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Proton spectra from ultraintense laser–plasma interaction with thin foils:
Experiments, theory, and simulation
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A beam of high energy ions and protons is observed from targets irradiated with intensities up to
531019 W/cm2. Maximum proton energy is shown to strongly correlate with laser-irradiance on
target. Energy spectra from a magnetic spectrometer show a plateau region near the maximum
energy cutoff and modulations in the spectrum at approximately 65% of the cutoff energy. Presented
two-dimensional particle-in-cell simulations suggest that modulations in the proton spectrum are
caused by the presence of multiple heavy-ion species in the expanding plasma. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1592154#
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I. INTRODUCTION

Charged particles accelerated up to energies of sev
MeV have been observed from laser–plasma interactions
more than 20 years. Early experiments with long pulse~sev-
eral nanoseconds! lasers incident on thin foils and wires a
the Los Alamos National Laboratory Helios facility observ
protons and multiple charge states of carbon accelerate
to velocities of 109 cm/s ~corresponding to energies up
;0.5 MeV).1 It was shown that these protons and carb
ions are present regardless of target material due to hy
carbon contaminants inside the vacuum system.2 The accel-
eration mechanism was shown to be the result of an elec
static field due to charge separation in the underdense re
of the expanding plasma. The maximum ion acceleration
related strongly with hot electron temperature.

In the past several years, the rapid development
short-pulse, ultraintense lasers3 opened the door to the new
field of relativistic laser–plasma interactions. Recent exp
ments4,5,8–13 with foil targets showing the acceleration o
protons up to energies of 58 MeV, and heavier charged
ticles up to hundreds of MeV. Various mechanisms have b
proposed to explain the observed results, such as pond
motive acceleration from the front surface of the target4,5

electrostatic sheath acceleration from the back surface o
target8,9,10 or a combination of the two.6

When laser intensities begin to exceed;1018 W/cm2,
electron oscillations in the laser electric field become rela
istic. In this regime, various linear and nonlinear lase
plasma processes~such as vacuum heating, self-focusing,J
3B forces! can generate electron temperatures in the M

a!Electronic mail: mallen@nuc.berkeley.edu
3281070-664X/2003/10(8)/3283/7/$20.00
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range and drive electrons through the solid density region
the target.7

In the model presented by Hatchettet al.,8 of the elec-
trons that penetrate the back surface of the target, only a
can actually escape. The rest are pulled back by the pos
potential the target has acquired and oscillate through
target while drifting transversely. At a snapshot in time, th
hot electron cloud resembles a sheath on the rear surfac
the target. The resultant electric field due to this sheath
strong enough to field ionize and accelerate ions from
rear surface into vacuum. This mechanism, now referred
as Target Normal Sheath Acceleration~TNSA!, is described
in greater detail by Refs. 8 and 9. It is beneficial to rest
Hatchett’s and Wilk’s explanation that this model diffe
from the early long-pulse mechanism in that the laser pu
is so short, that the electrostatic sheath is created by the
electrons while the rear surface of the target is still cold. T
allows for a strong charge separation over a small sc
length, which produces a strong electric field given by

uEu'
kThot

elD
, ~1!

wherelD5(«0kThot/e
2ne)

1/2 is the standard electron Deby
length. Typical hot electron temperatures and densities
kThot ;2 MeV andne;1019 cm23 lead to a Debye length o
lD;3 mm and an electric fieldE.1012 V/m. If contami-
nants are present on the rear surface, they will be field i
ized and accelerated normal to the surface of the target.
electric field will continue to accelerate ions until the ele
trons have sufficiently cooled~by adiabatic cooling or by
accelerating ions! such that the Debye length becomes eq
to the ion scale length,lD5l ion5cst, wherecs is the ion
sound speed andt is time. At this point, the hot-electron
Debye length is equal to the local ion scale length, an
3 © 2003 American Institute of Physics
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FIG. 1. Experimental setup showing
RCF stack, magnetic spectrometer
and Thomson parabolas used to dete
ions from rear surface of laser-target
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strong charge separation no longer exists; the charged
ticles drift at the velocity they have acquired.

In this paper, we report on electron and proton spec
observed from the interaction of an ultraintense laser pu
with thin foils. Section II describes the experimental set
and the diagnostics used to detect charged particles. Ex
mental results such as electron and proton spectra,
presented in Sec. III. In Sec. IV, we discuss the data,
present a 2D simulation that agrees well with the experim
tal results.

II. EXPERIMENTAL SETUP

The experiments were performed at the 100 TW la
facility of the Laboratoire pour l’Utilisation des Lasers In
tenses~LULI !. The laser system is capable of deliverin
pulses of 30 J in 300 fs at a wavelength ofl51.058mm.
The pulses were focused onto thin foils at normal incide
by an f/3 off-axis parabola with a 1/e2 focal spot size radius
of 8 mm, producing an intensity on target of up to
31019 W/cm2. A pedestal of amplified spontaneous em
sion ~ASE! was present from 2 ns before the main pulse a
level of 1027 of the main pulse intensity. Laser targets f
the experiments presented here were either Au or Al foils
thickness varying from 10mm up to 48mm. On occasion an
additional layer of CH~tens of Å thick! was added to the
back of the foil target toseedproton yield.

The experimental setup shown in Fig. 1 shows the o
entation of the three primary diagnostics used for ion de
tion. A stack of radiochromic film is placed 5–7 cm behin
the target to record the angular distribution of the emit
proton beam.11 Radiochromic film~RCF! is a dosimetry film
that measures radiation dose, in this case from the pro
energy deposition. The RCF stack is protected from ta
debris by a 13mm thick Al foil, while a slit in the RCF stack
provides an unobstructed line of sight to the target from
proton spectrometers and Thomson parabolas. The mag
spectrometers described in Ref. 12 can be mounted in e
0° ~spectrometer A! or 13° ~spectrometer B! to the normal of
the target rear surface, at a distance of approximately
from the target. Permanent 5 kG magnets disperse cha
particles~protons or electrons! according to their momentum
on to KODAK Direct Exposure Film~DEF! wrapped in pho-
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tographic paper that blocks visible light. Using nuclear em
sion track detectors in conjunction with the film showed th
the response function of electrons in DEF is linear with
tensity over the range of observation.12 Recommendations
when using DEF to diagnosis protons are discussed in S
III. The minimum detection threshold of the magnetic spe
trometers is 3 MeV for protons and 0.2 MeV for electron

A 1.8 mm35.0 mm collimator in the spectrometers wa
used to achieve high resolution in the direction of dispersi
At a distance of 1 m from target chamber center, this gav
solid angle of ;931026 sr. Spectra from the magneti
spectrometers were deconvolved from the rectangular a
ture function by the nonlinear method described by Jans
in Ref. 14.

Spectra of various charge states of ions heavier than
tons were obtained by Thomson parabolas using a nuc
track detector, CR-39, to record the ions.13

III. EXPERIMENTAL RESULTS

Figure 2 shows a scan of the DEF and correspond
electron spectrum from spectrometer A. This particular las
shot was of 24.6 J on a target of 20mm Au with 50 Å CH on
the back surface. Analytically, the hot-electron temperat
can be estimated by the ponderomotive potential of the la
pulse, kTH;Up;1 MeV3(Il2/1019 W/cm2 mm2) in the
relativistic regime. With respect to LULI laser paramete
this giveskTH;2.6 MeV. Fitting a Boltzman distribution
N(Ee);exp(2Ee/kTH), to our measured electron spectru
gives a best fitkTH;2.1 MeV in good agreement with th
predicted value.

The proton film data and corresponding spectra show
Fig. 3 are typical and highly repeatable results for a medi
energy laser shot~22.2 J! on a metallic target of;50mm
thickness. Modulations in the density distribution are visib
as lines in the images of the data in the inset.

The maximum cutoff energy decreases at angles gre
than normal incidence. At 13°, the maximum energy w
approximately 70% of the cutoff energy observed from p
tons at normal incidence. Figure 4 plots the proton cut
energy in spectrometer B relative to spectrometer A aga
the laser energy for different laser shots. Over the range
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 2. LULI shot #6261751a. Elec-
tron film from magnetic spectrometer
An experimental fit ofkTh;2.1 MeV
agrees well with theoretically pre-
dicted electron temperature.
of

er

ls
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t
r

20–30 J of laser energy, the ratio of the maximum cut
energies is approximately constant.

Figure 5 plots the dependence of ion energy againstIl2

(W cm22 mm2), including only data from the spectromet
at 0°. The observed correlation between ion energy andIl2

is consistent with recent experiments involving short pu
Downloaded 29 Sep 2003 to 130.183.90.19. Redistribution subject to A
f

e

lasers15 and earlier experiments from high irradiance, nan
second, 10.6mm laser plasma interactions.2 Clark et al. re-
port a scaling of Emax}(Il2)0.4 up to irradiances of
1018 W cm22 mm2 and a scaling ofEmax}(Il2)0.5 beyond
1018 W cm22 mm2 when the oscillation velocity of the fas
electrons becomes relativistic.15 The best least squares fit fo
a-

t.
3°,
FIG. 3. Proton spectra from LULI shot #06261651. L
ser energy was 22.2 J, and laser-target was 48mm Au
120 Å CH. Proton film is shown in the figure inse
Spectrometer A and spectrometer B are at 0° and 1
respectively to the back of the target.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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our data wasEmax}(Il2)0.5, which gave a chi-squared pe
degree of 0.44. This is consistent with results previously
ported.

The proton spectra presented in Fig. 3 show modulati
in the distribution. These modulations are more clearly s
on a linear scale as shown in Fig. 6. The spectrum prese
in Fig. 6 shows three distinct areas of interest: a plateau n
the high energy cutoff, a peak near 9 MeV~labeled A! and
another peak near 5 MeV~labeled B!.

The plateau that appears near the high energy cuto
the spectrum is sometimes sharply peaked, and believe
be an indication of an initial scale length density profile
the back surface. The protons that exist between the n
tively charged Debye sheath and the positively charged
ternal ion-sheet, will have the same acceleration and con
ute to bunching at the high energy cutoff.8

The peak labeled A in Fig. 6 appears on the data in
range 7–10 MeV. Of the 54 proton spectra recorded dur

FIG. 4. Ratio of maximum proton energy at zero degrees to that achie
at 13°.

FIG. 5. Fit of maximum proton energy as a function ofIl2 to a power law
gives a dependence ofEmax}(Il2)0.5.
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the experiment, 17~approximately 30%! have distinguish-
able modulations similar to that shown in the figure. Mod
lations in this region of the proton spectrum have not be
observed previously at this energy, and are thought to be
effect of heavier ions also accelerated from the back surf
of the target. The heavier ions, in this case, are vari
charge states of carbon which are present on the target o
form of hydrocarbon contaminants.

The Thomson parabola recorded the acceleration
heavier ions from targets with typical levels of hydrocarb
contamination and those that had been heated to rem
protons.13 Table I shows the yield of each ion species in t
case of a heated and unheated target aluminum. The va
listed for the unheated target are used as the relative con
trations of the carbon ions for the PIC code developed
model this effect, which is described more extensively
Sec. IV.

The spectral line marked B in Fig. 6~the strong line at 5
MeV!, is due to ranging out of protons in the second layer
DEF. The peak arises because the film has a thin emul
layer of approximately 13mm on both sidesof a plastic
substrate that is approximately 185mm thick. Using the
chemical composition of DEF,16 and adding the chemica
composition of the paper used to protect the film fro
light leaks, TRIM calculations showed that protons rea
their Bragg peak in the back layer of emulsion between 4
5.2 MeV.

ed
FIG. 6. Proton film data and spectrum of LULI shot #06282048. La
energy was 21.1 J, and laser-target was a 48mm Au foil. Two distinct lines
are visible in the spectrum. Line A is thought to be due to the presenc
carbon ions. Line B is due to protons reaching their Bragg peak in
second emulsion layer of DEF.

TABLE I. Concentration of accelerated ions for a heated and unhe
aluminum target.

Protons C51 C41 C31 C21 C11

Unheated 1E12 2.2E9 2.3E10 2.4E10 1.8E10 1.3E
Heated ;8E10 4.5E9 1E11 5.7E10 3.3E10 2E10
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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There is a slight indication of another line between tho
labeled A and B, but its proximity to the line at 5 MeV mak
it difficult to distinguish from the background noise of th
film.

Using nuclear emulsions behind the DEF allowed cr
calibration for exact proton counting. Integrating the ar
under the spectrum shown in Fig. 6 above 5 MeV wh
calibration is exactly known, gives a proton yield of 1.7
31011. Fitting the curve to a single exponential dec
@N(E)}e2E/E0# gives the temperature of the spectrum to
E054.7 MeV. Using this, we can calculate the average
ergy per proton,̂ E&57.7 MeV, which translates into 21
mJ of energy or 1.0% of laser energy for this shot conver
into kinetic energy of protons.

IV. THEORECTICAL MODEL AND DISCUSSION

Here we present a 2D particle-in-cell~PIC! simulation
that incorporates multiple ion species for short-pulse, hi
intensity laser–plasma interactions. The target is a thin
foil of thickness 7mm. The target ions are almost immobil
on the time scales of the simulation, due to their large m
In front of the foil, is a preformed-plasma with scale leng
near critical density of approximately 3mm. This differs
slightly from the actual experiment where a preplasma
scale length;30mm existed up to 100mm in front of the
target. On the back surface of the target, we put a 100 Å
layer. The target is fully ionized initially and the populatio
of carbon charge states is set to C41:C31:C21:C11

55:3:2:1 based on the experimental results.13

The laser pulse is at normal incidence to the target w
a peak intensity of 231019 W/cm2. The laser pulse was
specified asp-polarized which is significant in a 2D simula
tion since the local angle of incidence is subject to chang
the plasma surface is deformed. The total pulse duratio
about 300 fs with a Gaussian profile. The transverse profi
also Gaussian and its 1/e2 spot size is set to 5mm. The
simulation time continued for an additional 150 fs after t
pulse was switched off to observe the final proton energ

Figure 7 shows the 2D PIC simulation results. The sim
lation parameters are not exactly those of the experiment
to computational limitations. However, they are close enou
to see the detail of proton acceleration in multispecies exp
sion in the present energy range. The plot of Fig. 7~a! shows
the ionsX–VX phase-space plots after laser irradiation. A
species of the carbon ion charge states are completely s
rated in space at this final stage, and the electrostatic field
distinguishable peaks at the ion expansion fronts as
cussed in Ref. 17. The final energy of the C41 ions is re-
duced to approximately one-half of the expected energy fr
the charge-mass ratio, due to the presence of protons a
expansion front. Similarly, the acceleration of the lower c
bon charge states is reduced by the presence of the h
charge state species.

The proton energy spectrum at the end of the simula
~450 fs! is shown in Fig. 7~b!. The low energy cutoff in the
spectrum arises because the protons are completely deta
from the target surface. It is an interesting artifact of t
simulation, but is not meant to show agreement with
Downloaded 29 Sep 2003 to 130.183.90.19. Redistribution subject to A
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low energy cutoff in the presented data. As mentioned abo
the magnetic spectrometer had a lower detection thresho
3 MeV.

Although the slope of the spectrum in the simulation~6
MeV! is slightly higher than the experimental result~4.7
MeV!, the spectrum in the simulation has similar modu
tions to those of the experimental result shown in Fig. 6
has been shown computationally, that a proton spectrum
exhibit a monoenergetic peak at the deuteron-ion front in
overlapped multispecies expansion from a thick target.17 In
the present case, however, the protons are completely s
rated from the other ion species. Although these modulati
in the simulated spectrum are small, they are not the resu
numerical noise. The observed modulations are attribute
multispecies effects described below.

The maximum proton energy in the simulation~10 MeV!
is smaller than that of the experiment~12 MeV!. It is known
that the maximum ion energy depends on the hot elec
temperature, namely, the laser intensity9 but it also depends
on the target thickness and the preplasma scale length18 both
of which are smaller in the simulation than in the expe
ment. It is also possible that the protons have not reac
their maximum energy in the 350 fs for which the simulati
is run.

To see the details of acceleration process, we perform
a 1D PIC simulation using the same parameters, with
slightly higher laser intensity of 531019 W/cm2. Two types
of thin layers were simulated, the first consisting of pure

FIG. 7. 2D-PIC simulation results.~a! Phase plotsX–Vx of ions and longi-
tudinal profile of the electrostatic field observed at 370 fs. The bro
line indicates the initial CH layer surface.~b! The proton energy spectrum
at 450 fs.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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protons and the other of a C–H mixture. Figure 8 shows
longitudinal profile of the electrostatic field and the io
phase plot early in time, at the start of the acceleration p
cess. In the case of the pure proton layer@Fig. 8~a!#, the
electrostatic field,Ex , has one strong peak at the proto
expansion front. Therefore, the protons at the front are
ways accelerated more than those directly behind the fr
So the spectrum exhibits no bunching. They are simply
panding both in real-space and energy-space. Alternativ
in the case of the CH mixture, a peak inEx appears in the
middle of the proton distribution due to the presence of
carbon ions. In this case, the protons near the peak inEx are
accelerated more than those near the dip ofEx @Fig. 8~b!#.
From this, we infer that the presence of the peak inEx near
the middle of the expansion is responsible for the obser
bunching in the spectrum.

Figure 9 shows the time evolution of the proton ener
spectrum from the CH layer. Modulations in the proton sp
trum are visible att5130 fs, approximately eight laser per
ods later in time from the spectra shown in Fig. 8. After t
protons move ahead of the carbon ion fronts, they are ac
erated continuously to higher energies and then drift in sp
after leaving the region of the electrostatic field. The lat

FIG. 8. ~1D-PIC! The longitudinal electrostatic field profile with the io
phase plots att5105 fs in the case of~a! pure proton layer and~b! CH
mixture. The broken lines indicate the initial thin layer location. The el
trostatic fields are cycle averaged in a one laser oscillation period to rem
the high frequency component~high frequency component does not affe
the ions!.

FIG. 9. ~1D-PIC! The time evolution of the proton energy spectrum in t
case of a CH layer~0.01mm!.
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time spectra shown in Fig. 3, demonstrate the structure
printed on the protons initially, remains as the protons th
mally expand during propagation.

Here, we simply estimate the expected position
bunching in the spectrum. Imprint occurs very early in tim
during the acceleration. At that time, the ion accelerat
simply depends on the particle’s charge-mass ratio, of H1 to
C41. The accumulation of protons occurs at the dip of t
electrostatic field, which appears around the middle of
expansion fronts of H1 and C41, cf. Fig. 8~b!. Assuming the
protons and carbon ions are accelerated in the identical fi
we can find the velocity of the bunching position,

VPbunch

VPmax
5AS 11

qc

e

M

Mc
DY2, ~2!

whereVPbunchandVPmax are the proton velocity of the bunc
and the maximum respectively, ande,M (qc ,Mc) are the
proton’s~carbon’s! charge and mass. Therefore the energy
the bunch is expected as

EPbunch

EPmax
5S 11

qc

e

M

Mc
DY2. ~3!

Under the current parameters using the charge and mas
C41, the bunch’s energy is expected to be approximat
65% of the maximum proton energy. This agrees well w
the simulation results. The strong line, labeled A, in the e
perimental data of Fig. 6 appears at 9 MeV, which is close
the 8.5 MeV predicted by Eq.~3!. It may be possible that a
small amount of higher charge state carbons, C51, contribute
to pushing the bunch to a slightly higher energy.

V. CONCLUSION

We have shown that the maximum energy of proto
appears to be correlated with laser-irradiation scaling
Emax}(Il2)0.5 and decreases at angles greater than nor
incidence. Total number of protons with energy above
MeV is .1011 protons per shot, which is at least a 1% co
version efficiency of the laser energy.

We have also shown experimental evidence of visi
modulations in proton spectra. Lines around the 9 M
(61 – 2 MeV) range appear on the film in approximate
30% of the shots. We believe them to be caused by the p
ence of multiple ion species. Carbon ions, present on
target in the form of contaminants, can enhance the acce
ating electric field in the region of the carbon ion front. Th
effect on the electric field may be evident in the form
visible lines that appear in proton spectra at a percentag
the maximum proton energy. The experimental observati
agree well with PIC models that show the structure imprin
on the protons initially, remains as the protons thermally
pand during propagation.

Clearly understanding the effect heavy ions have on p
ton acceleration will enhance our understanding of the ac
eration mechanism. The possibility exists for shaping
proton spectrum by doping targets with various concen
tions of heavy ions. If the proton spectrum could be e
ciently shaped at specific energies instead of a continu

-
ve
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energy spread, applications such as medical isotope pro
tion and proton injector schemes for conventional parti
accelerators could become more feasible.
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