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Direct spectroscopic observation of multiple-charged-ion acceleration by an intense
femtosecond-pulse laser
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We have observed evidence of the emission of energetic He-and H-like ions of fluorine more than 1 MeV
produced via the optical field ionization~OFI! from a solid target irradiated by an intenseI 5(2 – 4)
31018 W/cm2 ~60 fs,l5800 nm), obliquely incidentp-polarized pulse laser. The measured blue wing of Hea ,
Heb , and Lya lines of fluorine shows a feature of the Doppler-shifted spectrum due to the self-similar ion
expansion dominated by superthermal electrons with the temperatureTh;100 keV. Using a collisional
particle-in-cell simulation, which incorporates the nonlocal-thermodynamic-equilibrium ionization including
OFI, we have obtained the plasma temperature, line shape, and maximal energy of accelerated ions, which
agree well with those determined from the experimental spectra. The red wing of ion spectra gives the
temperature of bulk plasma electrons.@S1063-651X~99!05009-6#

PACS number~s!: 52.40.Nk, 52.50.2b, 41.75.Jv
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I. INTRODUCTION

Plasmas with extreme parameters produced by very
tense short pulse lasers are being intensively studied for
last decade as sources of energetic particles from x-
g-ray photons to MeV multiple-charged ions and positro
@1–9#. For ion acceleration, several experiments have in
cated emission of energetic ions@7–9#. Thus, characteriza
tion of ions through measurements such as their energy
tribution and comparison with the theory and calculation
extremely important to clarify the mechanism of ion acc
eration as well as to determine future prospect of its ap
cation. For measurements of plasma conditions such as
perature and density, time and space resolved x
spectroscopy of multiple-charged ions is very informat
@2#. In this paper, we demonstrate the possibility of using
Doppler-shifted spectrum of multiple-charged ions for dire
measurement of energetic ion emission from short-pu
laser-produced plasmas.

At high laser intensitiesIl2.1018W mm2/cm2, a consid-
erable portion of the absorbed laser energy is coupled to
emission of energetic ions@3–7#. First, energetic electron
are produced through nonlinear interaction between inte
laser and plasma, which create strong electrostatic field
the surface of the plasma to drive its fast expansion. T
energy distribution function of ions and efficiency reflect t
conditions of short-pulse laser-produced plasmas. Am
this, the ionization process on the target surface beco
important for dynamics and kinetics of the plasma. It h
been predicted that optical field ionization~OFI! and plasma-
induced field ionization can have an effect on the energ
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ion emission@6# via enhancement of charges of accelera
ions in the low-density corona plasma where collisional io
ization is not efficient. To understand the ion emission p
cess and its role in the plasma energy balance, a direct m
surement of the ion charge and ion energy distributions
needed. In this paper, a first direct time-integrated spec
scopic measurement of multiple-charged-ion accelera
from a solid plasma irradiated by a femtosecond-pulse la
is reported. A clear blue wing in the spectrum lines of t
3p-1s, 2p-1s of He-like and 2p-1s of H-like ions of fluo-
rine in the direction of plasma expansion are observed.
result displays the presence of MeV ions in the plasma
rona with a distributionN;exp(2v/CS), with the ion sound
velocity CS determined by the superthermal electrons
about 100-keV temperature. This agrees well with the res
of a collisional particle-in-cell~PIC! simulation also given
below.

II. EXPERIMENT

The experiments were performed with the UHI10 las
@10,11#, which was designed to generate 10-TW ultrash
pulses~60 fs! at 10 Hz. It employs the standard chirpe
pulse-amplification technique. Titanium-Sapphire rods
used as a laser medium and the operating wavelength o
system is 790 nm. In order to produce such high-power
trashort pulses with a good contrast, first, the low-ene
ultrashort pulse~linearp polarized! is stretched up to 300 p
by an aberration-free Offner stretcher. The pulse energ
about 1.8 J after four stages of amplification. Second,
compression is performed in a vacuum chamber directly c
nected to the experimental chamber. The contrast, meas
with a high dynamic cross correlator is about 1025 at 1 ps.
The post and prepulses amplitudes are less than 1025. Total
energy in the laser pulse was about 800 mJ. The 80-
diameter laser beam was focused with anf /2.35 off-axis

y,
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parabolic mirror onto a solid teflon (CF2)n target, which was
placed at 45° to the direction of the incident laser. The 1e2

focal spot radius measured in vacuum was about 20–30mm,
giving a laser intensity on the target (2 – 4)31018W/cm2,
respectively.

The diagnostic setup is shown in Fig. 1. Spatially resolv
x-ray spectra of fluorine in the 13.7–17.2-Å spectral ran
were obtained using the focusing spectrometer with spa
resolution—two-dimensional@12–15#. Two large aperture
(15350 mm) spherically bent mica~2D in the first order of
reflection is about 19.91 Å! crystals with a 150-mm radius o
curvature were placed in different experiments at the d
tances 250–290 mm from the plasma. They covered Br
angles from 30° up to 46° that allowed us to receive spe
of He-like ions~F VIII ! and Lya of H-like ~F IX%. Theoretical
spectral resolutionl/dl for such a type of spectrometer g
ometry could be more than 10 000, but in the experim
reported herein it was limited to about 2000–3000, due to
limitation of the rocking curve of the crystal for such lon
wavelengths@16#. The first spectrometer was mounted

FIG. 1. Scheme of the experiment.
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such way~10° to the target surface! that spectrally resolved
x-ray images were obtained in the direction of propagation
the laser with about a 20-mm spatial resolution due to th
focusing properties of spherically bent crystal. The seco
spectrometer had spatial resolution along the target sur
and was placed perpendicular~90°! to the target surface~see
Fig. 1!. Spectra were recorded on RAR 2492 film. The fi
holder was protected by two layers of 0.8-mm polypropylene
filters coated with 0.2mm of Al on both sides.

The results of a time-integrated measurement of Ha ,
Hea , and Heb line spectra of fluorine are shown in Fig
2–4. All spectra recorded in the direction perpendicular
the target surface show a strong asymmetrical feature in c
trast to the spectra recorded in the direction parallel to
target surface. We believe that the blue wing of the spe
are produced by Doppler-shifted radiation of energetic io
emitted from the target. From the theory of long pulse la
and plasma interaction and numerical simulation it is w
known that ions are accelerated over MeV by an electrost
field generated by superthermal electrons@17#. We make an
estimation of hot electron temperature in the plasma ass
ing that the velocity distribution of ions under such accele
tion is close to the self-similar distribution@18#,

N~v !'N0 exp~2v/CS!, ~1!

whereCs5(ZT/Mi)
1/2 is the ion sound velocity withT elec-

tron temperature,Z andMi are the charge and mass of ion
respectively. The Doppler line shape for the distribution
Eq. ~1! has the following form,

S~l2l0!}exp~2ul2l0u/lS!, ~2!

wherels5l0CS /c. Upon fitting the Hea and Heb spectral
lines by distribution~2! with ls as a parameter, we can de
termine the ion sound speed for the blue and red parts of
e.
FIG. 2. Time-integrated spectral intensity of the 2p-1s line of H-like fluorine ions~a! parallel and~b! perpendicular to the target surfac
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FIG. 3. Time-integrated spec
tral intensity of the 1s2p-1s2 line
of He-like fluorine ions~a! paral-
lel and ~b! perpendicular to the
target surface.
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spectra and then the temperature of electrons domina
plasma expansion. Thus from the blue part of the spectra
find TB(Hea)5105 keV and TB(Heb)5112 keV. These
agree well with the temperature of the superthermal electr
followed from the well-known approximation@19,20#,

Th530~ Il2/1017 W mm2/cm2!1/3~Tc , keV!1/3 in keV,

whereTc is the temperature of the bulk plasma. This equ
tion givesTh5110 keV for the laser parameters above. T
same procedure for the red part of the spectra and for
spectra recorded along the target surface gives the temp
ture TR51.5– 2 keV, which might correspond to the bu
plasma temperatureTc .

III. CALCULATION

To reveal the process of ion acceleration under a s
pulse laser, we employ a method based on the collisio
ng
e

ns

-
e
e
ra-

rt
al

electromagnetic PIC to explore the dynamics of a solid d
sity fluorine plasma irradiated by a femtosecondp-polarized,
obliquely incident pulse laser. The method incorporates
Langevin equation to account for elastic collisions and
non-LTE average ion model for plasma ionization includi
the ionization due to the laser as well as plasma field. T
method conforms to a direct solution of the Fokker-Plan
equation. The details of the method can be found in@21#. To
solve the Maxwell equations, we use the two waves appro
mation @21#. In this way we correctly treat the collisiona
absorption, vacuum heating, anomalous skin effect, and r
nance absorption for an obliquely incident laser pulse in
laboratory reference frame. We include ionization proces
in the PIC simulation by allowing the change of compu
tional particle~CP! charges. A change in the charge of CP
representing plasma electrons is calculated by the stan
electron balance equation in a ‘‘kinetics’’ cell, which in
cludes many cells. The OFI is included as a process of s
t
FIG. 4. Time-integrated spectral intensity of the 1s3p-1s2 line of He-like fluorine ions~a! parallel and~b! perpendicular to the targe
surface.
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cessive ionization whose probability depends on the elec
field strengthE and ionization potential of the average ionI Z
in a ‘‘kinetics’’ cell according to@22,23#

nE54vA~ I Z!5/2
EA

EL
expS 2

2

3
~ I Z!3/2

EA

EL
D , ~3!

where I Z is the ionization potential in Ry for an ion,EA
5m2e5/\4, vA5me4/\3, andEL is the laser field strength
To conserve energy, we add the effective atomic currenjA
to the Maxwell equations following@24# and assuming tha
the Ohmic heating due to this current must be equal to
energy loss for the field ionization,

jAE5sAE25I Z11n~ I Z11 ,E!NZ , ~4!

where sA is an effective atomic conductivity andn is the
field ionization probability. The current components are c
culated then asjA5sAE. The atomic current is used sel
consistently in the Maxwell equations along with the plas
current. The average charge of every CP representing io
used in the equation of motion.

The 1–2/2D relativistic electromagnetic PIC code w
the square current and charge weighting is used to calcu
the interaction of an intense obliquely incidentp-polarized-
pulse laser with a solid plasma. Collisions are computed
an effective force after calculation of the velocity and po
tion of CPs. The calculation with movable ions is carried o
for the fluorinelike solid target with the stepwise initial de
sity distribution. The initial temperature of the plasma is
eV, the ion chargeZ51, andN05Ne5Ni5531022cm23.
The laser intensityI 5(124)31018W/cm2, at l5800 nm
~maximaleE0 /mvc is equal to 0.9!, is chosen to be constan
during the laser pulse, and the pulse duration is 60 fs.
time step is set to 0.03/vpl

0 , wherevpl
0 is the initial plasma

frequency. The number of CP’s isN553104 per 1mm of
the plasma. Two boundary conditions are used at the sha
side of a simulation box of 4-mm length. First is the tota
absorption of particle energy at the boundary and the sec
corresponds to a foil with a thickness of 2mm.

We find that the absorption efficiency of the 60-fs pu
laser is about 12% at intensityI 51018 W/cm2 and about
10% at 431018W/cm2 on a solid target. This increases up
18 and 15% for a foil with thickness of 2mm, respectively.
The vacuum heating, constrained by the ponderomo
force, dominates the absorption rate@25#. Plasma parameter
at ~a! I 5231018W/cm2 and~b! I 5431018W/cm2 after the
laser pulse~after 60 fs! are presented in Figs. 5 and 6.~In the
following figures, electron and ion densities are measure
N0 .) The spatial distribution of the ion density and charg
are presented in Fig. 5. Due to the vacuum heating ther
no essential compression of the ion as it is in the case
normal incident-pulse laser@5#. The accelerated ions ar
mainly F81 ~H-like! ions at I 5231018W/cm2 and F91 at
I 5431018W/cm2 because of rapid ionization by the field
Inside the plasma, ions are mainly produced by collisio
ionization, whereas in the surface region of the plasma O
dominates. To verify the appearance of He-like and H-l
ions among other accelerated ions, we make an estimatio
the OFI by using Eq.~3!. The time of ionization up to He-
like ions by the field ~for Li-like ion of fluorine I Z
ic
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5185 eV) is less than 10 fs for laser intensity of 1018W/cm2.
The time of field ionization for He-like ions is longer tha
the laser-pulse duration at this intensity. It means that ion
the plasma corona are rapidly ionized up to He-like a
H-like states by the laser field. The OFI also lessens the le
population of accelerated H- and He-like ions during the
ser pulse. The field ionization from 2s and 2p levels of F81

takes 10 fs, so that the Hea and Heb emissions by accelerate
ions can appear only due to the pumping by hot electr
after laser pulse and, hence, represent the ion velocity di
bution after laser pulse. The calculated plasma ionizatio
in good agreement with the estimation. In the skin layer
lower intensity there are H-like and He-like ions while ion
in the bulk plasma are F51 ions. Ionization waves are clearl
seen in the bulk of the plasma. We assume that these w
are a result of the return current in the bulk plasma. Hav
lower energy than beamlike fast electrons produced by
vacuum heating and ponderomotive force, electrons in
return current can ionize more efficiently. For higher inte
sity there are fully ionized fluorine ions in the skin laye
while ions in the bulk plasma are F71 ~He-like! ions. The
spatial distribution of the electron temperature is shown
Fig. 6. The maximal electron temperature is about 1.3 k
for lower intensity and increases only up to 1.7 keV f
higher intensity because the laser energy deposited to
electrons is rapidly spread over the plasma. The elec

FIG. 5. Spatial ion density and charges distribution in the so
target after laser pulse~a! I 5231018 W/cm2 and ~b! I 54
31018 W/cm2.
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temperature in the skin layer obtained from the PIC simu
tion is close to the temperature evaluated from the red w
of the spectra under assumption of the Doppler broaden

The spatial distribution of accelerated ions after la
pulse is presented in Fig. 7. The velocity is close to a lin

FIG. 7. Spatial distribution of velocity and density of accele
ated ions after laser pulse from the solid surface atI 54
31018 W/cm2. The fitting curve is the self-similar ion density wit
the ion sound speedCh at Th5100 keV.

FIG. 6. Spatial distribution of the plasma temperature after la
pulse in the solid target~a! I 5231018 W/cm2 and ~b! I 54
31018 W/cm2.
-
g
g.
r
r

distribution with the exponential density profile that corr
sponds to the self-similar plasma expansion with the
sound speed determined by the temperature of hot elect
about 100 keV and justifies the estimation of ion veloc
made above. In spite of only 0.5% of the laser energy be
deposited to ions because the pulse laser is short, the m
mal ion energy is over MeV~Fig. 8! and nonlinearly in-
creases with the laser intensity exceeding the ponderomo
potential. A good agreement of the 1s3p-1s2(Heb) line
shape with the line shape of Eq.~2! and the line shape cal
culated by using velocity distribution of accelerated io
from the PIC simulation is shown in Fig. 9.

In this calculation we neglected the presence of carb
ions in the experiment. But this can not affect the main
sults. Because the ionization potential of He-like carbon
twice as much as that of Li-like fluorine, the He-like carbo
and He-like fluorine are mainly accelerated. The charge
atom mass ratio for F71 ~0.368! is greater than that for C41

~0.333!, so that the fluorine ions are accelerated faster.
The radiation of Stark-broadened H- and He-like io

from the solid density bulk plasma that in principle, ca
change the spectral distribution in the blue wing, is not
cluded in the model either. We assume that the effec

FIG. 8. Dependence of maximal ion energy on the intensity
the laser pulse.

r

FIG. 9. Spectra of Heb . Curves are the spectra obtained with t
self-similar distribution of fast ions and from the PIC simulation
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small because the laser pulse is very short in compar
with the time of radiative decay for all lines. The rapid coo
ing after the laser pulse due to the heat transfer inward
target leads to a very small population of 2p, 3p levels of H-
and He-like ions. In the solid density cold plasma, exci
ions will be predominantly quenched by collisions rath
than by radiative decay because the ratioA/(VNe) is small
(;1024), whereA is the radiative decay rate andV is the
collisional quench rate. The opacity decreases the effec
the bulk plasma on the time-integrated spectrum.

IV. CONCLUSION

We have demonstrated via the direct spectroscopic m
surement and the PIC simulation the ion acceleration o
MeV energies by an intense femtosecondp-polarized pulse
laser. Due to the OFI the accelerated ions are He-, H-l
ion

es
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e
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of
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e,

and fully ionized ions of fluorine. The line broadening
dominated by the distribution of the ion fluid velocity, whic
is close to the self-similar distribution. The spectral lines
accelerated ions show the clear asymmetric spectra. The
wing is determined by the temperature of electrons t
dominate the backward ion acceleration. This temperatur
close to the well-known temperature of superthermal el
trons. The temperature inferred from the red wing is close
the plasma temperatureTc . The spectral measurement ca
provide direct estimation of hot electron temperatureTh and
Tc in the short intense pulse laser interaction with plasm
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