-limitations uses a target design that allows manipulating the
turbed surface, results in the low beam emittance that seenisn beam generation during the initial, virtual-cathode phase
to be limited only by the collisions with the co-moving of the acceleration by generating a stream of beamlets,
electrons during the acceleration. within the expanding proton envelope, that can be used as
The transport of relativistic electrons through the target ididucially of the acceleration.
an intensively studied research area because of its relevanceThe laminarity of charged-particle beams is characterized
not only for ion acceleration, but especially for the conceptby their emittance, which is proportional to the volume of
of fast ignition in inertial confinement fusiofDeutsch, the bounding ellipsoid of the distribution of particles in
2004; Honrubiat al,, 2004. The transport of large currents phase space. For the transverse phase-space dimensions
through the target, the problem of beam filamentation, andhere,x-px for beam propagation alorg), the area of the
the dependence on the target conductivityth respect to  bounding phase-space ellipse equaisN, where the root-
the onset of return currentare essential for a detailed mean-squaréms) value of the “normalized emittance'N,
understanding of the ion acceleration. One crucial paramat a specific beam energgr momentunp), is expressed as
eter for the electron transport has been found to be the targeiN = (| p|/mo) [(x2){(x"?) — (xx')?]¥? wheremis the ion
conductivity (Whartonet al, 1998. Anomalous stopping mass,c is the velocity of light,x is the particle position

2. ION ACCELERATION
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ion spectrometers
or Thomson parabolas

Laser
30-35J @ 300 - 500 fs
I=5X 10" Wcm’

Fig. 1. Experimental setup. The free standing target is irradiated at normal incidence. A slit in the Radiochromic film gives a line of
sight for the particle spectrometers.

within the beam envelope, and = px/pzis the particles’ 3.6 um apart. The grooves appear to electrostatically focus
divergence in the-direction. At a beam waisgN = Byox  the protons near the target surface to individual beamlets
ox'" whereox andox’ are the rms values of the beam width after which the expanding sheath produces a correlation
and divergence angle. For typical proton accelerafitvat  between the initial source position and final divergence
is, the CERN SPJ the emittance from the proton injector angle. By accelerating protons off non-periodic surface
linac is ~1 mm-mrad(normalized-rms The longitudinal  structures, we verified that there is no overlap from adjacent
phase-spade-pz) is characterized by the equivalent, energy-structures that could lead to misinterpretation of the data.
time product of the beam. The highest quality ion beams We experimentally deduce an upper limit for the trans-
have the lowest values of transverse and longitudinal emitverse beam emittance for the different laser systems and, for
tance, indicating a low effective transverse ion temperaturg¢he first time, for ions other than protons. Table 1 gives a
and a high degree of angle-space and time-energy correlatiosummary of the measurements and the resulting upper lim-
The data in Figure 2 were obtained using optically flatits. The low values for the beam emittance are in agreement
aluminium foils on the rear surface of which we micro- with the cold temperature of the ions at the rear of the target.
machined shallow grooves, 200 nm deep, and spacetihe measured values are up to a factor of 100 better than
typical ion beam sources. We attribute this to the fact that
during much of the acceleration, the ion beam space charge
is compensated and neutralized by the co-moving electrons,
and that the sheath electric field self-consistently evolves

Table 1. Upper limits on the normalized ion beam emittance
for different laser systems

AX AX' Emittance
Laser (pm) (rad) (77 mm mrad
S MeV 8 MeV RAL 52.6 0.02 01
Fig. 2. Spatial distributions at different energies of protons accelerate U(Ij‘l ¢ 1187'45 0(')0; 12 4 0(.)06[ 1
from a Al flat target detected on the RCF film stack. Micro-focused . LT?] . 157' 0.018 0'23
beam-fiducials map the emission zone at the virtual cathode, which decreasl—':gJ eavytons ’ ’

at higher proton energy.

https://doi.org/10.1017/50263034605050160 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034605050160

98 M. Roth et al.

& of the laser energy or intensity and target thickness. In
.-,.,1'-"“ ““-v,.,-_ agreement with recent experimental results as well as with
W “”\L 3 MeV l numerical investigations, the electron transport in isolating
! Y targets is limited by self-generated electric fields and sub-
\ jectto filamentation and beam break-up of the electrons that
f | penetrate into the target. The filamented electron transport
6 MeV Y then causes the ion acceleration to be modified as has been
i S b | published alreadyRothet al., 2002.
ya In contrast to the transport in non-conducting targets, the
ety \ | electron transport in metal foils seems to be free from
; M L instabilities. Comparing the real source size of the ions
£ L8 MeV Y ) : ) i
/ \ versus different target thickness and laser intensities, no
S 10 MeY L influence of self-generated magnetic fields could be observed.
A : . | A detailed analysis of the ion beam patterns obtained
from micro-structured targets can give additional informa-
tion about the shape of the electron sheath. Many ion bunches
Fig. 3. Real source size of the laser accelerated protons for differenShOW @ deformation in the grating pattern at the transverse
proton energies. The size at the rear surface decreases fromraor ion beam edges. These deformations allows for conclusions
3 MeV protons to 8Qum for 10 MeV protons. on the accelerated proton layer at early stages and therefore
on the shape of the accelerating electron sheath. A simple
analytical model shows that an ideal image of the pattern is
with the ions to produce an effectively ideal acceleratingobtained for a parabolic electron sheath. The measured
structure. For protons above 4.5 MeV, the decrease in thdeviations from the ideal case are very small for the laser
angular envelope with energy is due to a decrease of theystems used in the context of this paper. Details on the
emitting zone, but not due to a strong change in the divermodel and the results will be published elsewhere.
gence of the beam envelope or from magnetic field deflection. Micro-structured targets directly correlate a point on the
The experiments show that the highest energy protons atarget surface to the corresponding point on the detector.
emitted in the central, high density portion of the sheathThis allows not only for the determination of the real source
distribution, and thus, are emitted at larger angle. Figure 3ize, but also for the divergence angle for different ion
shows the change in source size for different proton enerenergies, and finally the point where the ions “seem” to
gies in a typical experiment. The actual source size ixome from the virtual source point. The idea is depicted in
much bigger than the one obtained using penumbral imagrigure 4. Due to the fact that the protons propagate in almost
ing techniques, but consistent with recent measurementsraight lines from the source to the detector, and that the
using charged particle beam imaging of the acceleratingattern is well reproduced, backward ray-tracing can deter-
sheath with laser accelerated proton beams. Comparing theine a point from where the protons seem to originate. The
source size for different laser systems, it is interesting tgoint is determined by the initial shape of the proton layer at
note that there seems to be a clear correlation between thbke beginning of the acceleration. Despite a lack of direct
energy of the protons, compared to their maximum energyhysical meaning, it is interesting to note that this point is
and the source size. This correlation is almost independeraiways located in front of the target at a distance of between

Intensity [a.u.]

Source size [um]

Source size

Divergence NAY S/

Virtual Origin

Fig. 4. Basic concept of the detailed ion beam analysis.
Based on micro-structured beams and a direct correla-

R he sh fthe sheath fr . Ivsi tion between source and image the shape of the sheath
econstruct the shape of the sheath from 1mage analysis can be reconstructed.
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ions for strong reduction of dry friction and increased durabil-
ity. Laser Part. Beam4&4, 443—448.

BoORGHESI, M., CAMPBELL, D.H., ScHiaVI, A., WILLI, O., MACKIN-

NON, A.J., Hicks, D., PATEL, P., GizzI, L.A., GALIMBERTI, M.
& CLARKE, R.J. (2002. Laser-produced protons and their
application as a particle probeaser Part. Beam20, 269-275.

CLARK, E.L., KRUSHELNICK, K., ZEPF, M., BEG, F.N., TATARAKIS,

M., MACHACEK, A., SANTALA, M.LLK., WATTS, 1., NORREYS,

P.A. & DANGOR, A.E. (2000. Energetic heavy-ion and proton
generation from ultraintense laser-plasma interaction with sol-
ids. Phys. Rev. LetB5, 1654-1657.

CowaN, T.E., Fucsas, J.,, RunL, H., KEmMpP, A., AUDEBERT, P,

Fig. 5. (left) Astigmatic laser focus on a smooth 48n thick Au target
at ~4 x 10'® W/cn? (right) Distribution of protons in RCF in this
experiment.

50-200um. Finally it is also interesting to note that the
overall shape of the ion beam also can be modified by direct

RoTH, M., STEPHENS, R., BARTON, 1., BLAZEVIC, A., BRAMBRINK,

E., COBBLE, J.,, FERNANDEZ, J., GAUTHIER, J.-C., GEISSEL, M.,
HEGELICH, M., KAAE, J., KARSCH, S., LE SAGE, G.P., LETZRING,

S., MANCLOSSI, M., MEYRONEINC, S., NEWKIRK, A., PEPIN, H.

& RENARD-LEGALLOUDEC, N. (2004. Ultralow emittance,
multi-mev proton bemas from a laser virtual-cathode plasma
acceleratorPhys. Rev. LetB2, 204801.

laser imprint. Using strongly astigmatic foci we could changePEUTsCH, C. (2004. Penetration ofintense charged particle beams

the shape of the ion beam as can be seen in Figure 5.

in the outer layers of precompressed thermonuclear fizsier
Part. Beam=2, 115-120.

Fucss, J., CowaNn, T.E., AUDEBERT, P., RUHL, H., GREMILLET,

4. CONCLUSION

L., KEmp, A., ALLEN, M., BLAZEVIC, A., GAUTHIER, J.-C.,
GEISSEL, M., HEGELICH, M., KARscH, S., PARKS, P., RoTH,

The transport of large amount of energetic electrons through \j | spntoxu, Y., STEPHENS, R. & CampBELL, E.M. (2003.

laser irradiated targets is important for many applications in

Spatial uniformity of laser-accelerated ultrahigh-current MeV

ultra-intense laser-matter interaction. Laser accelerated, low electron propagation in metals and insulatésys. Rev. Lett.

emittance ion beams that are driven by the energetic elec-

91, 255002.

tron component can give important additional informationHaserotH, H. & Hivr, C.E. (1996. Multicharged ion sources for
about the physics of the electron transport due to the sensi- Pulsed accelerator®ev. Sci. Instr67, 945-949.
tivity of the electron density distribution. Using the tech- HEGELICH, M., KARSCH, S., PRETZLER, G., Hass, D., WITTE, K.,

nigue of micro-structured targets and comparing experiments
at different laser systems, we investigated the shape of the

electron density distribution, the laminarity of the sheath

evolution, resulting in a low ion beam emittance, and they

electron beam transport break-up in isolating targets. The
results show a high degree of similarity between the differ-

GUENTHER, W., ALLEN, M., BLAZEVIC, A., FUCHS, J., GAUTHIER,
J.-C., GEISSEL, M., AUDEBERT, P., CowaN, T.E. & RoTH, M.
(2002. MeV ion jets from short-pulse-laser interaction with
thin foils. Phys. Rev. Let89, 085002.

OFFMANN, D.H.H., BLAZEvIC, A., NI, P., RosMmEJ, O., ROTH,

M., TAHIR, N., TAUSCHWITZ, A., VARENTSOV, D., UDREA, S.,
WEYRICH, K. & MARON, Y. (2005. Present and future perspec-

ent laser systems even though the energy, intensity, and the tives for high energy density physics with intense heavy ion and

target thickness has been varied up an order of magnitude.

laser beamd.aser Part. Beam&3, 47-53.

This indicates the transport and acceleration mechanism tdoNruBIA, J.J., ANTONICCI, A. & MoRrENo, D. (2004. Hybrid
be quite robust versus a change in the parameter, whereas it Simulations of fast electron transport in conducting media.

is very sensitive to a change in the target conductivity.

Laser Part. Beam&2, 129-135.
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