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Measurement of highly transient electrical charging following high-intensity
laser—solid interaction
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The multi-million-electron-volt proton beams accelerated during high-intensity laser—solid
interactions have been used as a particle probe to investigate the electric charging of microscopic
targets laser-irradiated at intensityl0'® W cn?. The charge-up, detected via the proton deflection
with high temporal and spatial resolution, is due to the escape of energetic electrons generated
during the interaction. The analysis of the data is supported by three-dimensional tracing of the
proton trajectories. €2003 American Institute of Physic§DOI: 10.1063/1.1560554

During the interaction of ultraintense laser pulses withA second laser pulse with the same characteristics was fo-
matter, a considerable fraction of the laser energy is coneused onto a separate target, and the protons were used to
verted into highly energetic charged particlédn particular,  probe this interactiofsee Fig. 1 The delay between the two
beams of multi-million-electron-volt protons are generatedaser pulses could be varied optically. The angle between
during the interaction of ultraintense short pulses with thinproton beam and interaction beam propagation directions
solid targets. These beams have exceptionally interestingwas approximately 75°.
propertiessmall source size, low divergence, short duration, ~ The protons were emitted from the rear of the target with
large number densijywith respect to application develop- small angular divergendd0°—15° half-apertue cut-off en-
ment. ergy of about 10 MeV, and a Boltzmann spectrum with

lon beams produced from conventional accelerator-1.5MeV. The proton source had an apparent diameter
sources have been used in the past for radiographigmaller than 10um. This was determined via penumbral
applicationd and for the detection of small amplitude elec- edge measurements and imaging of static objects via mul-
tric fields in laser-produced plasm&groton beams from
ultraintense laser—foil interactions, by allowing two-

dimensional(2-D) mapping with unprecedented spatiahd EU:

temporal resolution, advance enormously the potential of —

particle probing applications. Recently, their use as a particle

probe has led to the observation of structures identified as L Proton beam
remnants of post-solitons following relativistic laser—plasma T

. : . . ) . arget
interactions. In this letter, the detection of highly transient

electric charging following ultraintense laser-pulse interac- ¢ I —

tion with solid targets is discussed.

The experiment was carried out at the VULCAN laser *

Al foil CPA,

facility, Rutherford Appleton LaboratorgRAL). The proton
beams(originating from hydrocarbon impurities located on
the target surfacesvere produced by irradiating thin Al foils
with a 20 J, 1-ps laser pulse at an intensity of°1\/ cm™2.
CPA»>
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Ppresent address: Dipartimento di Energetica, UnivetSif@oma “La Sa- FIG. 1. Experimental arrangement for proton probing of ultraintense laser—
pienza”, 00161 Roma target interactions.
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tiple scattering. The proton probe was used in a point-
projection imaging arrangement with magnificatigndeter-
mined by M=1+L/¢, with L=25cm and{=2 mm,
respectively, the object-to-detector and source-to-object dis-
tances. The protons were detected using a stack of MD 55-
Gafchromic™ radio-chromic filnf€ (RCF, a dosimetric de-
tecton, protected by a 22#m Al filter. In each RCF, two
15-um layers of organic dye, separated by about 449 are
embedded in 27Qim-thick plastic. The dye reacts to ioniz-
ing radiation by changing its optical density. The two active
layers can be separated mechanically after exposure.

Since protons deposit energy mainly in the Bragg peak at
the end of their range and the number of the protons de-
creases with their energy, the signal on each active layer is
mainly due to protons having energies within a narrow range.
At any given distance from the proton beam axis, about 50%
of the signal in an active layer is due to protons within an
energy rangeSE,, of the order of 0.5 MeV.

The spatial resolution of the diagnostic is determined by
two factors, the sizé of the proton source and the widfis  FIG. 2. Proton images taken during laser irradiation of guf0-Ta wire.
of the point spread function of the deteci@nainly due to The fram_es are three active layers from the same shot and refer to different
scattering near the end of the proton randée latter can be grtof'fs’lzt'g]ss(b??ff,{ﬂg‘\j iei"ikfg t;‘se ('g)teEr?Etg",\‘A g\bﬂaffﬂi%'\ggv’
determined, via Monte Carlo simulatiohsto be &s
~_20 pum for a proton energ¥,~7 MeV. The spatial reso- due to the rising edge of the putSean be estimated to be in
lution is thgrefore of the order oAs~max (d,05M). For the 10°~107 W/cn? range.

M=>10, AS_'S thergfgre better than 16m. o By matching the observed proton deflection to 2-D

The ultimate limit of the temporal resolution is given by paticle-tracing results, the temporal evolution of target
the duration of the proton burstat the source. According 10 charge and electric field can be inferred. The field at the
the models 7is of the order of the laser-pulse durationl  target surfacdat the position indicated by the arrow in Fig.
ps). However, in the conditions of the measurements re9) varies between 1%10°V/m in Fig. 2(b) and 2.0
ported here, other effects are dominant. In particular, the fix 10'° v/m in Fig. 2(c). After 20—30 ps, no deflection is
nite energy resolution of the active layers and the finite tranobserved, meaning that the maximum field is less thdh
sit time of the protons through the region in which the fieldsx 108 v/m.
are present limit the resolution to several picosecaeds., Figure 3 shows proton images taken, again in a single
4-5 ps for the layer corresponding Eg=7 MeV). shot, after ultraintense irradiation of a glass microballoon.

Energy dispersion provides the technique with an intrin-Even in this case, the protons are deflected away from the
sic multiframe capability. In fact, since the sample to be
probed is situated at a finite distance from the source, protons
with different energies reach it at different times. As the de-
tector performs spectral selection, each active layer contains,
in first approximation, information pertaining to a particular
temporal delay.

Under favorable conditions(i.e., when collisional
stopping/scattering of the protons in the sample is negli-
gible), this technique showed unique capabilities for the de-
tection of the onset and decay of highly transient electromag-
netic fields. In Fig. 2, proton images takén a single shot
after ultraintense irradiation of a 50m Ta wire are shown.

In the earliest frame the proton beam intensity cross section
is undisturbed, apart from the collisional shadow of the target
and some perturbations visible around the interaction area,
due to the plasma created by the pre-pulse. In layers shown
in Figs. 4b) and Zc), corresponding to proton transit
through the target close to the peak of the interaction pulse,
the proton beam cross section is modified dramatically. Folgi. 3. Proton images taken following laser irradiation of a 150-glass
lowing the expulsion of hot electrons during the interaction,microballoon. The original size and position of the target are indicated by
the wire charges up positvely and deflects the protons awale *J e 178 & Lo pEie e o sbscauert s e
from its surface. The charge-up starts between 5 and 10 RRak of the interaction pulse (a E,~8MeV, At~—2ps; (b) E,
ahead of the peak of the pulse, when the intensity on target7 Mev, At~1.5 ps;(c) E,~4.5 MeV, At~15 ps.

(a) - (b)
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from the target, leaving it positively charged. The subsequent
fast electron motion is therefore affected by the Coulomb
potential of the target. While a fraction of the electrons has
enough energy to escape from this potential, lower energy
electrons will reach a maximum distance and move back into
the target. Estimates for the escaped fraction in conditions
consistent with the experimental observations indicate that
about 35% of the electrons can escape, while typical return
times for the trapped electrons are of the order of a fraction
of a picosecond. Therefore, the charge detected in the experi-
ment is only due to the electrons that have escaped the elec-
trostatic potential. The measured cha@e 108 C corre-

sponds to~ 10 electrons leaving the target. If one takes 1
'l"!* MeV as an indicative energy for the escaping electrons, they
N would carry about 1% of the laser energy. These numbers are
0 20 40 consistent with reported experimental measureménts.

Time [ps] The target’s charge grows as long as the instantaneous
FIG. 4. Particle tracing simulation results. (a), (b), and(c), the optical Ia}ser intensity is increased, since electrons with higher ene,r-
density distribution expected in the corresponding detector layers of Fig. &ies are produced and are able to leave the target. The dis-
after propagation of the proton beam in the field of a discharging micro-charge observed following the peak of the interaction pulse
nrion o epmienl o e et s st . oSt lkely due to charge redistiuton In he target and
f(lﬁ.r]sq:onse of each activg layer to p?otons o?different energy. Feanséows ﬁfalk SL_'ppor“T‘g it. The observation of targgt neutralization
the charge evolution inferred from electrostatic considerations from the exVia redistribution of charge on such short time scales pro-
perimental datdpoints, and the dynamic function used in the simulation vides a further example of the fundamental physical pro-
(line). cesses that can now be investigated using the proton imaging
diagnostic.

target by an outwardly directed electric field. The experimen- [N conclusion, proton probing techniques have enormous
tal deflection can be matched to the predicted deflection foPotential for the diagnosis of fundamental physical problems,
protons propagating in the Coulomb field of a static charge!Vhich were impossible to explore up to now. By using this
By using this method, the target's charge, and consequentfiagnostic, the measurement of the large, highly transient
the electric field near the surface, can be estimated at variog@d€ctric fields due to charging of laser-iradiated targets has
times, as shown in Fig.(@). By taking, for example, the been obtained, determining their evolution on a picosecond
layer of Fig. 3c), the deflection is consistent wit@~1.5  Scale.

X108 C, giving again a field of about 1dV/m near the
target surface.
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