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Abstract

Experiments were performed using high-power laser putgesiter than 50 TWfocused into underdense helium, neon,

or deuterium plasma®, = 5 X 10'° cm~3). lons having energies greater than 300 keV were measured to be produced
primarily at 90 to the axis of laser propagation. lon energies greater than 6 MeV were recorded from interactions with
neon. Spatially resolved pinhole images of the ion emission were also obtained and were used to estimate the intensity
of the focused radiation in the interaction region.

1. INTRODUCTION aration induced by the laser ponderomotive pressure. We

Over the past several years, there have been rapid advancf('ansd thata spatially resolved measurement of the high-energy

inthe use of high-power, short-pulse las@erry & Mourou, ions can provide a direct and simple estimate of the laser

1994). In particular, the potential of such lasers for applica-"f]ten.Slty in the plasma. By 'Maging 1on emission, itmay be
. . . . o . possible to estimate how the intensity of the laser pulse
tions in particle acceleratiofiTajima & Dawson, 1979;

Sprangleet al, 1988; Esarept al, 1996, X-ray generation, changes as it propagates through the underdense plasma. In

and inertial confinement fusiofTabaket al., 1994 seems these experiments, we have measured peak ion energies of

- . ; 1.0 MeV for deuterium gas interactions, 3.6 MeV for helium
promising. However, much of the highly nonlinear plasma: . . : .

. . : : . interactions and greater than 6 MeV for interactions with
physics that occurs during such interactions is not well un- con

. n
Qerstood an_d experl_ments that address the fundamental phys Such measurements indicate that the peak laser intensity
ics of these interactions are required to properly evaluate the . . .
o . chieved during these experiments was greater th@ix
suitability of these intense laser-produced plasmas for such ;4 P . . ) .
o . ; . 0*® W/cme This provides evidence that, in our experi-
applications. Because of the complexity of interactions a o T .
ments, significant relativisticharge-displacement self-

ultra-high intensity and the short temporal and spatial scale§ cusing of the laser pulse occurs as it propagates through

direct observations of the properties of the Iaser—produceﬂ:) .
! e plasmaof greater than a factor oy 7Previous computer
plasma as well as measurements of the laser pulse itself dur-

; : . e modeling of such interactions has inferred that intense laser
ing the interaction are difficult. . .
. . . . ulses can be self-focused to such intensifiegkhov &
In this article, we discuss details of recent measuremen
: : eyer-ter-Vehn, 199)7 however, the further use of the tech-

(Krushelnicket al., 1999 of accelerated ions produced by . . . . .

. e T . niques discussed here may lead to direct diagnosis of the
the “Coulomb explosion” of a high-intensity laser-produced : ) . ’ . .

laser intensity during such interactions. Previous measure-

plasmaBurnett & Enright, 1990 In our experiments, ions . T .
. ments of MeV ion emission have been obtained from laser
are accelerated by electrostatic forces caused by charge Se;ﬁésma interactions at high densitg~ ny; ) (Gitomeret al
cri "

i ) 1986; Fewset al,, 1999 where the ions are accelerated in
Address correspondence and reprint requests to: Karl Krushelnick, Im-

perial College, Department of Physics, Blackett Laboratory, SW7 ZBZ,the ab_lated plasma due to Sp"flce'Charg_e forces g.enerated by
London, U.K. E-mail: kmkr@ic.ac.uk escaping hot electrons. Earlier experiments using under-
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dense plasmas were performed at much lower intensitie?. EXPERIMENTAL PROCEDURE
and have measured ions accelerated by the laser pondero-
motive force up to energies of 50 kéYounget al,, 1996. Our experiments were performed using the VULCAN laser
The production of energetic ions has also been inferre@t Rutherford Appleton Laboratory. This system produces la-
previously from observations of a plasma channel left trail-ser pulses having an energy of up b, and a duration of
ing the high intensity laser pulse as it propagates through th@.9 ps at a wavelength of 1.0%4m (Nd:Glass. The laser
underdense plasm@rushelnicket al, 1997; Cheret al, pulse was focused into a gas jet targetnm nozzle diam-
1998; Sarkisoet al, 1999. The generation of this channel etep using anf4 off-axis parabolic mirror. When heliumwas
is due to the expansion of energetic ions via the momenturnsed as the target gas, the plasma had an electron density up
given to them during a Coulomb explositsee Fig. L Asa  to about 5 10*° cm™3. The plasma electron density during
very high intensity laser pulse propagates through an undethe interaction was determined by the wavelength shift of la-
dense plasma, the strong ponderomotive force of the laseser light scattered by the forward Raman scattering instabil-
pulse forces some of the electrons from the region of highesty. Deuterium and neon were also used as target gases.
intensity. lons are affected much less by the ponderomotive In our experiments, the angular distribution of ions emit-
force due to their larger mass. However, as the laser pulsid during such high-intensity laser plasma interactions was
passes, these ions will be given an impulse perpendicular taecorded using CR-39 nuclear track detectors placed at var-
the laser axis, which is produced by the large space-chargeus positions surrounding the interaction region and which
forces caused by charge separation. After the laser pulsare sensitive to helium ions greater than about 300(k&ws,
passes, electrons will return to their original positions on al992a, 199%) (see experimental setup in Fig. 2s an en-
timescale of about/l,e, (Wherew,, is the plasma frequen-  ergetic ion collides with the detector, it causes structural dam-
cy); however, the transverse momentum given to the iongge inthe material so that an observable track can be recorded
will be retained and they will continue moving out of the for each ion. In this way, the total number of ions can be
plasma, carrying low-energy electrons with them. The encounted. It was found that there was no significant variation
ergy of these ions is thus directly related to the intensity ofin ion emission in the azimuthal directidine., changing the
the focused laser pulse, and the maximum energy that can li@ser polarization had little effectHowever, a distinct peak
gained by an ion during these interactions is simply given asvas observed in the emission of ions with energies greater
the relativistic ponderomotive energy = Zm.c?(y — 1) than 300 keV at 90to the axis of propagation. Measure-
whereZis the ion charge angis the relativistic factor of the ments of the ion emission at higher energies were also ob-
electron quiver motion in the laser figld tained by using CR-39 track detectors covered with thin
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Fig. 1. Schematic of “Coloumb Explosion.”
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ments. Large amounts of stimulated Raman side-scatter were
30 TW, 800 fsec, also observed in these experiments, which is theoretically
expected to suppress cavitatiofeeng & Mori, 1998.

The spectrum of the energetic ions was measured using a
Thomson parabola that spatially separates ion species hav-
ing different charge-to-mass ratios through the use of paral-
Thomson N/ lel electric and magnetic fields. CR-39 was used as the
parabola Y detector. The spectrometer was positioned at 42 cm from the
“ ‘ laser interaction at 9Grom the axis of propagation and used

a 250um diameter pinhole as the aperture. Typical experi-
mentally measured spectra are shown in Figure 4 for neon,
which extends to energies greater than 6 MeV. The spectrain
Figure 4 also show good qualitative agreement with a re-
cently published ion spectra from PIC calculatiaiis=
2 X 10 W/cm?) (Pretzleret al, 1999.

For helium interactions, it is estimated that 0.25% of the
incident laser energy is transferred to ions having greater
than 300 keV of energy by using the previously measured

track detectors
for angular distribution

g’;‘a‘l’f(fi?c’“;irm ion angular emission profiles. Itis interesting to note that, in
P helium plasmas, both Hé and H&" ions were observed
Fig. 2. Experimental setup. with very high energy. In the interaction region, helium ions

are completely ionized since the intensity required to di-
rectly field ionize Hé" is about 18% W/cm?. This implies
aluminum filters(2 wm) that will block all signal from he- that the Hé" is generated by charge-exchayigecombina-
lium ions below about 2 MeV in energy. tion of ions as they travel out of the gas jet to the detector.
The classical charge-exchange cross section is given approx-
imately byo = (7(Z,Z,€?)?)/AE® (whereZ, andZ, are
the charge states of the two species afds the difference
Averaged measurements over four shots are shown in Fign kinetic energy(Mapleton, 1972 This indicates that lower
ure 3. It is clear that the majority of ion emission occurs inenergy ions will have a significantly enhanced probability
the 90 direction, although the emission lobe also extends irof charge exchange with the neutral atoms in the surround-
the backward direction somewhat. Emission at energiesg gas, agreeing with our observations of the ion spectra
greater than 2 MeV shows a narrower lobe in thed@ec-  that higher ionization states had a higher peak energy. Note
tion. Simultaneous measurements over a wide range of arthat the charge-exchange process does not affect the ion en-
gles(i.e., lower resolution measuremeritelicated thatthere ergies significantly. In neon interactions, the atoms can be
was some spatial structure in the ion emission pattern, whichtripped up to the N& stage from direct field ionization;
seemingly corresponds to bursts of ions emitted at certainowever only neon species up to Navere observed in our

3. RESULTS AND DISCUSSION

narrow angles and which changes from shot to shot. experiment, also indicating significant charge exchange
The ion energy spectrum can be calculated by simply balrecombination.
ancing the force due to charge separatiorE = —4mwedn,) The process of relativisticharge-displacement self-

with the ponderomotive force of the laser on the electrondocusing is not exactly reproducible from shot to shot, be-
[F=-mcV(1+ a%2)¥? whereais the normalized vector cause it is sensitive to small changes in density gradients in
potential of the laser pulsa,= (eE )/mw, c]. The momen- the gas jet as well as fluctuations in the initial beam profile
tum imparted to an ion by the resulting space-charge forcef the incident laser. The maximum ion energy, such that
acting over the duration of the laser pulse is then calculated¢here were more than $Gons/MeV/sterradian, was found
Such calculations indicate that the maximum ion energy igo be 3.6 MeV for helium, 1.0 MeV for deuterium, and greater
directly dependent on the intensity of the focused laser pulsehan 6 MeV for neon. In Figure 5 we present a plot of peak
and that this energy is well defined. An experimentally ob-ion energyersusaser energy, where the large variation in
tained ion spectrum will be the result of interactions over apeak ion energy should be noted. It is possible to use these
wide range of laser intensities—however the peak ion enmeasured energies as a diagnostic of the peak laser intensity
ergy observed in the spectrum should correspond approxduring the laser plasma interaction. These interactions are
mately to the maximum laser intensity in the plasma. In thesavell above the critical power threshold for relativistic self-
experiments, the laser intensity was unlikely to be suffi-focusing(Pgi; = 17 (Nerit /Ne) GW = 1.7 TW for plasmas of
ciently large to force all of the plasma electrons from thedensities 1&° cm~2) so that it is expected that there will be
focal region(cavitation), so it may be possible to use this a significant enhancement of the peak laser intensity during
simple theoretical model for interpretation of our experi-the interaction. This is precisely what is observed if we cal-
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Fig. 3. Angular emission of energetic ions. Dark line: distribution of helium ions with energy greater than 400 keV. Light line:
distribution of helium ions with energy greater than 2 M@WownX 10). (Note that lines are drawn as a visual aid only.
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Fig. 4. Typical ion spectrum from neon interacti¢@d’).
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4 A — ation in these results, probably due to the nonlinear nature of
= Hel+ ; ] the self-focusing processes. However, it should be stressed
350 He2+ ] that accurate diagnosis of the interaction will require com-
= 3 ] parison to sophisticated computer simulations. The esti-
> o D o o 1 mates of the laser intensity during the interactions with neon
2 25 L . = ] gas(less than the “vacuum” intensjtpuggest that the ef-
23 : TooE e ] fects of ionization-induced diffraction can also counteract
% 20 ] any self-focusing processes and cause the intensity to be
g e n0 B} - ] reduced d_ur!ng such interactiqns. ' .
. L5 - oo o ] lon emission was also spatially resolved using pinhole
s ‘ . s, wow ] imaging. A large diameter pinhol@50-«m diameter was
a1 . R . B used for measurement of the ion images onto CR-39. The
05l - "= o o ] magnification used~ 2:1) was such that it was possible to
r ° 1 obtain arough image of the regions of most intense ion emis-
O sion from the laser-produced plasma. Images were obtained
0 10 20 30 40 50 60 70  for helium and deuterium gas interactions. An example ion
laser energy (J) image of a helium interaction having multiple focuses is

shown in Figure 7. Because there was typically a significant
number of energetic neutrals, it was also possible to create
an image of the interaction region using the neutral particles
and then to add a magnetic field to determine the maximum

) ) ion energy. In this way it may be possible to determine the
culate the necessary laser intensity to produce the observed, oy |aser intensity throughout the interaction region. Mul-

ion sp'ect.ra.r:n Fllgure 6, a plot ;)f thehest|m‘5‘kt‘?OI peak lasefinie focal spots in the ion images were also found to be
mtensﬁz In the p as(;r:(iobtamed r(_Jmft € peha lon enef)g); correlated with optical images of the Thomson scattered light
versusthe “expected” laser intensity from the measured la-y iy g these interactions. We also obtained ion images using

ser parameterepulse length, energy, far-field focal spég  , oharge-coupled devi¢€CD) array as the detector for the
presented. Itis clear that the effect of the plasmalis typically, o getic ions, which shows qualitatively similar structure

toincrease the laser intensity in the interaction reg|on.AIIofto that obtained with optical diagnosti¢see Fig. 8 The

the data from our measurements are presented here ar‘dsBatiaI structure shown in Figures 7 and 8 may also provide

should be noted that there is a significant shot-to-shot varigigence of filamentation effects occurring as the intense
laser pulse propagates through the plasma.

Fig. 5. Variation of peak ion energy with laser pulse energy.

4. CONCLUSION

8 — T T 7 T
,’ These experiments have shown that energetic ions are pro-
T 61’;;‘;‘1'3;;‘;“\‘ 7 ] duced primarily in the 90direction during these interactions
s | 5" + ] and that the generation mechanism can be understood as a
E ) il e result of Coulomb explosion processes. We have shown
< . . .
.§§ s | // 0 * PEe 3 that neon ions greater than 6 MeV and helium ions up to
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Fig. 6. Experimentally estimated laser intensity in plastitam peak ion distance (mm)

energy versusexpected “vacuum” intensitffrom simultaneous measure-
ments of laser parametgr8lack circles: helium; white circles: deuterium; Fig. 7. Pinhole ionimage of typical helium interaction recorded on CR-39.
squares: neon. Dashed lines are drawn as a visual aid only. Laser propagates from right to left.
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(b)

Fig. 8. () CCD image of ion emissionb) Second harmonic emission from plasma during interactimie qualitatively similar
structure.
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