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Due to their particular properties, the beams of the multi-MeV protons generated during the
interaction of ultraintense (I .1019 W/cm2) short pulses with thin solid targets are most suited for
use as a particle probe in laser-plasma experiments. The recently developedproton imaging
technique employs the beams in a point-projection imaging scheme as a diagnostic tool for the
detection of electric fields in laser-plasma interaction experiments. In recent investigations carried
out at the Rutherford Appleton Laboratory~RAL, UK!, a wide range of laser-plasma interaction
conditions of relevance for inertial confinement fusion~ICF!/fast ignition has been explored. Among
the results obtained will be discussed: the electric field distribution in laser-produced long-scale
plasmas of ICF interest; the measurement of highly transient electric fields related to the generation
and dynamics of hot electron currents following ultra-intense laser irradiation of targets; the
observation in underdense plasmas, after the propagation of ultra-intense laser pulses, of structures
identified as the remnants of solitons produced in the wake of the pulse. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1459457#
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I. INTRODUCTION

Inertial confinement fusion~ICF! research has, on th
one hand, driven the study of many important physical p
nomena and, on the other hand, has led to the developm
of sophisticated diagnostics able to detect such proces
Diagnostic development is fundamental in order to face
continuous challenges presented by these studies. New
nostics may lead to novel interpretations of known and
explained physical phenomena, demonstrate phenomena
dicted theoretically but not possible to observe w
previously available diagnostics, or even highlight proces
not predicted by present theory. This paper will presen

a!Paper UI2 2, Bull. Am. Phys. Soc.46, 324 ~2001!.
b!Invited speaker. Electronic mail: m.borghesi@qub.ac.uk
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novel diagnostic, proton imaging,1 providing for the first
time the possibility of diagnosing electric fields in den
plasmas and laser-irradiated targets, and therefore of con
uting significantly to the advance of ICF studies. For e
ample, the possibility of accessing directly electric field d
tributions in dense plasmas may shed new light on issue
hydrodynamic and electromagnetic instabilities highly de
mental for ICF. The technique has great potential for acc
to the complex and yet unexplored electromagnetic field d
tribution in indirect drive target assemblies. In a fast ignit
context, it can contribute to the study of the electron dyna
ics and transport following ultra-intense larger-plasma int
actions, via detection of the ultralarge e.m. fields associa
to the electron motion.

This paper will illustrate how the proton imaging diag
4 © 2002 American Institute of Physics
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nostic has been employed for the first time to study a num
of dense plasma processes of interest to ICF, and in par
lar, to achieve the first electric field measurements in de
plasmas. The experiments have been carried out mainly
ing theVULCAN laser2 at the Rutherford Appleton Laborator
~UK!, but some tests have also been performed employ
the JanUSP laser3 at the Lawrence Livermore National Labo
ratory ~CA!.

II. EXPERIMENTAL PRINCIPLE AND PROTON PROBE
PARAMETERS

This technique employs protons produced during ultra
tense interactions4 to probe, in a point projection imagin
scheme, dense plasmas, and laser-irradiated targets. The
ton beam cross-section profile and spectral content wil
general undergo variations due to collision
stopping/scattering5 and to deflection/slowing down due t
electromagnetic fields. Therefore proton probing can be u
as a diagnostic of the density variations encountered a
the propagation direction of the beam. This type of diag
sis, generally called proton radiography,6 has been pursue
since the late 60s employing protons accelerated via con
tional means ~linear or cyclotron accelerators!. Laser-
produced protons have certainly great potential as a den
diagnostic in thick targets, but this is not the subject of t
paper. In the limit of thin targets~i.e., when probing targets
with thickness much smaller than the collisional stopp
distance for the protons employed!, probe beam perturbatio
will be manly due to the e.m. fields present in or around
targets. The results presented in this paper have been
tained in this limit, and therefore the technique has be
named proton imaging, both to distinguish it from what
conventionally called proton radiography and to indicate
intrinsic imaging properties of this diagnostic. As a matter
fact, the technique exploits the favorable characteristics
the multi-MeV proton beams emerging from the back of th
foils irradiated by high-intensity, short laser pulses.4 There is
presently a widespread interest in the study of the prope
of these beams and the mechanisms originating them,
several recent papers deal with these issues both from
experimental and theoretical point of view.4,7–9Although the
precise accelerating mechanisms are still the object of sc
tific debate, there is common agreement on the fact that
protons are accelerated by the electrostatic field set up by
electrons propagating into or leaving the target.

Although some general characteristics are common to
experimental observations, the detailed properties of
beams depend on the parameters of the laser used to pro
them and the characteristics of the targets employed,
careful programs of beam optimization are presently purs
by various groups. In the following, unless specifically d
clared, we will refer to the parameters of the proton bea
obtained in theVULCAN laser experiments. This laser,2 oper-
ating in the Chirped Pulse Amplification mode~CPA!, pro-
vides 1.054mm, 1 ps pulses with energy up to 100 J. Wh
focused by an F/3.5 Off-Axis Parabola~OAP!, the focal spot
varied between 8 and 10mm in diameter at full width at half
maximum ~FWHM!, containing 30%–40% of the energ
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and giving intensities up to (5 – 7)31019 W/cm2. The tar-
gets used for proton beam production were Al foils, 1–2 m
wide and 3–25mm thick. It should be remembered here th
proton beams are observed even from metallic targets~in this
case they originate from impurity layers on the targe
surface10!. The laser pulse was focused onto the center of
main target, at an angle of incidence of 15° with the tar
normal.

The proton beams produced under these conditions w
bright, typically containing more than 1012 protons with en-
ergy above 3 MeV per shot.9 The maximum energy of the
protons typically reached about 25 MeV and their spectr
could be approximated by a Boltzmann exponential withT
;3 – 4 MeV. The beams were highly directional, propag
ing along the normal to the back surface of the target w
small angular divergence~the collimation increases with th
energy, and the half-aperture of the beam is less than
above 10 MeV!.

During the experiments the source size of the pro
beam has been estimated using various methods, inclu
penumbral edge techniques. At present we estimate tha
source is smaller than 10mm diameter for energies above 1
MeV. As we will also see in the next section, it is an issue
the observed source is real or rather a virtual one~with the
protons emitted from a larger area, but with finite angu
divergence and spread!. In any case, the measured sour
size is small enough to permit the implementation of po
projection imaging schemes, and sets the spatial resolutio
the diagnostic.

The duration of the proton pulse at the source is p
dicted by the theory to be of the order of the pulse durati
Experimental evidence that it was below 5 ps has been
tained.

All of these properties are highly desirable if the prot
beam is employed as a probe pulse. The idea of proton
aging is simple~see Fig. 1!: as the proton beam originates~or
appears to! from a small source, when a thin object is plac
between the source and a detector, there will be a one-to
correspondence between the points of the object plane an
the detector plane~we assume purely geometrical propag
tion for the protons!. Distortions to this one-to-one corre
spondence can be ascribed to deflections undergone by
protons when crossing the object plane, and ultimately c
related to e.m. fields present in the object plane. The sm
source size and short duration ensure an intrinsically h
spatial and temporal resolution for the diagnostic. Reach

FIG. 1. Experimental setup for proton imaging. An intense laser pu
(CPA2) was used to produce the proton beam. In part of the campaig
second CPA pulse (CPA1) was available and focused on the object target
order to produce highly transient fields.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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comparable spatial resolution with proton beams from c
ventional accelerators would require the use of sophistica
charged particle optics, while a ps temporal resolution
definitely beyond the possibilities of applications employi
such pulses~which typically have duration in the ns range!.

The detector employed in the whole campaign consis
of a stack of several layers of radiochromic~RC! film.11 The
film used ~Gafchromic MD55! consists of 270mm thick
plastic continuing a double layer of organic dye, which rea
to ionizing radiation. The equivalent dose of energetic p
tons stopped in the film can be measured from the change
optical density undergone by the film, yielding informatio
on the number and energy of the protons. By using them
stack, each layer of film acts as a filter for the followin
layers. Since protons deposit energy mainly in the Bra
peak at the end of their range, each RC film layer spectr
selects a narrow range of proton energies. Al filters of 25mm
were placed in front of the first layer of film giving a min
mum detectable proton energy of about 3 MeV. Nuclear tr
detectors such as CR 3912 were also used to insure that th
signal observed on RC film was effectively due to proto
~and not to electrons or x-rays!.

As the detector can provide 2-D, spectrally resolved
formation about the proton intensity distribution across
beam cross-section, the broad spectral content of the b
does not represent a problem. It is actually an advant
when probing evolving field distributions. In fact, due to t
different propagation velocity of the various energy comp
nents, the protons will be spread temporally when they re
the object plane. As the detector performs spectral selec
each layer will convey information pertaining to differe
stages of the target evolution. Therefore, as it will be s
later, the technique is intrinsically multiframe.

III. STATIC IMAGING AND SOURCE INVESTIGATION

If thick solid obstacles are placed in the beam, a shad
of the object is obviously produced in the proton beam, d
to collisional stopping in the target. However, it was o
served that a shadow forms even when objects with
thicknesses much smaller than the proton penetration d
were used, for example, 5–25mm diameter Cu and Au wires
In particular, mesh arrays of wires were employed for a nu
ber of tests. The meshes were parallel to the main target,
perpendicular to the proton beam.

The shadow of a mesh formed by 25mm wires spaced
by 100 mm is shown in Fig. 2~a!, obtained with 20 MeV
protons. The distance between the proton source and
mesh wasd51 mm, while the first of the radiochromic film
layers was positioned atL522 mm from the source. The
optical density modulation observed is of the order of 0
@Fig. 2~b!#. The collisional stopping distance of 20 MeV pro
tons in Cu is about 800mm, and the collisional energy los
for such energetic protons in 25mm of Cu is justDE/E
;231022. While such a variation is too small to explain th
shadow, scattering of the protons crossing the mesh c
account for the contrast variation observed,6 and modeling is
presently undergoing.
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The observation of the mesh magnification on the det
tor provides important information on the nature of t
source. If the source was located at the plane of the tar
the magnification would be given byMG511L/d, with d
and L, respectively, the source-to-object and object-
detector distances. Detailed magnification tests were rece
carried out using JanUSP.3 It was seen that the experiment
magnificationMexp is consistently lower thanMG . We be-
lieve that this may be due to the fact that the source is virt
and placed a distancex before the target. In this case th
magnification would be given byMexp511L/(d1x) which
is smaller thanMG . The deviation of the magnification ob
served experimentally fromMG is consistent withx;400
mm. This implies that the protons are emitted from a reg
of the target significantly larger than the apparent sou
size, but with a fixed divergence, in a laminar fashion. F
example, taking an emittance half-angle of 15°~as observed
for 10 MeV protons!, the radius of the region emitting th
protons would be around 100mm.

IV. TRANSIENT FIELD MEASUREMENTS

The high temporal resolution of the diagnostic makes
ideal to study highly transient fields, such as, for examp
the ones arising from the electron dynamics following
tense, short pulse interactions. Such measurements were
ried out by exploiting the possibility of splitting theVULCAN

CPA pulse in two beams (CAP1 and CPA2!, focusable with
separate optics along separate lines. Due to setup constr
the energy content of each pulse had to be limited to 20
giving intensities of about 1019 W/cm2. The temporal sepa
ration of the two pulses could be varied on a shot-to-s
basis. The CPA2 pulse was used to produce a proton be

FIG. 2. ~a! Shadow of a 25mm wires mesh with 100mm separation, ob-
tained with 20 MeV protons onto RC film.~b! Lineout of optical density
across the shadow.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 3. Proton images of the interaction zone after irradiation with the CPA1 pulse of a 50mm Ta wire for different interaction-probing delays:~a! 215 ps;
~b! 25 ps;~c! 5 ps;~d! 15 ps;~e! 25 ps. The energy of the protons employed was 6–7 MeV. Here and in the following figures spatial scales for both th
and the image plane~between bracket! are indicated.
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from an Al foil, and the proton beam was used to pro
transversely, the interaction of the CPA1 pulse with solid tar-
gets or preformed plasmas.

Particularly dramatic effects were observed probing
interaction of the CPA1 pulse with small diameter meta
wires. Figure 3 shows proton images of the interaction wit
50 mm Ta wire. The RC film layers shown~second layers of
the RC stacks, corresponding to proton energies of 6
MeV! have been obtained in separate shots for differ
CPA1–CPA2 delays. When the proton probe arrived on targ
before the CPA2 interaction pulse~e.g.,t5215 ps, first im-
age in Fig. 3!, only the shadow of the Ta wire, thick enoug
to slow down and scatter the protons is visible, with so
small effect visible in the interaction region due to preplas
present ahead of the interaction. However, when the pr
timing approaches the peak of the interaction pulse~second
image of Fig. 3! a dramatic effect is observed, with the pr
tons being deflected away from the surface of the w
which charges up due to hot electron expulsion. The cha
is seen to decay in a few tens of picoseconds, as filamen
structures~horizontal striations! are seen to appear. The ons
of pronounced symmetrical horizontal features above and
low the interaction axis is also detected. Such structures
be related to the radial expansion of shocks following
interaction, likely presenting non-neutral regions at th
leading front.

From the proton deflection, quantitative information
the charging-up and discharge processes can be obta
This is more easily done in an even simpler geometry. In F
4 proton images taken after the ultraintense irradiation o
150mm glass micro-balloon are shown. The three images
obtained on three consecutive layers of RC in a single s
and provide an example of the multiframe property of t
diagnostic. In coincidence with the interaction, a shad
much larger than the target, appears in the image, due to
proton deflection by the outwardly directed electric field. B
matching the deflection to the calculated deflection for p
tons propagating in a Coulomb field,13 we have obtained the
first measurement of positive whole target charge-up du
the expulsion of fast electrons during the interaction.14 The
charge in Fig. 4~b! was estimated to beQ;231028 C. The
corresponding electric field at the target surface isE
;1010 V/m. A rapid discharge was observed.

On a comparable timescale, the onset of filament
structures of the target surface is observed. The filamen
structures are first seen a few picoseconds after the pea
the interaction pulse, and appear as striations extending
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wards along the normal to the target surface, even far a
from the interaction region. This is clear in Fig. 4~b! where
the filaments start to appear, and in Fig. 4~c!, where they
have fully grown. In Fig. 4~c! the filaments are seen bot
side-on and face-on~as a speckled pattern inside th
shadow!. The transverse wavelength of the modulation
about 10mm and is more or less constant over the who
field of observation.

The observations are consistent with the growth, at
surface of the target, of an electromagnetic heat-fl
instability,15 arising in presence of two counterstreaming c
rents. The electrothermal instability,16 which takes place in
presence of counter-streaming flows of collisionless hot e
trons and cold collisional electrons, is particularly relevant
our experimental conditions. In fact, such a situation w
take place at the surface of the laser-irradiated target w
some of the fast electrons ejected during the interaction fl
back into the solid away from the focal spot region~‘‘foun-
tain effect’’17!, and an opposite cold electron current is draw
from the target to maintain neutrality. As the instabili

FIG. 4. Proton images taken following CPA; irradiation of a 150mm glass
micro-balloon. The original size and position of the target are indicated
the black circle in Fig. 4~c!. Each picture refers to subsequent RC film laye
~i.e., different proton energyEp and different probing delayDt from the
interaction!: ~a! Ep;8 MeV, Dt;23; ~b! Ep;6 – 7 MeV, Dt;4 ps; ~c!
Ep;3 – 5 MeV,Dt;15– 20 ps.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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causes magnetized filamentation of both hot and cold
rents, the effect is imprinted on the proton beam via
associated electric fields, transverse to the filaments. The
stability grows at the target surface and the perturbations
transported out by the expanding plasma. Essentially
magnetic fields are frozen into the ablating plasma. Re
ence 16 provides order of magnitude scaling laws~which are
independent from the intensity of the hot electron flux! for
the growth ratea and the transverse wavelengthl of the
modulation, i.e., a@s21#52.831028 n0Z/ATe

3/2, l@m#
52.4131010 Te

2AA/n0Z. n0 and Te are density and tem
perature of the cold electrons,Z and A charge and atomic
number of the target material. For example, by using
density of solid glass (n0;531028 m232), Z and A for Si
~main constituent of the glass target! and Te5500 eV, one
obtainsa21;15 ps andl;5 mm, of the order of the obser
vations.

Proton probing of the field structures arising after t
interaction of the ultraintense CPA1 pulse with preformed
plasmas was also carried out. The plasmas were produce
exploding thin plastic foil~0.3 mm thick! with two 1 ns,
0.527 mm laser pulses at a total irradiance of about
31014 W/cm2. The delay between plasma formation and
teraction was typically 1 ns.

The main feature observed in the proton images was
onset of several bubblelike structures following closely
interaction. A proton image of the plasma recorded 45
after the CPA1 interaction, and obtained with 8 MeV proton
is shown in Fig. 5. Four to five bubblelike structures a
clearly visible at the center of the plasma. A large struct
with radius of approximately 50mm is seen at the center o
the picture, with other five smaller structures tightly pack
around it. The structures are first observed in coincide

FIG. 5. ~a! Proton image taken~using 8 MeV protons! 45 ps after the CPA1
interaction with an underdense preformed plasma.
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with the interaction. No structures have been clearly o
served at later times. The ‘‘bubbles’’ correspond to une
posed regions of the RC film, i.e., regions of the proton be
cross section from which protons have been evacuated
the aerial density of the matter crossed by the beam is in
nificant compared to the stopping range of the protons e
ployed, it is reasonable to assume that the bubbles are
served in correspondence of plasma regions where local
electric field, with a component transverse to the pro
propagation direction, are present. The region where
bubbles are present extend for about 300mm in the trans-
verse direction and for about 150mm in the longitudinal
direction. They are therefore observed even far away fr
the interaction axis and the vacuum focal spot region
should be noted that in similar interaction condition
break-up of the laser beam in several filaments diverging
wide angles has been observed.18 This causes fractions of th
laser energy to be spread as far as 150mm from the propa-
gation axis in the plasma central plane. It is therefore reas
able to assume that the spatial scale of the area occupie
the bubbles in the proton images is consistent with the
mension of the turbulent region left by the laser pulse in
central part of the plasma.

Spherical structures, which we believe can explain o
observations, have been predicted by recently publis
particle-in-cell simulations. The simulations, studying t
propagation of ultraintense laser pulses through underde
plasmas, have shown the appearance of a number of sol
in the wake of the laser pulse.19 By solitons, here we mean
small cavitated regions of plasma in which part of the e
radiation is trapped as an effect of frequency downshifting
the energy-depleted e.m. wave. These structures, origin
with size of the order of the collisionless electron skin dep
tend to expand and merge together, originating ‘‘bubble
substantially larger than the initial size~post-solitons!.20 The
post-solitons contain a radial, outwardly directed, elect
static field. The effect of this field on protons propagati
through the bubbles will be to deflect them and create cir
larly shaped shadows in the proton density distribution
observed in the experiment. Analytical calculations, PIC a
particle tracing simulations have been used to support
interpretation, and will be the subject of a forthcomin
paper.21 A first estimate, based on simple proton tracing
guments, of the maximum field inside the central bubble
Fig. 5 yields 53109 V/m.

V. FIELD MAPPING IN LONG-SCALE PLASMAS

Proton probing can be employed as an important a
novel diagnostic in conventional direct drive ICF. In order
investigate its potentialities, proton imaging of long-sca
laser-produced plasmas of interest to ICF was also p
formed. The proton beam was produced as usual from a
mm Al foil, and the secondary target also consisted of a
mm Al foil. The plasma was formed by irradiating the 25mm
Al foil with a 527 nm laser pulse. The pulse had a flat-t
intensity profile and duration of 600 ps. The pulse was
cussed with an f/10 lens and the focal spot was modifi
from shot to shot in size and intensity profile by changing
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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focussing of the lens and by inserting phase zone pl
~PZP! in the beam.22 Typical irradiances on target were o
the order of 1014– 1015 W/cm2. Probing was performed bot
face-on and side-on~i.e., respectively, with the proton propa
gation axis parallel or perpendicular to the plasma symm
axis!. Additional information on the plasma was obtained v
transverse interferometry measurements using a 266 nm
beam with ps duration. Figure 6 presents two RC film lay
corresponding to a proton energy of 17.6 MeV. Figure 6~a!
shows a face-on image of a solid target with no plasma:
folding structures are due to the internal dynamics of
accelerating processes.23 The presence of the target in th
line of sight ins not detected because the areal density of
mm Al foil is too low to affect significantly the ion beam
Figure 6~b! presents a face-on image taken at the peak of
plasma-forming laser pulse: in this case the protons go
through the plasma are displaced or scattered by the
fields present in the plasma. The recorded image cle
shows the footprint of these processes on the proton b
cross section. Comparison of these images with interfe
grams taken in similar conditions indicates that geometr
magnification holds for our imaging technique~within the
limits pointed out in Sec. II!. The structures and modulation
imprinted on the ion beam must reflect the electromagn
field distribution present in the plasma during the interacti
setup by electron motion under the effect of the laser pu

The temporal evolution of the observed structures w
recorded by changing the delay between the plasma form
pulse and the CPA pulse. Images taken at the early stag
the laser interaction show the formation of these structu
which become fully developed toward the end of the pul
Soon after the laser pulse is gone, the structures disap
and the image closely resembles the one when no plasm
present. Side-on images show that the structures extend
the solid density far out into the coronal region. When t
irradiation conditions of the target were changed, disti
modifications on the recorded ion pattern were observed
dicating a close relationship between the fields experien
by the protons and the laser intensity profile. Face-on ima
show a fine structure made of cells, the size of which va
with the properties of the focal spot. The presence of a P
introduces a fine-scale regular modulation on the laser
file, which is transferred to the e.m. fields structures ins
the plasma and subsequently detected by the ion beam.

FIG. 6. Beam cross section for 17.6 MeV protons after propagation:~a!
through a 25mm Al coil foil, ~b! through a long scale plasma formed b
long pulse laser irradiation of the 25mm Al foil.
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matter of fact, side-on shots also revealed a regular mod
tion in image intensity when PZPs are used.

Although several processes~laser imprint, heat-flow in-
stabilities, parametric instabilities! can in principle be re-
sponsible for structures such as those mapped by the pr
probe, it is presently unclear which amongst these is
dominant process. Modeling is presently undergoing with
aim of reconstructing the field distribution producing th
structures observed, and individuate the dominant proc
causing them. Preliminary analysis using a 2-D charg
particle tracer, has been carried out. By assuming tub
E-field structures, like the ones that could be induced
laser hot spots, it has been found that E-fields of the orde
53108 V/m are required to reproduce patterns similar
those observed.

VI. CONCLUSION

Proton imaging is a diagnostic with enormous poten
for the investigation of fundamental plasma physics pro
lems, which were difficult~or even impossible! to explore up
to now. By using this diagnostic, for the first time measu
ments of transient electric fields in dense plasmas have b
obtained, determining their evolution on a picosecond sc
with micron spatial resolution. While extracting the fie
generating the proton pattern is relatively straightforward
simple geometries, the interpretation of more complex p
terns, as those caused by propagation through long-s
laser-driven plasmas, will require use of numerical tools,
cluding particle tracing, PIC, and hydrodynamic codes. D
tailed analysis and modeling is presently undergoing.
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