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We presentdetailedcharacteristicsof heatedelectrondistributions in long-scale-lengthunderdenseplasmasirradiatedby
intensenanosecondCO2 laserradiation.Belown~J4,theheatedelectrondistributionsareconsistentwith heatingby Raman
instability.

Recentlytherehasbeenanincreasedinterestin un- imum electrondensityof theplasmaalongthe CO2
derstandingphysicalprocessesthat leadto high-energy laseraxis. Thishasenabledusto isolatethe Raman-
electrongenerationin laser-producedplasmasof den- heatedelectronsin plasmaswith maximumdensities
sitieslessthan critical. Severalsuchprocessescanoccur betweenthe tenth-critical (nc/lU) andthe quarter-
in the largeregionsof the underdenseplasmasof laser critical (~~/

4)densityin the weakLandaudamping
fusion targetsin useat thepresenttime.Oneof these, regime(k~,WXD~ 1).
the stimulatedRamanscattering(SRS),resultsfrom Unlike the 2Wpe decayinstability [3] which is lo-
the parametricexcitationof an electron plasmawave calizednearnc/4, SRScanoccurfor n ‘~nc/4.The
which coherentlyscatters-offpartof the incident frequencymatchingconditionsare —~ +

beam[1]. An importantfeatureof the SRSinstabil- wherew
0, ~, andWepw are theangularfrequencies

ity, of greatconsequenceto the laser-fusionconcept, of the incident light, scatteredlight, andtheelectron
is its ability to generatehigh-energyelectrons[2] via plasmawave,respectively.For densitiesbelownjlO,
Landaudampingof the plasmawaves.Since these boththekepw andAD becomelargerand theplasma
electronscould leadto significant fusion-pelletpre- wavesare stronglydamped.Nearn~/4~SRShasthe
heatthe knowledgeof the Raman-heatedelectrondis- lowest intensitythresholdin an inhomogeneousplas-
tributionsis quite essentialto laser-fusiontargetde- ma wheretheinstability becomesabsolute.Thus the
signs. regionof the underdenseplasmawith densitiesbe-

In thisletter we presentfor thefirst time detailed tweennjlO andn~/4,whereSRS is convectiveand
characteristicsof the heatedelectrondistributionsin moderatelydamped,is appropriatefor studyingthe
long-scale-lengthunderdenseplasmasirradiatedby Raman-heatedelectrondistributions.
intensenanosecondCO2 laserradiation. The plasma The experimentalset-upis identicalto that usedin
configurationwe haveusedallowsusa choiceof max- theearlierstudyof the

2Wpe decayinstability [3].
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weredeterminedwith two identicalminiature 1800
focussingelectronspectrometers[5] in theenergy
range3 5—450keV. The measurementsweremadewith :
the spectrometersat variousangleswith respectto the
CO2 beambut out of the planeof the Evector(s-po-

- O.6~m

°~N\\

sidescatterin this planeandit also enablesus to differ-larization). This is becausewe expectenhancedRamanI.O6~mIO’~ -

C, -
- - heatedby the

2tc)pedecayinstability.
>- -

- XIAL - In fig. 2, typical hot electrondistributionsmeasured
— DISTANCE

- FROM - at 170°to the incident CO
2 beamin the forward di-

TARGET -w
- z~ rectionareshown for severalm~dmurnelectrondensi-

0
Z - 3OO~m- ties. Thesedistributionsare well approximatedby max-
0E - T entiatebetweenRaman-heatedelectronsand thosewellians with characteristictemperatures,TH, of 12
C, keV at flc/lO, 14 keV at 0.17n~and21 keV atn~/4.I0~ 6oo~zm: Assumingthat theseelectronsare producedby the
w

7OO~~rn- SRSinstability, a comparisonof the measuredtemper-
aturescanbe madewith simpletheoreticalestimates

I000i.cm [6] of thetemperatureof the Raman-heatedelectrons
I5OO~im given by TH ‘~ (me/2)V~,where ~ = Wepw/kepwis

ll~
O 200 400 600 800 thephasevelocity of theelectronplasmawave. Fora

RADIAL DISTANCE R (lLm) backgroundtemperatureof 200 eV the agreementbe-
tweenexperimentallymeasuredTH of 1 2 keV at ~~/10

Fig. 1. Typical densityprofilesfor different maximumelectron and ~l 1 keV for theRamansidescattergivenby the
densitiesalongtheCO2 beamaxis.R is the distancealongthe simple estimatesis excellent.This is not toosurprising
CO2 axisandZ is thedistancefrom thecarbontargetsurface
alongtheglasslaseraxis.

n/nc T,~IkeV) 1The plasmawasproducedby a 1.06pm laserpulse
(2—4 Jin 20 ns) focussedon a solid carbontarget to a - •S• 0-25 21

••• 017 14500 pm spot.The 10.6 pmlaserpulsesin the range £AA 0•1 I 12

5—20 J werefocussedwith a 50 cm focal length NaCl
Cd,

lensto a half-energyspotof approximately130 pmand
a maximumintensityof approximately5 X 1014 W >0

cm
2. The CO

2 beam was incident transverseto the 10’U)z
glass laserbeampermittinga choiceof maximumelec- °

I-
0tron densitiesalongthepath of theCO2 beam from LCd
-j

below~~c’
1° to aboven~.Typical densityprofiles for

different maximumelectrondensitiesalong theCO
2 10 -

beamaxis areshownin fig. 1. Here,the radialdistance
is the distancealong the CO2 axis andthe axial dis-
tanceis the distancefrom thecarbontargetsurface
alongthe glasslaseraxis. At thepeakthe 1.06pm 10

0 50 100 150 200
pulse theplasmahada scalelength,L = (n~dn/dx)~, ELECTRON ENERGY key)

alongthe CO2 axis of ~300 pm at n~/4.The tempera-
Fig. 2. Hot electrondistributionsmeasuredat 1700 to the in-

ture of the CO2-heatedplasmavolumewasestimated cident CO2 beamin theforward direction(alongtheincident
[4] to be~200 eV correspondingto kepwXD ~0.02 at k vector),for severalmaximumelectrondensities(n/ne).TH

~‘Zc/l0. Absolutehigh-energyelectrondistributions arethe maxweffiantemperaturesof thesedistributions.
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sincethe electroncontributionfrom densitiesbelow possibility is that thespacechargepotentialset-upby
0.1 ~c is notmeasured,since thekinetic energyof the the electronsescapingtheplasmamaybehaving the
electronsmovingat thephasevelocity of the electron effect of scatteringsomeforward emittedelectronsin
plasmawavesgeneratedbelownc/lU is muchless than thebackwarddirection. Unfortunatelywe do nothave
the lowest energychannelof the electronspectrometer. good statisticsto plot the angulardistribution of hot
Forhigherdensitieshowever,themeasuredtempera- electronsbelown~/4.It shouldbenoted,however,
turesaresomewhatlower thanthoseexpectedfrom that the electronspectrameasuredat 170°and 135°
Ramanheating.This is to be expectedsince,asthemax- with respectto the CO2 beamat nc/lUwere very sim-
imum densityis increasedbeyondn~/l0,thehot elec- ilar suggestingthat thespectrumof the Raman-gener-
tronsoriginatefrom a range of densities.The observed atedplasmawavesis very broadandbothRaman
hot electrondistributionis thusa convolutionof sev- back-andsidescatterare operative.The presentexper-
eraldistributionscorrespondingto different densities. imentswerecarriedoutat intensitieswell abovethe
Also for densitiescloseto ~ shorteningof the den- SRS,back- andsidescatterthresholds[9] of 7 X 1013
sity scalelength [41dueto theponderomotiveforceof W cm

2 and 1013 W cm—2, respectively.
the plasmonsgeneratedby 2Wpe decayinstability may
be having theeffect of makingthe SRSinstability less We havebenefitedfrom our discussionswith Drs.
effective [7]. A crudedeconvolutionof thehot elec- Kent Estabrook,A.B. Langdon,B. Lasinski, J.M.Kindel
tron distributionfor ‘~c/~with thedistribution at 0.17 andF.F. Chenon many aspectsof this work. This work

~ for instanceshowstypically an increasein TH of wascarriedoutwhenC. JoshiandN.A. Ebrahimwere
about50% (i.e. ~30 keV) whichis in good agreement with the Division of Physics,National ResearchCoun-
with thekinetic energyof electronsmovingat the cil, Canada.
phasevelocity of the SRS-producedplasmonsat 0.2
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