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A beam of high energy ions and protons is observed from targets irradiated with intensities up to
5% 10'° W/cn?. 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 plas2@03cAmerican
Institute of Physics.[DOI: 10.1063/1.1592154

I. INTRODUCTION range and drive electrons through the solid density region of
the target.

Charged particles accelerated up to energies of several In the model presented by Hatchettal.? of the elec-
MeV have been observed from laser—plasma interactions farons that penetrate the back surface of the target, only a few
more than 20 years. Early experiments with long péts-  can actually escape. The rest are pulled back by the positive
eral nanosecongidasers incident on thin foils and wires at potential the target has acquired and oscillate through the
the Los Alamos National Laboratory Helios facility observedtarget while drifting transversely. At a snapshot in time, this
protons and multiple charge states of carbon accelerated umt electron cloud resembles a sheath on the rear surface of
to velocities of 18 cm/s (corresponding to energies up to the target. The resultant electric field due to this sheath is
~0.5MeV)! It was shown that these protons and carbonstrong enough to field ionize and accelerate ions from the
ions are present regardless of target material due to hydrgear surface into vacuum. This mechanism, now referred to
carbon contaminants inside the vacuum systéfhe accel- as Target Normal Sheath AcceleratifiNSA), is described
eration mechanism was shown to be the result of an electrdn greater detail by Refs. 8 and 9. It is beneficial to restate
static field due to charge separation in the underdense regidnatchett's and Wilk's explanation that this model differs

of the expanding plasma. The maximum ion acceleration corfrom the early long-pulse mechanism in that the laser pulse
related strongly with hot electron temperature. is so short, that the electrostatic sheath is created by the hot

In the past several years, the rapid development oglectrons while the rear surface of the target is still cold. This

short-pulse, ultraintense lasémpened the door to the new allows for a strong charge separation over a small scale
field of relativistic laser—plasma interactions. Recent experilength, which produces a strong electric field given by
mentd>8-13 with foil targets showing the acceleration of KThot

protons up to energies of 58 MeV, and heavier charged par- |E|~ enn 1)
ticles up to hundreds of MeV. Various mechanisms have been °

— 2 1/2 5
proposed to explain the observed results, such as ponder\f')\’-here)\D_(‘gok-rh"t/e Ne) ™ is the standard electron Debye

motive acceleration from the front surface of the tafiget ength. Typical hot electron temperatures and densities of

~ 1019 A3
electrostatic sheath acceleration from the back surface of t %Thm 2 MeV andn, 101. C.m Iea%ltf a Debye Iength_ of
targeb®1%0r a combination of the twb. p~3um and an electric fiel&E>10" V/m. If contami-

When laser intensities begin to exceed 0!® Wicn?, nants are present on the rear surface, they will be field ion-

o . o . ized and accelerated normal to the surface of the target. The
electron oscillations in the laser electric field become relativ- o ) . . )
-~ : . i . . electric field will continue to accelerate ions until the elec-
istic. In this regime, various linear and nonlinear laser—

: : trons have sufficiently cooletby adiabatic cooling or by
plasma processesuch as vacuum heating, self-focusidg, L
: ccelerating ionssuch that the Debye length becomes equal
X B forceg can generate electron temperatures in the Me . B A . .
to the ion scale length\p=\;;n=Ct, Wherec, is the ion

sound speed and is time. At this point, the hot-electron
Electronic mail: mallen@nuc.berkeley.edu Debye length is equal to the local ion scale length, and a
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strong charge separation no longer exists; the charged paegraphic paper that blocks visible light. Using nuclear emul-
ticles drift at the velocity they have acquired. sion track detectors in conjunction with the film showed that
In this paper, we report on electron and proton spectrdhe response function of electrons in DEF is linear with in-
observed from the interaction of an ultraintense laser pulséensity over the range of observatithRecommendations
with thin foils. Section Il describes the experimental setupwhen using DEF to diagnosis protons are discussed in Sec.
and the diagnostics used to detect charged particles. Expetll. The minimum detection threshold of the magnetic spec-
mental results such as electron and proton spectra, ateometers is 3 MeV for protons and 0.2 MeV for electrons.

presented in Sec. lll. In Sec. IV, we discuss the data, and A 1.8 mmx5.0 mm collimator in the spectrometers was
present a 2D simulation that agrees well with the experimenused to achieve high resolution in the direction of dispersion.
tal results. At a distance of 1 m from target chamber center, this gave a

solid angle of ~9x 10 ® sr. Spectra from the magnetic
spectrometers were deconvolved from the rectangular aper-
ture function by the nonlinear method described by Jansson

The experiments were performed at the 100 TW lasein Ref. 14.
facility of the Laboratoire pour I'Utilisation des Lasers In- Spectra of various charge states of ions heavier than pro-
tenses(LULI). The laser system is capable of delivering tons were obtained by Thomson parabolas using a nuclear
pulses of 30 J in 300 fs at a wavelength)of 1.058um. track detector, CR-39, to record the ids.
The pulses were focused onto thin foils at normal incidence
by an f/3 off-axis parabola with a &7 focal spot size radius
of 8 um, producing an intensity on target of up t0 5 || EXPERIMENTAL RESULTS
X 10'° W/en?. A pedestal of amplified spontaneous emis-
sion (ASE) was present from 2 ns before the main pulse ata Figure 2 shows a scan of the DEF and corresponding
level of 107 of the main pulse intensity. Laser targets for electron spectrum from spectrometer A. This particular laser-
the experiments presented here were either Au or Al foils oshot was of 24.6 J on a target of 2@n Au with 50 A CH on
thickness varying from 1@m up to 48um. On occasion an the back surface. Analytically, the hot-electron temperature
additional layer of CH(tens of A thick was added to the can be estimated by the ponderomotive potential of the laser-
back of the foil target tseedproton yield. pulse, kTy~U,~1MeVxX (IN%/10" W/en? um?) in the

The experimental setup shown in Fig. 1 shows the ori+elativistic regime. With respect to LULI laser parameters,
entation of the three primary diagnostics used for ion detecthis giveskTy~2.6 MeV. Fitting a Boltzman distribution,
tion. A stack of radiochromic film is placed 5—-7 cm behind N(E.) ~exp(—E./kTy), to our measured electron spectrum
the target to record the angular distribution of the emittedgives a best fikT;~2.1 MeV in good agreement with the
proton beant! Radiochromic flm(RCP is a dosimetry film  predicted value.
that measures radiation dose, in this case from the proton The proton film data and corresponding spectra shown in
energy deposition. The RCF stack is protected from targefig. 3 are typical and highly repeatable results for a medium
debris by a 13um thick Al foil, while a slit in the RCF stack energy laser shof22.2 J on a metallic target of~50 um
provides an unobstructed line of sight to the target from thehickness. Modulations in the density distribution are visible
proton spectrometers and Thomson parabolas. The magnets lines in the images of the data in the inset.
spectrometers described in Ref. 12 can be mounted in either The maximum cutoff energy decreases at angles greater
0° (spectrometer por 13° (spectrometer Bto the normal of than normal incidence. At 13°, the maximum energy was
the target rear surface, at a distance of approximately 1 rapproximately 70% of the cutoff energy observed from pro-
from the target. Permanent 5 kG magnets disperse chargedns at normal incidence. Figure 4 plots the proton cutoff
particles(protons or electronsaccording to their momentum energy in spectrometer B relative to spectrometer A against
on to KODAK Direct Exposure FilniDEF) wrapped in pho- the laser energy for different laser shots. Over the range of

Il. EXPERIMENTAL SETUP

Downloaded 29 Sep 2003 to 130.183.90.19. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 10, No. 8, August 2003

Proton spectra from ultraintense laser—plasma interaction . . .

3285

ot s S (R A (A S B e A A e SELE s i s e
30 low energy high energy -
electrons electron tail g
i
n 25 -
=
c o
> 20 -
_Q' J FIG. 2. LULI shot #6261751a. Elec-
= kT ~2.1 MeV tron film from magnetic spectrometer.
K 15 hot ™~ ] An experimental fit ok T,~2.1 MeV
L agrees well with theoretically pre-
- 10k dicted electron temperature.
S~
Z
© 5|
0 2t
slidlala i loadaded st tgdeiloy b Lol
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Electron Energy (MeV)

20-30 J of laser energy, the ratio of the maximum cutofflasers® and earlier experiments from high irradiance, nano-

energies is approximately constant. second, 10.6um laser plasma interactioA<Clark et al. re-
Figure 5 plots the dependence of ion energy agdiknst port a scaling of Ep,(IN)%4 up to irradiances of

(Wem™ 2 um?), including only data from the spectrometer 10 Wem™2 um? and a scaling ofE,,(1N%)%° beyond

at 0°. The observed correlation between ion energylad 10 Wem ™2 um? when the oscillation velocity of the fast

is consistent with recent experiments involving short pulseelectrons becomes relativistit The best least squares fit for

spectrometer A 5_”' V 5.
spectrometer B l‘*’ A Y ‘
1E11 5 ——spec A
1 Y N e spec B
('*;-; 1 FIG. 3. Proton spectra from LULI shot #06261651. La-
S ser energy was 22.2 J, and laser-target wagdBAU
g 1E10': +20 A CH. Proton film is shown in the figure inset.
) Spectrometer A and spectrometer B are at 0° and 13°,
E 1 respectively to the back of the target.
st !
s
2 1E94
w 2
o ]
o
o
1E8'I"I'I'I'I'Il'l’l‘l'l
0 2 4 6 8 10 12 14 16 18 20
Proton Energy (MeV)

Downloaded 29 Sep 2003 to 130.183.90.19. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



3286 Phys. Plasmas, Vol. 10, No. 8, August 2003 Allen et al.

12 . , v .
T T T T 5E10 ) , .
=9 X4

o 101 | B specb=%ofspeca | _ v
o ] & 4E10 |
[ ] S x-ray image
% Q of aperture
e 0.8+ - s
% | { { ] @ 3E10| -
5 o
o 054 E % 4 I
=~ o
a 1 = 2E10} .
3 g

0.4 .
% i
'% o 1E10} -
X 02- 4 ®
3
(3]

0E10 . . . . : L
0.0 . . . . v r . . . 2 4 6 8 10 12 14 16

20 22 24 26 28 30
Laser Energy (Joule)

Proton Energy (MeV)

. . . FIG. 6. Proton film data and spectrum of LULI shot #06282048. Laser
FIG. 4. Ratio of maximum proton energy at zero degrees to that achlevegnergy was 21.1 J, and laser-target was a#8Au foil. Two distinct lines

at1se. are visible in the spectrum. Line A is thought to be due to the presence of
carbon ions. Line B is due to protons reaching their Bragg peak in the
second emulsion layer of DEF.

our data wasE,<(IN%)%5 which gave a chi-squared per
degree of 0.44. This is consistent with results previously re-
ported.

The proton spectra presented in Fig. 3 show modulation
in the distribution. These modulations are more clearly see
on a linear scale as shown in Fig. 6. The spectrum presente
in Fig. 6 shows three distinct areas of interest: a plateau nealy
the high energy cutoff, a peak near 9 Medbeled A and of the target. The heavier ions, in this case, are various
another peak near 5 Meifabeled B. . .charge states of carbon which are present on the target on the

The plateau that appears near the high energy cutoff Brm of hydrocarbon contaminants.
the spectrum is sometimes sharply peaked, and believed to The Thomson parabola recorded the acceleration of
be an indication of an initial scale length density profile ONpeavier ions from targets with typical levels of hydrocarbon
the back surface. The protons that exist between the N€93ontamination and those that had been heated to remove

tively charged Debye sheath and the positively charged in: rotons™® Table | shows the yield of each ion species in the

ternal |on—sh§et, will havg the same acceleration and COmr't}c;ase of a heated and unheated target aluminum. The values
ute to bunching at the high energy cutbff.

Th K labeled A in Fia. 6 the data in th listed for the unheated target are used as the relative concen-
€ peak ‘abele In F19. © appears on the aata In NG»i5ns of the carbon ions for the PIC code developed to
range 7-10 MeV. Of the 54 proton spectra recorded durlngnodel this effect, which is described more extensively in
Sec. IV.
—— 17— The spectral line marked B in Fig.(éhe strong line at 5
25 4 - MeV), is due to ranging out of protons in the second layer of
I ] DEF. The peak arises because the film has a thin emulsion
1 layer of approximately 13um on both sidesof a plastic
I’I I » substrate that is approximately 18om thick. Using the
ji/ { 1 chemical composition of DE¥ and adding the chemical
// i 4 composition of the paper used to protect the film from
light leaks, TRIM calculations showed that protons reach
their Bragg peak in the back layer of emulsion between 4.8—
5.2 MeV.

the experiment, 17approximately 30% have distinguish-
able modulations similar to that shown in the figure. Modu-
tions in this region of the proton spectrum have not been
served previously at this energy, and are thought to be the
ect of heavier ions also accelerated from the back surface
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TABLE |. Concentration of accelerated ions for a heated and unheated
aluminum target.

Ll T 1 M T v 1 v T v
1E19 2E19 3E19 4E19 5E19 6E19
Protons  G* cHt c3t c?t ctt

Laser Irradiance (W/cm® pm’)
Unheated 1E12 2.2E9 23E10 2.4E10 1.8E10 1.3E10

FIG. 5. Fit of maximum proton energy as a functionlaf to a power law Heated ~8E10 4.5E9 1E11 5.7E10 3.3E10 2E10
gives a dependence &,,,<(IA%)°5.
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There is a slight indication of another line between those  0.14
labeled A and B, but its proximity to the line at 5 MeV makes
it difficult to distinguish from the background noise of the 012
film.

Using nuclear emulsions behind the DEF allowed cross
calibration for exact proton counting. Integrating the area §
under the spectrum shown in Fig. 6 above 5 MeV where =
calibration is exactly known, gives a proton yield of 1.77 0.06 |
X 10!, Fitting the curve to a single exponential decay
[N(E)xeE/Eo] gives the temperature of the spectrum to be ~ 0.04 {
Eo=4.7 MeV. Using this, we can calculate the average en-
ergy per proton{E)=7.7 MeV, which translates into 218 0.02
mJ of energy or 1.0% of laser energy for this shot converted
into kinetic energy of protons.

0.1

0.08 i

0373

.(b)
400 F ™
IV. THEORECTICAL MODEL AND DISCUSSION )

Here we present a 2D particle-in-céPIC) simulation
that incorporates multiple ion species for short-pulse, high-
intensity laser—plasma interactions. The target is a thin Au
foil of thickness 7um. The target ions are almost immobile,
on the time scales of the simulation, due to their large mass.
In front of the folil, is a preformed-plasma with scale length 100 , , . . . .
near critical density of approximately @m. This differs 3 4 5 6 7 8 9 10
slightly from the actual experiment where a preplasma of Proton Energy [MeV]
scale length~30 um existed up to 10Qum in front of the _ _ _ ,
target. On the back surface of the target, we put a 100 AC FICC‘E_. 7. 2D—I_3IC simulation result§a) I_Dhase plotX-V, of ions and longi-

; e i ) inal profile of the electrostatic field observed at 370 fs. The broken
layer. The target is fully ionized initially and the population jine indicates the initial CH layer surfacé) The proton energy spectrum
of carbon charge states is set to*'@C3*:C?*:C'*  at450fs.
=5:3:2:1based on the experimental resufts.

The laser pulse is at normal incidence to the target with
a peak intensity of X 10 W/cn?. The laser pulse was low energy cutoff in the presented data. As mentioned above,
specified agp-polarized which is significant in a 2D simula- the magnetic spectrometer had a lower detection threshold of
tion since the local angle of incidence is subject to change a3 MeV.
the plasma surface is deformed. The total pulse duration is Although the slope of the spectrum in the simulatién
about 300 fs with a Gaussian profile. The transverse profile idMeV) is slightly higher than the experimental rest.7
also Gaussian and its ef/ spot size is set to um. The MeV), the spectrum in the simulation has similar modula-
simulation time continued for an additional 150 fs after thetions to those of the experimental result shown in Fig. 6. It
pulse was switched off to observe the final proton energy. has been shown computationally, that a proton spectrum can

Figure 7 shows the 2D PIC simulation results. The simu-exhibit a monoenergetic peak at the deuteron-ion front in an
lation parameters are not exactly those of the experiment dusverlapped multispecies expansion from a thick tat§én
to computational limitations. However, they are close enougtihe present case, however, the protons are completely sepa-
to see the detail of proton acceleration in multispecies exparrated from the other ion species. Although these modulations
sion in the present energy range. The plot of Fig) 8hows in the simulated spectrum are small, they are not the result of
the ionsX-Vy phase-space plots after laser irradiation. All numerical noise. The observed modulations are attributed to
species of the carbon ion charge states are completely sepaultispecies effects described below.
rated in space at this final stage, and the electrostatic field has The maximum proton energy in the simulatid® MeV)
distinguishable peaks at the ion expansion fronts as diss smaller than that of the experimegd2 MeV). It is known
cussed in Ref. 17. The final energy of thé'Cions is re- that the maximum ion energy depends on the hot electron
duced to approximately one-half of the expected energy fromeemperature, namely, the laser intensiyt it also depends
the charge-mass ratio, due to the presence of protons at tloa the target thickness and the preplasma scale [Ehiggith
expansion front. Similarly, the acceleration of the lower car-of which are smaller in the simulation than in the experi-
bon charge states is reduced by the presence of the higherent. It is also possible that the protons have not reached
charge state species. their maximum energy in the 350 fs for which the simulation

The proton energy spectrum at the end of the simulations run.

(450 f9 is shown in Fig. ). The low energy cutoff in the To see the details of acceleration process, we performed
spectrum arises because the protons are completely detachedlD PIC simulation using the same parameters, with a
from the target surface. It is an interesting artifact of theslightly higher laser intensity of 8 10'® W/cnm?. Two types
simulation, but is not meant to show agreement with theof thin layers were simulated, the first consisting of purely

200+

6 MoV ¥

f(N) [1/250keV]

Downloaded 29 Sep 2003 to 130.183.90.19. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



3288 Phys. Plasmas, Vol. 10, No. 8, August 2003 Allen et al.

— T dip time spectra shown in Fig. 3, demonstrate the structure im-
0.04} (a) \¥ (b) printed on the protons initially, remains as the protons ther-
mally expand during propagation.

Here, we simply estimate the expected position of
bunching in the spectrum. Imprint occurs very early in time
H+ Ex || H+ Ex during the acceleration. At that time, the ion acceleration
0.02 simply depends on the particle’s charge-mass ratio, oftdd

' L C**. The accumulation of protons occurs at the dip of the
electrostatic field, which appears around the middle of the
| '/C4+ expansion fronts of M and C'*, cf. Fig. 8b). Assuming the
oS! J protons and carbon ions are accelerated in the identical field,

' | we can find the velocity of the bunching position,

150 152 154 150 152 154 v M
X/ X/ Pbunch: \/<1+_c_)/2, (2)

VPmax

0.03}

Vx/c & Ex (ab.)

0.01}

FIG. 8. (1D-PIQ) The longitudinal electrostatic field profile with the ion .
phase plots at=105 fs in the case ofa) pure proton layer andb) CH whereVppyncnandVpma,are the proton velocity of the bunch

mixture. The broken lines indicate the initial thin layer location. The elec-and the maximum respectively, amiM (q.,M.) are the

trostatic fields are cycle averaged in a one laser oscillation period to removgroton’s (carbon’s charge and mass. Therefore the energy of
the high frequency componeftigh frequency component does not affect the bunch is expected as

the ions.
M
9 ¥ /2. 3)

Epmax e M

protons and the other of a C—H mixture. Figure 8 shows theUnder the current parameters using the charge and mass of

longitudinal profile of the electrostatic field and the ions C**, the bunch’s energy is expected to be approximately

phase plot early in time, at the start of the acceleration proz . ; . .
cess. In the case of the pure proton lajBig. 8a)], the 65% of the maximum proton energy. This agrees well with

L the simulation results. The strong line, labeled A, in the ex-
electrostatic fieldE,, has one strong peak at the proton . : S
: perimental data of Fig. 6 appears at 9 MeV, which is close to
expansion front. Therefore, the protons at the front are al;

%he 8.5 MeV predicted by Ed3). It may be possible that a

ways accelerated more than those directly behind the frons.maII amount of higher charge state carbori, Gontribute

So the spectrum exhibits no bunching. They are simply ex: . 4 .
panding Ft))oth in real-space and energy-spa)::e. Alternz{ivelgsf) pushing the bunch to a slightly higher energy.
in the case of the CH mixture, a peak ki appears in the
middle of the proton distribution due to the presence of the
carbon ions. In this case, the protons near the pedk iare V. CONCLUSION
accelerated more than those near the difepfFig. 8b)]. We have shown that the maximum energy of protons
From this, we infer that the presence of the peaEjmear  gppears to be correlated with laser-irradiation scaling as
the middle of the expansion is responsible for the observe@maxx(n\z)o.S and decreases at angles greater than normal
bunching in the spectrum. incidence. Total number of protons with energy above 5
Figure 9 shows the time evolution of the proton energy\eyv is > 10 protons per shot, which is at least a 1% con-

spectrum from the CH layer. Modulations in the proton specyersion efficiency of the laser energy.
trum are visible at=130 fs, approximately eight laser peri- e have also shown experimental evidence of visible
ods later in time from the spectra shown in Fig. 8. After themqodulations in proton spectra. Lines around the 9 MeV
protons move ahead of the carbon ion fronts, they are acce{—i 1-2 MeV) range appear on the film in approximately
erated continuously to higher energies and then drift in spacggos of the shots. We believe them to be caused by the pres-
after leaving the region of the electrostatic field. The later-gnce of multiple ion species. Carbon ions, present on the
target in the form of contaminants, can enhance the acceler-
ating electric field in the region of the carbon ion front. This
effect on the electric field may be evident in the form of
visible lines that appear in proton spectra at a percentage of
the maximum proton energy. The experimental observations
agree well with PIC models that show the structure imprinted
=260 on the protons initially, remains as the protons thermally ex-
=330 fs pand during propagation.

i Clearly understanding the effect heavy ions have on pro-

I i : . ton acceleration will enhance our understanding of the accel-
0 § 10 15 20 25 30 eration mechanism. The possibility exists for shaping the
Energy [MeV] proton spectrum by doping targets with various concentra-

FIG. 9. (1D-PIC) The time evolution of the proton energy spectrum in the ti_ons of heavy ions. If _the proton SPeCtrum could be_ effi-
case of a CH layef0.01 um). ciently shaped at specific energies instead of a continuum

EPbunch_

-
o
(=)

10 |

f(N) [1/1MeV]
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